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ABSTRACT

THERMAL EFFECTS OF GATE CONNECTED FIELD -PLATES AND SURFACE
PASSIVATION ON ALGAN/GAN HEMTS

Kar a, Doj acan
M.Sc., Department of Mechanical Engineering
SupervisorAssoc. Prof. Dr. Tuba Okutucu Ozyurt

Co-SupervisorAs s t . Prof . Dr . F. Nazl & D°nme

May 2018, 75 pages

AlGaN/GaN high electron mobility transistors (HEMTSs) are widely preferred in auteepoti
space, and military applications due to their superior electrical and thermal properties. However,
when operated in full capacity, their electrical reliability drops significantly due to electron
collapse, device degradation, concentrated heatingnauthanical stresses. To increase the
reliability and maximum performance of GaN HEMTSs, fipldte and surface passivation
technologies are used frequently. Although significant research has been done to understand the
electrical effects of these structareheir true effect on thermal performance of devices is still
missing in the literature. For this purpose, thermal simulations with and without gatpléitld

having different thicknesses of Si@nd SiN. surface passivation layers are performed.s€he
simulations, performed using realistic Joule heating data obtained from device electrical
simulations, proves that up to 6% reduction in hotspot temperature along with increased
breakdown voltage can be obtained by using gate filgtk technology in & HEMTSs operated

around 4 W/mm. Since the percentage of temperature reduction is the same for devices operated
at similar power densities, net temperature reduction will be higher in devices with more localized
heating with higher maximum temperaturesinathe case for devices biased with more negative

gate bias. Optimization studies performed as a part of this study suggests that while thick surface
passivation (>200nm for $.) eliminates the thermal advantages of field plate technology, thin
passivéon layers (<25 nm) decrease the breakdown voltage significantly and promote electron

leakage. Similar results suggesting the importance of passivation thickness optimization are

\Y



obtained for devices with thinner SiQassivation layers. Thus, significahermal advantages
are observed when gate fighthtes are introduced to the device if figldte length, passivation

material and thickness are optimized based on the device operation condition.

Keywords: AlGaN, GaN, HEMT, Thermal Modellingglectrec Thermal Simulations Field-
Plate, Passivation
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ALGAN/ GAN HEMT AYGI TLARI NDA KAPI BAJLANTI LI
VE Y| ZEY PASKVASYONUNUN I SI'L ETKKLER
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Ak g

Al GaN/ GaN HEMT <ci hazl arée ¢sten ésél ve el ektr

savunma sanayi uygul amal ar énda tam kapaSitede a ter
-alektereéeldeklaréenda &elektriksel dayanékl el ék
mekani k streslerden °tg¢gre¢ belirgin bir Kekil d
performanseéene artteéer mak aym pasigagyloral teknblgilari | e v h ¢
yaygénl akmakta ve l'iterat ¢rde bu teknolojil el
bul unmaasjémeagy er - ek és él et kil eri hal a yeteri k
l evhal é ve | oedil,yize2yf prlsli @ aSyOnuna sahip ciha
ger-eklexktirildi. Bu sim¢lasyonl arda, el ektri
€s énma veril eri kull aneéel ar ak al an |l evhase k
seviyesindekmagksiamth seeak ile -°kme voltajénd
bu d¢kegkéen benzer g - seviyel eri dectronknapa&yneé o
voltajénda -al ékteérélan ve daha yojun ésénma
ci hazl arén net sécakl ék dejerlerinde daha y¢k
ger-eklektirilen opti mi z gpagivasyond (220 m Blai¢inkr éna g
uygul andéjeée zaman alan | evhasénén éseél avant a
(<25 nm) -%kme volt adedranka - df ¢ g% v bk eka@mamidani r
kal énl eéj & opt i mi zrarsbgnaensomuciandaBanneerfiCas i & sy en kat m
i-in de elde edil mixktir. Al an | evhasé wuzunl u]
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edi |l diji taktirde, GaN HEMT <cihazlarda al an | evhe

sajl anmexktér .

Anahtar Kelimeler: AlGaN, GaN, HEMTS & ¢ glkd @&lk m pEtelarbtermah®mulasyon
Al an L Ragivasysné
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CHAPTER 1

INTRODUCTION

1.1 AlGaN/GaN HEMTs

In late 1970s, improvements in molecular beam epitaxy growth technique and
modulation doping along with a strong interest in quantum well structure led to the
production of depletion typ®OSFETs[1]. This introduced the idea twontrol the
electron movemerit a multilayer device. Later, Schottky gate contact is added to the
overall deign creating thénigh-electronmobility transistor HEMT) layout[2]. At the
beginning, HEMTs were based aiGaAs and GaAs semiconductor layers to create an
electron depletion regiopmany research laboratories started to develop newtgies

to improvetheir designg2], [3]. As a results of those effortdEMTs were introduced

to military and spacendustries by1990s and entered consumer market in satellite

receivers and emerging mobile phone systeiji$5].

In 2000s, withthe improvement of deposition methods such as metal organic chemical
vapor deposition (MOCVD)growing GaN on different substes became possible and
first AIGaN/GaN HEMT is developefb]. Shortly, AIGaN/GaN HEMTs became one of
the most investigated solgtate electronic devices in power electronics industry due to
their high radio frequency (RF) power densitieshhadectron mobility and breakdown
fields, and wide bandgapg]i[11]. Breakdown voltage is the minimum voltage value
required for a semiconductor to become conductive amdidap is an energymge
where electron states cannotist, which is the energy state between the top of the
valence band and bottom of the conduction band for semiconductor matoihlof
these properties are critical in designing power electrofaisle 1 gives the nerial
property comparison between GaN, GaAs, Si and Gdinpared to GaAs, Jand SiC;
GaN hal higher thermal conductivity, higher critical breakdown fje&thd wider



bandgap making it more durable against breakdown and burewah at high power
operation conditiorj&2]i [14]. Due to theirsuch capabilities, AlGaN/@N HEMTs
replaced silicon LDMOSs and GaAs pHEMTs in RF applicationsdacdme populan

automotive, defense, and space industnigecent yeargl5], [16].

Table 11 Material properties of GaN, GaAs, Si and Si3-[11]

Thermal Conductivity] Breakdown Field Bandgap
[W/mK] [MV/cm] [eV]
GaN 180 3 3.49
GaAs 50 0.4 1.1
Si 150 0.3 1.42
SiC 450 4.5 3.26

GaNelectronic devices market reached to88b in 2016and is expected to grow with
a compound annual growth rate d7. to reach $.43 b in 2@®4 according to
Transparency Market ReseardNith the increasing market share, AlIGaN/GaN HEMT
performancealsoincreased dramatically reachidg.4 W/mm cotinuouswave power
density[17], 10400V breakdown voltag€l8], 65% poweradded efftiencies at 10 GHz

frequency[19] and maximum opeation frequency of 100 GH20] in recentyears

Passivation

Field-Plate|

AlxGa1xN Barrier

GaN Channel

GaN Buffer

AIN Nucleation

Substrate

Epoxy

Package

Figure 1.1 Crosssection representation of a gate fipldted AlIGaN/GaN HEMT multilayer

structure.

2



High power density capabilities of AIGaN/GaN HEMassefrom multi-layer, vertical
stackedstructure of the device. Figuel shows the crossection representation of a
gate fieldplated AIGaN/GaN HEMT multilayer structure. Brrier (AkGa.xN), GaN
channel and GaN bufféayers areggrownon AIN using highpressure and temperature
MOCVD technique AIN thin layer is used as a nucleation layetwsen substrate and

GaN buffer.Beneath this mukiayer semiconductor and nucleation layer stack, a thick
substrate layer is used and bonded to device package by using epoxy. SiC, sapphire, or
diamond can be used as substrate material depending apgineation and necessities.

In high power and high temperature applications, expensive diamond related materials
are preferred to thermally manage the device and increase reliability due to high thermal
conductivity of diamond. On the other hand, SiC snalbs materials can be used where
cost efficiency is the priority instead of operation capability under extreme thermal
conditions[21]i [23]. Barrier (AkGaw-xN) layer isolates mekacontacts from electron
channel, creating a barrier against electron leakaggosite electrical charges of AIGaN

and GaN semiconductor layers in the device generates a negjai@GaN channe&Vhere
electrons accumulate between these two fageratig a charge densif4]. In general,

crystal structure of GaN channel layer has less defects compared to GaN buffer layer.
GaN channel region crystalline structure quality is critical since electron transport takes
place in this layeDuring deposition process, GaN stal structure above AIN layer has
lower quality due tofabrication technique omaterial interface antthe quality of crystal
structure increases with increased thickness of GaN. GaN layer thickness may vary
aroundd.5- 4 um depending on the device des[@5]i [27]. Materials with high electron
conductivitysuchas Gold, Titanium, Nickel, Copper and Aluminame used to deposit
metal contactsSource and draioontacts areeposited otop of thebarrier layer by high
temperature annealing to decrease electrical resistance of the contacts by increasing the
absorption rate of AGa..xN during processcreatingthe Ohmic contactsate contact

is deposited by low temperature annealing to prevent absorption through barrier layer to
increase resistande createSchottky barrier. @nerally gold is preferred as contact
materialto improve device performand@8]. A nitride or oxide passivation layer is

deposited on barrier layéo prevent electron leakage during operation.
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GaN and AlGaN layers are grown with a certsfgontaneougpolarity as given irfFig.

1.2. Growth of AlGa..xN on GaNcreates a compressive strain leading to a piezoelectric
polarization. This polarity dominates device behavior and results in a net positive charge
at AlGaN/GaN interfacenside GaN channel as shown in Fig..JAhy appliedvoltage
difference between drain and souroetal contacts generatas electron flowat the
material interfaceinside this electron accumulated regjowhich is also called two

dimensional electron gas (2DEG) region.

Ga-face N-face

[0001]

Substrate Substrate

Figure 1.2 Schematigepresentation dbaface and Nface GaN crystal structurg9].

Formation of 2DEQanalso be understoduay investigating the energy band diagram of
AlGaN/GaN HEMTs. As seen irig. 1.3, AlIGaN and GaN layers form aiguae junction

due to their barghp difference and polarizations, creating a quantum well at GaN side
of the heterojunctiorilhis difference of conduction band and Fermi level trégsti®ns
mowving fromdopedAlGaN into the GaN layedue to conduction energy band difference,

causing 2DEG formatian

Al Ga, N GaN

2DEG
q@b I t —
TA AEC 1 E{)

Figure 1.32DEG formation due to energy band differences in AlIGaN and GaN heterostragisre.

barrier height, @ is penetratioaa @Endudiombandb nducti on

offset.[30]
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With an applied voltage difference between drain and source cofWagdi®lectrons in

2DEG region moves with almost no restrictiorhis condition, where no voltage
difference between gate and source cont@¢ty is applied, is considered as open
channel conditionTo manage the electron flow through the 2DEG, gate voltage can be
adjusted independently fronp. Applying a negative gate voltage{¥ 0 V) decreases

the energy difference between conduction band amchiFlevel,creating a depletion
region in the channel andading to a decreased current in 2DHEGhe gate voltage is
decreased further, electron flow can be restricted completely; putting the device into a
Api-oth o Thus, ehanmel current iedendent both ond/and \&.

I, (mA)

0 5 10 15 20

V. (V) = = = Simulation
ds eeee Experimental

Figure 1.4Device current and drain voltage-Vp) graph for different gate voltage valygs].

In Fig. 1.4, a device current vs. drain voltage-Vp) grgoh is given. Two main
characteristics ofpbVp graph can be observed from this figuFérst, device current
decreasesvith decreasing gate voltage. As device reaches to jffcstate, channel
current decreases and after a certain threshold it completely shuts down. This decreases
power output of thdevice since power is directly proportional to device current. Second

for constant gate voltage value, a linear behavior between device current and drain
voltage can be observed until a certain drain voltage vahis.region is regarded as

linear regon. If the drain voltage is further increased, device cusattrates. Thus, ith

region is regarded as saturation region. Mtleage required fosaturations called knee

voltage, \nee



High power densities obtained from AlGaN/GaN HEMTs cofnes the high rates of
channel current during operatiddue to its wide bandgap, 3.49 eV, GaN can withstand
high rates of applied electric field as the energy difference between valence and
conduction bands are high, meaning the energy required to pramalence electron to
become a freely moving conduction electron is higher compared to other semiconductors.
Moreover, duedo their high electron mobilityelectronanside GaNchannel layer can
reach to high velocities under a strong electric fEddlown in Fig. 1.5High velocities
combined with the high breakdown field results in a high saturagtwciy, making
AlGaN/GaN HEMTsmore resistant againsigher power outputs compared to other

semicaductors as shown in Fig.5.

10 T L B R B N | T T LI B T T LML B

Velocity (x10 7 cmisec)
-
|

'l /'I Iﬂ'l LE 1 I 1 L L Ll L III 1 1 L LA L L
1 10 100 1000
Electric Field (kVicm)

0.1

Figure 1.5 Carriervelocity according to electric field for AIGaN/GaN, GaAs, Si-8H and 6HSIC
[32].
The saturation velocity strolygdependson temperatur@as shown in Fig. 1.6Even
though GaN has low electron scattering, increasing temperature increases electron
scattering and decreases saturation velocity. During device operation, heat generation
inside device channel occurs due Joule heating. The amount of heat generation
increases withricreasing device poweleading to a decrease in devicerrent and

performance due to decreased carrier mobility. Thus, preventing temperature increase is



the key element to obtain high powdansity and efficiency. Carrier mobility behavior

with increasing temperature is givenHig. 1.6.

10000 n T T T T T T T T. LI I | I? 10 "’
) i ® mobility . &
T i & Sheel Charge Densily i 15 g
& Soee, E I
£ - % ] 2
g ¢ 410" &
= - E W
= ® 3 ED
=) =
= ° ) g
O B N
=) QOO0 Q00000 000C O 000 C%o _g 10 3
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. N
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1000 i 'R B T A A I | | L T T 12
10 100 1000

Temperature (°K)

Figure 1.6 Carrier mobility dependency of AlGaN/GaN on temperaf823.

1.2 Electrical and Thermal Degradation

Even though AlGaN/GaN HEMTs provide promising outputs; electrical, mechanical,
and thermal degradation mechanisms that define the reliability andtmresato-failure
(MTTF) of such devices are still being investigatdslmentioned previously ne of the
most important features of AlIGaN/GaN HEMTs is 2DEG formed by the electrons
trapped at the interface oha AlGaN/GaN heterostructuri24]. Electrons flowing
through 2DEG areestrictedby the applied gate voltage ) that is responsible for the
abrupt change of eleatal field at the gate edge of 2DEG that can cause permanent

current reduction due to strong piezoelectric effects and current collapse.

Permanent current reduction is caused by the electric field formed during the device
operation which generates hightas of piezoelectric strain inside the device causing
irreversibe damage in long term usd@a3]. High rates of piezoelectric stress defects the
lattice structure of the devicereating new trap states. New trap states induced to the

device reduces channel current by trapping electrons in a permanent way. Piezoelectric



stress is related to the applied gate voltage, hence for differerbigate conditions
reliability of the deice may change significanthAlGaN/GaN HEMTs have a threshold
gate voltage value where tinte-failure (TFF) is lowest compared to other ghias
conditions.In Fig. 1.7, a typical graph for gate voltage dependence oftirfia@ilure is
given for varios drain voltages. At open channel condition, electrons accelerated by the
strong electric field are injected towards AlGaN/GaN interface, in either AlIGaN or SiN
passivation layer to be trapped permanently in the generated trapMtatesver, with
increasing power output, energy of hot electrons in the chanoetasestesulting in an
increase in electron injection raléherefore, taking biasing condition into account while
analyzing AlGaN/GaN HEMT reliability has a great importance to improve HEMT
desgns. Their reliability is highly dependent on operating conditions throughout their

lifespan.
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Figure 1.7 Gate voltage, ¥, dependency of tim®-failure (TFF) for AlIGaN/GaN HEMT$34].

On the other side, current collapse causes a temporary reduction in the electron flow
caused by the trapped electrons inglte already existing trag80]. Even though it is

not permanent, current collapse can affect the device up to several weeks and cause major
power loss inside the dee by decreasing saturation current and increasing knee voltage
[35]. Already existing material defects act as trap states inside crystalline structure

resultirg in current collapse Another mechanism effecting device performance is



electron leakagewhich is the unintended flow of electrons from 2DEG to electrical
contacts. Since electrons escape from device channel during leakage, device current and
power output decreassggnificantlyif electron leakage is not preventedeposition of

a passivation lagr canbothreduce current collapse aatkctron leakage.

In Fig. 1.8, a summary of device failure mechanisms for AlIGaN/GaN HEMTSs is given.
Different areas inside the device are prone to different failure mechaassexplained
previously Each ofthese mechanism are created by either electrical or thermal effects.
Electrical failure mechanism consists obtirrent collapse and permanent device
degradation which are both trap related effects. In both phenomena, degradation is
caused by the trap stateeithercreated from the deformation of the device due to

piezoelectric strainer already existing traps

Schottky contact: Charge trapping:

normally stable at 300°C effect of cap, i
no gate sinking passivation, surface Ohmic:
effect of DC bias preparation thermal
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T, > 300°C
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Hot electron-
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Figure 1.8 Summary of device failure mechanisms in AlGaN/GaN HEMZS]

While permanentevice degradation and current collajpse major factors that affect
reliability, they are strongly affected by device temperature. Thus, thermal management
of GaN HEMTs does not only effect the reliability of the device, but also its performance.
As a gate voltage is applied to the device, electron flow inside 2DEG becomes restricted
creating a local high resistance regidrnis resistance causes sudden changes of the

electrical field, thus high and localized Joule heating in the same rdgige.heating is



caused by the energy dissipated from carriers to the lattice, increasimgslatti
temperatureThi s | ocali zed region is calhighdyd t he HfAhot
localizedheat generation regid86], [37]. Hotspot formation is considered as one of the

mainreasons foreduction of device performance afadure for GaN HEMTssince it

effects mechanical stressebemical reactionsand electron transpoproperties[38],

[39].

Hotspot is located in 2DEG, where electron flow occurs, at the drain side of the gate
contact as seen kig. 1.9. High rates of change in electrical field is generated at depletion
region, depending on the gate voltage. Hot electrons flowing through channel gets
accelerated by the appligttain andgate voltagegeneratinglocalized Joule heating
inside thedevice.As the operation frequency of AlIGaN/GaN HEMTs are low, device
reliability problems significantly decrease by reduced hotspot temperature. Mean time
to-failure (MTTF) is obtained to be §@nd 10 hours for 450 K and 500 K operation

Field-Plate

Source

AlxGa1xN Barrier HOTSPOT
2DEG

GaN Buffer

Figure 1.9. AlGaN/GaN HEMT schematic showing 2DEG region and hotspot formation.
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temperature. Hoewer, with increased hotspot temperature during space and military

applications, MTTF decreases significantly.
1.3Current Technology & Reliability

Different techniques have been analyzed over last decade to overcome these failure
mechanisms and increase @ierdevice reliability. The main solution taeliability
problems was to regulat@muniform distribution of the electric field in 2DEf&gion,
whichis triggeringmany degradation mechanisanrsdlimiting the voltage performance

of AlGaN/GaN HEMTs.Two man technologies to increase reliability by decreasing
electron leakage, current collapse, and device degradation arpléisdcand passivation

layer.
1.31 Field-Plate

By the implementation ofthe field-plate technology, higher breakdown ‘age
performance is obtainefB]. Source and gate connected fipldtes with different sizes

[8] and shapef], [15] are examined to reduce and spread the @dwid in the 2DEG
region [40]. Both in source and gate connected fipldte applications, fielglate
introduces an additional metallizati contact layer to the device allowing the
modification of some electrical properties of HEMT, such as electric field distribution,

electron leakage from channel, and breakdown voltage.

Electrical effects of the fielglates and passivation on the peniance of AIGaN/GaN
HEMTs have been significantly investigated in the p&s}L. Y. F. Wu et al[35] used

and optimized fieleplates to enhance radio freancy (RF) currenvoltage swings by
reducing trapping effects and increasing breakdown voltage. 32.2 W/mm continuous
wave output power density is achieved by implementing -fidtle to the device
compared to 12 W/mm obtained by conventional gate GaN HEMT.. Chiang et al.

[40] obtained an improved 160 V breakdown voltage by using-filte compared to

90 V with conventional gate structure. All those improvements are obtained with an
acceptable compromise in device gain due to regulated electricMfidRdankovski et

al. [8] simulated AlGaN/GaN HEMTs with different gate and fipldte lengths to
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optimize electrical performance and reliability of the device. A-timoensional model,
is used to obtain the effect of lileplate on electric field distribution and the research is

only focused on electrical effects.

Even though significant improvements have been made in electrical enhancement of
field-plates, an analytical study on their thermal effects, regarding a camblieetro

thermal study, are still missing in the literatuks.explained in previous section, device
failure mechanisms are highly dependent on device temperature, hence analyzing the

thermal effects of fielgblates are critical to improve performancel aeliability.
1.3.2 Passivation

On the other hand lextron leakage fronchannel is reducelly creatinghigh density
shallow traps at thdevicesurface and minimizing the formation of virtual gate, hence
eliminating gatdag. Variety of differentnitride and oxide passivation materials are
tested, to minimize electron leakage and improve device performance by preventing

device degradation and current collapse.

Similar to the research on fieflates, electrical effects of passivation layer are also
broadly studied in literaturé&s. Huang et al42] prevented significant current collapse
occurring inside AlGaN/GaN HEMT by using AIN thin film passivation grown by
plasmaenhanced atomic layer depasiti PEALD). Fig. 1.1Khows the effect of applied
passivation layewhere inFig. 1.1Xa) the output current is significantly lower for high
gatebiasing conditions indicating current collapse. After the application of AIN
pasivation layer shown in Fig 1.1d), current collapse is prevented by reducing electron
leakage fom channel.V. Tilak et al.[43] obtained 1 W/mm power density nease in
AlGaN/GaN HEMT operating at 4 GHz, 20 V bias condition, from 1.3 W/mm to 2.3
W/mm, by depositbon of a thin layer of SIN using plasma enhanced chemical vapor
deposition (PECVD)M. Gassoumi et aj44] reported significant enhancement from DC
measurements in AlGaN/GaN HEMT performance by using SiN/Sa#Ssivation layers
along with some minor disadvantsyas decreased electron mobility and saturation

current for high drain voltages. In their study, improvement obtained in device

12



performance is related to the surface states as explained in the previous $éction.
Ramanan et al45] investigated the effect of Si(assivation layer on virtual gate
phenomena and gate lag in AlGaN/GaN HEMTs. A simpieukition framework is
generated to observe these effects and a decrease in virtual gate formation-tagl gate
is observed. In another study, Y. Pei e{26] proposed a model to observe the effect of
SiNx passivation layer thickness to prolxC-RF dispersion dependency not only on
surface passivation, but also on wipassivation thickness. W. S. Tan et [@6]
compared SN, SiQ, SiO, and unpassivated devices to obtain their effects on electron
leskage. They demonstrated that $i® a good alternative as surface passivation even

though SiN4 gives the best performance inva current as seen in Fig 1.10
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Figure 1.D. Device current versus drain voltage under piafftconditions (\& =-5 V) for devices with

SisN4, SiQ,, SiO passivation layers and unpassivated device obtained by W. S. TdAadt al.

Type and thickness of the passivation layer also has an importance opldteld
utilization for AlGaN/GaN HEMTs. Material properties and thickness of passivation
layer should be analyzed considering the figlte effect inside device channel to obtain
optimal device performance and reliability. As thermal studies on passivation layer, a
researh to analyze combined passivation and figlate effecton AIGaN/GaN HEMTs

are also lacking in literature.
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Figure 1.1114-V4 characteristics of AlIGaN/GaN HEMTSs representing (a) current drop indicating current
collapse without AIN passivation appdl, (b) reduced electron leakage with AIN passivation applied
[42].

1.4Thermal Studiesof Field-Plates & Passivation

As discussed previously, reliability and performance of the devices are not only
dependent on electrical effects but also the thermal side effects, so such structures should
be analyzed in detail with a combined eledtvrermal perspectivélthough signifcant

effort has been made to characterize their effects on device electric field distribution,
breakdown voltage, and currentltage characteristics; little has been done to understand
theircombined thermelectriceffects. Since any change in electrioald will also alter

the Joule heating distribunoin the device thaits expected to affect the device

temperatures

Another issue about analysis of AlIGaN/GaN HEMTSs is the lack of case variety and
combined effect for these reliability solutiongds &perimental results can be obtained

on maximum temperature of GaN HEMTs due to high cost and time requirements;
whereas by conducting precise simulations, different outputs of devices with various
geometrical and biasy conditions can be obtained and gzald in a much more efficient
way. Today even the most advanced thermal imaging techniques havepddnal
resolutions compared to the hotspot siteus experimental techniques may not be

adequate to measure trueximaum temperature of GaN HEMTs. Evendely preferred
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experimental techniques such as infrared cameras,#Remoan thermography, transient
thermaoreflectance, liquid crystal thermography and photoluminescence are limited in
spatial and/or temperature resolution while bdindget and time consing A thermal
imaging example for therrmeflectance and infrared techniques are given in Fig 1.12.
Althoughexperimentation is critical to validateimerical anénalyticalmethodsa well
optimized and validated model can simulate various devices différent biasing
conditions, material properties and geometrical dimensions in a much more cost and time
efficient way. Moreover, especially in the case of AIGaN/GaN HEMTs, more detailed
and precise outputs about device performance can be obtainecualygcal methods
compared to relatively low resolution experimentation techniguesddition, with
increasing computational powesolving more complicated simulations with complex

boundary conditions are getting easier and faster each day.

Figure 1.12. Color scale thermal image oftt@rmoreflectanceand (b) infrared techniques.

Several numerical and analytical models exist iarditure, M. Darwish et al[47]
presented an analytical model to calculate thermal resistzndéGaN/GaN on SiC
substrate In this study, analytical model was validated using a numerical simulation
conducted in ANSY @&nd comparing the results with experimentation datained from
Kubal et al[48]. Nearly 200 cases with varying substrate thickness, gate pitch, gate width
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