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Abstract

l Inli t ri de semdwvwenbeen odemonstratedi nt ot hbee nao deerrunc i
fabrication of advanced optoelectronics and are
l'ighting, weamalblk e didescphH nmofiso, gp selskhle ht j de optoel ect

devices are perpilmanreiglgyoll haarsreahNgemwahe ofg ( 0001) sapp

silicon carbi ®eefSit@le Ppulsst rfaetwe sdecades, this te
devel opment and unprecedentedeachi ewvemanins .l i Ho we
chal |lHoowewer, it also presentassectiat ebdalsivetd haGadNr

technblmoiglyern mtviogmi mt i ng EDjsdeskéy components of
applications, require maintaining high brightnes
smal | di mensions. HcewE Dperro,d titbheecc upgehy é mtr imamale fod br i

met hods i s tlhiemiitned d dddiecvwtd bolIn dbdmage by the dry etec

The growgbhaof biSis@bbN pr & sseisigtnsi fi cant chall enges du
properties of the materials. For instance, the |
coefficiedidmd b@daNWeean easily | ead Stam dc rGad\k iarge i s
prone -ktac kmeditua inmdy t emperature growth. These i ssi
in the devel oianend tTroastseGsayys toenmat i cal ly i nvestigat
the growoh @GaNcessSi, starting from the initial

growttdl ti matel vy, i t s ucecegsudafi uylhlyy Gaachh ioenv e(sl 1clr)a cSki

The performanced ecfdeopriec gglr cambdh O e mMEBladNt e has al s
i nvestigated. I't was discovered that I nGaN/ GaN m
on afbli exhibit a significant discrepancy in thi
Il nGaN MQWsn gragwrhio e under i dért i @adomtr emwtt hi T otnide
two I nGaN quantum wells (QWs) waasyfodiuhrmdrtethe®nsi(d
and its fitted camves. alThisbdisdrepanbhg differin
two kinds of templ ates, whiinccho ripebadaiti gnd hef gr e wt
Furthermore, a basic Al GaN/sGaBENRiigsh gerl cavant roonn GraoN |

Si, and its characteristics are investigated.



This study also presents a slLeEDesctu svien ge pprtefxd arli

mi croarray ¢LeEnDpsl anteerse. ghdeBan toenmpGaN e by this appr

key factors influencing the growFEFuhr tphreorcrecsrse ,welrye
utilizing a mixture of H / Nambhmbhnengagadui insgetlh
offjuant um QBd%r rainedr sa (compari son with the original ¢

avaluable referenceofflEiDmit hotonhber famr ssabnowave

future.
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Chapterl I nt roducti on

1.1Hi story and [De \HEntiotptieeongtn oolfo gy

Since our amarelsy omsmam scovered howll,o trmakae ifgihrte nly
technology of human society has experienced a per
and then to electric |ighting. From the discover
carbide (Si6) eiak tdhfs @oul guheo U ElRSE D nt elcoh9ndo,l otghye has uni

nearly a cen@Rury of evolution
Di scovdppl aodt Veampdundd

I n 1Bgl,i shHerrieniosdpbc®oened t hat applying a v
contacts of SiC crystadongctdidltiedteeadnil ti eyset|l Iroeve olridgehdt |,
of el ectr o8l umMidn3@®s,oeges fDasntarnicaeu di scovered that

(ZnS) powder emitted chagbéafnidwistthopt opelseadt raofcalt
"electroluminescence"” (ELQi veomnSid@ad si me wti ldies bmpme
semi conductor regttdrciadl ,cointverealioeant red fi ciency is

which raises questi o[dlsl nablodust2 ,i tHsed jmerd acthy cWel kilel | u
compounds, such as gallium arsenide (GaAs), whic
(Si) and germanium (Ge), openiny apmpouwmidde irnar
optoelectr[8nlic tdeevi s@ammbeyebadectronic pr¥Yperties

semiconduct or |6 Bueb sfeiqrusetntd ¢ porRtuebd n Br aunstein o

GaAs could emit infrared | ight when an electric

revealed the pot e&/ntcioanp caumplsi d aat ii g acgfedl lolpt oel ec

I'n 1962, Ni ck Holonyak of General El ectric in the
in the field of optoelectronics by fabricating t
technology in GaAs subst roastpeh i gdreo wWtGa AsfP) g a ITlhii sm de
mar ked the advent of visible LEDs and was a cruc
t ec hn[@]l tbogwe ver , due to the | arge mismatch bet wee

terms of | attice constants and thermal expansion



the epitaxial materials, whichvhswmasmluys 0. Iaflfm/cW.s
I n 1968, at Bel l Labs in the United States, Loga
growsa rRUNNt ur e-doy eglr caayPp @ nGgpP substrates ,doped wi
achievihnhgrmaal equaf(EQE®EB) ebfi O0i 4Fd8f%DFoar gyeams LIEE®Dt e
in 19h®ePE tecwasl eggpboyYepe GaAsP ,wietshul Ni ngpuni tih
successful opaodectiyeh-jofe n f1thE Phe It Ihew 1980 s, the |
efficienchaoédAt GAAEEDs grown by LP¥ hteed®m®dIsqggy
hi#ohightness red/yell ow aliudtAdiGarhn®al ILIEDDm ihradi ul
successful,l widéewdlheped | umi nous efficacy increase
10 to 17 I m/W efficacy ofTheosneyv etnd dlomall o ginccaaln dkerse
mar ked the significant devel opment of LED techi

application and | aid a solid foundatiloln for t he

After the successful devel opment of red and gr ec
LEDs has become the focus of extensive academic
green and blue primary col our s sofeslsiegnhti a(lk foown tah
of dalldur di splayt hies hbblélligtyomiuchel, semi conductor m:
excellent properties hawmé tatitdrea csteend cpanrdtuica wlrasr, &8
nitride (®GaWNpn, natuimde (AI N) and indium nitride (
bandgap semitandgaipwaendd hs, enabling them-to effic

energy photons required for blue and wultraviolet

Devel opmeMEpi ¢t faxGal Gr owt h

Gallium Nitride (GaN) in particular has demonstr
blue LE®sexcellent physicolnamldadwhdmhcahest abimbi
with onihteri ddd has made GaN an i de-alkrfmat mahak f o
optoelectrlmnil® 2dBev iJoéhsn.son first synthesised GaN
the materi al obtained is GaN powder, which can o
[1PTen years Iatientiksnhsl1928, by Juza and Hahn dev
i ntrodhbeenmogpni a (NH ) to molten galkklciesmfatl |Ilyi gphr otde

thermodynami cal |[§ B EBhtiesb h ept riGaoNeksrise wimss as ¢ bremi c al Vo



depositiawgwevrD,) .due to the high melting point ar
of GaN crystal s, its bul k si nTghleer ecfroyrsétjall @asNisesptir a
usually grown on heterogeneous substrates, but t
di sl ocationlhend®i69y ddMar@aMa successfully obtaine
GaN film on a sapphireepufQd¥PENt e hud si npr owaepsuyr hy
chloride wHCI)fgast react with gallium met al at

(GacCl) on the sappRihreen srusbaschto (aMiget.i 0 hfeerem a GaN f
However, the GaN films growhypey dbpegmewihbldnshow
concenittryaptiieca®d4 pi[L Thi s high electron concentrat
density of nitrogen vacancies and can acdcdversely

1983, Yoshida faQuactbtedGaNefilmstohighpphire su
beam epit,axlyy (MBiEggnpar at ghe aluminium nitride (£

sapphire befofleh the GaN growth

The year 1986 was a milestone in GaN material s r
ot heNasgoya Unilvagmase,ntyed ep tGadN growth technique us
chemical vapour deposition (MOCVD) to obtain mor
temperature AIWN nbulfNfekrg nlumypev at ed from-sttlreg tr adi't
met hod byt aursgenrgatl worwe GaN i nstfewmrdt odr Al Npaevianguf h
gual ity dfVNpawha daysrsst epeepwbaxi al growth method d
by Amano and Nakamur a - salwi doerl s tuaglle eGa N fgirloms ha g
SsubstTrh®&tuesessf ul poductiyomaodlf fhigob provides a s
future develtbmapmranltnEdisd.diatNi on,-sbapedtcebhotdhet hewosc
have developed the epitaxial |l ater al overgrowth

crystal quality of GaN material s.
Devel op@aiopioeg hnol ogy

The successf ult ydpeev ed oopp@deNial N\n§ was anot her major
i n GaN matrenailidilyscon (Si ) i s tthye@arbeparcto mmond ys al s
as a donor impurity can provide additional el ect

and the Si doping ptocessatitgpeeldotped ngl Yo f maGtalNr en.a



technol ogi cal bottl etmedlg hit mbedsss&€OGHINad ri dsdartt atioan o f h
| owesi stGaNgergsearchers have tried using a vari e
including zinc (Zn), beryllium (Be), magnesi um (

the successful realttiysppepidog oé maihgd [IshEf oci ent p

I n 1971, Pankove and his tckape htGaRN AwiLtalboZmtag i a@r
i mpurity to compensate for the background el ectr
insulating GaN f i I-iitm s wdnediiaceovnedl uocpteodr a( Mbelgeld t r uct u
bl ue LEDs, <coensfiidesrteidnl|taodh ¢ @gahsdind i n 1973, Mar us Kk
similar met hiords uloatfiomgn GaMifi |l ms by doping GaN wi
and produced violet HoEWwsy enmi,t ht hae MIliSmisttartuicotnusr eo.f |
time resulted in the veflQEpwhaMddk rnBD qhiiapmes uwn tet
struBlumel989qbtAaniamded eMlg GaN fi |l ms by MM@E@VDQDyand us
el ectron beam irradiation (LEEBH)y praetGadid ftid mac tt
produgeslicwaRRiAelopvever, the LEEBI method is I imit
of the el ectthreorne filkoeyaenp,r essrdytpe PtrroErsSe Npue Slawre . t h e

1992, Nakamur a-tgenpfesrmameid ea t hiegimal -daonpne&imaINi ng t r ea
films grown by MOCVD at 700AC with nitrogen. T
el ectrical c-oopeGhatN), v irteys udft i Mgy tiinviat yr efdr@oom i 1o nl i1n0
t og@nmM2bhMeanwhil e Nakamura makkespddheGgpMifritl mshadr evt
using the MOCVD, the Mg atoms tend to combine wi
generated during -adregamp®ss @ u rinense futtonafl @dcrmsigbg e x e s .
MgH compl exes passivate the Mg at orms paen d cperegpvt eorrts
thus affecting the electf2hcaNeugebawetri vaintdy Vafn fc
investigated the mechanism of acceptor activatio
publ i she@VTheyl9®bed t heoretical -tealpeuladtuiren s htea n
annealing effectively -Hi somptext heebetaschgrandfr

atoms t htaypecdomantps.
Devel op@aitaseEDSs

| mprovements in doping technology hmvjeumoti @omd y



but have also | ed to -baeed dmnkE DIs9PSY, e | Noapknaermutr ao fr e@
breakthrough achievement when they successfully

dou-bkeéeerojunction (DH) ,taawhtitheer igmupvge GiREfatact i ve r
440 ummenr i njection,acnudhEe®@Bt ob 20822 A e foll owing
Nakamura's tratmalalcd i eivieatniwe mMe@QE of bl ue LEDs by

Al GaN | ayer as an el ecLtEDba, baesukti hgyen (HEBh) I u
t han, lwltidch out put polwe@Wata s4 e cdednoe dvat d tTCher ent

20 .mAand the EQE was tasmpedigditl mrsee 295 % talhey omande a
breakt,hmepephti ngl ha Nutuialnitsuart iweed 1o f( MQW) structur
regionbofght gbsBy LEdidlud aitndigum content in the con
were able to emit not only blue Iighti3pllmut al so
the sambeyftarst white LEDDbbwagcosibd meéedgfswldl b hdbea\Ne |
LED with a y[@Il3 b ipsh otsepchhomrol ogi c al advance signif
range -mdse&aa NLEDs and provides a technolegical fo

colourcamnadufrulLIEDS .

Since the beginning of the 21st century, LED t
devel opment and widespread application. While i m

cost of LEDs has decreased yéam By ayeamnwi tthet ma

the technology, making LED lighting gradually b
commercial | ighting. Moreover, the progress of LE
but is also widdliyhausedy,i moaumteomotailveli spl ays, Vi

(VLC), medical equi pmeni33BRRrttimegr rmonrde ,matntye ort ehcku c

consumption of LEDs in comparison to traditional
requirements for Ilighting, which in turn | eads t
LEDs are regarvdeadnamse nd arhdrye fei endly |l ighting tec
had a significant i mpact on gl obal energy consum
Several countries, including the European Uni on

States (i mplementing energy efficienwgttsdageadards

i ncandescent bul bs since 2012) ,buadnbds Aunst2 @09 pa,



introduced regulations to phase out -dawifrigci ent
alternatives |ike LEDs. The objective of t hese

greenhouse gas emissions and nporloongoitees .t he use of

Devel op@GaMtasefd power devices

GaN also has great potenti al in high power and h

properties. GaN ha®Va WwWhndbapl bbwabbutt 8. oper ate

voltages and power |l evels while mailnnt aGanN/nAgl N ow
heterojunctions, the Il attice mismatch and pol ar
formation of a potenti al energy trap at the inte

higensi-tymewonal el ecamdsn bgaosmi Z2QE@) fundament al
t hdeevel opmemasheidghGaeNectron (mMEWM)IBhRty 1988Bsi Ehantss
team devel opebda stelde HEIMTsSt maaMi ng the beginning o

frequency and high [PPWerroived éepctthr osntiucd ideesv ilcye ssever

teams, the structure of GaN HEMTs has been furthe
density and mobility of 2DEG Adye xi nLtirdoodw cainndg hAilsG at
I nternational Rectifier were instrumern3lal in bri
Mor eoiveece the end of the 20th century, Fujitsu i
i nvestment inbaded fHEMOs odndcalNas achisvcwad er emar k

commer ci al production of GaN HEMTOswaansguddheys fau

being supplied to communications equipment manuf

With -tbpthnexpl or atbiacsnredofph®aN,ni GaMdevices have b

various fields such as power electronics, radi o
state lighting. The LEDs and LDbeswhtawveGdM/icloméaN
preferred choice for lighting technology due to

ener gy c ofmuwrutntperi moa.ee d GMEBNMTs s how great potenti al
with the potentpawe rteorcsdrfofne re If é ril msEwe ateoxdhe sn,g | osses
faster swi.t cThhiesmge samedds pat edbabsechdec i es cabggast |t}

allB®ecome increasi nglpyersfiogrnmafni ccea netl38M rtohnei chsi gnha r k e



1.2Current ChaliNlieamgaelesof |1 I

Since the turn of the 20th century, gallium nit
advancements. However, the majoritylahnet GadNeode v
sapphireThaebsefoatesthe utilisation of different

in developing GaNGalptiaxtieaclh ntod mhlgryo loofgfyer s a pr or
combining the economic viability of silicon wit
Neverthel esscsa,l mielceo Mad ri semrSioni sofcuGarNently hindered
challenges, including craekipaggoiiesisimecsincanmstdb ed by

l attice mismatch [d&liPWdern tSkeet GaNp ravmndiclsSpdaie sc mwng t h

significant chall edges!|l bhmecnBavée mbaNdesed t he

1.21Epi t axi al Substrate

The devel opmentarxavatl BaNechnol ogy has been fraught
in terms of sQabNs throantoeg esneeloeucst isounb.strates are the
growt h, but GaN singtei dwpsdamalgeuppt dthed ranse da
consi defdaBislpeecadstcal | Yy hcthhttamedshgobubhk2GaN substr
as much as A2d0@x,h whHdricon s ub3t[4Mthdsi 8 preisuéd, a
resear chbasnetdo sGeantN conductor materials and devices

been based on heterogeneous epitaxy.

Si C, sapphire, and Si are comndre sub/ratnrt atges fodr
include a |l ow | attice mismatch with GaN (3.5%) a
ofwhi ch enhance crystal guality and device perfor

commer ci atscaheée M&BsStpiplpihtiy e substrates are cheape
manufactured in | arger sizes due to the mature
common choice for HGave vehfeg hak ottt i geowmt Btmhéech with
very | ow t herpmeals ecnan dsti egtnli & i ooy e taf poprf4 ifiGS@No p hi r e

acts as an insulator, which I imlhscohsrase, iBi se
crystal substrates offer Calirg Sisfiiinggginets t @ad st exdwnanto

is capable o6i peodubbtrigrad meg aipn tdi dlet er, whi ch



the manufact urd megd celsd c torf o iGiadNs , b u tS isaul bssot riantperso.v e ¢
I't is particultahrel yf anbortiecwaotritohny ptrhoactess f or GaN el
compatible with conventional CMOS technology, S i

providing the technical baocssdbbatbed mpe/féBrdohicsint

TabllePhysical properties-i mohd wafpercal ofprvaesodor s b
commonly wusedninrdeéesmwnd R of |||

Sapphi 4HSI C GaN Sili(O®©0!

|l Il ane | ¢

4. 758 3.073 3.189 5.431
constaanf |

Qu-bfpl ane |

12.99 10. 05 5.185 /
consteopn(

Theremarpans

o 8 |/ 4., 2 5.59 2.6
coef fl@®Ké&n
Ther mal co
35 490 130 149
W/ mX

Pricesch®?2 A5010C A0GAOOC A20-0AB0( A1085

Al t houghSiGaaNechnol ogy of fers a nsuingbreirf ioda mtd vcama lal g
associated with the epitaxial growth of-the mate
back etching alMdl augkfaocembeackifngxperi ments have
directly on Si substrate causes severe etching o
react with Si [BBAMmiIi gfhf ¢ @etmipwe awaiy etso avoid this pr
AI'N buffer | ayer on a Si substAlatrasanmdo tdtecmhiempg t
the surface of the Si substrate, the stability
temperature epitaxihael |@artdwtche by svh@CV¥D. bet ween Si

16. 9 %, resulting in a | arge number of dislocati



mi smatch of 54% builds up a | arge amount of tens

cooling process, | eadi fgROtvee rc rt chek ipragg tan dvow alfeera dke
GaM i has focused on the stress control of epitaé
of QGanN.recent years, several technical routes hayv
epitaxial | ayer and i mpragw® ke e datrigvaec gylwd/hGagNi al i t y

superl attice bud)fotwe nipaeyrearit ntreecrdhrho® ioN) yi;nt er | ayer ; e
AlGaxN buf f grés T Eaaycer of t hese technologies-is an ef
free GaN crystals on Si substrate, andl each has
additi-entuanurmature monitorinagtisnyes tterma chkaisn g ecefn v
def ormati on [bd&lByw go lgtramiwnihng curvature data from
i nternal strielsmesamnbé heéeripved using the Stoney
|l ateral wafer temperature uniformitijgpdathl etress

1-2l i sts representati vweSbyeysMOC¥DmMndt heefieatdi ot Gt

Tabll2Representative works from different research i n:
crystal quality of GaN epitaxial |l ayers on silicon

Stress c¢cc¢c Thickne XRIOFWHM

Research in
technol o GaNem (arscec)
Al GaN buff (002)
| MEC, B[6Bgi 2~3
SIi N inteil (102)
Nagoya Uni viégk GaN/ AI N su 9 /
Otwvo@Guer-Unkee (002)
Si N, AI N i 14. 3
Ger mgrpy (102)
Al GaN buff (002)
Toshi bd6p Ja 3
SIi N intei (102)
Suzhou | nsttietc (002)
Al GaN buff 6
and MNMamomi c B,V (102)




1.22Cr yst al Quality and Morphol ogy

I n GaN epitaxial growt h, due to the I ack of su
heterogeneous substrates is often regqubhted,n how
significant increase in-l taly@@arNl edrecvin deem ssapphinr & hs

typically hasthmedadighodaetmsongadéhiDidt @« 8% es of
Thelkieglendiitsy ocati ons are mainly due to the sign

expansi on c onecfefsi chieetrmie edni f@ded eehn iy hs adpemisiirnte. of di s |

strongly affect the electron mobility and optica
of t hel deavd cciet.i on, the thermal expansion mismatch
within the GaN film during the cooling process

st rianndiugw @ d tcomf ishaefki @S E an | ead to a reduction i

efficacy of the LED chip.

I n c&adN agfrown on Si esuhbhbitigtdst selso ctaytpiivednd Ild epnasli U@ £ s
rangi nigdt br@ M Furt hetrhneoirmiga¢ k et ching will bring mo
the growth Toyfpi@aN loyn Sih.e quality of GaN crystal:
GaN grown on sapphire substrates due tolbetter t
i mportant tthatihntpgakeEitiTghst on devi ce IprrWwiodeabaerdgap
semiconduct or si tsruicche raesg Epsad dma@&uhmsant i ve recombi nati ¢
meaning that they can trap electrons and hol es &
recombination, | eadiofjptoel ewe rsauapht iacsalMDBEDEsEs iamide n

as these caadiarisvalry mneaombi neendi tbteifnogr er ergeiaocrh.i n g

1.23Quantum Confined Stark Effect

The Quantum Confined Stark Ef-baséd ( QESEpalsi davifc
GaN and-notthreirdel Islemi conductors, the |l ack of centr
to strong spontaneous and piezoien eeltedtcr ipoco | fairdlsdc
thaeaxds (crysta)ll68pbwe heldectecanonand holes in a qt
separated by the eflfeecdtri ¢f fti kil o, bwihlitch orleeduces t

wave functions and thus t he Trri b abhielniotnye noofn, r &dhioe

10



thQuantum Conf i mQeCdSS,EStvas ko E$ & e efeidr ebpyo rMi e[d feirn aln9d8 4

The -boilt ectric field also |l ewadéheoquoaangms wehl
resulaimseédifn in the eMms ssheni wapeelt edgthsrent inc
of injected electrons and hol-es elhactpairt¢ci il élydsh

abl-sbdbftthe emi s d7 bMo rwaweeleadrugcti m ¢h otl lee walveec tfrumrc t i «

overlap increases the |, i fwddtiicreec tolfy rlaidmiattsi vteh er encood
of the Ilight emitting devi Sé mivwbhedygci sohatal over
|l eads to a decrease in the radiative recombinati
the internal guantum efficiency (1 QE).

/ Electron wave function

Conduction band

Polarization

FANS <,

Field in QW

Valence band

Hole wave function

(A) With Field (B) Without Field

Figlh¥rfSehematic di agr-amnpifneéedtheSganmkteim ect ( QCSE)

|t should be notGadN tMQIMs bmastebhe ophGahl devi ces,

content provides the device with | onger emission
l attice mis maitncthe n sliefaidciantgi otno oafn QCSE. Meanwhi |l e,
guantum well can mitigate the effects of QCSE to
and may caus el hmosr emeparnosb Itehmast. whi I e high indium co
the possibility of achieving |l ong wavelength and

limits the use of high if@fdeumfooertebhhel dGalNl| apdet
strategies to mitigate oralelriaemd emart eh QLrSiEo rhiatsy bteo

performance optoelectronic devices.

11



1.24f fi ci ency Droop

The phenomenon of efficiency droop-nhiag ildeenrn EWwisd el

and this phenomenon is particularly significant
on device [pklrdecarlmayn,ceeach el ectron injected into
with a hole and release a photon, so the optical

t he i nj ecltni oprr accutrirceen,t .t he -ng udrEt®uemnyefi fciad il gncy sefs It
initially with increasing injected current densi
in current density. This i s dkrnocdbvpre oa € ttiakcleolwpoh e nom
current densitiedendiutey tionjtdhet édwi mtao rtilee acti ve
carriers can effectively participdate ai mesaditat it
guantum efficiency initiaHowever, earsees avidaedr ti anicm |
density is reached, further increases iR current
ideal effects, causing theBaguahmnthtuhee & 0 iwii ecinerycylrtom
remains a wideltyhedaehatsbd ondpiconasaedsus on the mec
Researchers have proposed a variety of mechanist
phenomemnamme luedcitnrgo [T Bl edacknasgiét wat ed def[éBt |lrossombdi na
current injgEgdgandnAedgéi cif[elmombi nati on

50
NeqE, peak

X

Pl e o s e e e e e e e ot o

2 40

2

9

S 30}

£ Gayg gsIng 15N/GaN LED

€ 20}

=z Steep fall due to

§ 10 k non-radiative recombination

o

x

w 0 . 1 . ] . ] . ] . J
0 0.2 0.4 0.6 0.8 1.0

Forward injection current / (A)
Fi glr2Tehe exter nal g uantsnmmld e5fafNi diasready LED asGa functi on
current. Efficiency droop occurs when the injection c

curve is the ideal extedrmraele[pEDNt um ef ficiency for a d

12



1.25Mi c-L BDs andDi MipApapyl i cati ons
The development of LED technology has |l ed to new
applicatmionsi do#li GEME>sL E(Ds )atatrreacti ng attention as

di splay technology, and their excel lemnt aperform

expected to be used i,nneal widepbranhbegbt eppmucita

high performance di s[pfays and optogenetic | ight

Tabll3€ompari s€@haofhcKeyi stiLED, ArhdCDg Mindr O[/BD Technol c

Par ameter LCD OLED Mi c-L BD
Emi ssion t Backlic Seé&Mmissi SeéMmissi
Brightné)ss 3000 5000 100000
Lumi nescent l norgar Organi Il norgar
Contrast r 5000: 1 b b
Pixel s (PRI >300 156000 15am000
Col our gar 75 %, NT >100 %, N >100 %, N
Vi ewing ar Best (~ Best (~ Best ( ~
Response t 5 ms, s 10s ., med 0.2 ns,
Operating te 23373K 23858 K 1500 K
I n compariagion i boal di spl ay t eemnintotliogg edi sdiecsh (aGL
and liquid crystalEds spflfagrs & LiICDmher afNaedbs et f ncti
| umi souslckeDs do not requiis ea andadxkdaidigyp i onwhi ¢ICD d
This allows for the display of truer bl acks, t h

ratftTesl t hough OLEBsumirmdobE®Blssofdelrf superior durabi

The organic materials used in OLEDs are suscept.i

13



an

of

w h

d hi gh tGompseergauteunrtel sy., in order to extend their
pically operated at [BPRent hetlf BBt é pohrcalrogyntaldle
r extremely high pixel densities by enabling e
ntrotlelmeid tliingghtuni t, achieving high resolutions
e epitaxial growth andLBED® seprgqaszsarnt deivdg rcief if admti
their extremely small siTEhle igr cwtmpaaocfi sG@aN t®mn c:
bstrates typically results in a high density o
ttices of ,@AaNclhndasalppadrto a rabgse@&Dsefficie
e problem is even -bnaoseket DpsrSasnoobusntTreadt efsa.b r iIGa &t i on
nventionaly LiEnDvsol tvyesi ctanled combi nati on of photo
ocesses. However, the dry etching process inev
the LEDs, whi ch may -rraedsiudtti vien rtehceo nfbd rnmaatiiomn c
ading toofahdelgumidme $ cdenn cteh ee fcfaisscez eodc W Ew,l atrhi s i
n typically be disregarded, given that the dam
e area dfowlewmirnosaist y.hehdi mEbsdensease, the con
mage become more pronounced,t owiatighmtitthtei nrga tairoe ao |
creasing exponentially with decreasing size. i

tBu&8ROuUr team has dlewR2| prpevdt m mrooocedss t hat i s b
owt h, pathteeteabiadnd i r st performed on a GaN substr
t he LEDhisd riucnaveat.i ve met hod avoids the damage

ich i s adwa 8 ga8licant

14



1.3 Moti vation and Ai ms

The ongoing advancements in semiconductor techno
hiplerformance opthmrdrgtitrbbens eni ddlewideesiatlelrli al s, su
have become indispensable components due to the
traditional ' i ght sources |l ike fluorescent | amp :

apptli oGasN, blaBxshonf seveopmpedadvamtages over conventi

OLED technol ogibersi,ghitnncelsusd,i nlgonhgi gthi f espan, and hi ¢

ideal choice for modern display technologies.

Silicon represents an attracti v-ei tarlitdeersnatdwve ta
favourable cost, |l arge size and compHaotwebvielri,t y wi
the growghaliftyhwi@aN on silicon substrates remairr
|l attice mismatch and ther mal expansion coefficie
result in high defect ddmsyietri,eswhdrcd suwrnf a ceea dc rtaoc

devi ce pelrhfeo rsmuatnccees. ®fwt h-not rgdeupaktleri al s on sili
only reduces production cost s, but al so opens

optoelectronic devices.

Furthermore, the rapid advancement of display te
in market demahdr manctmadghd dulstpd aysE EDThmer gaegl ec
as a |l eadi ng-gearediadatoen fdd wevexyt sal kdy omtsal IHonge |
reducing eitlbB@s swliel efmai ntaining hiLgGbDspedetoemanse
to tens of micrometres or even smaller, the side

i nherent 4L tfraabdriitciaotniadn becomelbiealsr fasenhbagcedyv

radiative recombination, whichewHED ianfaftiediyemey.ul t
Thmaimoti vation of this thesis is to address the
of-plcane GaN on (111) silicon substrates, ai ming
crystal gualityFamdheni mo mé set ies est sdy presents

i mpact of diverse substrates on the performance

Finalagy innovative selective direct elpEDtsaxy t ecl

15



without the occurrence eoelfEDs denwadill idcaama gssu b dtnr a the
by this method and then subjected to advanced ch
of this study is to explogyg chebBbDs opni sii $ecohg gh

contributing to ehéedetpekeppmhmimBBbsedbncosti con subs

16



14The®rganizati on

Chapterovii des a brief overvieemwtofngheedbuel ogpmes

nitride semitegndicsttasscegt taevancle@dEent s ear ch.

Additionally, this chapter outlines the primary
Chaptoefrf 2r s a fundamentalideatseducbondoctors]| |l cove
and chemical properties while explaining the unc

comprehensive analysis ofi tthimieomndeat ocbal Wehlgea

focus on the epitaxial growth of gallium nitride
Chaptperroviides an overview of the principal experi
in this project. I't covers the essenti al met hods
materi al characterisation, aonhdn odl eovgip deesynk a bhriisc at i ©

study include MOCVD for materi al epitaxy; XRD, :
characterizati on; and various equipment for devi

lithography.

Chaptprresée nccossmpr ehensi ve analpywsdlsv eod itrh et hvearg roauvst
orf 11sli)l i con substrates, with a particuldrntr focus ¢
coverstthapmemwmdsds he silicmpabiuibgétiteaapecabeang

i n itriettieagr ofvt h, the growth of AIN and graded Al
growth of the GaMNRIDayweird wipltli ctads &di watsossatscsp yt haer e r

guality and surface morphology of the resulting

Chaptienrv ebst iGdktaeseepdt Il e a1 c @ ® cadralvc ac{e0s0 0oln) asnadp p hi r e

(11sli)l sjubsms.mMatefirst part in this chapctpdmanis pres
Il nGaN/ GaNoaM@®®Hs t hatgrhoawn dleegeni demwmtnisc aoln odd fdietrie n
substrates. This anal yseixsanmiansi ncgo ntdhuec trexd? Hwistphe ca rfa
curvéae. secmprmavapderdi ef study of GaN/ Al €6aNi BHEMT st

substrate, al onXgRDwirtehs uclotrsr easnpdo nSdEM1 g mage s .

Chaptpeprimarily focused-basdtEbbes, gwhwtcth aofer €aNabri

17



patterned substrates wusing a direct selective ai
grolipis chapter exami nelsEDtsheacdri ewteldv grhg mamth dfhi
met haondi i nvestigates sevectlaHR tkaerya cftaecfthosrsése ctbraactt oir 1

include the gr &uatNh |afyetr hea-6dNitthieyld i madLlEgD substr a

di mensions, and the fill factor of the pattern. |
investigate thelLBDS ferewr esss ibred wk e/nN mi xed gas &
| ayer growth and those grown using N as the amb

Chaptseaurmnvari zes the findings of this study and ex

18
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Chapter2Background

21Semi conductor s

Materials can be categorized into soliT™heliquid,
Sbimat eri als can be further divided based on th
i nsul ator s, ahdsugleant condexhiobist extremely | ow el
absence of ,Wwirtek ®ypictcalbny adies?®Sr0admPyd mwe rfsred ny,

conductors such as metals exhibit high electric

electrons, typilcdhabl®® 0 €&[A]lSeimigc onedtuwceteor s f al |l bet we
categories, with conductivity that can be modul al
fields, or doping, making them versatile for ele

211Band Structure

The band structure refers to the distribution of

describes the energypsestmibpsevdindmtiwvhhehmaet eoil abhesd a

at oms, el ectrons exist in discrete energy |l evels
interactions cause these discrete energy |l evels
essence, a single amgstahdug@H]isTohset Bvaaoldesnwceael ebnacned i
hi glmhexctupaeahids completely filled with @dlnectrons

conttrlastconduction band is theamrithse rygsu alalnyd eammpotvye
absolute zero temperature. The region between t he
or "band gap', where tHfTheabandogapl owedetneedy
di fference between the boheomopfot heheomduenhcenb
energy sElaegetsr @xs smust gain enough energy to be ¢
conduction thheemwd t ot i ma&ke The size of the energy g
whet her a materi al is a cOhduenhergysbandostuatbu
the energy states that electrons can occupy 1in
determines the confbukitgwrn ¢ y2 .otfhedhlbleggitatgmpess |

di fferent -sttyapeessnmaft esd lail d
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Conduction Band

Valence Band

A
Overlap :
> r 3
=]
S
5
=
=
=
= E Ef
= g
= .
=
= \ A
Metal Semiconductor Insulator
Fi gXTehe eqaepiiya met al , semi cgmaprceaoeant antdhe nisain cad @ap . e &
whi tiendd cates the Fer mi |l evel .
n insulators, electrons are usually trapped in
and the band gap between the two is |large; it 1is

O excite from the vabhedcesbanbdetoontdectkioniduygt of

gligible. However, by applying a high enough

D

rong enough to strip electrons from the atom

—

ramati chaldsgholTdhiwoltt age is called the breakdown
n the case of conductors, the energy gap bet wee
r there is an overlap between them, so this ene
n a conductor, giving ndwc t@awmiétcyo.ald uxce oy ship@ls selse
ap between insulators and conductors. Semicondu
ertain conditions by a series of external excit

and touglienem®@y to cross the ender gayddgapg oinnt a h
onductivity of semi conductor mat erials <can be
' lumination and applied electric fields. This n

onstruction of a wkede range of electronic devic

n semiconductor ®trew@y emzred asitdr cotndrued,i on bands

ide of the Fermi energy | evel and have the highe
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energy stat[g, Wmeesmpeani gbbgtron in the valence bz¢

energy to jump into the conduction band, |l eaving

the conduction band recombines with tale thooltehei n |

di

fference between the two enefmgpi talVlebemi aendlt

band structures can be classified as direct band

of

ty

Conduction band /
AN\ >

Band gap E I

Photon
Valence band \

vV a

mi

el ectron transfer betwddRi ghdeldausduattiesn tahreds €

pes of band structure.

E

Direct bandgap Indirect bandgap

FigB2chematic diagram of photon emission and band str

semicomateroml s

direct bandgap semiconductors, the highest po

nduction band have t he svaentet gro)s.i tTi hoenr @ fno rmeo,metnht e

change the momentum ofe amndaluedtiroomn basndi torex e
l ence band; the transition of an ellrecconotnr ast ,a
rrindirect energy band structures, where the
ni mum aegret altodatfifenms in momentum space, el ectro
nds require t haparntviocllvee nteant maifntaaitnhimoment um ¢
ctor iggwbohetgneptly reducing the probability
d hSoilnecse. t hheoleel ercea coombi nati on process in direc
vol ve -paanryt yt hpiarrdt i cl es (e. g. phonons) to assi
combi nat i-lonl eo fp aeilresctirmndi r ect b anedfgfaipc iseenni ctohnadnt
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in indirect bandgap semiconductor swhirelsumeamsg i n
that the high opticaBasdd ian etnhcey @amowe td acmdi derva tc
semi conductors such as gallium nitride and gal i

hiplbobwer emitltiegrimsi tstuicnhg adsi odes or | aser diodes.

212P-Type alypebpeéednli tri de Semicond.l

I ntrinsic semiconductors are pure materials that
germanium ( Ge) , andAtgadbsioulmutrei tzreirdoe, (iGuatN)i.nsi c s
conduct electricity at all/l because they have no
thermal excitation, some of the electrons in the
condoncbiaod, thus maki ngTheieelmadterriicad !l cprnadpuecrttiivess
semicondumpooveanblyeiintroducing impurity atoms i

known asThaepgidng'emi conductodtypaer€ddpbedyyipkei @d i nt

(accdpped) categories, depending on Dopheng ype o
introduces an extra energy |l evel (i mpurity ener
valence band, where the donor impurity adds extr

excited from the valenceebyamea)wtoh Eehaec cceopntdourc tii nopnu
creates extrtay phed)luemcr giasi hget he condudtni-viltly of
nitride materials, when GaN-«-ils d@loprantwi ¢ dhcl &snarma
( Mgt)hmeagnesi um atoms replace gallium atoms and ger
The i ntroduction of Mg i nto GatNy pree ssuednmisc oind u ¢ h e
characteristics, whithkRalrlmskperwii saer,i ldy pii nhfyl uGearNc envd t
el ements such as silicogpéSseemieaddutbotse whiah
by freeSéel actomensan replace Ga atoms anydpeprovi de
semiconductors to have a high con[@eAdtdriatiioonnldfy, f I
it should dbegprpodeegi ngat sPsi gni f i-tcyapnet | dyo pmonrge dcuhea |
the high acceptor energy | evel of Mg, which make
formsH Mgompl exes with mesfdoml t hgdrgogevit hatpog oces
passivation dmdcpfieosnenotephgnghel ectrons. These 1|

Pt ype doping much mor¥rtey pdei fdfoipciunilgt. compared to N
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21.3Recombi nati on

I n semiconductor materials, when an electron abs
the conduction band, it creates ahohoel epaiinr t(heeHPv)a
Free electrons and holes can move freely within
eventually return to the valence band to combine
which wuswually i nvollhwee s eac ormebli enaast d onf peameregys. can o
of mechani sms, t lbrua et tyjpresirsiela eByekaHde ly | ( SRH) recombi neé

radi ative recombination, and Auger recombination.

E 3 E F 3
Electron Electron
| VN> |
y *ﬂ V \
0 k 0 k 0 k
(A) SRH (B) Band-to-band (C) Auger

Fi g23Tehtehr ee tpypenargf r ec o miSiRfHa { iBJtndBgamal,c easrsd (@) Auger

recombinati on

ShocRleakal | ( SRH) riesc oambtiynpaetl ioafhinvoen r ecombi nati on
the most common r ec osmebmincad nrdaric rinogrestcamuissemrds biyn def ec
i mpurity energy | Bvedes deaf ddhte etnetrgy @rapi. mpurity
intermedi ate energy beavwaeld b/eatl veenecre tbhaen dc o nt chu ot ii ont
l evel is called a "trap' Whenishesedapocaphpréseasa
or hol e, it changes the defect state from neutr a

defect state can thenifrapeadefbet stypeeofrapsraa:

the pair wild.l recombine in the defecrtadcitattiev.e Thi
forMimP1lLFi gR3Ad | | ustframe&amdrhtealwi thdheh aS,RiHs mm ec ombi nat
proclehses arrows in the figure illustrate the proce

30



to the valence band. This occurs via intermediat

band.

Due to the principles underlying SRH recombinat
relativelyas@®Rblif.r eClenl¥i nati encppntingent upon bo

concentration and trap density, and can be succi
Y 0¢ P
Where A represeMmMiRH trre ombe mfait¢d ioemntand n signifies

Radiative riesombendtundament al princi-pmetunder | yi
diodes (LEDs) and | asers. I n this process, the e
holes is emitted,riesmuttthie glgo i RAawWs aghowvteomrsecombi nat
occur by a variety baf demaenrcdhanmisimsat ii mrc,l uax cmigt on r
and eacrcerptor recombination. Each of these mechan
correspondimogd et so odfi fefleercetnrioi ng 2@Bedl | huosl tert abtiaensd i bnagn. d

recomb,mig i memcombinati on process is highly effic

from the conduction band to the, vialhénereebgwndoivi t |

emitted photon is detfar neixnced olmy r & o eanclcieempatt oi goanp . o |
recombination, the energy of the emitted photon
the disparity in energlhyhd evadrsi eéoret weeambihrea tiinmpnur

recomb{ynagtaogemeral ly chl&racterised as
Y 6¢ 8
WheBerepresents the radiativenhecombfigrealthibonl Oco e f

cil s fmirtmaldeand|Issi gni fies the carrier concentrati

Auger recoinmnsbieanafto-romdiodt innoen recombinat-canricémaract
process involvisgméewbyparandrenefcaheier of a di
the energy released by the recomlkmphatbpon othsekad
it is transferred ttpor cavaiddl iheir o ®ldhle cs¢ meexncgiyd.re dh ell e c t
hole subsequently di-sadpatiegethosmeneypgycahlyg nl

as heat gener ati d&n ga@38Caleastctrii dee sv iamr aAtuigeems .r ec omb i
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Auger recombination becomes notably pronounced a

significant contributor -btroi genft fniecsise nLcEyDsd eagnrda dlad $

primarily due to its adverse oehfdleect p ainr sr, e dwhciicnh
detriment al to both photovdlBtTdoiec recmowmdri sriadm oand
Auger rec@mbdamtbenexpressed as foll ows:

Y 0¢ &)

Whe€Cies the Auger coefdnmtisdmgtnidfi ersecdmebicmatriicer co

The carrier recombinati omnch ai & e ttehmie sdiysncasmi pcisv wtfa lc a
recombination in semiconductors and refers to th
recombineTWwi shphobeeter is important for underst
device characteristics as itspeamdctd fyf iacfifeencctys otft
mat ecomger recombination | ifetimes mean that car
t he semioconndautcer i al prior to recombination, a ¢
enhancing photovoltaic conversion eGdnve resnecliyes,
for applications in general l'ighting, di spl ays,
recombi natmawme |Ipfefté meedt eéonalnhqunaet wmde ft fhieci enc

maxi mum modul ati on bandwi dt h for VLC application

The total reco(mipif nat iscenmi Iciofnatuicmhen r materi al can
radi@t)ared -rnaodni @t i vel i fetsithdastrated by the subse

[1518

T T T 8
Typically, temperature and def-eatlidensketyeanpmbinao
process and hence the total carrier recombinatio

214LED Structur e

AnLED i s a semi cognednuecrtaotre sd elviigchet tbhaasted on the r ec
holl¥mlmkeundament al ot oh fhieg #dE&t diywelt diccdh constructed up

combi nat-tiyme otdynpe nsemi condDeé ot o mather idailsspar i ty
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concentrati etny pbee-taypde nnr e geops, carriers migrate b
concentration tdohashmeaprsegbatiboiaem.andpel ectr ol
andt yppe si desThiresmpiegrnatviedry results in the format
t heeseeg) omascomp dmiided ebcyt ra ¢ fi el d F$ gp&sdea migcttshiad r e

standard operaphji omeidasteiddcui t f or

P-type N-type

Holes Electrons

hv
(A) P-N Junction

P-type . . N-type P-type . . N-type

! Electrons :
Electrons

Conduction band

Valence band
(B) Depletion Region (C) Active Region

FigB4Rchematic rePreseptaci oonod nwietrh fam waec do mparsyi ng

enekrgyelagram ¢ funantdiBynzer o ®i aush,deamar d bi as conditions.

The -boi etectric field inhibits carrtype(@hedcpron
type regions. Once the field shtaosprsdt teagiuméd bs u fi i

r eachhiegrd8éWhen a forward bnajunsct applyiedl 8p €hecp

are injectredifomoemritbhng nr espectively, which breaks
withii& fohecPion, |l eading to artreducdi bhusifomhef d
and holes into the opposite region, anthda he f or m

el ectrons and holes recombing as thiegdCad Nnve reg
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While the emission of photons is acureseht i0$ r
mai ntained by the continuous injection of el ect
forward bias. It can be seen that the emission of

both phenomena are cmmisregtuienrc eisn otf he aaatiiewve rrec@i «

221 FNi tri de Semiconductors

T T 7 T T T T T
6 — AIN Direct Gap 0.2
Indirect Gap
i ® |[lI-Vs (As,P,Sb)
SiGe
i A |-VIs
® [lI-Nitrides
s T
% 4 =
> =1 ZnS 2
!CT) MiSe MiTe o}
LICJ i GaN o)
o 0.38 (3
s 3 =3
S =
& 3
m

T
3.0 3.5 5.5 6.0 6.5
Lattice Constant (A)
FigbRandgap and emission wavelength at room temperatu

const aommbami conductor materi al §1.Y Reproduced with per mi

I INli t ri de semiconductor s, which are composed of
gallium (Ga), aluminium (AIl'), and indium (In),
suitable for a variety of appghiowatifoms.t hleomr evw an
gaps and high electron mobility, while I nN is kr
(I'nGaN, Al Il nN) ranging from the infrared to the
suitable for opglpmeviee c teloend tcr odrua t tmérprhadrcea,t i oo mp o |
semiconductors have an exceptional <capacity for

of their energy bandgap widths and relevant phys
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el ement al rati olsn wiptthoien etchtersoeniacl laopypsl.i cati ons, th
by the alloys can be tuned by varying the cont el
devel opmeami totfi g gdhitodes (LEDs) and | aser diodes
spectrum @dmneoorh Dlulrlisde semi conductors include gal
nitride (InN), aluminium nitride (AI N), and thei.
i ndi um galllniQamM)n,i tarniddeal(umi ni um i n[dBEMg/=EE| i um ni
illTusheabasdgap iodfe sadahmprowrddwdettiowresr a wi de spectr a

from the deep ultraviolet to[ihe entire visible

221Crystal St eNudtsurdee of | | |

I inli tri de materials typically crystallise in the
However, zinc blende and rock salt structures cal

under ext-peenesyr & mgdnidiigtriaornes ,i n n althuer azli necn vh |r eomdree

crystal structures can be formed on seed crystal
own <cubic sphalerite structures. However, t his 2z
trammfiont o the hexagonal wurtzite sflrulct ure with

3
5c
8
L.
O Ga atom
O N atom
FigkBSchematic representation of the hexagonal wur t :
Thwurtzite structure is the most stabewe,t hpmeval er
t henil tlsiTihdies t hesi s wi | | concentrate exnciltusiidveel v o

semi conductors with ahwesrstruetateucearcéd. nitroge

Group I'l'l atoms, forming a tetrahedral coordinat
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coordinated to four nitrogen atoms. This mutual
of the wurtzite structure, whi2pFihg&8sehewsa gan al Cc
schemawuir tzofTwoGaNt erpenetrating sublattices of G
t heaexd s (perpendicul ar tod f s basal pbakbéeB wift ht
Furthermore, the |l attice parameters of the Wurt z
ipl ane | attice paocf@aimener!| dtat)i @aendp @ hemetuear (c). T
di stance between adjacerdtanaet,omhiwiet Hihre tlhad tsamdae
bet ween basal pl anefTahbXlpr denttesabh ddathgpo Hdmttitamc®eou

constants and bondimgtpga@BeEmet ers of typical 11

Tab2tl€r yst al parameter sniotfr[2v@Es zi te structure |11

Al N GaN I nN
l !l ane | ¢

3.111 3.189 338
constaant |
Qu-bpl ane |

4.982 5.185 5705
consteopn(

Co/ao 1.601 1.625 1.615
Bond I(eng 1.89 1.94 2.15
BamdaE) (e 6. 026 3.390 0.641
Bond e (Ep(regV 2.88 2.20 1.93

The Mill@r i&kmdwiecrees i ntroduced to accurately desci

of the | attice in hexagdmTahe ainmdd ircheosmbh ,c kc,r ysndli
reciprocal of pliane abak e cwiptt hiwin tthh & hlelataails pl ane

i mportant to note that the:relationship between
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N Q Omn ®

Furthermbeeindex & represents the raexdisproofc atlheo f
crystal (the axis perFpagmidieclulatrr dtodMd hiebeéd aBrdpdiag

coordinate sywrngegnt li.n a wurtzite

()
~
3

as
FigfTSchemati c r eBprraevbbeihst afi hexdei nal crystal structur
Il inli t ride crystals (GaN, AIN, and I nN) can exhibi
of i nversion sammetmmfibaboonogymmetcic nature of th

gives rise to different polaritiesFdepkbed] nghen

underlying reason for tdenttrwaol poymmdttriye si n st et eWu

These two different crystal polarities are deter
growth dir eecatxibosn. tahleo negx atnhpel ec of gallium nitride,
group | 11 el ement atomopgabhhdumhespé&hawnt wsot hehiC
theaxds in the positive direction, Tviet hotah eMi,| Itehre

surface terminating wit-holaami amdngitehke aNiolrelxepir £ sisrea
(0a9, with the surface pol ar iatxyT&iBmp alhaer ogalolsiiu e
nitride usually exhibits a-porhmact tgaddri fuancenimari gheo
surface and shows a hexagonabcmomodpsotogyuie. dU
di fferent mobility of gal IWhuenm agnrdo wiiintgr oGgaeNn oant osnasp
MOCVD, the usual growth congloltarmnsoffadoeas ome Ga

polar gallium nitride has high chemicapdolsarabi | it
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gallium nitrig9ge)] awhigahl |l emdsi Gai de the materi al
optoelectronic andTimécpokbectyonfcadseimieonduct c
significant effect on other aspects such as chen

generation and inté¢xfnal polarisation direction

(A) Ga-polar GaN (B) N-polar GaN

Fi ga8C@pti cal mmesgeosfc gfA) a GaGa Np aIrGahrN( B) N

222Def ecltlBli timi des

I Inli t ri de s emi c o ncdhuacrtaocrt emai tseerdi ablys aarpeer i odi c crys

positions are determined by the wunit cel |l l atti
complete periodicity. However, in practnigce, devi
crystal growth due to external factors, |l eading

be classified based odi mbeasrodahenehBY wmaataidey 1iDNt o

di mensi onal -d(i2nDe)n,s iaonnda Lt h(r3elDx) def ect s

OD dedlexd sknown asapeiohadattetbsed by the presen
such as vacancies, interstwhiaah sestndssmbssingitid!
or foreign at onsst rwidthuirde ftehcet sc,r yosrt alli ne defect s,
di splacement along a specific directioaD with di
defect s, referred to as planar defdlexne. Tolcec umo sdtu
common example of such Lasddfyect3 Di sdetflteectst, aoki nve |
macroscopic in nature and involve a |l arge vol ume
and cThekpresenicaeg oifgdieffiedarstt heehaliledndgeof c¢cryst al

with the potential to have a significant i mpact ¢
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Interstitial impurity
Vacancy Substitutional

000000000 0O O @ impurity large atom

LAk XX ooytb:;;///

o ol owoo XY L X

090000 occoavee
Self-interstitial 00006000 ? ? 290000
\\4£J1vooo doooooooo

oo@%oooooooooq-
0000000000000006000
0000000000000000000

Substitutional
impurity small atom

Fi g9k agrammati c r epr esdeenfteacttison of typi cal poi

Point defects refer to the absence of-lantactem at
position, or the substituti oAns ofl laaBhg&® edtom by
Di agrammatic represerfdttatgid,tehef et gpecahrpeoei pti mar
oo point defects: wvacanci es, . ivAatcearnsctyi tiisal dge f iannedd

absence of an atom from its customaryllnatittice po:

nitride semiconductor s, nitrogen vacancies and g
observed point defects. Nitrogen vatpmei édspiam@g a
i n GaN, while gallium vawarciyyel |aorwe bclnas ed i sasd

significatnhd yoptmpazlt sprofddrerighbdnef defhiecimat et agl a
role in doping mechanisms, carrier endncrendter at i o

semi conductors.

1 Dislocation line

A B ——

rd

Dislocation line

Fi g ®i agrammpatiesend) aanordgt (@B)s lao csactrieovn darsd o(cati on.

Di sl ocat i-dbinme nasrieonocanile | i ne defects that occur whe
pl anes withinThecrcyatsali fdgtcraacé¢tomr ®f di sl ocations

relationship bet waann dt htehier dB usrigoecrast ivoenc tloirne. The

39



di sl ocation are as§Ff ghkl®wss creedwg edriidg Bsbl Bpacta toichosn s

mi xed di §bocani edg.e di sl ocation, which forms whe
into the |l attice, a local | attice distortion occtl
lihe. the case of screw dislocations, atomic pl a
helical structure. The Bur ger sFuwretchteorrmoirse , p ar anil:
di slocation exhibits characteristics of both edg
obotim-nliltlri de emi tter s, hnowaidsilaotciavtei oronescnof nubaicntain bi hocnh s

results in a degradation of their |l uminescence e

&D ()

(I @

o

Qi

( ()
cos

F

Normal Stack I,-BSFs
(A) (B)

> o a» 0>

> W w > w
> W OoOwow
> W O w»w
> o a» w >

I;-BSF's E-BSFs
(D) (E)

Fig®i agrammati c r e(pAeog aeratlaactkiionng offekguleeniceu a ntdy pe s

of basal stacking frnaulrtisde( BSHE )c oinrd uveurotrzsi.t e | 1 |

Stacking faBDpglsan(aSFsdefarca s in crystal structur
di sruptions in the regul ar stacking sequence of
arrangement of nhencrysetadl clrytsttiade. atomic | ayer

sequence, such as, ABIAIBAB enrme ABIGsAB G| pl ane stacki:r
However, when the stacking sequence is disturbed,
|l ayers or byofhexmssahigghmgetrBPBepéanagengfanl|l tbkeasp
error in the stacking sequenhnomai sttaygpesap aflaut t 8s
stacki f®SFandxttsrb aasdlacki 8B SfF&sBSFsf armed when t he
original atomic | ayer is eitherlnemoBRIER®T, repl ¢

resul t from the insertion of an additional at omi

22.3Mat ePricapler t i-M st ra fd elsl |

Tab22presents the basic materi al el ectrical and t
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semi conductEdrecmatoenr imolbs .l ity describes the speed

force of ansebeetofcthieelmdst i mportant parameter
materials and designing semiconductors and refl
semi conductTcdhre mdteertiraolns mobi l ity of a semiconduct
factors including crystal structure, external terl
and dd8fheptrset ed el ectron mobility of GaN wvaries

semi conductor materi al affectsGatlis alfdetcterd rmybit
substrate, growth t ecThhnei ghuieg haensdt grreopwotrhiGecdd nedxi ptei roi nn
el ectron mobs | il ®W'Scroenproerntteldy by D[2BC.p rLiooork tion w2hiioc
the electron médRpitgagxiodl al dyphRvisafdealhdisloe 1000

shows that GaN has superior breakdown voltage an
andh&8s,a higher meltindheocappliwmiac aolt hperr o preart teirea |
render it an soppetciiniailc cahpopilciecfaitadbdgpdfwpar anduhaghy

frequency el ectronic

Tab2l2&€l ectri cal and ther mal propertief,2c8h common semicond:i
El ectrc Ther mal Breakdo Me |l t i
Mat er i Mobil it Conducti Field Poi nt
CHi /g "1 ) (f OHI & ) (T [ "HI) Of
GaN 1245 2.3 5000 2500
GaAs 9400 0.55 400 1238
Il nP 4000 0. 68 500 1062
Si 1400 1.56 300 1414
GaN al so has excellent chemical and ther mal stab
due to its unique crystal stGapot areGaNdi shemiemat
i nert and resistant t o most acids and al kal i s. F
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Gapol ar GgopMlamd GMN can be etched by specific che
acid (H PO ) and pof3®3BThen rha/jdaroixtiyd eo f( KODHgent r e
based LEDs ipolmaSeahdNoni Ga et elhkE D gs wlhs tpraa tt ees nwesdi n g

solution under UV | amp i elrEa0digartowtnh iisn at hcirsi ttihceasli

224A1 1l oys and Tunabl e Bandgaps

Tuning the composnittirond eofmadlelrayd sof( el gl. , AI N, G
modi fy t hekghddalnaltgtaiba@gs cao nksetya nsttsr at egy for achiev
and optoelectroAccodevnget prYepearnd'es.l aw, the || at

be considered as a l|linear combi n[@8i on of the | at

For a binary alloy A B consistwng odn tlhwe el em

expressed by the equation bel ow:
® W p O q:)
whewes the molar fracti onwod dedrdnerf eA ithet hat &l

constants of the pure elements A and B, respecti

When using Vegard's |l aw to cal culhdt@aNMh(eod altnGah)
can be considered as a binary all agdaslycsuleant ecdo n s
through the equation:

W AN P OW ¥
Wh e e ishe |l attice constansttbfe mbeeAfF GabNhtabhoy

Al GaN,@l aogwp refer the | atAli 8re@adgNo metspretcd i vfeltyhe

For the ternary alloy system, the formulae must
el ements, using AllnGaN as an exampl e:

® X0 [A%) P ® OO ey
Wh e me ) M and denote the |l attice constant

I nN and GaN,anmess paepmdd vvetl gnote the molar fraction

and GaN in the. alloys, respectively
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It is i mportantlaw oprnoovtiedeshadn Viedaaldii sed | i near r

|l attice constants of all oys. However, in practic
l' i near model due to the complex inteamdtibaes t hc
more diverse the elements in an all oyaw twiiel Imor e
deviate from reality.

The calcul ation of the bandgmapl| odatsedi cona@wsxé otrh

of an alloy depends not only on the bandgap of i
the composition, mi crostructure and interactions
with the lceomedhetvseuehel ess, the prediction of the |
estimated using Vegard's |l aw and cor rwehkiteld by in
can be described by the foll owing equation

(¢ Wp p O QW © q:3

WheiOe i s btahnedgfa mlhje®@gyan®; represents the bandgaps ¢
A and B respethevpltypportion of ®cempohewing ipart@ame

descri bi-lnigndaé&re melnati onship of the bandgap as a f

The bandgaps and correspondi-migt reind esssT aob@8.eMaivsetl eech gif
I nN has a very narrow bandgap, and the I nGaN all/l
achieve a wide rangee¥8.edVa)n dbgya pt vardnjiunsgt ntehnet [(n0 .c70 r
significant difference in the bandgap of the two
covtehre spelckt rum of wims7i4b0l en Mvinghait t ¢ AMOMop &@ntt of

ne-anfr(aNleR ngenni-368 ImImMeanwhi | e, t he bandgap width
composed of Al dchhdveE&dNfocath. BedV by changing the
the emission wavelength of the AIDE&Y wdn rme i @djed
(UM)eg( 20 nm ~ThuGHidm)lde materials show great p
covering the spectral range from thedjdestpalulld r a\

bandgap and excellent optoelectronic properties.
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Tab2l3®and gaps and correspondi ngnietnriisded [8rfia twearviedlesngt hs of |

Il knli t ri de Me Bandgap (€ Wavel ength
GaN 3. 4 36
Al N 6. 2 200
Il n N 0.7 1771
Al GaN 3.4 ~ 6. 200 ~ 36E
| nGaN o.7 ~ 3.« 365 ~ 177

225l nt ePmladr i zati ons

The spontaneous polarisation of the materi al i s
structure of the manietrriiades asnudc h na s hlel N,as@aMN fand
centr oswunntezirtiec crystal structure and therefore h
effect, a phenomenon which is also knelWwhchlsi dhe
i ndepeimdsetnrta iokin sitmpger.t ant cause of the polarisati
i n el ectyr dored gveeteinviatt bms ebémgmtoosip( Al , Ga, I n) and

di fference in electronegati viNt wolneladsvhti@ ha rkeesqr &

formation of an intrinsic el dytpriicaldiypoli @ memeécD
materials with symmetric crystal structures, s u
moments cancel each other out on a macroscopic s

for the enti Hewe,v gtshhiad wcamsdelm.at icemtir®siy mmempl et
crystal tsrtirgugcetruirnegs,a spontanmnddadtiths trheel ardtz adii pol @ r
pointing -Iln dihréeoc{tGibDont.i d ¢ hal t oyspont anwealussespol ar i

O can be estimated by lavdtPerpol ation using Vegard'

4 5 .

U f w j P WL j P m
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whebg refers to the spontaneous paqDgriissattihoen of |

spont poésmaimain Ga Noi sehred mol e fr acAi (oAl odr olgm)p oinre ntt h ¢

When an external stress (comprtassieo magtreortign s i d rh)e
atoms (Al , Ga, I n) and the nitrogen atoms (N) ar
positions. This displ abemieon wihiaihigest hdematharigael
positive and negative centres of charge no | ong
moments in the crystals, a phenomenon known as p

into a cagwasltlay kremandeuscri bed apl aneombiamd i ont of

ol ane -syrandsi ¢ calcul ated by comparing the | at
those in the unstrained state, the following equ
- - (1') C&p
o ®

Whereand are tphanenaptaomet strai nsandraersepecti vely

l attice constant s® andadtahreel eattrtdicree ¢ omntsataen,t sarich t he

The piezoelectriOc imolaamiagdtiican adenmsirtexxti on (in t
is rel atpeldanteo stthreazoipn amel $threaiomt which can be cal

of the following form:
0 Q - - Q - ¢po

Il nheguatQ eam@® denohmpi ezoelectric constant describ
piezoelectric effect of,amd maheyi aleprasemrtspbheec
piezoelectric polarisation al ong tphleande raencd iownt p

ofpl ane strains are applied, respectively.

Thus, the tot ) pfodrara ssaetmiocno nvdad cuteor mat eri al wit
can be described as@tthedspimendel & t)swpha ncpha hceaonu 3 at

be expressed by the following equation:

0 0 0 BT



I'n bul k semiconductor materi al s, an electric fie

Thi s -ibuidltectric field is usually cancelled out b
the material, and this cancellation results in a
However, in heterostructures such as Al GaN/ GaN a
pol arisation between the different materi al |l ay
guantdmiweler face, whi ch ni | reeftagAdrsdtdhtdi as adrdeetitiiemeb,u
guantum wel | is sandwichedabaenhdreien wsvwalklhy ckenmrcé:
the same | attice RBwemstant has mit matbalr riersattice
guantum wel |l materi al and the barrier material,
piezoel ectriFcor pnditariidseat mamnecreinatlrsoswmmekt rniocn | at t i

piezoel ectricedpoblyarsitsraatiinonwiilnldugcener ates an addi't

~ 00 ‘ : . . ~ 2
E 0a InN £ AIN
S & e33
= -0.04 2
2 S 1 1
3=} g
i Z InN
5 -00sf S ost GaN
=
2 2
St
w - 4]
z g
§ -0.08 AIN ] GaN e3l
S § 05 @ e o
£ 2 AIN InN
2 01 . - - - -1
2] 3.1 3.2 3.3 3.4 3.5 3.6 3.1 32 3.3 34 35 3.6
Lattice constant (A) Lattice constant (A)

Figatg A) Spopbhaaesimhinii o mAldXIsnyxEpE1l oys according to a
Vegdrn ke rRilezoellB)ctric coupling constants e33 (squares

per mi[dfi on

FigarZ2I|l |l ustrates the spontaneous poriatrriisdags oaandn

their alloys as a Iftuncdn omEiogklHAd thftaritct heo s ptoan ta.n e

pol arisation coefficient of AIN is about three t
heterostructur e, the Al GaN | ayerd nwialdldihawe , a A$ iNr
a slightly smaller | attice constant than GaN, sc
Al GaN/ GaN quantum well. This strain induces piez

the spontaneous paolgar insk]thiedinr,a@Qoit chn ,powmitch enhan
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optical efficiency
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well s, thuseombreasiog eheiciency and optical eff
of QCBRically, the commonly -pbbaenggaotwtim derkst

t he |l & nt&l0qgr -pin g nkd0Q ]

The QCSE phenomenon has a c¢omiptl ledxs ed fheectte roms ttrhuec t
in sevelrml qwarnytsum wel | structures, the distortio

budi Int el ectric field reduces thkei bandagapt heeneengiys

wavel,engsg hshéwg2I&®Thhes hriefdt t heoretically facilit
of |l onger wavelength emission, which is wuseful f
I nGaN/ GaN LEDs into thedowewger wavdligrhgtibnjreedii @
carrier concentration in the quantiwmmeweelclt riincc rfd ae:

which reduces the energy band distortion due tc

wavel engtthhet oswlaardts wavel engt hT hdisr ebcltueo ns hiif.te . a fbfl

wavelength stability of the device and presents
control of the lkemi addobhi wayvelbadpgttleduoerdandehlodpe
wavefunctions |l eads to a slowing of the radiati:
radi ative recombination | ifetime. This reduces t
and decreases the i(nt@E)nal guantum efficiency

QCSE is also a major challenge for I nGaN/ GaN QW
guantum wel | pl ays laoangmirsistc ah walvelienmngtéal i sihnga
yell ow | umheedadnde.e mi smatch between the | nGal
increases with increasing In content, l eadi ng tc
well, which enhances the piezodghectombipétieeffda

the -shdatced piodzaacgdlseadtiroinc apmd the spontaneous po!
itself creatmemselhestriongf bel d tAtsh aat reexsauc er, b athees etnhe
structure in the quantum well is significantly d
holes are further separated, reducing their over
radi at i vaet iroenc oenfbfiinci ency and ilsowefref icfi etAitcey mdi A ol

wavelengbaséd.GaBRDs
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226Hi gehl ec-Mobnl ity Transistor (HE

Due to their uni que el eadteinli ¢ ali dased shbwsigec &lat ppo
advantages in the field of highOGapd#vemeredaHHEMTisgh f
have significant-badedntH&dMds awmedr oGAAs conventior
hi gher bandwi dt h, hi gher breakdown voltage, S u |

charactVMorieo®acigsed HEMTs compaeaabbéefgffidemqdienc

maxi mum osci lyl@idiuebhier egeegnel |l ent el ec twhiiccahl pro
is critical for RF appl {4ctBi ons and microwave fr
The essence of HEMT is the wutilisation of bandga

an ultrathin conductive channel-dwimehshioghl ekéectct

(2PWIEGg Asb@Gagsd HEMTs, the small bandgap di ff
pol arisation require modulation doping impuritie
of enhanci hgetHdeatel ebhéeri ot er fbaacsee.d IHE MToesn terxahs th,i tAl
bandgap differences and significant polarisation
spontaneously formMar2DEGrwi theubhi dbpicagri er den
2DEG | ayer of Al GaN/ GarNe sHiEsMTan cree,s urha k ii mg |tohve no ns u

based devices for applications [448uiring high ef

Baliga's Figure of Mer it ( BFo M) and Johnson's
parameters for evaluating the paerd oarnmea ndceef ionfe dp obm

foll owing equations:

6"0¢ DRRtO ¢ L
Whemré she permitti virRtiys otfh et hree | maarti evsei apheer npietrtmivtittiyy,
of the tviascuuhne, el ectO bea mbbei trtyi aadd el ectric fie

(o]}
C A

VR:0)

QN0

WherOer epresents the <criticalndelsectthae csdti wedat ioofn

velocity of the electrons
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These parameters hel p d¢o@mptahreitshoent ipmfd leinyt i g L amtfi fdyi
semi conduct ous epatweerri adlesvifceer BipepMi cat usead to eval
performance of semiconduct owit mataerpiaaltd ceihapower
efficiemwmy tiamgehiddpfp| Thias i pasameter combines the e
electric field and dielectric constant of a mate
high voltages at a given electric fieldeswithout
that the materi al can achieve higher efficiency
GaMMased power devices exhibit high breakdown vol

to their superiowhmaheni ab pespéttiassai Imucdin hi gh

and even silicon c amhbiigdhe ,v oslhtoawglen gaapdpd vi achabt ai goenssh.r o u
use of critical electric fields and saturation
evaluating and comparing the suitability of diff

and sipgehd switchldBgomapekxamplk e penx6ahNb gta tJeFa M Iwal ues
due to their high critical electr-basédeldsi aad
particularly advantageous in applications requir
Tab24s howsFoMaed JBFoM values of common semiconduct

Si, GaAs, [8RPC and GaN

Tab2ldé&lor mal i zed fJaMameas Bdfodmenoint s mhatoe @i®x It © r

Materi a JF o VE o Lokt D BFo N LER):
(111) ¢ 1 1
GaAs 7.1 15. 6
Si C 260 110
GaN 760 650
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Metal contacts
2DEG layer
- GaN channel layer
- GaN buffer layer

- AlGaN layer
B AIN buffer layer

- Silicon Substrate

FigBa¥®chemnataigo am of Al G&NI GaNnHEMbBsonate with Al GaN b

Fi g4l lustrates the basic ®snr $éstuibcsd maafg eanre rAall Ga N/
both sapphire and silicon can be employed as s
Sapphire substrates are widely used due to their
silicon substrates are preferred due Hasthleir 1| o
procelyypesal ly, Al GaN/ GaN HEMT structures have a
bet ween the heterostructure and the substrate.

mi smatch asdi pabhvéedpl atform for growing high qua
|l ayer mushsblatsiemg to preventAtbtéeéaekdower &atchki gh

Al GaK, g8 n2iDEYC spontaneously forms due to the pol
materials and acts as a chprerdl ell excd m ofac r BT OtrC
the HEMT structure requires three metal contacts
contact. The two ohmind cdornatianc tosf atchte alsE MTh, e asnodu racr
good el ectrical contact and reduce the contact |
met al, swhHick&du all oy is used to form a Schottky co
bet ween the source and drain as the gate contac
conductivity SNMhetne tdhfe tHEMT2DEG.under zero bias,

2DEG | ayer from the drain totathe. sldeonweae eneengdanthi hvee
bias is applied to the gate, the electric field
channel, cutting off the custr@e tfl sewal wbi cmpobst
note that the threshold voltage (Vth) of the HE

defines the minimum gate voltag#g aneq usor atheet @ ns wi
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BreakdowiVpo)y obthagei fRojpanncde dr ailpgac er t dimtee key met ri
evaluating HENAheper fp@armanmedcer s determine the wuse:
HEMTs in varidhe dpelkdawnowol tage refers to th
transistor can withstand, beyond whi cThhilsr eakdow
breakdown <can be vertical or | aterTanet Eregplendi ng
breakdown typically odcrcauirns, bwehtiweee nv etrhtei copdt eb raemdk
vertical structure of the device, TBhue hl atserfarlom

breakdown voltage can be effet@iraelhny discraaeed w

increasing the resistivity of the buffer |l ayer o
|l ayer can increase dgée vertical breakdown volta
Onst atesi stance is the intermdlatreesicsothasncd i mfg a f

contact resistance and a 2DEG-sdhudemsnieslt asnhceee td icrheac
affects the power di ssi paRhdcam dred edfffeicdaii vredy afe
optimising the design of -dhmae&i levypaei,ng,ucihnarse a idr
width, or using materials with highreai mle®gaciomg n
al so reducesvotlhea ghber eoafk dtohwven d-éwvwace, spacianghmears
electric field is more concefhRadtse du,s uvah il cyh ctad rcdud
by measuring theV Ildmearaac trergii otni Ail tag,rhmadef i t heade:
to compare the perf oromasn cues uoafl |dyi fnfoerrmeanl ti sdeedv itcoe st,!

can eliminate the effect of di fferent device siz

Drai n (¢dirg etnte current that flows from the drain
is a key measure of device performance and is es
capability and switchAhhegmpgni tuthenaeadofliaedéviooe
is controlled RBYy,tlwaighteomdblrtbhgec(WVrent flow by

of charge car mwheecani het et ehmnned by foll owing e
© ¢ 0 n P X
wheEedenotes theofcbacgatrcatriromrsvindebhbetexchihacl

effective velocity of the electrons, which can
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el ectrons in the pnesenhe athaameelodct hiec eflieeltd .on

charge constant @(pudombmpately 1.6 1T 10

231 FNi tri des on Silicon Substrat e

With the rapid development of semicondutctiodetech
semi conductor materials, which have a wide range
and optoel edtypboatcl devilcese materials are grown ¢
Substrates, but the cost and si zeSilliimdmtd whst rodt
are a more attractive alternative due to their |
sil-basead microelectronicHomawvefracthri rep-itacxhradl a
nitride materials on silicon substrates present
mi smatch, thermal expandcieonm cadefifmicoimpmt i diiflfidryen
these problems results in a high density of def

affects the quality of the epitaxial |l ayer and s

231Latti ce Mi smatch

The crystal st r uacntdu(rDed @o)f ssiilliiccoofno ti by sctuebfi cwiet B y inme
whereastdildes such as gallium nitride-floade a wu
surface WhyemeOtGrdyN. i s grown on (OpllaneSior itewot adtiifofne
the GaN are formed simultaneousI|GCon sreegsuuelnttilnyg ihn ¢
guality GaN is not achievable on (001) Si, i ndi c
GaN grFoowtthunatebyjenhed( $li¥¥josdnfhase aymmeeery, whi
be matched wit#H otl de slhuexXagen asly mmex ry ol aGaeN, res.
orientatiTohnerceff oG@aN. when epitaxially growing GaN

preferred to use (111) oriented silicon as the s

't imotad wiomathyt hel @amyystoali einm at € o g Ytrdlwant iomn § 1dfl ) G
Si substr atleOs@] aslit 2[Gabllnd 268§ N SLi110]] whmeathbat t he
menti ongldanentorai entations of GaNnamdld$iti ane pand a

mi smatch of about 17 %lddij,ess | beh wetéenn s8 @ n bsht dr ceasns
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wit@GaMrysttdGsdmn sylkeadh.i ce onii sGmaN cohn delndt)e Sias

"Q y cancélecultahtee df oblyl owi ng equati on

@ %w oP wo)% oY T T
Q — — =}
vic - Vic P X d Y
T(A) T O’aJT U

whed es danids tphleanien | attice constant of cubic Si

(@ o®t mBnd od Y pB

® o @

[-110] \ [11-20]

O — © o .\ -0—

e o o o o [0
-1-12
\/iasl' [ I aGaN
2
(A) Si atoms on (111) Si plane (A) Ga atoms on (0001) GaN plane

FigIrBchemati ofdieaq@rtaoms ¢ &)r r Kin getmems of tB)e (111) Si p |

Ga atoms on phané¢0001) GaN

232Ther mal Expansion Coefficient

The difference in thdEfabetwpansiGaiN aadf Si cii sen tad
chall engoerSii ns YGRltNe ms her mall expansi omlOtko)efif $ ci ent
significantly high®tKYtrheasnuithtiehnegr md | Seé x g &n 5i90n c 0 ¢
mi smafclcaN Yand $Sli5&s al c ulfaotlelde wiyag i on :

o "YO6 YOO
YOO

pmmb P w

Wh e FYOO6 anOo6i s tthheer mal e x p anosfi oGa Ncroaed ¢f e Liti jewnd Isy .

Such a |l arge thermal coefficient mismatch is a m
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bending due to the | arge tensile stresses introd
temperAt ut@ee. same ti me, the accumul ated stress
t hi cknesagqggrfauwathierrg bendi ng amhhli sGaiNs sarea ctke m@gme s
pronounced with the iimBothasdhei wasebsthbhreatde ndi amda
inevitably challenge the quality [bflFt gar¥r6aN fil m
il 1l ustt haeersicoaadsmak i ngo cerumbslitenne Ga M g(e@nlflifyi t hout any

optimization

FigdI®ptical mi cr o smo P § cGraehdagoes roowwn 1o g u(blsitir)a tSei

233MeiBack Etching

Medbtack Etching is a manifestation of the chemica
silicon UWnuhbiskter astaepsphi re and silicon carbide subs
directly on a silicon substrate by met al organic

GaN growth temperature (>1000AC), osifloire®ina cGae mi ¢
eutectThi aldewgycti on causes silicon to diffuse fr«
Sisubstrateniand tbaglsaN surface. Thi s -bae&cti on i
etchBReBlI ntroducAl Womf bér ahayer to physically sej
Ssubstrates is currently the most windebhtyckised an
etchitng.houl d be notedAltBaftf & fi stulfgfeitchiiesnkin e sosr a ff ti

manpi ¢rs uncovered areas i-haecbhembdff esrt illdyeorc,c utrh ec
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t emper[®mBTuhreersef or e, optimising the Alhblucfkfneers sl aaynedr s
is the necessar yRetda ciimmpgr avhee @aMd witnh Siemperature b
al ternatipree sraduiedhgye kt ofsSibHp wever , | ower growt h t e
degrade the quality of the GaN, potentially resu

Fi g2k pr e stehnet bneeclkt et chi ng phenomenon observed bet

Fi gl & osect EBEMalages-bafckmelttchi ng BetRepmo dGwudle ca nwdi t h

per mi[S8&i on
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Chapter3Experi mental Techni

31Pr-6r owirlreat ment

3.1.1Templ at e Cl eaning

Templ ate surface cleaning is a critical step

bef

any residual dust, parwa fcstuersfaaacye , cenit dme nmay s af f

growth pubtematahdg the Gbhapetpsobuwnehemmater mpbrt .

patternedThevrnprl it esgsa rodop ead apriocee dum eg ufl@amp | at es

clednirre@tsmesrmtown bel ow

U trasoni:tThtee mmimamegscl eaned by successively

of-batyl acetate (nBA), acetone andTHhHisopstogpyl

mir

a

effectively removes gr easeBawiaxatlained otmonmedr sor gan |

for eachdsesbéwvmintheed gb&e cont ami naadn Dirtfiavtidi gt h e

tempFat er egul & hteytpei nwpad kaotee mme i s 5e anti hn ustoel su tfioorn .

RinsThg: wafer is rinsed wiDilh wabtocewEemgvderesi ga

solvents. This rinsingsustaakcliinepmpeeds | tyoSbeni aan

ensure that all chemical residues are adequate

Drying anTdhe avkafnggrs were bl own with dry nitrog

from the surface to prevent water staining, an

remove adsorbed water. This step is essential

during subsequent growt h.
I n instancey, whrygenepkasmaetcroenptogeent ci sonseani ha
on t he waf er surface, such as photoresists and
effectively removes organic |l ayers Ihhatpecarnnat b
cases, deep cleaning with acid or alkaline solut|
regia may be required. These chemicals/solvents
deposiotheand peci fsiucc hc ocanatl apnientamattst er and trace heé:

6 2



Unclean

template Ultrasonic cleaning Rinsing Drying and baking

Fi gBY¥Schemati c drieaggurleampdddd aanhieng procedur e.

3.1.2P h o-E @ h a nGCheedmi c a | Etching

The ultraviehéangc¥d) c peetod loianlg (pPrEcCc)ess was empl oy e
to process the patterned templates with the obj ec

properties of the templates prior to overgrowth

Fi g82tehe custom PEC etching. system employed in

Fi g&2iel l ustrates the custom PEC At4aLhd nW Xersdrmre m rea
l amp with a power density of 1. 5 nW/tchm]#&nwsayss twetm |
al umi-mdatmed ultraviolet (UV) reflector reflects |
t he samplieniameeaslear €200n% akKihH nagg uae olulsdo = | reeft Ir eod tyd re
can optimise the efficiency oDuldingdhtt e i ¢t cshaitm@np

the entire ehchwistgldisry sa enme tisshi élod i heowser toom U
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The wultraviolet photons emitted by a xaifNon | amp

This results in the excitation of electrons fron
turn | eads to thleolfe riphaeit ieoxnc i dfe de led etcrtaomns can b
oxidant in the electrolyte, participating in th

photogenefThéesed pbbobeegenerated holes are highly o:
of QJahNe. r eacN iwint ho fK@eaneamplh @ §13:ed as
0P

¢O®U 000 4 WO c0 O

WheK@®H not only acts as a catalyst in this proce

as a sdlhneeadt fomGprOduct

6 4



32 Met-Qriga@hemiMaploberp os iMAQCVP (

321l ntroducti on

Met-arlgani ¢ chemical v a paol usro odaempeotsarlgaanc ( MOEYD)y, ph
epitaxy (MOVPE), is one of the fundamental techn:
is a chemical vapour depoosrigta noinc tceocnmpnoi ugnude iisn nw hx
carrier gas and mbed iwhtto eaitteaetcioomposcskeas and r ea:l
all owiempfgi Itmhet o be deposited on the subs-Vrate. MO
semi conductors and eegqwa Irveentbnto efdoerle EIDIslthand ot her se
devices. Another common type of epitaxy device i
on physical deposition, as opposed tCompda@c¥d, whi

to MBE, MOCVD has higher growth rates but relati

and composition. MBE has | ower growth rates but
uni formity and crystall i-teampagmuat uhltpyr.eashduGNhD grreeagcutii r
conditions, whereas MBE requires a very high vac
and maintenance costs of MOCVD are | ower than MB

and disadvantages andpWilkhthencshoanemn hf@b5k edni toade

Fi g83Pehot ogr a(pMi ot r oin¢Dlp2 & CISI ir g a catnalr o(reB)wmaTe nB 1 2 0

vertical sC/GCsSt eeneact or

The sampl est lWieswteh ébeimigi ml y grown using an AiXxtron
top cboplked showerhead (CCS) metal organic chemic

This instrument was manufatcdprieidd byt Al XTRON ot di
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growth chamber is one oWheheshmpl pabbrdtedbsechhe
unl oading are required, the top |id can be flipp
for easy sample pl &vemaht ,-ta’Amd xgreowtviml dhampber con
of fers benefits such as ease of operation, i ncr
i mproved stability, contributing to tRegpeef or ma
33As hotwme Ai xCEMOCYD2dédystem consists-lotkasyeaemor
apower calipdeltect ri camds cadmiiicgdrgy sy satnedm ae anbeitnael t

organic ( MO) .lbru béd cirt icoarbithett he main body, a car
nitrogen), a cooling water system, a gas phase
essenti al (not shown) . Furthermore, all growth p

the Aixtron MOCVD system are operated via the acc

Fi gB4Tae schoefmatthiec Ai xtopnCB8820e & t@Apsr miyxsitregn cabi net ; (B
el ectrical cabinet; (C) glove box; (D) reactor cabinet

3.22BasAre nci pl es

I n the MOCVD system, the synthesis obrgempound s

(MO) soursegrcdfheare typically volatile and tox
growi-ngtitilde epitaxial |l ayers i-gr MOCY®rmodpV t o in
precursors, whbcbaobossesirobBsmandeNHeactor along

gas through the MOCV-De mmdrhavmawrpea ¢ ais dirhdei gheiagcht or ,
precursors undergo a control | eri tcrhiedd c@b emp euwrcd s .0

MOCVD sempemlys i misbomht rsd MFRCr proecirsegluyate the
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injected gases and MO sources. This precise cont
chemical reactions. I n practical terms, the epit

of multiple eatRige&biednd d dtheeadcdeasposi ti on process a

reactions involved.
{ Transport
Extraction
@ o—
l Diffusion
’ Desorption Gasphase
Adsorption ‘ Boundary layer

Reaction
Growth area
Y Migration /
‘ —_— - Susceptor

FigB5®chematic representation of the deposition proces

MOCVD growt h.

1. TransPemptendi ng on the required gr\wtrhe cnuartseorrisal |,
(N and group |11 precursors (TMG, TMA and TM
substomamalhggdup |-t gameit@al sources need to be dil

carrier gases, the common carr)eonorgapt.tgppen &N

2. DiffuGassnmol ecul es, -omhgarhi d ncd mpeeumMmed ,alcarri er
gases, have high tthemprearl ateunree grye a st arh,e vhhigchh al

freely in the gas phase to transport and inter

3. Adsorptnoberaction between precursor mol ecul es
surface. When precursor molecules come into c

interact with active sites on the surface and

4. MigraThenprocess of migration of atoms or mol e
Often precursor molecules can move across the
reaction (called crystallographic rrewglnas) . Tl

masking process i s nilge arté owl tprofc etstse control | e
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5. ReactTihenireaction occurs on the surface of t he

anticipatedprcogsesttass and by

6. Desor prthieomd:esor ption refers to the process of ¢
bywroducts and saturated precursor mol ecul es)
them to return to the gas phase. @eruesrlayl layn,d ad :

maintain dynamic equilibrium.

7. Extr acHxitonacti on -pfotbhetgaard, mgyp gas mol ecul es
from the reactor by a vacuum system. This proc

in the reactor.

The typically used -preganircomrs® unhladad vdleermagt &lu par

trimethyl gal GacH (T MGet hyl ilngdfi UHMa n(dT Mtl mi met hyl al u

( TMAAC) were used as the precursors for galliun
while the sapmmasni asédlHas the group VFedtmemmompe ecu
achiavypggt ype domiing iidre lelpli t axi al | ayers can be

di fferent types #Mf dopa mBtiss.( cnca godpeesnmMap@ & (e yel )
frequent!| yntynpépatayapde fdoorpi n gHy drreosgpeenat(idy enlp)yt .r ogen (
arceommonly employed as a carimriiterri dgea se pfiotra xtitaed d e

selection of either gas depebnedisngont hteh el edaessti rdeedn see

nature, can be esasa |lpopuwlrarf icechai cTeh uasso ragtacmira i er
chemical vapor deposition growth.;pHowewe rt,o whee na
superior optionThkiompiag ededaudHHe i ndium can be mor

GaN umdars NMonditionszi sl ncoGanN ndryowtshed Hs a carri

positive impact on the crystalline @g®Wality and s
As statetieabgweée heliitsr iodfe tehpei tlalxli al l ayer via MOC
reactions between group |11 -aethp &r ptr drel rtsheea st @m.
growth of GaN on a sapphire or siliceanndsulblsltrat e
group precursors. The reaction is conducted in a

out of the bubbler bgllay cpuré ehydgmasgemwhimcht hes ¢ 3

6 8



gr owthlre. chemi cal reaction for GaN epit[adXxfl al gr owt

0o 'O 000 OO® ob O o]

For eAdiNt axi al wvapour phase growth via the foll owi
0a6 0 ¢cb 00 coad @O oD

The growth of an alloy such as Al GaN necessitate:

TMA and TMG. This enablierst ot hteh ei nrt ¢ aadtuacrt i dwr iorfg TtN

GaN |l ayer, depowibhgonhefcal umi nium and gallium t

p ®Ow O «d 0 O 000 6000 068 00O o8

3.23GaSyst em

Purifier

The MOCVD puridriierdb mp/bsnteem iwseagp utrotyr @wliradré | leidg Iy a -
film dgrneswtmain function is to remove impurities &
that the gases meet the requabkiteg pint mthgrsbett ldy ,
H or N were used as cargrioaurp apeRrivamsmbrNHenweas
t he MOCVD gas syst éhm,v g@budrtohf iteydp etso oefn hgaanscees st abi | i
and fi ldwrqiumd iftiyhmeeaddrdauviiterd. i n this thesis were pu
by a palladi umMegmhio &y B® bggiptni @ ndr-annenpuri fier
(Gat eKeeper GPU Gasp ®at jivse ledyi.g eTchtel yWNHor ovi ded fr om

the purifierpsystammwnia of[P@. 99999% purity
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v
A B Purified-Hydrogen
| - = i /r_—"ﬁk Cell

MEGA 5"TORR

PALLADIUM HYDROGEN PURIFIER

Bleed Gas
Palladium membrance tube

Heater
——

S

ﬁ Unpurified-Hydrogen

Fi g86Me gaTo fPrDhyRIS Togg @unr i;f ifekpt o;gr@Bemati.c di agram

Pall adium membrane purifiers are widely wutilised
and harmfuhi £l eemehbhsl ogy i s capable of generatin
purity. These purifiers operate on the principle

met al speci fiAlall Ipjurtiof iheydd rhoygdernogen used in this t
PSPDhydr oggpunr i Fi g#seéh otwrsse hydrogen gas purifier sys
Nor mal |l vy, t he tplpdulradiitem del Ireqgfuiaed to operate

standard operation temperature for this system i

comes into contact with the palladium membrane,
suface of the palladium membrane and decompose i
small est known atoms in nature and are the only

membr ane dri vreti dlyeber di &t e oWhsent hteh enelmbd racngee n a
reaclhppbefitehe pall adhemhyembgeneatoms wundergo
process, resulting in the formation of hydrogen

me mb r[Alh e
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Physisorption
!
Chemisorption

J
Particle filtration

—

Fi g8&7%Tehiehh i hyel r ogg puinr i;f ifeApt o;gr@Bhemati.c di agram

l#hi ne purnpbrefschouspdl ysypgiatcakbdgor ption, chemisor
filtration to remoManpatbi abseer bootgehi dspfumoing et

Thi s  kpiunrdi foifers typically do not requir[BRaddition

Gas delivery system
The gas delivery system is a creicsadi c@ mploeeadc w
supply and control of t hlen vtalré owasn tgeaxste so fwi g ehd nd &

gas valves are employed to regulate the opening
as either manwall.doe mparwanlat val ves are mainly us
separating the gas connecti onssysqgderd threi MO CtViDe sy & ft
of the system ddr opglrnmacioonnternaasntc e oa manual valves,
are driven by compnreswheidc ha iaré dowryv spsrivostrscubrihiresge b fN c ar
(Horo) N These pneadbmatciombtywaodl eeisdnt egr at ed operating
MOCVD syswHimcchr eacleasx itbthiel ity odnd hautgamatdeolni very
FurthetrhhdFrGéar e emppogetdséloy contr ol the mol ar f1

ensuring that a constant and accurate gas flow r
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H, N, NH, SiH,

Upper carrier line

Lower carrier line

I Showerhefm

Reactor

Vent

Throttle
valve

MFC

| |
© T
I ¥ Manual valve !
: E

Ebara pump 5] 42 valve

Fi g8 mpl e schematic diagsaemointhe HBEXTRONI MOCYD sys

Fi g8&8iel l ustrates the configufappen amdtwowsrpaaar

connedthed rtegwcé our sor del i ver yT hehrmaligrh althjee csthiowee r
design is to provide groupug awvaoildli  h-gpmreademhacradl i
and aldroenmdingge contr ol offhpppeudur saad il mtwreao d uwccatrira re.

empl oyed to int¢NHgauncd dryodup diel Ig.apsreddcGy r SNMAs T MI n,
respechtoeet e chamber, r etsyppeec-taynmpde Ipg op Metknwbiul e e st
andMg@p are also injecteTlhevirae atchteorl oiwse rc ocnanrerciteerd
system via the main pump, whilehtbealreacltowscatpedaks
bet ween the reactTdire agmd tdled i meirry pympg.evmes n t he N
precise control of the gas flow rate and the pi
components working together, thus ensuring the st

during the growth process.

324AMOSO U rSyst em

Bubbl ers are i mportant compowoneghthsi s pdvatroerths bose &
typically -puwardiet yofsthaiignHh ess steel to ensure corr o:
Each bubbl er is designed tocadmeorecd tdaespécigui d M

depending on the type of precursowomledl i Aluli dof

with the excepiMiggn whfi chMarene ol C\alx hs yosutbebrh,ere i s
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mounted on a thermostatic bath, which maintains
of MO Therctemperature is critical to ensure a ste
as the rate of evaporation directly afThrets the
temperatures required of the MO sourTaemBlleovered |

ThRar ame tCormamd@Bu b b I[1ear Bs

Lower carrier line

Carrier -Ell ’-Ell Vent
gas in
' { (=5 MFC i
| , I i (=1 pC :
| ¥ Manual valve i
: i
i : !

= LBl

'X X‘ '{ % MO/LT/VAC
(s XX X

0 U

Fi g89Tehe schematic diagram of the MO source sy

The bwbbikwrdi recting the flow of carrier gas thr
MO is extractednbyttapspartediFCgtaasnd hwalcvhea mbyest e
employed to regulate the daki vkl yd tmids dendhsibcohr c e s
i sscahematic ofThdevMOveysy ®tmevm [cvoarsp,r vareaswemeatniuca |

t el 2 vSplevceisf itcted Ilpanual valves are employed to ms
from the MOCVD pipewor k, which are typically re
bubbl er repl aclectmead diotpieom,t i @@ger al pneumatic va
switching of theanoér Nwhkirl gas fbernttweem plneumati c v

the connection betweenOft h&!l Ir etalted ovalanes  t htthe et 2

i mportant, as it enables the switching of the ¢
Consequentl vy, it &lalr o we rpfagsres s i her tofwugnhe toiro nb yopfas s t h
I n MO gas systems, a standard gas system with a

providél awlpoiver The IsaffiplgBiddce pott s a standard ge

without dilution Imaescfolwhw ohMESEdFsd specewsall ver
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(P€pr controlling the gas flow rate Amat hére i nsi

MO gas system with a diluti.om Iloirderi ¢ oprfasendt ¢d

regul ation of the small gas flow, an additional ¢
The actual i nj Qc tceadh ¢goaes rfeldouwe erdatbey (t he i ntroduct.
the actual injected gas volume can be calcul ated
Q Q— Q od
0 0

Wher eQt hies denfdtoeadteth e ubbl'®r iisnpgtte, fl ow rate fro

i nput gas Qi me,pramdentdte fl ow rate of the. mixture

The vapour (0ar t)iod!| mghgpteosuspurld | precursors in each
on the temperat,urveh odhttihsl tiMdest snobustticket hics r el ati ons

between and tempamabdarexpressed as foll ows:
11U 6 0 &
—~ Oi
& Y

Wherebarmé&in this equation are constants depends

l i stTabBlle hRar a me IComand@Bu b b [1erss an@wi shehe temperatu

MO source in Kelvin.
However ,hsoflGpebigt seour ce, t he equatproens sfuare titse sJd mc
di fferent from the above equation and is express
. , O
i 6 = HUIM o
I n accordance with the principlespoediOtis@uirdeal g

¢ )can be determined for aThye vequ ateinpre riast uase famldl

3 , ¥ ¥ O-Eﬂ'l

Wh e fQe is the flow rate ofsotub@mledd eripere sighma si nt o t
parti alofprheustsbulreer | parti alofpapcssM®eedur &e and
expressed ashdnormalrary ol aslmeme of an ideal gas is a

standard temper ACuamdambhdapmpssure (0O
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Tab3tld hRar a me tCormamBd@Bu b b I[led B

sour chembc B Bubbl e fetsa |Hopis

For mul Temperat (tor (tor
TMG, 2 "0 O 1703 8. 07 273 67.¢ 130
TMA 00 2134 8§.22 291 7.7 150
TMA 00 2134 8.22 2914 9.1 150
TMi1, 2 "0& O 3014 10.5 303 2.6 100
onbM 0" 0 4198 25.1 303 0.0 900

When the system needs to be supplied with a MO s

i nto the bott wme o ¢ thecbmédl ent o contact with t

gasi fiThatnisophrieecdur sor is then transported through
bubbler to the hreddteiramal c h amplee rwi | | be wrapped a
bubbler for heating the pipe, which functions to
pi padditibmi &lruto highlight that in the case of |

is situated at the bmitxtoumtepitt he bobbhted, atvhi he

I n contrast, for solid state sources, the aforem

=

Mixture out

- B = ek

Carry gas in
i §t

<1 Liquid MO source

Fi gBY @ APhot ogarnadp o B mast i co fd itahger M OV 2 r
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325Reac3 et em

The basic configuration ofFitglB4€ Elrheeacrt @ac tsoyrs thkeondyi
construsteadnfeem steel, which enabl esWhdnto with
the reactor | id&iingg wlnogedk, seaddwmbgl € I Gnge all ows
a completely aiAtgagshtl icoempmaonttmens .-si hgat addbeéebtw
connected to the mavactpldanppr evhs che usetdgyd eont ot e t
mbraand monitoring blyhea smrmepd urceans eoresoprl.aced with
susceptor, whi ch i s spuoprptoratnedd pboys ittt hi gosnseeds cabbpoBvbee rts
Dur it hggr owt h, the suscepp@avowiultli obngs rpobtuastmeedn saute i 6n0g
stable and uniform temperatuflefAat hes snotcloe ps &amp loe .
bel ow t he susdepdtoilrmei smoenmiptleoryi endgp @hat wueardat a.i ner
which exhibits excelsl ant achemdi ¢ @l t hesiipinemeevtal ilt
from pot emtndaht d mimgedatxdheaust port i s chambected b
via a flange ring and is employed to expel the
systTdhm. chamber and s hecweorl ende,a dwiarhe tbhoet hc owa tienrg we
a constant temgédratshdevelsyh en@d unhieldl em. t he reactor
directly above the susdAeaptdirsetwdhreme tthet wearc ttolre i s
and susceptor is designed to be small enough to
directed to the surface of the heldhteedisumantcrea thea
been setm taoa 4dAtcordance with the maintenance man
systTéhm. showerhead is equipped wi thhai saé dnru mbtee of

install asibon ambnabhornng system.
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Fig8tBhe basic configuration of the reactor system,; (A
shower head; (D) reactor |id; (E) opticrilngpgrodal;; (F) Sh

(H) susceptor; (') quartzaddstner ; (J) susceptor support

Shower head

Upper Plenum - Group III’s

Lower Plenum - Group V’s

Water Gallery | | Cooling

Tubes Tubes Tubes Tubes

FigBX¥rZB hematic -9dcttihenalr ocsh i¥plg @ mnsantoswoenr hoefa dt. h e

The showerhead is typicadgdperdeasn dyrhléatwhevriatt h otwwo f plr

independent introdlurctt bins oMOMAVD feyemem,gatsws .pl en
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transport group V and |11 gases.Thndemendsnt hwat oft
separately transported gases do not mi x before
reducing the | ikelihood of pmmradhkidd3d frreeascetnitosns ar

a schemati-seofi ¢ egdfemtuse tsvhoower head.
Tungsten heater

The tungsten coil heater consists of three tung:
(Fi g8&rB, which are supplied byhe¢ htrleree s eiprad ap e&n @ mw
supplies can regulate the power output of the t
controzZoweg B,heand C. This ultimately enables the

of the entire heater.

Fi g8t &e atuenrot the MOCVI@IpAJWDpDtueog st en hheeaatteerr ; c o(iBl) zone

schem@Réd: Zone A; Orange: Zone B,; Blue: Zone C)

3.2.6R e a cBxdira Bysgt em

The typical configuration of a reactorThexhaust s

exhaust gases fr omtthhrewestraegaec tfoiblytaetrb espyosatpeend p t mp t h

a fl exi bdteeeslt aginde stshat i s connect €d st-ott idne bott c
filtration system tcloenppiiismar ya fmielsthr dtiillareroff olrarg
gases eanpaaté6ébcle pall filterltfoadrs tihreporreammvtalt oo fnc
par tfiiditered exhaust gases are stildl har mf ul to
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into the air. Therefore, the exhaust gases are s
to a scrubber, where they ar & rdecmarpyo sgeads ebsy bee f hoe
rel eased hteo stchreu babierr. empl oyed in this MOCVD syste

column, comprising a gas reactor coluomi adeartridg

Fig8dXT@& he compfonteme react;or( &)x hmaish fsiylstt erm (B) pall fil
oEDWARS M150 gas, r(eba)c toovre rcvoilewmmne edothh emdgnaesdurbebaeat direat er

column cartridge

3.271 i Mauni t &y s thngm

The monit ocarlilnogwss ytshteemmper ator to monitor crystal
ti me dur.ThergwoWwtddata acquired through the monit
di splayed on aninmclcodipmagpywaffePCsurface temperat
mor phol ogy, growth The¢etamde-wpfemnmocpalvait umg .t ech
empl oy edvorakr etARRGBEHS CD mert ofiief Sthegm nt er f er omet er s

and Laytec Epicurve TT system.
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Ar gus

The ARGUS CCS pyrometr i e hmrmafeill ipnyg osnedteem dies i @ nr
precise temperature measurements at discrete poi
reactor Thhammemnsurement techniquebody baaéidatoinon,l
which states that when an object is heated, it e
the temple adiusteri buti on of radiant energy with r
can be descr iwedWVWhbeyn Rloanmbcd kn'esd Iwa th Wi en's | aw, th
any given temperdthureadan yhe npr eothij ecéd.can be con
Therefore, if the true temperature of an object i
be taken into account. I n gener ak,Fotrhitssr uearm | lae ke
bodye=1lttlve r eale<oAjeacrtdi ndley, the analysis softwar
to obtain both themper at u-emit gnidwintoymct edr ect ed t

Fig3#r®hows the ARGUS madx'i3tucsrcierpg osyst em and

17:17:38 | Markers [ A B o

Angle. 2392 2079 2456
Ring No.
Temperature 1022 4 10155 1017.1

Ring No.
11017.0 10167 1017.1
210139 10138 10139
310155 10155 1015.4
410190 1019.1 10189
5 10224 10223 102213
6 10242 1024.1 10247

[

Ring temperature

FigBtI® A) The ARGUS CCS system monitoringBt)haet erface in

photogta3ayhuscept brei ngs a&deal ed

A numbpehrotoofdet ect ors are mountastdhe ns darmpel @ oips otlie &t

small amount of radiation passes through the sma
the photodetectors and converted i nTthoe amu nebleerct r i
of detectors is dependehl@mstylod dismi, zs6 xo fd ett heec troe as

used with distributed along the radbDusi mg the sh

growth process, the susceptor willkntoratesesuatcepto
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is scanned and a temperatur & emaApRGdEN slyes t @ ims p leay
periodic calibration by scanning across al/l det

accuracy of the detected dat a.

I nterferometer

The Interferomewerdmpo mé&ret-swidt ut meoni t ori ng system,
FabRegrot reflectance interferometry to monitor al

during MOCVIDhegriommttenr.f er omet er measures the refl e

phenomena of the incident | ight by emitting a co
fil m. This enables the interfer ometted , Itiaghhdtbt ai n
systbhamnal yeseshatnlges in the i ntuwlrtfienbattaec @ Brrefésct

intensity curve that Tharsi eurper ie@add diget Ulysadody etrd @ |

thickness and gbypywtbol rawengfegbahetfohm

Q o®

N
o/

Wherer estene swavel engidenf tdHeghttheeeuraeti ve i ndex
t fe | mMQandni f heskhkes of t he Thed n nitne rsfi enrgd nee toesrc i u
|l aser with a wavelength of 635 nm, and due to it
attenuation of ftmdsproebeéeonMihemanietyy acpgpl rbayxei. naht ee

thickness of a singl,@Q oissilaa®@hmrs il dinmt.er fer ome

Further more, the reflective intensity curve not

indicates the surface roughness of thdngrdvwen f il

case of a smooth and uniform film surface, t he
pronounced, resulting in the formation of <cl ear
reflection intensity aodveaiselinctapeabghasdr ftaom
scatteritngaarhd imuler ference effects, resulting in

fringes and a weaker iRitghs@hgwofathepiredl ecohedr
recordedt Epr GaWogrowth in the GaN growth secti on
amplitude of the oscillations contvadlageds hwi shurflae

mor phol ogy mrfodrhes GiawNeliys roughened.
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@
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0 1 i 1 A 1 A 1
0 1000 2000 3000
Time (s)
Figsgr@ypical interfhbkestwan rroevda il d aCoafhe Gmar t )

LayE@ccur ve

Wafer bendinpgsswe d heomW®ECVD growth process and u
|l attice mismatch of the grownsf phmasomebhwoweenssaob
attributabmesmatitshealushd trieccleat ed by the mi smatch i
expansion between thwerf iilm tamed daee safb sitd ertei.c al

temperature distribution along the direction of

resul t i n tdiefrfmearl e necxepsa nisn o n, whi @dn cuwurnr d retaldy ,t ow aw
bending can result in further uneven temperature
worsens thkee piroddemof wafer bending is-omf partici
Si, due to the greater difference in the coeffi

mi smatch betwéems&Sjueamtdlt pyaMomiitror i ng styismmeem t hat
data on wafer cur vatoufr eparsttirceusisara nsdi gtnh ifd kkraenscse i ¢

regar ayt eecheEplisysfwdnf TTs an indi spensable functi ol
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FigBtr@he fundament al principle of the Leytec E

The LEyteerve system employs two parallel |l aser |

which the reflected beams$fatbecwbhfectéed ikhealgll

beams will remain parallel. Conversely, if the w;
par allhliesl .i mpli es that the difference in spacing b
beams is no longer equal. This difference in spa
wafer, witdh fdreea&tihees indicatiThg &obltewteg dgogree

be used to quantifyl)tthe curvature of the wafer

[ e o T

Whemd s the distance of the | aser,obedmrbrdm tthe
di stance between t hanaefelfescrtseids blaansheer bbeetanese n t wo
incident .A apsoesri thielaégmsdalcme esf a concave bow bendi n

negative value indicates a convex bow bending.
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33Characterisation Techniqgues

3.3.INo marnsikcir oscopy

The Nomar ski mi croscope, al scoonk¢(baxc@) ami ar dsc¢dpe e
a higdol uti on microscope widely used in the fiel

mo st effective tools for ra@ao mdp awwoend ttoo i :iga rod a rsdu

mi croscopes, the DIC system has the function of
mi croscope functions, by wusing optical path di ff
contrast i Amaigtirnigd.e Feopri tlalxli al |l ayers and substrat
transparent, the DIC system isnitdeatbbgtbélbtedveén

DIC system is able to obtain of the additional i
surface, such as owdricad tmireaf s qitdik L B Fic g & s

il lTusthreames hdmidiinE Dyfstae m.

A A
]
1
1
@ Analyzer
1
Half-silvered
Mirror
Light source  Polarizer
Nomarski
wedge

Objective lens
—— Input light

====» Reflected light Sample

Fig8r&@ At hematic i blawsli astyisdne(m@hottogf la@ hLei ca DML M

mi crosy®pem.

A npwml arised |Iight from an incandescent source er
by a pAls4¢miaesparent mirror then reflects the |i
called Wollaston prism and is separmwdtied iamteo tthwe

focustedooadj acent points of aDusea mpo et hseu r d iafcfee rbey
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refractive index or thickness of the two points

wi || experience splaitchh tldeydgdihisé ee edit f ot écadeés wi | |
phase obbedameavhtivedh will then berrnefihesatadwonbeaimmbe
wi || be recombined into a single ray of ' ight w

analymseranabgsendi gphbhmakeserthe vi brations of the
pl ane and axis, causing interference to occur be
l'ight wpdlharliimnetdiroayv elngd ttd et heAs yeptiiecal oirn tcearnfeqa r
sensitive to the lddaMdteamegnde fferepciecaln pafhactiyv
the sample surface can brighten or darken the im
and provi-di mgnai eamaleeappeanag[@PEi @&k Bshheo wssa miphlee s u

Leica DMLM microscope that employed in this work

3.32X-r ai f fraction ( XRD)

Xray diffractiohes{tXRR)Y i ve aharbtamcwisdalzyat uepd mebt

i nvestigate crystalline materials to obtain char
chemical composi tliamyer ss,t rdae fne cstt ait ref orf maetpiion , and
films and super lladMdoi e eReDr, ccana nbteu me nmpelloy ed f or a
measurements by modifying the experimental conf i

obj ecTthiev eBsd & § dpdissc gthtyesfiocuanld at i 0 meaoafs utrheeaesiRDe pi ct ed

in the ill[@8tration bel ow
~ -~
~ ”
N ”
~ -
\\ //
~
~ - 4l -’

/
././
/
A
=\
\Q
\
\
s o
® O \

o*—O

Fig8r®chematic i | lruasyt rdaitfiforna cotfi .otnhewiX h Br aggbés | a
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The periodic structure of a crpytadaintlbodkhe Icirket

structures and dGefnfeecaachntsetdr ubcyt itvhee icrmrtyesrtfadr.ence at

which meet Braggbs |l aw. The incident [2a4l2Bl es can |
11 c¢QOEN oP p
whetkes an integer as clailsl etdh eo rwlaevrefoef f2gdshf tfdrfe ctthieo r

spacing between two adjacent atfoinsi ct hpel aanregsl eo fo ft |

i nci dreanyt b am; t he an dIfeXaaafty etdbheea m rierl caibdecaret. t o0 t he

Br u kDe8iX-r adyi f f r aowaemarntaeerd char acteri zati,onwhdewi ces
consiasnt-s)ay ft ube, -raany ionpctiidcesntunX t , a sample stage
secondary optics uni-tawndi faf dedticammsr It trkRiceipro
used to evaluate the crystadl eqoaaualimiptoynent al c minalt it
observation of i nt er naHlHi gsGt2résls ¢ w sB riwlkeéelr ir Bt hXe mat

di ffraanhdmebdemkegert snar ked.

12-Theta (20)

Fi g82®hodfo the Brakedi DBr Xct omet er
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333Scanning El ectron Microscopy (

Scanning electron microscopy (SEM) is one of the
i n semi cdntdlaycit ov e sntiicgatne sssubustdaimdoranad i mana@about
sample. Since SEM uses an electron beam as the i
hi gher magnification and resolution thalnn convent
addition, as theamsagildg lustiad |l gl s@aengp |l @en samge, t he S
of ther emmglaénfgblreesntby tilting the sample stage t
ThRaith 150 EBL sseides nShkwEy syt iin

A B ﬁi——-ﬁ

Field emission gun —

— Electron beam
vy,

First [ , %
condenser lens

Spray aperture

Secondary
condenser lens
X-ray detector

Deflection coils Objective lens

Final lens aperture

Backscatter [
electron detector

Secondary
clectron detector

Sample —j

Vacuum pump

Fi g82 % Achemati c sSEBHUEM usryes Befmtaan dplfot ogr aph of a Raith

series SVEM oty susend Adm pttheids wo rt f8jBepcetr.mi s si on

Fig322%&i | l ustr astsudafhetyhpeE BESEM sy s twwa mch afdii enlgd

emi ssion gun (FEG), a series of magwmertiodusconden:
detectors-agdfdusdambarglsampl e stage. Furthermore, t
vacuum entvo roedeane the interaction of the electr
i mproves i.magieglhhuahétygyy el ectron beam is generat
collimated and focused by a magnetic condenser

narrowed using a [feoncsu saepde rbtevarne aarned tthhdere waehlgyrhe o n't

energy el ecttasont theeaant emsciwi thin the sampl e, resu
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waves due to the matter interaction of the electr
detector s, which convert them into electrical S
i nformatio@and i mages

When t heelpercitmmaorny beam from the SEM interacts witdh
particles and waves through various signal excit
about the charactFeuli saypes of shegnslasmpaee commonl
and used to assess the characteristics of the sa

Backscatter ed Bealcekcstcraotntse r(eBRISE)l.ect rons are el ect

fr

om the sample by elastic scattering due to

nucl eus of théaigdamepher gwhiaaokd Mg hhpgeeréecarionghb
interacts with the electron cloud of the atom,
the atomic number of the sample. This makes BS
it is often used ttoherowtve Mdiecalnfoamadsdiotni arb oain d
of the sampl e.

Secondary el aeadomdhasr Sl ectrons are the most ¢
i maging, which is emitted by bombarding the su
bealmhe SEs are therefore highly sensitive to tt
surface andg eproowitde® nhiaggdl contrast i mages of th
X-ray emWbhenhomhe electron beam interacts with
primary el edttroms threod nmmned shell of the atom.
original position, holes are created and are (¢
energynsihalnll easfhdhe ememrgiyes are-ramist twed hi n t
di fferent characteristics, each wifkhyists sown s
that by detreagtsi nagn dt teensad y$smnerggy, t he el ement al
content of the s almpdree fcarne ,b et ldeetelremenretda | comp.
can be determinedrhy ¢E®OXYJy adiaspsi si ve X

Light eWhessiam.electron beam interacts with th
energy can mani fest in different for ms, one o
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ultraviolet | ight. It can be used to analyse t

idepth analysis and characterisation of mater:i

3.3At omi ¢ Force Microscopy (AFM)

Atomic Force Micr ascodwt(iskhavanirnsfgaapend é hmi ques c o p
t hat nuasreas alaeo tsgpan the surface ofr esodamploan asnud f@
topogirmpdnyy measuring the force of int.&dmackieon bet
ot herr ebssioghuti on microscopy technpgaepapbiAFde does
sample and can image a variety of materials dir
characterise the surFiagda Zshwgisnas $ uafdaamemat@ér i &l
the AFM mAcbaar¢gmmnanoscale probe is mounted on
directed at the cantilever and reflected onto tF
close to contact with the sampl e swerf aacweay rferpounh s
the sample surface and the reflected | aser Il i gh
cantilever is deflected (away from the sample su

the direction of r ef Iwehcitcihoni so fc atphteu rbeeda nb yc htahneg edse t

the computer control unit and i maged by the soft
A Detector and
Feedback Electronics

3

Photodiode

Laser diode

Cantilever & Tip
>

Laser beam

Force between
sample surface and tip

Sample

Fi g822 A9chemati c diFadgyrsatme do f( Byn t he AFM system used in

Depending on the differences in the interaction
surface, the AFM has three bagciontrmecdesnoadfe amar 4ta
mo d e . Contactcomadetamdbddeorar e yt hues etdw omondoesst acnodm ntoa
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used in varComusacstc empadrei dss. t he most direct i magin
of dmiegl!| uti on imaging. Through the scanning proc
sampl e sur fdaecfelasaantads d hegti @ t he roughness of the s
forces are measured by the bending situation of
topography by software. The deformation of the

bet ween the tip andHwkeesamphbké phernpadod eaxttomo.nt act
sample surface, the force exerted on the tip by

of 12® *MO0 This may cause damage to the sample sur
not suitable for measulrhiengnoosnd mpflt e shaodima @il $ @ wish s u r
sample with soft surface. Through the scanning r
surface, the probe i st ®Gcibwlvat itnhge astamp | @i stuanf ae
interaction between the sample and the?Nt,ip is co
whircédduces datnhgesampHewsuef acehe expeirni nehnitsal en
mo dies demanding because of the inevitable accumu

surface, which can affect the imaging results.

3.35Phot ol umi(nPeLs)icence

PL is a phenomenon where semiconductor materials
energy | eveeniist, pahnod otnhsenas t hese electrons return

with photon energy higher than the semiconducto

electrons in the valence band are eeext¢titedetddi nige
holes. These excited electrons eventually recomb]
The presence of defects in a detected semicondu
properties, as t hedieatdiee crtesc onalyi mztti as oemtr es.
spectroscogpegstirsuca i-on@mtaancd nmoent hod t hat i's widel\
characterisation of semiconductors. It can be wu

i ncludiams ,baanldl gy compositiooaontrpgpetdabtdekeetftcect

and srFturraihreer more, PL is capable of detecting spec
from emission intensity and iemplrpodyi teinemg.y Hewel
is |limited in its ability to[2p®®BVvide accurate im
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Reflector /
375 nm Laser Diode

Lenses

S

Cryostat

Spectrometer CCD

325 nm He-Cd Laser

FigB2&chematic di a-gubamt oPLasgssémm

The PL system empd ocyedt idlimt tFali sslytskteesnmyp-€di 83ad5enm He
or a 375 nm |l aser as the emission salubumeni Ume | a:
coated miextoremweégleyh!| miogh vity of 99% at the wavel el
nm aser ,sothreamed ocused onto the sample surface. T
hel i um (4@ Xxclreyloossteadt , all owing temperature adjust
measur ements at dlihfedne p @ Ritn cohk npeenrsagtguorogsad | ect  an
collimate the luminepeenhcembtem sathpddgepbeded on
device (CCD) detector. The different materials <c
the 244 nwhilcahsairsed ytpo ca e th3g2c5t nAph GaedNeeb di $§ 0 det ect

GaN andahtdiBe&¥ 8, nm Eloas d rn Gad\N ftfoeereeettr e ment requi r e me

3.36Conf ocal Mi croscopy

Confocal mi cr-noesopytiien ai magihng technique widely
mat eri alliseaebypb.of fluorescence microscopy that
as peairfeiac of the sample and then collects the emi:
at different depths in the sample and collecting

cresstions can be gener attredc twhd mehh sceaenn dle iumage .t o

91



B EI Detector

Confocal ¢
pinholes

Dichroic
mirror

Objective lens
—— Input light

------ > Reflected light

Fi gBR2é ABhot ographf oodal syt Topy 30 BRNe herdat i c

i I | usdfrcagnifoonc al snyisctreons.c opy

Fig&2Bshows the schematic illust.Aatasarofsaubadi
l ight source and is focused by a | Hgmi tedurspetpi
Thli glpot is then reflected by a dichroic mirror
area on the surface of the sampl e. By adjusting
il luminated posiTthieonf |cuaonr esaniethtr eodeg egydh.&| ssampl e ar e
gat hered by the same objective | ens, passed thro
pinhole aperture to be collected by the detector

el ectricalensisgmal ¢ oarae gtatmpaséeéeantdoprecess the sic

the sample at di fferent dept hs, finally generat
di mensi ona@f oaalgemisctbeceppre a powerful tool f ol
of nanostructuakbtbowmatehipglpsomwhticdl resolution an

i mages of the sampl e.
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34Fabrication Techniques

This section presents the fabricati opor ogeuritpment
includi neggnhpihaema chemical vapour deposition (PE
photolithography techinhogueds.chand (RhRBR)I| yawndr e adtu

pl afkim& -RI EP systems for dry etching processes.

341ThiFnl m Deposi tion

Pl asma Enhanced Chemical Vapour Deposition
. B Gasin (SiH/N,ON,)
0 O[T

Vent out @

Fi gB2% A) pThhoad ogr ap RT hoefr mB lZedR0EN@V D sayns@dtBe me hemat i ¢

i Il usdfrPa@dVobn system

PECVD is teclommpme for the deposition of) dielectrt
or silicaeoNy) ,nidamialesylbs-txat eetbyclaempi @¥bDnacenacbeon.
performedwert temperature than conventional CvVvD
increasing deposition Fiag3¥skdemdciamBe mavi ogifilummt g
oPECVD sDusrtienny t he deposition process, a variety
reaction chamber whil ee q Utiee nsemfaltraardeso hferaet geude ntcoy t
bias applied between two partahl eheebbgptcbidee on€ta

reactive gases aWlhemeaetriavtatngd pd alssntasances in the
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the sample surface, precursors are generated. T

structure on the sample surface by diffusion and

I'n thiaPl atSihdey,ms rAEGY D swasst eetmpl oyed t o -deposit ¢
Si/ Sapphire templates with the objective of creal
I n this system, the reaction gases of ussieldane ( Si
to d&p®Oswtith the respective flow rdhes okatb60osc
occurs in the chamber of the pressihe tygpboal mT
thi ckneSisOepgto dlimggggui red to create the pattern ter

from 30Mmto 400

342Phot ol it hography

Photolithography is a fundament al technol ogy 1in
transniiecqpaodt erns from a phot omasTkh et oprao cseislsi ctoynp iwvea
i nvolves the utilisatwawelodnagtlh rlaivg ot et o (U&¢ i loirt

priecesi gned pattern onto a photosensitive medium |

photoresist, udhnttedrioceadasyelsl cawndoom to -prevent i
wavelength | ight, whi ch coul d plrheec ipphiottaotlei tuhnoignrtae
operation isecpmpncspdl ophabes: coating, exposur
Coating

Before the photolithography process begins, the
dust, oils, and other impurities that may affect
pattern, the cleanisgcpiTempdfat e.l i@ @odaleadgitlne d bitma i
thin, pumnotfoomrestisd t h@&@mpslaenpl e i s positioned on a s
means of a vacuumsdneavlilc ea monu ntth go ft gppehnateorn. ens it fite ¢ e |
of theSshmpyeently, the stage in the spinner is
at 4,000 r pnthfiosr p3rOo cseescso nednss.ur es t hatantdhd ophmost or e
a thin uniform coaRiimal tllyey epchwa toeaklse sapéesi sts5. f ol |
baking at sledcOom@ sf oorn 680 hot pl ate, with the object

removing any Fdx®a & ows!| weriths .coater used in this
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Photoresist

-l
1
1
i
i
1
1
1
1
1
i
I

Fig8B2@&@he equipment of the coating process,; includes

Exposure

Once a sample -woahed Ipdhywydrorkeassbeen obtained, t
photolithography process is to use a mask ali gl
photacs k t o t hleh @ hph otreelsa sk .empl oyed in photolithocq
with a o@hartdalmeyreerd t he pattern of which can be cus

I n the exposure opeatbedoesamphe pboforesiatigned

phot omask nomofviaxoelde thoolader, and the sample is fix
by vacuum, allowing for the precise manual adjus
phot omaskr alignment, a | ight source of a speci

photoresist. The UpMatbgbtgbBotuheetiahsmananhesregi

to the photoresist, while the opaque regions bl o
photoTkeksipghot osensrigsisetr umdehgeoehod ochemi cal r ec
when exposed to UV light. I n positive photoresi:c
solubl e, whereas in negative phot dri ggs3ips#t s, t he

il lustrates a Karl Suss MJB3 UV400 s4e50inens insas k a

employed in this work.
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Fi g82 & hkar | Suss MJB3 UV4i00 yvelliew masik. al i gner
Devel oping

The final stage of the photoheétdogmppdyi priommsrss ¢
in a beaker contaisohgtiaopreprrapdpdewxwiemg@penhiycbO
the photoresist is | othelfyimamopadt dbynedheadeaect v
result of the development process which depends
photoresi st is used, the exposed portion is dis
pr ocleesasv,i ng an unexposed area. Conversely, i f a
photoresist is dissolved,o dondmthdecEdploamedmpaotiees o
completion of the development, the samples were

process served to further sol &nmegxfcye stsh ed erveesliodpuear!.

343Dry Etching

Reac-tomeEt ching

RI'E is a dry etching technique widely used in se
in a plasma to directtionadtiigchepclecassprRulcBbat temat

is similar to PECVD in that it involves the gene
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bi et ween two parallel el eaotcohes ascdb encPE&YCH, r i
generated by RIE is employed to chemically etch

rather than forming a thin film on its surface.

Gas in (CHF;/0,)

@@@

Figad28 Aflhphot ogifPd pphsTrheer m Shutt | e&aof@ Bt hRelhEs may 9 tce m

i || usdfrRalagysnt e m

I n an RIE systém, rtefaet wahl £ hamber are grounded,
electrically isolated from it. This design all ow
the two electrodes, which i s «c aApsahllhee oefl ewerrtoincsa In
at high speeds, they col | adfdorwaipthg 4 laal.dmoli eaal es
these electrons are not only accelerat-emg diy the e

the samphessetageumubaeatdd thardesvpng force for tl

towards the sample, thus facilittahiis gc armbkeinm atailo
i on bombar dment and chemical reaction provi des
characteristics of RIE, enabling the pRlekci se tra
technology offers a more precise and |l ess damagi

technimquebi sPckadhe,r mt ISduttl| ewaosx ke mRd IEo yseyds ttean et c h

deposit |l ayer, ther ebbyasfeadb rpiactatteirnng tae nupilealteect r i ¢
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I nductively Coupled Pl asma

| GRIE represents an advanced dry etching technol

technology. It offers higher plasma density and |
precise etthindCPptecdsaol ogy, pl asma i s generate
traditional RI'E, which uses a separate RF coil I
RF power is applvadytonoggehecatemagnemmiéedc efidel d. T
exci treesacgthiswetchr i nductive coupling, thereby faci
pl agma.t her more, RF power is still applied to the
serves to attract and accelerate reactive ions ir

surface wit.Byhiaglhaurstemegr ghe RF power of the upp
separately, it is possible to achieve independen

enabdicnganedduoi mgc ki ng process.

B Gas in (Cl,/Ar)

0__[&

S R et T e e lCPpower
Plasma

 Sample & Stage |

| » |

I:: SHEEEnEE EHREEE R

Fi g82®A) phtoe ograph of Oxford | nwthi chmentse dPIli as m&li sb p%ys

and (Bhemla¢ i £ oflll@Ps tsryasttieam

The 1 CP system empPbusdal abtBystemojlé8obisfrom Oxf
shoiwhi g2 he | CP isihitéettdrwmehran endpoint syste
and rate of etlcamomg tofritnlye syamelme. when a | aser b

surface of an etched sampl eontodpetihecstotrhef sampl b e
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surface undergoes a gradual change due to the ¢
corresponding change in phasd®uandodiiqpleay®riemcer
the intensity of the detected |ight vari.es as t he
The depth of etching can be determined whiaeal ysi
the rate of et chibmkg oowsi hnegaphtabdt dlei Mg hteiomhet edal mode
for swcbdpc oscillations can be calculated by kn

anrdefl ectivity
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Chapter4 Opt i mi satcpbaneof GaN
Growth on (111) Sili1icon

Achieving high -fguwsllidinye aGad\ dridaoks on (111) silic
requirement i+ovstihleincsotnh.dgy oha@Gabr, tipd agreo vBtalN mec
gr owt(tlh) ®in substrates is investigated in detail an

aspects to acharmdresfctkbe GabNhogqudil itempl ates for su
Filrghteftf ect of di ftfreageaetnme rstush sd m ag reonptrade dmvears ti on vseeslt
t he most afipre@apg meatva spprox\ealsetxitgattende AI N buffer |
optimised by studyiSuwb stehceu legartobwijhs adhd reshtinmtagfoan si. s

i nvestFiigatidd)., the growth conTdhiet ieoxnpse rfiomme nGaaN wdeerse
objectives are presented in each subsection and
at the end offheapbr smébseal i oasvualrtiso uasr ec hsau papca retre c
measurements includitrny adptfifcgalct mioaoroscamyn, nX el €
t hheay Tec TT EpTheropt ismpisSsiedi.eGapN at e paves the way

device structure investigations.

411 ntroducti on

I n the field of epitaxial crystal growt h, the r
fundament al met hod for improving the properties
can exacerbate the formagnohi oaAnstyeasktectinng del
el ectronic propertlinesproifnceippiltea x itahle nadteearli aslusb.st r ¢
GaN materials is a homogeneous bul k GaN substra
present lad tcthi chesdmmieskhmr ef orgqualkitayi epliyakxigh crys
obt aHowdver, the difficulty of obtaining | arge G
has resulted in very expensive GaNuhaomalged rnygeous ¢
natGaN substrates are fabricated by growing thic
separating the GaN films fromMowbeesapphereompl eg

the process signifiatainkd yGa MACY ednsrteasa tldier ecsoesa r colf i
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GaMWMased semiconductors has focused on relativel
achieve betltrergeenceornaolmi ctshe t hree main substrates
studi edbacfedGasMd mi conductors are silicon carbide,

chall enge -nint modlermedddrch to obtlaitry GaN mefetr elas

requirements on heterogeneous substrates.

Among the heterogeneous substrates available for
much attention in recent years as a promising s
availability Nowhdange, wafeh shepedevel opment of G

optoelectronic devices have higher requirements
Compared to sapphire, silicon has bettedenetrher mal
meet t he r eghpierrd me manacsed dGratiNgyv add st i on, removal o
substrate may be requi $ieldi donr oulfdterraetnds ,r edque rtea
active nature, can be easily stripped from the d
stable sapphire substrates require Trnoeg emaixmpensi
chall engew® GialN gmowin@are due to the | arge mismatc
expansion coeffici,enwielrbeertgteee ni GaNmasmhaiSch can i
di sl ocations and the thermal expansion coefficie
to the tensile stress iImtradduacednby gtathé i amo wii h ¢
silicon at hi gh t eSmp ea laltbugrceks me tot hfionrgm , a wa ch me

traditisdrepl gtrwawt h technique used to obtain GaN

silicon Thwebh etfroatees.GaN gr owt h on Sit encehendisq uteo tbhea tc
takes i nt ebaacckc oeutncthinmmeg twhi | e [dg]ti mi sing internal
So far, sever al techni-fgiulerm dmrsitlhiec gmr olwd \ne olf e eGra |

optimised approachesesichaas epetercphpime paeadieh ned Si
Al N/ GaN superlattice buffer AlgadNrnt ¢éowayempanat u
gr aAGA N s trrealbine if ®y[6-8].Speci fically, the AIN buffer
heavily uesesd iamdGeN f ect i vbhed cgkt @alviopg e v it chien gmed t g o
crystallindg eohsaeqauemin storessradetanehi éegi heer sh

relief engineering, t he | ar gGaxN\n usntbreatiinef Wwayé&s U

104



Th

t h

mo

by

ef

an

mpensate for the stress from GaN during the ¢

e

re are two main scheamesnimafrade ddii sgmail ming atro aamh

hi gh Al component to a |l ow Al component accor

h

e

ckness ofGad hkayge o wihmedigpasdesd. composed of mul t
ree or m@rad waydear g fdferAklnt ¢ ermepgouslia ti eodn sl at yoe rf,o0

combinationsof sONLS6T.MpEH simdrn e c¢c Hmolwiervatri, on h.e

mpl exity of the growth process and the extende

f
n
a
r

c

d

o contributing to the overall thickness of th

ects, all of whrcohNs&ldpercritical factors t

this work, we progpdsantioda edaectha id reodwtsht usdtye pa nbda s e
cess fcprl agreowvwsiarNg o nFi(rlsltl,) isn |t t® Asrielaitcroemtsubs
ferneretatpresdt pr ok etsem&EIOGvene appkieate. For com
fer |l ayer was grown on the treated substrate
phol ogy was observedcbygbalitctcwlomitthe sAglol ywasn
XRD rocki ngencflusrev eAlne alswifrfeer | ayer was i nvesti
ect -fofowwalamdenitridation on the quality of t
di ti @Al sN faokd NHTgr owt h t ecbopisgmhie XRWwerechil s®@ cur
surements wehe AbbBdctygstmabhsgqual tty, optical m
phol ogi cal i mage of t he -rseasnodluer i aawddt ScrM spsr o v i
t i onTad oipnaignei.se t h &Adi Ga M rsntarl e bsda grebsseeedt il paytee d

the degree of wafer crachAkti nntgheosenohhsesr chadpher

growth conditions of GaN | ayers have been opti mi

i mprove the surface morphology and crystal quali

t h

e

GaN Imzwnestbryevdospt i c al mi croscopy and XRD rock

detertmhiemedraysittayl ofu t he GaN.
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42 Pr-gr oWt dat ment of (111) Silicor

Due to the high chemical activity of silicon, w h
of time, the silicon reacts witdh orygbae sarfacm.
natur al oxide | ayer is typically a few nanometre

time or under highSitGesmpehlramiuaeael Icyonidndritonsand dur

the oxide | ayer impedes -V hatoamstohreptw dofaecra,ndt e f ¢

influemei ngi ti al nucl eation process of epitaxial
challenging to grow directly on the oxidised sild.
|l ayer at the interface betswéenidi aarddirttiherepintcare
density of the epitaxial |l ayer. I t itsr etahtenmeenftor e
process on the Si substrate before growth in ord
Si andi noghwaglhi ty epitaxial |l ayers.

This section presents a -tcoenptamestonmetf hddvd: S¢ h esmik

and -themgmer at urled eathanialdll iINn g.uf f er |l ayer is grown o
substrate with the same growth conditions, and t |
mi croscope and a scanning electron micr-oscope i

treammehod

42.1ChemiTc@a&at ment Tevnsp.e rHaitguhr e Anneal

The firsof dpprperad anemt dfs h®&imi cwahb stcrd &taend ng, whi ch i rn
chemical sol vent s, acid (okRR)dahlhmgpr damdt hydnefilt e
compl ete removal of residual ¢ dhnet aorh enmainct asl layn dt rmeo

samples must be rinsed at the end with flowing d

pl acedvie@n layn Si substrates that have completed t
used for epitaxial growth and wil/l benplaced i
envir olnhnee ngtl.ove box is equipped with an oxygen ar
for monitoring the internal environment of the g

typically maintained at approxikmpgtellyelldw pp.mng pvhr
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The second methodreb&t ®éntsubsttat el pce tthhee si |l i c
Ai xXtMOCWDeatoorhigh temperature annlemltitmeg ma jtor intoy
of Casaesh,igeénsteemp | oy etde mme rtahteurkei gaghnneal i ng tr eat m
hydrogen, and the annealing tACOhpergihemper asumuesual
annealing can be performed as a separate proces
foll owed by wepitaxial growt h. Since doing it s e
additional ti me, performgngil tybe nhitghhe tMOW@PVeDr astyusrte

foll owing epitaxial growth helps to increase eff
Exper iDmentgn

For tappfoamHerseat memd standard operating procedu

Chemical sion@hlsitl iccloenansubstrate was sequential]l
nbutyl acetate, aCleEHAme b5 amd ieachmromdrnelr whi ch
i oni( D&vht er to remove residual solvent.

Aci d Oxidat:iTchre Glidamiomg substrat eadwmesws mmer sed
Piranha solution) compr(its@nghgdnoggtkd)peedxbsderf

and DI water in a ratio ,ahdlaflt2rfornaepgewi ot

Hydrofluoric :&adtied siinmmemnsi srubstrate was | mmer s

acid solution for 5 miDnwatteesr, tfoolrleomwoevde brye sriidnusei

DryiThhge water dropl et sSavebet hdtoavnbyfd dmrymnitthreo
and then baked in an oven at 100AC for one min
With regard ¢tta etalh anesth e one dh tSgseiebtsad at e wi | | be rem

the original packaging ¢iroedtdled pplyad dehiingaina f talce ul

tempeanahenbking

I n order to assess-trkeatmeapacobnobudbsesgueategpoath
wi || be grown directly on the treandcdt saibsunrfaaee
mor phol ogy of AIN will bea®vdadéasuiagrad WiAtth 8kxpenr i n:

C, wi)t ditfhfeer enfando h d sTtaghdibdB nt h heampl es A and B wer

107



to the aforementioned chemndaD WwWéEemgimeanhtA awhker@ a
were subjected A parninoeraltion g haet glr2e8idtelr emfs arma mpll N sb
B and D wer e AG@Inheea laetdmoastp h1le34e0 gas Howéd hi m hewant

rate of 1000 sccm, a r eactfadrOdperceosnsdusr e of 86 mbar

Tabdle he anmerailshnemtger Sampl es A, B, C and D.

Sampl e Chemitca&attmen Anneatempgr d&fur
A Yes 1280

B Yes 1340

C No 1280

D N o 1340

Resul ts

Thervwoampl es were investigatedpuesagtaptveal mage
i Fi g4 ehe obtained images indicate that, under t
1 2 8AaC, the chemically cleaned sample A exhibits
smal | particles or -cdheefna cctas .l yl nc | cecanrdaodal sstia,imett hme Cn aodn
surface with a higher cMenacnewnttirlaeh,i amnedél pagtieimps!
1340 AC, the chemically cleaned sample B exhibit
wel | as a |l ower surface quality. I n contrast, sa

di spl ayed faacueniwfioorhm nsourvi si bl e particles or defec
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Sample A Sample B
« 1280 °C S « 1340 °C
» with chemical cleaning 4 * with chemical cleaning

Sample C Sample D
* 1280 °C * 1340 °C
* without chemical cleaning ) + without chemical cleaning

Figdttehept miealros mapges of four sampl es -t(rAeatBnenC, D) Wi |

met hods wunder t wioerdpdsfaetremea annealing

A comparison of samples A and C reveals that <che
the surface topography at tA@. | Aweommamiesadn ngf t e
and D reveals that the chemically c¢cleaned sampl e
at the higher anneACihigs tempgiecatesetldB84@hemice
significant positivetdfedeenn epanltienmp Hoavkewieed g a it lhien e
condition ©6ftthesampfaddimidgpdtnenreiad riantge € ®empearriartgr es .
the surface morphology of chemicmpéyattbranedA sam
B) reveals a significant increase in surface pa
1340C relative to those adA@emdcemmpatr i a otme g e rt ehteu rse
mor phol ogy of the wuncleanedasBmpd ewe alts-dtiHdterteme

temperature AQ@)n erad d inigt f{oli3mt Oau mioa @e uwiit h fewer def
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Summary

The i mpact of changes i n nmommealliomgy tweamp efroautnudr et o
significant than tlhtat waod clhheeni vad tchatanchgmical
enhanced surface quaACtyHwwemnemannebdlegniadally 80 f

eaned surface was foundA€o Bhi beihdrcawhes Bhae

(@]

temper atinmpeo ipnlaadyest er mi ni ng sur fHewvert te@atnd s metss ar

be denied that chemical cleaning is am dfhfeecti ve
removal of contami nantkowervoenr ,t hdeu es uthos ttrhae ec wsnubr & r:
chemical <c¢leaning, it often takes several hours
the middle of the process, it needs to be cleane

t he ovmparadtli @m ec osatddand oinmatlr osdowcrecse s of Feari abil i
i nstiamcehe drying stepwatemmdr s omay | yorcrmnomotl he
grownl eamwhich could |l ead to a signifi daret degr ac
t o t he resi @Goamas e qgcuheenmiilcyal .t he high temperatur e
advantageous in terms of simplicity and perfor ma
gr owrohr. al | of t he af orbeamsesndt isoannepdl erse agsroonwsn, ianl |t h
subjected to the high utnednep e:atattbal e ldtthacaomnetail n unegd me t

directly to epitaxial growt h.

4220pt i mi sHitglemper Aboneal i ng

Hi glemperature anneali-terge afeme et £ 3 telypei fa ocarxei wtdh eglr o wt |
It can effectively improve the surface cleanlin
paramount i mportance in ensuring theTlhaeamgfiaowyeof t
t feurther research is required on the subject of
to optimising thEhanokpéchigveooflithbassection is
di ffememtt iag times on the qualitySioibstubasteguent

determining the optimal annealing ti me.
Ex per iDmeritgn
I n order tion fcloonkpnadrieef ftehreent anneal ing times on the
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| ayar seexwp er igmeomiph debegompri si ng fEH)Veesamphmpl ¢ &

wi || betolubijfeocreeadluirssgaisons hdawb42e h€ anneal ing wildl
conduct edaummbdieerntanwiH h a f & oav rread cet oorf 6 pln@B0ads usrcec no f
Foll owi ngam@hNe dluif d g l ayer wil/l continue to gro
met hFoodr. t he gAloNvyt ht od drmfowt h temper adNHwawas 1150
300 Asncderf-AHTYr owthhe growth temper adNHweasvaks00 310 /
sccm. The reactor pressuAleN aald NHkef o &6 r mbar f an
sccm, r eBipXercay vdeilfyf.r acti on r oc kiunsge dceutrevitetnienmeea s ur e n
FWHM al eife s(AOON2 )f r o ng atnipel efsi,vewi th a view to facilit

of crystal quality.

Tab42The anpeaalimef esampl es A, Bnde&r, tDhemdeeGEcmbar pardsure
annedleimpe o &t 0AGE 0

Sampdteel Annealing ti me
A 600
B 900
C 1800
D 2700
E 3600

Re s wlntds di scussi on

Fi g#42sehewt he FWHM values of the AIN | aye+r at diff
ray diffraction measurements of thaheoo02a)ual Bfpe
the FWHM of the pdymmetrroicckalng( OcluZ)ve <corresponds

di slocations, with smaller values in@liyt@ting hig
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The annealing time of 600 seconds was insufficie
|l ayer. This may be attreimpetradutre tameefadd gt hatmet |
adequately remove the sThAlabtrey sctoanlt agni anlainttys waansd soi
superior to that of the other experi mehnal gr ou
contrast, there was no discernible deterioration
1800 secd®dbMds eddimehnzZ3T he anneal ng time was 3600 sec
deteriorated significantly with the worst FHWM v
is likely attributable to the | ong oadnsighkel cog ti m
substrate surface topography and the formation o
Based on the above, it can be concbutiledcibaat ftoae
the surface cleanliness of the substrate, while
problems to the substrate. Therefore, the anneal
positive effect on, thhesesd ben rtalt e . o gtuirmmiheatmoaore of
the ideal annealing time for the Si substrate 1is

14
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0.8

FWHM (deg.)

0.6

0.4

0.2

- —m—: (002) AIN -
L |
b . L
i /. 7
b ./. L
A 1 A 1 A 1 A
900 1800 2700 3600

Annealing Time (S)

Fi g42teh e -VA wdlt kM abail hu m

Ti mmehidcent er mBne ke by

( FWHM)

valauwershd e an(eOagl)i Md N v s.

di fbcktchpgonour v.e
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430pti mi s at BuofnfLeoyf &rAolwN h

In themsGaMNechnol ogy, the AIN buffer | ayer plays
epitaxial g¢gmowdldipiones®. i mproving |l attice misma
highhal ity AI'N |l ayer with a smooth surface al so

epitaxi,whighowthys a decisive role Tharehergualit
i s necessary teomnpmtatfmiosieN tihne ogrrdoemt ht o obt ain a hi

| ayetrheonSi substrate.

43.1Thkli tAdralwPrhocessLayeAl N

I n the exisgrogi hgcAhNguayefs on Si substrates by
met hods for the initizaltgirdathopgepoass@lonamebw N
calTMAl prtesspeci ficahilyri daei &Nk p r picse sisn tnmreocadnusc etdh att
nitride the silicon surface to form a very thin
i .tehNeBi s preferentially fed i nt oMetahnewhrhéest or bef o
prfel owfers to the preferenti al introduction of T
|l ayer, i . e. the TMA precursors are preferentiall
NH.Thi s can tfhornm la yveerr yof @) woH8 mmd mprmo wrxd ddeor( Atthe su
of the Slin stubhis¢ h@adaeffect of two different initial
crystals is investigated and the eXdevalmeeds adf r e

(002N from XRD rocking curve measurements.
Exper iDmentgn

I n this sectionSsuhet gatoevs hi ®fc &ft Ni ed out wusing t
and the grown sampl es .arTehediAliN elda yilenrt&dd Bt wydr Ncvant ebgy
growehhidssd described $Shulbetwhatodis ds2gdemndl gubwe bt ed

to high temper Hitat me s g e eiaerhrriaendglig at tdeeldsyh Na § e r
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- High-temperature AIN layer

Low-temperature AIN layer

- Silicon Substrate

Fi g&3®trucAuNebofdresSbayent e.

For the Al N NHnoiwttrhi afatttaho nt he anneal i ng, the tempe
reducedACt oNHiwkeBsth e n i nitnrtood ucheed r eact or chamber at &
Af ter ni tNrHfd aotwi atahteeh weansc r e as ed hteo TtMAe wa B0 i i¢c ¢ m dan
at a flow r dtae i ¢ figtr2o0@we she do@d NtohTehyek-AHTN | aydenwas

groain thA& w816 the same TM#AIfolwow art et eo,f ardd tshcec mN|

For AIN growt-fhl eaw,t bBr TMAT P Bseiunvgieni et ed into the
chamber at a flowflewe @mef 20 eaaccdam rf dir€prea at ur e«
thefpowa precomp$ ewadeswadliHr d ®tdhtyo t he reactor at a f
sccm to st ar tAltNmegfealr loow dydr odwHbEAHoday er At wilBH 0

an silHow r at eTho&f e d ®t00 & comrmmiehsasttuhr &d n ¢ rgolodvednai ne d
constant Fdtg#48iel Imbsatrsiiampelse tghaes f If ow sSTcMMAgfaarst WNdHe d

the AI N gA)ONMNE t wii dBB)T MA -fainedw . (

A B
NH; nitridation TMA pre-flow
1 1
TMA TMA
0 .
1 1
NH, NH;
0 0
Heating Nitridation AIN growth Heating TMA Pre-flow AIN growth

Fi g#44Tehe gas fl ow usfedrh®NHBTMAI daB)T WA -farnedw (met hod

Fop ur poocscemp,aeedf &1 on Swesampyewmwoti al. pArnac e shsee s
AI'N cquglttf al | dseaneplneosh evda shbHMVMn o/ aF W@ A2 PNF f r o m

XRD rocking curve measurements
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Re s wlntds di scussi on

Tab43d he ADBBMval yuesnean val ues anofsamp b etdadibiyf @hréetnitatl i o n
procegsefsp sNiHt r i;gaoBi:p nT MAI .p we

Samp| Ini ti a (002) Me awvnal « St anda
Sampdlee .
gpoufp proces FWHM ( ° devi a&

Af(NO7¢ 0 320

N
A _H;_ A2( NO 8 ( 0. 287¢ 0. 99 0.014
nitrid

A3( NO 81 0. 291¢

Bi( N11c 0. 216:

B TMA $pite By(N13

L]
©

238! 0. 840 0. @21

Bs( N1 3¢ 0. 267

Tab#3d3s hows$ WHIMe v amletaens val ues and osr@ @h)agdoadvaeviuadieon
di fferent initi:qaIiGr ouNgHani mernadéhroocabgd ABrifets d i .e

tabul ar data indicates t haftl atwheea tFeVdH Ms avrnapl | uee sg roofu p
generally | ower snih@tnitdirh at e d o § a inpvdsauNgiy eosutps At hat t |
TMA pHptewitial treatment can enhance the crystal

t han $nhiematNithnon t he meant i me, t he gsrtoaunpddaircda tdeesv itahta tc
the FWHM values of t henistamipdiehsii to mlteastdn efd ubcyt u ahtei dNrt
stability, whifelreva,s dersepiTtMA iptr £ Ad fbfreycsttiavl e ngeusasl iitny , i
di splays | arger fluctuations ilnn iotrsd efrWHM voabltuaeisn
gual ity of AIN crystal ss;prtehd |iomwi twiidll dreowtmip | pryeae

process f oirn AtlINi g rjoavlt h
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4320pti mi sati oAl @fowIdhapldr at ur e

The AI'N | ayer grown at -§oal tteynpruvateatisoproivi ees

the |l attice relaxation bh tbetabeminibm growit eo

high temperatures results i@omsesqudmtcley,t htati si sAln

met hod can optimise stress management, i mprove

However, |l ow and high temperatures are a vague r

better i nesefsetcitg aotfe tthhee t emper ature difference

bet

crystals, this secthynuwidlhdgfeghewt ht efnpgg) At uagedb

I n this section, the effe@@onf tdief fgaurad ntt yt eorhp eArl ¢

using the LT&HT method wil!]l be investigaeed

Al Nrom XRD rocking curve measurements.

Exper iDmentgn

In this experiment, a series of sampl es was

and

des

di fference on the quality ofLTa&8HTAIAN Nlya yaegre.n gT he

di fferent temp@)Altlureampilf ¢ € r @ a eteesnspuelrjaet cutreed atnon ehail

of the Si s yabnsbtireantte, ufnodlelrofweaw byr ac eTsMsAd ptr k2 Hh50 A

growt h -tod mme AbbNhayer at the Ssidme qtuempdryat ar second

was grown under t hwehiscphe cwafsi erdah pdealsearga tduy etah e

The gmawtahoeft eAIsN | ayer Tabddeshown in the

Tab#dg hegr owohdi ti ons 10T &KAT Nmd talyed by

Pressi MO sour

Step Temper AUt (mbar (scecm) NH( sccn
TMApr € 1150 86 Al : 2 ( /

LTAI N 1150 86 Al : 2 ( 300
HTAI N 11560 + 86 Al : 2 ( 100
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Res wlntds scussi on

osb A — T T — —

FWHM (deg.)

Temperature Difference (

Fi g#45Rel ati on between the 002 AIN FWHM values and the d

for tAHeN HTayers rAllMtive to the LT

ThEei g#44id |l ustrates the variation in 002 AI N FWHM
|l ow temperature and high t empgdnlatt uirse egwiodwt rht ttehrept
there is no tengleratOWlArCe , ditfhfee rhd rythieaslt (FWHM val ue:
0.5 aAs @h&.ncred€eanlle,1P® corresponding decrease
obsemMvetd. the | owdwasGFWAGdIdioati ng that the qualit
was optimal within tWhiesdl teormpteirmias et diiffereade alt
obtained samples once agalihre denndidy eoifaels sabhsoupwa
be cleanvekeyg bhsed on thber Bidgtcrammt ibreg degifovesftirmt e d
160AC represents agl otphatmails ceimphrermitseea HAmal | or

deterioration in the quality of the crystals.

4330pti mi sat-Alo®r ooMt hHT

Further mor e, based on the LT&HT AI N growth met hc

gual ity of AI N, t he egmpoeewtaht ucroen dAil tNi d Ash eafe fhaiegele i n

117



two growth #Hétfhodwbsodbedihghedin-gl B HAyigir Twand (
HTAI N | aysecmbdhlod eM/altAilldNs Imayef i ed by modi fying t

of Al , resultingl Nni bhbheH8Ael pabldalsRb.f HT

The wébjrecti gsectbison bi enhance the crystalline qual
optimisingondetg®#adh®ODOCHAINWHM viad 31 ebleteani ned fr om

the M&Dsur.ement
Ex per iDmentgn

Af ttelrtei ¢ e mper at ur e SSInkesadlimidadye 0¥V i t dbement, the t empe
the reactor was reducebHowot L &8 0tmArBp € Aol Mhaeyhetro WMA  p
was ¢hemt the samd@htegpewdahurcéahNi afrensdehtiLdal t
descriimbbdbador gr owAlhN floay edfT, t hei §a metragri owtsHh ymet
descmwibhend a growt h t emperNaHwerree oifn tir3oldouAcCe.d TiMA oa ntdl
a flow sadm asgidc2®00r espectively, while maintainin
The second growt h-AimBt hodoi shdetwwedaHTs by diffe
the fl ow-Addllt d sof20HTS cc Ml -Rwhisl e4Bhlesecrcdimai ni ng gr ov
conditions werheo WnEpse€onsuanenasys the growth ti|
wi || be regulated in aatoudanhed dutrhnghéehgr gwbilwt

to ensure that the thickness of the AI N | ayer ob

Tabdtse he growth par ametAé MNs gofowtt wo meit hfoelse n't HT

Tempera Press MO sou N
Met hod Growst Bp P &

AT (mbat (sccm{(scc

Si ngltAd N HTAI N 1310 8 6 Al : 2 100
HTAI i 1310 Al : 2

Two -AITN 8 6 100
HTAI R 1310 Al : 4
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Re s wlntds di scussi on

Tabdtee he AORWIM val semplbés by tANoN dgirfofwetrhe nnie ttHhTod s .

Sampl Growt!l (OEN Meawnalt St anda
Sampdlee .
grou met ho: FWHM ) ( . devi aa

Ai( N4 1¢ 0. 216¢

Singtle
A A2( N4 2 0. 238 0.240 0.021
Al N
Az( N4 3¢ 0. 267
Bi( N52¢ 0. 147¢
B HTAI N 1 Bx( N52¢ 0.146 0.151 0.006

Bs( N53C 0. 160

Tabd46pr esents t he emWHMuU estl aaradlar df aj@eOyA laN i @wfn t he

samples obtained gtrlorwd thg hmeltipdloN d(i Gaffeur p nA)! Nsi ngl e
met hod andHTAIGNoL &2 Blieet htoadb ul ar dlae as aamyutli aeisnteeds t h
bwsing -4theg ¢ ehoipgelr at ure Al N growth method (Group
the samples us-tampémhat sriengAleN harghhwt h met hod ( Gr «
crystal qgual iTlye alnadwero nBEWHKMewnalyues and smaller d
t he-sttvep-t emgbarature AI N growth method is more eff.

of AI'N |l ayers and reducing the defect density
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440pti mi sati 8dmuf ddey dt Ga N

One of the most significant c h atlblaessregheist dddrer ent |
semi conductors i s ee¢ owhakkhi eive fcumdca&kment al |y due
management of Thetergai fsctmaessdssparity in ther mal
silicon and GaN results in the -ggreonvetrhatGah odoltien
process, which subsequently | eadsThe dhjee dtoirvieata
managing intemadal gateexcgsaxs ki gt ossues by introd
strains to compensate for the evAdmdtiduadlontadnsinlteerg
stress can affect thempetiogmdececiecefthheufhnal vhi
such as |l owering the | i ghdmiotuttiprug vedvdalcda reqatcty darnidf
optimising thenmanade masit itod cGlaNileogy i s a cruci al

higlkrfor maenmtiet tliingghtdevi ces.

This section investigates Al GaN PRoeucfefnetr sltauydeiress ghra

demonstrated that a graded Al GaN buffer -l ayer is
ofSi . This is achieved by introducing compressive
for the tensile gtecedlhienggatadedc Al SaNubium f er I a
composed of a series of Al GaN |l ayers with a grad:
formation efsechaegdsenin G&N | ayer by adjusting th
| ayledl 2P However, the growth process of multilay
antdimensumiahgobutsults in an increased overall t
potenti al introduction of additional defects. Th
|l ayer in order to achievelaasefiageirve single Al

n order tofaebkbi ©&®adl apchawkal owtatyefracttdires of t he

layer will be systemat.i cTal d yfnaoefttthalns tsha dcadinre stshi s
content . fhu rtthhee rcneosree , o f GaN on Si, the incompl et
mani fest itself directly in the degree of cracki
naked eye,h&#Meapwhiché microscopy wildl be empl oye

technique tsaurdxaam mortplhel ogy and the presence of
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Ex per iDmentgn

- Si-doped n-GaN layer

- Undoped GaN layer

- AlGaN buffer layer
- High-temperature AIN layer
Low-temperature AIN layer

- Silicon Substrate

Fig&B*:tructure.of GaN on Si

In this section, three exper amdmdvatlh gaofoufplsGa M, aBy
The corresponding growth conditions were adjuste
order to identify tAe ppévimalsbyowi fbcusadidtionnishe
a | exper i memntfolr mgrccomppednt iaghur e Ssnkstl iagmdboiemt He
followed byl awddids prat 1150 -tAcOnpaentda Ngaryoewtsh aotf tlhoew
same t e npwelrsae quuen ttieymp etphbeN ahyiegbph gr owt h was <carri ed
reaction chamber temperaturequwali rwiFAldN olwayneg3.1 0
t ht BAel GaN bufwieth fl faeyreer nst tAtci ocnkt neenstsse swialnld conti nue
top of t heAklomtleanytero.f Thhee Al GaN | ayer can be mod
the TMA or .FMGabbwyyrciensserder tthe bBatrtf@arceoltr acks,

2. &aN | ayers was gnr oown ,uncdammerdiosGfiNg R2y & r

The specifigrpn@indyert $ wbe plrachbdeehhedekperi ment al
Group A was designed to investigate the effect
subsequent GaN surfadde atbjecsti meli afeShriogphdBe ti tve
influence of Al content on the subsefoéret GaN su
experiment al group C 1,ca86Gp&nidse@ whd wrh swempel eessmp(l @y
investigate the effect of differ entAlccoonnibeinnta toinons
the subsequent TGN Alayeontcermtckamdg Al GaN thicknes

det er mi nee dbuyr vXeRDand growt h rate.
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Tab#7&r ovCo hdi t i on Bu folfeeyelDGA ME&Sr @mp s .

Sampl e SampLlaeb e | Thickness Al Conten

A1( N688) 500 26

A A2( N685) 700 26
As( N689) 800 26. 8
Bi( N684) 700 29

B B2( N6 85) 700 26
Bs( N6 86) 700 22.5
Ci( GN4326 500 29.5
C:( GN4328 700 30

C
Ci( GN4327 500 26
Cs( GN4 325 700 26
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Resul ts

FigdTrept iniadrosmapgpgsodp )GAS00nm Al GaOWINGERWN fHand (A

800nm Alh@aMed | ine serves to highlight the cracks.

As il luBitg@t ed hienopti cal mi croscopy 1amegéAds demol
exhibit clearly viswibthisAphaks bDhetmest sevéneec!
cracks formingditgplaayd emq s twhyalnmeamalbld aedl nsot rcirpa cckrsa c
obseFuedher mor e, atplpe agiwsr ft dc deofr cAigher amdl more u
As.Gi ven that all three samples were subjected to
of the thickness of the Al GaN | ayer, it can be ¢

an effect on the generation of c¢cracks.

123



Fi g&8Qpt imiaclr osmaggso B &l GaN liay29 %wAlt bBc 285 % nAl; (B

content &R2dcc@BtAdnnt

Fi gda8per e stehoepd i c al mi cods Go pyapriplBeeg Bs bi t ed severe
dense cracking on t hxeangdudB nccres t rvahtielde nsoa nopl seesr vBe
Meanwhil e, the sewrhfiddd edf as damglthd dEmesi t ggwest pAlt s
which were considerably morna&ndhBncahobe demensgéed
t hatAlctohnet ent exerts a significant influence on t
the remaining growth FKFiogdlhid il assvadceskhehewbonbt as
aligned with the;, ABNagpdelaBk wdn skaenpdleesarBl y obser ved

in Al GaN decreases, the peak position of Al GaN g
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Intensity (cps)

Fi gd&9xRDB-2d can

DGC500nm Al GaN @Wi7OBRnMm9. 5% Al ; (

Fi gdtrt@pt imiadr osmagegso@p

Al GaN withy) 3900 AIM; Al GaN wit F0ODG Al Gadnavi ¢ @

I /\ AlGaN

B3 N686
Il A
/] V\ A
17.0 17.5 18.0 18.5
¥ (Deg)

al i grfedSamfprieed()NB | Be }( garnede nB) .
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As il liuksitgdidrilee d h e saamdpdliGsspd Gafcrkee sur ftalseampWwbker eas
Cexhibits a highadexyhGakistdfi ghit adleigm eoers wrf f sd & .e ak ¢
This suggests that the different thickness of Al
achieve the purpose onf craesdeu cohfin gtnheirsa A lktGaed nwir tah i @ n|
content or thicker Al GaN with a | ower Al content

to i mprofvreemackiceg.

Summary

From the results of the experimental group A, i
conditions, thicker Al GaN can mitigatealtshee gener
result in the formation of c¢cracks. At a 26% Al c
The results of the experimental group B indicate

of cracks and pits. At an Al GaN thickness of 70/
reducing cr alcokw nAgl, cbountt ean stiotogcpéapées st hdhdeAl GaN

content is the most suitabl e when the thickness

Thexperi ment al group C demonstrate that when th
Al GaN can prevent surface crackdonngv,erwsietlhy ,a nwhaemt it
Al content is low (26%), thicker AIN can also n
t hi cknessFuorft h7eOrOmonrne., t he more seveAkoataaki mg i s

t ohoi gbver thas26%w)dencgand.b@ samples B
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450pti mi seaMboawbh

The aforementioned section describes the compl et
treat ment process, the growth of The AbNekayee, o

opti mi si-tnrge @thmee mptr emet hod was to develroges sinmige ¢

met hod for GaN on Si. The optimisation of the AII
crystals and improheddewvekeopmentl of |l ateeagle Al G
the GaN | ayewitdh Bafdicwent compressive strain b
the tensile strain generated during ©popothng, whi

basi s, thus allowing the ul tipmane GadNl omf (LK1 ¢

substratesf rwiet sua fcarceckand excell ent crystal qual

I n sé&dcki on, the GaN | ayer was grown -AAhNASSI sub
strubdMeanwhil e, in this work, the growth procedur
steps, desilgmatded dGaeNei GANare di stinguished by the
empl oyddf f Biremwdd comnrditthiecmddN@®aN uded t he reactor
MO source f I ofw orwaTthea, 5 eagnrdo wWikh procedure for GaN ha

per fad hmlé enensi onal t g owh b wtendddienyensi onal. Thge owt h mo

formati odi mdnstiholneiegk e i st amdt ures at the initial st
to reduce stress anaddt Harhdeotntt @ chetdoisunsée ptswoo n a | fil ms
for med. This combined growth modeafcoaasmaoatgmi fi cal
surbadc&saN epitaxial |l ayer s.

Thesinu reflectance monitoring system was empl oy
sample surface throllgbouésthesgwewe hapsesesd. usi

i mages and (002) XRD rocking curves.

Ex per iDmentgn

For the outrippmisseigogowt h conditions for the GaN, al
be grown using the optimised conditions set out i
of the GaN layer. AlI silitempes abh sreb laenmede b pgs u

a TMAf lpow treatment, prior to the growéhsohgha Al
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Al GaN buiwhdepbdbayeed with a thickneds onft emgprodxi m
26 %Bubsequently, GaN |l ayers with a total thicknes
of an Al GaN | ayleradcdd myieir &l. hngnt GaSdd&kd PreGla N ay er

i s gFowalkll | us heetartuexdt uGa@&N on Sil wintdh GtatNg e Ga N

- Si-doped n-GaN layer

- Undoped GaN-2 layer

% Undoped GaN-1 layer

- AlGaN buffer layer

- High-temperature AIN layer
Low-temperature AIN layer

- Silicon Substrate

Fig&Xt®he structure of GaN on Sitewi tumdoipreg! &aANl GaN elray

Tabd8&r owt h co@aMt aodxl Gayler .

Temper at Press MO sou

Sam St e . N scc
P P AL (mbar (sccnm b
Gai 600 Ga: 4 3100
A (N69 B 1215
Gai 300 Ga: 3 2100
Gai 600 Ga: 4 3100
B (N69 b 1215
Gai2 300 Ga: 3 2100
GaiN 600 Ga: 4 3100
C (N6 ©) 1215
Gai 300 Ga: 3 1600

Tabd8ed i stdsettghheb wtiolm diotfi oasM n d2 |1 GayfNorr t hr eweh iscahmp | e s,

| abealsl(eNdB 9 IENG6 @b X( N6 9 6)
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Resul t

Reflectance (%)

Fi ga4TX2hesiitnu

and( Creen

. 1
Sample A
GaN-1

n-GaN

= Sample B

¥ ]
Sample C

1000

curve)

2000 3000 4000
Growth Time (s)

reflectance paofapf @bl hbd,e¢Bradle guoweh

Fi g#4ar2l | ustrat es tfhoer rtehfel etchtraenec es acrupriveesT hdeaur i ng t h
Samples A (bl ue) and C (deereasa@demonséasabgearebh
growth prTbpbpsesoeasi stent decline in reflectivity
resulting in a redaodlitoinmatmelreflleadivg ttota@&nrsougt
Meanwhi e, thecdowmwphiksSt e eand rndime cdmd matsitg. t he
ofSample B (red) demonstrates reflectancwhiwdh hout
means that tthlee GaWlNr fgacaed uafl | y i mproves and become:

reflectivity.
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Fi gal®ptiniacdr os ma gty st wo ma gonfi f3S acnaptlifeegn)sA Bl &-B)

and -C&RC.

As il |l usitg4alt3e dt hien sur faces of Samples A and C exl
SampAlde spl aying a greater Cde@sesnvgr ©dl yp,i t Sanphlaen B
relatively smooth GaN surface with a | ow density
correlates with the trend of its reflectivity c
corresponds witphploomgy ,s uwhialcee anor ¢éhrget ampé¢ i t bhde

indicates relatively good surface morphology.
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