These de doctorat présentée a

Université de Sherbrooke

Faculté de génie
Département de Génie Electrique et de Génie Informatique
Par

Bilal Hassan

Modélisation distribuée et évolutive du GaN HEMT

Membres du Jury: Professeur M. Francois Boone (Directeur de these)
Université de Sherbrooke
Professeur M. Hassan Maher (Co-directeur de these)
Université de Sherbrooke
Professeur M. Ali Soltani
IEMN, Université de Lille
Professeur M. Serge Charlebois
Université de Sherbrooke
Docteur M. Rémy Leblanc

OMMIC, France

Sherbrooke (Québec), Canada October 22, 2020






Résumé

Mots-clés: GaN, HEMT, modélisation évolutive, résistance de grille distribuée

L'industrie de télécommunication et les satellites se base majoritairement sur les technologies
Si et GaAs. La demande croissante des hauts débits de données entraine une facture élevée
en énergie. En outre, la saturation de la bande des basses fréquences, le besoin des débits
élevés et les exigences de la haute puissance imposait 'utilisation de la bande hautes
fréquences. Dans le but de résoudre les problémes cités auparavant, la technologie GaN est
introduite comme un candidat prometteur qui peut offrir de la haute puissance, taille du
circuit plus faible avec une meilleure stabilité mécanique aux environnements hostiles/milieux
agressifs. A titre d’exemple, |‘agence spatiale européenne sont en cours de développement
d’un circuit a base du GaN sur substrat en Si pour faible cout, une hautes performance et une
grande fiabilité.

La technologie GaN est assez mature pour proposer de nouveaux systemes intégrés utilisés
pour les puissances microonde ce qui permet une réduction considérable de la taille du
systéme. Etant un semiconducteur a grande bande interdite, GaN peut offrir une haute
puissance sous hautes températures (>225°C) avec une bonne stabilité mécanique. Elle
présente un facteur de bruit faible, qui est intéressant notamment pour les circuits intégrés
aux ondes millimétriques. A noter que la mobilité du GaN par rapport a la température est
assez élevée pour proposer des amplificateurs dans la bande W.

Avec le progres du procédé de fabrication du GaN, notre objectif est I'introduction de cette
technologie dans des applications industrielles. A cette fin, on désire avoir un modéle du
dispositif qui correspond a la meilleure performance. Ensuite, on veut le valider dans une
modélisation du circuit. Cette thése, basée sur la technologie GaN unique développée au 3IT,
a pour objectif I'amélioration de I'outil de conception en réduisant son erreur avec une
validation de son utilisation dans la conception du circuit. Ce travail est réalisé pour la
premiere fois au 3IT avec des résultats de simulation pour une conception idéale d’un circuit
MMIC ainsi que sa démonstration.

Une caractérisation des échantillons a été réalisée avec objectif d’extraction de données qui
vont servir al’alimentation de modélisation des transistors sur I’outil ADS. Une fois complétée,
la modélisation a été validée par une modélisation des petits et grands signaux et a été testée
par une mesure load-pull. Enfin, ce modeéle a été utilisé lors de la conception d’un
amplificateur pour les applications RF.

L'innovation de ce travail réside dans la modélisation de la résistance d’une grille large sous
forme de quadripdles paralléles a structure 3D (ou a résistances de grille distribuées) du
transistor MOSHEMT GaN. La conception et la fabrication de I'amplificateur a haute puissance
(HPA) aux fréquences microondes (<4GHz) sont réalisés au LNN du 3IT et inclus une couche
d’oxyde de grille afin de réduire le courant de fuite notamment pour les tensions Vgs élevées,
la grille du transistor forme un serpentin pour fournir une puissance de sortie élevée avec un
encombrement spatial minimal et une grille présentant une électrode de champ pour
permettre d’augmenter la tension de claquage.
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The telecommunication and satellite industry is mainly relying on Si and GaAs technologies as
the demand for a high data rate is continuously growing, leading to higher power
consumption. Moreover, the lower frequency band's saturation, the need for high data rate,
and high-power force to utilize the high-frequency band. In pursuit of solving the issues
mentioned earlier, GaN technology has been introduced as a promising candidate that can
offer high power at a smaller circuit footprint and higher mechanical stability in harsh
environments. For example, currently, the European space agency (ESA) is developing an
integrated circuit with GaN on Si substrate for low cost, high performance, and high reliability.

GaN technology is sufficiently mature to propose integrated new systems which are needed
for microwave power range. This technology reduces the size of the system considerably. GaN
is a wide bandgap semiconductor which can offer remarkably high power at high temperature
(> 225°C), and it is very stable mechanically. It presents a low noise factor, very interesting
for a millimeter-wave integrated circuit. Finally, the mobility of GaN vs. temperature is
sufficiently elevated to propose a power amplifier in W-Band.

With the improvement of the GaN process, our objective is to introduce this technology for
industrial applications. For this purpose, we wish to have a better model of the device that
corresponds to the best performance and then validate it by using this model in a circuit.
Based on the 3IT's GaN process, which is unique in its context, this thesis aims to improve the
design kit by reducing the design model's error and validating it by using it in circuit design.
This work is the first to realize in 3IT with simulation results to design an MMIC circuit for
demonstration.

| first characterized the new samples by performing different measurements than using these
measurement data; transistor is modeled in ADS software. Once the model was completed, it
is validated by small-signal modeling, and then the large-signal model is tested with non-linear
capacitances, current source, and transconductance modeling. Finally, we used this model to
design a power amplifier for RF application.

The innovation comes from modeling large gate resistance as distributed gate resistance for
GaN MOSHEMT transistor and then designing high-power amplifier (HPA) in the frequency
range (< 4GHz) while using 31T GaN process which includes first oxide layer to have low gate
current and more voltage of Vgs, the second transistor is meander to have high power and
third, field plate - gate for high breakdown voltage.



Acknowledgments

This thesis was carried out within the Microelectronics group IlI-V, directed by Professor
Hassan MAHER and Professor Francois Boone from the Nanofabrication and Nano
characterization (LNN), Sherbrooke, Quebec, Canada.

| express my deepest gratitude to Professor Francois Boone for having me under his
supervision, the supervision's quality, and allowing me to benefit from the 3IT infrastructure
to develop and enhance my skills. | am very grateful to him for his timely support, availability
despite being very busy, the time he devoted to me, and the financial means he gave me
during all of this work. | express my deepest gratitude to Professor Hassan MAHER for sharing
his expertise with me and the confidence he placed in me in doing this work, and his help
during research work.

My sincere thanks go to Professor Ali Soltani for his help and accepted the responsibility of
evaluating this work in the rapporteur's capacity and that to Professor Serge Charlebois and
Director Rémy Leblanc from OMMIC for being part of the Jury to evaluate my thesis.

| would like to sincerely thank the following people whose journeys have crossed the mine
and helped me carry out this work and participated in my training. My office colleagues and
friends: Adrien Cutivet to help me out at the beginning of my thesis, Christophe Rodriguez,
Meriem Bouchilaoun, and Flavien Cozette for their help with transistors fabrication also
thanks to Hassane Ouazzani Chahdi, Mohamed Najah, and Quentin Vandier for their help with
PCB; and the entire characterization support team at 3IT: Pierre Langlois, Denis Pellé and
Charles Bourcier Guérette; thanks to Soundoss Maher, Abderrahim El Amrani, Amanpreet
Singh, Muhammad Sohail, Sabahat Ali Khan, Hasrat Ali, Nawzish, and Mustafa Bhai for their
guidance and support.

| also want to thank my parents here for their permanent support and especially my brothers;
with their help, | reach this far in life and be able to visit and experience the wonderful
multicultural world.



Table of Contents

RESUMIE ...ttt ettt e e e e e e st b et e e e e e e e s bbbttt e eeeeeeesannbbaeeeeeeeaasannnns I
LY o1y 4 - [ PO PP PPPPPOPPPPP Il
Yol o)V T=To P 1T o PP PPPPPPPPPRRRPPt Il
TabIE Of CONTENTS ...ttt e e e e e e sttt e e e e e e e e s snbbnbbeeeeeeeeeenannnes 1
List of Abbreviations and ACIONYMS........ccuuiiieiiieeeeieeeeiiceee e eeeerreee e e e e e e eeear e e e eeeeeeessaanes Vi
[ Qo T ={ U T UUP RPN VI
(I A B =T o =P OP PRSPPI Xl
(@1 a =Y o] < gl B [ a1 i e Yo [V ot d Fo] s TP U PUPPURRR 1-1

O A = Y- Yol 4= {4 o 10| s Vo [ SUU PP PRRRR 1-1

1.2 Main Objectives of the research WOork ........cccooeieiviveiiiiiineieiieeeceeeee e 1-3

1.3 Outline of the thesSis .......eii i e 1-4
Chapter 2: WY GaAN . ...ooeeiiiiiiiieeeeieeeteeee et e e e e e e e e e et e e e e e e eeeesbbbeaeeeeeeeeerssraaeeas 2-5

2.1  Comparison based on the material’s physical properties and electrical parameters 2-
5

2.1.1 Comparison based on material’s physical properties..........ccccvvevvvrerveereeennnnns 2-5
2.1.2 Comparison based on electrical parameters.........ooovvvveiiiieeeeieeeeeiccceee e, 2-7
2.13 Comparison based on power and frequency application ..........ccccvvvvvvvvvennnns 2-7
2.1.4  Comparison based on performance and CoSt ............uuuvrvieivirriereeeerieiirrenennnnn. 2-8
2.15 Comparison based on analysis as part of a full product ...............cevvveiiinnnns 2-11

2.2 Applications of GaN technolOogY:......coovviiiiieiiiiiecce e 2-12
Chapter 3: State-0f-the-art ... e e 3-13
3.1  Physical structure and operation of AIGaN/GaN HEMTS ........cceeeeevevvirrireeeeeeennn. 3-13
3.2  State-of-the-art GaN technology ......cooovvvueieiiiii e 3-15
3.2.1 L@ ¥ g o] fo Tl <11 ORI 3-17

3.2.2  The principle of GaN HEMT Operation........ccccccceeeeiiiiiiiiiiiiieee e, 3-18



3.3 Modeling challenges of GAN HEMTS ....ccoooviiiiiiiiiiiiiieeeeeee, 3-19
331 HEMT compact models........cooeiiiiiiiiiiii, 3-20
3.3.2  Transistor equivalent MOdel............uuuuviiiiiiiiiiiiiiiiiiiiieiiieeeeeeeeeeeeee e, 3-21
333 SMall-SigNal MOAEIING.......uuuiiiiiiiiiiiiiiiiiiiiiiii .. 3-25
3.34 Large signal modeling. ..., 3-38

Chapter 4: Introduction to distributive gate resistance ........cccceevveevivieeiiiiiieeee e, 4-42

RESUME ...t e s e e s e e e s e e e e e e snnn e e e enannees 4-43

R R 1Y ] - ot ST OPPPRP PP 4-44

N [ 0 4 oo [N o1 o o RSP PPPRP SRR 4-44

4.3  Demonstration and extraction ProCeAUre........cccveeeeeeeeiiieeitiiiieeee e eeeeeens 4-46
4.3.1  Assumptions and demonstration.........ccceeeeeeeiiiieiiiiiiieee e 4-46
4.3.2 TWO-POIrt COMMON-SOUICE CASE ..evuneeirneeriieeiteeeieereteeeeteeetneesreeesanaeenneenenns 4-48

R 4 { = (ot u Lo ] a T o] ool =Te [ ] IS 4-49

4.5  EXPerimental FESUILS.....uuuuieeeiiiiiiiieiiieee ettt eee et e e e e eeeeebbbbreeeeeeeeeees 4-49
4.5.1  Devices UNAer teSt. ... 4-49
4.5.2  Results and diSCUSSION ......cccuuiiiiiiiiiiiiiiieee e 4-50

I o o (ol V1Yo o OO P PP PPPPPP 4-53

4.7  ACKNOWIEAEMENTS ... e e e e eeeees 4-53

Chapter 5: Scalable small-signal modeling ..........uuuuiiiiiiiiiiicee e 5-54

RESUME ... ettt e et e e e et e e e e e b b e e e s e sabb e e e e e ansbeeeeennnneas 5-55

5.1 ABSTIACT. .. e e e e e e e 5-56

5.2 INTFOAUCTION ceiiiiiiiieeeee e e e e e e e e 5-56

5.3  Description and extraction proCedure .......ccc.ooveviviiiiieieeeeeeeeeceee e 5-57

53.1 Parameter description and relation with bias voltage, frequency, and gate width
(W): 5-57

5.3.2 (DTN VoY S o (=] g A=) TP 5-58

5.3.3 EXtrinsic parameter eXtraCtion ......ccoiceiiiriiiiiin i 5-59



534 Intrinsic parameter extraction ..........oooouii i, 5-60

5.4  ResSults and diSCUSSIONS ....cceiiiiiiiuiiiiiiiieee it e e e e e e e e e 5-61
5.5 CONCIUSION...ciiiiiiiiitee ettt e e e e e et e e e e e e s e sabbbeeeeeeeeeaeas 5-65
5.6  Acknowledgment ..., 5-65
Chapter 6: Large Signal Model Validation ...........ccooooiiii, 6-66
6.1  Non-linear Capacitance Modeling.........uuvveeeeiiiiiiiiiiiiiieee e 6-66
6.2  Transient self-heating and Drain current modeling.........ccovvvevvvvieeeeeeeeerernnninennnn. 6-67
(T T |V, oo [ I @o) 01V <] ¢ =J=T o Vol R USRS 6-71
6.4  Circuit level model validation ..........cccoeiiiiiiiiin e 6-71
6.4.1  Simulation and layout of the HPA design ........ccceeeeveiiiiiiiiiiiiiieeeeeeeeeviceenee. 6-72
Conclusion and FUTUIE WOTK ......ccoiiiiiiiiiiiiee e e e e e e 77
CONCIUSION BT PEISPECEIVES 1uuueiieiiiiietiiiiie i eeeee ettt ieee e e e e e e e e ee b reeeeeeeeeeesssbtaeeeeeeeesesassneeeeaeseees 78
List Of PUBIICATION ...t 79

[ L1 =] 2 Lol 81



AlGaN
AIN
InAIN
NSERC
GaN
GaAs

Si

SiC

SiGe

InP
IGBT
FET
HEMTs
MMICs
RF

31T
LDMOS
MESFET
MOSHEMT
MOCVD
ADS
DGRM
SSM

SSSM

List of Abbreviations and Acronyms

Aluminum Gallium Nitride

Aluminum Nitride

Indium Aluminum Nitride

Natural Sciences and Engineering Research Council of Canada
Gallium Nitride

Gallium Arsenide

Silicon

Silicon Carbide

Silicon Germanium

Indium Phosphide

Insulated-gate bipolar transistor

Field-effect transistor

High electron mobility transistors

Monolithic microwave integrated circuits

Radio Frequency

Institut interdisciplinaire d’innovation technologique
Laterally diffused metal oxide semiconductor
Metal-semiconductor field-effect transistor
Metal-oxide-semiconductor high electron mobility transistor
Metalorganic chemical vapor deposition

Advance design system

Distributed gate resistance model

Small-signal modeling

Scalable small-signal modeling

Vi



Vil

List of Figures

Figure 1-1: The Internet communication volume vs. power consumption of the routers [2]. 1-
1

Figure 1-2: Growth in the Internet of things [4] ......uvvviiiiiiiiiiiiiiiiieiieeree e, 1-2

Figure 1-3: Available market for GaN-related products [5] such as CATV (Community Antenna
Televisions), VSAT(Very Small Aperture Terminal), and SATCOM(Satellite Communication),

B .t 1-3
Figure 2-1: Advantages of GaN in RF and Power supply circuits over GaAs and Si [10]........ 2-6
Figure 2-2: Power and frequency region for different semiconductors [13] ...........euvvvvvnnnes 2-8
Figure 2-3: Comparison of GaN/SiC/Si/GaAs high-power RF transistors [24].......ccccuveeeeeennn. 2-9
Figure 2-4: WBG material cost and wafer size comparison [25] ....cceeeveeerivvviiiiieeeeeeeneennnnnn. 2-10
Figure 2-5: GaN’s added values at system [evel [27] ....uceeeeeiiiiieiiiiiieieeeeeeeeeeee e, 2-11
Figure 2-6: Applications of GAN ON Si.....ccuuuiiiiiiiiiiiiiiiiiiee e e e e e e e eeaaaaaes 2-12
Figure 2-7: Applications of GaN devices in RF Electronics Systems........ccccccvveeeeeeeerreennnnn. 2-12
Figure 3-1: Typical HEMT Structure [29]....uuuueeeiieiiiiieiiiiiieee ettt e eeeeeeeetre e e e e e eeeannaaas 3-13

Figure 3-2: State of the art of GaN HEMT technology on Si and SiC (Power density in saturation

as a function frequency) [30]—[39], [41]-[49]...cccceiiriiiii, 3-17
Figure 3-3: Schematic of the fabricated MOSHEMT [50], [51] ...vvvvvvvvririiiieiieieieeeeeeeeeneennanns 3-18
Figure 3-4: Determine threshold voltage and region of operation of the device. ............... 3-19
Figure 3-5: Type of large-signal Models [52] .......uuuuiiiiiiiiiiiiiiiiiiieeieeieeeeeeeeeeseeeeeeeeeeeeeee——. 3-20

Figure 3-6: AIGaN/GaN HEMT equivalent model in relation to the geometrical structure [62]

......................................................................................................................................... 3-22
Figure 3-7: Extraction of Parasitic capacitance [63]......ccceeviieriiiiiiiiiiei e, 3-26
Figure 3-8: Improved equivalent circuit for pinched-off FET at Vgs =0 [70] ....uueeeeeeeennnneee. 3-27

Figure 3-9: Schematic cross-section of MESFET at Vg¢s = 0 showing the physical origin of
CIEIMEBNTS [70] .uiiiiiiiieiiiie ettt et e e ettt e e e e eb e e e e et e eeseabeeeeeaateesaraeeersenaeaens 3-27

Figure 3-10: The equivalent circuit model of the open test structure.........ccccceeeeeeeeennnnnne. 3-28

Figure 3-11: Short test structure and an equivalent model. .........ccooeviiiiiiiiiiiiieniieiieiin, 3-29



IX

Figure 3-12: The schematic for source resistance measurement representing distributed

channel, Rq and Rs for measuring lg(Vas) and lg(Vgs) [75] «oeeeevvvriieeeeeeieeiiieeeeee e, 3-31
Figure 3-13: Schottky diode model for FET with a floating drain or source [75]................. 3-31
Figure 3-14: Intrinsic part of the proposed 18-element small-signal model [72] ............... 3-32
Figure 3-15: Intrinsic structure and an equivalent model. .........cooooiiiiiiiiiiiiiiiiiiiieceeee, 3-33
Figure 3-16: Classical Small-Signal Model..............uuviiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeee e, 3-34

Figure 3-17: Optimized intrinsic elements from the data measured at Vps=4 V, Vgs =-3 V, and
frequencies from 2 to 20 GHz. (a) Ri and Rqg, with and without the differential resistances Rydg

and Rrgs considered. (b) Cag, Cgs, and Cas. (C) gmand T [72]. cooeeeeeiiiiiiiiiieee, 3-35
Figure 3-18: Extracted intrinsic capacitances and conductances versus frequency, atV=1:.0V
and V=10:0V, for a 0.5 um GaN HEMT with a 250 um gatewidth [72]....ccc.cccevvrrrrrrunnnn... 3-37
Figure 3-19: General behavior of non-linear capacitances vs. voltages ........cccceeeeeeevveennnee. 3-39

Figure 3-20: Comparison of non-linear Capacitances [91] (a) Cgd vs. Vga and (b) Cgs vs. Vgs.3—-40

Figure 3-21: 3D representation of AlIGaN/GaN HEMT structure and the proposed new large-

e R =1 =Tor g Tor=1 W g Yo Yo [=1 U U UP PP 3-41
Figure 4-1: Classic small-signal MOdel. .........eeeiiiiiiiiiiiiiiiiieeeeeee e 4-45
Figure 4-2: A proposed approach for distributed gate resistance..........ccccvvvvvvevevveeennennnnns 4-46

Figure 4-3: Three-ports equivalent schematics of a one-finger transistor with the considered

ASSUMIPTIONS Leui ittt e et e e ettt s e e eata s e e e aeasseeeetaseeeaesassenaenanseenennnsaens 4-48
Figure 4-4: Flowchart of the distributed model’s extraction procedure. .........ccccvvvvvvvennns 4-49
Figure 4-5: Schematic and SEM image of the fabricated MOSHEMT device. .........cccevuueeee 4-50

Figure 4-6: Current gain Hy1 (dB) vs. frequency (GHz) for a measured, classic, and distributed
MOl WIth W=2IMIM i ettt eeeeeeeeeeeeeeeeeeeeeeesennee 4-51

Figure 4-7: Maximum gain (dB) vs. frequency (GHz) for a measured, classic, and distributed
MOl WIth W=2IMIM . et e e e e eeeeeeeeeeseeaeeeeeeeessaeenes 4-52

Figure 4-8: Comparison between classical model (black) and distributed model (red) for
extraction of all intrinsic parameters Cgq (a), Cgs(b), Cas(c), gm (d), Red (€), Ras (f), gds (g) and t (h)
Lo A\ s T o o TR SRRt 4-52

Figure 4-9: Error (%) vs. width W (mm) between the classic and distributed model for fr and
raXe +eertt ettt ettt e ettt ettt e et eeer et e ee e et ——eet et eeetat—eerataaaeeraabaeerrtraeeerrraaeerraan 4-53

Figure 5-1: Small signal equivalent model for AIGaN/GaN HEMT .......ccccceeeeeeeiiiivvieeeeeennn. 5-57



X

Figure 5-2: Distributive gate equivalent schematics of a one-finger transistor with the
considered asSUMPLIONS. ..oooeeiiiiii 5-58

Figure 5-3: SEM image of two fingers fabricated MOSHEMT, W=2mm with Lgg=6um and

Figure 5-5: Behavior of all extracted intrinsic parameters Cgd(a), Ces(b), Cas(c), gm(d), Rea(e),
Ras(f), gas(g) and <(h) vs. the frequency for W=0.25, 0.5, 1 and 2mm at Vgs=2.5V and Vgs=16V.

Figure 5-6: Comparison between measured and modeled S-parameters (S11, S12, S21, and S22)
for W=0.25mm at Vgs=2.5V and Vas=16V. ..ccceviiiiiiiiiiiiiiieiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeessssnnnnes 5-63

Figure 5-7: Comparison between measured and modeled S-parameters (S11, S12, S21, and S22)
for W=0.5mm at Vgs=2.5V and Vas=16V....ccoeiiiiiiiiiiiiiiiiieiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeseesesssssssssnne 5-63

Figure 5-8: Comparison between measured and modeled S-parameters (S11, S12, S21, and S22)
for W=1mm at Vgs=2.5V anNd Vgs=1OV....ccciiiiiiiiiiiiiiiiieeeeeieeeeeeeeeeeeeeee e eeeeeeeeeeeeeseaseasaennanes 5-64

Figure 5-9: Comparison between measured and modeled S-parameters (S11, S12, S21, and S22)
for W=2mm at Vgs=2.5V and Vgs=1OV....cccoriiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeasessaseaanes 5-64

Figure 6-1: Equivalent electrical model for AlGaN/GaN MOSHEMT with non-linear
CaPACItANCES AN CUITENT SOUICE. .uvuuiiiiiriieeeetiineeretteeeeetteeeerettaeeeresteeesssstaeessssseeessssnneeees 6-66

Figure 6-2: Comparison of non-linear capacitances (Cgs and Cgg) between measured and
[gaTeTo L1 1=To FR PP PP PP OP PP POPPPPPPPPPPPPPPORt 6-67

Figure 6-3: (a) Equivalent thermal model based on an eight-order Cauer topology and
subdivided into three zones. (b) Representation of the three-time periods of the heat flux
propagation corresponding to the three zones of the model........ccccooviiririiiieniirinnninnnn, 6-68

Figure 6-4: Comparison between measurement and mod I4(A) vs. Vgs(V) for different Vgs(V).6-
68

Figure 6-5: Comparison between measured and modeled for Transconductance(S) vs. Vgs(V).

Figure 6-6: Comparison between measurement and model Transconductance(S) vs. Vg(V) at
SPECITIC Vs (V). coeeeeeee e 6-69

Figure 6-7: Comparison between Curtice, Statz, and Angelov model for current source lgs(A)
vs. Vgs(V) and transconductance (S) vs. Vgs(V). The dotted lines are fitting curves, while solid
lines are from the MEeaSUrEMENT. .......cooviiiiiiiiei e e e e e e e e eaaeaaas 6-70

Figure 6-8 A number of distributed network vs. widths (0.25, 0.5, 1, and 2mm) of the
transistors and fmax for large gate width 2mm..........cooooiiiii e, 6-71



Xl

Figure 6-9: Single-ended topology for a power amplifier. ..........uuvvvviiviiiiiiiiiiiiiiiiiiiieeeiiens 6-72
Figure 6-10: lgs (MmA) vs. Vgs (V) plot for 2mm width gate transistor from -2.5V to +2.5V. ...... 73
Figure 6-11: Schematic of the PA with lumped components. ............uuvvvviiiviiiiviieeieeiiieieeenennns 74

Figure 6-12: The amplifier final a) Layout and de-embedding network (Dimensions of board
are 30mmx23mm). b) Hardware prototype........cccceeieiiiiii, 75

Figure 6-13: Impedance matching represented for (a) S11 and Sz from 0.1GHz-4GHz and (b)
S21 from 1.6GHZ- 2.1GHZ. ..o, 76

Figure 6-14: Shows the simulated vs. measured Pout VS. Pin(dBM)..evveeieeeiiiiiiiiiiiiiieeeeeeeeeeenen, 76



Xl

List of Tables

Table 2-1: Material characteristic comparison between GaN and competitors [7]-[9]........ 2-6

Table 2-2: Comparision of typical electrical figures of several semiconductor technologies [6]

........................................................................................................................................... 2-7
Table 2-3: Manufacturing Cost and Capabilities for Different Technologies [6] ................. 2-10
Table 3-1: Comparison between different substrates available for GaN technology ......... 3-14
Table 3-2: State-of-the-art for GaN-on-SiC at different frequencies......ccccccceeeeeeeeeeeeeeennne. 3-15
Table 3-3: State-of-the-art for GaN on Si (111) at different frequencies.........cccceeeeveeenneee. 3-16
Table 3-4: State-of-the-art for GaN on Si (100) and Si (110) at different frequencies ........ 3-16
Table 3-5: Comparison of five main models [53] .....couuriiieeiiiiiiiiiiiiiceeeeeeeeeeeee e 3-21
Table 3-6: Physical description of extrinsic Components ............vvvveeeeeeeiereeviiiiieeeeeeeeeeeennnn. 3-23
Table 3-7: Physical description of intrinsic COMPONENTS........ccvvvvviieeeieeiiiiiiiiiiieeeeeeeeeevennen. 3-24
Table 3-8: Pad Capacitances extracted by Dambrine, White and Open Test method ........ 3-28

Table 4-1: FT and fmax for measured, classic, and distributed model with different widths. 4-
51

Table 5-1 Small signal parameters vs. bias vol., frequency and gate width........................ 5-59
Table 5-2 Extracted pad capacitances and inductances values.........c..ccovvvvvvvviieeieeeeeennnne. 5-59
Table 5-3 Error between measured and Simulated S-parameters vs. widths..................... 5-62

Table 6-1: Comparison of different topologies of the Power Amplifier .........ccccccvvvevvinnnnes 6-72



Introduction 1-1

Chapter 1: Introduction
1.1 Background

The telecommunication industry is growing day by day, and the demand of the end-user for more
data rate transfer and receive with high speed is increasing rapidly. The demand for more data is
expected to increase in the next ten years by 2020. Each user needs about ten simultaneously
connections of a mobile network because of the proliferation of electronic devices in our daily lives,
which will need gigabytes per second data rate by the network providers [1]. Second, future
technology or network has to be more intelligent and efficient with respect to its energy
consumption and cost. For example, the Japan energy consumption of the IP routers will increase
exponentially from less than 1TWh to about 100TWh between 2000-2020 and goes above
100,000TWh (100,000,000 million kWh) in 2050. Meanwhile, the date rate shows a similar behavior
from 0.1Tbs to about 80Tbs till 2020. It will rise to above 10,000 Tbps in 2050 [2], as shown in Figure
1-1.
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Figure 1-1: The Internet communication volume vs. power consumption of the routers [2].

Approximately 20% increase in traffic each year requires 3 to 4 digit power reduction. As a result,
we need devices for RF application which can handle high power with minimum consumption &
losses and provide high data rate also reduce the latency (time between transmitting and receiving
data ) from currently 40ms-60ms to 1ms-10ms to enable the 5G technology. It is not possible by the
existing network technology to handle such big data. As a result, we cannot afford such a power
consumption by the existing devices, requiring continuous technological research to improve the
system's transmission/reception chain.

Above estimated amount of power, the increase can be justified with another estimate growth in
the internet of things per year given in Figure 1-2. It shows an estimation of about a 50% increase
between 2017 and 2019, and devices number could reach 50.1 billion in total. That means we need
a smaller size high power device with better power efficiency.
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Another problem we are facing due to an increase in the data demand is that we need more
equipment to handle massive power, so the equipment and power consumption are increasing.
Besides that, the lower band of frequencies is becoming saturated, leaving us no option besides
going to the high-frequency band. The telecommunication and satellite industry has been mainly on
silicon and GaAs technology. However, now it is looking for a technology that can provide high
power at high frequency, lead to a small size of the circuit, work at high temperature, have a high
level of hardness and mechanical stability. For all the above demands, GaN technology is the
solution [3].

BILLIONS DF DEVICES
50

2009
loT!
INCEPTION ;

0 . .
1988 1992 1996 pA111]1] 2004 2008 2012 2016 2020

Figure 1-2: Growth in the Internet of things [4]

RF Subsystem architectures are used in all radio communication and Radar products. RF tests,
measurement equipment, and scientific instrumentation also make use of RF subsystems. In any
subsystem, we are always constrained by the dynamic range of signal powers that can be processed
and the power consumed to do the processing. The dynamic range is limited by the thermal noise
on the weak signal end and by the subsystem linearity or voltage/current swing on the strong signal
end. The power consumption constraint manifests itself as either a power efficiency or a thermal
dissipation limit.

A wide bandgap semiconductor GaN HEMT process has advanced subsystem performance by
providing a relatively low noise process with higher drain voltage swings than Si, GaAs, or SiGe. GaN
devices also have better thermal conductivity and can support much higher channel temperatures
than other processes.

Historically GaN HEMTS devices are being used for higher frequency band applications due to its
ability to deliver high power at those frequencies. The available market for GaN-related products
for different applications based on different power and frequency is given in Figure 1-3.

Satellite technology is proliferating and has a wide area of applications, increasing every day, such
as broadband internet, satellite-HDTV, live video, telemedicine, interactive gaming, and video
conferencing. It is also used for astronomy, weather forecasting, broadcasting, mapping, and many
more applications.
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To transmit the signal at the base station, it requires very high power. Currently, LDMOS or GaAs PA
are being used for such an application. Still, GaN, due to its ability to deliver high power even at high
temperatures, makes it as a potential competitor for the application in L-band (1-2GHz) and S-band
(2-4GHz) of frequency.

3IT GaN process is available at a lower frequency (1-4GHz). However, most GaN devices
development work today are focused on higher frequencies >15 GHz and higher powers >50W so it
is interesting to look at amplification by improving medium power linearity ( Less transconductance
variation with RF Power) to have a high dynamic range and low noise amplifier devices in this band
of frequency. Those characteristics are especially important for military, space, high-reliability
applications, which are required an amplitude limiter to protect the receiver chain. Any efforts to
research and develop GaN devices, which can enable the higher dynamic range performance ( even
at lower frequencies), will be well received by device manufacturers and their customers.
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Figure 1-3: Available market for GaN-related products [5] such as CATV (Community Antenna Televisions), VSAT(Very
Small Aperture Terminal), and SATCOM(Satellite Communication), etc.

To take the benefits and advantages mentioned above, we need an accurate description of the High-
Electron-Mobility-Transistor (HEMT) in the form of a reliable and accurate large-signal model, which
requires a small-signal model to develop it. Hence, a precise and stable small-signal model is critical
to design an MMIC and optimize the circuits fabrication process. The focus of this thesis is to model
AlGaN/GaN HEMT transistor with large gate width for S-Band frequencies application.

1.2 Main Objectives of the research work

The thesis's main objective is to improve the transistor model to better design power amplifiers
operating in the device's saturation region for frequency until 4GHz and improve both linearity and
efficiency. The research question is to improve the gate resistance model to have a better transistor
model for PA design based on the hypothesis that as gate length increases, the classical model does
not give accurate fit and is not adopted for equivalent circuits.
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Typically, the assertions are:
* The intrinsic region is the same all along with the gate

* The gate resistance “seen” close to the gate contact pad is null while it is equal to Rf,"t at the
finger edge

The currently available model of GaN HEMT transistor for RF application is for smaller gate width.
However, as we increase the gate width, the traditional models are no longer valid because gate
resistance is not fully included; that’s what we have studied in this thesis.

1.3 Outline of the thesis

Chapter 1 introduces the reader to the research field, provides a guideline to the thesis's general
problem, and gives a clear picture of the research work's objectives.

Chapter 2 gives the background of GaN in detail and shows its importance compared to other
technologies based on five different parameters: material physical properties, electrical parameters,
power and frequency application, performance and cost, and analysis as a full product (system
level), indicating it’s application.

Chapter 3 is about state-of-art. It provides information about the structure of AlIGaN/GaN HEMT,
state-of-art GaN HEMT process, process information, detailing every step involved in modeling from
extrinsic to intrinsic components, and non-linear components modeling.

Chapter 4 describes the distributed gate resistance model, model development, and extraction
procedure and compares the classical model with a distributed model.

Chapter 5 Provides scalability of the distributed gate resistance model from extrinsic to intrinsic
lever such scalability of the access resistances and intrinsic parameters, then validation of it by S-
parameters comparison.

Chapter 6 shows model validation at the transistor for large-signal modeling and a circuit-level with
a PCB based power amplifier design. In the end, the conclusions of this thesis are presented and an
outlook of future work.
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Chapter 2: Why GaN

Microelectronics industries are encouraged and motivated to develop a market-oriented
technological process to fulfill the end-user requirement (low cost, small size devices) and meet the
industry's demand for an integrated circuit based on a lesser level complexity, better performance,
and low cost. The competition among companies in the semiconductor industry is tough, and they
are fighting each day to protect and expand their business to gain more market shares. For example,
when it comes to implementing the radio frequency integrated circuits, microwave monolithic
integrated circuits (MMIC), a system in package (SiP) or system on chip (SoC), whatever the circuits
or system type are low cost, high performance, and high integration are vital parameters which each
designer pay attention and for which companies always try to compete.

For doing analyses between GaN vs. other technologies, including Si and IlI-V technologies, it is
essential to see their properties, characterizations, advantages, and limitations for comparison at
material physical properties level, performance level, and analyzing them a full product. Each level
of comparison provides us information for specific requirements or goals. Still, it's hard to judge
which technology is better unless we make a comparison based on a specific application. However,
we need to pay attention that only some semiconductor material is far better than others in physical
material properties. Still, there are not mature in technology or other getting mature in technology.
Still, there is no industrial process that exists so far; thus, these materials are out of the competition
in both cases when it comes to application. The detail of each comparison is given the following:

2.1 Comparison based on the material’s physical properties and
electrical parameters

2.1.1 Comparison based on material’s physical properties

The detailed comparison of GaN with other technologies such as Ge, Si, GaAs, InP, SiC, and diamond
is given in Table 2-1 for several material properties.

These technologies have proved their value for RF and millimeter-meter integrated products
because the circuit design and implementation of it on the substrate is more feasible with IlI-V
technologies than the silicon-based process. Silicon and Silicon-Germanium are catching upmarket
due to increased performance and high integration capabilities. Still, they have competition with
already market player GaAs technology. The GaN technology has been improved by reducing
substrate thickness to have low thermal dissipation and smaller parasitic series resistors for high
power and high-frequency circuit application. In comparison, InP has high mobility, which leads to
high frequency practically greater than 100GHz but theoretically above 200GHz. However, it yields
low power density because of the smaller bandgap.

SiC is better in case of thermal conductivity and high breakdown voltage, but the problem comes
from its high cost and difficulty in the grown of other IlI-V material because of high lattice mismatch;
thus, it does not offer 2DEG. Diamond is way better than all other technologies at the material
properties level. Still, it is not mature at the technology level, and no process exists for it yet, so it is
out of competition for MMIC design.

GaN is better in various physical parameters, which are very feasible for RF and millimeter-wave
high power circuits [6]. It offers two-dimensional electron gas (2DEG), which offers a mature system
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of very high mobility electrons even at low temperatures. It has several advantages over GaAs and
Si in the power and RF application due to its superior physical material properties. This analysis is
given in the radar chart Figure 2-1 according to five main physical properties of materials that define
the technology limit.

Table 2-1: Material characteristic comparison between GaN and competitors [7]-[9]

Materials Ge Si GaAs InP SiC GaN
Bandgap (eV) 0.67 1.12 1.43 1.34 3.2 3.4
Dielectric constant 16 11.8 13.1 12.5 10 9.5
Intrinsic resistivity 47 2.3x10° | 1x10%® | 8.6x10° 10%2 1010
E'ec(z';ro]gvrfs_f’)”ity 3000 | 1350 | 8500 | 4600 | 1140 zlzooooo((zB;E"g)
”f!em;;‘_’g'j)ty 1900 | 480 400 150 50 850
The"?\fvlccrg_”liﬂit“’ity 0.6 1.5 0.46 0.68 3.7 1.3
Breakdown field (E) 1x10° | 3x10° 6x10° 5x10° | 3.5x10° 2x10°
Power density (Wmm-1) N/A 1.5 0.67 0.54 4 5-12
elsjct:rf:;’: 3\3?)'?('2;;";) 0.7x107 | 1.0x107 | 0.72x107 | 0.67x107 |  — 1.4x107
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Figure 2-1: Advantages of GaN in RF and Power supply circuits over GaAs and Si [10]

As a result, it has advantages over competitive material such as GaAs and Si, similarly the
competitive technology such as LDMOS and GaAs technology. Both LDMOS and GaAs are useful in
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a specific range of frequency and power level [11], [12]. For example, GaAs products are suitable for
high frequency but medium power up to 25W-50W applications [12]. GaAs does not behave well at
high power due to low thermal conductivity. Second, LDMOS is useful for high power applications
based on Si technology, but it only goes up to a maximum 3GHz-5GHz frequency [12]. However, GaN
is an alternative of both because it is suitable for high power and frequency application.

2.1.2 Comparison based on electrical parameters

After making this comparison based on the material physical properties, the next electrical
parameters are essential to see differences among different technologies. The comparison is among
GaAs, GaN, SiGe, and Si technologies, which are mature enough and have industrial processes given
in Table 2-2. based on electrical parameters: cutoff frequency (fr), maximum oscillation frequency
(fmax), noise figure, phase noise, IP3/PDC, breakdown voltage, and power handling capability.

SiGe HBTs are useful to provide the highest cutoff frequency but not competitive to GaN HEMT and
HBT GaAs, which are better in high efficiency, low noise figure, better power handling capability,
and a high ration of linearity over dissipated DC power. Because of fully developed technology and
existing platform Si (RF-CMOS) is perfect for large scale integration. On the other hand, it is not good
competitive in other parameters and comes at the end among its competitor's technologies for
typical electrical figures of comparison.

Table 2-2: Comparision of typical electrical figures of several semiconductor technologies [6]

GaAs GaN | SiGe Si

Technology Devices
MESFET | PHEMT | HBT | HEMT | HBT | RF-CMOS

fr L M H M H L
fmax M H H M H L
Noise figure M L M L M H
Phase Noise M H L L L H
IP3/PDC H M H H M L
Breakdown voltage M H M H L L
Power Handling M H H H M L

H=High, M=Medium, L=Low
2.1.3 Comparison based on power and frequency application

Some specific applications and performance of the devices made from different semiconductor
technologies need specific output power and frequency. The following Figure 2-2 gives an idea
about specific technology's power and frequency [13].
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Figure 2-2: Power and frequency region for different semiconductors [13]

Currently, the GaAs Power amplifier is widely used for the base station because of its capability to
handle high power at high frequency. Silicon carbide also exists for this application but is limited
with frequency. However, for the broadcasting station, communication satellites, and radar
applications, we need high power at high frequency, for example, 125W at the 10-12GHz for
communication satellites [14], so GaN enables new possibilities for both high-power and high-
frequency.

Silicon or Gallium arsenide power amplifier is used for the cell phones because the required power
is about 0.9W around 1GHz. Multiple technologies are competing below 3GHz. The choice of
technology for a particular application is based on either cost or high-performance. For a low cost,
Si is dominating, but for high-performance, SiC is mostly used. However, with the advancement in
GaN technology, such as 6 inches wafer size (OMMIC) [15] and MACOM claimed that GaN on silicon
transistor outperforms premium-priced GaN-on-SiC transistor [16], It shall gradually gain the market
below 3GHz application.

2.1.4 Comparison based on performance and Cost

Material physical properties and electrical parameters give the initial difference among technology,
but we have to consider the relative performance and limitation of those technologies for better
understanding. A figure of merit which is commonly used for active components is given by the
following equation [17]-[19]:

FoM = fT X BVCBO (2-1)

where BVcgo is the breakdown voltage is given in Voltage [V], and fr is in giga-hertz [GHz]. In most
cases, we need high power along with the high-frequency application. In those cases, Si RF-CMOS
and SiGe BiCMOS have low breakdown voltage, limiting the voltage swing. Another problem comes
from the low bandgap of silicon, which results in a critical electrical field compared to its
competitor's lll-V technologies.
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GaAs and other IlI-V technologies, particularly GaN, provide high breakdown voltage and high
frequency, which is advantageous in a significant trade-off between fr and BVcgo for millimeter-wave
applications. It is better to have high power by having high voltage than having high current for good
efficiency, so GaN suits well in this scenario.

There are other figures of merit depending on the application such as Johson figure of merit (JFOM)
[20] which is for low-voltage transistors, Keyes [21] KFOM used to see thermal limitation to the
switching behavior of transistor, Baliga [22] BFOM for determining conductive losses in low-
frequency and most exciting figure of merit in our case is Baliga high-frequency FoM (BHFFOM) [23].
The detailed comparison for high power RF transistors is given in Figure 2-3 between GaN and other
semiconductor technologies, which indicate that GaN is better for high power RF applications.

A performance comparison is fair but not enough unless we consider cost and the particular
application from manufacturing to all development costs. Again here is another trade-off in Table
2-3. There is a comparison given about capabilities and manufacturing costs related to some
parameters for different technologies.

Comparison of GaN/SiC/Si/GaAs high-power RF transistors
OKI Semiconductors, May 2014
2 Johnson’s FM p
SiC 1004 Si
Breakdown r .
voltage ! Keyes' FM
Electron j
saturation |
velocity 1/R,,
GaAs-HEMT
Electron mobility fnax | GaN-HEMT

Figure 2-3: Comparison of GaN/SiC/Si/GaAs high-power RF transistors [24]

The wafer size and wafer cost for GaN technology are large as compare to others. However, it's hard
to judge which technology is better based on cost because we choose technology according to the
application, such as designing a mixer or power amplifier. Nevertheless, cost and performance
comparison gives us an estimate of what we can have or design in the available budget for the
particular application.

There is another recent comparison about wide band-gap (WBG) material cost, and wafer size is
done by Yole development with an 8-inch Si wafer as reference shown in Figure 2-4. Diamond and
Ga;0s are future technology, don’t exist yet. We can see that GaN-on-Si is the most exciting WBG
technology in terms of cost and wafer size.
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Figure 2-4: WBG material cost and wafer size comparison [25]

Table 2-3: Manufacturing Cost and Capabilities for Different Technologies [6]

Materials GaN GaAs SiGe Si
Technology Process | 0.15-0.1 um { 0.25-0.1 um | 180—55nm | 65— 20 nm
Devices HEMT HEMT HBT RF-CMOS
Wafer size (inches) 3-6 4-6 6-8 8-12
Mask set cost (KS) 75 -150 25-50 250 -400 | 400 - 1000
Wafer cost(kS) 10- 15 4-10 2-3 1-2
CAD cost(kS) 10-50 10-50 500-1000 | 500 -1000
Triple well process NO NO YES YES
Backside process YES YES NO* NO*
Metal layers 2-3 2 4-6 8-12
Metal material Au Au Al-Cu Al-Cu
Integration level Low Low High High

*= Through Silicon Via (TSV)

2-10
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2.1.5 Comparison based on analysis as part of a full product

The last level of comparison for different technologies is done by analyzing them at the full product
level. It's most difficult because trade-off involves technological process, design rule, cost, and
performance. It should also consider the cost of chemicals, gases, labor, process tool maintenance,
number of processes, and technology process yield. Estimation of all the above costs is given in an
index [18]; thus, we can better compare different technologies. However, it still does not cover
everything. We need to consider a broader area in case of planning for a particular application, so
it is difficult to define one function which can give us an estimate because of performance trade-off
at each stage of each stage such as device level, at circuit level (topologies, biases control), at the
interface level (filters, matching-network) or the product level (interconnections, packages).

The function called product-wise comparison parameter PcP is used for this purpose:

Die per wafer,Num.of wafers FoM Num.of functions
PcP = f{

. . 2-2
Wafer cost [K$],Mask Cost [K$]) ProcessYiel  CAD Costs [K$] (2-2)

The equation includes several parameters the die size, process yield, possible implemented number
of functions also include FoM, even CAD cost. It is a complex function but can be very handy for
industrial purpose use for any particular application.

For the challenges mentioned above, the GaN HEMT FET transistor offers to promise an alternative
technology for highly competitive MMICs. There are some products in the markets due to the
already vital research that has been done on this technology. However, this technology is not
mature and far away from giving full potential due to specific issues, for example, the traping effect
[26], which hinder the performance of the device, so research efforts are continuously required to
overcome such issues and to optimize the cycle of technology from manufacturing to final modeling
and design steps.

The summary of all the benefits or values added by GaN’s technology and possible applications
which it can offer at the system level are given in Figure 2-5.
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Figure 2-5: GaN'’s added values at system level [27]
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2.2 Applications of GaN technology:

Application for GaN devices, particularly for RF electronics systems, with respect to the frequency
band and available other technologies, are given in Figure 2-7. Power amplifiers are the main area
of GaN adoption for these applications.

There are several applications of GaN-on-Silicon in the micro-nano electronics and optoelectronics
are given in Figure 2-6 below because of low cost, the thermal conductivity of silicon is almost the
same as GaN, high electrical resistivity, large area available (> 8 "), Different crystalline orientations
(111), (110), (001), MOS compatible technology and, finally easy to transfer/change exotic substrate
(diamond, flexible, ...).
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Figure 2-6: Applications of GaN on Si

Wireless Communication

T

4
5GBTS
LTE ™

Long-Term
Evolution
07-26GHz

Defense

m
(13- 14 GHz)

cATv
(< 1GHz)

Radar, guided missiles,
countermeasure, ...
(24 t0 812 GHz)

VSAT
(12-40 GHz)

23-5GHe

S

. .

700 MHz 2 GHz 5 GHz

3

Lower O

Larger g)

Narrow

Less

C

X

Throughput
Antenna Size

Band Spectrum

Ka
== Higher

(ﬂlEl)

Smaller

GaAs pHEMT, HBT, SiGe, or vacuum tub:

GaN

o Yol | Semicon West - SC/Sspphire/GaN

Figure 2-7: Applications of GaN devices in RF Electronics Systems



State-of-the-art 3-13
Chapter 3: State-of-the-art

This chapter explains device structure and operations layer by layer, presents state-of-art
technologies based on GaN-on-SiC and GaN-on-Si (111, 100, 110) for comparison purposes. Once
technologies are presented, afterward, challenges for modeling of GaN devices are mentioned.
Several methods are explained for small and large signal modeling of such devices at an intrinsic and
extrinsic level.

3.1 Physical structure and operation of AlIGaN/GaN HEMTs

HEMT (High Electron Mobility Transistors) has two wide bandgap semiconductors (Large bandgap
such as Al(Ga)N-In(Ga)AIN on lower band gap-GaN), which are not doped. In this technique,
electrons come from the wide-bandgap barrier layer's surface, composed the two-dimensional
electron gas (2DEG) thanks to the polarization effect (spontaneous and piezoelectric polarization).
It is crucial to know that in all HEMT structure layers, there is no doping. The transport properties
show improved electron mobility and higher saturation velocity in the well. This effect implies a
higher fr, a better gain, and a noise figure (NF) than MESFET. HEMT based on heterojunction
AlGaN/GaN was reported for the first time in 1994 in Khan's pioneering work [28].

The typical layer structure of the AlGaN/GaN HEMT structure is shown below in figure Figure 3-1.

GaN cap layer
Al »Ga, ;N

2DEG AIN

Undoped GaN

Buffer Layers/ Transition Layers
Substrate

Figure 3-1: Typical HEMT structure [29]
The structure is composed of the following layer:

Cap layer: It is an optional layer (typically GaN, SiN) that allows the protection of the barrier layer
(typically AlGaN), limits the currents. However, it decreases the height of the Schottky barrier [Liu
et al., 2011]. We need this layer mostly when the heterostructure has many defects. Its thickness
varies between a few nm to 50 nm.

The barrier layer: This is the layer with a high bandgap (In, Ga)AIN, which allows the formation of
well at the interface with the GaN channel.

The Spacer Layer: This is an optional layer (typically AIN), which is the lower part of the barrier layer
whose thickness is generally less than 2nm. It allows having good confinement of the electrons in
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the 2DEG and increasing the electron mobility, reducing the interactions between the electrons of
the 2DEG and the aluminum atoms present in the barrier layer.

Channel Layer: It is composed of undoped GaN and totally relaxed. The thickness varies between a
few 10nm to a few 100nm. This layer has a lower bandgap in comparison with the barrier layer, and
the 2DEG is formed in this layer.

Buffer Layer: It can be composed of a GaN layer, but it is preferred to use a back-barrier layer with
a higher bandgap (typically, AlGaN, the aluminum is the function of application). Its thickness is
generally greater than a few um. Because of its high thickness, the buffer layer is fully or partially
relaxed. If this layer is fully relaxed, it does not present a piezoelectric polarization. This layer's
quality is very important for electronic application: It must act as an electrical insulator and have
good thermal conductivity.

Stress Engineering Layers: These layers are composed of different layers between the nucleation
and buffer layers. Their role is to reduce stress and dislocation rate. The thickness varies between a
few 100nm to few um.

The nucleation layer: It is the first layer to accommodate the substrate's lattice parameter with
wide band-gap nitrides deposed by epitaxy. On the silicon substrate, this layer is typically aluminum
nitride (AIN). Its thickness is 20-60nm.

Substrate: This is the support layer on which the growth of the different layers takes place. The
substrates generally used for the growth of GaN are sapphire (Al,03), silicon (Si), silicon carbide (SiC),
and GaN. Table 3-1 shows a comparison between the different substrates used for the growth of
GaN, depending on cost, thermal conductivity, mesh mismatch, coefficient of thermal expansion,
resistivity, and size availability.

Table 3-1: Comparison between different substrates available for GaN technology

HR-Si GaN
Attribut Sapphi SiC

ribute (111) apphire i (Bulk)
Thermal Conductivity (W/cm. K) 1.5 0.42 49 3.3
Lattice mismatch with GaN (%) ~-17 ~-16 ~+3.5 0
Currently available wafer size (inch) 12 6 4 6
Cost (compared to Si) Low Very low High Very high

_ 1xe>-

Resistivity (Ohms.cm) Max 1xe* >1xe® 1xe8 Max 1xe!3
Difference in heat expansion (x10°-K) (300-
1000K) 2.6 7.5 4.2 5.6

Silicon: It is one of the most attractive substrates for the growth of GaN, thanks to its price very
competitive, its availability of large diameters, its good thermal conductivity (1.5 Wem™K1), and its
processing in standard silicon fabs (high productivity). The major disadvantage is that the GaN layers
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elaborated on Si generally have a concentration of defects due to the mismatch in lattice parameters
(17%) and a very large coefficient of thermal expansion(CTE).

Sapphire (Al203): It is a semi-insulating material that can withstand high growth temperatures and
relatively cheap. On the other hand, it has very low thermal conductivity (0.5 Wem™K1), large lattice
mismatch (13%), and large CTE mismatch. Low thermal conductivity means it has a problem in heat
dissipation as a result, not a good choice for high power applications.

Silicon carbide (SiC): Silicon carbide has very high thermal conductivity (4 Wem™K?), low lattice
mismatch (3%), and relatively low CTE mismatch. However, the problem is the high cost, and the
technological process is more complicated.

3.2 State-of-the-art GaN technology

For the state-of-the-art GaN technology comparison, it is important to relate it with the substrate.
Depending on the substrate, we have different performance because of certain advantages and
disadvantages of each substrate. As mentioned in Table 3-1, SiC and Si are the most suitable
substrate for GaN technology because of the advantages mentioned in chapter 2.

For GaN-on-SiC, the state-of-the-art is given in Table 3-2 at 4, 10, 18, 40, and 94GHz frequencies.
These results are best obtained with the SiC substrate by having a low rate of mismatch with GaN
and keeping excellent thermal conductivity. At 4GHz, the saturation output power 41.4 Wmm~* was
achieved with PAE at 60% [30]. Similarly, at 94GHz, 1.51 Wmm™, and 8.5% were measured Psat and
PAE, respectively [31]. However, OMMIC claimed that they reached 4.5 Wmm™* at 94GHz with GaN-
on-SiC.

Table 3-2: State-of-the-art for GaN-on-SiC at different frequencies

Psat PAE Gate length Drain voltage
Frequency Gp(dB) (W/mm) (%) (nm) V)
@ 4GHz [30] 16 41.4 60 250 135
@10GHz [32] 24 17.5 61 250 55
@18GHz [33] 8.6 12 33 150 50
@ 40GHz [34] - 10.5 34 160 30
@ 94GHz [31], 9 1.51 8.5 50 9
OMMIC
- 4.5 - - -

For more details, we can see the plot of power density as a function of frequency given in Figure
3-2. There is a clear shrinking in power as we go to high frequency.

There are three Si substrates possible depending on plane orientation, such as Si(111), Si(100), and
Si(110). In the (111) plane, the crystalline silicon has a hexagonal triple symmetry surface suitable
for GaN growth by epitaxy. Thus, it is commonly used as a substrate for the growth of



State-of-the-art 3-16

heterostructures dedicated to HEMT transistors and have given significant performance in terms of
microwave power density. For GaN-on-Si(111), the state-of-the-art is given in Table 3-3 at 2.14, 10,
40, and 94GHz frequencies. At 2.14GHz, the saturation output power 12 Wmm™* was achieved with
PAE at 52.7% [35]. Similarly, at 94GHz, 1.35 Wmm™, and 12% was measured Psat and PAE,
respectively [36]. However, OMMIC claimed that they reached 4.5 Wmm™ at 94GHz with GaN-on-
SiC.

Table 3-3: State-of-the-art for GaN on Si (111) at different frequencies

HEMT Frequency Gp (dB) | Psat (W/mm) | PAE (%) | W(um) | Meas. Condition
@2.14GHz [35] 15.3 12 52.7 - -
@10GHz [37] - 7 52 - -
On Si(111) @18GHz [38] 9.1 5.1 20 2x50 -
@40GHz [39] 9 2.7 18 2x25 -
@ 94GHz [OMMIC] - 2.1 - - Pout max

In the case of Si(100 and Si(110) substrates, there are also proven results given in Table 3-4. But the
defect density of the heterostructures produced in these orientations is greater as compared to Si
(111). However, the advantage lies in co-integration with CMOS technology.

Table 3-4: State-of-the-art for GaN on Si (100) and Si (110) at different frequencies

HEMT Frequenc Gp Psat Psat PAE w Measurement
9 ¥ (dB) (dBm) (W/mm) (%) (um) condition
@[jf);-lz 19.3 25.3 3.4 14.3 2x150 Pout max
On
Si(100)
@10GHz 7.5 29.4 2.9 204 2x150 Pout max
[40]
@][f(in 15.6 23.4 3.76 33 2x30 Pout max
On
Si(110)
@ 40GHz
[40] 10.6 23 3.3 20.1 2x30 -

Figure 3-2 gives the best results of GaN transistors on SiC, Si (111), Si (110), Si (100), and GaN
substrates in terms of power density as a function of the measurement frequency.
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Figure 3-2: State of the art of GaN HEMT technology on Si and SiC (Power density in saturation as a function frequency)
[30]-[39], [41]-[49]

3.2.1 Our process:

In the 3IT process, we have two types of devices, normally-on and normally-off transistors based on
AlGaN/GaN thickness and different Aluminum (Al) concentrations in the barrier layer. In both cases,
the AIGaN/GaN MOSHEMT structures were fabricated on a Si substrate and commercial HEMT wafer
(supplied by EpiGaN) by using the Metal-Organic Chemical Vapor Deposition technique (MOCVD).
The gate length is 1.5um.

The epitaxial structure consists of a 150nm thick un-doped GaN channel layer and a thin 4nm
Alo.45GaossN top barrier layer. The epitaxial structure is capped with a 50nm thick in-situ SiN layer.
However, the difference between normally-on and normally-off is that the structure consists of a
1.8um thick Alo.18Gao.s2N back-barrier layer and 5um Alg.0sGao.o2N back-barrier layer, respectively, as
shown in Figure 3-3 [50], [51]:

Oxide layer — MOSHEMT: In our process, we have SiOx deposited by PECVD, which acts as a gate
insulator; consequently, it gives a very small gate leakage current in reverse and forwards bias
condition. The thickness of the oxide layer is 5nm for normally-on MOSHEMT and 7-10nm for
normally-off. It is very important to choose the oxide layer's proper thickness because it is a trade-
off between better isolation to achieve low leakage current and high transconductance. To have
more voltage on Vg also depends on the thickness of the oxide layer. For example, for 10nm, we
can go up to 10V in case of forwarding bias.

Meander shape: We are using a meander shape for the transistor. Because of this shape, we can
have a longer gate length in a small space; ultimately, it leads to high power density.

Field-plate Gate: We have a field-plate gate in our process. The purpose of using a field plate gate
is to increase breakdown voltage by distributing the electric field at the wider area as reported in
[22] the reduction of peak electric field 40% to 50% depending on the length of the plate towards
the drain side.
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Recess gate: In the case of a recessed gate, the gate metal deposited close to 2DEG to allow
improved transconductance, linearity and to shift threshold voltage from negative to positive Vg;s
voltage. The control of the etch thickness obtained by digital etching (few cycles composed of two-
step: dry oxidation followed by wet etching).

-~ ~ ‘ ——
/ , TN
7 nm Si0, (PECVD) / 5 nm SiOy (PECVD)
50 nm SiN (in-situ) p o
s T Y | AL Goo N 50 nm SiN (in-situ)
N eancramel IDEG Roo o TR i1 Al scGies
~_ 150nm A L% GaN nM Alo 45380 55
— — | . 150 nm
—
b el Ep 8 & ! D
2DEGT-"-m-m- s m T o O T T
Alp 0sGag g2N back barrier 5 um Alg.18Gap s2N back barrier 1.8 pm
Si Substrate (111) Si Substrate (111)
a) Normally-off AIGaN/GaN b) Normally-on, AIGaN/GaN

c¢) SEM image of fabricated MOS-HEMT

Figure 3-3: Schematic of the fabricated MOSHEMT [50], [51]
3.2.2 The principle of GaN HEMT Operation

AHEMT is a three-terminal device with a source, gate, and drain in which the gate electrode controls
the current flow between drain and source (ohmic contacts). Its operation principle is based on the
presence of 2DEG at the AlGaN/GaN heterostructure interface. By applied voltage at the gate
electrode, it is possible to control the transistor channel's electron density, thus controlling the drain
current (lps).

Normally-on Transistor: This transistor has four regions of operation as shown in Figure 3-4 (Vth is
negative)

Cut — of f Vos < Vi
Ohmic Vin < Vys & Vpy & Vg

Region of Operation = (3-1)

Saturation Vin < Vg & Vpg = Vg

Breakdown Vi < Vs & Vpg = Vp,
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where Vk =V,

gs Vth

Looking at the Ips vs. Vgs transfer curve (Figure) for a fixed Vps voltage, the Ips current increases with
increasing gate bias. When a negative voltage is applied to the gate, the current I decreases, thus
depleting the channel under the gate. The value of Vgs for which the channel is cut-off is called the
threshold voltage (Vin).

Cut-off region: It is a region of operation in which the device channel is close means there is no
conduction of electrons and no current. It occurs when the gate-source applied voltage is less than
the threshold voltage.

Ohmic/linear region: The drain-source current varies linearly when drain-source voltage is low. In
this case, the electric field is constant along the 2DEG, and electrons move in parallelepiped bar’s
shape homogenously. The current can be calculated by:

~V, q.unsgWw
DS 44+ q.uneW(Rp+Rs)

Ips (3-2)

Saturation region: Current is saturated because the channel is cut-off at the drain end and V)5 does
not affect the channel any longer.

Ips = q.Usar-ns. W (3-3)
Breakdown region: breakdown voltage is Vds' value to generate hot carriers by impact ionization,

leading to an avalanche phenomenon and destroying the lattice.

Ids (A)

ID$5

- .
—5"""‘1"'-55
~ Cut-off region

e Vas S Vn
Vor Vos

Vth Vgs (V)

a) Threshold Voltage b) Device region of operation
Figure 3-4: Determine threshold voltage and region of operation of the device

Depending on the application, we use the transistor to operate in different regions, depending on
the quiescent point's position.

3.3 Modeling challenges of GaN HEMTs

There are different literature models, which we can broadly divide into three main categories:
physical model, compact model, and behavioral model. The physical model is based on the physic
of the device. For this reason, these models are limited only to the device. The advantage of these
models is the large operating range. However, these are time-consuming because of the complex
equation used to model physical behavior.
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The second category is compact models, which are based on |-V and S-parameters measurements.
These models contain a smaller number of parameters as compared to physical models and allow
the designer to do model according to the desire application. These models include the thermal
effect and trapping effects associated particularly with GaN technology. These models are good for
die-level applications.

The last category is the behavior model, which is based on frequency domain measurement. These
models are easy, quick, and can model die-level even packaged transistors, but they are like black-
box. We don’t know what is inside, and their accuracy is highly dependent on the measurement
conditions. Each model has its advantages and disadvantages. The comparison between these is
given in Figure 3-5 [52]

—A— PHYSICAL MODEL
—&— COMPACT MODEL
—il— BEHAVIORAL MODEL

CONVERGENCE OPERATING
RANGE
EXTRAPOLATION PHYSICAL
ACCURACY INSIGHT
EASY MODELING USABILITY FOR
PROCESS CIRCUIT DESIGN

Figure 3-5: Type of large-signal models [52]

3.3.1 HEMT compact models

We can see that the best models are compact models based on different comparison parameters. To
further investigate the compact models in the literature, we can find five well-known compact models
given in Table 3-5.

In general, having a large number of parameters does not mean that model is accurate or gives a
better fit in all conditions. In some cases, they just tried to model physical process effects or AC and
DC aspects of device behavior. A large number of parameters lead to a lot of time for extraction of
those parameters, trend to be more empirical and less physical, and last but not least is there is a
high certainty of error in the extraction of a large number of parameters [53].
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Table 3-5: Comparison of five main models [53]

Geometry . . .
FET Model Approx. Number of Electrothermal Scalability Built- Original Device
Parameters Model In Context
CFET [54] 48 Yes Yes HEMT
EEHEMT
Y HEMT
[55] 71 No €s
A”[i‘éllov 80 Yes No HEMT/MESFET
Angelov 90 Yes No HEMT
GaN [57]
Auriga [58] 100 Yes Yes HEMT

There are other large-signal models exist in literature with less number of parameters such as [59]—
[61] some of these require optimization procedure based on error function.

3.3.2 Transistor equivalent model

A simplified version of the equivalent model in relation to the geometrical structure is given below
in Figure 3-6 [62]. In the literature, the small signal of the device has been studied extensively [63]-
[69].

Pad capacitances (Cpgs, Cods, Cpgd), parasitic inductances (Lg, Ls, La), and access resistances (Rg, Rs, Rd)
are called an extrinsic parameter.

Capacitances Cgs, Cds, Cgq, resistances Rgs, Ras, Rgd, transconductance gm, and transconductance delay

time or constant- T are called intrinsic components. These all are related under the gate region, as
shown in figure 3.6, with pink color. Intrinsic parameters are very important and difficult to extract.

Access Resistances (R, Rg Rg): R and R, are coming from the finite resistant of 2DEG and ohmic
contact between metal and semiconductor, while Rg is coming from the metallization resistance of
gate Schottky contact. R; and R; are more important in case of power gain cut-off frequency fmax.

Pad capacitances (Cpgs, Cpds, Cpga): These are the parasitic capacitance due to the pad connection,
measurement equipment, probes, and probe tip to device contact transition.
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Drain

Figure 3-6: AIGaN/GaN HEMT equivalent model in relation to the geometrical structure [62]

Transconductance (gm) is a parameter that reflects the efficiency of the Ips current modulation in
the channel from the voltage applied to the gate (for a constant Vds voltage).

gm - aVGS (3 4)
It can also be approximated by:
C
Im = vsazg = (3-5)

This expression shows the electron saturation velocity (vg,:) has a direct relation with
transconductance. In the case of power amplifier design to get higher gain and linearity, it is usually
preferred high and constant transconductance.

Capacitances (Cgs, Cds, Cgd): The capacitances Cgsand Cgq reflect the change in the depletion charge
with changes in Vgsand Vgd, respectively. Cqsaccounts for the geometric capacitance effects between
the source and drain electrodes; normally, it is very small. Typically Cgs is about 10 times the size of
Cyq and Cys. These capacitances define the unity gain frequency of the device and have an inverse
relationship with the operation's maximum frequency.

Charging resistances (R;,Rgq Rg): These resistances are associated with capacitances
Cys, Cas, and Cyq respectively. If we want faster devices, then we need to have smaller values.

Because smaller values lead to smaller charging time delay of the capacitors. As a result, we can
have faster devices.

Output Transconductance (g,,): It is a parameter that reflects the efficiency of the Ips current
modulation in the channel from the voltage applied to the gate (for a constant Vgs voltage). It is
preferred to be small as high output resistance is required for high output power, and second, it has
an inverse relation with unity gain frequency, which means its high value can cause a reduction of
unity gain frequency.

_ dIps

= (3-6)

Yas
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Transconductance delay t: The drain current cannot change instantaneously and needs some time
to respond to the gate voltage changes. This time is called transconductance delay or time delay t.
It also has an inverse relation with the unity gain frequency.

The physical description of each parameter is given in the following Table 3-6, Table 3-7 below:

Table 3-6: Physical description of extrinsic components

Extrinsic Elements

Physical Description

Gate inductance L,

Inductance due to the contact of gate

Drain inductance L,

Inductance due to the contact of drain

Source inductance L

Inductance due to the contact of source

Gate resistance Rg

The resistance of the gate metal strip along with the gate current
flow

Drain resistance R,

The resistance of drain access region and drain Ohmic contact

Source resistance R

The resistance of source access region and source Ohmic contact

Gate-source pad
capacitance Cy g

The capacitance between gate and source pad associated with
the measurement

Drain-source pad
capacitance Cyqs

The capacitance between the drain and source pad associated
with the measurement

Gate-drain pad capacitance

Cpga

The capacitance between gate and drain pad associated with the
measurement

Extrinsic parameters independent of bias and frequency:

Rg\

des
Lq
R4

Cpng

Bias and Frequency Independent

The access resistance for drain and source also has some variation with respect to temperature:
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R4
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Ry = f(T)

Table 3-7: Physical description of intrinsic components

Intrinsic Elements

Physical Description

Gate-source fringe capacitance

Cys

Gate charge modulation by changing Ves

Gate-drain fringe capacitance

Cga

Gate charge modulation by changing Vbs

Drain-source fringe capacitance
Cds

The capacitance between drain and source (e.g., substrate
capacitance)

Input resistance R;

Lumped representation of distributed channel resistances

Gate-drain resistance R,

Complement of R;, to reflect the symmetrical nature of the
device

Transconductance g,

Drain current gain with respect to the change of gate
voltage

Transconductance delay t

Time delay between the change of gate voltage and drain
current

Output Transconductance g4

Variation of drain current by the change of drain voltage

Another parameter is the gate's width, and extrinsic parameters such as inductances and parasitic
capacitances increase with the increase in gate width(W. While Rg has direct relation, however, Rs
and Rq are inversely proportional and decrease as W increase are given below:

Lg

* increase with W
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The intrinsic parameters are independent of frequency, so their curves should be flat during
extraction with respect to frequency. Second, they are dependent on the bias, particularly Cgs, Cgg,
and current source. However, the current source depends on temperature also.

cgs} Cys = f(Vs,Vds)
Cga Cga = f(ng)
Where

ng = I(gs — Vs

Ces has more dependency on Vgs as compare to Vgs, and Vgq has more dependency on Vgs as compare
to Vgs; as a result, we can consider only Cgs (Vgs) and Cga (Vas) [14].

Intrinsic parameters are directly related to the gate length of the device. All capacitances and
transconductance have direct proportional relation with respect to the gate length. However, the
resistances have inverse proportional relation as given in the equations below:

R;
Rgs X W

Ryq

Cys

Cga (XW
gmins
3.3.3 Small-signal modeling

3.3.3.1 Extraction methods for extrinsic parameters:

It is important to properly de-embed the extrinsic parameters of the device for proper modeling.
Pad capacitances (Cpgs, Cods, Cpgd), parasitic inductances (Lg, Ls, La), and access resistances (Rg, Rs, Rq)
extraction methods are explained in this section separately.

3.3.3.1.1 Parasitic capacitance:
There are three common methods

1. Dambrine method
2. White method
3. Open test

1) Dambrine method

Dambrine et al. were the first to introduce a method to calculate the different elements of small-
signal elements from the low-frequency measurement data. It was developed to avoid error in the
optimization process [63].
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He suggested that there is no conductance in the channel and parasitic gate pad capacitance (Cpgs)
cancels at Vgs=0 and Vg < cut-off voltage where Cp represents the fringing capacitance due to the
depletion layer extension on both sides of the gate as shown in Figure 3-7.

lg Rg Cb Rd Ld

G s .l—me—a D
' -L J- Ch Cpd

ICPS N l P

Ls
S
a) Small-Signal equivalent circuit of a FET at zero b) Schematic cross-section of MESFET at Vus = 0,
drain bias voltage and gate voltage lower than showing the physical origin of elements for the
the pinch-off voltage equivalent circuit of Dambrine et al.

Figure 3-7: Extraction of Parasitic capacitance [63]

For low frequency, the inductance and resistance do not influence the Y-Parameters, and we can
extract the capacitance by the following equations.

Img(Yy,) = jw(Cpy + 2Cp) (3-7)
Img(Yy,) = img(Yy,) = —jwC, (3-8)
Img(Y,,) = jw(de + Cb) (3-9)

For more simplicity, the following equations give the direct parasitic capacitances values:

_ Img(¥11+2Y13)
Cpg =& (3-10)
_ Img(Yz2+Y12)
Cpa = — 22— (3-11)
I Y; I Y;
Cb - _ mg(Y12) - _ mg(Y12) (3-12)
o 13)

2) White method

According to White [70], the Dambrine equivalent circuit does not give asymmetric nature when we
look at the input and output port. Also, Cp describes the total depletion region capacitance, which
only includes drain and source. Still, it did not include gate depletion, so he proposed a new
equivalent model shown in Figure 3-8.

He introduced three fringing capacitance C, for the gate, drain, and source. The originality of these
capacitances is shown in the cross-section of MESFET at V¢s=0, given in Figure 3-9.



State-of-the-art 3-27

Lg Ag Cb Cb Ad Ld
Co
Cpg Cpd
Rs
Ls I

Figure 3-8: Improved equivalent circuit for pinched-off FET at V4 = 0 [70]

Deptetion layer
boundary.

Figure 3-9: Schematic cross-section of MESFET at V45 = 0 showing the physical origin of elements [70]

He found that by Dambrine’s method, the Cpq is much higher than Cyg, but by his proposed method,
Cod = Cpg. The following set of equations was proposed to get the parasitic capacitance values:

Img(Yyy) = joo (Cpg +2Cp) (3-13)
Img(¥;,) = img(Yyy) = —jw 2 (3-14)
Img(Yy;) = jo (Cpa +2Cy) (3-15)

So, the parasitic capacitances are directly obtained from the following equations:

9
Img(Y11+EY12)
Cpg=———"—> (3-16)
9
Img(Y22+EY12)
Cpa =—— = (3-17)
3I Y; 3I Y;
Cb - _ mg(Y12) - _ mg(Y12) (3-18)
w w

3) Open Test

Another method to determine pad capacitances is based on an open test structure in which the pad
capacitances are determined by measuring the dummy device or open structure. Those
measurements are modeled by the network of the capacitances [71]. The open test structure, the
layout, and its equivalent circuit are shown in Figure 3-10. These capacitance values come from the

pad connection, measurement equipment, probes, and probe tip to device contact transition, so we
don’t need the device layout inside this structure.
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The Y parameters of the Open test can be expressed as follows:

Img(Yy1) = jw(Cpg + Cpgd)

Img(Y;,) = img(Yy,) = —jwCpga

Img(yzz) = jW(de + Cpgd)

Source

Cale

Dirain

Source

a) Open test Structure

The Pad capacitances can be directly obtained by using the following equations:

b) Layout

3-28

(3-19)

(3-20)

(3-21)

chd
||

G o 11 Q D

Cpg: o de
So o S

¢) Equivalent Circuit

Figure 3-10: The equivalent circuit model of the open test structure

C. = Img(Y11+Y12)
rg w

C. = Img(Y22+Y12)
pd »

C _ _Img(z) _  Img(Yip)
pgd — w - w

(3-22)

(3-23)

(3-24)

We have extracted pad capacitances between 2-10GHz by using all the above methods given in
Table 3-8. As compared to the other two methods, values obtained by the open test method are
more accurate because the size of the pad for gate and drain is the same, so we obtained quite
similar values in this case. Also, it allows us to determine the small capacitance between the gate
and drains pads, so based on the above analysis, we adopted an open test structure to determine
pad capacitances.

Table 3-8: Pad Capacitances extracted by Dambrine, White and Open Test method

Capacitance/Method | Dambrine | White Open
Cogs (pF) 55.15 1.103 0.0154
Cpas (pF) 34.83 90.83 0.0156
Cogd (PF) - - 1 0.744x10°
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3.3.3.1.2 Extrinsic inductance

Commonly there are three main methods to extract or determine the values of extrinsic inductances
Lg, Ls, Lg, which are the following:

1. Short test
2. Forward bias cold-FET method
3. Reverse bias cut-off method

1) Short test:

We can determine the parasitic device-connection impedances by measuring a test structure that
consisted of the pads, device feed, and short channel for the transistor [71]. The test structure is
modeled by a T-network, which has a series of resistances and inductances. The short test structure
and equivalent model is given in Figure 3-11.

By the above model, the extrinsic inductance can be extracted by the following equations:

__Imag(Z11-Z13)
Lypg =~ 2= (3-25)
_ Imag(Z32-231)
Lpg =~ 22 (3-26)
I Z 1 Z
Lps — mg(Z1) _ Imag(Zi2) (3-27)
I3 w

This test structure can also be used to check the feedlines losses to verify they are small enough to
ignore. The real part of the above model gives us the feedlines resistance or feedlines losses. Still,

we can neglect them by considered those resistances very small as compared to the access
resistances.

Drain Rpg Lpg Lpd Rpd
Sowrce Source G D

] Lps

""" ==1==== Shont
R
Source Sowrce -
O O
Gate S
a) Short test Structure b) Equivalent circuit model

Figure 3-11: Short test structure and an equivalent model.

2) Forward-biased cold-FET method

The typically high gate to source voltage is applied in this method, while zero at the drain to source.
As a result, the device behaves as a passive component, which means that it has no intrinsic
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capacitances and transconductance [63] to get the extrinsic inductances directly by the following
equation.

Ly = Imag(Z11-Z12) (3-28)
w

Imag(Zz2—Z212)

Ly (3-29)

w

Imag(Z
LS — 9(Z12)
w

(3-30)
3) Reverse-biased cut-off method

The conventional forward-biased cold-FET method, applying a high forward bias point, does not
work for GaN. The gate differential resistances usually require very high gate forward basing to
eliminate the channel's capacitance. However, this causes unrecoverable damage to the gate.
Overcome this issue, the inductances and resistances are extracted by applying a negative gate bias
voltage closer to the gate's threshold voltage [72], [73].

The following equations are used to extract inductances by linear curve fitting the imaginary
impedances over w?:

img(wZ,1) = w?(Ls + Lg) - (cls + é) (3-31)
img(wZy;) = w?(Lg + Lg) - (cls + C—ld) (3-32)
img(wZ,,) = w?Lg — Ci (3-33)

S

The reverse-biased cut-off method has chosen because it does not put the device under stress,
which causes damage to the device performance, like in the forward-biased cold-FET method.
Similarly, a short test method is avoided because we need to have a short test structure of the
device, so it is convenient to go with the reverse-biased cut-off method.

3.3.3.1.3 Extrinsic resistances

Extrinsic or access resistances are significant and not easy to extract. The RF or DC current-voltage
performance depends on the accuracy of these resistance values: R4, Rs, and Rg associated with
drain, source, and gate, respectively. Common methods to find the access resistances are:

1. DC measurement methods
2. Reverse-biased Cold FET methods

1) DC measurement methods

Different works have been published for this method, but in each case, the primary assumption is
that the Schottky diode resistance is considered to the equivalent of extrinsic resistances [73]-[78].
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Figure 3-12: The schematic for source resistance measurement representing distributed channel, R; and Rs for
measuring lg(Vas) and 14(Vys) [75]
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Figure 3-13: Schottky diode model for FET with a floating drain or source [75]

Figure 3-12 is the schematic for source resistance measurement, representing channel resistance Rc
and Rs, R4 [75]. The gate of the device is considered as a distributed diode model and I¢>>lg. The
channel resistance is not dependent on the position, so for determining Rs and Ry, we need two
measurements Ig(Vas) and lg(Vgs), with the floating drain and source [75], [76], [78]. Figure 3-13
explains the measurement technique.

2) Reverse-biased Cold FET methods

This method is based on the device's symmetry at zero drains to a source bias voltage, but the high
negative gate to source voltage (close to threshold voltage). It was initially derived for the extraction
of the extrinsic parameters of GaAs MESFET. In this method, the distributed RC network is
considered under the gate. The effect of parasitic Schottky barrier capacitance is ignored because
of the high value of the Schottky barrier resistance used by [63] but derived initially from [74].

Zyy = Ry + R + jo(L, +L)+ (C +Ci>+5zg (3-34)
g s
Zyp = R+ Ry +jo(La +Ls) + (C Ci) + 67, (3-35)
d S
. 1
le :Z21 = RS +_](ULS+E+ 5ZS (3-36)

Where
8Zy = 6Ry + 6Rs + jw(SL, + SLg)
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57, = 6R, + jwL,

Ignoring the correction term for intrinsic parameters §Z,, §Z,, 6 Zsand multiplying with w? then
the real part is:

wRe[Z,,] = w(Ry + Ry) (3-38)
wRe[Z,] = wR; (3-39)

The cold-FET method is chosen for the extrinsic resistance measurement due to its simplicity and
direct approach. Besides that, we can extract these resistance values from the same measurement
file, which we have used for extrinsic inductance value extraction.

3.3.3.2 Extraction methods for intrinsic parameters:

The typical intrinsic model with the leakage between forwarding gate-source resistance (Rgfs) and
forward gate-drain resistance (Rgqd) is given in Figure 3-14. For the extraction of intrinsic parameters,
we need to have the intrinsic Y matrix. For this purpose, we need to de-embed the extrinsic
parameters from the measurement file [63].

Figure 3-14: Intrinsic part of the proposed 18-element small-signal model [72]
3.3.3.2.1 De-embedding of extrinsic components
The de-embedding is done in the following way:

1. We have the Y extrinsic matrix Ypaq from measurement obtained from S-measurement
2. Pad capacitances are in m-network or pi-network, so it's easy to make subtraction through
the admittance matrix.
Cpg+ Cpgd - Cpgd

Y, =jw
pad =J ~Lpgd de + Cpgd

(3-40)

Ypad pe—embeda = Ymeas — Ypad (3-41)
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3. To de-embed Inductance, since these are in delta(A)-network shape, so the impedance
matrix is a better choice, so first, convert Ypqq pe—empea convert into Zp,4 pe—emped then

subtract Zinquctance fromit.

L, L L

Zinductance = JW gre ° (3-42)
Ls Ld+Ls

Zlnductance De—embed — ZPad De—embed — Zlnductance (3-43)

4. Like inductance, access resistances are also in the A-network. As a result, we can de-embed
in the same way.

ZAccessR = Rg+Rs R (3-44)
Rs Rd+Rs
Zlnt = ZlnductanceDe—embed - ZAccessR (3-45)

We could de-embed parasitic inductance and access resistances together to simplify steps. From
Znt the matrix we can easily have Y;,,; from which we can extract the intrinsic components.

3.3.3.2.2 Extraction procedure of the intrinsic components

After having the intrinsic impedance/admittance, we can extract the intrinsic parameters: Cgs, Cds,
Cgd, Rgs, Rgd, Rds, gm, and t, and leakage resistance Rfgs and Rrga. These leakage resistances can be
extracted easily at low frequency by the equations because capacitors Cgs and Cys become open
circuit and lead to the circuit given in Figure 3-15, as shown below.

| Rfgd [ )
G T 1T t O
e I !
1 I
1 I
| Rgs |
| Rfgs I
1 I
b o = - —— 1 _______ ]
S
Small-signal model a) Asimplified circuit for extraction of resistances
Figure 3-15: Intrinsic structure and an equivalent model.
Procedure:

1. Extract the Rfgs and Rrgg at low frequencies (400MHz-1200MHz)

1

Rfdg == real(Yint(l,Z)) (3-46)

R. = 1
F95 ™ real(vint(1,1)+Yint(1,2))

(3-47)
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where 1:port-1 and 2: port-2 inside Yint
2. De-embed these and get Y intrinsic without leakage, as shown in Figure 3-16. After using the

usual eight elements equations (3.46-3.51) given below for extraction of the remaining
element.

G I | D
O T i J—: ; O
Vi Ldg Rdg Las C I
| d
[ Ces :Z:
: E i Ras| 1
| |

Figure 3-16: Classical Small-Signal Model

Small leakage current typically in the nA scale leads to high values of the Rss and Regq, which give us
an open circuit; consequently, we can ignore them. There are different methods and set of the
equation in the literature for the remaining eight-element extractions of the intrinsic components.

For example, in [72], they defined intrinsic functions for each intrinsic component at different
frequencies to extract their values at all frequencies points. These set of equations are given below:

real(Y1(w+Aw)—Y;(w))
(w+Aw)ximag(Y; (w+Aw))-wimag (Y1 (w))

CgsRi = (3-48)

Rigs ' =reallY;(w)] — wimag[Y; (w)] (CysR;)  (3-49)
. 2
wCys = imag|Y; (w)] X [1 + (ngsRi) ] (3-50)
where Y1 = Yisime + Yizjine

Similarly, for Cyq, Rgq and Rygq

_ real(Yz(w+Aw)—Y; (w))
T (wt+Aw) ximag[Ys (w+Aw)]-wimag[Ys ()]

CgaRga

(3-51)
ngd_l = real[Y,(w)] — wimag[Y,(w)] (CgaRgq) (3-52)
wCyq = imag[Y,(w)] x [1 + (ngsRi)z] (3-53)

Where Yz - _Y12,int

A sufficient number of frequency points are required to have enough data points to avoid errors
introduced by measurement. The remaining components Ry, %, Cas» 9m,ine and T can be found by
the following set of equations:
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-1
Rds
w. Cds

gm,int

wT = tan~! [

= i i ] .
|(Y12 nt + Y21 mt)[l +]w(CgsRl)]|

real [Y1z,int + YZZ,int]

imag [Y12,int + YZZ,int]

imag{(yu,int"'yu,int) [1tjw (CgsRi)}

Teal{(ylz,int+Y21,int) [1+jw (CgsRi)}

3-35

(3-54)

(3-55)

(3-56)

(3-57)

The extracted intrinsic parameters with the equations, as mentioned above, are shown in Figure
3-17. The intrinsic parameters are independent of frequency, particularly Rgz and R;, flat even at
lower frequencies due to Rsg and Rrgs parameters. The independence of these parameters from
frequency also indicates that the extrinsic parameters are properly de-embedded.
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Figure 3-17: Optimized intrinsic elements from the data measured at Vps= 4 V, Vs = -3 V, and frequencies from 2 to 20
GHz. (a) Ri and R4, with and without the differential resistances Ryq and Ry considered. (b) Cag, Cys, and Cas. (c) gm and

T [72].

Another way is given in [64] they explained to extract by linear interpolation and claimed that the
model also includes the decency on low frequency. Besides the difference in extraction technique
in this method, they considered leakage resistance only across the capacitances (Cgs and Cgg). For
this method, the following set of the equation is used.
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The admittance between gate-source is given:

Gfgs+jwcgs

YgS = Yll,int + Y12,int = 1+Ri-Gfgs+jw-Ri-Cgs (3-58)
By defining a new variable D as
p=_lal _ o o (3-59)
imag|Yys| wCys gs
and by multiplying both sides with w
wlvgs]?  Gpgs?
wD = —2 == 4 ,)2C (3-60)

imag|Yys] Cgs

Ces can be determined by the slope of the curve if plotted vs w? by the linear fitting. However, by
redefining D’ as:

w|vgs|* _ Grgs(1+RiGygs)

wD' = -
imag|Yys] Cgs

+ w?RiCys —jw  (3-61)

We can find R; from the real part, by linear fitting and G, also from the real part but at low
frequencies (MHz range).

The admittance between gate-drain is given:

G +jwC
Yoo = —Yigine = fod——o¢ (3-62)
1+Rgd-Gfgd+]w-Rgd-ng
In the same way, as did above, we can have Gf4q, Rgq and Cyq.
The transconductance branch admittance is:
Gme /@
Yo = Yorine — Yipiny = —————— 3-63
gm 21ine ~ Mizine = Trpe oo (3-63)
By redefining D"’ as:
2 2 2
Y, G C
D= |Yes| — (M) n (ﬂ) w2 (3-64)
ng Gm Gm

gm can be found by the slope of live verses w? and 7 can be extracted by the following equation:
D" = (Gpgs +J'ngs)};f’7? = Gpue™/v" (3-65)

Cg4s and G4, can be determined by the admittance matrix between drain-source from imaginary and
real parts, respectively, by linear fitting given below in Figure 3-18. The non-linear capacitance and
transconductance are independent of frequency mean they are extracted well.

Yas = Yoz int — Yizine = Gas + jwCys (3-66)
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Figure 3-18: Extracted intrinsic capacitances and conductances versus frequency, at V=1:0 Vand V = 10:0 V, for a 0.5

um GaN HEMT with a 250 um gatewidth [72].

But all these extraction procedures are somehow related to the GaAs model extraction [79], [80].
The most straightforward set of the equations are the following, which | am using in my model:

1

ng = 1
wimag yDUT,int
12
1
Cgs 1 < "
WIMAag\ “pyT,int ,,DUT,int
Y1i Y12
_ Imag(YlgUT,int+YZ[;UT,int)
Cds - ©

1
R, = Real ( - - )
gs Y1[;UT,Lnt+Y1[;UT,mt

1
Ras = Real (YDUT,int_H,DUT,int)
12 22
DUT,int _,,DUT,int\(,DUT,int , ,,DUT,int
g = (Y12 11 )(Yn SR LT )
m Imag(Y1D1UT,mt+y1D2UT,mt)
T DUT,int_,,DUT,int DUT,int , ,,DUT,int
E—phase(le =Y )+phase(Y11 +Y; )
T =
w

1
Ryq = —Real (YDUT,int>
12

(3-67)

(3-68)

(3-69)

(3-70)

(3-71)

(3-72)

(3-73)

(3-74)

Allintrinsic elements are supposed to be independent of frequency. If they are not flat, they depend
on the frequency, and extracted extrinsic parameters are not correct. Matlab can be beneficial to
make this process optimization. After optimization, we take value only where these components
are independent of frequency, and from there, we can construct the model Y matrix. The results of
the extraction will be presented in Chapters 4 and 5 in detail.
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3.3.3.3 Cut-off frequencies:

Once we have the small-signal parameters, we can estimate the current gain cut-off frequency fr
and power gain cutoff frequency f;,,..- The current gain cut-off frequency is given as [81]

Im
= — 3-75
fr 2m(Cgs+Cga) (3-75)

It can be improved by reducing Cg or by increasing g,, which can be done by increasing the electron
velocity and/or reducing gate length. Cy4 has small variation as compared to C,;s means Cys has
more influence on fr.

Power gain cut-off frequency f;,,4, at which the power gain of the device reduces to unity is given
(82]

fr

ZJ(Rg+Ri+RS).gdS+21TfTRgng

fmax = (3-76)

To improve f;,4 We also need to minimize the parasitic resistance Rg, R; and Cyq4
3.3.4 Large signal modeling
3.3.4.1 Current source modeling

The intrinsic current source consists of a function describing Drain current I; with respect to bias
and temperature [83] such as:

Iy = Wans (VR )u(Vire, T) (3-77)
Where

q:  electron charge,
W: total gate width,

ng: electron density

v:  electron drifts velocity.

A4, A,, A;: Constant, fitting parameters

Electron density is expressed as follows:

gstAz
ns( ) = Ng,. Ap.In (1 + exp( - )) (3-78)
The electron drift velocity makes use of the Canali model [84], which yields:

u(m).E(Vi)vsar(T)

v(Virt,T) = (3-79)

1
\B B
((M(T).E(V;?t)) +u§AT(T)>

Where E is the longitudinal electric field expressed as:
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it Vint
E(vir) = Z—; (3-80)
and u and vg,r are the mobility and the saturation drift electron velocity respectively. From [85], it
is deduced that u dependent on the temperature for thermal modeling.

-a

u(T) = po. (TLO) (3-81)

Usar (T) = —1+;}$‘(4£’_1) (3-82)
n\r

There are other methods for large-signal current source models such as Curtice [86], [87], Statz
model [88], and Angelov model [89], [90]. For comparison, Statz gives a nice fit for the current
source's saturation region but is not accurate for the linear region and doesn’t give a decent gm
model. The Curtice model for current has a problem from low to high Vgs similarly very bad for
transconductance modeling. Angelov model gives a very nice fit for both current and
transconductance.

3.3.4.2 Nonlinear capacitance modeling

Angelov model [89], [90], also model Cgs and Cgq. This model is based on the empirical model, and
each non-linear capacitance Cgs and Cgq depends on both Vg and Vgs. However, Forestier et al. [91]
have shown that non-linear capacitance dependency on one variable is enough. The error is within
the limit compared to these capacitances dependence on both Vgs and Vgs. This model is a compact
model in which Cg depends on Vg, and Cgq depends on Vga. The typical behavior of these
capacitances is shown in Figure 3-19, where A and B are the line slope while C1 is constant.

Cgd 1
Cgs
c2 GaN devices N
c2
vVm Vp vm V;‘) i
Intrinsic Vgs Intrinsic Vgd
a) Cgsvs. Vgs b) Cgdvs. Vgd

Figure 3-19: General behavior of non-linear capacitances vs. voltages

The modeling equation of these nonlinear capacitances are the following where A and B are slopes:

Cys = Cyso + @ [1 + tanh (A. (Vs + Vm))] - % [1 + tanh (B. (Vs + Vp))] (3-83)

Cya = Cyao + @ [1 + tanh (A. (Vs + Vm))] - C"Z—SZ [1 + tanh (B. (Vya + Vp))] (3-84)
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The charge equations:

s = J Cos(Vys) dVys (3-85)

Cgs1—Cgso lVgs + Log{cos h(':(V95+Vm))}l _ Cgs2

lVgS 4 Log{cos h(l’?;.(Vg5+Vp))}l (3-86)

Qga = J Cga(Vya) dVya (3-87)

- L h(A.(Vga+Vim) L h(B.(Vgs+Vp)
Qga = Cgaolys + —nglzcgdo Ing + ogcosh( y o )}l - ngdz [Vgs + o{cos (B osttp)}

l (3-88)

The modeled and extracted capacitances are shown in Figure 3-20 from [91]:
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Figure 3-20: Comparison of non-linear Capacitances [91] (a) Cya VS. Vga and (b) Cys vS. Vys.
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Having stated all about the device's modeling, we realized that the problem lies with large gate
resistance device modeling. All traditional techniques are developed and used for small gate width
transistors that were correct in the past. Due to technology advances and higher power-hunger
demand to go the higher gate width to benefit the advantages offered by GaN devices fully. The
traditional gate resistance model is based on lumped components that need to reconsider as the
gate's width goes into hundreds of microns, more than the usual tens of microns size. We proposed
a new model based on a distributed gate along the transistor's width to overcome this issue, which
is a better representation physically. The intrinsic parameters are considered distributed as well;
however, they remain constant throughout the structure, as shown in Figure 3-21. The model
extraction procedure and the size of gate width vs. modeling differences are demonstrated in
Chapter 4.

Figure 3-21: 3D representation of AIGaN/GaN HEMT structure and the proposed new large-signal electrical
model.

To summarize out all methods, we have used the following methods for extraction of the
parameters: The pad capacitances are extracted from open test structure through cold pinch-off on-
wafer measurement [71]. While access resistance Rs and Rq are obtained by reverse-biased cut-off
method (cold-FET) [35, 36]. Gate metal sheet resistance (Rgp) is directly measured by using on wafer
4-probes measurement setup. The access inductances Ls, Ly, and Lg, are extracted by the cold-FET
method [32, 37]. All intrinsic parameters extracted from the newly developed distributed gate
resistance method described in Chapter 4 with intrinsic parameter equations defined in [79], [80],
after de-embedding the extrinsic parameters [92]. The intrinsic Drain current I; with respect to bias
and temperature in modeled by Adrien et al. [83]. Forestier et al. [91] have provided that non-linear
capacitances model which is being used in our approach because of its dependency on one bias
voltage. Results for current source and capacitances modeling has been presented in Chapter 5 with
details.
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Chapter 4: Introduction to distributive gate

resistance

Introduction

This article contributes to the thesis by demonstrating the small-signal modeling based on
distributive gate resistance modeling. It presents the development and validation of the distributive
gate resistance model. A new set of equations were derived for the intrinsic matrix based on
distributed gate resistance. The distributed model extraction procedure and extraction methods are
explained from extrinsic parameters to an intrinsic level. Afterward, in the results, a comparison is
presented between the classical model (lumped model) and the distributed model. A comparison is
done between the measured, the classic, and distributed model for frand fmax for four developments
(0.25, 0.5, 1, and 2mm).

The group members fabricated the devices; however, | was part of the meetings to discuss the
technological challenges and difficulties. Once received fabricated wafers, my contribution was to
performed DC and RF measurements to characterize the device. It also includes the development
of the new model; then later performed a comparison between simulated results and measurement
data.
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Résumé

Ce papier présente une nouvelle méthode pour extraire les caractéristiques intrinseques a deux
ports d'un transistor a haute mobilité électronique en connaissant la distribution de la résistance de
la grille et sa résistance carrée. La procédure est directe. elle consiste a séparer (de-embedding) les
éléments parasites extrinséques et les résistances d'acces, a mesurer la résistance carrée de la grille
et de finalement extraire les parametres intrinseques en utilisant un modele d’équation proposé.
Elle peut étre intégré dans la plupart des approches de modélisation en utilisant des schémas
électriques équivalents. Cette méthode originale est menée expérimentalement sur des MOSHEMT
AlGaN / GaN sur substrat Si présentant quatre largeurs de grille différentes W (0,25, 0,5, 1, 2 mm).
L'intérét d'une telle procédure d'extraction est de montrer sa pertinence pour la modélisation des
transistors de puissance GaN dont la largeur de grille est supérieure a 500 um, cde qui indique sa
forte pertinence pour la modélisation des transistor GaN de grande largeur de grille pour
I’électronique de puissance. Dans le cas de fT et fmax, le modeéle classique présente des variations
allant jusqu'a 17,5% et 9,2% par rapport a la mesure, tandis que le modele distribué ne présente
qgue 2,8% et 1,3% respectivement a W = 2 mm, ce qui souligne l'importance de modele de la grille
distribuée pour les dispositifs large de GaN HEMT.
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Large Periphery GaN HEMTs Modeling Using Distributed Gate
Resistance
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4.1 Abstract

This paper reports on a new method to extract the intrinsic two-port characteristics of a high-
electron-mobility-transistor considering the gate resistance distributed nature, knowing the gate
metal sheet resistance. The procedure is straightforward. It consists of de-embedded the extrinsic
parasitic elements and access resistances, measures the gate metal sheet resistance, and finally
extracting the intrinsic parameters by a proposed set of direct equations. It can be integrated into
most modeling approaches using electrical equivalent schematics. This original method is
experimentally conducted on AlGaN/GaN MOSHEMTSs on Si substrate featuring four different gate
widths W (0.25, 0.5, 1, 2mm). The interest of such an extraction procedure is shown for devices with
gate width above 500um, which indicates its strong relevance for the modeling of large gate width
GaN transistors for power electronics. In the case of fr and fmay, the classical model has variation up-
to 17.5% and 9.2% with respect to measurement. In comparison, the distributed model has only
2.8% and 1.3% respectively at W=2mm, which emphasized the significance of the distributed gate
resistance model for large periphery GaN HEMT devices.

4.2 Introduction

GaN HEMT technology appears to be a very promising candidate for the future of power electronics,
and RF integrated electronics owing to GaN semiconductor very favorable transport properties and
breakdown voltage leading to an efficient high-power system [93]. The significance of this
technology further increases due to its advancement in high-power wireless applications [94], THz
power applications [95]—[97], space [98], and power electronics applications [99].

Scaling of current rating for power applications requires increasing the HEMTs total gate widths in
order to minimize on-state losses by diminishing on-resistance. A consequence of increasing the
device periphery is the increase of parasitic elements such as the extrinsic inductances,
capacitances, and gate resistance.

Increasing the number of fingers leads to a decrease in the total gate resistance but adds to the
design complexity. Precise modeling of the effect of long gate effects is thus required to choose the
best trade-off. For sufficiently small devices, linear dependencies of the parasitic elements with the
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total gate width can be assumed. However, some works highlighted the need to consider a
distributed model for simulation, extraction of extrinsic and intrinsic elements [100]-[102].

Several works have pointed out the necessities of using a distributed model of the internal gate
resistance for Field Effect Transistors (FETs) featuring long gate fingers (Ws) mostly for the CMOS
technology [103]-[106] and large gate-periphery GaN HEMTs [107]. Such works have expressed the
benefits of such representation to accurately model the impact of gate resistance on cut-off
frequency (fr), the maximum frequency of oscillation (fmax) [105], noise parameters [106], and
transconductance [108]. To our knowledge, state-of-the-art GaN MMIC circuits use models with
lumped gate resistance [109]-[113]. This paper makes it possible for the first time to highlight the
interest of considering the distributed gate resistance on the performance of the GaN transistor and
MMIC associated with it.

Recent progress in GaN HEMTs for power electronics [114]-[117] have pushed for very large
periphery devices with large finger widths and large input capacitance (C;s). For power switching,
gate resistance has a drastic effect on switching times [118] and losses [119] in reason of the high
displacement gate current occurring during commutation. Layout optimization [120] to maximize
both power density and switching performance is required and thus considers the finger width as a
crucial parameter to ensure acceptable values of R.

Consequently, precise modeling of the gate resistance for large finger widths is necessary and must
account for the distributed effect on the transistor input capacitance charge. However, in modeling,
strong similarities remain between such devices and the ones used for RF applications. The
representation of the gate access resistance still consists of a lumped element [121], as shown in
Figure 4-1. Furthermore, extraction of access resistances and intrinsic elements also consider a
lumped representation of Rg [122].

Contribution of the gate

Wl |
: Cgd Rgd :
|1
Cgs |— I
| | |
: Id (?Cds : Rds
Rgs | |
| |
I I
. I ___ y

-

S Zone Intrinsic
Figure 4-1: Classic small-signal model.

The linear gate resistance modeling is given in Eq. (1) [105], [123] where N is the number of fingers,
W is the width, and L is the length of the transistor, and R is the sheet resistance of the gate metal.
This equation is derived on the assumption that the gate width is small and assumes a lumped gate
resistance equal to 1/3 of the total gate resistance in the case where the gate finger is connected
only at one end and equal to 1/12 when the gate is connected at both ends [123].
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RW
R, =2
3N2L

(4-1)

In this letter, we introduce an original general method to extract the intrinsic characteristics of a
HEMT considering Rg as a distributed element, as shown in Figure 4-2. To the author's knowledge,
this is the first time that such a method is presented for GaN HEMTs. While studies have already
dealt with the distributed effect of R; for the matter of simulation accuracy [108] or for the
extraction of specific intrinsic representations [106], this work presents a general procedure
adaptable to any further modeling of the intrinsic region. Moreover, this paper accesses the
applicability of this distributed gate resistance modeling technique for small and large-periphery
GaN HEMT devices to determine suitable width from which this technique gives a better
representation of gate resistance as compared to the classical (lumped) model.

G TR R p

<+—— Contribution of the gate —»

S Zone Intrinsic
i Yy — R
Ii Cgd Rgd :
Cgs I :
I Cds | |
Rg : Id T : Rds
Rgs : |
|
. | !
o R :
v 1 S 1

Figure 4-2: A proposed approach for distributed gate resistance

The proposed method is experimentally conducted on GaN HEMT devices with significant variations
on the gate width (W) parameter and demonstrates its potential for the modeling of large-scale
high-power transistors. The detail is given in the experimental results section.

4.3 Demonstration and extraction procedure
4.3.1 Assumptions and demonstration

In this work, the intrinsic characteristic of the transistor denominate the characteristics under the
gate electrode and include the access regions (commonly represented by the resistance Rs and Rq).
The device characteristics are meant to be properly de-embedded of parasitic elements, such as the
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electrical potentials Vg, Vb, and Vs are located at the beginning of the gate finger, at the drain access
region edge, and at the source access region edge, respectively. This analysis relies on two
assumptions:

1. The intrinsic characteristic is assumed constant, along with the HEMT width. The thermal effect
variations at the transistor edge are ignored since accounted for a negligible part of the overall
characteristics of large-area devices. Also, the intrinsic characteristics of non-linear effects are
neglected since the intrinsic static gate leakage current is assumed low enough to not cause a
significant difference in intrinsic gate potential.

2. The drain and source are considered equipotential. The resistive and inductive effects located
between the drain and source intrinsic potentials are considered as extrinsic lumped elements [108]
and thus de-embedded in a classical manner [63]. Gate inductive effect can be easily taken into
account by adding an imaginary part to Rg in the further calculations.

The equivalent schematic for a one-finger device is represented in Fig. 4-3 which gives a block
diagram representation. The gate resistance per unit length (R) is considered uniformly distributed.
From [108], the admittance parameters of the device characteristics Y yields:

Yea Y,

g8 gs
Y=|Yse Yaa Yas
Ysg st Yss
YintK Yai'K YintK
int Yhngt Yigr:it int Yiingt Yziggt int
= | Yag K Tym (K—W) + Yj{W yint (K—W) + Y5 (4-2)
. YisntYint i YisntYi%t .
\Y;QtK EEL(K—W) + YW BEE (K- W) +Y;stw/
Ygg Ygg
tanh< /WRDYgiTglt>
Where K = ———=—=with N the number of fingers.

int
N WRngg

The device impedance parameters Z =Y~1 yield the following relation with the intrinsic
parameters Z"t and Ynt:

int —
Zxx - Zxxlxxigg, xx+dd, xx#ds, xx#sd (+3)
— int int int
Z.g.é = (ZaaZss — ZasZsa + ngngZSSYglg o ngstZSngLg B ngngZSdYng
(4-4)

+ngdengY;Zt/(zddzssngt - ststY;Zt))

The new procedure starts by determining Ygigt by solving f(Ygigt =Y,y Where f(x) is a bijection
of C = Csuch as:
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fx)= N\/% tanh ( ’WRng> (4-5)

The complete impedance intrinsic parameters can then be determined by using Eqg. (3) and Eq. (4).

7 int 7 int 7 int _l)

's s 's

Figure 4-3: Three-ports equivalent schematics of a one-finger transistor with the considered assumptions
4.3.2 Two-port common-source case

In the case of a two-port electrical characterization in common-source (CS), the admittance
parameters yield (6) from [124].

(Yu Y12>=(Ygg Ygd)
Yo Yo Yig Yaa (4-6)

Equations of the admittance parameters for the device characteristics can be then derived
straightforwardly from Eq. (2), Eq. (3), and Eq. (6) as:

ZJichlct = Zxx|xx¢11 (4-7)
ZH = (Zog + Vi1 Z12. Z31) | (VT Z22) (4-8)

Where Y must be determined by solving f(Y*) = Yy,.

In this new approach, the use of Eq. (3) and Eq. (4) or Eq. (7) and Eq. (8) depends on transistor
topology, common-gate or common-source respectively, to avoid conversion of one topology from
other by analytical expressions. The difference between the presented extraction technique and
[106], [108] is a new set of impedance equations for two-port characterization, enabling a
straightforward extraction of the intrinsic characteristics. Besides intrinsic parameters, most
importantly, it enables us to determine the intrinsic matrix and, as a result, this is adaptable to
whatever the intrinsic schematic.
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4.4 Extraction procedure
Figure 4-4 describes the extraction procedure considering three major steps:

Step 1: Extrinsic parameters: The pad capacitances are extracted from the open test structure
through cold pinch-off on-wafer measurement [71]. While access resistance Rs and Rq are obtained
by reverse-biased cut-off method (cold-FET) [35, 36]. Gate metal sheet resistance Ry is directly
measured by using on wafer 4-probes measurement setup. The access inductances Ls, Ly, and Lg, are
extracted by the cold-FET method [32, 37].

Step 2: Intrinsic parameters: After de-embedding the extrinsic parameters, the complete intrinsic
parameters can be determined by using Eq. (3) and Eq. (4) or by Eq. (7) and Eq. (8) depending on
the transistor’s topology. Results for the 2-mm wide HEMT are indicated in Fig. 5.

Step 3: Simulation of the proposed model in advance design system (ADS) with all extracted intrinsic
and extrinsic parameter values. The modeled S-parameters enable determination of the current-
gain and power maximum gain and thus current cut-off frequency (fr) and maximum frequency (fmax)
respectively.

(/ Cold pinch-off (/ Cold-Fet
\_ measurements \_measurement

\ 4 A\ 4
Extract Parasitic Extract parasitic inductances (Lg, Ls and Ld)
Capacitances Extract Access resistance (Rs and Rd)

A\ 4
De-embed Parastic /—\
Simulate proposed Pl capacitances, ( 4-Probe on wafer
distributed model inductances, Rs and Rd \measurementj
A 4 A\ 4 A 4
/ Comparison with \ Calculate intrinsic | Gate sheet
\Classmal model / parameters Eq. (7&8) | resistance

Figure 4-4: Flowchart of the distributed model’s extraction procedure.

4.5 Experimental results
4.5.1 Devices under test

Devices under test are Normally-ON transistors with AlIGaN/GaN MOS-HEMTs structures fabricated
on a Si substrate and commercially available HEMT wafer (supplied by EpiGaN) by using metal-
organic chemical vapor deposition technique (MOCVD) [125]. We have designed and fabricated
these devices in our lab.
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Our transistors have isolation oxide-gate, gate with meander shape, and field-plate with gamma
shape. The epitaxial structure consists of a 5mm buffer, a 150nm thick undoped GaN channel layer,
and a thin 4nm Al 45Ga, 55N top barrier layer. It is capped with a 50nm thick in-situ SiN layer. The
fabrication process is detailed in references [38, 39]. The gate length (Lg) is 1.5um, gate-drain length
(Lgg) is 6um, and source-gate length (Lsg) is 1.5um with four different widths (W) 0.125mm, 0.25mm,
0.5mm, and 1mm/finger. Figure 4-5 shows the schematic of the fabricated MOSHEMT with a)
Normally-ON AlGaN/GaN structure information and b) SEM image of the fabricated device for
W=2mm, Lgg=6um, and Lsg=9um.

/ 5 nm SiO, (PECVD)
Q 4-50 nm SiN (in-situ)
,/

Aly 18Gag g2N back barrier 1.8 um

Si Substrate (111)

a) Normally-ON AlGaN/GaN device [125] b) SEM image of fabricated MOSHEMT, W=2mm
with Legg=6pm and Lsd=9um

Figure 4-5: Schematic and SEM image of the fabricated MOSHEMT device.
4.5.2 Results and discussion

The proposed method is experimentally conducted on two fingers normally-on GaN MOSHEMT
devices with four different widths W (0.25, 0.5, 1, 2mm). The comparison is done between classical
and distributed models based on the extraction of all intrinsic parameters and to see a variation in
modeled fr and fmax for each width with respect to measurement data, as given in Table 4-1. The
distributed model demonstrates its potential for the modeling of large-scale high-power transistors,
as shown in Figure 4-6, Figure 4-7, and Figure 4-8 for W=2mm.

Figure 4-8 gives a comparison of all intrinsic parameters (Cgd, Cgs, Cds, 8m, Rgd, Res, 8ds, and t) between
both models. Intrinsic parameters are less variant with frequency in the case of the distributed
model, particularly for gm, Cgd, Cgs, and gds. This reduced frequency dependence indicates that the
intrinsic element extraction corresponds better to the physical characteristic of the HEMT since the
intrinsic elements should ideally be frequency independent. Furthermore, the lesser frequency
variations of the intrinsic elements benefit the overall modeling by granting a better accuracy on a
broader frequency range.

Figure 4-6 shows a current-gain vs. frequency plot for measurement, classic, and distributed model.
The zoomed area in the figure showed that there is a significant difference between the measured
and classic model fit curve. Figure 4-7 gives the plot between maximum gain and frequency to see
the variation of maximum oscillation frequency fit with all models. The distributed model gives a
better fit for frand fmax.



Introduction to distributive gate resistance 4-51

In the case of fr, the classical model is better for smaller widths, but for larger widths, it starts
deviating and gives a 17.5% error with respect to measurements. In comparison, the distributed
model gives a maximum of 2.8% error only.

Table 4-1: FT and fmax for measured, classic, and distributed model with different widths.

Frequency [GHz]
Distri. .
W (mm) Data Measured | Class. Model Model E._Clas (%) E._Dist(%)
fr 3.95 3.91 4.06 ~1.01 ~1.2
0.25
fax 8.45 8.45 8.41 - ~0.4
fr 3.95 3.86 4.05 2.28 2.53
0.5
frnax 7.20 7.11 7.25 1.25 0.69
fr 4.06 3.61 4.10 11.08 0.98
1
fmax 5.20 4.86 5.15 6.54 0.96
fr 3.95 3.26 4.06 17.47 2.78
2
fnax 3.15 2.86 3.11 9.20 1.27
2.0
16
l 1.5]nde
] a\ -'l'
e T 1.0 2,
12{ %o 5 1% y
o T 05 * '-.‘d.
] **1' *** ..
e, 00 % Cagm
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< 81 *ineg
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e distributed = M-
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Figure 4-6: Current gain H»; (dB) vs. frequency (GHz) for a measured, classic, and distributed model with W=2mm.



Introduction to distributive gate resistance

(dB)

Max_Gain

m

®  measurement
e distributed
*  classic

f ax for W=2mm

1.5

(dB)

Max_Gain
o
vl
*

0.0

B
)
B

2.8
Frequency (GHz)

* T
3.0

1

1.5 2
Frequency (GHz)

25 3 35

4-52

Figure 4-7: Maximum gain (dB) vs. frequency (GHz) for a measured, classic, and distributed model with W=2mm.
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Figure 4-8: Comparison between classical model (black) and distributed model (red) for extraction of all intrinsic
parameters Cyq (a), Cys(b), Cas(c), gm (d), Rqd (€), Ras (f), 9as (9) and t (h) for W=2mm.

A similar pattern is noticed for fmax that error increased with width and the classical model gives
more error 9.2% as compared to the distributed model 1.3%. To illustrate this behavior further, a
plot between error (%) and the gate width is given in Figure 4-9. We can see clearly that the classical
model is a better choice in area 1 (W < 0.5um). However, area 2 (W > 0.5um) showed that the
distributed model is more adequate; as a result, we can conclude that the classical model is
sufficient for smaller width, but it is not valid or gives more error above 500um width.
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Figure 4-9: Error (%) vs. width W (mm) between the classic and distributed model for fr and fmax.

4.6 Conclusion

In this work, we demonstrated an interest in distributed gate resistance modeling for large
periphery GaN HEMTs devices. The proposed extraction methodology takes into account the
distributed nature of the gate resistance, which is demonstrated to significantly improve the
modeling of dynamic characteristics of large periphery devices. This technique is more suitable or
applicable for devices that have gate width (W>0.5mm, N=2), and it is scalable regardless of the
intrinsic topology. The advantages of this method are described with experimental results in the
form of intrinsic parameters’ extraction with less dependency on frequency, improvement in fr and
fmax modeling by reducing error from 17.5% to 2.8% and 9.2% to 1.3%, respectively with respect to
measurement results. We showed that for a large gate width above 500um, a distributed model is
a better choice for precise and accurate modeling of the gate resistance.
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Chapter 5: Scalable small-signal modeling

Introduction

This article contributes to the thesis by demonstrating the small-signal model's scalability based on
distributive gate resistance modeling. The relation of the extrinsic and intrinsic parameters to a bias
voltage, frequency, and development (W) of the transistor is explained. The access resistance
scalability is presented with four developments (0.25, 0.5, 1, and 2mm). Afterward, all intrinsic
parameters variation versus frequency is shown for four developments. A comparison between the
measurement and simulated distributed model’s S-parameters is presented again for four
development based on intrinsic parameters extraction. Afterward, an error is calculated for
validation purposes.

The group members fabricated the devices; however, | was part of the meetings to discuss the
technological challenges and difficulties. Once received fabricated wafers, my contribution was to
performed DC and RF measurements to characterize the device. It also includes the development
of the new model; then later performed a comparison between simulated results and measurement
data to check and validate the model's scalability.
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Résumé

Ce papier présente la modélisation évolutive des petits signaux des transistors a haute mobilité
électronique AlGaN / GaN (HEMT) basée sur un modeéle de résistance de grille distribuée. Un modéle
de résistance de grille distribuée (DGRM) est utilisé pour modéliser la grille large des HEMT a base
de GaN avec différentes largeurs de grille. Un modele a petit signal analytique entierement évolutif
est développé a partir des résultats expérimentaux. Des parametres intrinseques, indépendants de
la fréquence, ont été mis en évidence. De plus, les paramétres S sont obtenus a partir de la
modélisation et des mesures pour vérifier le modéle. Le bon accord entre les résultats mesurés et
simulés indique que ce modele est précis, stable et comparativement plus représentatif de
I'évolution réelle de la résistance locale dans la grille. Le DGRM évolutif proposé serait utile pour la
modélisation précise et évolutive de grands signaux de large périphérie des HEMT GaN pour une
application RF haute puissance.
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5.1 Abstract

This paper reports on scalable small-signal modeling of AlGaN/GaN high-electron-mobility
transistors (HEMTs) based on the distributed gate resistance model. A distributed gate resistance
model (DGRM) is used to model a large periphery of GaN HEMT with various gate widths. A fully
scalable analytical small-sighal model is developed with the experimental results. Intrinsic
parameters, independent of the frequency, have been shown. Furthermore, S-parameters are
obtained from the modeling and measurements to verify the model. The good agreement between
the measured and the simulated results indicate that this model is accurate, stable, and
comparatively more representative of the real evolution of local resistance in the gate. The
proposed scalable DGRM would be useful for accurate, scalable large-signal modeling of large
periphery GaN HEMTs for high power RF applications.

5.2 Introduction

Gallium nitride (GaN) outstanding properties (high break down voltage, high electron velocity) are
very attractive for power amplifiers, millimeter-wave integrated circuits (MMIC) [127], and next-
generation information communication systems [128]. These circuits need an accurate description
of the High-Electron-Mobility-Transistor (HEMT) in the form of a reliable and accurate large-signal
model that requires a small-signal model to develop it. Hence, a precise and stable small-signal
model is very important to design an MMIC and to optimize the circuits fabrication process.

Several works have been done on scalable small-signal modeling (SSSM) in the literature, such as a
comparative study on small-signal modeling (SSM) [129], FET’s compact small-signal modeling [130],
SSM based on optimization [131], on-wafer scaled GaAs HEMTs SSM [132], mmW modeling
approach for pHEMTs [133] and GaN HEMT SSM [134] based on a direct parameter extraction
algorithm [135], [136]. However, none of these works have used a distributed gate in the SSM
modeling.

Another important point to note is that those works conducted experiments on a much smaller gate
width as compared to our devices because increasing HEMTs total gate width brings its own
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modeling challenges. For longer gate fingers, transistors distributed effects have to take into
account to accurately model devices. These effects lead to modify the classical HEMT small-signal
model [92]. The approach of [92] makes it possible to develop high power and more reliable circuits.

The objective of this paper is to implement and validate the scalability of a distributive gate
resistance model into a small signal model for different widths of transistors which are missing in
[92]. In this article, this study is being applied on two fingers AlIGaN/GaN HEMTs devices of four
different widths (0.25, 0.5, 1, 2mm). To accomplish this goal, we present a comparative analysis of
the analytical modeling technique as compared to measured data. Then, we showed that the
distributed gate resistance model is suitable for scalable small signal modeling.

5.3 Description and extraction procedure

The small-signal equivalent model used for AlIGaN/GaN HEMT is shown in Figure 5-1, which is
composed of extrinsic parameters and intrinsic elements. Pad capacitances (Cpgs, Cpgd, Cpds), parasitic
inductances (Lg, Ls, La), and access resistances (Rg, Rs, and Rqg) are called extrinsic parameters. Intrinsic
capacitances Cg, Cgq, C4s, charging resistances Rj or Rgs, Rgs and Rgs, transconductance gm and
transconductance delay time or constant- T correspond to intrinsic components.
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Figure 5-1: Small signal equivalent model for AIGaN/GaN HEMT

5.3.1 Parameter description and relation with bias voltage, frequency, and gate
width (W):

Rs and Rq originate from the 2DEG sheet resistance and contact resistances while Rg comes from the
metallization resistance of gate Schottky contact. Cpgs, Cpgd, and Cpds are the parasitic capacitances
due to the pad's connections. gm and ggs are intrinsic and output transconductance respectively. The
capacitances Cg and Cgq reflect the change in the depletion charge with changes in Vgs and Vgq
respectively. Cq4s accounts for the geometric capacitance effects between the source and drain
electrodes normally it is smaller than Cgs and Cgd. Smaller charging resistances are needed to have
faster devices in terms of current and maximal frequency oscillation which are associated with
intrinsic capacitances respectively. The time delay t corresponds to the time which the drain current
needs to respond to the change in gate voltage.
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For proper scalable modeling, it is important to know the relation of all above-mentioned
parameters behavior with respect to the bias voltage, frequency, and width of the gate given in
Table 5-1. The analysis lies on the following assumption:

a) Pad capacitances and parasitic inductances are assumed constant for all different widths’
transistors due to the same size of measurement’s pad.

b) intrinsic characteristics are considered constant along the width of HEMT. The equivalent
distributive gate resistance schematic for a one-finger device is represented in Figure 5-2, which
gives a block diagram representation [92].

Rg Rg

| D | D

o

Zint

's 's s

Figure 5-2: Distributive gate equivalent schematics of a one-finger transistor with the considered assumptions.
5.3.2 Devices under test

Devices under tests are Normally-ON transistors with AIGaN/GaN MOS-HEMTs structures fabricated
on a Si substrate. The fabrication process and device structure are detailed in references [51], [125].
The gate length (Lg) is 1.5um, gate-drain length (Lgg) is 6pm, and source-gate length (Lsg) is 1.5um
with four different widths (W) 0.125mm, 0.25mm, 0.5mm, and 1mm/finger. Figure 5-3 shows an
SEM image of two fingers fabricated devices for W=2mm.

Figure 5-3: SEM image of two fingers fabricated MOSHEMT, W=2mm with Lgs=6um and Ls=9um
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Table 5-1 Small signal parameters vs. bias vol., frequency and gate width

Parameters Bias Freq Gate Width
Lg" Independent | Independent Increase with W
Ls Independent | Independent Increase with W
Lg Independent | Independent Increase with W
Rg Independent | Independent Proportional
Rs Independent | Independent | Inverse Proportional
Rq Independent | Independent | Inverse Proportional
Coss Independent | Independent Increase with W
Coed Independent | Independent Increase with W
Cpds Independent | Independent Increase with W
Res Independent | Independent | Inverse Proportional
Ras Independent | Independent | Inverse Proportional
Red Independent | Independent | Inverse Proportional
gm Dependent | Independent Proportional
Cgs Dependent | Independent Proportional
Cgd Dependent | Independent Proportional
T Dependent | Independent Increase with W

5.3.3 Extrinsic parameter extraction

Note: *Lg is gate inductance while Lgis the gate length
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The pad capacitances are extracted from open test structure through cold pinch-off on-wafer
measurement [71], and the access inductances are extracted by the cold-FET method [63], [74] are
given in Table 5-2. Gate metal sheet resistance Ry is directly measured by using an on-wafer 4-
probes measurement setup. Access resistance Rs and Rq are obtained by reverse-biased cut-off
method (cold-FET) [71], [72] for four different widths shown in Figure 5-4, and good linear fitting
curves are obtained for scaling purpose.

Table 5-2 Extracted pad capacitances and inductances values

Cogs
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Figure 5-4: Resistances (Rs and Ry) vs. 1/W for scaling

5.3.4 Intrinsic parameter extraction
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All intrinsic parameters extracted with intrinsic parameters equations defined in [79], [80] are
computed from matrix obtained from equations (5-1) to (5-4) after de-embedding the extrinsic

parameters [92].

int —
Zglcrglc - Zxx|xx¢gg, xx+dd, xx#ds, xx#sd (5-1)
Zo = (ZagZss — ZasZsa + ZgaZagZssYag'
_ngstngYngt ZgSngzde;gt (5-2)
+ngdengYglgt/(zddzssyglgt ZgsZ demt))
(Ymt (5-3)

Where f(x) is a bijection of C = C such as:
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f(x) = NfL\/VI);T@ tanh( ’WRng) (5-4)

Then scaling of the parameters is done based on the relations, as mentioned in Table 1. It is
important to know that Cg, Cgq, Cds, Rgs, and gm values are determined at low frequencies (0.55-
3GHz) while Rgg, Ras, and T vales at high frequencies (6-10 GHz) because at these frequencies, they
play a more dominant role.

Optimization and comparison of S-parameters are done based on the error function given below in
(11) and (12) where i=(1,2), j=(1,2), and the total number of frequency points N, 190 in our case.

E;j = NLZ 100 Sijmeasgf) — Sijmodel (f) 55
f 7 ijmeas (f)
(S11 + S12 + So1 + S52)
Erotar = (5-6)

4

The simulation of the proposed model is done in the advance design system (ADS) software with all
extracted intrinsic and extrinsic parameter values.

5.4 Results and discussions

The method is experimentally conducted on two fingers, normally-on AlIGaN/GaN MOSHEMT
devices with four different gate widths (0.25, 0.5, 1, 2mm). There are 1, 2, 5, and 11 numbers of
distributed cells used for modeling of W=0.25, 0.5, 1, and 2mm transistors, respectively, to reach
the convergence of the model. The comparison is done on the level of the intrinsic parameters to
see their dependence on frequency and on S-parameters between measured and modeled to check
the validity of the method.

Figure 5-5 shows all the intrinsic parameters Cgs, Cgd, Cds, Rgs, Red, Rds, €m, and t vs. frequency for each
W at Vgs=2.5V and Vgs=16V bias point. After optimization, thanks to the new approach, we obtained
quite satisfactory results for four different widths as; clearly, we can see there is a decent degree of
independence of these parameters from the variation of frequency, which indicates the better
representation of HEMT’s physical characteristic. For example, Cgq and Cgs curves are quite constant
with frequency to take their mean value as well as gm and other parameters. Furthermore, a
comparison is done between measured and simulated S-parameters based on the percentage error
function.

Table 5-3 gives the details of the error at each S-parameters of four widths. The maximum error is
5.80% for S11 of 2mm width transistor. There is a slight increase in error as we go from smaller to
higher W but still, it is in the acceptable range because the total error is 1.48%, 2.05%, 3.55%, and
3.54% for 0.25mm, 0.5mm, 1mm, and 2mm widths’ transistor respectively which is less than 4%
which lead to a conclusion that the predict the behavior of the device appropriately.
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Table 5-3 Error between measured and Simulated S-parameters vs. widths

W(mm) Sij E_S11(%) E_S12(%) E_S21(%) E_S22(%)
0.25 2.21 0.16 1.42 2.14
0.5 4.01 1.15 2.25 0.80
1 5.25 3.47 0.34 5.13
2 5.80 3.83 1.59 2.94

Figure 5-6, Figure 5-7, Figure 5-8, and Figure 5-9 show a comparison between measured and
modeled S-parameters (S11, S12, S21, and Sz;) for W=0.25, 0.5, 1, and 2mm respectively at Vg=2.5V
and V4s=16V. There are little discrepancies in S,1 for lower frequencies close to 900MHz, as we can
see clearly in Figure 5-6 and Figure 5-8 even than the erroris 1.42% and 1.59%, respectively. Besides,
those results are quite satisfactory and encouraging for scalable modeling devices based on
distributive gate resistance.

‘ ‘ T 20f ‘ ‘ ‘ R o | ‘ 750[ ‘ ‘ ‘ "
4'07(3) —ﬁ: 7 W’M 1'67—1m$ (C) 1 —».A/WM/\/I\/\"\/\
——0.5mm 16} —2mm ——0.5mm 600} ]
3.2 —— 0.25mm| —— 1mm 1.2} —0.25mm ] ——2mm
—_ — —— 0.5mm —~ — 1mm
L o4l | 5121 (b) —o025mm | & @ 4501 (d) ——0.5mm |
= = = 0.8l ] € — 0.25mm
<) S sl 18 L300} J
ol6r—— = 410 "o o
0.4+ 1 L i
0.8 4t 150
e S ———— L L L L L 00 0 L L L L L
0.8 1.6 2.4 3.2 4.0 0.8 1.6 24 3.2 4.0 20 25 30 35 40 0.8 1.6 24 3.2 4.0
Frea (GHz) Frea (GHz) Freq (GHz) Freq (GHz)
10,—2mm‘ ‘ ‘ (e) { 5F —omm 1 — 2mm ‘ (8)
—— 1mm —— 1mm 20’—1mm 8
——0.5mm 4+ ——0.5mm ——0.5mm
~ 6V 1 =3 S
g e g o 12
\-; 22l 1 \E,
x” 4F N X 3 8f
(o2}
2 1 ! WW’M 4
0 . : : 0 . . . ot . . . . . . : X .
6 7 8 9 10 6 7 8 9 10 0.6 1.2 1.8 24 3.0 3 4 5 6 7 8 9 10
Frea (GHz) Frea (GHz) Freq (GHz) Freq (GHz)

Figure 5-5: Behavior of all extracted intrinsic parameters Cqd(a), Cos(b), Cas(c), gm(d), Rgd(e), Ras(f), gas(g) and z(h) vs. the frequency

for W=0.25, 0.5, 1 and 2mm at V4=2.5V and V4=16V.
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Figure 5-6: Comparison between measured and modeled S-parameters (511, S15, S21, and Sz) for W=0.25mm
at Vg=2.5V and V4=16V.
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Figure 5-8: Comparison between measured and modeled S-parameters (S11, S12, S21, and Sz;) for W=1mm at
Vys=2.5V and Vys=16V.
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Figure 5-9: Comparison between measured and modeled S-parameters (Si1, S12, S21, and Sz;) for W=2mm at
V95:2.5V Gnd Vd5:16v.
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5.5 Conclusion

In this work, we have successfully implemented the scalability of distributed gate resistance into
a small signal model of AIGaN/GaN HEMTSs devices, and the results are quite satisfactory. Intrinsic
parameters are reasonably independent of the frequency. The scalability of the model is presented
from access resistance (Rs and Rq) to scalable SSM in the form of S-parameters for four different
gate widths. Moreover, the comparison of S-parameters between measured and simulated gave a
total error of less than 4%, which indicates that this model is accurate, stable, and comparatively
clear in physical significance. This approach would be helpful for the successful implementation of
distributed gate resistance into large-signal modeling of large periphery GaN HEMTs for high power
RF applications.
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Chapter 6: Large Signal Model Validation

In this chapter, the large-signal model of AIGaN/GaN HEMT is being validated. The model is derived
from the physically relevant distributed small-signal model described in the last chapter. First, the
large-signal model equivalent circuit will be described. Next, the procedure of the model element
extraction will be explained. Afterward, a comparison between the measured and simulated models
for different parameters will be presented.

In the large-signal model of AIGaN/GaN MOSHEMT shown in Figure 6-1, Cgs depends on the Vgs, Ced
depends on Vg, and lgs(lg) depends on Vs for different Vgs. For large-signal modeling, we need to
develop a model that successfully predicts the device's non-linear behavior, especially with the gate
and drain voltage variation.

Cpgd
R MA———— |
G Ly Ry . Red ! Rq La D
Oo— T 1 NN HVA~TI——o0
[ Rgq '
| Cu !
Cgs Ijﬁ I
| § Id =:CdS§IRdS
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|
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Figure 6-1: Equivalent electrical model for AIGaN/GaN MOSHEMT with non-linear capacitances and current source.

6.1 Non-linear Capacitance modeling

The modeling equations from Forestier et al. [91] are given below, which are used to model these
nonlinear capacitances.

Cos = Cgso + 2221 + tanh (A. (Vys +Vin) )| — 22 [1 + tanh (B. (v + Vp))] (6-1)
Coa = Coao + 22202 [1 + tanh (4. (Vs + ;u) )] — 222 [1 + tanh (B.(Vga + 1/;,))] (6-2)

There has been a good match between measured and simulated capacitances for both Cgs and Cgd
as we can see the results presented in Figure 6-2 below.
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Figure 6-2: Comparison of non-linear capacitances (Cys and Cqq) between measured and modeled.

6.2 Transient self-heating and Drain current modeling

The intrinsic current source consists of a function describing drain current I; with respect to bias
and temperature [83] given below in Eq.(6-3). The details are given in chapter 3. Since our work is
development and research, this model, based on physic, is adopted for current source modeling.

Iy = Wans (VR )u(Vire, T) (6-3)

For including thermal effect in the modeling, the T factor is modeled according to [137]. The device
is divided into 3-zones where zone-1 is near-gate propagation, zone-2 is inter-finger crosstalk, and
zone-3 is a heat sink, as shown in Figure 6-3. The thermal effect is modeled with modeling equations
from all zones. We can see that as the device heated up for higher voltages. The model predicts the
behavior well shown in Figure 6-4. Since our modeling focus was in the saturation region, we did
not include the trap effect in the current source because its effect is more visible and vital for the
ohmic region. Consequently, measurements are mostly performed with the CW waveform.
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Figure 6-3: (a) Equivalent thermal model based on an eight-order Cauer topology and subdivided into three zones. (b)
Representation of the three-time periods of the heat flux propagation corresponding to the three zones of the model.

In Figure 6-4, the plot of measurement and model for the current source is given. It gives a good
match besides knee voltage because of the king's effect (a sudden increase of rising drains current).
Our focus for modeling devices is in the saturation region because of the application we had in mind,
such as the power amplifier design. Vgs varies from -2.5V to 2.5V with 0.25V step while Vg5 varies

from 0-15V with a step of 0.25V.
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Figure 6-4: Comparison between measurement and mod I4(A) vs. Vus(V) for different Vgs(V).
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Figure 6-5: Comparison between measured and modeled for Transconductance(S) vs. Vys(V).

It is essential to know that transconductance (gm) is modeled correctly. The variation follows as we
give a higher drain voltage, which has been further presented in Figure 6-5. Furthermore, results
are highlighted with Vgs= 4 and 16V. It shows a decent fit between measured and simulated results,
as shown in Figure 6-6.
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Figure 6-6: Comparison between measurement and model Transconductance(S) vs. V,s(V) at specific Vas(V).

There are other analytical methods for large-signal current source models such as Curtice [86], [87],
Statz model earlier [88], and Angelov model [89], [90]. For comparison, we compared the current
source and transconductance for the above mentioned three methods.

Statz gives a nice fit for the current source's saturation region but not accurate for the linear region
and doesn’t give a decent gm model. The Curtice model for current has a problem from low to high
Vgs similarly very bad for transconductance modeling, as shown in Figure 6-7(c, d). This model
considers time constant in it. The bad matching in transconductance comes from the derivative of
the time constant, which becomes zero. However, the Angelov model gives a very nice fit for both
current and transconductance, as shown in Figure 6-7(e, f). This solution with the Angelov model is
very close to that found by means of a neural network or genetic algorithm.
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Figure 6-7: Comparison between Curtice, Statz, and Angelov model for current source l4s(A) vs. Vas(V) and
transconductance (S) vs. V4(V). The dotted lines are fitting curves, while solid lines are from the measurement.
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6.3 Model Convergence

We tried to study the convergence of the model and see the impact of the different network
numbers for several gate widths (0.25, 0.5, 1, and 2mm), as shown in Figure 6-8. As we can see for
smaller gate width transistors, the number of distributed networks does not have much impact.
However, for higher gate width transistor (2mm), we can see a convergence around 11 networks
for fmax, Which means there is no change in fmax as we increase the number of distributed networks
from 11to 27. In short, we can calculate the number of networks required for different width of the
transistor for convergence purposes.
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Figure 6-8 A number of distributed network vs. widths (0.25, 0.5, 1, and 2mm) of the transistors and fmax for large
gate width 2mm.

6.4 Circuit level model validation

After developing and validating AIGaN/GaN MOSHEMT model, the next step is to develop the circuit.
For this purpose, we decided to design a high-power amplifier (HPA). There are several topologies
for HPA design, depending on different criteria. Each one has its own advantages or

disadvantages. A comparison between simple HPA topologies is given below in Table 6-1. These
topologies are single-ended, balanced, and differential/push-pull.

Single-ended has low complexity and low cost but provided lower performance in the low output
saturation power. The balanced topology is suitable for mid-range power and offers good
impedance matching, etc. However, it leads to more complex design and higher power losses.
Similarly, Deferential/push-pull topology offers higher power. At the same, it's more complicated
and increases the high cost for the design.

The single-ended topology shown in Figure 6-9 is chosen for its simplicity and low cost because our
goal is to validate PDK at the circuit level. It contains an input and output matching network along
with source and load resistances.
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Table 6-1: Comparison of different topologies of the Power Amplifier

* Reduced performance
compared to other HPA
topologies

* Low complexity

Single-ended +  Reduce cost

. . * Additional components
* High output saturation power and

. . are required.
1dB compression point.
Balanced * Losses of couplers reduce

* Excellent impedance matching.
. I overall HPA performance.
* Improved reliability and stability
* Increased costs.

¢ Consumes more static

Differential/ * Higher output saturated power and 1 )
. . power than single-ended.
Push-pull dB compression point.
* Increased cost.
Vee
RFC
Output matching
network
| Input matching Q
Rs network f
Viac RL

Figure 6-9: Single-ended topology for a power amplifier.
6.4.1 Simulation and layout of the HPA design

Design started by choosing an appropriate bias point after deciding that design application. We
chose class A HPA with bias point Vgs=10V and Vgs=1.3V for a higher power. The current Ids are found
250mA, as shown in Figure 6-10(a). Once the bias point is selected, the next step is to determine
impedances at the center frequency (2GHz). The S-parameters, particularly reflection parameters
atinput S11 and output Sy; for frequency range 0.1GHz-4GHz, are presented in the smith chart shown
in Figure 6-10(b). The selected impedance at 2GHz is from S11= 12.86-j1.54 and S,»= 26.05-j14.43.



Large Signal Model Validation

Figure 6-10: l4s (mA) vs. Vs (V) plot for 2mm width gate transistor from -2.5V to +2.5V.
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The circuit is simulated in ADS system software. The final schematic with the respective input and
output network of lumped components is shown in Figure 6-11 below. At the input, the combination
of inductance with capacitance in the m-network is used for matching networks. It provides relatively
more bandwidth for matching networks. C; and C4 are being used to block DC supply, while L, and

Ls; have the same values to filter the AC supply.

The goal was to design an HPA with high linearity and more power. The band of frequency was
chosen around 2GHz, which is to be precise between 1.7GHz-2.3GHz. The following values of these

components are found after simulation:
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C1=1pF, C,=C3=0.3pF, C4=10pF, C5=0.9pF, L1=2.6nH, L,=L3=120nH, Ls=7.5nH and Ls=1.3nH.
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Figure 6-11: Schematic of the PA with lumped components.

The circuit's final layout is shown in Figure 6-12, which contains a full HPA based on PCB technology
with Rogers substrate. It contains the de-embedding network for the transmission, which is
designed by keeping in mind the TRL method. The additional transmission line was added for
measurement with universal test fixture 3680K, which has a minimum 0.5cm substrate length also
space between signal and ground about 300um. The de-embedding network contains through,
open, and line.

The comparison is done between measured and simulated S-parameters at input S11 and at output
S2; for checking input and output matching of the device. Since the focus was 1.5GHz-2.1GHz, the
matching networks are shifted towards the lower frequencies for both input and output, as shown
in Figure 6-13(a). The reason behind such behavior or mismatching is the wire bond effect, which
was not considered while simulating the HPA. Aluminum wires are being used for wire bonding, and
about 3.5mm to connect the die with PCB. The Aluminum has higher resistance, or it is less
conductive than the gold that resulted in the decrease of the HPA gain in the required bandwidth
compared to the simulation that can be seen in Figure 6-13(b). We can see the gain variation of the
device from 1.2GHz to 2.3GHz. The maximum variation of the gain from the simulation is about
1.75dB, which is reasonable for such a long wire bonding.

Besides that, we tried to see whether it follows the 1dB compression point of the HPA or not. For
this purpose, we have plotted Pout simulated and measured at several frequencies, as shown in
Figure 6-14. Measured Pou follows the pattern of the simulated Pou, but it’s slightly less.
Unfortunately, we could not put HPA into saturation due to the Signal generator's limitation, which
has max Poyt +17dBm. Nevertheless, the HPA design's purpose was to see whether it follows the
simulation to validate the transistor model, which clearly can be seen as a reasonable matching with
simulation.
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Figure 6-12: The amplifier final a) Layout and de-embedding network (Dimensions of board are 30mmx23mm). b)
Hardware prototype.
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Conclusion and Future Work

This thesis work was focused on the essential steps for realizing MMICs by developing PDK for GaN
HEMT technology. First, DC and RF characterization work was conducted on HEMTs using an
AlGaN/GaN heterojunction MOSHEMT on a silicon substrate. Based on the DC and RF
characterization, the de-embedded of the passive components was done. Afterward, the gate
resistance model-based distributed network made it possible to design large gate width devices to
fulfill the need for more power demand. Subsequently, the HEMTs model has been verified by
comparison with small signal and large signal measurements at 2 GHz. Once validation is done, all
the models and mask designs partners have been integrated into a design kit under the ADS
software. Finally, PDK is validated by designing PA with PCB technology.

The perspectives opened up by this work are manifold. The development of a design tool kit allows
the design of simulated integrated circuits from established analytical models and the EM simulation
tool to consider the couplings between elements. It will be interesting to use such a device in MMIC
design to develop a circuit for different applications such as a high-power amplifier at S-band
frequency.

A study can be carried out by manufacturing passive devices such as inductance, capacitance, or
resistance and MOSHEMT transistor for a circuit of HPA. The different topology of HPA can be
considered for such design as GaN is known for low noise along with high power, so circuit design
of lower noise PA(LNA) and high power PA (HPA) separately with MMIC technology will allow us
thoroughly evaluate the PDK, as well as this exercise, can bring out the process usefulness in the
industry. The above-proposed study will demonstrate the process for particular application-based
circuits to highlight the advantages of our technologies; meanwhile, by its critical review, we can
improve the process to the PDK.
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Conclusion et perspectives

Le travail au cours de cette thése de doctorat s’est concentré sur les étapes essentielles a la
réalisation des MMICs par un développement PDK pour la technologie GaN HEMT. En premier, une
caractérisation DC et RF a été réalisée sur les HEMTS en utilisant I’hétérojonction MOSHEMT
AlGaN/GaN sur un substrat en silicium. A travers une caractérisation DC et RF, la séparation (de-
embeding) des composantes passives a été accompli. Ensuite, un développement d’'un model a
réseau distribué de la résistance de grille a permis la conception d’une grille large pour accommoder
le besoin de la haute puissance. En plus, le model HEMT a été vérifié par une comparaison avec des
mesures de petits et larges signaux a une fréquence de 2 GHz. Apres, tous les modeéles et la
conception des masques ont été intégrés dans un outil de conception dans ADS. Finalement, PDK a
été validé par une conception de PA sur technologie PCB.

Les perspectives de ce travail sont multiples. Le développement d’un outil de conception qui permet
I'utilisation des circuits-intégrés simulés a partir d'un modele analytique avec un simulateur EM
pour prendre en considération les couplages entre les différents éléments. Effectivement, ceci est
intéressant comme outil de développement et conception des MMIC pour les différentes
applications de haute puissance sur la bande de fréquence S.

Une étude peut étre réalisée en fabricant des composants passifs comme une inductance,
condensateur ou résistance avec un transistor MOSHEMT pour un circuit HPA. Différentes
topologies des HPA peuvent étre considérées pour cette conception, en tirant profit du bruit faible
et la haute puissance du GaN pour une conception des circuits a faible bruit PA(LNA) et a haute
puissance PA(HPA). La technologie MMIC va nous permettre d’évaluer le PDK ainsi que I'étude de
I"utilité dans des applications industrielles. L’étude proposée peut démontrer le procédé pour une
application du circuit particuliére, et ainsi mettre en évidence les avantages de notre technologie et
améliorer les procédés du PDK a travers une évaluation critique.



List of Publication 79

List of Publication

Journal Papers:
- Online

Bilal Hassan, Adrien Cutivet, Meriem Bouchilaoun, Christophe Rodriguez, Ali Soltani, Francois
Boone, and Hassan Maher, “Large Periphery GaN HEMTs Modeling Using Distributed Gate
Resistance,” Phys. Status Solidi A, vol. 216, no. 1, p. 1800505, 2019.

Bilal Hassan, Adrien Cutivet, Christophe Rodriguez, Flavien Cozette, Ali Soltani, Hassan Mabher,
Francois Boone, “Scalable small-signal modeling of AlIGaN/GaN HEMT based on distributed gate
resistance,” 2019 IEEE BiCMOS and Compound Semiconductor Integrated Circuits and Technology
Symposium (BCICTS), 2019, Nashville, Tennessee, USA. IEEE Conference Proceeding.

Adrien Cutivet, Meriem Bouchilaoun, Bilal Hassan, Christophe Rodriguez, Ali Soltani, Francois
Boone, and Hassan Maher, “Thermal Transient Extraction for GaN HEMTs by Frequency-Resolved
Gate Resistance Thermometry with Sub-100 ns Time Resolution,” Phys. Status Solidi A, vol. 216, no.
1, Jan. 2019.

Cutivet, A., G. Pavlidis, B. Hassan, M. Bouchilaoun, C. Rodriguez, A. Soltani, S. Graham, F. Boone, and
H. Maher. "Scalable Modeling of Transient Self-Heating of GaN High-Electron-Mobility Transistors
Based on Experimental Measurements." IEEE Transactions on Electron Devices 66.5 (2019): 2139-
2145.

- Under review

Flavien Cozette, Bilal Hassan, Christophe Rodriguez, Eric Frayssinet, Rémi Comyn, Frangois Lecourt,
Nicolas Defrance, Natalie Labat, Francois Boone, Ali Soltani, Abdelatif Jaouad, Yvon Cordier, Hassan
Maher, “New barrier layer design for the fabrication of GaN-MIS-HEMT Normally-off transistor,"
Semiconductor Science and Technology, Oct. 2020

- In preparation

Bilal Hassan, Adrien Cutivet, Flavien Cozette, Meriem Bouchilaoun, Christophe Rodriguez, Ali
Soltani, Frangois Boone, and Hassan Maher, “Large Signal Modeling of Large Periphery AIGaN/GaN
HEMTSs with Distributed Gate" IEEE Transactions on Electron Devices

Scientific Activities:

- Oral presentation

Bilal Hassan, Adrien Cutivet, Meriem Bouchilaoun, Christophe Rodriguez, Ali Soltani, Frangois
Boone, Hassan Maher, “Large Periphery GaN HEMTs Modeling Using Distributed Gate Resistance”,
2018, Autrans, France. Colloque LN2 2018.

Bilal Hassan, Adrien Cutivet, Christophe Rodriguez, Flavien Cozette, Ali Soltani, Hassan Mabher,
Francois Boone, “Scalable small-signal modeling of AlIGaN/GaN HEMT based on distributed gate



List of Publication 80

resistance,” 2019 IEEE BiCMOS and Compound Semiconductor Integrated Circuits and Technology
Symposium (BCICTS), 2019, Nashville, Tennessee, USA

- Poster presentation

Bilal Hassan, Adrien Cutivet, Meriem Bouchilaoun, Christophe Rodriguez, Ali Soltani, Francois
Boone, Hassan Maher, “Large Periphery GaN HEMTs Modeling Using Distributed Gate Resistance”,
2018 Compound Semiconductor Week (CSW2018), 2018, Boston, USA.

Bilal Hassan, Adrien Cutivet, Meriem Bouchilaoun, Christophe Rodriguez, Ali Soltani, Francois
Boone, Hassan Maher, “Large Periphery GaN HEMTs Modeling Using Distributed Gate Resistance”,
STARaCom industrial networking, 2018, Montreal, Canada.



Reference 81

[1]

[2]

3]

[4]

[5]

[6]
[7]

[8]

[9]

[10]

[11]

[12]

[13]

Reference

N. Linge, “Explainer: after 4G, why do we need 5G phones?,” The Conversation.
http://theconversation.com/explainer-after-4g-why-do-we-need-5g-phones-20180 (accessed
Nov. 25, 2017).

“optical_information_technology.pdf.” Accessed: Nov. 25, 2017. [Online]. Available:
https://www.aist.go.jp/Portals/0/resource_images/aist_e/research_results/publications/pa
mphlet/today/optical_information_technology.pdf.

“TriQuint_GAN_4_Dummies.pdf.” Accessed: Nov. 25, 2017. [Online]. Auvailable:
https://rfmw.com/data/TriQuint_GAN_4 Dummies.pdf.

“Behind The Numbers: Growth in the Internet of Things | NCTA.”
https://www.ncta.com/whats-new/behind-the-numbers-growth-in-the-internet-of-things
(accessed Dec. 20, 2017).

“Yole Développement Press - RF Electronics.” http://www.yole.fr/2014-galery-
RFElectronics.aspx (accessed Dec. 19, 2017).

M. Pirola, Electronics for Microwave Backhaul. Arch House Inc., 2016.

R. Quay, C. Moglestue, V. Palankovski, and S. Selberherr, “A temperature dependent model for
the saturation velocity in semiconductor materials,” Mater. Sci. Semicond. Process., vol. 3, no.
1, pp. 149-155, Mar. 2000, doi: 10.1016/51369-8001(00)00015-9.

A. F. M. Anwar, S. Wu, and R. T. Webster, “Temperature dependent transport properties in
GaN, AlxGa 1-xN, and InxGal-xN semiconductors,” IEEE Trans. Electron Devices, vol. 48, no. 3,
pp. 567-572, Mar. 2001, doi: 10.1109/16.906452.

U. V. Bhapkar and M. S. Shur, “Monte Carlo calculation of velocity-field characteristics of
wurtzite GaN,” J. Appl. Phys., vol. 82, no. 4, pp. 1649-1655, Aug. 1997, doi: 10.1063/1.365963.

“GaN Systems.” http://gansystems.com/why_gallium_nitride_new.php (accessed Dec. 22,
2017).

“What’s  the Difference Between GaN and GaAs?,”  Jul. 07, 2016.
http://www.mwrf.com/materials/what-s-difference-between-gan-and-gaas (accessed Nov.
25, 2017).

“GaN Enables RF Where LDMOS And GaAs Can’t,” Microwaves & RF, Feb. 11, 2014.
http://www.mwrf.com/active-components/gan-enables-rf-where-ldmos-and-gaas-cant
(accessed Nov. 25, 2017).

”

“SiC, Sapphire, GaN..: what is the business evolution of the non-Silic....
https://www.slideshare.net/Yole_Developpement/sic-sapphire-gan-what-is-the-business-
evolution-of-the-nonsilicon-based-semiconductor-industry-presentation-held-by-on-
semicon-west-2017-by-pierric-gueguen-from-yole-dveloppement (accessed Dec. 22, 2017).



Reference 82

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

“Diamond Field-effect Transistors as Microwave Power Amplifiers | NTT Technical Review.”
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201008sf3.html (accessed
Nov. 27, 2017).

“OMMIC Launches Europe’s First GaN 6-inch Wafer Production Line | 2017-10-02 | Microwave
Journal.” http://www.microwavejournal.com/articles/29143-ommic-launches-europes-first-
gan-6-inch-wafer-production-line (accessed Dec. 22, 2017).

“MAGX-101214-500L00 - MACOM | RF Transistor.”
https://www.everythingrf.com/products/rf-transistors/macom-technology-solutions/659-
122-magx-101214-500100 (accessed Dec. 22, 2017).

P. H. C. Magnee et al., “SiGe:C HBT technology for advanced BiCMOS processes.,” presented
at the Gallium Arsenide applications symposium. GAAS 2004, Amsterdam, 2004, Accessed:
Dec. 03, 2017. [Online]. Available: http://amsacta.unibo.it/1096/.

M. Wilson, “GaAs and SiGeC BiCMOS cost comparison—Is SiGeC always cheaper?.,” Int. Conf.
Compd. Semicond., 2003.

S. P. Voinigescu, T. O. Dickson, R. Beerkens, I. Khalid, and P. Westergaard, “A comparison of Si
CMOS, SiGe BICMOS, and InP HBT technologies for high-speed and millimeter-wave ICs,” in
Digest of Papers. 2004 Topical Meeting onSilicon Monolithic Integrated Circuits in RF Systems,
2004., Sep. 2004, pp. 111-114, doi: 10.1109/SMIC.2004.1398180.

E. Johnson, “Physical limitations on frequency and power parameters of transistors,” in 1958
IRE International Convention Record, Mar. 1965, vol. 13, pp. 27-34, doi:
10.1109/IRECON.1965.1147520.

R. W. Keyes, “Figure of merit for semiconductors for high-speed switches,” Proc. IEEE, vol. 60,
no. 2, pp. 225-225, Feb. 1972, doi: 10.1109/PROC.1972.8593.

B. J. Baliga, “Semiconductors for high-voltage, vertical channel field-effect transistors,” J. Appl.
Phys., vol. 53, no. 3, pp. 1759-1764, Mar. 1982, doi: 10.1063/1.331646.

B. J. Baliga, “Power semiconductor device figure of merit for high-frequency applications,” IEEE
Electron Device Lett., vol. 10, no. 10, pp. 455—-457, Oct. 1989, doi: 10.1109/55.43098.

“The Need for High-Power Is Increasing Steadily, Commensurate with The Huge Demand-
Made-in-China.com.” http://resources.made-in-china.com/article/industry-
view/NQUIJTfCbuEDg/GaN-to-Grow-at-9-CAGR-to-Over-18-of-RF-Device-Market-by-2020/
(accessed Dec. 22, 2017).

“Yole Développement Press - Compound Semiconductors.” http://www.yole.fr/2014-galery-
CS.aspx (accessed Dec. 19, 2017).

G. Meneghesso, M. Meneghini, A. Chini, G. Verzellesi, and E. Zanoni, “Trapping and high field
related issues in GaN power HEMTs,” in 2014 IEEE International Electron Devices Meeting, Dec.
2014, p. 17.5.1-17.5.4, doi: 10.1109/IEDM.2014.7047072.



Reference 83

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

“Yole Développement Press - Power Electronics.” http://www.yole.fr/2014-galery-
PE.aspx#10002f956 (accessed Dec. 19, 2017).

M. A. Khan et al., “Enhancement and depletion mode GaN/AlGaN heterostructure field effect
transistors,” Appl. Phys. Lett., vol. 68, no. 4, pp. 514-516, Jan. 1996, doi: 10.1063/1.116384.

“Nanoscale investigation of AIGaN/GaN-on-Si high electron mobility transistors - IOPscience.”
http://iopscience.iop.org/article/10.1088/0957-4484/23/39/395204/meta (accessed Dec. 22,
2017).

Y. f Wu, M. Moore, A. Saxler, T. Wisleder, and P. Parikh, “40-W/mm Double Field-plated GaN
HEMTs,” in 2006 64th Device Research Conference, Jun. 2006, pp. 151-152, doi:
10.1109/DRC.2006.305162.

N. G. Carlin, Bolognesi C. R., “AliInN/GaN HEMTs on SiC and on Silicon with Regrown Ohmic
Contacts by Selective Ammonia MBE.,” 2005.

D. Marti, C. R. Bolognesi, Y. Cordier, M. Chmielowska, and M. Ramdani, “RF Performance of
AlGaN/GaN High-Electron-Mobility Transistors Grown on Silicon (110),” Appl. Phys. Express,
vol. 4, no. 6, p. 064105, Jun. 2011, doi: 10.1143/APEX.4.064105.

S. Piotrowicz et al., “12W/mm with 0.15 #x00B5;m InAIN/GaN HEMTs on SiC technology for K
and Ka-Bands applications,” in 2014 IEEE MTT-S International Microwave Symposium
(IMS2014), Jun. 2014, pp. 1-3, doi: 10.1109/MWSYM.2014.6848347.

T. Palacios et al., “High-power AlGaN/GaN HEMTs for Ka-band applications,” IEEE Electron
Device Lett., vol. 26, no. 11, pp. 781-783, Nov. 2005, doi: 10.1109/LED.2005.857701.

J. W. Johnson et al., “12 W/mm AlGaN-GaN HFETs on silicon substrates,” IEEE Electron Device
Lett., vol. 25, no. 7, pp. 459-461, Jul. 2004, doi: 10.1109/LED.2004.831190.

D. Marti et al., “94-GHz Large-Signal Operation of AlInN/GaN High-Electron-Mobility
Transistors on Silicon With Regrown Ohmic Contacts,” IEEE Electron Device Lett., vol. 36, no. 1,
pp. 17-19, Jan. 2015, doi: 10.1109/LED.2014.2367093.

D. C. Dumka, C. Lee, H. Q. Tserng, P. Saunier, and M. Kumar, “AlGaN/GaN HEMTs on Si
substrate with 7 W/mm output power density at 10 GHz,” Electron. Lett., vol. 40, no. 16, pp.
1023-1024, 2004.

D. Ducatteau et al., “Output power density of 5.1/mm at 18 GHz with an AIGaN/GaN HEMT on
Si substrate,” IEEE Electron Device Lett.,, vol. 27, no. 1, pp. 7-9, Jan. 2006, doi:
10.1109/LED.2005.860385.

P. Altuntas et al., “Power Performance at 40 GHz of AlGaN/GaN High-Electron Mobility
Transistors Grown by Molecular Beam Epitaxy on Si(111) Substrate,” IEEE Electron Device Lett.,
vol. 36, no. 4, pp. 303—-305, Apr. 2015, doi: 10.1109/LED.2015.2404358.

“Contribution au développement de composants et de dispositifs électroniques a base de
semiconducteurs a large bande interdite IlI-N et diamant.” http://ori.univ-
lillel.fr/notice/view/univ-lille1-ori-445482 (accessed Dec. 24, 2017).



Reference 84

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Y. F. Wu et al., “30-W/mm GaN HEMTs by field plate optimization,” IEEE Electron Device Lett.,
vol. 25, no. 3, pp. 117-119, Mar. 2004, doi: 10.1109/LED.2003.822667.

S. Tirelli, L. Lugani, D. Marti, J. F. Carlin, N. Grandjean, and C. R. Bolognesi, “AliInN-Based HEMTs
for Large-Signal Operation at 40 GHz,” IEEE Trans. Electron Devices, vol. 60, no. 10, pp. 3091-
3098, Oct. 2013, doi: 10.1109/TED.2013.2262136.

M. Micovic et al., “GaN HFET for W-band Power Applications,” in 2006 International Electron
Devices Meeting, Dec. 2006, pp. 1-3, doi: 10.1109/IEDM.2006.346802.

C. Lee, J. Yang, M. A. Khan, and P. Saunier, “Ka-band CW power performance by AlGaN/GaN
HEMTs on SiC,” in 61st Device Research Conference. Conference Digest (Cat. No.03TH8663),
Jun. 2003, pp. 17-18, doi: 10.1109/DRC.2003.1226851.

E. Harvard, R. Brown, and J. R. Shealy, “Performance of AlGaN/GaN High-Electron Mobility
Transistors With AISiN Passivation,” IEEE Trans. Electron Devices, vol. 58, no. 1, pp. 87-94, Jan.
2011, doi: 10.1109/TED.2010.2084370.

J. C. Gerbedoen et al., “AlGaN/GaN HEMTs on (001) Silicon Substrate With Power Density
Performance of 2.9 W/mm at 10 GHz,” IEEE Trans. Electron Devices, vol. 57, no. 7, pp. 1497-
1503, Jul. 2010, doi: 10.1109/TED.2010.2048792.

F. Medjdoub, M. Zegaoui, B. Grimbert, D. Ducatteau, N. Rolland, and P. A. Rolland, “First
Demonstration of High-Power GaN-on-Silicon Transistors at 40 GHz,” IEEE Electron Device Lett.,
vol. 33, no. 8, pp. 1168-1170, Aug. 2012, doi: 10.1109/LED.2012.2198192.

D. C. Dumka and P. Saunier, “GaN on Si HEMT with 65% power added efficiency at 10 GHz,”
Electron. Lett., vol. 46, no. 13, pp. 946—947, Jun. 2010, doi: 10.1049/el.2010.1284.

A. Soltani et al., “Power Performance of AlGaN/GaN High-Electron-Mobility Transistors on
(110) Silicon Substrate at 40 GHz,” IEEE Electron Device Lett., vol. 34, no. 4, pp. 490-492, Apr.
2013, doi: 10.1109/LED.2013.2244841.

A. Chakroun et al., “AlGaN/GaN MOS-HEMT Device Fabricated Using a High Quality PECVD
Passivation Process,” IEEE Electron Device Lett., vol. 38, no. 6, pp. 779-782, Jun. 2017, doi:
10.1109/LED.2017.2696946.

A. Chakroun, A. Jaouad, M. Bouchilaoun, O. Arenas, A. Soltani, and H. Maher, “Normally-off
AlGaN/GaN MOS-HEMT using ultra-thin Al0.45Ga0.55N barrier layer,” Phys. Status Solidi A, vol.
214, no. 8, p. n/a-n/a, Aug. 2017, doi: 10.1002/pssa.201600836.

[52] T. Gasseling, “Compact Transistor Models: The Roadmap to First-Pass Amplifier Design

[53]

[54]

Success,” Microw. J., vol. 55, no. 3, pp. 74-86, 2012.

L. Dunleavy, C. Baylis, W. Curtice, and R. Connick, “Modeling GaN: Powerful but Challenging,”
IEEE Microw. Mag., vol. 11, no. 6, pp. 82—96, Oct. 2010, doi: 10.1109/MMM.2010.937735.

W. R. Curtice, “User’s Guide for the C_FET Model for Agilent’s Advanced Design Simulator.”
Washington Crossing, PA: W. R. Curtice Consulting, Jun. 2004.



Reference 85

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Agilent Technologies, “ICCAP Software Documentation.” Palo Alto, CA: Agilent Technologies
Inc., 2009.

I. Angelov, H. Zirath, and N. Rosman, “A new empirical nonlinear model for HEMT and MESFET
devices,” IEEE Trans. Microw. Theory Tech., vol. 40, no. 12, pp. 2258-2266, Dec. 1992, doi:
10.1109/22.179888.

I. Angelov et al., “Large-signal modelling and comparison of AlGaN/GaN HEMTs and SiC
MESFETs,” in 2006 Asia-Pacific Microwave Conference, Dec. 2006, pp. 279-282, doi:
10.1109/APMC.2006.4429422.

Y. Tajima, “Introduction of new large signal model (LS7) for MESFET family of devices,”
Workshop 38th Eur. Microw. Conf WFR-15 Adv. Model-Based HPA Des., 2008.

“Accurate GaN HEMT nonquasi-static large-signal model including dispersive effects - Crupi -
2011 - Microwave and Optical Technology Letters - Wiley Online Library.”
http://onlinelibrary.wiley.com/doi/10.1002/mop.25757/full (accessed Dec. 13, 2017).

A. Jarndal, “Large-signal modeling of GaN devices for designing high power amplifiers of next
generation wireless communication systems,” in Mobile and Wireless Communications
Network Layer and Circuit Level Design, InTech, 2010.

S. A. Ahsan, S. Ghosh, S. Khandelwal, and Y. S. Chauhan, “Physics-Based Multi-Bias RF Large-
Signal GaN HEMT Modeling and Parameter Extraction Flow,” IEEE J. Electron Devices Soc., vol.
5, no. 5, pp. 310-319, 2017.

C. Sanabria, Large Signal Modeling of AIGaN/GaN HEMTt for Linearity Prediction. University of
California, 2006.

G. Dambrine, A. Cappy, F. Heliodore, and E. Playez, “A new method for determining the FET
small-signal equivalent circuit,” IEEE Trans. Microw. Theory Tech., vol. 36, no. 7, pp. 1151-1159,
Jul. 1988, doi: 10.1109/22.3650.

A.Jarndal and G. Kompa, “A new small-signal modeling approach applied to GaN devices,” IEEE
Trans. Microw. Theory Tech., vol. 53, no. 11, pp. 3440-3448, Nov. 2005, doi:
10.1109/TMTT.2005.857332.

B. Hughes and P. J. Tasker, “Bias dependence of the MODFET intrinsic model elements values
at microwave frequencies,” IEEE Trans. Electron Devices, vol. 36, no. 10, pp. 2267-2273, Oct.
1989, doi: 10.1109/16.40909.

A.R., Electrical and Thermal Characterization of MESFETs, HEMTs, and HBTs. MA: Artech House
Publishers, 1994.

L. W., Fundamentals of IlI-V Devices: HBTs, MESFETs, and HFETs/HEMTs. New York: Wiley-
Interscience, 1999., 199AD.

L. P. H., MMIC Design: GaAs FETs and HEMTs. Boston: Arch House, Inc., 1989.

X. H., MMICs using GaN HEMTs and Thin-Film BST Capacitors. University of California, 2005.



Reference 86

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

P. M. White and R. M. Healy, “Improved equivalent circuit for determination of MESFET and
HEMT parasitic capacitances from ‘Coldfet” measurements,” IEEE Microw. Guid. Wave Lett.,
vol. 3, no. 12, pp. 453-454, Dec. 1993, doi: 10.1109/75.251398.

D. Costa, W. U. Liu, and J. S. Harris, “Direct extraction of the AlGaAs/GaAs heterojunction
bipolar transistor small-signal equivalent circuit,” IEEE Trans. Electron Devices, vol. 38, no. 9,
pp. 2018-2024, Sep. 1991, doi: 10.1109/16.83724.

Q. Fan, J. H. Leach, and H. Morkoc, “Small Signal Equivalent Circuit Modeling for AIGaN/GaN
HFET: Hybrid Extraction Method for Determining Circuit Elements of AIGaN/GaN HFET,” Proc.
IEEE, vol. 98, no. 7, pp. 1140-1150, Jul. 2010, doi: 10.1109/JPROC.2010.2044630.

J. Gao, C. L. Law, H. Wang, and S. Aditya, “An Approach for Extracting Small-Signal Equivalent
Circuit of Double Heterojunction 6-Doped PHEMTs for Millimeter Wave Applications,” Int. J.
Infrared  Millim.  Waves, vol. 23, no. 3, pp. 345-364, Mar. 2002, doi:
10.1023/A:1015029418816.

K. W. Lee, K. Lee, M. S. Shur, T. T. Vu, P. C. T. Roberts, and M. J. Helix, “Source, drain, and gate
series resistances and electron saturation velocity in ion-implanted GaAs FET’s,” IEEE Trans.
Electron Devices, vol. 32, no. 5, pp. 987—-992, May 1985, doi: 10.1109/T-ED.1985.22058.

L. Yang and S. I. Long, “New method to measure the source and drain resistance of the GaAs
MESFET,” I|EEE Electron Device Lett.,, vol. 7, no. 2, pp. 75-77, Feb. 1986, doi:
10.1109/EDL.1986.26299.

R. J. Bennett, “Interpretation of forward bias behavior of Schottky barriers,” IEEE Trans.
Electron Devices, vol. 34, no. 4, pp. 935-937, Apr. 1987, doi: 10.1109/T-ED.1987.23020.

P. Debie and L. Martens, “Fast and accurate extraction of parasitic resistances for nonlinear
GaAs MESFET device models,” IEEE Trans. Electron Devices, vol. 42, no. 12, pp. 2239-2242,
Dec. 1995, doi: 10.1109/16.477787.

J. A. Reynoso-Hernandez, F. E. Rangel-Patino, and J. Perdomo, “Full RF characterization for
extracting the small-signal equivalent circuit in microwave FETs,” IEEE Trans. Microw. Theory
Tech., vol. 44, no. 12, pp. 2625-2633, Dec. 1996, doi: 10.1109/22.554613.

M. Berroth and R. Bosch, “High-frequency equivalent circuit of GaAs FETs for large-signal
applications,” IEEE Trans. Microw. Theory Tech., vol. 39, no. 2, pp. 224-229, Feb. 1991, doi:
10.1109/22.102964.

K. Nagatomo, Y. Daido, M. Shimizu, and N. Okubo, “GaAs MESFET characterization using least
squares approximation by rational functions,” IEEE Trans. Microw. Theory Tech., vol. 41, no. 2,
pp. 199-205, Feb. 1993, doi: 10.1109/22.216457.

G. J.M., RF and Microwave Semiconductor Device Handbook, 2nd ed. CRC press, 2003.

G. J.M., Microwave MESFETs and HEMTs,. Arch House Inc., 1991.



Reference 87

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

A. Cutivet et al., “Large-signal modeling up to W-band of AlGaN/GaN based high-electron-
mobility transistors,” in 2015 10th European Microwave Integrated Circuits Conference
(EuMIC), Sep. 2015, pp. 93-96, doi: 10.1109/EuMIC.2015.7345076.

C. Canali, G. Majni, R. Minder, and G. Ottaviani, “Electron and hole drift velocity measurements
in silicon and their empirical relation to electric field and temperature,” IEEE Trans. Electron
Devices, vol. 22, no. 11, pp. 1045-1047, Nov. 1975, doi: 10.1109/T-ED.1975.18267.

A. Aminbeidokhti, S. Dimitrijev, J. Han, X. Chen, and X. Xu, “The Power Law of Phonon-Limited
Electron Mobility in the 2-D Electron Gas of AIGaN/GaN Heterostructure,” IEEE Trans. Electron
Devices, vol. 63, no. 5, pp. 2214-2218, May 2016, doi: 10.1109/TED.2016.2544920.

W. R. Curtice, “A MESFET Model for Use in the Design of GaAs Integrated Circuits,” IEEE Trans.
Microw. Theory Tech., wvol. 28, no. 5 pp. 448-456, May 1980, doi:
10.1109/TMTT.1980.1130099.

W. R. Curtice, “GaAs MESFET modeling and nonlinear CAD,” IEEE Trans. Microw. Theory Tech.,
vol. 36, no. 2, pp. 220-230, Feb. 1988, doi: 10.1109/22.3509.

H. Statz, P. Newman, I. W. Smith, R. A. Pucel, and H. A. Haus, “GaAs FET device and circuit
simulation in SPICE,” IEEE Trans. Electron Devices, vol. 34, no. 2, pp. 160-169, Feb. 1987, doi:
10.1109/T-ED.1987.22902.

I. Angelov, H. Zirath, and N. Rosman, “A new empirical nonlinear model for HEMT and MESFET
devices,” IEEE Trans. Microw. Theory Tech., vol. 40, no. 12, pp. 2258-2266, Dec. 1992, doi:
10.1109/22.179888.

I. Angelov et al., “Large-signal modelling and comparison of AlGaN/GaN HEMTs and SiC
MESFETs,” in 2006 Asia-Pacific Microwave Conference, Dec. 2006, pp. 279-282, doi:
10.1109/APMC.2006.4429422.

S. Forestier, T. Gasseling, P. Bouysse, R. Quere, and J. M. Nebus, “A new nonlinear capacitance
model of millimeter wave power PHEMT for accurate AM/AM-AM/PM simulations,” |EEE
Microw. Wirel. Compon. Lett., vol. 14, no. 1, pp. 43-45, Jan. 2004, doi:
10.1109/LMWC.2003.820635.

B. Hassan et al., “Large Periphery GaN HEMTs Modeling Using Distributed Gate Resistance,”
Phys. Status Solidi A, vol. 216, no. 1, p. 1800505, 2019, doi: 10.1002/pssa.201800505.

T. Kikkawa et al., “High performance and high reliability AIGaN/GaN HEMTs,” Phys. Status Solidi
A, vol. 206, no. 6, pp. 1135-1144, 2009.

K. Joshin and T. Kikkawa, “Recent progress of high power GaN-HEMT for wireless application,”
in 2006 Asia-Pacific Microwave Conference, Dec. 2006, pp. 1027-1032, doi:
10.1109/APMC.2006.4429585.

K. Ahi, “Review of GaN-based devices for terahertz operation,” Opt. Eng., vol. 56, no. 9, p.
090901, Sep. 2017, doi: 10.1117/1.0E.56.9.090901.



Reference 88

[96] K. Ahi, “Mathematical Modeling of THz Point Spread Function and Simulation of THz Imaging
Systems,” IEEE Trans. Terahertz Sci. Technol., vol. 7, no. 6, pp. 747-754, Nov. 2017, doi:
10.1109/TTHZ.2017.2750690.

[97] K. Ahi, “A Method and System for Enhancing the Resolution of Terahertz Imaging,”
Measurement, Jul. 2018, doi: 10.1016/j.measurement.2018.06.044.

[98] P. Waltereit et al., “GaN HEMTs and MMICs for space applications,” Semicond. Sci. Technol.,
vol. 28, no. 7, p. 074010, 2013, doi: 10.1088/0268-1242/28/7/074010.

[99] M. Kanamura, T. Ohki, T. Kikkawa, K. Imanishi, K. Watanabe, and K. Joshin, “Recent progress in
GaN HEMT for high-frequency and high-power applications,” in 2012 IEEE International
Symposium on Radio-Frequency Integration Technology (RFIT), Nov. 2012, pp. 156—158, doi:
10.1109/RFIT.2012.6401645.

[100] R. G. Brady, C. H. Oxley, and T. J. Brazil, “An improved small-signal parameter-extraction
algorithm for GaN HEMT devices,” IEEE Trans. Microw. Theory Tech., vol. 56, no. 7, pp. 1535—
1544, 2008.

[101] T. T. Nguyen and S. Kim, “A Gate-Width Scalable Method of Parasitic Parameter Determination
for Distributed HEMT Small-Signal Equivalent Circuit,” IEEE Trans. Microw. Theory Tech., vol.
61, no. 10, pp. 3632-3638, Oct. 2013, doi: 10.1109/TMTT.2013.2279360.

[102] Y. Yuan, Z. Zhong, Y. Guo, and S. Mu, “A novel hybrid parameter extraction method for
GaAs/GaN HEMT modeling with electromagnetic analysis,” in 2015 Asia-Pacific Microwave
Conference (APMC), Dec. 2015, vol. 2, pp. 1-3, doi: 10.1109/APMC.2015.7413224.

[103] E. Abou-Allam and T. Manku, “A small-signal MOSFET model for radio frequency IC
applications,” IEEE Trans. Comput.-Aided Des. Integr. Circuits Syst., vol. 16, no. 5, pp. 437-447,
May 1997, doi: 10.1109/43.631207.

[104]S. F.Tin, A. A. Osman, and K. Mayaram, “Comments on ‘A small-signal MOSFET model for radio
frequency IC applications,”” IEEE Trans. Comput.-Aided Des. Integr. Circuits Syst., vol. 17, no. 4,
pp. 372—-374, Apr. 1998, doi: 10.1109/43.703827.

[105] B. Razavi, R.-H. Yan, and K. F. Lee, “Impact of distributed gate resistance on the performance
of MOS devices,” IEEE Trans. Circuits Syst. Fundam. Theory Appl., vol. 41, no. 11, pp. 750-754,
Nov. 1994, doi: 10.1109/81.331530.

[106] E. Abou-Allam and T. Manku, “An improved transmission-line model for MOS transistors,” IEEE
Trans. Circuits Syst. Il Analog Digit. Signal Process., vol. 46, no. 11, pp. 1380-1387, Nov. 1999,
doi: 10.1109/82.803477.

[107] S. A. Ahsan, A. Pampori, S. Ghosh, S. Khandelwal, and Y. S. Chauhan, “A New Small-Signal
Parameter Extraction Technique for Large Gate-Periphery GaN HEMTSs,” IEEE Microw. Wirel.
Compon. Lett., vol. 27, no. 10, pp. 918-920, Oct. 2017, doi: 10.1109/LMWC.2017.2746661.

[108] J. Y. Hasani, “Three-Port Model of a Modern MOS Transistor in Millimeter Wave Band,
Considering Distributed Effects,” IEEE Trans. Comput.-Aided Des. Integr. Circuits Syst., vol. 35,
no. 9, pp. 1509-1518, Sep. 2016, doi: 10.1109/TCAD.2015.2511150.



Reference 89

[109] B.-C. Zhao et al., “X-band inverse class-F GaN internally-matched power amplifier,” Chin. Phys.
B, vol. 25, no. 9, p. 097306, 2016, doi: 10.1088/1674-1056/25/9/097306.

[110] A. Jarndal and A. Kouki, “Efficient modeling of GaN HEMTSs for linear and nonlinear circuits
design,” Int. J. Numer. Model. Electron. Netw. Devices Fields, vol. 30, no. 1, p. 2100, Jan. 2017,
doi: 10.1002/jnm.2100.

[111] R. S. Pengelly, S. M. Wood, J. W. Milligan, S. T. Sheppard, and W. L. Pribble, “A Review of GaN
on SiC High Electron-Mobility Power Transistors and MMICs,” IEEE Trans. Microw. Theory
Tech., vol. 60, no. 6, pp. 1764—-1783, Jun. 2012, doi: 10.1109/TMTT.2012.2187535.

[112] T. Reveyrand et al., “GaN transistor characterization and modeling activities performed within
the frame of the KorriGaN project,” Int. J. Microw. Wirel. Technol., vol. 2, no. 1, pp. 51-61, Feb.
2010, doi: 10.1017/51759078710000085.

[113] P. M. Cabral, J. C. Pedro, and N. B. Carvalho, “Nonlinear device model of microwave power
GaN HEMTs for high power-amplifier design,” IEEE Trans. Microw. Theory Tech., vol. 52, no.
11, pp. 25852592, Nov. 2004, doi: 10.1109/TMTT.2004.837196.

[114] H. Li, C. Yao, L. Fu, X. Zhang, and J. Wang, “Evaluations and applications of GaN HEMTs for
power electronics,” in 2016 IEEE 8th International Power Electronics and Motion Control
Conference (IPEMC-ECCE Asia), May 2016, pp. 563-569, doi: 10.1109/IPEMC.2016.7512348.

[115] H. Amano et al., “The 2018 GaN power electronics roadmap,” J. Phys. Appl. Phys., vol. 51, no.
16, p. 163001, 2018, doi: 10.1088/1361-6463/aaaf9d.

[116] E. A. Jones, F. F. Wang, and D. Costinett, “Review of Commercial GaN Power Devices and GaN-
Based Converter Design Challenges,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 4, no. 3, pp.
707-719, Sep. 2016, doi: 10.1109/JESTPE.2016.2582685.

[117]S. G. Khalil, S. Hardikar, S. Sack, E. Persson, M. Imam, and T. McDonald, “HV GaN reliability and
status,” in 2015 IEEE 3rd Workshop on Wide Bandgap Power Devices and Applications (WiPDA),
Nov. 2015, pp. 21-23, doi: 10.1109/WiPDA.2015.7369307.

[118] N. Hari, T. Long, and E. Shelton, “Investigation of gate drive strategies for high voltage GaN
HEMTs,”  Energy  Procedia, vol. 117, pp. 1152-1159, Jun. 2017, doi:
10.1016/j.egypro.2017.05.240.

[119] J. Lautner and B. Piepenbreier, “Comparing Switching Performance of Gallium Nitride HEMT
and Silicon Power MOSFET,” in Proceedings of PCIM Europe 2015; International Exhibition and
Conference for Power Electronics, Intelligent Motion, Renewable Energy and Energy
Management, May 2015, pp. 1-8.

[120] A. Chvala, J. Marek, P. Pribytny, A. Satka, M. Donoval, and D. Donoval, “Effective 3-D Device
Electrothermal Simulation Analysis of Influence of Metallization Geometry on Multifinger
Power HEMTs Properties,” IEEE Trans. Electron Devices, vol. 64, no. 1, pp. 333-336, Jan. 2017,
doi: 10.1109/TED.2016.2629024.



Reference 90

[121] X. Jin et al., “An effective gate resistance model for CMOS RF and noise modeling,” in
International Electron Devices Meeting 1998. Technical Digest (Cat. No.98CH36217), Dec. 1998,
pp. 961-964, doi: 10.1109/IEDM.1998.746514.

[122] A. R. Alt, D. Marti, and C. R. Bolognesi, “Transistor Modeling: Robust Small-Signal Equivalent
Circuit Extraction in Various HEMT Technologies,” IEEE Microw. Mag., vol. 14, no. 4, pp. 83—
101, Jun. 2013, doi: 10.1109/MMM.2013.2248593.

[123] D. K. Shaeffer and T. H. Lee, “A 1.5-V, 1.5-GHz CMOS low noise amplifier,” IEEE J. Solid-State
Circuits, vol. 32, no. 5, pp. 745-759, May 1997, doi: 10.1109/4.568846.

[124] A. Jha, J. M. Vasi, S. C. Rustagi, and M. B. Patil, “A novel method to obtain 3-port network
parameters from 2-port measurements [MOSFET example],” in Proceedings of the 2004
International Conference on Microelectronic Test Structures (IEEE Cat. No.04CH37516), Awaji
Yumebutai, Japan, 2004, pp. 57-62, doi: 10.1109/ICMTS.2004.1309302.

[125] A. Chakroun et al., “AlIGaN/GaN MOS-HEMT Device Fabricated Using a High Quality PECVD
Passivation Process,” IEEE Electron Device Lett., vol. 38, no. 6, pp. 779-782, Jun. 2017, doi:
10.1109/LED.2017.2696946.

[126] A. Chakroun, A. Jaouad, M. Bouchilaoun, O. Arenas, A. Soltani, and H. Maher, “Normally-off
AlGaN/GaN MOS-HEMT using ultra-thin Al0.45Ga0.55N barrier layer,” Phys. Status Solidi A, vol.
214, no. 8, p. 1600836, Aug. 2017, doi: 10.1002/pssa.201600836.

[127] C. Potier et al., “First results on Ka band MMIC power amplifiers based on InAIGaN/GaN HEMT
technology,” in 2018 International Workshop on Integrated Nonlinear Microwave and
Millimetre-wave Circuits (INMMIC), Jul. 2018, pp. 1-3, doi: 10.1109/INMMIC.2018.8430000.

[128] U. K. Mishra and P. P. and, “AlGaN/GaN HEMTs-an overview of device operation and
applications,” Proc. [IEEE, vol. 90, no. 6, pp. 1022-1031, Jun. 2002, doi:
10.1109/JPROC.2002.1021567.

[129] G. Crupi, D. M. M.-P. Schreurs, and A. Caddemi, “On the small signal modeling of advanced
microwave FETs: A comparative study,” Int. J. RF Microw. Comput.-Aided Eng., vol. 18, no. 5,
pp. 417-425, 2008, doi: 10.1002/mmce.20300.

[130] D. Schwantuschke et al., “A fully scalable compact small-signal modeling approach for 100 nm
AlGaN/GaN HEMTs,” in 2013 European Microwave Integrated Circuit Conference, Oct. 2013,
pp. 284-287.

[131] A. Jarndal and G. Kompa, “A new small-signal modeling approach applied to GaN devices,”
IEEE Trans. Microw. Theory Tech., vol. 53, no. 11, pp. 3440-3448, Nov. 2005, doi:
10.1109/TMTT.2005.857332.

[132] A. Caddemi, G. Crupi, and A. Macchiarella, “On wafer-scaled GaAs HEMTs: Direct and robust
small signal modeling up to 50 GHz,” Microw. Opt. Technol. Lett., vol. 51, no. 8, pp. 1958-1963,
2009, doi: 10.1002/mop.24492.

[133] G. Crupi, D. M. M.- Schreurs, A. Raffo, A. Caddemi, and G. Vannini, “A New Millimeter-Wave
Small-Signal Modeling Approach for pHEMTs Accounting for the Output Conductance Time



Reference 91

Delay,” IEEE Trans. Microw. Theory Tech., vol. 56, no. 4, pp. 741-746, Apr. 2008, doi:
10.1109/TMTT.2008.918147.

[134] J. Lu, Y. Wang, L. Ma, and Z. Yu, “A new small-signal modeling and extraction method in
AlGaN/GaN HEMTs,” Solid-State Electron., vol. 52, no. 1, pp. 115-120, Jan. 2008, doi:
10.1016/j.sse.2007.07.009.

[135] A. Khusro, M. S. Hashmi, A. Q. Ansari, A. Mishra, and M. Tarique, “An accurate and simplified
small signal parameter extraction method for GaN HEMT,” Int. J. Circuit Theory Appl., vol. O,
no. 0, doi: 10.1002/cta.2622.

[136] R. G. Brady, C. H. Oxley, and T. J. Brazil, “An Improved Small-Signal Parameter-Extraction
Algorithm for GaN HEMT Devices,” IEEE Trans. Microw. Theory Tech., vol. 56, no. 7, pp. 1535—
1544, Jul. 2008, doi: 10.1109/TMTT.2008.925212.

[137] A. Cutivet et al., “Scalable Modeling of Transient Self-Heating of GaN High-Electron-Mobility
Transistors Based on Experimental Measurements,” IEEE Trans. Electron Devices, vol. 66, no.
5, pp. 2139-2145, May 2019, doi: 10.1109/TED.2019.2906943.



	Résumé
	Abstract
	Acknowledgments
	Table of Contents
	List of Abbreviations and Acronyms
	List of Figures
	List of Tables
	Chapter 1:   Introduction
	1.1 Background
	1.2 Main Objectives of the research work
	1.3 Outline of the thesis

	Chapter 2:   Why GaN
	2.1 Comparison based on the material’s physical properties and electrical parameters
	2.1.1 Comparison based on material’s physical properties
	2.1.2 Comparison based on electrical parameters
	2.1.3 Comparison based on power and frequency application
	2.1.4 Comparison based on performance and Cost
	2.1.5 Comparison based on analysis as part of a full product

	2.2 Applications of GaN technology:

	Chapter 3:   State-of-the-art
	3.1 Physical structure and operation of AlGaN/GaN HEMTs
	3.2 State-of-the-art GaN technology
	3.2.1 Our process:
	3.2.2 The principle of GaN HEMT Operation

	3.3 Modeling challenges of GaN HEMTs
	3.3.1 HEMT compact models
	3.3.2 Transistor equivalent model
	3.3.3 Small-signal modeling
	3.3.3.1 Extraction methods for extrinsic parameters:
	3.3.3.1.1 Parasitic capacitance:
	3.3.3.1.2 Extrinsic inductance
	3.3.3.1.3 Extrinsic resistances

	3.3.3.2 Extraction methods for intrinsic parameters:
	3.3.3.2.1 De-embedding of extrinsic components
	3.3.3.2.2 Extraction procedure of the intrinsic components

	3.3.3.3 Cut-off frequencies:

	3.3.4 Large signal modeling
	3.3.4.1 Current source modeling
	3.3.4.2 Nonlinear capacitance modeling



	Chapter 4:   Introduction to distributive gate resistance
	Résumé
	4.1 Abstract
	4.2 Introduction
	4.3 Demonstration and extraction procedure
	4.3.1 Assumptions and demonstration
	4.3.2 Two-port common-source case

	4.4 Extraction procedure
	4.5 Experimental results
	4.5.1 Devices under test
	4.5.2 Results and discussion

	4.6 Conclusion
	4.7 Acknowledgments

	Chapter 5:   Scalable small-signal modeling
	Résumé
	5.1 Abstract
	5.2 Introduction
	5.3 Description and extraction procedure
	5.3.1 Parameter description and relation with bias voltage, frequency, and gate width (W):
	5.3.2 Devices under test
	5.3.3 Extrinsic parameter extraction
	5.3.4 Intrinsic parameter extraction

	5.4 Results and discussions
	5.5 Conclusion
	5.6 Acknowledgment

	Chapter 6:   Large Signal Model Validation
	6.1 Non-linear Capacitance modeling
	6.2 Transient self-heating and Drain current modeling
	6.3 Model Convergence
	6.4 Circuit level model validation
	6.4.1 Simulation and layout of the HPA design


	Conclusion and Future Work
	Conclusion et perspectives
	List of Publication
	Reference

