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Since the fabricdtSigumi o thel®b8sbysiGl bbons:¢
[1],S4b a sdeedv ih@maése en, by far, t adehmorsotghwd dsed nyi aucsrec
i ndustry. -olxhiedee®i c oned @adt or field effect tran:
primary driver for the Sgr oMQShF EoTfs thhdee @i midguascthr
in terms of power denZi[8tAl ssonalif Inigthye sen lieeasfi fcie
reach its theoretical | imit in the coming ye
as . (i) low breakdown voltage, (ii) low satu
and (iv) higH9.delvoi caec cgcmsnims tf, adrsceav ks al new s e mi
mat erials have been developed to accommodat

provi deuthpgwthepower at higher operatiinegs Ivibol t a

parti cniltari,dd ldemi conductors such as galliur
attention in accommodating this need due to
11. . F O1 3ANRdzy R

To begin our lilNbasedgdefviorssedsimioae knowl edge i
devel opment of GaN t e;dhinoliomgy!| wsdad ett lea sunwold c@
appl i camarokilse .ainnport ance oft a@Gaasnidhiectwne $ &r opml
a compvairti s oontmpessteicmmigc onduc uert nma akirg@guarges odf Me
( BMs.)

111. 1 AAG2NE 2F DIb ¢SOKy2f238

Since the discovery of Gallium (Ga) in 1897,
mi ni maThe introduction to the most widely wus
devel oped unti It 1s9y3n0t,h ewshiesr eo fflHZa Nnwass egt od wmc
compound did not reach any significance wunt.i
producing small needliewveand gpbéereaksusceiyanat
cons[thntSuccessful and notable research into
not arilLsewhenhel first deposi ti on oifdeGa\Wa pwausr
Phase Epithky SodYvPBYf ter, in 18irag dhedéi ( ED
fabri[tht e&fchi s i s ofhea blegrigei ggowth in the G:

applications. The reason this devel opment we
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few semiconduct crapmbt er ioadl se ntirhhats niglse b £ b e p rher
i mpor thentomtpipddadodt iGate¢he driving for,ceewdnth

today

The i dea-ebéctar chn gmobi |l ity transistor ( HEMT)
aluminium gadnaaluim am@AeCaeds))HEMIEL The novelt)y
this structure is that t wo materials of di f

structure to formthlecdhtamnmel ums ofp pasTdid st eresw
struicntur @dhuec eiddea of dopanthe ngemite @md patewrenn
woul d cause debyeedudamggleielvirteye nanbd | i t y. It

1991h@aN technol owgyt tinciasu gnhetwlup di scovered strt
progr etsldéeeore |l iorp me nan oMh eGa N hbee-@N rAd tGamNd rGaaNl |HE M
was produced vimacraeét ¥laponungadighpbcihd coac( MOCW¥D
to GaNO6s success today was al sas dasceselredo
technol ogical 1 mprovements toward® WwWafjér epeo
density channel at t he Al Gad\i/nBearNs iiomtad r fealceec,
(2DEG) was also discovered in 1991. From t hi
gained by academic research and immdestownei wa
achieved in the,whmsNl CaNUGaANYHEMT 200€0Ohnol ogy

ggown on Si subs[ilfatTehse Vii aOFHO CBDNmMablalsyeed mo du
dopedeffietctd (tMGDNFSE T tadwraisc at[eda t mol g5 t he fir
invol vi n-QFR o fbmbdleldg dewas not supfitted until

More recent devel opmendg sl ebvag n® p EGch NEMAG é v hwalh e
oper at ebsanat (KR GHz to 18 GHz) thf@dt®$ aTchhiiseve
technol ogy WadN tc@amadadnya&n Gia N/ GaN HEMT gr own ¢
(Si.L.CIransphorm establ Vs lcaotsit® ed gM0r0ctet avnda 16100 i
GaM fSi i {2 0ADso in 2010, the first commerci
introduced by | AtethpsapbaghRgcs$ o pnioiensotliictahtiecd
mi cr oiwatveegr atMevl Cha r clue d -4 wihtaommon ¢ It ikbtahsiecd GoaoNwv e r
deviwase produced, doubl i n-githéeret s dialsiedltoeangyr stpedck
power stdxyJe @Tkvscwas the highest operating v
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t he ti me. From t-basedatdggptexpmmehnt iGaINl y i ncr
became a viable solution for more applicati
bet ween Fujitsu Semi conductor and Transpho
applications were i ntrnoedw 86e0daiNntde vi ce marak é ©
the worl dés first phot eswvmalltlaiAC paodwaeprt ea cn dihti
moti on cohdnmnilt,y hpaogwer supplies forl egedrmsonal

equi pment, gnpd many mor e

112. 2 K& DIFIb ¢SOKy2f238K

GaNs a materi al t hat masm yu ssedniicro ntdlhue t pr o dayp @l
| ater de®freibedhnol ogy has demonstrated that
commonl!| idesieda sr dage | i cati ons. The | i8S tatio
devices prevents the i nSdepRasleheofef power Gad&lpa
emer ging texaxmodwagrycdrmatt fe bgavwarayii oWist hofi t s
abilcoydtaotuch highkhércdemmisgheob Vel ati ayl ow p
cost;haGaeN devioneseasing its val 2ef AW The se
foll owi ngcuprriteessetnd esptae onal aprreeppohbsebl ehdabr t
of GaN technol ogy:

T A |l arge breakdown field is achieved fro
particularly wuseful for high power appli
fiedd, and Wandga@ifven by

y (1.1)
(0] pdic pm —0 707

Whenies t he char gei soft haen peelrencittirt®ingihtey i onfp uG:
density concentration.

f The high electron s@tur.aMmidom!ate!l DA t kK, oif <
particularly desired parameter for high 1
dependent par ameter t hat i's enhanced <con
expl ai 8edtZioin. However, for bul k bseémi cond

cal cul ated by:
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U ~
oy h - (1.2)
p O ooﬁn
wheu g is the electron sad ursatai amo dwed | oocairte

specific to the semi'tfiondtultd olratmait ee i tad Mmue

1T GaMas the ability to operate °Q)RdexB[extr e
when formed into a HEMT $tegqoaeuocpowmRldohgg

capabthisies, significantly beneficial for

T High quablasteyd GlaeNvi ces can be grown onto

result, GaN production cosit®egammadYynnitder

appliscati on

1T GaN is a direcwhaemram dadglap ineantadr ieanler gy i s

into excitons. This is particularly wusef
appl i cTahtbiaonndsg.&p N3o.fdYal | ows f or photons of

wavedgth (blue Iight) to be emittel@Bupon

which all ows GaN t.d hlmenldugsaepd iass cao nbvleunei elLnBD

violet (UV) region which meiatnes ttch atth e | ceocnt

Tablllle A comparison of GalN amad eortihaelr pcroonppeertt

i ndustry.
Property GaN Si 4HSi C GaAs
(Al GaN/
Bandgap,
3.4 1.1 3.3 1.4
m(eV)
Breakdown el ectr 2.0
0.3 3.0 0. 4
i ( MV Bm (5.6)
El ectron mobi l 900
140 700 8500¢C
H( c’v™ 3 (2000)
El ectron saturat 15
1. 0 2. 0 2. 0
Ovile 1 Oc mYs (3)
Ther mal conduct
1.5 1.5 5.0 0.5
F(W €
Dielectric con
8.9 11 10. 0 12. ¢
E,
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band when exposed to UV 1ight wi t h >3 6 ¢

exceptioa&€VIigegeotdor s.

Il n addition, a comparison of thedHhaearndgmeal a
pol ySiylpieconSig@r&adis S h[BW®BLAht hough GaAs need
t o roaptee as a device, the mobility provided i

| arger than Tihfe siet pweorpee rttda peesd .ad d wiwc eGsa Nt 0 oper
temperature and high pressur e eonfvifruonncnei notnsi nw
note, AlbGasNddcadevi ces have enihsanicrecdr epa sbepde rtta ¢
Vistand i s i ncc@ alsbe dhl.s50

113.DFb ! LI AOLGA2Yy& YR al N} Si

Gaased devices have been | mplnesme nstheodw ni nbtyo
nitrides devi ce apphliigdd teisoulcshd feasa) dimiagrioyge v e n
RF, renewabl e eUd¥h-gRBRns arcdosmb bsiwvrev,e-l | ghnhceg,
we a tshyesrt e ms, emwi esooitndeinrt da,l r aMA S shHtaadtSi/ s, ul
wi beand commun-nociasidiiemal ébhevmp g@hat ursee,nsmirilsi tfarr
harsh envbrohmgeoabk [FR[SE aThleo B mtpieltseh otwls e
significant -advendegesaterfi dlld over <conventi.
device par amemaerys .UKAsana riens elstuathi @SsyadG aedhosmp a |
Cree, I nfineon & Panasonic, Toshi ba, Fujits
NXPBe moonducDyrme®x f 1 &as malt XX ,, Thal egt,c GMMI C
substanti at hegi n nicmea Siamienstesa rtconwaarndd gai ni ng
hi glhev el rfodndbspskom exampémi, c NHBAScCctsprent over
in 2014 on the pGaNedtEWWEHddhholdagyt obdn, t he
governmenfommidssE®nsupporting academia to k
devel opmé&mathl ecth nbf@wogryovi ding more funding gr
closer coll abor atamnd si rpbdt,SvMefBW|[ a&Bmadmngprhiea o f su
actions is the OUK Piowelr GAd&ND T o &Ko rutniiwmr sh.
compalhesThe mar ket value ekpomesti alelvy ciesc r:
esti mambg 26&20d 3$1.[EN by 2027
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2 Johnson's FM
Sic 0 Si Wind turbine
Breakd z S 3 , N
revo';vs: - & 3 Keyes' FM Rall Traction
: s
Electron
B O e
velocity : r 7 1/ Rem
ot UEWY o McPowermpple
Electron mobility - e | GaN-HEMT A4G-BTS

DC/DC converters & Wirless chargers

‘||i|

| 2004' 2nns| zuus| zuo7| znnsl zom] znw| 2011 | zoizl zuu| 2014| 2015‘ znlsl 2017 ‘ 201s| 2019 | 2nzu|

Fi glulr eeNildtri des device appl icattieornns grrooawdtnie
i nset shamwiss@an cedmpGa NSi 4ddmpd wea AsRFh [bg.ha n ¢

1.14. CA3dNNBa 2F aSNA

I n addition to the superior mat ©®Ms abhpwophe
val ue of GaN in &acHhROMessod fapplhematc hmaski ng

with respect to diTfhfeesree nREOMspptlalceati mtno types
materi al properties that ccatiiolmutte pteowerads
ai med tTowahdgher the FOM value th

(¢

hi gher pe
in the rel etviamd application

To begin, Johnsonos Figure of Mer it (JFOM)
perfor mareaore cohdwactsor matwenri aappilmchigbns op:
frequdhei el evant materi al properti ¢28 are ac

0

143

(1.3)

0 "O0 O

whe®e s btrlreeakaloavant ri @& fiiseltdhe &haédctron satur at

Secondly, Balkiquaeds yHIFglure of Merit (BHFFOM]
of feifdled¢t transistors at hi ghhswvhegeeswyt pbi
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|l osses are dominant, showing that significan

BHFF Q3R

W
6 0000 00 —— (1.4)
TW

whe'ries the charge icartrhieergamebidlriisvyet hveo | it raggek d

vol tage.

Final Kgyesd Figure of Mer it ( KFOM) i's used

switching behavi our imft etgrraan ei@$t®d rrsc uwhen (used

1

000 O _ — (15)

wheries the thermal ¢deduwetl (olcifiigl), ofannld gthe

di el eohstant

T a bl.2egquantitativelydepicts the suitability of GaN and other competing semiconductor
materials in a range of application types with respect to various FOMs. A JFOM b#3100

and 324 400 for GaN andiH polymorphism ofSiC, respectively, shows that both materials
dominate in suitability for higipower and highHrequency applicationg81].Ga N, however ,
superdHsn Ct and al | wvhkeer cooppetedt wi $h BHFFOM
34 times the suitability as Si, 1. Bhe oomrRl. 6 t
FOM tt hheas been used for comparisdmiwheése d@GaN
the | arge ther m&i Ccoondpartiedi t®a MRaiNg HHtoiwlelv e .,

Tabll2ze A comparison of the various Figures

compefipt or s

Property GaN Si 4HSi C GaAs
Johnsonds Figure o 760 1.0 180 7.1
(JFOM)

Bali gats ediugimcy Figur 77.& 1.0 22.9 10. ¢
( BHF FOM)
Keyesd Figure of 1.6 1.0 4. 61 0. 4°¢
( KFOM)
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| arger than Si andd483Si5Ctiisnemudhh altarof ©&K.atAlsa rb u

Regar dl e spag wefro r afnidie giui egnhc y  latplls le ime & o in o nGeatNo risn

partiacwel dra,r superior to that of Si
1.2. wkidA2ylfS

Regardless of the sNipaegsddrdewirdeos maarce mpdr tlil
HEMTs, achieving reliability at the same tin
is a factor that is holding baedk pyodinek[pr ead
Recoverabl e degr adatadmaw e si. 3gt. a nccuer,r eanlt o ncgo | wiatr

degradati on, e. g. aang@aslse akeasg es t cawnrcree rotf nmeornd ic
rel iyabfid@thgerPsl mddi,t itohne a c c eosisl GaeNs/ i GatNaissHEMT s
required to be reduced in order to obtain op

Despite the increasing efforts tha\t dheavviec ebse e
a waeefliunedder stodndihreg underl ying physics and
' imitation effects is stildl |l aegeklyiabkhowwg
[6DPB6LThe mechanisms contributing towards degr
selhdatcihnagr ge amdapptimgenrequired to be anal ysce
underisntgalhod i denti fy t he pmg ntacgwd enkedcengaima,dsant icoomr
these degradati on mecharsiisnngs an ereedwl!tyo dkeer edl ® «

parametri.c techniqgue
1.3. wS&aSI NDK ' AY YR ho2S0OGA@Sa

| n Thheissi s, we evaluate the degradat-baseand
deweis¢ nameheyat(iing),sterhabprpgi@ngd (i iwii )t hsttrhaei mmi m t
strianducendeadselnfy effects on accesitseateisngstfamal
charge .t rTahpepsiengdegr adati on meahareind macnodt d ratprs
degr adatoitdin pofwedircmgdency (RHAHhrpeghotman ke ow
gained from understanding the degradati on me

t o I mpr orveel idaebMiimhciedryder tfoolalchiwiervge dbdg eéct it hes
1.1l nvest hgahtealtdinndg sntercahiami sms i n AluGaN/gGaN

9
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I nfrared &a&nh®R)-REqmke va yo nDiXf f r-aRDt)ieocnh n(oHR gy
under various biasing conditions.

2. To identi fy t he relationship bet ween de
Al GaN/b@GasNed .devi ces

3. For the fivesbobpweliemadagharaact eri satdiecroupéehn
charge trapping mechani sms, nameloyn el K

heating under nor mal device operation

4. I denti fy the prdmanadne graautbedbmdmn deevhnewl v de
el ectrical characterisation technique.

5. Optimise the Ohmic contadésgselodpiAlgGame Gap
techntol ogguce the acnoddmpa otver eeivstcean@er f or n
6.l mprokhke Schottky «c oomptta cntiesfathRiokeitgdl [tihseat i
schemer educeaogdrleanle@akhhgler equency capabil
7. Propose new tckeeviuoe sarwdh h stehveer aé p |l aacyeenmmesr
conventional HEMT to enhance the 2DEG de

devi ce.
1.4. hNBFYyA&alGAz2Y

Chapltderscri bes a background to GaN technol og:

industri al applications, wh at t hose applic
applicability in various applicatiomd hgpes
research carried out through this TheNis i s
based devices, the i mportance of under stand

characterisation techniqgeer é¢évebdbrechieaiemoperd. o

are accomplished throughoudthet Wiey i TleBii g lit ay ,d
the original c 0 n tNrbiabsuetdi odne vti ocwea rrdesl itahbe [liltly f
Thesis presents is discussed.

Chaptoér t hiisntTrheedsu ses a phycskige alu npdiNan@é ré thileead s o
The typical Wurtzite crystGalN satnrdudttwr ,0 ltalre s
are discussam-dielpt dmde BAe nGapNt/ iGoarN dfd sga d/ edve \tioc e
provide fundament al understanding of the de\

10
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Thesi s. |l ncl uded amattihatreh esfedityiis)a rc si 9 edin nex flh
2DEcGhamntelt he Al GaN/ GaN interface, (ii) the
the choice of substrate and contact metalli:
ver sus ottihreg < mdaeao nadducitdairosnu s s i mainn vwsa sawee & m
empl oyltealr act ¢eeicbhailigefdesmeasur i aogertabteemmpger at ur e
di stri(bhbaf rMamc®admami,ccResi sthanadatl ecdch@amr)ge trappi
(Phot ol umi nelicehh s e )Xua w drfaialkch ESGhr)estn seilteyct r on

mo b i (| Haeflyfi eacntdy VI characteristics (DEiaall Pul sk
current devel opment claadel egese dotrpedsmiNo & &le h n

research that follows this chapter.

Chap3ienrveg tvdandnuc ehde ag ¢ Infy effects on sob@ircel/d
Al GaN/ib@asNed amrdiiceterhpelaayi nogf asnedlhfprod airs smot oa
defined under st andicregs sofr etshest@amicgi egofadat.i
operatiitddnn AbGaNM/dAGaNTvh ecreesf onee £t it ggantpeemthh ur e
st rpariogfwii lteni n s mal | and | arge Al GaN/ GaN Trans
as Al GaN/ GaN HEMTs ansdgi-XRDAalndi t Rooaméya Al GaN/
are simulated ithd enpdarysthbeentdveteines ehed/a tcien gg eaon
pol ariCaht boatclewol ogy compuCABI mubdaedi desi gne (
show that hot spots of temperature at the ec
fi eAlldmoverise piezoel ecdadrce aesfd ewitt h sd eschroewans & do

to stress on Ohmic contacts.

Chapif ecuses on t hae ndeew eelloepcnietnetc aohfi paeasmwet c ha
drain and gate i Mdusedschacgmptrapedegiihgth
and undeanl ndevi cThe opangéei ownf. mi sconce,ptions
i nvestigating the cause,loefa ddecgsr aidoactsi are go fa dtart
using our newly Tdheev ed mpreade taercdh nd mqatien tr ansi ¢
under nor mal operating conditionsent mni bbutdiean
transient curwridgrmt tdhegrevelloltdasindmr oft h.eThei r st
dependency on biasing conditions for both bt

anal ysis of the current transient measur eme

11
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transient currremnitf dedrtad alte adh us tiawards t he

of device architecture.

Chappeoposabptsiemitsoattihoen sOhmi ¢ ansl Behlotakydey
architecouderi ntiose deigmpardoaxt e lotnh &inl@ia iNybGaesie d
deviTchees .out put of t hi sc orlelsaesorrcthtmiiiose rtshiet yr eosfu |
Swansea University .dmaeddetiivem soft yaodedat md @i
as an issBesiacCompltéeshkredstshmgudPhh mi ¢ cont act
barri erndl alyieir) overgrowing the-hflaGaMgAatefdrmrc:
proposition for optimising the Scnheottatlklyi scaotnit:
is then investigated to undeenmrdtamdapehgant iint
freqguleme yregaiuhed f r opmm otphoessiet itomes ar e exper i me
Finatld yenhance the 2DEG 8l motAdtGeadNimGh NI iHIEWMT

architecture 1Is proposed. This is @adedved
Al GoMr,ri(eiri ) AI' N spacer, andc@initir)) bun®aNtoha
applicability of Al GaN/ Ga Np odHvEeMTIs iafilthe qaigmliciy c «

requirements.

Chapétcemcl udes the work provided by each chaj

di scussion of the future works for this proj
1.5. hNARIAYLFEE [/ 2YyiNROodziA2y G2 wSaSIFNODK CAS

A variety of tpéskshlkeavenbeéebr aecsemrch const.i

contr sthouttihbpen research field are as foll ows:

1. Succesgafvielsityhgat edip@a©Oé imil i e cionn $Aa cGasNa/s@adN
devicHsnhegtde mper ature mapping bgsgem means:i
temperature at at H ®&In@ad D/gaa kel & cwsessd @dvbisceer v e d
These temperature peaks are shown to be c
i ncrease i n ttehmepecreantturree oaf the device. F
coupling is revealed to enfsamdee etdlyee tod mp d
Addi ti omXaRIDI yme alsRI r eomeDfittfsf uBsSB doinmu(l at i ons sh
reduchiebrai@hmitc thedtBad®dt s s found tthoe be t

12
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temperature riskasved hieviAt &a N/ GaN

2. Effects of d e vi-hceea t g enogmeet frfye cdh 1@ s & enl fdAd VGiad\d I
anal ysed wusing DD transport tnhoedelli msiitmeutliad
curreinM dmarlacteristics was found to occu
result of increatadabdttioa, tempet at ad e .p
device is found to reduceiierx oledregdrr i ke wifd
has a dir ecde girmapda2OE @Gnnd ethhsei t y wi thin the

3.A  new source and dc hanadtreencsh eetngto ec uhrarse n
develfoodb)edouphamge ftrroamplpe amtgfAnl gGaiNd GMNs HE
under nor mal Usivin g et lhipertagddlmi.queynddrar ge
vari ous bihaasv ec obnedel mii domask W& e @ xhcelaut€hnagn ge f s
carriers that are trapipekd twihaapspiibnege hei Ga Nt
to be equal to the diff@®r eanncde dbredd).vind ecnu rtrheel
bul k tmagmiitnmpde chanfjeund Boresult of dr ai
Additiowmraflfdge trappi ng misnasnhownecthmanbemt
degradatistmmvetidat i ag mechani sm iatnd tiitme mta
temperature sattwir@ae i Oa ndgd paemmpdeernatt uaore bot h
gate bias.

4. Source and drain Ohmic cdnthbaartrsi ear el agyteal
Al GaN/ GaN HEMT in order to reduce its con
density t hr ofAung hAltGael dewifga.o®Whmi t sage@antsact
propbsede dhueat isreg feffects near the contac

5. A TineNal i sati on schemeeqiuspsdteywped gtphieed ,AltCoa Ng e
barrier | anefBcchéebh iacerg hetr eddnudc es gate | eaka

6. Sever al optimisations to the architecture
appliedgfaded baepier ,l neGacNl uwshiaonm ell a yl eary,e ra)
2DEG density and mobility.

13
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CHAPTER Al Ga N /B&S<EMEVI EENDAMENT

An i1 nsitglet Al Ghh&Nd &daNdevi canflunttamehanbsteri sa
ardei scussed iFnrtshily,chapet phiMisematomeaovoeeo ai ss
ardce sbeerdincl uding cryst al structur e, t he mat e
effects pPr dosaesretd Ametsedrtiiapltsi.on i s provided for
of the qudanhteltree rwejl danlcd 0 oldh icewnrs iaosnaal 2DEGt r on

ofAl GaN/HEdWN s .s tTrhuect ur e, operation and growth
as the typical subfthradeairt bausc @ rdroe nraemwciee e
r Al Glaa&sg &d Nd e eivérsrsadh ehae, nme t asl d h exndettsieo ™Oh mi ¢

0
nd Schottky contacts are described, Tsoshowi ng
h

—

a

show the current performance hesp-atiddeiittsi es o
proviAdiedt itomead d tysagneds di s aafv aklt @Ggh/sGa N ihnet er o]
compar ibudrk bh@esialc hnoalrogeg veslr adati on me€hani s
heating, t r@ipipnbul)k s ur f a caaheknrsacpupsiusnegdn.er mor e,
descr impaoinmwmacstifavreact er i ssa tha@ues etther cohungihgoguetiTsh e s i s
summar i Biemal |l y, the challenges that are prev
devel opment of AlradNe GaNedHEMFsovi di nfg tahibsasi
research.

21.t Ké & N®ILIZNTIObALDRA:- G SNA | £ &

This section describes two commonblemde)d. clr

addition, the several matmartieali agr dife & toscrisa d &
di scusanxddi,di ng bandgap, electron drift veloci
and energy, and ther mal conduknaoawn tas golnadil

namely spontaneous andf Pplilelacoeégeplt 81 cegol ari s
211./ NB &Gkt { G4NHzOG dzNB

The crystal st-Nubased@d oémigcomugpudiAd GaAMaNt,er i al
Il nNBi ther (J-phaMue)t zabtl e(nighé acZe )n.c

The GaN Wurtzite Feargwsgteals, ai Isltuasbtlireataendd ihne x a g
nomentrosymmetri c; it |l acks inversion symmet

Ga and N, owing toeW¥V¥henl apopgqe abblaesnddgea psotorZui cBtcudr

16
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eV. GaN is most commonly wused in its Wurtzit.
in HEMTs. This crystal structiucrhe ailsl oawss of otrh €
t her mal resi stance. This is important to av

subj eotedt ense PCeati vefn dwerantm@®e®I| i ng of Ohmi
fabricatidheniibecEZynsntalmesttabletenmntfeae@ds cubi c ¢

structure. This structur< isemneoea ducrmhmars i(re.
and I6nBS®Y[ I n this TheNi s,n wd sf oMuud zorn eGf orm
crystal struct[ap 6R[f or our purposes

O Aluminium

O calium

Fi gareCryst al structur[feV of GaN i

212. aliSNAFf t NPLISNIOASA
| INls emi comdaucetraral s own exceeaenhitregh mp enotr iee sh et
domi natceo nowtemdarn onal. sTehm e nidruclt und eg hwied ee cht ar nodng
vel olciighy ,el ectgroomd mdlkeir mad gdsa mibg bk li g lyer mal ¢ on«
Knowl edge of t-Nemptepentbsessoesbkhtial for u
Al GaN/ GaN HEMTs.

21.21. F yR3IlF L)
The ba(@dofgap mat eri al is defined as drhet ani ni
move from th@)val eheecba@dctTihors kkamd be desc
di fference in energy between the top of the

of a materi al
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O O © (2.1)

Materials with | argensanderigaputit @* b@seVyenoel
conductors, and in between for semiconductor
structure is 3.4 eV. This all ows for It s a
Addi t idoinraelclty , bGanNls gialpe® mrftésorsuccess in the blu

The bandg@§lamoomfsi der ed tsot albdmestdhred rlneadl Ibyy t he f
equati on
| Y (2.2)

wheOg = 3.4 e¢We Dband= gOa.p8 amaltd= KK 0a0r eK empi r i c :
constants “Yios Ghd&,| andi ce temperature. These

gathered from the resed68ch into modelling th

21229t SOGNRBY S5NATFG +xSt20A6G¢8
The electron drift velocity is the average v
an applied electricprfapdrdt.y Itto ilse eesmslearta ead if
perform at high f-nhegsendMp.nt BsiCmg | oursi mol at
bet ween electron drift wvelocity and electric
300 K tol7ZWd ak,e di,BiagshzsehTohivane ar ity of drift ve
field decrealseasat r26ukV ofm pBlRarAlotphtdwah, pt
phenomenon vani shes at high | attice temperat
of 3cim'&®d 2’cBmlissl®daah 1%Mhdk\2 1cddm krvescprect i ve

This can be explained by the fact that el ec

satellite valleys by intervalley phonon scat
and momeng uimn rashilgher critical electric fie
the probability of electrbDmuscaitft ewe ngs s nme
separation energy foa banel ¢ aateir wem dtdom atlshieg vee a
i n tempercatiugiledalt rtihce fi eld i nwhebhseg hwewi tple ak
velocity Howeveased.he saturation velocity st
temperature range of FIiQgQ@Q3XKNod ee0 @ Koods aghew

18
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i ebt awmer our resul[fTB are compared to
Ll l L] I Ll l L I Ll I L}
3.0 -
@ 251 e -
g ]
e 300K
© 20 ; i .
X, o Sy o)
Fiy \ ; e SRS e
% 1 B v'.',-”,".:', 20003 —_:—_ Eﬂ);zeﬁ:rgzztsl measurements |
3 10 L4 21500 700K
74 £ —_
a>-'_ o prsa 21000}
8 o5 2 so0} ]
300 400 500 600 700 ;
Temperature [K]
O_OV l i I L l L L I L
0 100 200 300 400 500 600
Electric Field [kV/cm]
Figaxz eEl ectron drift velocity versus el e
from 300 to 700 K by a step of 50 K). T
el ectron mobility of GaN as a function ¢
(solid lIine).
1.00 T | T | T | T 1.82 L |
e=m==\lonte Carlo 2
Monte Carlo 41.75 ©
0.95 - == =Reference [70] s
S - 168 %
o [4]
<.,0.90 | o4
2 I 161 =
=) 5
%0.85 | 2
g 154 =
: 5!
©
0.80 . ' ' ' 147 2
300 400 500 600 700 3
Temperature [K]
Fi g2 e Saturation velocity of GaN versus

of7Pp(dash | iMenNt enCldrslbde)dlatla ne
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2.1.239 f S Gal2NaRAYE A (0 &
Similar to al/l sendrciofntduwxeloo c intayt epelaéshr ttrme
mobi)loft yGaN is tempé&r gdd4errovs peraaanteed Gadl o
cal culoaw efdi el d0 ma B Idiatnyl =altb’ci. The el ectron |
saturation ilsi lpb tstiear nwpeedmp aatit unraveetirelydy blyi miongi t udi n
phonon sThet meaeagrements of l ow field mobil
temper at ur et d0Odkke otfo 3t0MWe | i mi t ati on Wef t he
obsédrileaer ge drop of the UeFe&YdmMaomid ailofbcink. i tTyheb et v
Monte Camsloommpdata t or ex[plpiriomeientgy| good agr ee me

2000 ot ]
T [ N_=10" cm®
“> 1600 |- —(O— Experimental Measurements|
~ Monte Carlo
g N,=10" cm®
g 1200 |- — — Reference [71] 1
= Monte Carlo
S
= 800 %
o
L
L 400
=
o
—
0 1 L L L
300 400 500 600 700

Temperature [K]
Fig2dleow field mobility of GaN versus
Mont e Carl ol ddkcart(as ol iani Inbéc)mi( das hed

21249t SOUGNRY 9FFSOGAQPS aldada FyR 9ySNB@
Taking into account the el ectro@Qarsicatddemulngt
show that the eé¢mocdreneefyeceli aramass ti mes
considered | a(ft gpkteaentde qppeg[é At7 br e s

At | ow appl iledlevieelcetoreomthm r gieelcar ri er scatterin
acoustic deformation potents adn @e(dititmgruirng.y (
scat tAdritrhg sepbirobh,temperature is | ess than t
Therefor e, pol ar optical phonon emissions r
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mass are a
to higher
With highe

and retaesadagt e
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maj @ereoedctyr oA glared chhreytorcd,l el

energy

r

val,waes ebmn

t hei

ectror

coafliett ome

effectivet marmcrse bge eecahtaerrg ec ocla rirsii eo
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The increase of average elwrthimlea edayigyhdil tyh
el ectron energy remains | ow apd" | ovdieirseo t he
BoltzmanndsTlciomsitsandtue to the enampey icgai e et ct
fi dlednogsitpaol ar optical Fpbonohescatiterciahgel ect
cm tok/~32M0both polar optical phonon and int
|l ow rates. Hence, aclullsgeenearcgy agei mfbeqiemrgy:
32K cdms intervalley scattering eestgiabfFowhede
noteel astic scattering mechani sms such as

piezoel ectand ismmurtietry insye a teettneetoireige doohaanrogtee r s .

2125¢ KSNXYIf [/ 2yRdzOGAGAGE

The ther mal cormrsdudteh girtoypledregqd t edrotebkse guedf h

mat eHi gh power applicat ieodd sv idcheast lpiagshei € lné ama
conductivity material-sedbnugkeéfecabiviei t her ma

The ther mal conductivity depe@diency on tempe

Y (2.3)
= = OTT
Whereis the ther mal cadnducat ifviitttyi nagE gp3aér0a ndent aer

23yand paramet er Paltdnomar eaetl ®Biles tbreehtaev i our o
conducti victoymnoofn | syelVuesteadat es (i .AéO3) GwiNt, h Si e s [Be

to lattice t einfpiegr2atiteur e I s shown
SiC is shown to be a good <candidate in tel
temperatures. However, rteadbkgngdéds gbhegnitfeimg

addition,-bdased dewGadNe point of view, the inf
| arge ther mal mi smatch between the GaN buff

t her mal resi stance dtdetaHd yGaMN/oSi Qiigmt drefmpoea :

opti mal substrate, although, It i's very cCoO:
Therefore, Si C is the opti mal substrate to
woul d not e mahe imodteraoaneg of t her mal di ssi pa:

Ssubstrate-integsat-beneddd&aiNces inso Pespitag
| ow ther mal @osdukcltivonhyi dAfr ddra o paciadceda naspgn
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Tab2le Ther mal conductivity at 300 K and

thermal conductivity behaviour.
Materi al [ W il ) ‘
GaN 125 -0. 43
Si 148 -:1.33
Si C 330 -1.61
A }O3 23.1 -1
I ' I ' I !
\ GaN

— 300 "\ - =SiC 4

X _—--5j

§ \ =« =ALO, -

So0k O §

2 N\

o

3 N N

5 ~

O 100 |- N > -

E \.

= ...-"-. ..----

B -.-“'-—,___ e

-y —- emm e o

|_ .........

0 1 ) i W] B P 2. S
400 600 800 1000

Temperature [K]

Fi gaitModelheofmatt cdbhdmperat tye wHari aoat e s@as
Si, 90)QsiAlg model23pfakdutahé omal conduct
par amet Bal®lld r om

213. t 2f I NR&alF GA2Y
The spontaneous aoatdsapimeep 0ie na c A iGesds fMoE MaTrso f
that i s enhanced .bylThaitssiitWalr tehareacteunuics uire n
high electron mobility and all owing high po
het er osTthreu d QuUri@).c e p(i ez-o,el)ecatnrdi cel(asbi,&@ )par ame
for GaNNandhBaw@d2eane used in the calcul ati on
piezoel ect sstiltatpodrae ilsatterondi scussed.

Tab22e Structur al parameters for AI N and G
Mat er i == == it £ 3 F F
GaN 3.19 5.21 5.18 -0. 31 0.67 6 8 354
Al N 3.10 4. 98 4. 98 0. 6¢ 1.50 94 377
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2131{ L2yl yS2dza t2fFINRAFGAZ2Y
Thleack of i nvaeéarnsitohne sWummkztnge isttsr ugy raakeelseac t r i
and the difference in electronegaspountagneduds
polsatrilo hSpont anesats opoiarinduced by opposite
the faces eofcrtylse aWuyr tpzoisti ti ve sheet charge at
the other relative to the directionoonf the <c

This opposite shedtftboaegeei b ntaled etcdyt dfeoe ¢ aatni
atom to attiracth eeoBmda tNoms ) t it ehte-NodGaawsneds t o0 e x h
mi xed-covailient Heorces the 6aNj eom@adunred eicd ric
moment, a measure of polaritlyondsai compGaNdW
crystal is not perfectly 6ymameldat thiad g0),d dires ti &
are not ThgubkdEkoeear e opposfiatcee cohfa rtghees carty stthael
t hef a\c e .

Fogspontanesatudop@lcatthrere needs t o hoet dr adii fof er
of 1. 63t3nEOBiatém (af 64BE )GhN6@RILEY)ii Maebd3f7 T, t |
is clear tmat itheali.&f@oekesecurns for AI N that

therefore, greater spontaneous polarisation

Tab23e Spontaneous pobkafbsafl blnapdr &mblt

Parameter INN GaN ‘
e 1.6030 1.6218
by gL CAm -0.090 -0.034

For different materials, thée&i ghdeilshhmasws st pe |
l i near-l iVegarnadater pol ati on and t he second 0 |
polarisation in disordered ternary nidgride
par abolamnd moavweil n g7 platr acreent elres seen t hat the hi

constants between each ternary, the higher t

A6 0 GAdG p OABE & wp o (2.4)

wherfies t he arghaipt reanreyr ghgs rpcat hmebewij ng plar8amet e
eV, AIlI-3.ndN eV, a-bhd4.l aGaN =
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0.00 T T T T T T
E 02| I .
. nG
Q, GaN aN
-
je]
= .0.04 | .
.g InN
© <
C 0061 F - .
3 A /'/§§
3 ™
§-008| .
c ,
(o]
%3 AIN
_010 " | | " | 1 | L 1 " | i

030 031 032 033 034 035 036 0.37
Lattice Constant, a [nm]

Fi g2& e Spontaneous polarisation with resp
dasheldi nreesd show-lli kee amtserlgiadd dbtl eascrks how t he

second order in disordered ter.

2132t AST 2628 ONNROGAZY
Piezoelectrido d pol drniduateido smhiejne et emdad reariad ali s¢
Mechanical stress originates from the el ast.i
stiffness constant, natmeeadsmdrae sefsubhow @dhamhdhd
the crystal structure of a mateThalpiwhzmnelpe @
pol arisation is positive for when the Al GaN

tensile strain.

Te piezoelecteakcpbbaanedshyi on

- O W 0
V) CS(.D,— - - 9.0— (25)

whe-r@andare the piezoel &camd areo¢hkei el ast s c

Pol sarnii on effecta shati sEdmméiremadl pol ari sat
materi al I's given by the summation or di f f

pol arisation:
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C
C
C2

(2.6)

22.! t DI brk ISR 5 SPA OS { G NHzO (i dzNB

Thi s
Al Ga
Al Ga
Thes
tech
Oh mi
t hen
inte
ot he

rel i

The
i ndu
mat e

of a

The
di ff
l att
wi ||
stre
cons
X an
tens
to c

| aye

section provides fundament al i nformat.
Nib@GasNed devi ces. To begin, how a high d
N/ GaN heterostrucn,urteh e spreixnparayi ndeedv.i cFer oun
i s, an Al GaN/ GaN HEMT, is described in
nigues. The Dbenefits of various substrat
c and Schotttoky coomntradt svesed he operati ol
descri-b¥ taer t T hlel GatNdtGa N HEMTs t hat ar e
rnational companies are shown. Lastly, t
r materiwabhet,agdsehmsrotfiidagradati on mech
alriel idtiyscussed

221 HBAYSYGA2Yl tH DECEONVNIWK 200+ & 6

formation of aprR®dE&Er tcyhannaedle@asN@avigial T
cing straifna betehejgmewilon, piezoelectr
rial is induced. This piezoelectric pol e
high density 2DEG channel, to be descri
2211{ NI A Y

aoeebktween two sdmictleadmicc®rcomyteanst ,f
erent bandgaps, is known as a heterojunc
ice constants between Al GaN andofGa®aN si m
cause mechanical strai nrwgflhMerc h direi Ad IGe
SSs origi nabltelrsavbitoourth € hmateémisali cgoverned

tant, a measnmateeroifalh oiws .fi hTahred G\l tIGameNn | ialy el
d y bdiarxe cgttiuosnt r(ai def or mati on of {@The mate
i - sitnr AAilnGa(N i ncreases its | aosoefceGacNonst
reat e aT hhee tleatot)iwcmedtenti@mmoau ncth of strain app
rr can Db[éR@&!I cul ated by
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AlGaN
(Relaxed)
AlGaN
(strained)
‘ 2D Electrons Gas
GaN GaN (relaxed)
(relaxed)
Figax el l lustration of how Al GaN is str
U & W 2.7
v L $ (2.7)
w
_ wdp 1 (2.8)

wheiries t he amount .of strain relaxation

2212t 2f FNRAlF GA2Y

Piezoelectric polarisation ni & hiendwaded Ad GGaaN &
[BLThe and in a typical Al GaENuU SafNagHE®ST | &r e

negative,0 safmerasenBél e strain when thhe Al Ga

S inherent in bat hsAl BaNeaed, GaeNd uAElile@a N nb atrhr

-— QO -

-------------- -y O+

GaN l P, ™ 2nkG

Substrate

Fi g2ar0e Spontaneous and piezoelectric pol a
a typical Al GaN/ GaN HEMT.
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|l ayer, but not in the relaxed GaN buffer | ay
Al GaN | ayer and positived clhar he @ptosti hé vbof D
Al GaN | ayer is compr dogimselde fetcrt ai maend Al GlaiNs

are di sSeucstl3ie®n i n

2213HBAYSYAA2Y I fHREDBOGNRY DFa 0
The discontinui@®yami atth et hpeo lianrtiesraftaicaem iodi Al Ge
offjuant uar evaedllion , kKADBEG B e&rMhat ii onp ol tasn@c@n o f
energy band in Al GaNmGagYrHEMIEudter dtaiomyp bend
infl ubatepelaahi sat igumnh atno ovred tt he n .

For up to 35 WeAAlpicomacelndatartiioonpoltar ins dthieon |
band bemd, ntgherefore, 2DEG density

Thenergy band di agruam off tahebahsdatce rAd sGarNW cGa N
Figrae Therea | arge condoti.cd® bldonGla WA rfd et

GaWNhadreaasted due to the dAibfdeNaeamd e®aIN@ AT f i ni
an3l.etV, resBpth2DEGyd@&Encan ybe incgeaséedrwith

1 -2 T I T I T ' T I T ' T '
10 . e \jith piezo and spontanecus pol. |
LN == ==yith piezo pol. only __
b ® ® e\,
08 | . without pol. _

0.6
0.4
0.2

0.0
-0.2

Conduction Band Edge [eV]

_04 " | N | " 1 1 | N 1 " 1 i
0 100 200 300 400 500 600 70O
Depth [A]
Fi g2Irle Al GaN/ GaN energy band i agldaom dceomoc
ener gy8kband
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concentration ardfd Ali ii )n IAh GradNa sldo VR iIGiear 3 ar r i ¢
given by t hRoi Schorno d|Blk leavee e le r i ncreasing th
beyond its opti mal val ue wil |l cause the strez:
used parameters are around 30 thockDhe®BsAl Adar
€is shown to be greater with increased Al (
practicality as access resistance increases
contacts in order t owhrcehd uncaey tahlel caw cfeosrs, grreesaitse

and/ or an

Al N oexel .0 iasn bll &y er

}
AE,
e~ T T YRS T T E S3aev|
2DEG
AlxGa1-xN GaN

Fi gar2e Band

sty6aNt GalR bét At ostr ufca umat isd

AlGasN/ GaN heterojunction as a resul
N L} IIIIIIII L} IIIIIIII L} IIIIIIII L} IIIIIIII L} IIIIIII_
S N I A T I N At e
£ =T
5 N N A
o N
= P :
X : R pith
2 42 ! IREN IR
c 107 F ; P ! nifen 3
g : S NN ] [ I ]
; i s :
[ 2] sl i ekl o TRl bl ! ]
o} O i oo O |l eion =
3 [ D i O N —I b ' . '
10 1 IIIIII‘II I IIII\II|I| J IIIIIII.I.l II ll IIIIIII 1 Ll 1 1 11)
0.01 0.1 1 10 100 1000
Barrier Thickness [nm]
Fi gar3*x 2DEG sheet density relationst
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222 1 A3K 9f SOGNRY a2oAfAle CNXyaxatizN o

2221585 PA 0SS { G NHzOG dzNB
A practical example of the structure of an /
this device, a thick |l ayer of GaN (around 2
grown onto a substOsatbaeyt (hiere.( i Ji mo%ieC,ul amd blls
(i) met al organic chemical vapor depositio
growth technique as c¢hos e3aN ofrartohuen db 2fOf enrm) &
on top of the GaNhéagenceiyypactoafb haylpuenricne nutna g

AlGaxN is up to O0.40. Hi gher concentrations

relaxation of the Al GaN | ayer, reducing the
Ssheet dangiiton.alAl ayers have been i mpl ement e
the performance of the device. The foll owin

properties and purposes that are usedsin mor

T SubstiTaee Al GaN/ GaN HEMT i s -ntaytpiivcea |Isluyb sgtrroaw

Si, Si GQ3) .anTdheAlsel ection of tokactudrsdr ati
resistivity, (Lbi)YXither mapabdéed watf ievi sy z e,
1 Nucalte oniAatyleirs set of Al N, Ot d®BadM aadhpri §
grown on the substrate. These | ayers red!
|l ayer and the substrate. Hence, interfac

ther malstmece between the buffer and subs:i
from the 2DEG to the substrate. Addi tio
breakdown voltage by reducing the vertica
subs.trBhe choice of nucl eati on | ayers [
technique and substrate that is used.

1T BacBkarri errALakeck and | ow< A0. ICaNcARlayeat i 4

to 2 Om) can be used to rgduceAbeakagsuctbt

energy 1is required by el elxdarmroinesr tan dviegak
buffer | ayer.

T BufferiALayhearn GaN | ayer (>15 nm) is used a
a bhbhakrier | ayer. TIhli saddrenwsh an gas ntthuen 2w
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| f t her eairsr ineor blaacyker t hen a thick buffer
to ensure strain relaxation.

T ExclusidaA Lteygrthin aluminium nitride (Al
reduci ngc aatltheay enagt h t he @mMmnrdi ci mpa motva ctgs ¢
concentration in the 2DEG. However, t hi s
formati on, which degrades the source/ dr a
di scusSeedi.m

T BarrieriALahen LGayNe r( ~02f0 AlrRQ0,. 4n0h,eries gr own
the exclusion | ayer or GaN buffer | ayer.
therefore, 2DEG formati on.

T Cap Layerprevent oxidation and defect for
l ayer, the i mmglregmdmti amt iGaMN dfayaer (1 to 2 r

1 Passivatifon hbany esri 8iNgoonrnsttidpn(dyexi fde2
nmyrown after deovintienifra bsrei cdaetfieocnt f or mat i

dev.i ce

22225 SORIASNTF GA2Y
Thel GadlNHEMT o nsoiBdter m{ salr ceenddrqpaned modid i cati o
of mat-lmi c onfl eéftdodrcatnsi st or. TKMESREE&E met al t e
gi voefn whi ch t he tseauracmea!| amadd ed ruapi nof Ohmi c con
termisnarhade of a TBehdgewtlenysnaphaaed . more towar
sidasymmetrirccalucgatté)e thd gh el ectric fields |
occur underl tha ggeishndcsrael ans evsol ahler d&EMdswmandol t ad

reducesasehpphwi dhvnce.

An Al GaN/ GaN-sEMT oaar wdd h an il | ustgtaati @ namnnd
OFBtate conditiFon®Kléas)dsdmwyn réebpedtivveley u
throughout thisONhetshes 2DEGnNniosg maodt med wit hou
the gat ecgd ersthietaclhi(ngt B eMWYINt os tOFiE& MV i s

controll edscdbywhpphycogt¥ols the 2DEG sheet
state cYnrditM i ome, 2DEG will deplete, thereby

the device.
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The apgstoedriohe 2DEG sheet denstdsguioaetwel ta
(V9 , howevetrhe gooredimdstea ncctea grag ss howwbwer t i c al

conductedogpge banbde, at the mi HEME ng {d tag addd aam dA
(b) -sOGFdFthee r el ati ve distance between the conc¢
(O)i s i nfl Megn cTéhdi vék ycso ntdhudz & recdh e r g y i'd,whesnpect
positive, providing a |l arger 2DbEG.co@ldusitn@®nt
ener gyO,blyowae Pdsy itM g

oV Vbs < VrH Vbs
g e Q qu e r

Source

=
)
5SSt

Gate‘ SisNy aln Soucef Gatew Daln

GaN 2DEG GaN  2DEG Deplete

Si-HP (111) Si-HP (111)

Figar2 | |l ustrabasedoHEBaANwi th Al GaN/SaN
passivation when -stthaet ed, e vaisntda t(ies) i QF

GaN [AlxGa1-xN GaN

GaN [AlxGa1-xN GaN

F i g 2 Snfluence of the gate voltage on the energy band structure: a)ow > and b)

W <0 .
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2223{ SYA 02y RdzOG2NJ DN2 SO K ¢SOKYAIl dzS
Two ngarionwt h t,ecnhonlieqcuuelsar beam eprgarnyc ( MBEni
vapour deposiariuesed( MOCYDw Al GaN/ GaN hetero
SubstGenersal iy, UEBE reseamahl MOCY®Dsdass used f

producti on.

A a2t SOdzA  NJO&SIXo 9LIAGE E@

MBE grows the GaN materialinagssuafgset almeghal as
vacuum env iy b®hToenrt ,prleGsure that conserves t
vacuumi mg amuihand molbe apatpenss itcheatt hhmemymat er i al

The instruments used ithoi gzdref torinme It gna sy iaa ee d | fl
ability to produce 48nh aTombheagiln yt e hgrewitnher
t htteschniglhe substrate i s heated anddt sebsGah
from separate beams as relatively precise be
ef fusi onsfcreon ss hsuttetmer s t hat cover the Dbeams

mol ecul es or mor eGad;de rree,quma leeticautleehgt Alhe su

condense. The condensed molecules i mpinge o
determined by the effusion cell s, whi ch t he
forming iTehhesntdsal |y -thonmsr gat all lt,irmes lisslyewn o

FighlrZe Typi ¢alahn&n tdher Mbyvaeg effl)aygerowt h mode i

buffer | ayer growth on HEMT devices when wusi
@ ®
*  Molecular Peams
® / ®
Growing Epitaxsa - ;J ..:' . r_.' . ¥ e

Substrate Wafer

Fi garée Mol BeamaEpi tbalxayy eraygerrowt h on s
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Effusion Cell

View Port({up)

Gate Valve

Fi g2ar7 Mol ecul ar( BBREBms Epumantys used fbars ¢

Ther e

The mol
via Van Der Waals forces (phmygesd sbobetedsé§

bonds

surface

devices.

are several processes that the GaN mo
ecul es may become adsorbed onto the s

through an el ectron exchange process

the surface from energy provi d@BCdryt itrhei rsg bts

process, a second crystalline |l ayer is built
thicky@aNilsafor med. Unfortunately, temperat.
the substrate iIis the source of heat. This re
as the source temperature (speeg¢profvi hel enwluzs
energy for the GaN molecules to migrate towa

Ssubstrateshtpghtteemgetaeprovide sufficient flu

B.aSiNABFIEYAO / KSYAOlIdah/+B@WzN) 5SLI2aAGA2Y

MOCVD,

oor Yahmbp haseo epi taxy ( MOVPE) is the

compound semicondupcytrionlgy smast eorfi aolrsg avnioamectoa | | i ¢

combi nahise nih e tpercihmafrgyge owt h f oN wompawandy ad

chemi caolpag eapposed to physical deposition t
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MOCVD is ar mpcbcésstefi mmg owhewncampaltedmt o
much cheape[BV alTthearsnaitsi vieche t her mochemical d e
reaction -pwhade vapeamur sor s, e. g. the ugeseduws
chemically react with GaN, Whdtwelel &0 00DiGRrMN t
and aboCef @08l GaN , due to the high chemice
under | ow presdbr0e , Tohet wSemwih of GaMcen su
pol ariikey -funde NpaviBer.i ty of

The system used to achieve growth of semicon
Figar8@ hgrocewvyl vesri ebrG@@@anocl|l usters at the
substrate after exposueectoviGay From @ahentres
hi gh pbwemaand substrate temperature for a |
With greater nucleation, coal escence of GaN
GaN nucleators. This process iteratedstdopro
|l ater al growth to compileteiddbes MOQEBPEpPr ncess

Al t hough, sever al i ssuewt lo.ccDue wiohthédi bi gle
required for deposition there is reduced col
surface roughness. Al t hough, the I mpl ement a

sapphire substratandmprypseal theakieceéesi ohl gr

of N results in aszpdgraggentc oinrc etntg agao.n of NH

YAG:Nd laser beam
(A =355nm)

Quartz
lens

Rotating
heating
stage

Rotating
target stage

Tb or Eu containing
Stainless steel vacuum chamber MOCVD precursor

Fi g8 Schematic diagram of [2fhe MOC\
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i) Ga,0; clusters Ga,0, ii) GaN nucleation GaN iii) GaN coalescence

= -

6 s ““

Amorphous template Amorphous template

Fi gar%e MOCVD il lustration showing how rec¢
|l ayers of semic[BRductor compo

223. {dzo &GN GS / K2A0S
An appropriate choice of substrate can provi
the device that is grown on top of it. Some
substrdqtig arme: (jebesmali tcywin(dautcttiicvel t ani s mdntec h
buffer/subswvdensiityt eff doél ogaminamigtvigdr esa;ze
waf.em additi on, the |l attice mismatvem &ty tElge

29,needs to be car edeuslilgynicnogn sti hdee rdeedv iwchee nar c hi
. - ® ®
0o mHBAEH pm (2:9)

whemeanad is t-fmleanien | atti cebud dmdtudrstt agee t he

respectivel y.

Lattice mismahbuwfhf @ rs/isoutlestdraactee o fo ug mn d shse, bdiif 1
and def ec,t rgeedhwectaitamHBMT ARBGapNé.lGRdNF maateso r es)|
f oorher mal resi staecktacecreadeciangthihe dinsper .

device and into the substrate.
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A summary of the materi al properties that
Al GaN/ GaN havi caabldds gi ven

Tab24 A compariebaeverft trhaet er i al propert.
Al GaN/ GaN based devices.

Property GaN Si (1 Si(1 4HSIi C 6HSI C Ales‘

Lattice Con 3.18 5.43 3.36 3.07 3.07 4.75

(i)
Lattice Mis 0 41. : 5.3 3.4 3.4 34
( %)
Ther @ahducti 1.3 1.5 2.5 3.7 4.9 0.5
(W &

223.1{ A fA[ORY

Si i's by far the most widespread semiconduct
Therefore, it has very high commwmaferaidi amat E
fromo2Imxh) and has | odueosb-etstearmwa lsthaedt U rae
technTlhmeetsher mal conductivity of Si (100) is
W cKl[8 RAI sthbg | atti ce( k®0s)s ha i) ¢iBn BdBolmpar i son
(3. PP 9LHence, the useaopr &ienNndd) optitomcedu
constanij),h(i3.h266 t her mal ¢ dKnhdauncdt ihvii gthye g .20 e5s i V8 t
Y. J@P[OKThe vastofmajidriictoynSsubsltmtries hg agrht ipau |
(1 part dopant per million).

2232{ Af AO2¢{ AFBBDARS

41 C aBdCpHalthough not as abundant as Si,

i nduys tbruy for rel dtuipvetihog hipansad | s wlkefxterresst eisv ea rte
manufacture i n mampRexylaod| eesptBel is the m
substrabommdgroocAlaGaNeGaN THEMdAsies to their hi gt
condugctirangiBngo fW oda!, arhceir | ow | attice mis
(<3. 3P B,9R[Thi s S particul arly usef plowéor Al
appl i aathieosnes sdiibsgsirpatee € hee diteiad £ hogorneent i nal

substrates
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2.2.3.3{ I LIL&KINENSD

AbPOsi s a readily avail abl @ nscunbesst ri antiedilvasi mehc ewsatfa
effective. The thermal conducKt[9Ft y,n haodvwd vt e r
with a | atti cij ctohnes tlaanttt iocfe 4mi7sbnBat ch i s hi gh
[O9FV Her e, a | arge defect density swialtlchbeanpgr e

nor mal operation, Al GaN/ GaN HEMTs would exp
ot maart efFioal ¢ hi s r eaisong dJgdfoakptrmmpgebna@dti ons.

2234DF f f AdzZYDIhbA G NA RS 0

GaN substrates ar ebl rotbuébwndanrtdachavdii d met ¢
Al GaN/ GaNrHBvWT on a GaN substratehis |l atknowr
homoepitaxial ghewehisAgreatasgumbweédquercyor m
Al GaN/foG@dNN deaypip¢e capmonscul arly blue LEDs,
device |lifetime when cdmpamoiugd wihteh tdhtehenal s
GalN1l1l. 3 Wicsm | ess thani 8t €rface theifBal Thiesi s
i significantly benevfitahie abk uTbheetrrefaobrtes,d basgter paée s
consi derveida balseh iofpit e pune RBOyapppldi cati ons but bet
avail ablpeowear olpiggi@)t i on

224.' f DFbkDFb 19a¢ad {GFrdS 2F GKS ! NI
As descri bdd AInGaQ\ aQaiNe ckoENMTisder abl y hi gh pow
mm) and high frequency (up to 100 GHDY prope
t haert Al GaN/ GaN HEMTs from numer oprso wiadeud aicn
Fi ga2ry mparing the maximum output power with
[9P[11]8 t almes e € hAlt Ga N/HEavNgsr owms i Lub st r atheisg hperrov i
max i rpomtelr 8 n. Thiteb hheisghercroanlducti vity of Si C i
otehr substrates. Although, the growhét wéerGaNnN
GaN/ Jh@CeaterdagrErmasd@Ba N/ ShCerface to act as &
which keepd¢s hkeeatvwicehi 7he interface roughne:
Regardless, Al GaN/ GaN on SiC is clearly a be
Si substrated,nspgrndwitceedfbyEltelte roni cs, Mi cr o
(I EMNin the UniFweghei purpbsés!| be. this resear
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wibesedhay are | ess expensiiwng eggmadt(iioin) wiitt ha le

previ(olulsle)yShnol ogi es.

100 T ———Tr
E @ AlGaN/GaN HEMTS onSi
@ AlGaN/GaN HEMTs onSiC
Q@Cree
PCree
s Cornell University@
= @Nitronex IlI—\&Lab Szgta Barbara
= 10| i
= o TriQuint .
é TrlQumt—— 2 9 Q@ETH Zurigh
HRLA
N IEMN o
| ETH Zurich~”
1 " " L PR R R T 1 1 1 " PR T T e 1
1 10 100
Frequency [GHZ]

Fi g220 Benchmar-ad& hagr tofAlsGaaN/eGaN HEMTs on
saturation vs. frequency, showing the

LA . £

225 aSidl t t2AF4 I5CGARAYOS / 2y GF O &
Opti mal met al |iia amndoes soift yc othaa accarst ri buti ng t
char actaerdi srtdleifsabainlyit yemi conductor devi ce. T
Al GaN/ GaN HEMTs in particular is even greate

t hese devwieces oper

Met al cont actpy oar ée ucketdr gtesngaairta n iey ms to/ fr
semi confdhmetcchra.ni sms of charge carrier transp
junctdi on are
1. Thermi © e mi sisCihamr g(eTrEqavrer ioetresp wlhoehthlae r i er
and into/out of the metal contact .
2. Field emiiCshiacmge( EB)rri ersonbaceli et haaodghnt
t hee t al
3. Thremi oni ¢ f i el 1dCheamigses icoanr r(iTeFfrEs) become O6hot
topt cebntbactri er inmhemomiomal of t he
4. Emi ssion by &éhoppingé tohr ale@ghpgérapsri er s,
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These mechanhiusird g erfime by t he domi nant mech:
in Al GaN/ GaN HEMTs is FE for Ohmic contacts
[11]711]B

There are two types of met al contacts prese

3
4

met allisations and transport mechani sms: (i

electrode, @wohnt@ict) uSeotaskyhe gate el ectrod

2251hKYAO [/ 2y Gl Of
The Ohmi c contact (source/ drain terminal s)
Al GaN/ GaNOMBIMI cont-raedgisstoadncleow hi gh ther mal

E

FM

‘hopping’’

Figa2le Il lustration of charge carrier tr;

(iv) emissi;oheDygi sholpei mgtal Fer mi

mor phol ogy ar e r epgeuri freerdmah o e opt iAMaGa N/ GaN
characteristics wilistmptevircees: stiancleow(devyi dc¢
the Ohmic contacts, (iiti) maximum dr a)n curr

t hat enhanicre scfudfturfmedgtueq@ag Maxi mum oQc) I atir

Ohmic caméatosemecdpi dr adhgadqnRTAY e mpegbhdur e
tend to have sever al met al stacks that eacl
behaviour of t me t sacdbmduascetds . fOdnp ipt lcas & ratc & cftr o m
botte@mp, and their roles are given:

T TitariTd i bonds with the nitrogen (N) 1in
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Ti N ahleoay RTA i s applHigh ttemple at¢ omnteca @atl $ o0
form, the short time of annealing prevent
to provide a smooth metal/ semiconductor

di sl ocations at the metal/ semiconductor

atoms or from nucleati dmiat al bwyehasgy 4
functi on, ai di ngand fcaaitlaicttatfionrgmad hNomg e

vacancies are also created as a result o
barbeereath the cont-dcapedo Aectomer édiighl gy tnt
which separates the 2DEG and contact, el e
2DEG to the contact.

T Alumi ni uml ( Alo)nds wi tnAETTi atld olyoy mriarsi nails e
oxidation of the Ti | ayer and, heAlceg, con
Al bonds with the N in the Al GaN barrier

vacancies which yields a heaaicty &€bdbpedrbd

easily tunnel to/from the 2DEG as a resul
T Nickel ( Ni ), Mol ybdenum ( Mo) i ThPel adli enautnr o(r
affinity of this | ayer is to be | ower th

provide | oweshtethle@amlt @bhihiasc el.aagTea | ow wo
function to achi eve mimiisnitskddiotui®inah| gf A
i ffugobAd), ¢and the intermixing oRAuthe Al
bond#Au Alsyarkisgblktive all oy that is detrimn
contact.

T Gold {(Aw)is a highly conductive materi al
metallisation of the Ohmic contact. I n ac
t he Til aaynedr sAlof the contact when anneal ed

the contact conductivity further.

When Ohmic contacts are formed with RTA at h
the Ti N alloy. The voids naxeer atnunraensc eadn do yc ohn tg
contact resistance, reduci Ngisdehnee rcautriroenn tb ef nl eo
Ohmic contacts are ai maijtehaesreced n tadmirldi rtaeyss iissstyaess
themherent | yh affrfeegcute ntchye ohpeft 3T hoese oO06Bsubkbei dewai
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i Becthi.Re8 a result of the booping obdbnmentt att

semi conductor, narrowing the depletion | ayer
barrier ttlag e2DEGoOmMo the met al contact, or \
conduction band to allow for thermionic emi
transport mechanism in Ohmic contacts.

2252 { OK2dd1@& /2ydl O
Schottky contacttermameihNuiGaN/ GaN tthashayds t deeovnit caecs
controls the 2DEG densiWpyormnwidimplinyiAd gcadN/ lisiadNs F
2DEG carrier density i si noedrufllalcece dledi nt hg AE
all ows this @o tolte uSch ot tkdo)dnwvint int ehoee yS chheoit g hkty (b
heiighhtcal ctuhleatfeod Ilboywi ng equati on

% OO © 219

whew® s ntehwolr k funotiion,t medel ect r oHo waefvfeirn,i t y
thi s giemmltd ons% iagnadiOe a webeen proven thoasbheed i nc

devs ceee 558cti on

The materials used for the Schottky <contact

prevent | eakage current through the gate el e
Notabl e material s wit hohfeogrh @&woér ki of kuyn c@id yJotnasc tt
Ni |, (1i) Au, and Pt. These materials have a

respecti vellyas Hehe, hi ghest iworiks fmnotct usad A
Al GaN/ GaN based dieovn cppersohduummemste oa dA esso lount i Gan N
would be to deposit gold between these | aye:
|l eakage current occ[@8F s Twietr lrevfotal iglsh bieéntoasl t1 i ssuait ti
solution to deposit on the Al GaN Ilbar rAlueri sl ¢
deposited on Ni I n order to prevent oxidatio

metallisation for the Schottky contact is Ni

The high work function of the deposited Scho
fromuoa@isngnly the barr.Téermeobght emi medohat

primary transport mechanism in Schottky cont

4 2
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226.! Rl yir3S3a s 5AaFROFyGl3Sa 2F ! £ DIDb
The mecb@anitymd cally usednAwWGalskGaNedH&MGadl/ G
has beenmhEoyemaenddeppof 3.4 eV; (ii) hOgh brea
of 3.5LMYidm) high')elodc tMdshn cmow) | hityh (el ectr
vel oci)t wd(pmcmys andv (dvi)ellect )i cofcodNimtaa et i @l s
provide ddeanhageseover theandorwemt iootnhaelrl yc c
semi conductor materitad 8 p e rTihmeaosweehrip g ddnpde rgiuiiegae y |
device p¢lrbfod[manoeder to show the advantages
the advantages of bul k GaN against other <cor
the advantages and disadvantages of Al GaN/ Ga

Thenteftihei dandga-MN matiesiahat 1t all ows for hi
field whi ch contvolbtuages (¢ &We redhyp e EGWNrei gh
applications.dAhsahyber,aehaendebh2hDE@Ifect r on
mobi.ThieRiygh sat uravaiolnthiMlednatiedayatd ker attri but
f or -fhriegghwaempdy cati ons. Due to the superiority
its competitors, fts nali laiptpy 4t te@npicw taad g+ @tr ea hid!
fregwemidyhing has prov-bandgapabbmi ¢ Brpd u thiteo
[12]1

2261/ 2YLI NR A2y 2F al GSNAFE t NPLISNIASAE
One of the primary reasons fer saNcwmadliet Duc
is its ability twotholofMimhatr dreita@lr®j gnownoon to
Al GaN. As a result, 2aDEshhaenente |@Edhf $3jetayw,aiemablye h
at the Al GaN/ GaolWi mgt e¢roojtithrea NsliuGtaeNs € sl de VAL Es .
performance enhancement t Hats epo ldeervii ceetsi arn shoa

need to perform el emental doping to the devi
the device: (i) iypwcaeageresnulet ectroadmobdd ]! i o
(ii1) device reliability is not degraded furt

not needed.

2262/ 2YLI Rk &PYbkPFbyad DIFEb .dx |1 ¢SOKy2!
A comparison i s maGQlaeN bheettweereons ttrhuec tAlcea b iccha It
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dop@allut chntod mgea/ragleyv angdmdyedsi sadvantages. Adyv

T I'n terms of el ectron mobility, t he Al GaN
GaN bul k architectur e oni trho bed dsdidgymogHd2da0r0t |
Vislcompar e D4 40hvisheeapabl e of th@22agpBd GaNN
Upon doping the GaN bul k, dopant atoms ba

its crystalline structure, reducing the <c
1 Another benefit of Al GaN/ GaN bicsh) i cuhi gh

density is too difficult to reach using d
Al t hough, some disadvantages include:

T When passi vaftei. @iNsotnh et odpe yadfb eml QarNeat care |
Depostihe nmpassi vation | ayer can pbama&ment |
| ayeaf ftehet i2DEG densi ty.

T The gate and source/drain contacts proce:
annealing technigues. Firetéygsetdthaessagr e
temperature and then the gate must be pl a
to form a proper Schottky contact.

f Upodne postihtei sgpur ce/ drain contacts onto the

at the ifnnehre ecnodnst aoct s t hat pheatuicreg aats i tgl

spati al; laosc adtiiSemdl8is®@rd i n
For applications theguemeguiand hefgfhi cpewely,
Al GaN/ GaN HEMTs over babkacodgeut wEhghsit rei
di sadvantages have the potenti al to be red:

progresses

22635S83aANIRFiA2Y aSOKIFIYyAAaYa
The prsisnva&lyGa N/ Ga Nt HHd&MThsi bi ting it from reach
in the semicoseduadbteor meaedkatbili sychRasoveraals
reduction i n drain current (current acnod | aps
drain when t hset ataeeidoentiasn cien) ,OMnd ratio of ou
(ef fi ccioentcayi)but e t owar ds t hd6 DbeRgA daddiath a lolny , o f

4 4



CHAPTER Al Ga N /B&S<EMEVI EENDAMENT

unrecover abl eadegagsadragasiont gnce .pf atentaonsri
towards reli abheéift gc @iheegwifasddilesh®onnf yi ng t he ki n
degradation meldédani sgnst:r(aipip)ph digallrff as e .t rAappi r
decription of each is given in the foll owing

A {SESFFGAY3

During normal device operation of Al GaN/ GaN
high velocity due tios tihredl aedicde | g ehhedige e |
energy, the electron temperature is high, wh
Therefore, the electrons scatter away from

|l atticengi hbeedsatti cet htee mpreamd paoret. Hreoger, t i
HEMT are degraded, reducing the device per

significant -heemmadaumtg owfcceaebsf within a very S

140

120

100

80

Temperature [°C]

60

40 | 2 | M 1 2 | 2

Time [us]

Fi g 22 2Seltheating/coolingdown characteristics for (i) experimental measurements usir
@ =150 um,0 =5 pum AlGaN/GaN TLM, and (ii) simulation data for equivalent deyi24;
@ =20 V. Selfheating/coolingdown characteristics are shown to be rganmetrical.
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char aomtne ntheasteil hg at the centre of an Al GaN/ G
() and 5 -tGdwr siorurdies tian cgMivcdRro mada(meinfFi gur e

222The temperature at the centre of the devi c
of its peak t &mpeThda uaeolwind ihdsen whecesss be
set Vt oTBhe heati ndgo wpcpmpmnsge £ oorle ngear |l y symmet

An exampl eheoaft itnhge esfeflefct on t he output <chara
showhi g2 3 TdsieVpscharacteristics of two Al GaN/
16 ®©mre measured wunder DC and pulse condit
pul se widths were used ranging from 450 ns
enhancementariactceutiputi cch i s observed when wus
to DC measurement. As the pul se-hmaasmgemerrctu

when compared with DC conditions.

’ T ’ T v T v T J T v
240 | L=2um g .
| ——DC o ]
- - - 450ns B e R
o, 200 .. Sone Tl -7" ]
‘é: [ ==--Gm 4.7 1
£ 160 :
b= K
[} il 4 I o &
E J}' sz pglew®
S 120 /¢ e = 9
O ! i
.E i ‘r"f "u""
© L o
a 80 1y = L=16pm
/ - > ——DC
4r, -~ ---450ns
" g 50ns
0 1 1 1 1 i 1 i 1 " 1 i
0 5 10 15 20 25 30

Applied Voltage [V]
Fi g22 3psiVpbsc haracteristics for devices of

measurements with varying pul

B..dzfl ¢NJ LAY 3
Defects form in the dewsced@ngéi nghbeadshg a

material issues or imperfections in device f
energy from the applied electric iflilalsd rwaittehdi
Fig2a24d hese trapped el ectrons induce potenti e
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Ssheet density, adrdaitrm eawrfroearet .trm@h eswlupkeh g me o
at thgatde asinde of the deywiatce a3 deppdded mee hta

trapping is more complicated than what IS S
investigate this m8eb#niS5sm in more detail 1in
= VTGS VTDS
Surface .
Source g Gate ~Traps gisN, Drain
(S] (S)
\(;‘9\}@@
GaN Bulk Traps
Si
Fig2a24e ||l lustration showing a typical Al G
that woddhum the device (i.e. bul k t

C.{dzNFI OS ¢NIF LILA Y3

Simitartywe bul k trapping, el exft romes AlaGa N eli ¢
| ayDeurr.i ng nor mal dewsamad npeagidtitivheeneVd(™ arpgeec 8/ n e
the gate are distribut-gadtsehdo v koirgnh2vhlatt h omeg hc a l
the trapped el ectrons are away from t he 2DEG
therefhameel Tkiss s p h ansencecnuwml érce awli ®&ycntslie d6 f

we investigate both ofhempaet meohdevsmeg degr

23. b2WYy OHEKNMNSG OGSNRAIFI GA2Y ¢SOKYAldzSa
I n order tongoeggimeweovlkaOdpcteri sation techni
mechani sms, fheaeratt ii gl aarnldy cshealrfge carri er traf
techniqgues wused for measuring degradation r
techni gouee susweidl If or validation purposes. I n t
measuring temperat ur eRadiast ra nbBuetsMiosotraoh t e f rTahree
Detectort)ppi cmmlga u(giehnoetsosle na®Rjay ( i f f2rDaEcG | Mg e t
density and el eEtfroeaa)jmbbel ec¢ctyr i(cHall | charact e
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measur)amentsg udi ed.

231 LYFTN}NSR o6LwO
I nfrared (I R) is a characterisation tec
the surdaeacecef TBhe technique, whi ch wa
Chaptaé¢d ows for surface temperature meas:
temporal resolution of 10 Os. An I R cam
the material. As the temperature of th
energy emitted. This radiatni arhei sc aarep tal
pi xel in the array reacts to the infrar
then calibrated with a signal tr ansffreorm
emi tted mat erhelapparda parniceet @ ntteemphenpd tgRd &
i 11 ust rdeotwens val&wGafN/ LaN HEMTs on Si tha

with the corresponding 2D tempeméat Gaédl/
HEMT.

846 079
Gl—-
tmz-a.. l—"l li [um]
Lep -

Fi g225% (LedoWwnTepew Toml SSia,N/ pGrad\v iHdEev
di mensizoRs5:0 Gma1 00m, 0.5 Om. -Carmegrad )t mp

g

4
o

3

~
o

[Do] 24mesadwia]

o
o

"
o

di stribution throughwaxtOd,e 5¥.gi on

2.3.2. a A GNRY lky I &0 v
ORaman spectroscopy is also used fsurmegasur.i
adeviAt € hbo htglhc hin s g p eldeea s ureimpee a ahtiugheer r esol ut
DO. 7 Om, it has |l ong i nt egriacicourr atcii rkess itnh ath

10C. In this technique, determination of | at
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dependéhpehyoriore qguerscy lobha oimsihcer yst alUsluadiieyce) .
of t he st reaowmagieisdabltmdoed eRaman spectrum i s used
temperfratg@iZz@howaeaxampl e o$hine & s Reaaamntalsesr f ac e
oAl GaN/dGabNmseapphireamdident reaasPameheagur ement s
usias@ect rXormeDitehmod ko Hj0dct i ve, Ongidvianmmptaer0 .spbt
sample surface, provide | at tenoslTihteg ppevteat worfe
selected excitati oenx dist gebrofudmvi rmedde3™BM | OP.t5 4L al
eVofarmr giomn Ramasmp.e atrmeac oir il Bbdac k s ¢ @ e o enmvii m ¢

i nciadnedntscattered prgptgaf{nag -gpxairsa.t 1 Teheed jtoe cthhne
based on the analysis of phonon energnhes (I
t emper at ur et)hev blé a spuhoonneogne i gpyl ulcye theeu r 1f d rotwi n g

t hr duded v h e ldpesd @t trei iste htee mper at ahe actilbvyehar ea
l adperdm.

T v T T T T T T T T 0‘ & . Exlpenrﬁentai mealsurenl'lents‘
3.0 400 | from three different positions |
L Simulation with thermal effect *
2.5 <
—_ I = 300 B
5 20 §
s £
> il
£13 § 200 of * H
c F 'é L
£ 1.0 8 [
£ g b
I o 100 b -
05 = = 200}
E o
3 0 2 4 & 8
0.0 P T T S TR S 0 , . Applied Voltage V]
550 555 560 565 570 575 580 6 8 10 12
Raman Shift [cm™'] Applied Power [W/mm]

Figa2ae (|l eft) Raman shift across swubdtacat
Corresponding |l attice temperatur e rpgsves Vv

characteristics.

- A 1

233. kwSAA&GFYOS ¢KENIOf 5SGSOG2NI 6x
The eiket mal characteriReai sbantectiodRdba) Met
accurately measur e&s évt e ocfh amin@a N/tGeamp eHEBMT s
mar gi nCoinded a rang¢@2bf Ibhi amakesndistei @ris pl ac
termi ORTD tkeminal , onpaops idfadhr@h2d/e vFiicresst | i
Ilpsi Vosmesaur ements are taken unde®RTvDa rtieorunsi ngaat e

open cir gsuVptsme alshiernement s are taken budg- with

49



CHAPTER Al Ga N /B&S<EMEVI EENDAMENT

resistance {(@e=r na.l3 dneA)e cpeaos@GRTNye t mMimmailgth ¢ he
Sshowar i et t bcoawtsaidndg tsiedh @ altainmige | ec per ¢t ah bhahtei on

deviThdps ovi deasl i bofa h@RTD er mbh ypalovi di nlg Vsi mi | a
char acéaepriohesccst iodm@ERTR gr mMinnemd meadsur ement i s
under vapl aue bampeer at ur e st WRTrlethouatddbenesi s
compavi eadRTD ef et emp e [1a2}5u a ® toki Wpss we eaptea kaetn

di f feeateenittvahgiadssmu |l t anmeas w@RITyDg r e s i s tyatna ef it ma lgleyt
provi gdseVpainicdc har acteristic. The device wunder
used for thiisllens$iFn @2 @ dhicses mea s urwvaneind at end y
by applyi nORatmaen ItRcehmd ques to OREDMEOmradte.yi

T | |
Amb | Vds Sweep |
BERCT
| | 5 | | t ¢
I | e | I Q{onv de
| FWV |
| .
Source | Drain | Si02
" Thermocouple | IRTD(Taro) | |
'—
2 Q-Cond
= GaN Layers ‘
B N Substrate
£ T Ref - TIM 2
S = Peltier Module
® e TIM 1
a.
E Copper Plate (Heat sink)

Fi g7 _Design of DUT and t estsiumrge nelnatsf a
i nt e ORI PleA)6

234.t K2G2f dzZYAySa0SyO0S otJ[ 0
Phot ol uminescence (PL) is a tool used to ob
devicprodbaddure for photol umi ntelse ematee hiegli nwi
that i s above t he>3bain degva)p. iokfa ptetiuge Endagthet roinasl i (n
val ence bexdai taemdl taa et he mic tgirhicont goltnnse th  rgpdakaed
t hei f f eafeheal eltnacred energy andenédirFguygi2R &t i ng

50



CHAPTER Al Ga N /B&S<EMEVI EENDAMENT

Conduction band elhietumdbhieaghetiglee matpt @es er gy
anrde ttutr me boott Hcemm d ulr a nbdw.ie © hvea | ébracead ecb e oo i n g
excited, a freely moving hole is left in the
the bandgap can attract and capthretmhtlse ho
recombination of the bound holuer sanwh ear ecbhoyn deunc
is released in the form ofilphmoa®lbPsh oaneodnisp hon o
t ree maiemiemgagrneoottE oncern in this characterisat:.
l umi nescences withndil byeyed nrteldyanv ealeEBE Dl
RLY hatpresentiCadod vacanxcx yegpghedpvielpuranmnd es,,
amor pphhhage]ly Aing223 Plpa odc s$ $ u aatl romitgeele x a nopfl e

PL nt emnss.i tpehnoettdgmpe sfut @ Mprsoces s.

NSS 0:8x1 0V ecm”
E _=0.8leV n =2.5
E =0.13¢V n =15

O/ Valence Band

Fi ga28 (Plefgnocess schematic; (right) eqg

energy exampl e.

235 -wlk & S5AFFNFOGA2Y 6. w50
X-Ray Diffraction (XRD) is usetHatcearymaeaadurldatdti
in the GaN bufferanTXK&Zdesdwpmgei iXsorbplt dnaehetr ean
resolAzompeé astedfuopc vasleB8AArscec di weragpmagaecsiir cul ar
i I umioXa taigdr o @ 2@ nr adi utshdee WMiné€ e p otscE.dient er act i or
ot hxer awst hneat er i all @g t ¢ rcaeis ficfalpascet svedrarbsisice n ni n g
t hercfradausumae device. The device is then s

me a s ur eane vidheer toiorttehteg v it dileq c aotfti el | u mis p @ ttti hoen

51



CHAPTER Al Ga N /B&S<EMEVI EENDAMENT

devi semomiydaKif é dor @ snd emcseattneeeass s endl | t ammadus | y
di ffractgshinf tpsatt d@esnarl ati Mead it npe@aswpaccihnagnge s,
whiaeu ssehsi tlat f f rpaacttoitohier a f & e s e a snbei afstbsgae 0 a-r g e
coupled device (C@&D)g 28 @theec tsotrr,aisnhoiwsn t hen de
changienpémamgpparc ivingnat hematel eaaltomasthv pdsormpar i ng
unstrileaststadqceran@ma wii rech r a inApetdas@a di 28y

GaN | AlGaN

Fi ga2% XRD CCD capture of an Al GaN/ GaN d

reflections in terms of CCD di i

236.9f SOGNAOFt / KFENYOQGSNARAFGAZY
El ectrical characteri sati ornf etcetcihvnei gree sh oadr eo ft
various device characteristicsliivncdnuddVi @g c¢h
char actterransstiiecnst, deuecentdensi ttyn dcdhntsacstecrne D
investigate theetbemmbont gchisiegudlatised t o meas:s

and mobility as wel/l as generic techniques t

23611 I ETFS O
The -¢lfaf éct technigeethe APEG tbamealdMiddeénsit
cur (@jnlt o wihnrgotuhgele viamagnét €cc fer pendocuhar devi c
applied resulting in a tran(@yiesr steh ecru rmeeanstu.r €lc
the deviste’yi Rgs ( hen mewvaasdueRa dmeuassi unrgeerelnegi q u e
[1 2]9Botwohandneasur ament sspenette@dneensdh aner d gtea

t hemevliall Wethese four parameters as wel/l as a

52



CHAPTER Al Ga N /B&S<EMEVI EENDAMENT

©0), the followeagl ¢d miukkigl )a nd:

ws
08 211
06 2.1 P

nw $ '

Figa3e howbhe 2ZD&EGd wi trlespect to temperature.
remains constant 4f500r Kt -e(mwpoer jsabt @rhees dbieflfoew ent
temperature coah@asmennctreetaesfiep AK>@&HMWrl & @ dasn
enhancefmesthreaesul tgirreg@tDeEr@ e n sTihtigd fiek h o vars
pieroelectrtikpiteyzowhekabywiede pper attiermp.er Asur e
i ncr e aesleescriorbanckea ctryd ateteldea t & d acteta @adn Japto logprt i ¢ al
phoreom s slowe ¥ é&p [se n 0o meendomdhe gthemper e rmeshi | ity
t he onl y qruoanngtliyt yd etphdargdrgs ea e tluatet.i c e

) T T T T T T T T T L
- Device 1 A

————— Device 2 1

2DEG Sheet Density [10' cm™]

100 200 300 400 500 600 700
Temperature [K]

Fi g230e 2DEG sheet density and electron m
density (T > 450 K) is due to additioena

decrease is due totmorperaltaacter omcy.

23625/ aSl adaNBYSyia
Typi ciaM lcyhharlact eri stics are meatsaclredngesé ngs D
applying a DO evioll tcaogret aacptpsl icefd a device (i . e.

for a |l ong period of time before measuring t

53



CHAPTER Al Ga N /B&S<EMEVI EENDAMENT

transients to settl e, providing a signal t h
me as ulrheed . measaremeywpiscal | y pedéelotranedr-tuysp éneyg raa

anat<dggital cohRevwever, (ADE)ent noise i s pres
measurement . I n order to elimrnaueetbus pows
cycles and are then averaged in order to i mp

2363t dAf 4SS aSlFadaNBYSyida
Pul se psriogvaiadear g e dnautrmab eswmai nbphliens a Dsumea Itlo ttihnee .s |
intervals between signalen atvhtghdambhgages
primary mechanisms that can degrade or damag
heating, as pr evSieaxu d loth. 6dBSira aleldy , i wf\o r me a
characteri sticttpi gaengy0O%hiys | &ep mifioe<d,er t o mi ni
sehdating within the devit¢t¥. cAsr actrersiudtti,c st
measur ementttsan st Hatr gefr DC measur ement s, show
operating atT hhmeghs ufrreemgeunét s ctelcha i geureef i ci al f o
of high power. The instruments used for appl

f arr enoc aopfracbd cehi ng hi gher power than that of

measur emdmt atdidme.i on, pul sed measurements ar
current with very short intervals, a benefic
per fbo mfit measurements indelthed®Csharte wi
powléne interval i ntegration ti mes,; somet i me

register (SAR) HywpwevADCstheseumedsurements

measurements which can be an issue when high

Ly AL

23.7./ KIF NNRGHIISGA2Y ¢SOKYAljdzS / 2YLIF NREA2Y
The optical te-Ramaguasel RommdnlIOy wusedrdor
di str iORatmaoats.hadv andfagev ibkitdgarieabl utdndn (0.
compardeRD2 . @n) Howe vaesri,gni dii camthatgae si n g®ORa man
t ec hmi giatta knaucnho t @ marde quahi gdmppl i edepds Wb R.
Ther eift@romte e dd etde mpe mathas ue e me mtesviafesl.arDeevi ces
sappdrdeid f icamhbar geat eursii ng | R due Al@D:. t ODa tthan s
ot her hand, d e vaircee § ftigw o dvinsecote @By Badnute @ h e

54



CHAPTER Al Ga N /B&S<EMEVI EENDAMENT

bidirectional shi ft of t idhaRamamcussgmwalt hwis
complicates tkevi ttahleirbrira@le t oinc asl ORADtalte e i s a
problems do not h@®XTcue c h ibdguoe nt gtaidd st r bbut i on
tempenattalsl®® viaoeaccurate peak ORMpemtadbudr ec dre r
obt ai nesd.mmPunsleyd har sede &€ e amat edrutedlhhel gk nsi ti vit
to discrete electronic states. cThhengenelftid -
f r avih epnr e v i eoxupsoksperdaiyr r a duisaetdi XeR D t ee hnAlgtuhough 1
XRD technique is considereaeaghbhaniel meamémbbedur f:
devperebtfr amwiec r o mMestegrtsomatt e osgelv.ermndlods f f racti ot
pat tsériofctcautoneoor di natheke ab ae fwa cirde s g exce pa fh
penet Agtthmemasur ements 2Deapresentbkbd sarface,
valares aver agednwralodda paamand er dinnhaeu e fTeheeeg .ef or e,
shift/ startahsenr bhass@me Mdateo ou pWwii ;ilyi f td esetipribahi en

mat er i thd-ke F fIdeoet h m is @ menounsl éydsrh edeetn @ain@ly e cntorboinl i t y
measurements abyi amberdibtti csfufsedndge dt foma@gidet i c
i ndtucavceurrsreetmtii gh € ly iaanldlle @ e ad raabpl ees,aatiwei d ea nogfe

temperatures.

T T T T T T T T T T T T ' I
220 - A /A" —A— Pulse Measurement
200 | A —a— DC Measurement ]
[ W =-5ViV, =0V]
180 7
160 | .
140 i
E 120 | LT T
= 100 | L
_Q 80 .-_;. — ...-............
L un EEEEEn
60 d ..........IIIIIII.IIIIIIIIIIII
40 | A-A-A-A-A-A-A-A-A
[ EfANEEEEEEEEEEEEEENEEEEEEE RN
20
0 EEm
0 2 4 6 8 10 12 14
VDS [V]

Fi g3l Compa®iissomharfacteristics with DC
measur e memt =F5r evd §a Afddr V.

55



CHAPTER Al Ga N /B&S<EMEVI EENDAMENT

An i mportant chastdet epoiwetri c apladt | defiiese of HI
soucaer®n)t \ssouwrrcae ndv o )Fti @8 (0 mp & rhesi Vps

characoéerasat At6&6aN/ GaN HEMT under DC (blue) a
clear that <current <coll apse occur s -hiemtbD@gme.
and charge trapping. The use of pul se measu
device Dbeinsgt azeet ftoaoa @FFperiod of ti me bet we
degradati ome adtuiengt oansdeldharge trapping stildl
although |l ess thai®ecRi.BC,6§ haes deearpibli endy giorh n d

charge trapping is investigadaed using pul se

24.550St 2LIYSyG [/ KIFfftSy3aSa

The superior pe/vGaok BMThsc eipeso fehdAalbGiadNus r el i abi |
which remain an sopen dornagb lbeam kt tahtei r wi despr e
devel opmesne . rel iathbemityomsdegsasdadch oasme¢chpan
heateiffgegct s, t hat significantl| Y 2DiE@Bpact) tbbat
trapping effects, rehdauci amrge dreess waen sliibfl eet i fmaer
sour cd/®Omi o contact resistances, iacda@ase) dL
Schottkyea&agaectcurrentareadt teav eainedr |haeriggehty
[6PN[6RThese accelerating factdegradathoemi md dd ¢
bei mitinlgi tryelfiaatinrtsai ni ng hi gh perSDo rOham ace a
and gat ec oScthaoctttskGya Ml E WMT $&Sa Ns actsalglnenfge,angart.
hi gh oper gt iwhg cvprihligngkesrss d anl ee d eeplgeey ment of 1
i apipdatl3pak[4h]

The strongs ehhoduapliinngg aonfd meencahr grei stnmmsa,p pu madye r n o
operati on, makes tihen qafantiatcat inveec haomn s mi bi unt
perfor mance and reliability i nf ormati on po
Al GaN/ GaN HEMTs due to their high operating
traps, and I mpedescetlpg odeesscse par fi owpioaalteant
depl oyment deapiebe3@attai ned

Transient measur ements, sduecshc raiSke ¢fddsiBn. paBes e C
often used-heatraedueétfsets in the dev[l8r when

56



CHAPTER Al Ga N /B&S<EMEVI EENDAMENT

However, it hast @dmpear asthowen dthathe hehannel of
HEMTan reach 70% of its méx, nmufre eschéwiideahi it shi n
ON[1 2141 3|21 3|3 Lowering the applied biases condi
another option to-hdkedadoanwgp!l eHotwearpes ,f rndim ss eneft h
provide vital i nformation aboutLatckapd kitmetd
characterisation techni qdiecso ufpolri ndye gprlaadyast i @ ntr
h

ol ding backof ANt Ipbrpotciensiss aatnidondevi ce technol oc¢

afrsgal e depl oyme[afi[6RdARB0b®eatt agt eacd ns wale and

examinimgpatheeach degradation mechanism has
operation, will be the focus of this Thesi s.
the origins of device failure and the kineti
| n iatdidon, to achieve high performance, Oh mi «

opti mi sed terc @mtoard td e fYd Piwsat nednecried rgdhy barnr,i er

respedtnicvelays.i ng t he Al concentration [ ayéehei
known to increase 2DEG confinement, awhkhi dlo e
enhances dk34lo3pmnathacvee ver , it Yaawel ttso ilno wi nmeel

di ffusion benealllB]6f B[ Iwecttéild2noventpamtpose a f &
process of ohmiotoAl GaNsGaN HEMUsewi th a hi
whstvoiding i mplant-atapssahtiagatauseak&ge.

Schottky contacts i s erasceidalHEMIrs dgat eorademt rt
frequency perfor mancleg akgaogoedWicltuilr reeedmg® dohn g & iy d |
contact met al |l il eaatkiagrea mduataheendleasr, r itenre hei ght

needs several ,didfefsicg a ¢thiteid@bpediroarte oancshi evi ng t h
we propose a new and s i-bngpsleed pScohcoetstsk yo fc of notr anti

barrier.

57



CHAPTBR StTrRAIIMPACT SENHEATI NAIGa N/ GlEMT

CHAPTER

STRI N IMPACT ON SELFHEATI NG N
Al cd NoNHE ME

O DM{@w! / ¢! bE IH @ LB H19/59. £ rivviieeeeiiiiniiiiiimmeeeeeeeeeieinne e e e eeeeennnes 59
0 PH{®w!MD5 ! / ¢clh Hib/ W5 9/ 1 Lt b®[at Ow! ¢ hwaLlbe! /.¢.{...6 0
0 PH AOVERISNA YSY G L. t.NR.OSRAZNS.......cooviieeeeeen 60

0 PH @HSAY LIS NI (G dzZNB RA & G NR 6.dzi. A2y ... AY....E.BIB3bk DI b«
0 DH BOfAD I b K DF.b 9.8 e 70
oPovWd[ ! ¢Lhb{Il LbxLLO%® dblh5 wL { ! tiDibbkIDmE! { H9 + L /L.9.7 5
ododiweed { AYdzf I GA2V..aSiK2R2(.238 e 76
0 P0o OHIGSDEKBSRAN I {AYdzZ FGA2Y | Y. R..LLLAGRF GA2Y
0 ®o doKdS w2 fnSS 20FA { B tIFy R...t.2. L. L. NAAL.GA2Y8 1

O D M{I @ & 1 Weyerruuuuuunniiaaiieeeeeeeeee s as s e e e eeeeeeeeeeeeeamenraeaeeeeaeeeeseeessssssnssmmnreeeseennnnes 8 6

58



CHAPTBR StTrRAIIMPACT SENHEATI NAIGa N/ GlEMT

In the first section of this chaptese investigate the selieating and strain mechanisms in
AlGaN/GaN HEMTSs using Infrascope temperature mapping system (IR) accompanied by
synchrotronradiationrbased HigkResolution XRay Diffraction (HR-XRD) measurements

and physically based TCAD simulations. This unique approach demonstrates that compressive
and tensile strain around S/D contacts affects temperature distribution during devicemperatio
and limits its performanceln the second section of this chapter, we study elebronal
behaviour of scaled AlGaN/GaN TLIeterostructures with low resistive Ohmic contacts to
identify the relationship between device geometry and polarisation witGiaN/GaNbased

devices.

3L { GNHOUGdNNB 2F Ly@SadGA3arGaSR 550120843
The investigatedAlGaN/GaNbased devicestructure has been grown by molecular beam
epitaxy on HighPurity HP-Si(111)substrate Kigure 3.1). The following device architecture
was fabricated at thEEMN of the University of Lille.It consists, from the substrate to the top
surface, of lontemperatur@AIN(40 nmyYGaN(250 nm)AIN(250 nm) nucleation layers, a7l

pHm Alo.1dGa.00N backbarrier to reduce leakage current in the buffer and to improve the carrier
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Figure3.1: AlIGaN/GaNbased devicetructure and measured electron density profile of the
investigated wafer, GaN(1 nm)#AGa.sdN(25 nm)/GaN(151m)/Alg 1dGay.odN(1.7 um)/NL/HR
Si(111), where NL are nucleation layers that consist of AIN(40 nm)/GaN(250 nm)/AIN(250 |
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confinement of the 2DEG. A channel is made of a 15 nm thick unintafiticstoped GaN
buffer followed by a 25 nm undopedoAbGay.sdN barrier and, finally, a 1 nm GaN cap layer.
Room temperature Hall measurements yield a 2DEG electron mobility of 1750'sfrand

Ri = 310Y / .IThe C\ttechnique revealed an electron sheet density of 3 182 cm? in the
buffer. The fabrication process flow is similar to thafiwv]. To reduce the contact resistance,
the 3D terminals are formed by rapid thermal annealing of an evaporatednir()LAI(200
nmMYNi(40 nmyYAu(100nm) multilayers metaliation scheme at 8AC for 30 s under nitrogen
atmosphere. The/B contacts resistance and specific resistivity a86 ¥.mm and 38 x 10°

Y .cn?, respectively. The devices are electrically isolated byiétemultiple implantations.

To reduce trapping effects adispersion, the surfasef the devices are XD pretreated for

2 min followed by SiQ(100 nm)ySisN4(50 nm) bilayer passivation, performed by plasma
enhanced chemical vapodeposition at 340C. The SiQ(100 nmYSisN4(50 nm) bilayer is
opened by using @HR:/CF4 reactive ion etching plasma. The used gate m&ttbtin scheme

is Ni(5 nmyPt(25 nm)Ti(25 nmyMo(30 nmYAu(250 nm). The electrical 17 V
charactesationswere performed at DC and dark conditioasUniversity of Swanseasing

the Agilent B1500A framework. The trace of drain current is reproducible showing that no
permanent degradation of drain current occurs from the experiment, only recoverable

degradation, i.e., charge trapping and-kefiting.

32 { i Nd#SRUzZOGA2Y LYRdAZOSRLIZNB SdzZNY | Kl yKBX O
In this work, we investigate the channel tenapere distribution in AlIGaN/Galdased devices
using R temperature mapping system accompaniedRyYXRD measurements and physically
based TCAD simulations. We demonstrate that compressive and tensileasttama S/D
affects temperature distribution duridgvice operation which limitdeviceperformance. An
overview of the used devices and performegeexnents is first summaad. Then,
temperature profiles in the device under different configurations as wak peysics behind

thetemperature rise #lhe sourchlraincontacts is examined.

321. 9ELISNAYSYyGli tNROSRANS
3211585 FA0S t SNF2NXI yOS
The bs1 Vps characteristics of the used 100 pm wide AlGaN/GaN TLMs with different
sourceto-drain distanced) = 10 pm (short TLM) an@d = 30 pum (long TLM), are shown
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in Figure3.2. A lower current and a larger resistarare observed for the long TLM.
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Figure3.2: Measureddsi Vps characteristics of the gateless AlGaN/GaN TLMs. The setarce
drain distance of the used TLMs a@re = 10 um (short TLM) andd = 30 um (long TLM).

3212LY TN NBR / F YSNI
To measure the temperature proftleg Infrascope temperature mapping systeom IEMN
of the University of Lille equipped with 50& 500 InSb detectors array, is first calibrated. A
high emissivity layer is coated over the device and surface radiation of the unbiased
AlGaN/GaN device is measured, whilst increasing the temper&imm 50°C to 200°C with
a step of 15C using a heatedtage to maintain constant uniform temperafurg, [13¢]. The
surfacetemperature is then measured from the emissivity by comparing it with the instrument
calibration curve (not shown). After the calibration step, each device is first placed on a
constant temperature platform (40 or 45°C) and biased at DC conditions ugiAgilent
B1500A framework. Then, thermal imaging measurements are performed using the calibrated
Infrascope system. Pixel resolution of the obtained IR image is at®utf giving a total
field of view of aboutl mmx 1 mm. This technique is based onasering the IR radiations

emitted at the top surface of the device that are proportional to the temperature.

3213l AMKaA2f{ Wzl B2FATFTFNF OGAZ2Y
To measure the strain profile in the AlGaN barrier laggnchrotron radiatioftbasedHR-XRD
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is usedThistechniques uses 10.4 keV energy at thdz D micro-diffraction beamline. The
sample device is mounted on an XYZ stage with a 50 nm resolution. The location of the beam
spot was monitored by means of simultaneous measurement ffldarescence interises

and the diffraction data were collected by a chaxgepled detector. The size of the quasi

circular beam spot is 4220 nm with 180 arc s
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Figure3.3: 11 V characteristics and operatitemperatures for different device structures (gat:

and gateless), showing good agreements between experimental data and our simulation 1
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Figure3.4 showsthe IR measuredemperature distributions along the surface of the short and
=2V to 12 V by step of 2 V. For the long

TLM, temperature peaks are observed at the inner ends ofBheo8tacts, for all applied

't DF bk D

long TLMs,0 = 10pum andd = 30um, atw
biases(Figure 3.4(b)). Thesetemperature peaks merge when decreases as a résof
temperaturecoupling Eigure 3.4(a)). Ford O 10 pm, the amount of thermal coupling
between the source and the drain sides is even larger making it difficult to observe the
temperature peaks at the inner end of the Ohmic contacts (not shown). Note that this thermal
coupling induced temperature rise cagn#ficantly impact the device performance throagh
increase in the contact access resistance and electron mobility degradation, particularly for

small devices, aa result of the souredrain thermal coupling.

165 ISoyrcI:ejOLIJm I?rqln Solurce .30Pm. IZI)ralln 80

! T
wl@ ® 1 1(b)} 75
[ 1ar I
6135- 181 | 7057
03120 1&L lese
2105 of ] g
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Lateral Position [um]

Figure3.4: Measured temperature profiles along the top surface of the gateless AlGaN/G

structures at different drain voltages for (a) short TL.M (= 10 um) and (b) long TLM,(

pum).

=30
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Unlike in the long TLM, the channel temperaturatists maximum in the centre of the short
TLM (0 = 10 um). This can be explained by a heat spread angle and a strong thermal
coupling between source and drain, as illtsl inFigure 3.5(a). Thetemperature in the
middle of the short TLM is much higher than at the inner ends of Ohmic contacts. To
demonstrate the low thermal coupling in the long TLM (= 30 um), we have artificially
modified the measured temperature profile by reducing the stadrain distance from 30

pm to 10um (Figure 3.5(b)). It canbe seen that the resultant temperature profile (modified

(a) Long Source-to-Drain Distance

) \ J
Not Including Thermal Coupling Including Thermal Coupling

Source 30um Drain

—7r r r . 1 1rr 1 r 17
o
o
=
o
[<M]
Q
=
@
|_

|  —@— Original Data Modified Data

45 L 1 L 1 1 | L 1 L 1 i 1 1 1

-40 -30 -20 -10 O 10 20 30 40
Lateral Position [um]

Figure3.5: (a) lllustration of the heat spreading angle and the saardein thermal coupling in
the short and long TLMs. (b) Measured temperature profile along the top surface of the ga
AlGaN/GaN structure ab =12 V forthe long TLM 0 = 30 pum). The original measured dat
are compared to the modified data to show a very negligible thermal coupling between the

ends of Ohmic contacts in a lofig device.
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data) is slightly larger than the original data but still present two peaks, instamtirathe
measured temperature of the short TLM (= 10um).

The device temperatures of the AIG&4N TLMs are plotted against dissipated power density
in Figure3.6. The dissipated power density is controlleddsia. For a given dissipated power
density, the temperature is higher in the short TIOM & 10 um) dueo (i) a higher electric
field [139 and (ii) a stronger thermal coupling besn source and drain sid€sgure3.5(a)).

130

L TLMs
120 - Wum]; Lsofum]
110 L—©—100; 10; Max Temperature

3} - —©— 100; 30; Max Temperature .
° 100 - —O— 100; 30; Min Temperature ]
=]
8 Or ]
8 80} >
£ I ]
2 70+ .
60 | -

50 |- gae e

Dissipated Power [W/mm]

Figure3.6: Evolution of the channel temperature versus the dissipated power density for
AlGaN/GaN TLMs =10 um and) =30 pum). The Max Temperatures are extracted from
peaks at the vicinity of S/D contacts for the long TLM and at the centre of the device for the
TLM. The Min Temperature corresponds to the value of temperature at centre of the long
(0 =30um).
32226 KSNXYI f wSaradalryoOoSs
To get a rough estimate of the thermal resistance of each device, we have employed the

analytical thermal model described by the following equdties), [146]:
Y'Y Y D (3.1)
where"Yis the channel temperaturesuk is the substrate temperature (45),Y is the

thermal resistance, ad s the dissipated power, which is proportionalectric field(O),
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drain current’Q ) andsourceto-drain distancéd ):

~

0 O O O (3.2

According to this model, the increaselof should lead to an increase in temperature, due to
a larger amount of material for heat to dissipate through. This is in disagreement with
experimental observations. Therefore, the temperature increase with the reduétioris of
mainly caused by théaérmal resistance. With respect to the heat spreading angle [nafiel

[149], asillustrated inFigure3.5(a), the thermatesistance increases with decreaseddue to

the lower substrate volume for heat to dissipate. The extracted thermal resssiae@3°C
W-tand 38°C Wlforshort 0 =10pm)andlong® =30 pm) TLMs, respectively. These
values ofY are within the typical range of valu¢ssg], [150. Here, we have used the
maximum temperatures that occurs atl{g innerends of the source and drain terminals for
the long TLM (¢ = 30um) and (ii) at the centre of the device for the short TIiM (= 10

pm), due to thermal coupling. When using temperature values in the middle of the TLM with
0 =30pm (minimumtemperature), the extracté is equal to 0 °C W, over three times
smaller than at the inn@nds of the source and drain terminals. This is an indication of-a non
uniform distribution of the electric field between source and drairtacts.

3223{ NFAYy wSftI&S2yiaAaL) 6AGK { St ¥
It has been reported that thESDhmic contacts process annealing and device operation induce
mechanical stress due to (i) a mismatch in thermal expansion coefficientsNofait
Ti/Al/Ni/Au metallsation scheme, and (ii) an exacerbation of inverse piezoelectric effect at
high temperaturelasi]i[153. These effects result in a change of strain at the vicinity of metal
contacts. The deformation ofplane nitride crystal under compressive and tensile streiss

around the contacts is illustratedriigure3.7(b).

To support the above theory, the strain relaxation in the AlGaN barrier layer of an unbiased
device is measured using synchrotron radiaiasedHR-XRD [155. The measured strain
profile, given inFigure3.7(a), reveals a reduction of strain at the inner ends/Dfc®ntacts.

The strain reduction at the inner ends of the contaciacesthe electron density at these
locations which, in turnimpacts the potential distribution amadcreases the electric field
locally[156], hence an increase in channel temperaBome preliminary HRXRD datashows

a reduction of strain below the gate terminal as Wwedjure3.8). Furtherinvestigation
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of the heating beneath the gate will be the subject of future works.

The impact of the strain reduction, at the inner ends/Bf Ghmic contacts, on the device
electrostatic halseen investigated by DD simulations and-MRD measured data. The details
of the used device simulation technique can be fouhtsfi [144]. In the past, this simulation

=) Source Drain

(] i ! I I I !

c8

&1

5 4
4

(D .

g | (a):

Q'O 1 1 " 1 1 1 1

o =10 -5 0 5 10

Lateral Position [um]

GaN

Alp.1Gap 9N
compressive strain

Figure3.7: (a) Measured strain in the channel along the lateral direction of an AIGaN/GaN -
using synchrotromadiationbased HRXRD, showing a reduction of strain at the inner ends of !
contacts. (b) The schematic of strain distribution at the vicinity of S/D Ohmic contacts.

Source G _Drain

oo
—
L

=~

@ W -
-10 -5 0 5 10

Lateral Position [um]
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Figure3.8: Measured strain in the channel along the lateral direction of an AIGaN/GaN Ht
using HRXRD.
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technique habeen successfully used to predict AIG&EHN based device architectures grown

on various substrates (i.e., Si,45C, diamond, sapphire). The transport parameters such as
electron drift velocity, energy relaxation time, and electron effective mass anmeeablzom

Monte Carlo simulation runs at different lattice temperatiired. Both simulated I V
characteristics and calculated temperatures have been compared to experinieMal |
characteristics and temperature measurements, demonstaagiogd agreemerptadi[142].
Moreover, this simulation technique has been adapted to deal with both gated and gateless
AlGaN/GaN devices.
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Figure3.9: DD simulation results of the short TLN) ( = 10 um), when taking into account the
HR-XRD measured strain. (a) Lateral 2DEG profile overlapped with potential distribution at
0 Vin the channel of the TLM. (b) Vertical current density overlapped with potential distribut

® =12 Vin the channel of the TLM.
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The lateral 2DEG profile overlapped with corresponding potential distributian at 0 V,
when taking into account the measured strain,sa@vnin Figure 3.9(a). At least 25 %
reduction in 2DEG density is observed at the inner ends of S/D contaatsesast of strain
degradationFigure 3.10(a) and(b) compare the simulated electric field distributions with

measured temperature profiles unger = 12 V for both shortf{ =10um)andlong® =

160

140

120

Measured Temperature [°C]

Simulated Electric Field [kV/cm]

100
-10

0
Lateral Position [Hm]

©)

Measured Temperature [°C]
Simulated Electric Field [kV/cm]

50 Lo 1 1 1 Il 1

Lateral Position [um]

Figure3.10: simulated electric field distributions and measured temperature profiles atl2 V
for (@) short TLM =10 um) and (b) long TLM{ = 30 um).

69



CHAPTBR StTrRAIIMPACT SENHEATI NAIGa N/ GlEMT

30um) TLMs, respectively. Electrifield peaks that occur at the inner ends of the S/D contacts
are nearly three times larger than that at the middle of the device and directly correlate with the
measured temperature profiles. As the electric field and the drain current increase
proportiorally with @ , the channel temperature increases near the Ohmic contacts. With the
proportional relationship between electric field and temperature, the degradation of strain
significantly impacts temperature peaks within the device. Furthermore rtitah@mponent

of the arrent densitysimulated by DD andiven inFigure3.9(b), showshat the majority of
current flows iout of the 2DEG through a small portion of th® $ontacts as suggested by
Trilayer-TLM model Ohmic contactfis7. This attribute could be a cause of a further strain

degradation and channel temperature increase.

323.1 f DI bk®Da &
3.231{ 2dNDSHESRHEAYSE T

It was not possible tobserve the temperature peaks at the vicinity of the Ohmic contacts in
AlGaN/GaN HEMTSs due (i) to the strgrthermal coupling between contacts wilenO 1 0

pm, as demonstrated in the previous section; and (ii) to thepdtat the end of the gate, as
described in this section. However, a temperature rise near source and drain contacts still take
place in HEMTS, since the fabrication process of Ohmic contacts in gated and gateless devices
are exactly the same. We shall therefore expect to observeriome rise near the S/D
contacts in HEMTs as in TLM3he b1 Vg characteristics of two AlGaN/GaN HEMTs with

1000 —
Vbs=5V

E 750 |

<

E

& 500
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© HEMTs
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—A—2,150; 3.5; "B’

0 | . 1
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Figure3.11: Measuredd i Vs characteristics of single and tviioger gate AlIGaN/GaN HEMTs a

@ =5V. The device dimensions ate: =1.0 um,0 =0.5um,0 =3.5pum.
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different configurations (single or twiinger gate) are presentedrigure3.11. The twofinger
gate device O0BO6 outpguthgelregateumHEMITt 6tADan as i
discussion. The same temperature measurement technique is applied tdiregewgate

HEMT with0 = 2.5 um ando =2 x 150 um Figure3.12(a)). Sinced of this device is

less than 10 um, the peaks of tempemaairthe inner ends of S/D contacts are merged together.
This profile is similar to what has already been repandiderature using techniques such as
p-Raman[1sg]. The notchbetween the source and drain sides is caused by the metal gate. In
addition, a higher temperature peak can also be seen at the end of the gate (toward the drain
side, as marked bysp in Figure3.12(b)). This peak may be slightly undervalued, due to the
limited resolution of the IR System. The draiide temperature increase@s increases can

be explained by the temperature coughvith that of the neighbouring HEMT and by the high
electron kinetic energy at the end of the dasg. The maximundevice temperatures of the
AlGaN/GaN HEMTs are plotted against dissipated power dengitlyigure 3.13(a). The
dissipated power density is controlled wa andw . The presence of temperature coupling
between two neighbouring HEMTs (twoi nger g a tae=2HE3 Tim)adBedodat
spreading angle as illustratedkigure 3.13(b), leads to channel temperature increase, when
compared with asinglg at e HE MT=1(x450 @m)160. As a result, the twdinger

gate exhibits lower drain current, as showhkigure3.11[14q, opposite to the expected higher
current wthout considering thermal coupling. This experimental observation is in good
agreement with heat spreading angle mode#$i [149. The main cause of temperature rise in
AlGaN/GaN HEMT is, therefore, the high value of the electric field at the end of the gate
toward the drain side. This electric field peak is observed throughiDDlation,F i g 311r 4e

which also shows increased electric field with reduced sdordeain distance that increases

the seltheating further. The electrons that enter the device via the source terminal and crystal
lattice of AlGaN and GaN gain significant energy at the dsaile gate edge, as shown in

F i g 81 belue to the large electric field peak in the local area. Consequently;lanifiorm
distribution of dissipad power produces a hot spot of temperature to be formed at this
location,F i g 8.X &This phenomenohappens regardless of the strain reduction near the
contact{161], [162]. Therefore, the physics behirghiperature risenear the gate and neatD
contacts are very different. Both mechanisms contribute to the higher temperature at the drain
side in AlGaNGaN HEMTs. Further investigation will be needed to separate the thermal
effects of the two mechanisnrsthis device.
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Figure3.12 (a) Layout of twefinger gate AlIGaN/GaN HEMTSs. (b) Measured temperature pro
atw =5V and at different gate voltage$ { to 2 V; step 1 V) along the lateral position (Cur
aad). (c) Tempew =tbVandw &i2s tVr iad wtnigon het wi d

The device dimensions af@: = 1.0 um,0 =0.5um0 =2.5pm.
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Figure3.13: (a) Evolution of the maximum channel temperature versus the dissipated pov
density of singleandtwb i nger gate Al GaiN# Gh NI HEMT s+#R26
x 150 um. The device dimensions abe: = 1.0 um,0 = 0.5 um,0 = 3.5 um. (b) lllustration of

the heat spreading angle in single and-fiuger gate AlGaN/GaN HEMTSs.
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The interplay of selfheating and polaradion affecting resistance is then studied in
AlGaN/GaN TLM heterostructures with a scaled sottedrain distance. Thig/ork is based
on meticulously calitated TCAD simulationagainst I V experimental data using an eleetro
thermal model. The electthermal simulations show hgpots (with peak temperature in a
range of ~566 K 373 K) at the edge of the drain contact due to a large electric field. The
electrical stress on Ohmic contacts reduces the total sailan, leading to the

inverse/converse meelectric effect. This inverse effect decreases the gatenm by 7%, 10
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%, and 176 during a scaling of the sourtedrain distance in the 12m, 8 um, and 4um

TLM heterostructures, respectively, when compared with the larggshI&terostructure.

331 L {AYdZ I GA2Yy aSGK2R2f 238
The device is simulated using TCAD simulation using an elébomnal modelThe spacing
between the Ohmic contacts varies from L1 =4 pm, L2 =8 um, L3 =12 pm and L4 = 18 pm.
The Ohmic contact length is LC = 50 pum for all the soucedrain distances as depicted in
Figure3.17(a). The energy band diagram overlapped with electron concentration profile in the
heterostructure crossection is illustrated irFigure 3.17(b). The described Ti/Al/Ni/Au
multilayer metallisation scheme was used for Ohmic contaateetie TLM heterostructures
with various sourcgo-drain distances. Ha#ffect measurements indi® a 2DEG electron
mobility of 1950 cm V-is?, at room temperature. ATV technique has revealed an electron
sheet density af = 1.5 x 103 cm' 2. The Ohmic contacts were implemented to the structures

by using heavily doped GaN regions withamease d cont act .mmsi stance
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Figure3.17: (a) Topdown view of the AIGaN/GaN TLM and (b) energy band diagram and ele:

concentration profile at equilibrium.
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The 17 V characteristics of the 100 um wide TLM structures with the described stmirce
drain distancegplotted inFigure3.18 are measured at DC and dark conditions using Agilent
B1500A framework. For the shortest distan€ée& um, the voltage applied on the contact is
restricted to 15 V to prevent contacts damagele for other spacing lengths of 8 um, 12 pum

and 18 um, the maximum applied voltage is set to 20 V. The arrows point to bias points at
which a temperature is measured at the structure (18 um and 4 um TLM struclylyesidace

close to the drain.

Figure3.18: DC |1 V measured characteristics of the AlIGaN/GaN TLM structures. The arrc
indicate the bias at which temperature of the structure shown at theetgeanc field is measurec

at the surface.

3.3.2. 9 f SO K BHMIYTdZH YR 2y faSaiKI2RRE @2 T &
The electrethermal model used to simulate electron transport in the TLM heterostructures
combines twedimensional (2D) DD simulations with 2D heat transport model. In the
calibration at dow electricfield shown inFigure3.19(a), we lave used a loviield electron
mobility of 1950 cm V1s?!, a saturation velocity of 1.9 x 1@m s® [163 within the
concentration dependent mobility model, and
electric field, a combination of the nitride specific field dependent mobility maeélwith

ShockleyReadHall (SRH) recombination and Ferbirac statistics is used. The Poisson and
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