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which are cruci al for applicati®®nsni hasemmmy |
contribute to better mode confinement, reduc

54

2. 2Relsonant fsdmiugdiuore s

Resonant ssitgrnu cfdirudrasmsicileys neabhnadh gul ar a&asred e e o/t rt e
in emadneasi ous . HFoart eexamps!| et daekmaommosttor at ed t h
confining surfae¢apladsm@asngubbhbham wehl eved
fold incdemsiet y noft h®t ates, emissi 6¥imdt eardryd
Kwoat iamproved the optical out put power of
i ncor porsatliveemr ofd mdphaeritri cl @GaN/ GaN mulbtipl e
Addi ti Pnadltlyaatli.l i sed pl astnbno st nizatakbutb bae y a
brightness of organic LEDs

Il n anot her n o tTaabnine pdishvsebeenpime nti sed opodoi eahbhwnc
excited syymesdteon . Bl r st demonstrated Tamm P
phot ol umuseasrige Gajdusant uemiwtett ¢ r d eapfolsA st/e@a Aol nAt so
Bragg rethpweadasi lanar t hTmey idaahi eved Rabi spl
at 77oKsapdedol umi ne$ oemtcre Ispecanmd his¥®h ener
Rabi splitting refers to the phenomenon wher
an atom or exciton coupled strongly with a p
two distinct peaks due t o tthree ctowna® ¥Sdydit leeawsd hyg
Gubaydeul raelported @hetghuminastence enhancem
magnibtyudiencorpAs agqguaghntulmme dtoas GaAs Bragg ref|l
me tDaBBR i nf% rBsatcked i e snoutei ltiheaed 25 imi Itahyedrrs doefs il
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A widely adopted stpluxnanerabhr ywhcypataelcady asl
resonant cTatvelstByDsL EaDrse df ba v-d wmea,l medi um bit r
communicat,aomn #$ygthems i glhtTrhes s nemEelsiscalni o ms e
and more directsednemii £caind n ypcatrutpe memde d nts.loe opa w
Mor eolverhi adher s peccttheaod maptuircietdya Blpieqlgeronbi t r
Comparbeadss er 0,f fleEDsadvantages such as | ower <co

sensitivity to ®emperature variations

Althobhehdesi goif estomwantturceeaappegat EBs mmbgti tal t
cavsuryf acel astemeesngradcff eer s Tagnaixfi imchaeretolvye.r al |
emi ssi on arnetseonnsaintty ciasr o godlEDpni-mit ser steil dn i n

acti velfr egbisbonr.pt i on i s notphadmaps alt e | rye aclosnd rr boe

remitted in waveguided modes, reducing the i
di mini shing overal/l emi s AAissru me fnfgi d iheen crye fil re ct
side of the nihrer odre siisgnl Ocor%t eri on i s express
G 10 p Y (2.2)

wh elraenid represenabsorption coefficient and t
respectaiveltyhe antinode whllegpreaamede®iotfiaarnthaer

activeYreffeons.to the reflectance of the oppo

Theonceptesbdbnahe wabviirtsyt LrEe| ieseidnl bHUBT hgber
aml As/ GaAs feonli ltMageadyedbnyaan! . P8I 3 ragrani c emi tter
studi es nachioaweerd eamiasnsdi oemn hsamecdefdiu @l niilgmttean s at y o
oft. 7 f or 1Ad QAAmsp d@Gadhas i r  ucnocuonut pel repdatrhtes ,s aSweh uybeearrt
et reelp.orgiieadnta enhdomemestenwietamemthamsiedmetnd r
great erQ) tuhsarnbégdomeid! i c on SidDacsx i adeet iYW EBheyayalrso
observed aemiedauicdrn omavel enghbramatd emi®ssony a
Addi tj onaStlaye udaeenionswr eangd e di rectionality i
Al Gal n® IwkBhi ghest at rers rsssii toyn asnugd gee sotfi n3o A ,h a
cavitybés resonance wavelength is situated at

natur al emi&'sion spectrum

Si ntcleenresonam#&svwe exipl or edr wotth cavity mirro

mat errieavlesa,l i ng a range .®DaAhatntdaetneosntsitnrgat rdo phei
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har moni ic menbnaeetsal -dad a wiethy o swgiatnh ce miEtDt et waée o k n ¢
9&ANnNI62 *hmZledandgelvelaophegdbri d Tapmmapli a®mémi cr oc a:
for white organic LEDs, showi ng pbllausemoann da nadr
mi crocavi®t yThieosyedbdv ee shi fts witri nircdadeasisng oa
t hGGommi ssi on | nter nétl)womarl cei ndaet els' £bcyl ama iargtea i |
ratio ofeddmpenédhese resonant structures we

angul ar and spectral control i n t2he .pler ovsKki

2. 2Re2s onant fsaprhwdtodreeds ct i on

Besi des emi ssstironc,t uwreesso nhaanvcee been designed f ol
from r eesnchmanncceed  Rdsom prti lhsthe wati dirinessspth ot odet ec
since tbhachodeGEa@msAs heterojunctb’@amd pGolt AT a
Al 1l nAs Schott%yThpbhet opdcioctdoedset ect or s, empl oy
demonstrated leifiSohanddind Gt sspécti vely, enabl in
thickness of 1r0e0s pnent tainvde |14y7 5 nm

Subsequearetsioyn ametrdecvaeylf dprieaddt odet ect ors based on
mat eriinallssdil P& ogr aspihletfceohn As slupas $BPtbtTiecel ead
chal cog’édmind e so rogoammp ocu?f & These reeoamamic e dc a \
photodetxdhd thanladb |l e narrowbade pepdeaviatoynrtelsipolrn
and angilt®th correspondingpeatiratiWhridscpiom siean taean
| VI semi chmadedt oresonant ¢gypicpl phoetopéoygont o
dueepgiotfaxbrailcati on ccochmpsadad bddsitgyns oafgtaen cut i |
for fabricati onetidapnoinsit troartgedsn itdRrateearonant ¢ e
photeocdtentes Isi eylealntaum ekt ie ededm gag#t tfeorl d enhance me
wi trharar o fvbveihdit matxa InfuMiH Mo f  3%° nifm t he vi si bl e 1
et raelported an extenmkEREHq v aarba Fr e fowikMaiMel o d y

9Mmusiabg nm-tunlitnr aor gani €2 absorber | ayer

Il n addplhl a oarPteld aoltir gcsapvliats moni ¢ comnhivesmegiat b ds
photodetectiofSurdmpglei cpttaemsdan hot el ectron
semiconductors 1is a notabl e apgprdodaam, e reeradil ¢
semi conduct®/FomafTammamiigps man organi c pétotodet
alachiavmaxi mum EQRB moNMH ML 0% b3ndemrmameatignegn sf er
state atblsroo yWdmma pl asmon Xt rpetdiogs rwolkuht ed B
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refl’@dResoBsantuctures have yet to be reported
alternative approaches for narrowband spect
Subsezx.ti.oh

These advancements i n resonant cavity stru
optoelectronic devices highlight the signif
device performance. From aeahisgv ®ng € hame @tmrea
in photodetectors, the integration of resona

in optoellrecltirphmti essetndi@atpliare show these adv

be appelmeeadyitnog optoel ectronic material s.
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2. Balide perovskite as optoel ectr ¢

| n recehtal yeaoshlaveeresd ge a particul arly pro
optoel mateobpnaktkts. Renowned for their remarkab
halpareovskites have attracted significant at:
including phemovol ngi deyv iHad gbadteavpdkisteaas b e s i S ¢
by dgeéereer al f @drwhuwelrae ABAX and ' B' ar e caantiioonns a
odof destadvamt agelse hhagr attsdhdwinth canihancef ft de

perf or nogpnomwe lcefctsr oni ¢ devi ce

The distinctihaé pdeopekiies afise flrlamtitbejr

enabling a wide rang.e Tohfi selteumeanbtiallisat syu beant aiobf | uel
t heir el ectroni c, opticabandgap sadjucdtumeandt sc
visible Wwhvenengft htshe moshtalidelteovg ki hg@ aspect :
ability to be-cprsac esescehdn i ugsuidnsgs dsbuwmte t ehso dssg | wthi
the potenti al for |1 nexpelnisd e ep earnav sskciatl easb | rea v
exceptional |l ightaabserpmiobn|l amng, cmakgeg t he
to traditional optoelectronics material s.

2. 3Hall i edreo wsaksi tseor ber s

As an optoel éxltipde 0 ¥ sekadduedaigad c, tne b athnldag awpa |l enc e
band maxi ma and cooadaadn itchre bamE hmiormama gap o

semiconductor is the minimum energy require
bound state into awhheirgeh eirt ecnaenr gpya rftriecei psattaet ei
el ectron is excitedhet hbouahlsenade eof selredctrom

free electrons and choon dewc ttihcant araen rpefrerircea d att

Tle direct bpaldlgwst proommenrt opti cal transition
resulmomg efnficient absorptibamdgfapl.imghtedeé amp
per ovsekcihtiebi t omg absorption coefficient, over

which describes tisbefille@ictbgsloirdletd, pe se tgr asteino m
the absorpti dmhemaéerieal sniwi t h | onav erbys otrhpita ko
absorption | ayewavAb-d apgp hwliemnh glheeprt henesragy | i gl
shorter absorption dépbohi ewpiCoaklpgy staiey al cobvweedr
energysubghlyel s to thoéeiamgsorsbued.ace before
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Electron

Fi gablei ght exci t ath alnp alryonvasnki i ct&ee paf bignottr ébde r
per midd6ownri ght 2019, Springer Nature Limite

Asi | | usitimiag®bdé ol | owi ng | i ght absorption, t he
hi gher energy states and subsequently rela
conduction band minimum, the electrons | ose

recombi rmi rh¢flver t hen ndiSsuchzssegN@noandi raée¢ ¢ yrebi nati o
| osdecsreaset i ainaddncyhoul d . Bes idersf,miceed ecombi |
which typically ITimits the blue r d&@dpeonseeardu
infe@da response due to rear sur f sdedritfefcuosmboinn
l end% hs

Additjonheéel gxt riaactuicoerd ocfhoalriggebsiceshhmaié@ambi nat i o
raitkbe average time a carri er caasnhes pceanrdr iienr alni
89T heref omer i esrhoturl ansbpeoratpt i mi sed t o maxi mi se
Perovskite photfewdautrwee rctsi ctaylpiceavilge struct ul

transport | aye(rmorne dE«ttazalc® icrar3e etrison

2. 3Re2combination in halide perovskites

As t he @&idesxcatirteerds t o the cohduwesisonblkeamnmde caonmb i
processesThteanr eoccocrmbri nati on ki nebhy e &doél owmr

equad® on
— Q¢ 0r Q: (2.3)

wh e&ies pthhogeonercatr ed er "@,&nAs ifAyO Aa "0 O ARBDOYOAAT T

I OARAO A4 BADGEOAAT I AET AGEAGDP ABADRAOAMTUBOOAT 00
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Foadirect bandgap semiconductarstrang i dedli at
recombi nat i ¢thne xcaittee drveldemrodvir tolns,d akoheg the for
bi mol ecul ar recombi nat i @manégmieitangpthioit eotneogy r at

equal beon dtg®se s h ofving Werelf d e fseacrter e skanft&asxssi st ed

monomol tad-Read Hal I r (er ceocnobm bni antait ol NN nir galtte  c o
occur, wherer thel e&Xmentersogmpatoever t han t he banc
recombi nahmd ewiatth t heUnwWaloegae | bbndsaywh etrolmed i t i o

carrieri ndreemsiconwduct i oth htdbra nndo | Aeusguelma rgrhe,c o mb i n a
(recombinat i@)bercatme sc onoa tewthHi ak keel nge rtghyi rodin c ar r i
t he conduicgx coint ebda nedo e bbg yieflg htenre t hi rd aarrier

indirect Auger recombination can be identifi
Radiative Defect-assisted Auger recombination
Direct Indirect

Phonon/
43

Fi g@B6Recombi nati on dgyemaemiactse donfc hpuhdateogsr adi at i
recombi nafasenst @ eRfe@bdb dHkall d y reaercdb mmbeicrt a tainadn ,i ndi
Auger rec.Bmpr iwatidmed®o sy iomht 2019, Springe
Limited.

The recombhteatciommrst ant2s. BanomeE@uat iyered from
phot ol umi nescentchee dtercaanys iceunrtv eaposrbopbhi onh svpec
i mportant techniqgqgues for studying the®®recomt
However, s Iimpbetahattohe decay deipfeenvdienmeth @ n a |
fibmruAtddraeg | ayer s t ogquteme; hfiwhigecdbtchee | e d @t t m
Additionally, strong |r egdadintaenrc e i cetfrefreaadtttsiea h htr
phot ol uminescence decay | ifeti me

Hal iedreo vis kK h tsktirtosng phot ol umi nescehlte ab g &dr mtoio
band edge and t he phastnmoallul miSntbskceesainseh bpeehaekf i schi oz
as itphot owsrecycl pmobtabiintiyre admre Bédnhiststi eothe a |
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emi wobelhalve 100% r adi awh ivemhuraestboyhiveema&tr in@am , qu an
efficiemayytphe@RQEamet phot el umienescencePlLgQEnt um
whiicrhc louudtecsoup!l i ng emiamswlhenephembhbadZbit mi ng
PLQE ussfaal initial othéenédpdenivektit@humi nesce
effi didamcdgelpseaf hcdamr shsumhtasi al s6 roughness,
and quaevihednti aagk eodt hveirt hnmlahtee rlRiIles) sdef i natifad htehe

radi ati ve r etcoo mbhnena it radednovmbaftibeat i on

0000 (2.4)

wh ey e any are the rates-rafdiragddivat irwe oanmb

respectivel y.

Hal i eeoysaka gteoel ectr amiec hmathé ryi avlass updotteom t
emi sanamarge extracti omowroe-n@allo tad e ¥ @i tr a&tcioand
| osklees t o defects can degrade perfosmahaee T
passi vaei amagd@i minde o pt o mihbahlgpierao v ski ter doesmsat i
have been i mplemented?®!t o middi mi a3 0 lbsterkaldo
per ovskidtiene nlso wenrak t p a csouucsie BaZsse r o v,s kpurees 2D
per ov ahkdresysakniotcqy yheaamkesbeen devel oped to enh
and further i mpr &¥Beuidedviincge opne rtfhoeashgaedremey Is & v ¢ @ e
materials have gained significant attention

can be utilised for advanced applications.
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2. Berovskite LEDs

LEDxsl ay a crucial role in modern technology
optical energy, a process known as el ectrol L
applications, from gener al | i ghotni ngy satnedmsd i as
medi cal devices. This section explores the g
particul ar f édasvxedorl EDsr.owWekiwtid | first revi e\
and the necessary devimetrsitou.ctholelsowion g ptthi
into the | atest developments in perovskite L
we wi || examine research invol ving resonan

technol ogi es.

2. 4LEID characteri sati on

Perovskite LEDsSLE®, kextiobokemmeeinanade ns\dgeg (

char acctuerrvilre®vawcr ve provides insights into the
deviates from the ideal di ode behaviour, It
negative charges. Thi$immbahgncendahnhilb@eadono

ch&rsg causing excessive accumul ation on the
To address this, t he atrrea nsptoirmi sleady etras erfs utrhe
di stribution, with their thickness typically

Oncdaeéeaeppl i ed vol ttaigat herxegsehdodi sd ctit HEd rasdt easrntti & n g
Il i ghpter ovsk, tteh-erg@snmrstp eica $ i elde vol tage at whi
reacheeds®mMED emi ssion can bd uani smraanctee roirs d du mh y

Il n most reports on perovskite LEDs, [ umi nan
directional par ameter. Luminous flux with un
as 1 cd of | uminous i nteegmdiitayn awdr ia 9 dleircke fa
For commercial display applications, efficie
(cd/ A), which is directional due to the i mpo
related to | uminous f 1l ux 1 saskuroendn ians |l wnre nnso

(I m/ We. pBrovskiteol&&npdaQitsmu nwheiya letsheentrsat i o
phottond mrejleecttaedarcs .o uB@Bpef mtrons e mi tatnedd i sy gti hvee

by 2
0000 - 0 (2.5)
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Sever al factors are essenti al for achieving
Q refers to chdrgat bab et beactt rtohne arnadt ihoo loef i n
shobhédast whiotsye asQ pepsgidElemtpys obabi |l ity of for
el echtoloenapdi shoul d be high tovhmictkhvmi s e kaak:é
| eaving the diode wi dleoot ese¢ debiasead agbiofati o
t ohe rteoctoamb andt sBltheo uhadxFimia€lel.y ref ltdet €ffici en

with gednematbedns are extracted from the devi

Typi cal perovskite LEDs exhi bdepepnldaennatr esnuirsf
characteristics that follow a Lambertian di
perovskite, t he out couptly migt aerl fydse vieB@ B s o f t
Howevelpl ement ipnhgo teof nf encabnt awgaecnaegn te sapr ove t he o
efficieoeclydeaamdtdearperdent emi s$§bonspkharattappht
Consegmenasluy e menrgdl eep eorfedneinsts i on  wi | | negabhhbrth

characteristics.

Additipeabhtyngsessubbal LEP a@ommeradiialnsLsED | i g
typilcave ya mini mum | i.,fwe g fhaemxatndymuagiOn @006 0h60QOsh
Perovskusealpipksdaper at i nags stihaeeiflloak gin ghto i nte
reducehfalifts obi gsrdl atwvhanc onlshtea mtp ea wartri eomta |l d
of perovskite LEDs is typically reported at
is a signifidamf @pér ho ginatcwhue agemntt brieapsar t s i n
perovskhaneelLBEDgwhifmpcraonvte meped md ti ab?*{8°t hey sti
fall short of t hweo rrl edq uai prpehneecnatt sip ofnaema rrye alli mi t e
sensitivurnandtasi nwdallsldr as atdowd eiatwgh eonper at i ng a
high dens®nies

2. 4Pe2r oviskb e g9 c e

Thestruct LrEdd eovfi ctrelueas i®d If | fca reinncda y srainel es cottrgli @ m

withhe perovB&i ¢ elsKiQatpemrcbeaef i gur ep-ni m-Fpeint her
archi twicthuueesand tgy mpiemalLIpDsitsi mghtt he, mear and
infrared LEDs -of teoan feingpd toagtoiddnrmeionnd i gur ati on i
thaevail ability of sag anlshpwgadiadn@lyeirr mao mp at@il bi |
t peer ovskite,emerigyh udnd mately results in op
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Ty pipealovisekbc bas i sgtnddfumanl iT® roaxnisdpear(ent el ectr c
| aytehast cqauirder s t o twlei IperDlpepdkii regalreacateirvieer s
per owsnkititayaegrd a met. Wi talnl e flew d € & easst rsuhcotvwunr ei n
Fi g@v,e csareefunnell ed and coh#tiywhedgr &adii taltii v et
recombooateadipm@ etmer s.6t ohs commobEDabpeéercavshbr
t@pt etmhaso mbi nati on andrahspéenessapér the ens.
bet weewot pbectrodes.

a' ETLs Perovskites HTLs b

2.0 |. -2.10 \

-2.5 2'30'2'60-2,80 2.90, HTL 4

-2.90.3 00 [=} 290 -280-2:80

g -3.40 3.40'330 % Le—@ «—
= -35 -3.60 ] EX3 2 s -:Qv— [0)
0 -3.90 ” Q. > [
2 40 3.93 I o ) > Cathode
5z 4 o B -4.20-4.20 § S . g ;;.J\)
g 45 2B 8iee,8 2 i
.50 Q@ %6 o O = = Anode >
50 Z8ER 288 480 @ ®
g -5.5 -5.44 ~%5.40.5.50 — O__7]
“ -6.0 |.s.80 -5.80 b -5.70 M -5.80-5.80, | ETL

65 -6.20 = 6.00 5.97 —6'00-6.40 \\_%

-6. 6.50
-7.0 Direct charge injection
-7.5
FigareEenergy | evel of pera&ensekigtye | cceweil c @ fs tcrouman

|l ayers a few pRaprvedki ded ewfddipp eeiOdivs siEdms evi e
LtdSchematic representation of direct charge
LEDReproduced WwWilChpypreirghs/XaHh9, Wil ey

Besides transport | ayers pepopvisdkyeasrengs t baeu dil
achieving a balance between high coupling e
t hneperovskbeewéayeB O st opr®ed@ enmed oduwecotu@!| i hg
ef fi @ainan dyews#fc.fn adbliae oand green pettemshkhatve
l ow satusmbkonmgpotntoh&lplaeangihngker f il ms. Th
al ways tKhientchasleomst rated that by tuning the t
nnt hiecfkf,i ci ency can be i mproved t horuotucgohu ppl hi ontge
effi ctembaelhi evedisnapoinsplbeyx mexredl sm@medishlo tr ea
pr oduhcifeda K ms WILIQtEoh mglk i mi se t he e fAdedcitt joofn apl hlo
advancenmevnatpso r iam ed meraorves ks i ewilnBEgD potent i al

approach may soon become viable for fabricat
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2. 4Hi3gh performing perovskite LEDs

Since the first earpcaanme mpet at urgerachecEnPatvtH B0 af

whi ch aac hpeeavke dRQEa@mpde aR. | um3d Gehdngre f el d has se
tremegdousihgh!| i gshttrimrgg i'd stTeond di etk @hperpte r ovs ki t e
LEShaveaphrak sEfQE®D8i. ™12 &89 n darn@d® 45 klyl t%

For examplteialtkreaBtect hoxy p-ammenihydgand to redu
di mems$ iodfy GpRbIlov s kintagalnidrgga p®1t uTrhiinsg approach
perovskitpurLé&aDr evd tdhmi exhbhi st spe&xo@abhentabi l
prol opegedtampernati ngehiamé od clr7r enrolu.rbse m&i t y
c m.

For gre&nmebLbBbBdbenzyl phosphonic aci d-ctaa itorneat
perovs kiMAcGA()E L8 . PDBr f orcnoirneg shel | perovskit
approxiltmainel ¥ Thes methieded an i mpressive ma:
470, 00Vatc b dahtdhmm hi ghest reporfted mepeotf athi2idg h
initial | 1u, @i On0a?ntclee mosft abi | ity testdet cdirreat l
repareaisstdi matae G n chA2 cm

Yu aent relp.oaqtuea8sD -I€as e dmilxeeadd br ompdebeblidtidde i n
bul byganfilcuod4ophenyl ethyl ammonium bromi de t
bis(triphenyl phosphlaisme ) iamien ipuamn s ¢rivdaa oi noshte r auacst |
addi?CTilveei r mMiED,i ngg at o 8Bl fnm,i faecthiimereof? 2 hou

wi adhurrent densit% around 0.1 mA cm

I n general, perovskite LEDs exha$i stiagwiraemib e |
28b.Whi o per ati onalregqquuabielsi tiynpe®ivleimenti ency, I
col our purity afrleipgr ompsdktwit teifovhes ® st d womtadr par t ¢
indicatingoseéedgsliiadhctangami tt vagy a,mpckhia tegvti inogn sg o

spectr al and angular control will furt.her en
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1 30 -30
\ Ve’ 0671 4o 60
“ - 033
090 -90

LED slab with Lambertian
distribution of emission

-90° a\%a 90°
LED surface

Fi ga8lengul ar propeSadhematoifc LrEelDpresent ation of
exhibiting a LamberbPahaemplset oinl dustratbiumg o
di striRepriodnced wi%t Comperrmighy/iCdDed ,i nWitlieoyn o f

angle relative to the LED surface, as wused t

2. 4AMgul ar and spectral control

Applicat idinsplsaiyshi absd g Btpleradggadlior war d rerhiys oino n
t h'se pdfasmonpltot om icaasy i dnmmediofpyoi cal , prndeeretbiye
controldliirregtt loesna |sistiyo na nsdpheecster uamdvanced techn
for enhancing the performance, eFbrcckacyt ar
t his t hesi s, the angle orientation i s def i
perpendicul ar to the dreewircees esnutrsf achee, swhiilde atr

this perpendicul Brgad8es, as il lustrated in

Buil di ng on Nihaea .ifnbdcuonrdpashre aomebtda la miwirohclaww t y
di men soiragraanli ¢ Ipeeardo viwtid ic e or i gi nal | Y3Tehnei t s a
mi crocavity cotonsi¢st gafleid@enc talmidcklkmt rsansgalk @&nt

el ectOpdde.al ssiemetah etdoh dbeumwl i ngfaeéf ecevroney LE
usingT@nel,eatstechael ofranhbpasemi, guwedogib uetihhe st r od
i ncr ed@8Véd ttho t he reComasaegqgeetmtelvyEtQ)EE and FWHM
from 14.5% tamekf €6 em2Di. @B ©BO® nm with the re
The angul ar emhsdit@athapmbepei ainesi st r iLkEWt i on i
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t o waindgd e di r e ¢ tnesoxniathuim ye!| evdttrhol umi ne86dnce i
showi sgrat hest FWHM of 35.4 nm

The study al so demotuaitnrglaceae d itelre tirmmaorptoan c @ ha
efficient carriereltaatnrsqpdea tq uven dhei nagv,o i add mige v
fulfilling all optical r edbel @Ene a ¢dgoenf ddteh et h e
thickndssmindnspakraeneéraglbwinnmptrioive k bnd -aafrfade
bet ween resonance ,athrdersgti h,abadles atlogpictvaesry]leots |
acknowledged the dopalcultgyi pé& menetes | whi la¢ | a
carrier i njectiotnr aadodidle rrea d @ s p @pptve emh usa,nd el e
propaemtei ¢ the | immeittadt imd s oacfa vmd ti als

Anot her examplt e dad mamms ¢ o la #periscocneGssReadBer ovs ki t e
mi cr ocaviptoy agx doopnemal@Osngom t°émpeegt mybdi ded
me tBHR mi cr o @& v:@pyutcwirabhi eve the dElSe rredas clatvg
show®aba splittingananea gy wof r 6 U uFmeHNe socfe nec.eb
nmAdditionallytwothaypwgobaer dedper si-roens oblrvaendc h
refl ecti vi toyf abterddneNVNamdg@s8 ,meddjusted by cha
thickne$?s of 1 TO

The integration of resonant structures with
advancements in controlling emission propert
perfor mance. The reported wocrhkniiglulewss t rdaetnmeosn s
not abl e i mEQEV eema rstsd oinn di rectionality, and

of per ov stkhirtoeu glhEDishe pr erce s@®s tiennticeit ruer eersi nagn do f
i nt erlfnad engtsh et hdeesviess opment of resonant struct
i n deGhaaiptae@hdpt er 5

2. Berovskite photodetectors

Photodetectors are essential components in m
signals into electrical signals through the
|l argely attributed to the isalrsonlgi kaebospempad Vv DI
enhances their ability t o detect Il i ght . T
charact epdrzawshkintoad BMee avti d 1 s revi ew t he key per
the necessary device tsniraus.t uFelsl awi mgtt mi «.e
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| at est advancements in perovskite photodet e
i nnovations. Finally, we wi | | examine resea

modi fications, analysing theiodempatbren the

2. 5Phlot odet ector characterisati on

Characterising photodetectors involves eval
their suitability for specific applications.
responsivity, quantum efficuenewnt, gaionselicue

equi valent power, specanfdi cmoddeutl eacttiiovni tbya n dtw indel

Spectr almeaesprogpshehtoomrest &@ctt D rtpd od iofnf evibherrtisem gt h
shousled eghhotaodet astperct wa tthhrad s poatheesridreeede ct i on

wavelssnghhl e bl ocké o mp taocweurrtaecdy . Thecapelkér al
br oandarorrow, de pran ceianbgs loodpgr toi pogtrhtei eusse of fi |l ter
strudtesin BRAnsgp.on ix\pir e AV d n d inc art eetsi ot heef out put

current to thereéefpactiopgi cla¢ plooweodet ector 6s
into an el3Ast pihod ldresciegawmaslppys s t he spectrum fr
number of photons per Walt ¢ a doifn go pthoa @@ mbh p@ lwe
responveiamniwtgyu.b et um ,ekfpireissrdy asi rad eerceearta gef
specandmmeast®ice § wiedmoensvseprhtoighagre | e st r o n

|l sonpehot odet pbboos espberse can be amplified t
exceediQ asp !l i f iqgcuaa nitoinfhgeesd nW ly is critaht et dioewtf p u t

el ectrical current to the direct? pfilbienoegaerner
dynamarfg,eDR) , measured in decibel spoddyer repr
which t he detoectiscertnesmétiinD®Riyor uci al for applic
accurate measur emendpt iacalloesysolvae wi de range of

Dar k curr stnhfel m@dhafr gest hammuigdhr t he photodetectc
opticdldepegmont the type of photodeDarck ocumamnen t
deter mi neswhdlcadht i mpiaxced,s t he senesdpgeaihadipw yof t
| i ght cMonidsiet icoanpsr.¢ sheentisnt ri nsi c noise of the
of fr e&duwmemays h o to nmhdiiccshe ,i s dependent on dark
al so pxhkbnbdoi se am®dnk hreadimsad thnypiseal | yi edsomi na
whitlheer mah $ maimee s WEeEpeandsd eheitceendpser at ur e and r

and craendubceed Ohecobbkeobnegt iicesaall cnuoliastee dc ubryr esnutmmi
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thermat hoogbeaseumiemy edt otlheeardnctaonnder est i ma

of t hneoitsoet acdurrent .

Noi se equivalent powefrr dmMEPhe cmami sbee «arl rcaurl ta
representingptiheans eqpébawstiimi sV gtn@mdi se rlatTle of
reci procmdr mdadl iNEePd t o t he sqoacei wwaomdwibdtthh e
prodiuctowrspasi fic, dexprcassisdNER Jmdiesates th
detectabl es pe wieit jeccnrdd avdi @ rgeesn stihteiefif tex t an@ness
photodetdetecti hg Weramersiitgso adnmeendeggd t o compar ¢

sensitivity of photodetectors.

Finaltitye operapthioo o dietpyemidedad l aycbtyetrd sedand f al |
or frequency bandwi dtrhe.pr Bhhe&ot atsieo rd rothéd @ wil rl e c
photodeteanhbietiveren 10% Bacdsd§tes pdbFscequency
b andwdiedftithiressn ge olfi gpnuel gsueadn d e esct o . Wit iathemwyes ol v
applicat iaonrse arseognuaibrlee operation speed to det
usedpitmcal codemandlathm®inh sr esponhb@Hz ardgeea, |tyo |
handl dataghsmi sBhenr eapersse speiesdd odnxat rphion e
t hr eef awatda@ar g i er, adirfiffusitomnsit in the depl eti
the depl et®Tonenkgnoa phot eddtogemsof ospeedn r
absorberappi ¢gknegnsibn,iansi,s iamge edoetwearp@a ci t ance. Ho
t heesmtepr ovements can come at the expense of |
stredgt h

2. 5Ty2sef photodetectors

Phot odedercthairmbsont hart Idayehngreaseh e esoloen pair s
Withaséestanoeeomhalanor externaldlyecatprponise di ne
conducti on abraen dd teol eeecttdrdo nt ,h er eed welgthio rogl e@ivmarta n t
fl ows @ahcomghet e 81 epcheortiocd ectieerm@ Woicysewthd B2nr ang e
of applicati onsv,artihoeuys acrpenafdibgsuesggmbgdofnesr ent asp
operfor maswmé¢e phDygnehe tpdnabte ord@lvti &iea® al anche phot
phototransi stondset eddo tpthkoyt qgjcwersddul cidadold. s n
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Tab2l®escri

Photodet e

pti on opfh ovtaordieauesc ttoyrpse. o f

Description

Phot ovol t

Aval anche

phot odi od

Phototr &n

Schottky?

Phot oc ond

Ut i | iisnet rtihnesi cceé daeldipendf jpert a
separate chaege opar aiteert sehrindash
do mpmoowiadlehey are eetectiwng
arsei mpise r ucoobusand maoue dluotw t
i mi t ed oappeateadyh | anche .photodi
Empl oghnhhpdopongreate a stron
Whermiagh rever sa@gpbirgesaches th
| eadi ng to avalanche mul tip
l oni sation of | aagaice tedt00 e e
of f er hi g hhisgehn sagndfliians,it t yr teis rmierm <
pi cosecond t o wdnfotseenc onuwdf freart
noi se.

Feattuwoe pjunctions and three
junction It ams$inat owon of t he
photocurrent that activates
gain of2i aomdefds maghhit sdemakes
sensi tive tshant hphuogtthoodw eotdher a s
Their -voulrtreegnee characteri sticscs
Consi Sthofthkhy barri e@etfpomnhendy
and a doped Lsiegnhitc oanbdsuccrt potri. o n
gener at elsoled egairroqn, which ar
barrierbés el e&teniceffuetd. amh
operatdemiagyrer dscxroknpaurerde rito,bp
of faster response ti me

Can havleatearrt ahle deerv i cer tskbataro tnt
createedsecamic field acremsablti
carrier . cadlilgenat i deatt leice vV eobha sitigys
conductivity wVhtihlhe ti pgd d nodf uficete
and &saivmepbestruction, they ge
| ower senbkibheand ylyi miotned gai 1

The diverse array of photodetector s, each wi

various applications

det ea@ tuesresth i igp e e d

based FomndgthameceopevdDdt m
i ntegndtedviCr oo medhusea It omotnhieti

hi gh s ensjatnidv iltayc,k eopfteendsmeald i ¢hlo ramak ecson hemi dmoott |

and rlAvastanche egripe & 6 @ iraopdpe si fdeermia amis gty
anrdapiedsponse

and -tesnel ved
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rangin WVrowml|l E@@0dnyg, to complex circuit desi
of avalanche photodiodes can amplify not onl

noi se |l evels compared to photovoltaics.

Phot ot ramnvwee-bksitiotresd applicatitormr&dV)ysmalhi ag, opti
intercomnewdtsaheésr emost. Ehegrhitecali véliyhdonmkeit eet
with signalenahnamge mhsictait viony. Phoothggmaahsibstser a
arreel astval ghtifnotrewgarradt et o Nt o vari ous eh&chgon
them versatile and convenient®PSdlaot tak ywijduen c
photodetectorsptaircale mpdmmepieecat dan sa,nkdicigdih si t
detection(ah®ARphgmaghdiaestt o esponse ®*a@dmd hi gh
t he ot hteat dacmdgeept @or &1 | ya pgpH d sseare rfeenfsfoesdt | vene:
and simplicity &%De skdy ecdrmziidemadmipgrisdc atinges
duel owear f or mance, photoconductors are somet

design and affordability.

2. 5Hi3gh performing perovskite photodet

Per ovm&tidgrei al s have emerged as excell ent ca
strong amdobpoaomccostkfiacivendie nspecedabyr ahg
advancements in perovskite photovdD0Oatos 80wtk
nm range,raelpoou t esdolt hei 6 npresrt ovcseksistead photfodet ec
Thedyev el oppheodt ocalet aphot owolkt haihcapetrmadu etdu rad zer
utilisintghiaclk @ @iammmi xed i odi det hadblsoribeée pary
This dekhdapece&kEIQE ofa 8l0i% e ar doyfn alnpaOnaddrBarnegceu e ncy
bandwi2dto9h MKHdeviobce aréa of 0.01 cm

Subsequemotrley bpreoraodvbsaknidt e Itpdawe odeeéeer.c dleaviecbbdbped
recently dzbhd/Pertavad kidt eawp hshp eacdtent *icdamgs pgn e o1
300 to acthd ewe&EIPEaofare®Pp,onsi vi t'gt 0630 .am, AaW
responseCst ivmet hofa 2dev i’ oar-hpegéd Oappl icamat i on
optical coamdnLdBSRomesponseMdrntmesa aMajaadrriuar
achieved a ti melOfess pad reda cas pawdO®SeE ox a
devi camwitdalveea of, OtrhtepyomE®HE ap to 8 &:mdégr lat 85

ent ThelPawmadnd®i se |l evel®PAdAdOD| dReetiHzg | .

n

stpatedski te phot @adetlectomr w@rreowduWwart h o

currtr

de mo
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bandwi dt h4 20.f6 ,aHIZt e vreedd gy atchh @ v & @ B M@ @AM,
appl y7i.nsg Vanminds rcairmrg er momodi tiyed hpefdghskite

Il n addsol oporiodcie s sed per ovshkiictke poenroad vosdkeitteec t ©ir
phot odétaeadtboeresre p o Faedg. deelmonstmartreadwbaand per o)
photocondattd®r mmsi hgck per,ovasckhiisepveicnigngd e F WH )
response of 20 nm due t*p Thaygadhs eEPmEA td on
respon®i Oivtly Acfpomsi i Vyr ewierhs esdo nbei gpsh,ot ocond
but not specified,t hDee sdé vt 2q e éhsec yrwedveerr ldsivem idot | dads
j uB@ 0 AHlzd.i t | o Reatb t aglp.orlt0ebsh @hi ck perovskate cr
broadband mebpewmbsag 20%nEQBAMVEWGE aWitt h a | ar
active ar?gaheofdelv2iOc ec ne xlhlilbHutneldra 1s Yeeadvef se
et ialt.r odwehadde gaui€sh ot odet et Dr mmpidria vaskk i, t e c¢r )
oper atihuelgt ravi ol athre@i 89 Wa@B0 ans respaonse t
deviceOaded5obém

A wide pamagws loift e hpahiwe el e ¢ lecopdo di g refi 0 rsrhamwse

promi se when coomp@aerdi alo phodthowad ecf o-lon awred
gener ati ohhemiteue abfesnpeefriavss ki t es, such as th
ease oOf-bessscddutpomcessing, make them highly i

t echnoGiowgenest.hat per ovski taensd amaen yb raocpapd bi acnadt i n

precise spectral response, ecfhfaercatcitveer icsotnitcrso |i
to fully exploit the potential of perovskite
2. 5AMgul ar and spectral control

Thergeaareus apprionagohbes aroaadhseectrgl wadrtr o
resonant structures emerging as one of the

have been achieved wdilfdgbdifésdamine °Sd’"fLdD>us es
orgaMi™8@8nd quantys tdemtssli scwes¢d.ohnh Sweo er

dat d@amrmeg epsorotn t he applicattemhahce ephioiandete
perovskite . pRetsoomhmangce dr gphot odetefcienpnovedan
signal performance wiatlh oaviftalgsiterw e rr easbpsoonrsbee rt il
compromi sing response strengt pr ovsdidgentiifoi ncaal nlt

tunability in both angular and spectral resp
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Resonant structure Internal filtering External filtering

Fi ga9mMet hods for narrowébéianmg paptoedsoeanti ont r |
internal filtering, and (c) exte@amyri ght tz02
Wi [\eGH .

On the oohganihandnd perovskite photodetect ol
hi gatclyai melde §9 Hairelrtseerlifng nar r o wbaasn dsHpadganr edre t
29. Thifd tesrs s pecrealalr sd ntterrmlal filtering thr
narrowi nghi(dcGiNl)iseved by modul atTeghrihquege fto
i ncliwmdeu ci-tnrga pspeadfl?sti at e oduci ng $ar f mplke montgih
unbal anced clHangeadjassipogtthe t hiicnk nreeslsatoifo
t o t hendseppeecntdre nt p et €tPfBatciacurs eddmhtits sméehgdode
the absorption and el ectriac@ti nsqueadntgrtailomr esfp
of tienrv oltvreesdda wi t h det ectii st @seiarf go ramamidled.ki nfreot
absorpti manésgeedtergasdn dent ¢ htayrpgiec aclollyl ercets wint s
wi it loemr esponsi vetryesabposfe$'d®ddhsequetntilsy appr oa
highly depmateninzicreaststd ¢ atuensd ear stthaonrdoiunggh of t h
propertmatemnifal he

An alternative approach for achi eéeviemlgagipregt r
a bandpass f ftohhet eppohfo tVWhdi el tee cettfdiriexc t metehod can ir
sysa@simze,,andosntechani cal cpompé eaxilaoywiynagh ial neb iaelns
|l eakage and reduti hbespghhéeci h$2é alpot toyviesrecdo me
these | ismisgasttieomss ,imud ari p aryatre optiéagpdédilfiec

absorbing?héit eedntallogsettheect ocr e afriflameerpde devi ce
I n the case of pextoerskalt ef iphowéioeired et o rkesddimen
bandmerpovisiklint ecut si de the dewvptecatluchaaot eyes
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dead | ayeut twhadalldfeHohsi nEitamdn ¢ @lp.o rpteerdovas ki t e
phot odet eclt. )3r% wvpietalkn aBrQEo wabnadn d F WK M nagd daimtOi o ma |
30n thick perovekitseddither p'BBMheslei ttehi de vdiec
outperformed internal filteofmyg, conmalt edipag t
EQE for imepgowedfoitering, | imited spectral

needs, and changes pierr osvpsekc ttrea ofviel ret. sefprio miseeg riafd et

Overradslommmanced photodetection is particul at
potential. Perovskite photodetectors, i n p
technol ogi es cannot overcome. Ther efiom e, t |
perovskite photodetection is a compelling ar

Chapter 6
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Chapter 3

Si mul ati on andetehxopdesr i m

This chaptnewvepwvo vwwdnedl esatdeeax per i ment al procec
device design and fabricati on, along with
resonance properties and device per tbhourinhatnc e.

angul ar photolumumesesesneacandetebleChalptkecrussss e d

summadi here with established procedures. W]
performed by coll eagues or as part of a col/l
3. Material, film and device prepa

3. 1Phlot oni ¢ abrystwal on

(fabri dMatcdPdNobwakh d Prof . , MRPilottrar MydJami ver si ty
Pol and

A odienseon al photomiscostthrrpegd a6 of t at aer nmt dngx
(Ti2J)5i20 aywadeposi ted on adtlhaes sl nssutbistturtaet esf Op
Military UniveilThieti ¥ komfe sBe of n ®lachy 0 M3y )e snmwaasn d
(90N2) dhenposTihtei on pr deasns ewtaiploir@8droas sFIsA e P
Behl er Leybold Optiegs, ppledemwau,h G@Gerpmaamnsyma s o
Oper at i nbga suen dperre sasmbaTrio®a®e po S it ®td@ .ad M s

ani.@0 .nébm?s

3. 1Swbstrate cleaning

Gl ass sgbsssapastoni ¢ «roynshiga Icpiusr ichhéatsieadb s $ r a't
fr KmMNT,BE@dhaouwse sputt ervendd drTve nstu bas talagaensi ng p

detergent, dei pamids @ s owatoepra,n oalc eutnodneer ul tr asor
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Fol |l acwieraghien g ubst r a-t e suesdanrgei tbl ogielme yuoms ed dt o
15 mi nWwMoegwtneee at meéann o Bino An\aC ychd mbhferer tr eat me
the substranmn e ftreamoe ¢ @foiglglheodv e box f or t-choea tsiunbgs e q

process.

3.1ln8i um tspubkedeng

| TO el ectrodes t we e tekagletds er sdibsnr at es and
Substusaitnegs as ectuusspt oimn t he Cl aswsitimOf@6e@0 Etkear
Engineeri ipeDiopit $imosat i onpraoncde scsh a rhaactlt El@ei ds attoi
used insitdet aielve d eiSn 2AS Gesteaclt iewaps|ika ywyweagat t er n
| TO el pcthespidielBed BL&put twearsi ngonduant eDdh SwOI n g
90/ 10t wtvgpetth go ns dtllk®w s c c m,a bp rneTsoanuwdr gaodwle rW.
Thaversgpud trawvi@B8 g7 pemm nut &l tstooneghvar i abaverty oc
tithee to flarcgamtfiloonveT et palesisTO etelr iiadfktreegts s v
each delpdacilionate accurataembdahkelkppidoeeddeas ur
sputt eri mgietdbnodpr bpaneV a®F e Amarteani ¢ f orce mic
AFMscan across oalilgowad mar kpredcil #1® dbéiekmes
The condutchtel Da yngeracsfuse h-gopmndébe by Yog,.chwag Z
foundl8®0 b®om8naAa nml TagSkurbstrate heating is r

setup during the sputtering process, resul ti
counterparts. The 1 mpact cfompB®edon adu dthievictc
count esepar val i dated, médre&.®@etails in Subsect

F— 12 mm—

F—uww gy —

FigBt®chematic of | TO pattern on glass subst
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3. 1HHl e tr an/siprotrér ll-cagyaetri s @i n

Al l carerdoa@wdwne stubesattreadt es wer e tfridnr sefde rgrl eodsr etba

sptcoating.

PoiTYPD Pol-potyl triphe#rlylDamOMe) 0qQhHogfyrmorm Si gme
Al drich was difsemol| & e fi ena nchol gotrsorbreemdz ene ( CB, a
from Sigma Al deroincche nt rlaTthieo nr eosfu 11t0i angec snalt @ ¢l i o n
ontaocl easebdsti®te at 4000 rpm for 30 s and i

mi nut es

PVK Pol-y{(Bylcarbazol e)-50PVK) uyv:i m®d M0 0Di g me
Al drich was dissolved and stirred for a few
from Sigma Aldrich atl aTbhencesult &i inogmastoddu 6 i
onhaocl eamed ploao@ascdes Ehiaphodorn @ pl TG ell PyD

or phot oni c -EP §asst ad € 4 cBOI/eqpe)daywyi n6000 rpm for

i mmedi ately annealed at 140AC for 20 minutes

Me @ PA(zZ? 3-D6 me t-Dlecxayr bSyzlo)let hyl ] phos pR0PAICz ) aci
from Tokyo Chemical l ndustry was (@998sbWyved
anhydrous)f ramm0 Sprgonaf Al dr i ¢c hma thilleh ec srod eurt ti roant i
filtered with a PTFBm)fitld eremidwalr@aphobhndijs$®
pol ymee .resulting solution was sadrleavk do rttoo ba
with t hle0 IsTe&Oc d sdosc nbaetfionrge at 3I3AMWOednprant € by &0 ne
at 100AC f.or 10 minutes

PVP Pol yvinyl pyr, rwM ildeodh eO0fOP P gma Al dri ch w
and stirred overn(lghA, iN9. 5%)prforpyrh Sil grod oAl d
of 0.125 m\gPrandesar huilnt riant erl ayer to i mprove t
precursor s-@PA€@ndntonr MenOv+Z2PACK® R @l uwMies®n

sptcoatddbpdbmM@BeERPACz at 3000 rpm for 30 s anc

mi nut es.

Ot her common hol e I nj pocltyi{@3nh4 Il @ayedi osytchi
poly(styrenesul fonpotley)[-pheRBDOA2MEGMHWY | phenyl )
(PTAA) and ol v [[d(i90,cOt y I-2 ldli ocrldh-y N 4 e C

butyl phenyl ) diTpFhBe)n xloawp@anreefjlrea ct i,vmea ki mg i d e m
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compatishilmeopvaitchal repoucedr.Ehet Bf ereheshese h
|l ayers were also evaluatedi dboriwndg | déwei deurad
Chaptae@h&pter 6

3. 1Pér ovfsiklimef abri cati on

The perovskitecofaitleds owmertehespi nrespective ho
characterisation and device fabrication to e

Quaadb CsPbBr Thsechgse been adapubedils dosBebdnwom kt |
et 838Thermvskite precursor leasl grndparberdomby e
99. 999 %, Tokyo ,Cmesmiuecnalbriomd wetS(yQnBdjyjamd. 99 9 ¢
phenyl et hyl ammoni um brSing-Alleed ) @ BaBrdoBlra r >r9t. i5a,
1: 1. 05diOmett hiynl sul foxi de (PiMPMIad painchhyt d rad d gy, a
concent®@a?2bowmMhiofth wasdisluubtseedqutemtdogncemNMtrati o
an@. 23 M for t hAdcdkinteidosndayl@lryhex@®8maéycl oooct ade
crobvn OSPDEgmadiwash added aam@abddi t avieo oh 1. 7%
perovskite iChragpgdteesntbasrce t he per f olrEfeAnlcle of
chemicals were wused wi tThoeuw@® B n € ssfpheBrolvesrk i p & |
precs(rcsomrcentr at iManth bw Ve n-ec 0 sith® chas ttempo pr oc e s !
fias®00 rpmhedd0® rspmffodd owedhbyg a®0e dAChGf or

mi nut es.

FA Gs P.bdBspo ) Thsechpe been adapted based on

Xi ®ed 4 hperovskite precursor was prepared by
formami dinium i odi de r(nmaAMi,diGrieuant cberlol miSdoel a(rFAE
caesium iodi d&i ¢g-Alad ), c eOOs i90M % r omi deSi(g@maBr , |
Al dy)y,iead (1 1) iToaokydoe qhPena rcihd a dl n(dluls)t rayn o mi d e
99. 999%, Tokyo Cme flijcdveelt hlyn d(uxMAgym)iachehy dr ous ,

Si gAlad)y:dcmet hyl sul foxide GSDhig&djpiannetyida oafs , 4

1The aswofunRAI |, FABr; @dIBr 1CsnBr .ofPbslol vent wer
mol, O0.12 mol, O0.08respeclhiedamglsodve dO p4 emaol
watshen further diluted to diffédténtcheomnceahttsr

used without any HFHAGstPhbe(Bs )zppuen dvshkhittisn.prec
(concentrati amdbewdlpeoo@it @ dds ttewpo pr ad¢ e 29O:0 Of i 1
rpm fspr f @D 60Me0d rbpymA tf otrbfsedcOoadd. A% pin s@ep, 100
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chl orobenzene (CBSi gafmaldyyadnmdus,ol 96n8 %was drig
subs.t rAaftteer ¢ o mgloeatt pi onggh, i hawlaismpg o0 rad u clt0O€DAC f or

mi ns.

FABlswi t h MACI: adldh ¢ e vlepe been adapted based
wor kKiomt 39T hper ovpsrkectuer sor was prepared by
over hbgmami di ni um i odi de a(dF All,l 3G riTecadtiycdeel G h Rl «
|l nduandyMet hyl ammoni um -Ahldoi icdadi médAIGY INf &1 mpanm
( DMF, anhydSbogaladiQigd %t hyl sul foxide (DMSO,
Si gfladyawwrhat i o of 9 soflFAbhhe®bBAChtin 1 ml o]
were 1.65 mol , 1.8 mol and 0.6 mol respecti
furthert vdairlicoduesdent rati ons f At |l thhekihesats vae
without any fulhBEAPHIppReiroive&t it ewi grhe cwarsioo s
concenweaticom#  das ttewoo pr ade s50:0 friprnstf or 5 s |
rpm for 30e ¢ homdr ismhgesn ®d@p the spi,nniddf proc
chl orobenzene (CBSi gamaldyadnmdu sol 96n8 %was dri g
subs.t rAaftteeoatsipb@ghna altiepgwas apedbo0A@edor 15 m

CsPBr Thermpvskite precursor lwad rlkpa
bromi deg (9Ph Br9 9 %, Tokyoandeesmiuenalbrlomd det () Br
Si gMlad) i ahhol ar radr oli:o¥.ddbl mkt hyl sul foxide (
99. ®B%,g-Mmladpii chtatal 0 y25whMcthhewasf urt her diluted
variation. Al chemical s werThe@ssPebgBewiotvis & u tt e
precursors we40dd0spin dewabedsatnd then I mmed
70 AC for 5 minutes.

3. 1lEl6ectron tr/amspearlitayleaydarher mal evapc

After perovskite fabricatti omiat ntfdigdelnewb setvragtoe
gl ovebox. The s ulpsat rsautbesst rvae ree ihaorstidatee g eadnadp oprl aat ¢

chambewhi ch wasi6ebacubadeédreoheammaegcedocedur

TPBi and PRi ®( 1 2Berbzi ntertipsh(ei-M-benzi mi dazol e)
(TPBi , e@m®md®Hy&d%)oxy quil ndlhiimuol gfLa Qm OCedrdetdpa e w
i nd @p acreartaemi cspd raceidbli ®rgaspecsDvuéERBS hdbd leegi t e
at 0. Bflormim idedi alml | o e 8 2Bfpar st he subsequent 3
in a total tAfittRrBesdepbs“UdOiom, the shutter ¢
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was turned off, and the Li®@Qempmeaidt @dd ‘dtursc e

achieve a3thmckness of

TPBi and ThE same procedure was empli oynwed mfor
fluor i @®9.(929%,tr ac)é r dbentgarilag rwhaadssoiasd eahal omo n a

cr ucpilbalecee da tantalumldedreskiell) x eldle @athera Mmiew @t b
Foll owing the TPBi deposition, the shutter <c
the Li F hesdtairnpidBepwasiet 6dddc mimewe atl tntm.ckne

Ceand BCP Car dng Cfrom Creaphys and bathocupr
were | oaded into separ atree scpeepcatgiaved ¢ r sciui b ¢ e s |
The demwmdisst abphed &aftor0i. OHEGnammsncr eased *to 0.0
for the subsequent 30 nm, rasuéti oghgheai e
deposition, the samptheashungt souwad®e wlacs ¢d | nte
heating source waepasi0i 6a@ttadhc IsiBaBWPertwamirsc.k nes s

Foll owi ng t heeldeptorsan itornamdpdrhte | ayemweamrd i ni
turnedalff 6 wadichttad Ic aachle tpeetdpe BAACr e THeopvapor ¢

was tdrtned anat mesphaerhdecftgpr e sspuerei ng

3. IMettallect hedenadpor ati on

The retrieved subction8@pesewamashéwgs8landed
thehaced into thePrivamporat any c hheembamambperro cvee
pumped ddédmmart.o 10

Ag A silver (Ag) pel lledaidteab mn gmea atnJf.i Xed kemr
soubDegosition of A¢gfoboegaheafi OsDl1l1@mhwy incr

t 680 nm, anrdt it edadiumtts | reaching a final thic

Al Sevesreagime natlsumafni umf ¢ Am) Kwr t welr.e Lpelsa&keeead i
Creaphys conboati Vvexedr aDaipa smettaabls osoasut radr et Ge1d
nmifsori mined anim, i ncr edafserd 51Qp 0o, 0 frndmd Ackehd a't

nmltso aahifewmeal thickness of 100 nm.
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nBet al pat tTehren oovne rll TaQp psi unbgs tar

Fi gB23%chematpiicx edf
| TO areaocdi Pp®t he devi

bet ween met al pi xel and
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3.Qptical simulations

I n this work, optical Simulations were cru
understanding the experimental results. The

throughout the entire thesis, wdifktetb@eceort k

domain method is used to study the emission
strucChagt emo4run both optical simul ati ons,
for each materials used. The refractave i ndi
presented ,i ngitvhers tsteeitri omt andard values. How

perovskite can vary depending on the compos

index of perovskite films was determined thr

3. 2Trlansfer matri x model

ppartiall yoypebrf.orAmebceolt ama i G@@®adalUnpeeVaegaad
C-rdobg, Spain

The transfer matri X mo d el sol ves Maxwel | 6s
el ectromagnetic fiel d3&° tTthreo WAR LIABI tciold@yse u s
were adapted and modified from GitHub repo

i mpl ementation for *tthe transfer matrix model

3.2Fi2nditfef er ehcmaitn mmet hod

(per f drymebd . Al bRaltdmave®sedad de C-rdoba, Sp;

The emission characteristics of the structu
anal ysed usi ng-dic bmeme ecsac ad i tnif mesaad fttewar e (3D EI
Simul ator front32 uTnheirsi canallynsci.s) i nvol ved emb
di poles, averaged over three perpendicul ar o
| umi nous power emitted from the struetureobs
514 nm) were ccordp@ifeidmwli dthiion abox, with per
applied to all boundari es. T han daexgehs garnidd 1w ans
over -atxhes-dz Me s i onadonfarieng ufeineclyd moni t or was e
f ari el d pr ojurcitaront rvams f o m, t hus propagati |

hemi #p’Rer
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3.2Pe3rovskite film refractive I ndex fi
(F1 ttingsbypeGufaodranidudp ev efesgadad d)e C-rdoba, Spai

The transmittance and reflectance of the per
nm to 1300 nm, were measured usi ng an Agi
Spectrophotometer with the univer=soafl Omeasauk,e
20A, 30A, 40Asanp®dl amioshatf ioonboTd ensure cons
applied in the photodetector device, the per
|l ayer. A code based onutheé i zrandfoedematvrei X hr
of the perovskite mtokmpf ekl owi nBlcd dmerPdmaddli (

The refractive index was determined by fitt
transmittance spectra. This fitting process
refractive index fitting, iionucso rlpaoyearts nign tthhee

fitting parameters. The -2[@ s@d3R b Bsgehda@farmadc 4i v e
Chapt eranfiiGsPMoBs)aus edChiamp taerre 6pr eBegBd@heén
acquired refractivthriouwgh esp twiecasd aVvnmdsat sduartiednate il

par ameters, including variations in perovski
sandwi ched bet ween different device | ayers,
experimental results
a b x
c 30 — 05 -
- /_\_/\ c — Quasi-2D CsPbBr
E<J 2.5 g 0.4¢ — FA LS Pb(heBh.4)s
2 20—~ | 5
P L o3t
S 1.5+ (&)
b c 0.2t
S 100 XS]
“q_) 05k — Quasi-2D CsPbBr 8 0.1+
o — FAC3Pb(hBro.4)s i
Il Il Lu 0

0.0 : 0. - :
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fi g83Fi tted refractive.(isgRdelx o0éf pacolivhe)& i it ed é
i maginary refrac2D vessRmBiee@EH\Pbl( Bso uff | lqma s i
3. 2Redf ractive index of other material s

The refractive indices of other matZir® dl0s us
podTyY D, PVK, sod®dBi Ag,C arfki gsuBdoewnT hies e materi al
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commer ci al lwy t hursawipgpd edckr s 3 dakntda i d sesdu mend Seoc th eo

hence, their values were sourced from exi sti
a 25 b 0.4
C_ ' ‘é ' —glass— SiQ —TiQ
x D\E .g 03l —1T0 —Pvk—TPB
o 2_0\ = ——C60 — BCP
C A
= 8 o0.2p
) —
S [&]
N
8 1.5E g 0.1}
= — glass— SiQ — TiQ, o =
) . c 00
o 1.0k —ITO PVK TPBI =
— C60 ——BCP N 01 . . .
400 500 600 700 800 ‘400 500 600 700 800

Wavelength (nm) Wavelength (nm)

o

k
[Eny
o

3.0

—Ag
8 | —Al

—Au
6t
2 /
O Il 1 1
400 500 600 700 800
Wavelength (nm) Wavelength (nm)

— Ag
25
—Au

Refractive index, n
[
[6)]

—

0.0 T ;
400 500 600 700 800

Extinction coefficient,
N

Fi gB4Refractive i ndex.(@aeaall |r eoftrhaecrt (i twaet eirni dael xs,
i maginary refracti vaetd id® xit 3%k PV, fTPY8ls €358

and Bé€Purfoedn exi st(iagali refanaot@d)magndaxy n
refractive index, KU @af uif@dimadu $4"6i bndcrlcueddi nfgr osm |

existing literature.

To demonstrate the versatil setdy cofnfiber prioenr
presented through simulations for red, gr ee
Therefore, the refractive index of sample pe

was sourced from exiifbitgg3ge Theeraduperowaskshe
i s a € shPadbmBarclr yst al | -bwlhu d e pdrhev s lksiktged i s
PBAB(@s FAPRbBt*?
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Fi g8B5Refractive
(b)maginary

a
c 25
<
(]
©
c
— 1.5+
[¢)]
=
5 1.0f
©
&=
o 0.5
x

2.0Q

— red perovskite
— blue perovskite|
1 1

0.0 !
400 500 600 700 800

Wavelength (nm)

terature.

b

Extinction coefficient, k

0.5

0.4

0.3

0.2

0.1

0.0 !
400 500 600 700 800

—— red perovskite
—— blue perovskite

AN

Wavelength (nm)

i ndéx eofpen eesakln dreesftkryact i v e
r.efk,alddfn drdedddifddeerxo vs ki nt eesd

from
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3.B Il mraensdonancechldrmaacttamriesati on

3. 3Phot ol uminescence quantum efficienc

Th®LQE of perovskite fil ms, referenwas stru
eval uataeg ont i nuoats 4@ enhavkaevd lasregixibeamt i wht
i nt emrsintdiire@®nt o 167ZwmiV d¢inmeant éct egrtatir g s pah e
smal |l apertun es asmplue kp d shéep h ecneendtsraet. tThhee 1 nt e
i ntegrating spher epowptetcroaft lpida rmd etthhoywkeemteear e
di ffusion and dispersiomnofbyl iaghto pitntceansiftiyr

Andor i Dus Si detector.

An I ntegrat negestgoehregmaep itshe angutl aehidi sftirli
phot ol umiPLQdeceamdecd!| as lvadahad nessp @lantersaul t s acqui
fraomneaee egr atciomg isgpdreant g toyn gscpohnefrieg par astpihoenr eA)wi t
t hsea mpltehldaster ati stphheee ¢ c oviad I g yarnaat isqprh eB ds ewi t h
bedmcused tWdhe exdcriopnlfe rg uSri ggtniad s CG)r oBccmomd s gdir a
of both scattered | aser | ight and | idmt emi
cont oamgt guaatsipdimgy8al s from a Icwxxmbiitnhad i loas @ff
reflected |ight @rbas,&aimel & g AamlIstedi rt chuegelo l.thhgeh ts a
By wutilitshmage theasssur ementcla¢ c ol La@Beadmast ii dbenrss  t |
absorption properties of the samples without
and trangmiespieacstaghnepd efolsebbar aefTdrei PILIQEs cal cul
i's simpliftiheegu &&il 6 ®mwi ng

- (3.1)

wh elraentr ef er t o t Aearhiassseiroinnrpotrflaiélies gp e tamialv el y,
subsfeftosor r e stploemidr troespec{AyeBco®jiguration

3.3UWi dbdpectroscopy

The specular transmitwamndar aoteadbubdmalt\dagof
Vi si bl e spectr od3medCGRGIUSEMI ma czana, | UV I saacnkp | nea sski sz
cutrom bl ack cards to match the sampTlkeedemens

basemdaseu rsevme mtkveint h  t he ibnl apclkdVerdmfstketr i ng t he
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positthensampl e wameadsemseacdatrddb@nledbéet war e

cal curlantsendi ttt anceusinnablsewibmsh*Cequat i on
Yi OEi G Qo & g miRP (3.2)
OWi €1 OONVBEMWM OEi A QOOWE OQ (3.3

whe@efers to the transmittaen®@r ebdratiton tthler a
radi ation acquiThedatsorbgnbasekicoents for bo

scattered light, making it dependent on the

Gi ven htilc&k siilnvetrhel aryeesromancleaghta nsgmmius €i on 0
Ther eferree swaanvaeenceengt h was measamed ntiegrraefilngc
attachment {£®Bmadzuwef SRct antcheeAwad f erdttosue e d
enstume spedubaff user erneafw neechtiend tlhieg hhtBa gl B h e n
measurseemmeatwiatkbkd rmc k md9oKW amd tdi ck evapaorat ed
refepeémdeet he sampl eds.Thheg hmaseki | pasiivkeny r e

t hroughout t.he measur ement

Anot her i mportant optical property is the ab
bWi ¢i NOoPaHDAY OGEi @D OWVWRANQW HE O®Q (3.9
where the total transmittance and tot al refl

and cal cul at ed bSisnecde otnh et haeb seogrupattainocne. excl ud

refl ectance, this parameter more accurately

3. 3UWi dbdmrgul ar transmittance and refl

Mi d wtalyr ough omy Plbanaecwg uAgrieldent Cary 7000 Uni v
Spectrometer-visSphecst rinenee¢ ¥ i pped v efetabslur e ment
Accestsloatya bnmoerse compr eharypienad e anlghado@k §so sy
f eatimrdeespendentthseampaei ol dkrasanidl Kieg Géca toed i r
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Incident

Fi g86Rhodfo Agil ent Universal Measurement AcCE

| Chapt ert héd eapnegnldee nt resonance wavelengths w
sample holdtr7amnf) es5A, 22.5A, 30A, 45A, 60/
by positioni ng—Bdre deetteercmiomri nagt tzhe perovski
transmittance and reflectance measurements

ang4efs 0A, 8A, 20A, 30GAnN@AMOIAar i5s0aA,i o6n0. A, T rfaors
measured with the detector fixed at 180A, wh
—Bor al |l measur ement s, the baseline was est

reference.

The vuU\wi bl e optical measurements from varyineg
compared with transfer matrix model simul at i

and the accuracy of the simulations.

3. 3Atdbmic forcé¢ AlRIMQr oscopy

Theéelinmn t hi c kmeeassstesse dveeareni ng t he dept hwof ha sc
a razoTheted amcesvad westiaBdy uker Di menseigonwbednaAFN
silicon tip on Nit¢*fAiide claemvdrl e(vBrru k &ipp 8 ankgn a 0yn
force tapmitrag amadg.si s8s WBSx Mc HSa durd.d e d
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3. 3Hybper s pma cctrroassicopy
(per f dorymebar . Kyl e Frohna)

Mi croscale reflectanceaond photohumi teycdmde
struct umreas userdggpar spectral micr doagope f(l Ritdtac
measur,ermhamtps | i ght was focused on the,sampl e
col |l eatroebdj] ebcyt i ve | ens (Ol ympus,h avhRileR lebtz Gl wi t
CCD camera. The reflectancagaf nghaoctds ibannda wd

mirror.

Phot ol umi nescence ovfaspeiiubsd shkgi4t0es n st rcwoatt U rnetso u
Hy per spectr alawvairer csudsdippygt eech Ol ympus MPLFLN2
0.45, which corrasgbeddhed®bladdtoad dveertd omnal ys

t hoepsmurce Python fhY*& mework Hyperspy

3. 3Creossctoifomtructures

(per foarnmednal ysed by Dr. Jordi Ferrer Orri a

The TEM | amectaornr wausigpmephlredel i os Nanol a
FI B/ @8EMor di ngptoceldimest @mel | a wiatsh tnriannisniaelr |
exposure into an FEI Osiampips okHMAd pArydbteiamg c atr
Hi emgl e anhukhbhd tHed®Fmpge sacweurwaer mld Fi schi one
detector at a camera | en@sand fa 1slfpatmimg | as amp
nnpepgi xXdanning transmi s s iSoTmE)Men eecc @ penrrsayvcer 0§ «
spect r®BBXnmappys ¢(welrleesit eg a BXuXkielri Sapedri ft de
collectnogh®6obigelal at dme of 50 ms, peprisxpedt,i al

and a spectral r epseorl ucthiaonnn eol f a3 AW dvieaiensneed n U & |
the first.8Dabmppmemctessi ng was donebawsidng F
analysis suitcatfdr hyperspectral

3. 3TiTmeesol ved photoluminescence

Ti mesolved phot ol ufir Wensdcendc épaltlswvds ueanoduct e
usiapfpot ol uminescence spectrometer (Edinburgh
| asvepbl seowi @dpphr 6 0iapmadt egb ¢t i @« 2 o MH z caivvi@ sochtoe d

t he s anapnlgel sedssmAofand we&miAsssciooln ected bet ween 4
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respectualehigrmbandwi dresoTivemee e mi pird mbrygnean s
sweeping the colitd®@0Ob2d2hi mas the prang b ftMe avseurree me n t
conduct eudn eonnc abpostuhl at ed and enyia@lsdil mg edo m@anp &
i n both cases

3. 3AmMdge depmemdtemltumi nescence and el ectr

(sep suppolKtr zfyseamobr Gagkowski and Dr. Tomi B

The macrosphbtolongahalsececncel umi messwemEdwg war e
custhanslettausp s hdwrg Br.@ he devel opmentasofouthliisnes
Subesct4 .oh. Aas undergone sever al i mprovement s,
the final Fooppbhdt gboumt nensce,ncae 4rleba snum ecrnoennttisn u o
and the sanopn egprivec al t heaxbciet amtiitohn angl e nor mal
iny xdireatdamoaeaddinr ebbei an. The | aser beam w.
usiangl Emns1 Q00 wnimtohwear densi t?yFoafl e@t 5 oWumimnes
me as ur,e memd cWsEkDist dvreirbeyakiei t hl ey 2400 sour ce me

current densi?ty of 0.44 mA cm

Both PL anaweEmRpispectdrady a spectroscopy came
detector) connected to a #Hi3®iencopti mat of i b1
fibre collimator was fixed on an automated
continuous rotat-Cwme sD@geer VW& o mbpaobssi t& connterdo | 1
away from the sample to maxi mise angul ar r e:

coll ecti on.
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10cm

Mirror to Lens
direct laser

beam 20° (

Sample
Optical fibre to

spectrometer

Fi g87TS®etup for angul ar phot ol umianlehsec eonpctei casn di
blue focused a 405 nm excitation | aser on th
approxi mately 20A above the -ysapmipdree.anTlh e esgm

hol der, shown in green, was fixed ohythe opt
above the centre of the rotating stage. The
red, was aligned perpémadiec @l a Aarroobuantde et hded Ospa ne
at 100 nbnP hroatdoigursaph of the mirror, |l ens, fibt

sample holder ofcPhet agmaplrofPLt setfuipbre col

and sample holder of angular EL setup.

PL and EL spectra were recorded at intervals
land '5A8sPL and EL stability were suitably s
36 s, respectively, unde*f ocronRLl naunoddfs®.re4x4E lin Aa t
Further more, ensuring angul ar measur ement s

collecting PL and EL emission90Arom 60dA) end
verifying the symmetry ®fgradavesnshéwoed bpt ¢
measurements, all 4 edges of the samples wer

from the sample edge.

The emission across the solid angle was C 8

measurements using theeteda’htion derived fronm
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5%

0 0 —1 (3.5)

whelries the solidOanglies dfhei PtLe ro®isgE Lt hien tfeonrsw a

inteWshi-t g, the spectral radiant intensity.

3. 3BBa&&ck fodalurpleaneni croscopy

(set up,ande assmagleysoidtety e ®r. Si mon Kahmann)

| Fouri er pl ane i maging@,f tlahtg httmd emack yf dc sl
mi croscope objectiae dskEmgndB8asn iThagedmet hod €
information in angular coordinates, unli ke t
spati al t*dTohr WRiqrua ti eesr mipcarrotsi ccouplya r il &/p pM d lcuaa b loen
involving the studysiorfglre dg wma Hdunmaremetitiragss f r
cavity Couvapldienrg rel ated fields

| n t hiFo urnhireesrg ienngp liosy e d tthoe aannagluylsaer phot ol umi n
compl entehmeeisudg t s obtan gieldarf rphmo ttohlefFmig B8 8cenc e
il lustratessehewdx gdr Omgimmpalle s MBhandlh] &dlc 100«
| ewist h NAT&o0Ol 8bs DMLaR4s2c5h rlooncg mi rrmounte®ert
on a f Il iPharoluanbtsA UdT ¢ 1 BlOeosg fpads ®r, Tael sldiytnean
PrincetonSpestrabPeot iR&gi ng spectrograph
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a

Sample Bertrand Lens Convex Lens
o 1 LPF /=100 mm /=50 mm
1T= 1 Al P" 1 |
___J 7 [ ] 1
f o gl “ | | | Spectrometer
“ 8 ! ‘ | | 1 ‘ | ]
. + _an oall L
| DM -
Tube Lens
Back Focal
Plane /=200 mm 120um
Scanning Slit
b Laser
e

Sample Dithoic Tube lens Spectrometer
mirror
Obijective lens Bertrand _
100xNA=0.9 lens (flip) Filter  Slit

Fi g88Fourier micraossSopgmatitapof Fodapeedmicr
frodb, Photography of experi nmeammplle shedluder Piinc
whichrewmmosved for room t emperBdutrreamae alsem ® mea $

a flip mount to interchange between real pl a

The Fouri erprwplvdi méscr ma heepme d Gecoaolr dii Inlaw £thr at e d
Fi gB%e and c¢c. The outer cdirddtee romt hehden bnyaexriinctus
aperoof the obj awbidiethe neelndy

00 ¢&ti Q& (3.6)
whegreefers to the refumactive index of t he me

Gi veaof the objective doefn st,h et hFeo unraixei rmui nmaagneg | ae

setup <h gwdB8beiins 64A. Since the resonance str

featdepe ndendc oo dti mat e, the Fourier i mage i S
pattermMcioor diheat e. Consequentnmhmiys antciecnitpaatld
forwanmidssi on, -l wkiel paatreirmgiesni saxpeoent edrfean i win

51



A emission
, direction
'

=180°

LY

¥=270°

d 0.95 = e
N s
096 1o —
é»o 00 51 0.00 i
d -0.95 ¥ T Y T T
400 600 800 1000 1200 1400
Raman Shift (cm™)
-0.95 ‘
| = e |
095 000 0.95 )
K /k,

Fi gB9%lent er grhet iIFlogir i era Apdcatne s -ic a@a g@y ynsatt eem
defingagmebhegampe@at enna antdr u-chtearaeat r,i ¢ i nter
wi t hs pthheed ccoaol r dsi ynsatteem | naelmicsag ii oargb @ohlreact ploot s
showing the emissi oammdtetnemrans to fuett hemes i mpime f
met hod sTmeblatéepresemitssibhe pha@er9ahd yz
theubrleipmesemi ssit bet xeptitag@ren PYcAfihe Fourier pl a
i mage depmicstsiinogn tphsed tep b eend fe ntnlae l nner and ou
cirmbekhe criticalgplasgl enokerftheeaand the NA ¢
respe.ft@ipdealpyt erde ff @ todnTcheeo URF | er pl amseanipmage of
nanowi re, swsirituhc toupneeniicndmi ed kby i ne kangr &kfhree cemtt r
t heplianne mo me netTuhne -fvdeicitttomr esd Fouxd ke r0,i a g emr esar
obtain spect(rdafdadmtf exderffaattcdorc .e

Anot her interesting arc&l foicali mV alnwe ss ppeert fr are
filter a portion of the back focal plane i ma
il 1l ustFriagt@8d Tmi s techniqgue offers a distinct
strength and efficiency of nanocavities, whi
i Fi gB9de!®>1t is import amftf thoe tnwd en tthhee ttrhardceu g h
of the spectwiudn hhsatAetdtdear tsh e t ebnyh aanlcleoswiinngt emm
|l ight to ,plaesae drharroruognhe r t fidep & c ti rmgplr, oneansaobl | ui tnigo nt

di f fer erstpieatiifd rc wiatvheivre ctthoa se hfi®ssi on spectrum
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3.Bevice characterisation

3. 4LED performance

The perovskite LEDs wed el &pdausssibhgeireetd i me sai r
and deassr emewmhnsl wntdeed ambi svitt hc d rhcei tLIE®DN me a s

setup Opomet et rad nGahwee mad ioutp, wha bcohr aitsorayt t e s s i
LED devi owa thalee gskKeu g hl ey 24 0wWa ss owsrecde tnoetpaw
perovskite LEDs auwrdr etndiv odecenasgi eteyc hfh eaalt iebrn astt e
circular silicon photodiode,e madi tcieanecdl ®ve
emitting pixel, measUThed!| ulmée npenc evleefDsph et on
cal cul at edi ebmaissesdi oonn ftumect i on and the known ¢
photodi ode. The EL s preecdatrwmd eadfg tah el adeswpihceer se
spectrometer. The deteraeanéeédbdffiomiivamady twans nan
current.

Since thewpdhotediodeecemveri tdhepisogglnd angl e o
captured by the phot odididset avacse clad tcwedadaed etdh e a
t hheED as twhkdilameds er of t heWidihliinc anhep hgotooudpi, o das
emi ssi oins ptay p iec atl H,oy$EeQEs wmead beat edo If Irart ¢ dh e
angHewedee, bogdderendent el ectrE&®dims anesEed cien c
t hetwies EQE was cal cul at ead sod rwseidd esrtrihesgsui dotmie ourss i
from Atclter

- & pmw _ . F — i eo— 3.7)

whemwe,Y ,0 denotwoltthaege,,andsiasteangéephmodtoidv e@lde
reprehentds st ance beperevsEkbNtheoel earche @Imoed s ur e c
spectr al radi a-rY_ t ape dsheeh ypsheott oadn gtidee dri ef sf peor nesn
wavel edgtshgntifd ecpuarsrseinntgt hpde r ouvLlgEkDiLh @ s yymb ol s

"Q, cmlredotwenitthechadgens tPatdtepeed of | i ghte r esp
spectr al radi a-nitd eirnftveardsairitdyleecp ¢ nred eergeiit & ol umi ne s

measur ement .
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3. 4PNhNRotodetector response

Gi venphohtaotdsatrrectt prhenary foogQusoswitthing aypr t he
buiclhtar act ®e tiwsa@mteicerssary for the phododreitleed o

bel.ow

Theurwvehtcagee and dar k cuwermends wif eabwd ibide y e c
2450 Source Measure Un(tDwagshep dracptealsys d g nb or ¢

and high incident | ight powers, defined as:
00Yqgm a ¢ Q— (3.8)

wher €O am@ r epr esuepmptert mend | ower current boun
For ltovewer , rxaamgpenar t z tuwgst ews dihpeanpp i nt ensi
adj uss$ieadmt i c al den$hey r & scpatpet sug talde s Bent ham 4

transf od mevr .nod el ,pmkdeBent ham AaIpllidplewer The
ranegnep | dyheed Thor |l abswLtEB8RDSO0t  yasdj usptmendls n
densi tsy fainldt emre as ur e meunstisn gwetrhee cKoen d uhclteeyd 2450
Uni t .

Thghot odreée egdwpiect r WwhAvas measiirmgd Bent ham PVE
systemt BBe0rO0o snsm t 9p d&tOr enint h aassgpd p 2sinazre ang 5 nn
setup inmehgpweadt 2 tungsten amal esgemgl| duamlonseohbr
Device responsesi wBebehaanm!| #784ed-+t aws hoi mer ,pr
ampl,iafniderBent haimn 4®&m6Claibfcikavra.s i @rer f oamedi wen nc

reference cell

Ang-tesol ved measapansmentygy WwWgr el aondgcttee dev
adjustable angl e pdmgleds ThfoxA ,ablk5 MARBhBD B50Mt 3
rel attoi vtehe exg¢i ttehteinonf oddamwi ng a procedure s
responsivity measuCameéebr setrniseumseavxdged cear reéer
cedtl correspomadnhgbobasddgwisceobrontchieef erence cel |
perovskitewplh da stshiedteamhtoals km

Re s ponamdot@ye r e d effuinncetdi cans o f

A — (3.9)
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00 0 —Y (31D

whe®ies Pdsanmcskbiasntt,he spideceofelleimgpmdtnadc gy thar g

wavelengt h.

Phot ocur r ewats setvaabd i@ eteyd ha sni Ry EBBrOdleirs g st emci t at
a635 Thhho imser r ¢ igeh otfodet ect ors aMak umé&®dDs sped t u
anadfyrom Li qui d hldnost rmansesndtest exr mi ned by

0 cHo (311

whe®ehas sadO¢ wjbteih ng the el Emeet mayJohasgaea.

noiwsaaess calcul ated as

Q — (317

whe®ies the Bolt,2Zfmanhheohsmaetbaduries istrhhuddeé | vi r
resistance dFf padlod asd=eddd@idhteot akoretwaal noi

derived from

Q Q0 (31 B

Speci fi c Odient elaiseysctoymp urteesdp ofifs@ ma ( iOHNOqQ,) an d

t hdee vGaccet i voe ar e a
o 4 7 (31 ¥

From the specific detecthiOwcay, beheahoubkatedu

3. 4P h30t od & tr @ @tur@anscpyo n s e
(seutp and poeyr fSochremmeydu Ni e)

The phot odsettiemcutl camoedda bwaittend | i ght emi tted fron
or Thorl abepokbBBbhtkEk)rdmavay space and dri ven
33250A Function Generator (square wave, 50%
photodetector r esspamyses wialsl mmeacpe eddre&lty @i x
the risesandeffiandd tatmel0O% and 90% of the squ
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The frequency responsae seissielg phoectderentdmw
(Keysight Fi aMhd Fexash®9 Wwahs) bi asedtdbyeatscurce
operatiagdOpdBmt radi o frequency sigseal whsom
combi neddwi ¢ &t stibgursilenngbti eaes. The opetcied avrle ds ibg/n a
photodetector was then federmaalkl iimd oditrhectv ea

of thefdegqueaedy r espamsstehga nsdc dbtatned®Bmi dg hpar a me
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Chapter 4
Customiasmmagpl asmon mod e

per ovstkritet ur es

I n thisa chaptemati ¢ sdawudev edrmndrdlldtgelctotl er

i nteractions i n peardoevssikgint ei nfviollnv.e sT hsea nsdtwi ucchtiu
bet ween a planar photonic crystal ananda met
f or wdairrdkect ed photol uminescence. Thesafsi nadi ngs

foundati onal framewor k Ghuapptaen@h &dmt arhe6 devel o

The content in this ®laptedrSdaiacsn ¢ eaemg wldaarp t aend
narrowing of el ectrol umi-mles xdaracircvee ni nhadn dien tpee
LEDNat . Cdadmmum802 'C2ameed k presented here co
devel opmdrmtr tdvfc omha g Qou b | eZ.aReédsoonn amyt cavity e
spectrally tunable and efficif®38 mhatromiban,d
revi(s2i®glnThe design of {&ammo p lipaesrooovgsskti aa sasntd uc
simul ated by Dol Alhrbieweros iJdiand® ndegzT ICe r db ® & 9 n iSc
crystlhstweate$ aband aptuerdc Mays ed gf BoaiNPwak . Pi ot |
(Military UniversitBotoh sTiemithlnatl iogrys &mod ahdb:r
cry seallesd by Dr. Mi gKired y sAmtaoy/fap Giengdk <obivas. rktt he@f  m)
PhD perfor mdchexaddr i ment s a,nudn | dés e rsmencitfyise &

Additional Ay belrtroedp!| isdantddfdutricchmud radd mdearsst and
my experi ment @&lftiineenst rbgdcd leimgmyevx p éar irneesnutl atls
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4 .11lntrodtuicghtoni:nteraction with mat

Convenapgprnadghetson oman a gtehnee nt$ @ snoefd ruidee 1WPa v e g ui
161 phot onli®t%fcawmidt hg P17 dPlcaasvmotniieosf fsav eqgi de g h
confinerermtdi ng & rmh asnicgenm éf@pa doxfta | fields.and o
Howewdper eseptasmbni c met al attenuateeswd ¢li engt |
sharatnged pl ashfdnl®tPhet b@¢ whislyest el hosnegraimmgge

i nt er,agcetnieoaasihli ypoi comhfoiwee ment acrossomphe e@ mit o
pl asnsoynsitéd MR ushyba i d plhaosmonicc strucltadre t ha

ranignet er acstti rocommvinetnis i gt tyr.acti ve

Tamm plasmons are | ocali sed isntrdrafcaecnee thadtewe 4
(pl asmodp @t omy svti d linpee tdail r edcetploysi t ed on t he hi
index | ayer of 3t H@Thed otnaacnem opflyesds md Wijs e d

t hr outghheoughot onic stopband of the photonic c
refractive index *“Y ayat i ke ¢dmveinttiecornfaalcesur f
pl asmehbbth transverse el ectriana ndiliasymernseitdrc
within t hendbdghnigcad rnwe,n ¢tiditet naeddi f obonal optic
or gr 8tTihregeedes are found in tshapeéerelaniave
straighttd of whrdcat e, malkeisn ggend daethdy p ti andlwe devi c ¢

architectur e.

Thi s chapter out !l i nelsy btr h @-p hohesttoalliogo me n ty s tod |
i ncor papreatoiviekTihtee dfeslingn process includes sel
and optimisiagdtmembdédrn ckhebayer pairs in the
approach if gprrdeecvied eo pceadnt r o] affi gni nmge sfwid iusi & it
experi ment alptsmadéstuementar @o niddittea toifasis @de

angul ar and spectral . phidhteot utme n edseemmmasHd creace 8 F
forward phot olfuantitnoéngicdefmicZe. & ys @l u sdi nagnagtlt+ee wo f K
anglaenmm|l aspnomov s ki tec hsitgwircrmgug eangul ar and s peé
wi ahgul ar anMHM o4 cT7 Aabnrde sife @Atdidvre li yo.Mammy, t h
pl asmon resonamews watvred e g ga hbde t pweeecni asd@B &S unnma b |
nmby Hfiumeng the pefo@&dkintme ttdhhiscdkatemsisct ur e e x
gradual increase ithediTaemt pbaambohy raxglrasa s

the original perowsakiet enghd®dt ol umi nescence
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4. RQevel opment of Tamm plasmon per

Amongvamieousplpasamaétl eght i nt erlagl i iodp hgodt roanld tcu r
crystalwasealuegddomsresee reals oinlse yclogmpeat i bl e wi th co
high performance pefeatsbnerd d®Oviedecstodet @am
el ec;t rt2jdeey show a otahfinmemdedtoggo@dit coupling a
comparbedDBFDOBRRNd mett@illcr o @avwhti ch excel I n on
compr omi se;3ptnh eeyheh aoféhderi cati on of metal on p
high ,enpotgemretitalulcyi ve photonic depetshdti oins o
requi re-®BRn mDBR;&)a ehweiyt icaamt ahbhppoand robust per
on diel ectri c olmeeyearltsh acto mpsa rreedd Whibr end dvroor cemerti & li
comparisons between theulkxtdobhules were el ab

Using the hypbhroitdo npilca stTmiocrriocc a vmattyt esrt riunctteurraec,t i
perovskite film can be enhanced ,Jpywlydeithmyl a
met hacryl ate (PMMA)) and andjttcthei cgqvihg bpag
structdemmonrhsatsr at ean haingreinfeincdanaf ahbhao!| emenes

induced opticdfly pumped | asing

Mor eplveerrefrex@tommonnpghot oni cTi®Org=s t2al8bMat er i
nm, whsiootpawiabhat of nmnm=er2awskiatte 5(00 nm) , ma Kk i
t heamm pl asmon perlonvstkhite® ch ampatddnermretihnet elriagh
perovskiteedutih i daldiegsh gmef r acalitveer n aht8i£ndg | TaiyG
photonic crygthalt oat ctbeysmiealab)i nitserfamgleacdad i

perovskite fil m.

4. 2l.nli ti al simulation design

The idneistiigad momf pl asmon perovskite structure i
optical simul ati omsifrogr antug ftarl amidtercidcx wasma dlr .e
Subseqoupetnitniyzagde nuestii ncg aled certinbemmeitthalc kness f or
|l ayegui ded bygomnhsbr @arnimary

1)Tamm pl asmon c¢ebsoaoiatdhpee @inmtos 0| umwvaesbkcengeh
of ptehreovskite.

2)Thlocation ef emaxincheindeldadyl ysovi dbéd sl os e
proxitmihtey perovskite fil m.
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Figdtleni tial simulation of TaamSpglmudmdr dper o

refl ectance of phot dpneircovesrky sttea la,n dp Woutld n iTa mamr

strughatreni ¢c crysTlad /tpreirokwmrs&s & ed fAHQ& agim, | Sy Or
105 nm, perovskiteb ZE9 ercmrdrcdfé—%dfdlﬁemd]ra'mmietrm

proposed Tamm pl as mon -dpiefrfoevrsakroaneei tsitrmeumt lua tee d

angul ar ouf pletf epewmere gfedMaonvns kpiltaes naonrnd per ov s ki

structures.

As shdowmgdit,the first proposed Tamnby |IDRars.moAl bpeerr
Ji m@&hcelzwads f ol |l ows:

Gl ass sub(c48 an )05 @G m)-3 B 3ggruass ki te (29 nm)/

I n additisomg tohept hingtekneetsisc tahlrgoourgihtplhmgs ont loe
crylsawnérwamaisons condiedharidgdy tconfi gurlaitgn@ethset hat
i ntersactmhonfreabdr i cati on compl exity.
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Fi gd2Nu mbeph otfonilcaye yEBipemieacst ri c fi eTammnhanc
pl aspeomovski bhet s8dmBunchi EIb& | ayer s .

As shdwmdzte electric field enhancementh and
the numbkHibofl ayie®osnnsi stent with the rise in
Since the goal of fami soofdwoonrcke pits, tao pdheontoonnsitcr act
bil ayers is prefereglealgt raiach afhiceelfirtk et sasdgobhft
mi ni mal fabrication complexity. ¢ v vBah vr eorn,g esri

confinement and enhancement with additional
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Fi gd43%i mul ati on compari s onOphbte tnwezeant i doinf ffeorre nTta
pl asmon perovskite structupé aispremepshited for
structure co(mp)al(gl@) beni wgegio ladhdas t he pl asmon

The QWbwagpierovskite, photonic crystal materi al
pairs were kept constant at 3 bilayers in th
S | veer debsy rascotghha speldas mohheo we et abswir phi on | ¢

visi bl eouamege f or nsiuncgh aalst egronladt,i veelBomsegumnahy

silver i s predominantly chosen for pl asmon
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S mul ads osssgwgdddemonssrgnefiacant | mprovement

enhancaenme nstpat i aclo nopiasaérdi rbiurtiiwvom and gol d.

4. 2PhR2ot oni ¢c crystal wvalidation

Based on t he dignhuoltaotniiocn cdreyssitganl, ctonsi sting o

of -8INA Waebeam evaporated by coll aborators fr
Military Uni verUgpiotny refc efTevd mmo ltchgey .phovbsei c ¢
refl ectance measumgemént y.to validate the

The fabricat ed @gpdselty nemmectnch eyt5it pida@sieteh a r evi s

structure of:
Gl ass sub@c36 anm®)Y9[23indn) | x 3

Al t hough thedegvisestbbhekbebgi habmdesign, th
remains Tammcpl aImen reasmnaeceumbollessuoonpgect

t he t hoibctkhneers sl ayer s .

Photonic crystal reflectance.1)
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Figd4Rhotonic stopbanda oPhphothonoicrygsyatalef
measured with an integratilnmgs estprchelSehamat ifd ta
stopibh&mdiul ated photonicc e dpbrrad @mrtotoesi angt
acrossusinmgd eWni ver sal Measurement Accessory
spectropRetlboenettlemes are arbitrary, with offs

changes.

Ag eportédtienat be e, ephsamigth iec de'p.ids tle in gdiort ghl y
t ter ansfer matrix si mwliast ircern | aencd aedxepeeormenaesratt ael
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a grattweal ftthpehot oni c stopband with Fhguoueasin
44b , c ) .

4. 2Qu3a-3Db CsfpheBrovskite

Theeci pea2sDCs PhBer ovwsiktint ea f ul | compeBlBIi on
PbBrPEAphenyl et hydeamiunmme, P®s: | eiasd, a dBar ptt heledr of nri oc
litef’Quar8 2 CssPEBrovskite is a populduoneemotites
hi gh branddhtgrhe spshot ol umi nesceartce hguantmem oeff fdr
projQea-28D perovskite proimotesreadmbi naei eheth
funneling of electrons and hol esn)f rtoom tthhee |hoiv
bandtigoawarper 8Ds kint eswvingkeeegs t o the number of
|l ayers bet ween!’fThhee sfpuarcreerl elda yeelress tt b ® @ g u eamtd|
confined at trlreggiomagl It hlearedbgygampnhanci nd\st he pi
such, although a range of -bDEBngegapsslkirte,avial
phot ol uminescence nbaakiglaipes near the | arge

Through opti mi sati onsroaft itoh e2tbhEAErwaesildia tCes PfbiBIl
ratio of 0.4:1 shdiv$ aamec ihti gthiesn fPILEEN RoEr &f
this composition rasthhoewnak hepabadkeorptroassphet
indicating t he bandgam ods ds Hdwnudbetm he umber
photol uminescence p2hkperfot dlki ae.qfuiilrmdi uats i
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I n addition to the hi2d@dh Cpipted ool vusnkiintees ciesnceh o
emi ssive | ayefctofoeptt hef pTaomm pl asmon perovs|

guash arrange-menmtedasnewasseriIfy r e p,lainada btlhee rreecsi uple

perovskite film isawveslybwgndibavh aracrmeé asngiufao em

roughness of 2.9 nm and A vsemoagyteh ranudy huinreisfso ronh
wi || simplify the realisation of the Tamm p
simulation is based on a simple planar mul ti

4. 2Fi4r st experimeht @3dmmemll asmanm omer ov s

Theirst batch of Tamm pwearsenbn iwg d the gdsi kfifteer esqtt |
coating rates to mani plunl atthee tehxep eprei rnoevnstkailt er e
vinylcarbazole) (PVK), a common,waaldel edr @ass @c
fixed surface | ayer for consistent perovskit
of t he Axtursubautmulrte .angul ar phwittohlamamiah e s oéeéat € NnYe
breaddbovashaw&i gdt s t he ,wasseodseeapure the &
dependent phoda otumcnatbc erraaeanmc tpe raissntoinlich eft o ru c t

custhamlt setup | ater undergoesulssevdoBbE7i mpr c
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Fi gd6Emi ssion diglassbplodti oyi ofcrystal/ PVK/ p
pl asmon witBhicnmPKin@Eg)30 nmpeéhoamdi)td® nm

t hipek ovegdiThe .refl ectance curve of theistruct
i ntegr at(ibnlga cshphkeirppgpt ol umi nesckemcenofl pesoyY $
(bT@r photoluminescence intensity measured f
|l ine shows the reflectance mini(nmniNmj)wau e lserdgt

integrated photoluminescence over the spectr

As shdwmdte firweeraeavtl i snmdlde apeodbtyolclmiames
shewoubl| eanmskhaokud der s swpeaenhmsahaidngqegs i n shape
|l ntegrating across t hree wedwltdod gulmda heplt@thna@leu minn
t hataswammeb unocmaeh t, cthleed 1 ni t i alhusiymdlhaetcitams.e ¢
was measured for furatnherntemgdans omygesdpnhigigowesai n
refl ectaakegdéeée@gewiselcond photol uminescence pe
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every 4AbNotmavbabed integrated photol uminesc

against angle of detection. Dashed | ine show

Addi t itohnea Iplhyo,t ol umi nes cencwh iodshi anhsat éafudcid eutr tee s ¢
Tamm pl asmon pebuvwtaskkRrteont,cuwd ysEklad sameabaoawe
i Fi g4T7.€he photoluminescence spectra wehragpe ar

constant aamg;s$heosweareiroust he i ntegrawasoti nt en
Lambertian as expected for isotropic emittin
Based on the ineguafrimgsseslssematrieasand ext ¢
properties of the initial simulated design w
out repeatedly wuntil satisfactory results we
1. Utselithe transfer matri x model to fit the

thereby understanding the experimental o |

the recipes to move closer to the target
2.Devespponated perstaschi teer ersepdeiecptei ve t hi cknes
identifying a repeatable and transl atabl e
3.Upgetalde adhguéemdent phot oloubMicaateuac ean ce anat Py
measur emematdt $ y, the measur e nseanmpsk ggrhaodid tdi dore
capture intensity from a smalslymaegulyarand

di splay a Lambertian curve for the isotro
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4 . 2Di5scussion on the first resul ts

I devel oped my transfer matrix model code it
t r anmsafterri x. nFoidtetli ng the Tamm plasmon perovsk
resonancet smdhowasmm hpltas med shheochatuesdec et Hes per ov s

i's much tthtieekget t han

a

Energy, eV
Energy, eV

1.20 T S

0 10 20 30 40 50 0 10 20 30 40 50 60
Etch depth, nm Angle, degrees

Fi gd8Rr operTainmens polfacsdeamm pl asmon energy dep
etch depth of the top GaAs photonic crystal

Dotted horizont al |l i ne shows posTammnplods indre
energy dependence on angle of incidence of i
pl asmon structure with 30 nm of gold | ayer.

with 30 nm (solid)s n50nmmedld algodtledb)dl)ayidahri.s elnm s
pl ane arn spfertsie Ta nRwe pprlianstneodn wsiftahC eppeyr®@igshsti 02n0
Al P Publishing

Further unfdterest Baamdmnpgl asmon properties show
(inversely propordteipemalst he Wawgbal eredtrtrahcet i v e
photoniat ctriypbhamétbdbalicntceryfsda ae , which is the g
structure. This indicates Itohnagte rt hteh atthw achkeecra ntg
Tamm pl asmagn arse ssthiogwh@. fidndi t i omal It)he angl e in
Tamm plasmon resonance decreases dmi fwavied emnt
sec@madt ol uminescence peak,fohil fotws ngi ttthei rsdn &

pl asmon rSescreampcea.ovskite has a narrow photo

photol uminescence i s observed when t htehelTamm
original perovskite pphhoet ks e mv ateise@angefed wWih
photol uminescence is expected for thick per

resonanceed s sdngofipecerded t o the prmmaeyceoreaceo,Vvst
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primary photol umi nesAkstshee aingl dthieceammapbesmon
resonaanschel falsueunt i | It mat ches the primary |

already bright photoluminescence, thus inten

It has beenmheepammeg| abmbn resonance shifts
metal is thin*{twhpércathg mé&O0alnmj) s exdn0f i mm,t ei t
withe el ectromagnewiitchifn ettdanhaddt yle detvheggd ne s
above that would not significaiHeyemodefgel
seMminf meittaca | mprove the met al el ectrode condu

reduce electromagnetic field I oss from the b
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Fi gd49Emi ssion diglassbplodtit oyi ofcrystal/ PVK/ p
pl asmon witthhcnmPtin@dg)l0 nmpeéhowe@hid8 enm t hi ck
perovskg)B3é am@eée howe@&dk,)Ghece refl ectance curve of
measured at -BiAsuisnmnmggrt dtei Wy sphere (black |
perovskite fil njbgkEhegel oot (©bIluume nleisce)h.ce i nter
OA to 68A at every 4A intervals. Vertical |
the reflectlMorcmalciusecd.i ntegrated photol umine

pltoetd agai nst @mglhe dofl i heet eschtoiwor..amber ti an cu

Given the initial understanding of the reson
of simulation, fabrication, and characteri sa
optimisation and urdagrd9teanyd irnegd u cAisn gg¢ htohven R WK
thickness, I managed to shift the Tamm pl asn
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—+

he -an gllee photol uminescence and show forwar

(7]

ampl es, the | arge mismatch of Tamm pl asmon

ow photoluminescence intensity duertvedhigh

Q
—

ound 465 nm. The simulated angul ar i ntensi

—

e edge of the photonic stopband. Note that

h

ndexl aly ©r atphtohte nmet alr yes tpaedr o vnstkeirtfea cleay etrh b
he plkotyesrntadniamgl t he perovskite | ayer wil/| g
he shoulder is not experimentally observed

rucially important now. Nevertheless, the o

w o - ~

tructure and observations are now closer to

2Tuni ng the perovskite thickness

rough myhaiiiegnpbtaenkli g 4.9,iet becameooateaft | t hgt
rovskite thickness by tuning the perovski
rovskite growth r emai nsPecroonvssilsitteenit fe sal celpoisms
at®idng a series ofbetrwe2wm0s.®2ri ychdicleinttirtag a tohne

o o o =

.25 M PpPpArse dihresosri.mul ati on assumed flat inter

—+

ructur e, t vaméasmredugsdnegsan w&edh eenkde dt h e

(@)

ross multipleaposhttwgdb@tohe nsamgl e mooth a

(¢

rovskite film across sampl @erwovshkhwavearit obu

< T 9 W o o B T 44 »

alidated across multiple batches to ensure

[e2]
o

o2}
o
T
n)
o
T
|
AN

Quasi-2D
perovskite

.

Height (nm) ©
S
o

N
o
T

Perovskite thickness (nm)
S 5
N\

10 1 1 1
0 5 10 15 0.10 015 020 0.25
Displacementrm) Precursor conc. (M)

FigdXr@uning the per(ctwpkMtmedhurc&mersts of t he
thickness throughScalrea(zosihro w¥ma,d eP esrcarvastkciht.e t h

control by t uni n g otnfcee npt @ raad vi sokni tbee t pmreeecnu r0s. olr2 -
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4. 2De’fvel opimetnh e pamdg wll aaiMmisred suge nc e

Theustaml t pahmog wll aurms a euspdeerr sweevnetr a | devehopmen:!
support of Dr. KrzysztoffThGaglkowpkicoamnsd sbrs. oT
| aser excitation beam, a fixed sampl@thaclader
fibre to the spectrometer. The | aser beam &
dependency obsesivedi Wouied d&mc ec hamglee . The 405
expect ed -itnod ebpee nadnegnit @ beexccaiatseethigdents woawt si de t he
stopband. Ther dtedteecd md tchheaup@aedapleeadsus$s heo co
phot ol umaoereessentke angles. As the coupler is
the | aser beam is set at a small angle in h
detector.

Sy o

Spqotrometer
\g\

First angular setup w\

A Manual rotation board A Automated rotation stage
A Largeexcitation laser beam A Small excitation laser beam
A Small sample-detector distance A Small sample-detector distance

Third angular setup

Automated rotation stage

A
A Small excitation laser beam
A Largesample-detector distance

FigdtPevel opment of asgubpar measur ement
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Measur ement s

49. Asi nttheegr at ed

usi nga

nsédhe wifii gdB, Ea g ghéderaldi gsuerteu p

phot e9d0uAnithnesT@Aheeeachesampl e

LambeirBii @7, wi t ha ntghuel ar eat sy |laydita raghegl ed f eat u

mi ssima@ upgrade on

foll owing

S saureds

Tabdl®efi ned

tnreee difeidrisnip raonvgéu | talr etndsest fuupp d

twh e ihr tcheoer rseesppupndi ng sol uti o

problem and the +#aspdctainga |l acl ut

measur ement setup

Probl em Sol uti on

Large excitaUse |l ens to focus the | as
out put from

Detector call ncrease the distance bet

angles (seco

Poor symmetr

and negative

Reduce

beam.

t he me

sampltéecearst re of positi oRe

the sample wunder excitat

| aser beahme seifza athd
Align the deteatroruh

asur ement ti mes t & zay

(second and

starting the measurements
Poor angle p|/Usa&motori zed r obatptraegc isstiao
Long measu(rdjUsamot ori zed r ot at i eeg tshtea (
mi ns for man|fof the r dtoatmiansgplesctitdigoemet e I
time ensure fast measur en
Unstable mot|Rotate the stage from bey

at the startlensur e

measur

the constanwheahbhot

ement start

Angul ar curyv

Ensur e
over ex

especi

beamobtkocked by the rotat

the opticalnofil orce
tended by any ot he
ally the optical p o

After setvlkee atthitrd ad est,up wi t h porpetoi pnsiescesd arloitgantni

successful

y

produced aamgguwldarL aptbeetra li tami nceusr ¢\

72



of the reference perFoivgsdkii2t el hd smp Ined,i caas esh dawr
t he angul ar photoluminescence measurement s.
i's desCheapedri 8

N

>

p 1.01x103

~ Reference

(O] - - -Lambertia

(@]

c

(]

O

0

)

k=

£

=

o

o

o

Iolo Il Il Il Il Il

O 90 -60 -30 0 30 60 90

Angle ()

FigdtrBAngdependent photoluminescence of isotr

struasung the optimised third angular setup,

curve.
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4 . Berfor mance eval uati on of fi1 nal

structure

4. 3Tulnabl e Tamm plasmon resonance Vi a

After careful optimisation of the Taemdm pl a
Ssimulsamidorxperi ment s, a Tamm plasmon per ovV:s
pl asmon wesehwagthchicavieabyi ng the perovski

The final Tamm 91t asicdo wma sp:efroolvlsokw st e

Gl ass substrate/ [Ti O2 (56 nm) 229 Op €9 D v snkm)t
(vari)dlslie ver (100 nm)

E|?
|Eq|?

CPbBIC SiTi 0 10 20 30

‘ 200 o

¥ Quast2D Perovskif 1

400 500 600 700 800
Wavelength (nm)

Figdt&r osescti on of Tamm pl asafbrnosgset o wnlkilt e s
HAADBSTEM i mage otbatslkead pramornw K iatsemon structure
i mage of-qudPsh mpetrowvs&itace. The scale bar sho
of each 4=ayRzZm,sSTi@@Im, Q@Waspierovski N&)+ PVK
nm, AgRN6d (bIEDOX chemi cal map of Tamm pl asmon j
rich in Ag, Cs, Pb, Br, C, Si and Ti are mar
The observed halo f-eatbhrestatfabe &aréahoumd/(

composirtaidoreanlt gof Ti, whil e the oxygen compo:

cSi muledteed ri c fi§—i—df ehnhantammnpl, asmon perovs

The experi ment al realisation of the Tamm pl
simul ated optimised structur e, f ol [4JowRisng t he
showhRi gd ghe csreocstsi ona3THEHMADpaegref or med and an:
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Dr. JordiofFetrireerf &orriicgat ed Tamm phgaesand nmatea o\
with thessimdembaetnt ab ncgognapnade-faibdled enhancemer
the initilabhthei FMSANEM o mbpeee,ov s kagpepadragyer m and
S mo octohn,s i s ttéhret AWMt Bur facseet watdbigo@mp hy

Perovskite E E
a g r thézk:;ssl'o é b S 60 —=— Measured under
E 8r ". 50 nm‘ ~ % atomic force microscope ,*
© ! i 0.8 © @ 50 |-e- Best fit from simulation.s”
o j2) : . 45nm g c o ./'
o'c 6r K a6 @ S 0l e
% 3 7 Y %nm| P F: /'/'
o _Q a s
S BV — 2 @ 30 ¥
= — | 26 nm c = s —
g 2 : 23nm 5 5 2 20f¢ —
r ,\/’ 20 nm [} &) —_ V
ol \oemo, 006 D 10 . . M
400 450 500 550 600 650 700 E O 480 500 520 540 560 580
Wavelength (nm) Tamm plasmon resonance

wavelength at 8 (nm)

Figdt@uning the Tamm plasmon resanance with
Experi ment al optimization of Tamm plasmon pe
thicknesses between 20 nm to 54 nm (Tamm pl a
transfer matrix model to estimatecéhdcpgpness
acquired from reflectanc2Dmpasoavekienest hin8A
shown as Haammdpl asmon resonance wavel ength
t hickness. Perovskite thidkmrgsanids emd a narn ed
pl asmon resonance wavelength best fitted wit
the pebassesdipT@ansmon structure with a2@Qreen ar

perovskite | ayer.

As shdwmgdit e hwtl leni mpertolvs ki ed ett W2e@kmmstso 54 nn
regultahtei ngoncentration of per owhsskt 4 ep.pdGRreur s

Tamm plasmon resonadwiet hwatvhed emegrt chv s knictr ee atshei ¢ |

565 Dwne. to the practical ' i mitations wd&s meas.|
measured with the sample tiltingsatde®Bdi lodd
SubseXx.td.onNThus, following the Tamm plasmon al

pl asrmosnonance at -9Wi i sed freeomnmhe egieasur emen:

From the rangedafh spaempolvessk,i t e t hihcakdhes £ | @ofs e3¢
Tamm plasmon resoclnpgper owvw s hi t hePly@tacclou mihree g«

match of resonance with photoluminescence, b
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intensity at small angl es, t hough the forwar
t hi ckvmasst s gohettitner e di s®wbssst do0®. 2 Thus, i n the
context tilolwe | damelferwi th 26 nm pearnogflgekrmt e t h
pl aspreomovskite.

4. BAn2gd ependent photoluminescence

Using the thirdamongulisreds etoumtwionh st age, I
phot ol umi nesocfe ntcree sTpaenem r@l as moac rpes DV E&thke
samplue faclelsect ed s atF FloAnditet e thwealresul ts show ¢
phot ol umi nelsiceatica@eedvskite thiadkine$foonrainkcy e
samples with thicker perovbiiitteh, itnlce.dmso tngl u
observe the angl e tdetpmlhdgnayedc!| phot gl umihrees
detecti on rainhgil ey.liés Tshheow ot al phot ol umi nescen
thicker perovskitanghedwsemnsei obeimipewitdher e

anglaemml| aspmmovskite structure.
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Photoluminescence intensity (norm.)

Figdt®Bngle dependent ofgholtaommu npil messnoth sd r uct ut
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3

Norm. photoluminescence

30 60 90
Detection angle {

o

Figdtr@&@ormali zed integrated PlLangleemsms det ect i
pl asspmemovski wet eamptegskite thickness increa

45 nm, 50 nm, and 54 nm.
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| i gdt e | compar e etrineyr srke fd @rgleasnepal mcpnemMov ski t e
and -wndeaenml aspromovskitei stusbeé aeéf entaot toefr | i
i nter atheroenmf.e-pen o & ssktirtuece xulmiebiistost r opi ¢ (Lamb
phot ol umiarse sexgweatdggae s hi ft i n the photol umines
Thei Adiitfef e r ednocreasiitm unleraet si wint s Eieguwic&iesdo nisni st ent

wi t he xtpheer i ment al angul ar photoluminescence m
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Photoluminescencexs
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FigdrE&xperimental angul ar dcPflayesselescangersowm

st a(cdkiy ar ramwgTlaempnl a spnedmo v s ki t e st-2cpgeurrev swkitthe q
t hi ckness (ogfywi2dben gllmemph d spromov s ki te st2a2mcture
perovskite tHiackEHhagy nt eh stampriokfl ecdaeld at 1 ncr ¢
angle of OA, 5A, 10A, 20A, 30A, 40A, 50A and
dashedblGerpen solid |ine: Det ectpiecmvarkglte &da

and n-baAalcawpl a sbmosned perovskite structure wit
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480 nm thP L 4d@f-amnmnglldempnl a spneomov ski t e structure \
integrated between 505 nm to 565 nm. Lambert
each structure. Since all samples are excite
copmar abl e among @ &, &fitnidytéeé es almpkae ;i ma mul ati on
angul ar output power of each structure. PL i

PL i nt enstatnygTaehminaaspreono v s Kiutree g tsrekec col our ba

With optimised photonic cryst-anglaeyn pemowns ki
perovskite shows a distinct and strong Tam
wavel ength mat ching t he I ni ti al per ¢weskite
l'inewidth at -8AgTlaeyml a dppomoarstkaw e ( FWHM of
significantly narroweerouvmpated( F&WHMheoef r bed
phot ol uminescence pesalki fetxipreg iveintche s medlriessahs i trdge
intensity drop Thhe momtee gprraotneodu ngleat. ol umi nes c ¢
spectra reveals strong forward directional |
factor of 2.6 within a solid angle of N15A p
refepenog £k However, photol uminescence i s h
N30A. Allrsamplcés ed at the same excitation p
nar aonwlaemm| aspmov skist siagxhifbictantl y sharper
directional emi ssion (angul ar FWHM of 44 . 7,
perovskite (angular FWHM of 124.5A).

| Figdrt@i , the -gngleaempWwiacspnmovski te exampl e ha
thickness of 50 nm with a Tamm plasmon reson
di scussed in theubesatd .ph.otblsee rprhad ti olnssimii ine sScen c |
increasing angles due to the angle dependen
phot ol umi nescence -anngtleends idtiyr eschtoiwsn aa iwiydewi t h
Tamm plasmon resommdmdea amatpehreosrskhe diphotol u
di f fer edmomweal DhlNge mul ati on of the output photol

shows a ring |i ke wide solid angle emission.

4. BAbBBsor witbnn the perovskite | ayer

As photol umiome sargremido ti sPx ci Alab ¢ kool aJai b ®&naet ze d
the absorption of the 405 nm | aser excitat

simul ati onhhtime eplsatr @l umi nes c e n cdeu eeenhhbasnsci eorme n

79



enhanclemteat evshtipleeg oy ski te absorpti dmowelramd 05 r
thathefreferembesopaptowme& | t €s on an(caep pwaoxeil rantge |
510 nm t)ios 544gmimf i cAd rt thloy gehn htehrecseed ehar acpat ies
basedhenpropaémrhoteniod cryst al stopbathds and
di scopenvyt al and | aytshda hee yolbamdavroto b od per
photodetectio@lsamiserde@ ai | ed

a= 0.8 b’;\ (0N 0.8
-2 Tamm plasmon perovskife & 0.8 Tamm plasmon perovskite 2 Tamm plasmon perovskite
c Reference perovskite c Uer Reference perovskite c Reference perovskite
> 06} > > 06}
% @ 405 nm CEG 0.6 @ 510 nm CEG @ 514 nm
= o4l g = 0.4l
c c c
S S o4 S
a 1 a
5 0.2 5 0.2 5 02r
[%2) [2) [2)
o] o] o]
< o0 . . . < 00 . . < 900 . N
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Angle () Angle () Angle ()

Figdr®i mul ated absorpti on pprloafsiph@an oo/fs kpg e reo v s K
strudtherabsorption prof &) nfm p erxoccv s kaitti eo nl awy
(B)1O0nNnm -ZQumsiovskite emi(sS)ldnhbmwaeteergth) ar
perovskitmel aspdorioavnsnk i t e structure.

4. 3PMot ol uminalyicleintc e s

The speed-doefp etnhdee nan gplheot ol umi nescence measur ¢
surfaces is determined bytoadewmsdid é@@xgi d&rhte iarct
coll ectmiomi mihagmregdvat homsupport phomoBbmhypasde
stability owasteotshur ®a@mmimédsec al c ocnotnidn utoivosn swav e
excitda0bonmptwweh densitAs ofh®wpdii@hcat abi | ity
ofpophot ol ums hemvis efalciect uati ons pwarsii athglo gsuieg ht to
i ncroevaesre t i me -bdu e htRe @ Indgtuobdsa todno3ke2 e o bt aaned
scan r stteakddfh gslecondmpli ®0 A acys upeh,mtgol umi nesce
stabovernr ythe measuf amermdtinietaismasawewilred . consi st e
col | ectOedd ftroosBydrme r eiswalt s i ndicatingféechkusi

on angular photoluminescence.
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0.6
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Reference perovskite
Tamm plasmon perovskille

0.0 .
0 10 20 30 40 50 60

Time (minutes)

Photoluminescence (norm.

Figdtr®ormali zed photoluminescemderiefittegnated
perovskite structperevarkd tBammrplcasumen measur
excited at 405 nm wihs proevepowemsddrysiotfy 0Oas$

phot ol uminescence measurement) .

4. 3Babck focal pl ane 1 maging

The back focal pl ane offers insights into an

mi croscope objective that meets the Abbe sin
1 € 0QQ& (4.2

Herlee,ght emitted aftf cawmatl h @a fsali @ aderegbldieento pt i c a |

exthe® microscope objpatavbel'aBeasaegqaedi sy ana
travelling in the same direction is fld%used
Back focal pl arme nismaagnitn gr epozqoredn dicefrst a regnies si on,
el i minmat enti al degradation that doskcdanaédec
Subesct4 .02 "more detailed descri pChamt ef 3 he se

Led by Dr. Si mon Kahmann, who constructed t
wrote the analey ixmmagni oedle t he back focal pl an
known angultalmeev &mieatcieo mpe-a o glladémptl @,s moar M@&wW OV S

and -wndleenml asmon perovskite.
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Reference perovskite

a b prerm—
450 470 490 510 53 550
Wavelength ¢nm)
Cc S 90
» - a 4 Angular PL

9950 470 490 510 530 550
Wavelength (nm)

Figd2z@®ack focal of ahempemaegssthirgutdataB)acck f oc al

pl and bsgmedct ral ly dispersed slit i mage with s
pl ane Dama&kge.pots on the back focal pl ane i ma:q
opt.¢c,cgFgar field power |iqwténheirwyoonsiitmulnmaimud awiit
Measured angphatottemendsenence using the cust
SUbesct4 0. 7

As the reference is 1sotumogioa,m timd emack yf @ac
circle, thae cami nger radiates | ight with eqgvu
field power infegd2@y whamrhdatienotlins gmt i ntensi
at a si,ngl eambéenti anki gih?e@r eaFnodg 4.2 @dbeontohn st r at e
t hahe referenae spoetrecoMpdkhedrespesctral |l y idn sper s
Figd2kand the angul arFipghd®t@éall iwgiimetsic echiaep | ay i

constant photol umi nes adalncgel epseak wavel ength a
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Narrow-angle Tammplasmonperovskite

b

BFP with slit
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Wavelength (nm)

(O Simuylation

S 30°

90
Angular PL
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Figd2zBack focal pl anea nigihaemgmina s-ppd m onvasr kr i otwe
strudtaBack foca(bs)pleane adhg di spersed slit im
centre of the b®akkfepalspbanéehembdgek focal
particles lydadngaonfitbkbéedopbwes. iqni éfeireypcei mu
domai n s dmuMeaatsiuornre.d angul ar dependent photol
built setwlhessholtn7in S

Based foahri €ehd power i mnthe mgditey tsh enam glitatnammm

pl aspreomovskiie ektpexhmmreobong f or war dandairrreoom i 01
angul ar HKWHNMIicFleg 42 &, btahcek f ocal ofph@aterudtmarge
revealgei ficantly higherapheto¢é¢ntmi aestenbe cCr
pronofiocewdrd directionality. ilRhegd2fttecdraheéy
angul ar photiofFiugnhPh @ atebosadliygn s h dwit ing narr ov
photol umanesmakbempragldas ref erence perovskite.
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Wide-angle Tammplasmonperovskite

a b BFP with slit
450 470 490 510 530 550
Wavelength (nm)
Cc d 90
o Angular PL

9850 470 490 510 530 550
Wavelength (nm)

Figd2z®Back focal pl a#aa gllaeamli ansgmeonfo vwsikdiet e st r u
(aB)ack foca(bs)pleane adhg di spersed slit 1 mage
t he back f odalr kplsprmod si mangd .he back focal pl ar
|l ying onctFarogdgtiiedd. power it éheir @lyposiitmi Imat e
simuldt Memsured angul ar dependent photol umir
s howmn bdasmt 4Soh. 7

The -andlekaemml aspromovski t efeartructomgea 36 nm t hi
exhibits peak @Whart oMi Wmei nseclciedh c & nlgil ke g torr und tni
obser véédcikn ftoltea la sp IsehrBavgiddh@mred si mdli &t eld pfoavre r
i nt einBil ¢ 42 2 Refsudbbash spectr al | ys hdoiwshpiegrusreed s |
42Band angul ar pbbbowRumdBeécsaecmrficem t hat the I

pl asmon resonance occursshtftasl|lwinglkri wavedaein

4. 3Umei formity of the multilayer stack

The daregpleendent p hot albascnti4noeds £2e me esaimaecd os cal e,
whil e the back f otescltdiobasdinmg cdnteadw m siar@m ESe ssTo
filumi fotr hehot,oni,cecepenarkahkdt &gmlmmspmeomovskite
stackanadryesednhnypsirsgpeatrhy Dicr &gtemplt olinag
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wi t hi,n atshes Rioeail & oixTphheot oni ¢c etk g st ahc e
obseunwedr hypéarghbiytpiadd2ies s hlmevef t ect ance cut
apdeaner akktwlsgii mihit are,x pwrictthed doscr
di fferenceMamnr cwsond d leec tri eofnl eantgdhrec ee nitsi rnee aas

ranugse ng

mar ked

croscal e
t he

mi

an integrating sphere.

a

Figd2yperspect.adbmogagoung

substrate

Wavelength (nm)

—_ Microscale
g 80 - - - Macroscalg
e e
3
c 60}
©
—
o 4ot
% l N
¥ 20
!
0 . . .
400 500 600 700 800
Wavelength (nm)
=
d S xe
S 12 R 1100 _
~ P (TS TET T > AN
=
o 10} ” ‘\ 180 ~
2 @
UC) 8 'l' | Q
o , Tamm plasmop60 %
0N 6L perovskite +—
GC" - — -Reference 140 8
= 4r perovskite =
S )
2 ol 120 @
e
E 0 L L 0
o 400 500 600 700

measur ed

picture

of

smoot h

substr akvwer age

¢, Microscopic

structure

coll ectdfon2@.nmA e(objective |

show 5d) @mer age

structure

l i ne.

refl

refl ectance acros
under the hyperspectral n
and shiny photonic crystal
ectance over the boxed ar

(schematics

acr oss

boxed

shown as

ens

regi on.

i nset)

numeri cal

85

phot ol umi nemnsglleampne a sgneomev ek ietne ¢

measur

ap

phot ol umi nespcleanspeomofv sikkeé ft @r e n

Tamm pl asmon



As shokRnng i he phot ol d miome tshtoet nhe epf eerroevnsckei t e a
nar aaonwlaemml| a spnomo vakp duarisf brFm.g w2 8 ,.het averaged
phot ol umi nescence -anngillaempli & gpnedrfio vtshkei tnea rwiotwh i n
collection angle is enhanced bpyerao visdkeitgoei, nagf
wi bbhser vaat mahnes o Fbophet ol umi nesocanaewglfaemorm t h e
pl aspneomo vsshkoiwssé iag hsth ibfltuecompar eget ov@gdases iehelfye r
due t o tchoel |bercota doenc campgd remaome®as<wal.ement s

4. 3T.r7fansi ent photol uminescence

The transi ent tpehcontnoslquanei bnpefsectdt th @eart @ a@gmbi nat i on
underisntgandmbi nati on Kkinetics. Howeverhenit c:
addi tiagralat apadnido@ dsigpen ot on dd elnisgnlatyt er i nter a
Typical hyrottheteileerct r odes @aimnn dturcaen sgpuodr it @ hl ieatygye |
redutchemgphot ol umi ne sMoernecoevt edre,n-epgt { g h esamamer act
confpmhet on demesnihtaywceeaso hbi nas ubni Mg crn eaas &

phot ol uminescence | ifetime depending on the

1°

Perovskite film

Reference perovskite
Tamm plasmon perovsk|te

Photoluminescence
intensity (norm.)

Time (ns)

Fi gd24i me sodhveetdo!l umioiesedmeaodveki te structur
Agref epenogskite struc-pbaepnavmd\hs KAigt e ngdt rT@a entmu 1
effective |lifetimes of roughly 3.7 ns, 1.5 n
in this f 2du rpee raorves kgaureeswiatdldo uti vE8 Sampl es e
nJ/%cpul se with Edinburgh Instruments FLS1000

required for PL intensity reduces to 1/ e of
The 1/ e effective |lifetime represents the ti
decay to 1/ e of its i nitial val ue. Measur en

confocal mi croscope, wilt/¥piutl ¢ edl/@Fcpnurl slretg | mays f
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observed that as the fluence increases, the
decreases in the same trend, althter irbedtagd vteo etf
l' i fetime relationship among the three pero\
variation acrosf$otéealfdaiteencehea angel uence of
recombination dynamics of the perovskite fil
5 n 3/pcunh sabso wRi ¢ w2 4

Theaddi ti on otdhfe giepfeerdadgevnsckei t e | ndu,cedustmgidg equ
effective |lifetimelirromhtBe asanrygTlaewenl & sBhhoms .
per ovusskeidi es hudy, wi ayheronp i r3s i n tchhremsphetr eni
wealkoupil himg -rha tgthegr | nt er awhteigdoem uc ¢ t@mers i Moyrteh

bilayeypifeme strongTheuetfiagtive -dngllaemimme of
pl aspreomov ski ties sk .rdischhoswieng a neaqdmmarbdde tredt

ref epenogsiciothnesi st ent wimtalt t et hemt eweakt il omhtoc
46,47,.174,175
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4. Bi scussi on

4. 4Hylbr i d wywmetmét aDB RDBR

Asout liimmetdhe i ntr oducme tomoal $ahcehri-seaveet elrivgahntt e u a c
Tagain deepet hengr gbt a mdnptr gsmascuhb &ct oenadouiscyt eDd .

Al bertoSdi mPbegtr at e t he eoapcthi nsiyssetide inmniti €zci tntgiu ¢ e
field enhanoceompmatWhisatey. pi € @DIBIRDBR crocavity in
confi nemeuntti IDiBeRpidmsl ary@gir nlgd & Dopumr st udy 33 i mits
| ayeronmpadach side to ensur e coanpp &Arga lslheo wine v enl
Figd2a®t ii st hasiing3l anpleyi phodfonicreachseambdet s i n
wealkemfi nwamentn the pér ownekif weé D BpRhemiocnriocc ab/B R
by fsodtCrn@d O0.56 compared to ttwav@&hmnhglpbhas mbd

nm and 533 nm respectively.

The peettall mi crocavity is opti miaséadeduwwetchavan ye
l engt h, which could be replaced by -mertaarnspor
mi crocavsitgnisthioaggeretr! vl ectric field elBBRnceme
mi croaaidiamparabl e to that of the TsorfimOpl9&8s mi

and 0.80 compared to the Tamm plasmon struc

Neverthelessrucial to highlight that achievi
Tamm plsasrmuocnt ur e i nvolves incorporating a 25
absorption | oss affectiFhugr thke duscoaspiiong c

incorporation of the Tammmetlals moinc rsd aawittuy e\
structures Chaanptbeer fSound i n
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Tamm plasmon structure Metal-metal microcavity DBRDBR microcavity
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Figd2®i mul ati on comparison betwemwmat 3abmm pl as
mi crocavi iDBRamd cDB®dsaivginteyd structures to supp
intensity e(ndhymnT admeH Wdf ccrn5M 3 Si mul ati on of e
intensity enhanceemeti&o-amod sesl ¢ hter icec osisel d en
function of the po(sdiAipjbnawlTammnpkt aemenrpetaoyv
trucaudagpedovskite (30memali plmétam) (hbcnm
pa¢cbr egrmd kg perovski-DBR (n3i0c (naw) & viiing gD)BJR een st
hows the perovskite | ayer. Each of the thre

n

n

(7))

electric field intensity within the perovski
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4. 4Fl2exy bad¢n s s stpleet r um

The proposed Tamm pl adsenmoonmn spter bacesasakdi tveetrgstartuiclt u
Sshowrwi g2 6i mul acdamchwscbed Alyber-8 ol alhom@nteszat e

adapt akirloibtee d green, aredi mebe ewgaidtorralng t
per ovsktivthee ifri Irme s p®acntalidy as shtamidgldnees s WH i leea c h

t hbpehot oni ¢ cr y stuanb emialtcafyeemado s siamatthi s st udy, t
potential f or .Thiade edeisgtmgin st efcoartedtha rbadt ir@emar k
fl exi bit hberyovaeds ¢ pee,pawvmng tdwi dwea yr afnogre of appl

Red perovskite Green perovskitg Blue perovskite

25 35 45
600 N
__ 700 S 30 = 500 I gg
£ 600 Photonic £ Photonic [RER=IIT Photonic [
T 500 Sl | 15 400 crystal 20 = crystal S
o 400 9 300 o 300
= 200 l 10 2 15 = 20
a @ @ 200 - N1
200 : :
8 200 Re’perovskit 5 8 ‘ Green perovskitd 10 8 Blue Perovski 10
100 Ag 100 Ag 5 100 5
0 |E|? 0 |E|? 0 |E|?
400 500 600 700 800 ooy 400 500 600 700 800 ;oo 400 500 600 700 800 oy
Wavelength (nm) 0 Wavelength (nm) 0 Wavelength (nm) 0
T 05 — 0.20 S— 1.0
d .-~ 90 é .90 § . 90° §
“ - N 040 - 5 5] \ 08 @
AN o C A i e 22
g / N i (032 °E 5 \ \ o = , 060 =
' \ c ' \ c .
e B £5 ‘ 010F > £5
- FE 025 2 1 ! s8 04358
\ \\\‘_ _", J 49 S \\\‘\ ‘/, J 0059 \(E 9 g
N §o.12 ’ e 028
b o o o
0 0

o

Figd2@amm pl asmon perovskite strudhere for r
structarefdbge pen(,csakiytl ue -plaanwpromMov ski te struct
optimized with transfer matrix model powered
photonic crystal stack and plasmonic metal,
kept constants oRfefrreadc,t-bgvreeceinp daamode skkiyt es are s
Suppl ement(a& i mulgat dé.el ectric -pliasmornhance
perovskitEedBt nduicfefueareedmameaitni mé bl ahgol ar outp
nor mali zed t o t-blkeu@ Lpllaaaspearsoivisyk idfe sky uct ur e
bar) .
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4. Goncl usi on

I n summary, the realisationiaofvolsiemg 5@ mon
photoni,wher gssfam@emi | ar r etforhaec tgiDvae sipredBaoxy s ki t e
This apprroamiheatt h @fltayoer afp htohe®nmet &lr ystal i
aperovskite, emfifeonpniganymep| asmon thimend e r ovski
| ayCeorn.s equesnttrloyng angul ar and specteapeantarvelw
weraechi evmmgared to the refewiethi®4. SpAeraryd k2 9 e
respeckFtuirtehleyr. anaadaygelsar ndavépped et e i @y} algi pgbane
assessment of film surface homogeneity usi ng
through transient phot ol uminescence, and co
perovskite stwvuctisilplee tTahd nso sclheatpbteesrda r ay 8 8§ e mat i
approfacheal-mathgr |l ighetr actsdcdoenv eilno ppeedr ofvrsokm t sei
angdxperimental fabricat Wionhhdevelnogpd da rc accheas ,a cri
set,uplesmr oceed to add compEkEexbiyptortar 4 phagr tstirauy ¢
realiglatter Iinperacskiomepi @8fred o vpshkoittoedet ect o
(Chap}ler 6
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Chapter 5
Strong angul ar and spe
per oviskD t e

Il n this chaptpehrogt canihcy beriyds tnaelt aslt ruct ure i s i
device to demuotntsetrr ait et e riagchtti on, achieving r
narrowing of electroluminescencere Tdiree |exmplta

without compromising pept ommda éypéad neeard bilnitnegr ae

through simulation followed by experiment al
design is demonst r r-ae¢ e fdoeammerrsosv svka rtieo uLsk Dhsi,g he n
of applications that require directional and

The content wamdbabt eQeih,a @ihe$aMr.ong angul ar an.
narrowing of el ectrol umi-mleas <daaircvee ni nhadn dien tpee
LENat. Cadmé6s802°iedrdpdtilece xperi ments and da
ot heswpiese fi ed.
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5.11lntr oduateicars e angulaontamd doml o

applications

As the demand f or |Isif g ldbta slaipgh tidcrraogai doeer s cuasdeasa n ¢
di splays, optiamad <mpenmiufmii € admaoodesit m g\n eetxi hti libg $t ts
anmeasur e me ptr escyosnteer nos over |l ight <colour and
cru.chialectly controllextger nalh keedsn cesnp o, lnavnil sye

requpr eagse aaldi gronemmitstyadntlgeym ¢ campda o torbeussst ne s s .

I n conveYtiBDatethhdobegat,t er i nteraction tec
i mpl ememdcleddi-PRy mEaboyg 2yWHiyspering gallery mc
178.17% ur face pIt&%, hfdTna moo wp laismpéan s t mautcd'idd teesr i a
Howevienrt,egr atappr otalodnsegener at i olni lpeemiotvtisekri st e

chall engi ng dmeat etroi aclosn tprraospteirntgi e s , device st
mat er i al Whii mhiemat igédn s i ndregarrcithaoldsDisererne psa rutds e ¢
on precise angul ar and colloiumiTibeedh tdri difrer B n Q€
i mpl enndeingnimt t er i netewommregtaindcs LEDs andmpeeovsKki
pronouncededolwd imnge x heic ¢dsmap &md tadrfeabri cati on
mat enpakoastaandt slevi cReatpeeapgebar and col ou

in perovshutd BEEDsificantly expand their app

Thcheapxer nadaen ftphheetdo ! umd e me n sin@had ptdesti n4g Tamm
pl asmont anoél s ct r o Byui micnoerspdoenfactiér o viskkl e e i c e
strupeptrecene r calngauvear ahdr aot edirescttirood uiodi nes C ¢
demonsThaoteagrmhet uluct ur e hteunfiamgn pl asmoni §F esone

aligned witklebhérpéuomy skoomBamm nmeakmon modes
t he perovBlkdmaeed elsayeenrh.aneéd¢ eper ol siki Hfeosr cweanr cde

direction by a factor ef f ll coBuad ctolgpypd reend dtes twh 4
narrow and contr ol | dlictlee davrgquu laa i FENIEdnepr asri eodn

to 143.9A for the control . As ao fddearsanoqe rc

confinement of the el ectr omagnwhiicch fiiselpda rtthiac
advantfaggreo o sLsEkbyt een t hei perypps&alkTBppt bmoh i s
versatile and tuneabl e acropavdnif ebthremavchgmi 0
applicati esamsd ilni gtisrpd pyreeps®va@angul ar di sper
anldi ghtensity.
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5. Resiopmni miocsfatpernovskite LED

5. 2Holl e and el etayenstransport

Perovskite diewdcglhhwdet mmidc aelllexct rdmci tansapert
transport bet weenadthpevremlveskti nt ®®@d d sa yasra | dDdetgi eonnd
and al i gnmemtnspfortth d sagy er s amet chuei Waplive ncoesp tsat r u c t
configuraltippbersotelse camr othehtoilneg t r abéslpomot eanadn
el ecsuppeerlteicntgr on teaRIpEOUIUPT dFegss sever al [
t enhadnecvei ce ef ftilcaye nchyahiFd hr st h ali § ft shree nvcayv e | e n |
i nt wietalhi arlgeandgla®dmpper ov s k)ittoe misnedni se absorpt
Secomndyehroul Jobdvearri erppmolpimleiragy @fd gmnoenmt e
efficient charge transpowhti bwiotaigsmmotsh e epemhav.
Since thd apiemrosvgsiktisttkb e bottom thiasnsphbaper| my e
sur f acet gweng athiifddirovski te depbdtbeti opmp tamangp o-r
more convenientl y stohreertenpyeseimag o aehtoe s ey t

t huen d e rp eyri onvgs kd u red & ppoysenrt

Foperovskite cownpdoes i lisa rodhdsre pwpttrhuct ure i s mor ¢
reported due to the aWVern ¢ fadhiee iettlyecaofr onr amams
deposited on 1(ThPeB igsd ramwsak idt e« ofmmemci al ly avail
|l ayer used in a vast maj ority of reported
thermally evaporatedoomiungi dopyenov sskit heut i bao
affietghe perovskite fil m.
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Fi gb6tS®el ection for hapl Energunsband V:&8y'¥es acq
Note that the energy band wacCuyrsleinghtdleypsh¢tyw
voltage lawuriméa@efe RBRelWEDs fabricated with c¢omt
po-T¥Y D, PTAA, TFB and PVK as hole transport |

The -spatned bottom hole transport li aaycd rud ef ar
combination of PEDOTLPDPS PVKI. MAB),0 aAolipMA) mipod tyi or
lobs et wighhdee r ov s keixthe bfiittsmomp to maPVK due utrd aictes
wettabmypdaryovsokii tse @m eRVWK sotrhe perovskite fi
after arhonweeavie rn,@.nt hwodtduarsned e t umg rladn ccéd conf t he

per ovlskD tvei t h PVK hoiese highsgadrtd IVayermesul ti
Fi gbe. The -chn gvho Ittuagne avs thiohleen ity am\Vakp orit bubygd

to the |l arge energy ngae sl dt wde mglamOs eaoricdo aig\eK ,
the energy barrier.

Therefore, holeamnangpobantdapetasreesgtih is@dand
as PEDOT: PSS, TEFIBBsP TAWG vagntliadlodeymvskite film
uni formly o;moweEDT,: PtStISe ener gy barrier bet we
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is slightly |l arger-TRDh,anmakiBn gHRTACAHI eaes pied ¢ gnle.n
on PEDOT:-PBB3/ PYWKyas hol e tr amns pwaltt algaey e(r3.. 2
i mpr oveudsiomgey ButKkhe EQE (peakdadwWoh%)ent e manh
PEDOT: PSS cont ai,gs$ v s obpfca tdii e ngrHo-Bvpad huiec ho fc aln. ¢
degr ager blnsakti etlrefWnli m@di fi ed neutral PEDOT: PSS

187. t8froper mi s@tciedsgmaii gnprove device performanc

Thermvskiteopudeoceasn sroat wet wel | -TomD TrFeBs,u | R Ti AnA
i n -moinf or fmo rfmahtfmt cerrc o & pVWanrgi meutshods haeweorbednt c
enhatnhcee surface wettabi iTiPtDy ofnep RBIg mBTAAOAean dn
189,19V ozon¥ltwseantighenit onal i nt°@rl°aPReNaf ds uc h
PVRSAfter testinglthesgmldanerhaabad®tl r Bt mEOh 8 T € ¢
sophi sti cat;aeghde oipnttienmisspabttyiuomme sitc abree€ aht yol | ed

i mprove wettability withooteadtmagi adr athglot s 6
testaddilbhigF ai nhewkaweny t hliaydrldimt rasul t i
uni form perovsKkiltaeycetrigd ait. e nTthiibclld er mhleeidFp , conduc

t hi cki gh¥ dreevdiuccee ef fi ci ency.

Ul ti matlelfyoauchdliPM¢p &t ect i vet weeit mmbd hpeetryo vestk i t e
precurTsdBr, EMAA Por,e pwlltyi ng in smooth &améa unif
TFBPVWK P/ TRAVAKp odTY D/ R\WKnb i npartawesnosal | ener gy gap
transport to tlhhetipalroeghet e méapto®dIr rde vuwlet sc uy
denwiotl y age kEiug®wibp (bBseieng TFB/ PVKr easnudl hR TgAQA / iPrv t
tuon voltage of 4.6 despnd ed .rEQE! rpeefakg othia vyahl y
2. 7% resTphepcadrvediyade colrrage¢e demnsaii mbal akheky
imarrier mobil i bhgces sfihuirathtelrg tdcea wikonee,ss opt i mi
PTAA.

After expnardihniefnetriemngg sod o mhoil reattircemsp omni nigay édes
t hi ckniedesretsihfe ifpbedrsftor miinrg tdheifcso asstiadgpa et age

curvegn twaolint age, | umiord d ) @e,iT Ol PEP Daf PV K12 @lula s i

perovskitebbBTLhgBaesédoon initheahunfebdeel hsckne:
and f alroindadtfii oméslDy and PVK by var ydaomat icrogy creantt
anneal ing temphAemangt ebdwmendd damim.lneat it nass pdrt
Cc 0 mbii omra,t tThPeD / pgPoVIKy c oandbh inteaives bl no wens tv otl urthrggh ( 3V
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peak EQE%@nd high peak IPumi hlaerc efP@RIEVKIOI ¢ d
combinationf dvast et eopedmilsB® i on of perovski

5. 2l.m2pr oviquepXshbh€sfdBrct rol umi nescence

The bBPequash CsPbBr 3,wpeéehouskiadei,mgharyeaddain
EQE 20 f@a%ama x i mwmi mdndfl@& gn?af eagi nedrriamg pohra | a)
agli scussed in twhiteievi buisqlttices ® nit stthoe d e mo
preocidonceptproofp ¢t lgamt t er ieanhleamacipmegd phefance

perovsiswbael dEprovide .stronger validation

Myef f oot 9 mphgouvaBsD C sspbeBro veslke cdter ol umi nweistche nc e
et h-Apdi ammoni unEDbABrmisd e v@ s p dbtnlpad byetcleds 2 of

di ammoni um iouWr fd@&csg i ED@AIi)on i n perovskite sol
Accordiag, ammeéilhy !l ammoni urhi'og malsp tf tlBRApPper ov
to rekdemes ity of structural defects, while ar
the perovskite and t hel!%8Bdj acaesnsti vaalhtd rngge tthrea nps
var tihng&ksmfe seDABr bel ow and/ or above the pero
in PLQE from 7% without passiocdboitdnsiadesd) %ew
with a 405l omnkasef &H®weWeam EDABedpgasti vat:i
i mpamtvi ce performance compar ednetnge rtahle, dED/A B
passivation increasesctuhei pgohbhalcsubrsrgepnitd fl cesankos
resulpealg EQE BBPABwW [A&s s avmdntoinonesd i n studie

si mguasperovskite compositions, suggesting p

|l n addistuir ddaecfépa & s i,V antpir mpve mavelkae dter ol uatda me s c e
i nvoclovnee rol Il ing film cover ageQua+du gphenreosvss ka 1 ¢
exhhbgpreaot ol umandalsecectnrcel umi neskcwelnkc e3 @ oopuarr tear
duteo itqfluant um kvel $t r ultt hee pfesmaedé phasgnal wi tph
the pero?skibTdhebayfsatcridtdthvmges carriers nfunnel
phaGcGlarger tmanldagrdggec€emal | er am@gmnaodmelp chtorloen

confinemennp hds dSfen clgauraghee -imi kve | st ractsemd | ies , s
preci sovadntphalse f enmafhuicremelclainng and confi ne
thereby dewiroei pgRdparntasnictempé 1 o wigdkri naataivoen

shown sigmhdncamdeviscei nperf or mance by addir
poly(ethylRBRE X de) , h@xhadxhbycl@a&agto@checane
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89,192, 198 3a1AP nd%V al AWAC,Aa di-We,t(rlaazacycdyd)édinadecs
tetraphenyl phosPRB)EI’umi mét oyl dlepr(opane et ho
(ETPYR4adnat her s

b 10° —
< no additive
PEO c T PEO
< 10° F 18-crown-6
,!/ \/+ = A 18-crown-6 +
O ~
H OH > 10tF
n 18-crown-6 '@ 3
o™y 8 w0t
[O Oj g L
o o £ 10°F
5AVA Lo ) O
(@] 10°
HeN OH Voltage (V)
c d
10° no additive 15 no additive
—PEO —PEO
@ 10°E 18-crown-6 18-crown-6
' —— 18-crown-6 + 5AVA —— 18-crown-6 + 5AVA
©
o 10k ; < 10
S 10k g
S o
£ 1@ 5t
e
>
- 10t E /‘\
OO L 1 L L 0 K 1 L L L
102 10* 10° 100 1¢* 1C¢° 102 10* 100 100 1¢* 1¢°
Current density (mA cff) Current density (mA cif)

Fi gb2feddi ti ve Df €s:ptpBeosves kiChemi cal st+yucture
cro6nand 5AVA. °%YdapCedr éwbmtlagei turve, | umin
of PeLEDs f ab¢r2iDc aCseRdd Bwti d tht qaudadsiit i ver,o0-6wn t h PE
and wttbevh8 5AVA.

My attempt to replicate repdrrdetd greocw! $isg ruis
i mprovemgnidevice PRBREOTr smmddri erievettrhiwctidse i f usi o1
CsPhtBo create small C rryestuagslmedd rha ianfst, e @ri- egduaariste e

2perovskite film wilthWitdhismproaced pevevasdge
the -gDaper ovdhkictog pPEQLt a ddle mo vseh etatt erd per f or n
compared to the resfache mtve-oyi vbbubgadoiti2azve \
of ,8md peak | uminances os$Fhi@@R6e0® cd m
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As t he LED ppeaktsoo mhnc & eohPEEQE awdidtvhe n vaf t er ext
tuning of t he f,ablri eapl e namptiaiiocaresattpgerado v s ki t e
for malTheomddi tcirm®inod sdé&s i ¢ thhsntdprpasnecses e c ki ng

bet ween PEAecabiyomBABrbiagogrgegati on 88ndhplsase
effect sl ows pesoivsikalgleé ngr pevt dpanlkdmpe d e & gnst al
coverAamoenhgettested asdisthioWwerg ub2el & r o-6vn addi ti ve
signilfyi damptE®Oveer facmaecieapg woltage of 3 V,

9. 8Wd peak |l umindibe @iDapd,roO0 kardo-6vmewidtdht i 8 e
alexhi bits a subst adf@ Reaolmpianrcerde d& e dirhaefé PIPQE Et o
under the séafmeue3ndc emW cm

Accor diinegt ,tadle addi ti on of n5AVIA nmmd2| pghasepr &
coor di-@@®ainngl* gr oups ,for ARl aOHE BN bonds duri
perovskite!triisgumpgr d ssainpbameke ss mabimot es ener g
the wide bandgap to small b a nddogeasp mdootmad arst rair
el ecehtorloen r e c b'riboiweavteirgn | did not observe sign
5AVA to 2We peuadyvisk-ct evrwa d dhT he 8 ef drhe champi
per oveslkeictter ol umi nesc¢ena@ae hi ielvi2dt hdssPhesBgavgskii t e
i ncor pb& aovngddi ti ve.

5.25@Buttered 1 TO

The 1 TO on glass substrate used within the g

commer ci ads hleTeQ haess-l & fqawmicteh od tl®i ckness of 1

under rABM, tdanlgc ulnataed conduidbt2i5Wi By ekt W &EC 4
| TO has an average r o-mg hsngeusasr eo fr cu.gh M®ms aod
i mpl ement the perovskite LED ini ndleud&gpnant
| ayneurst be deposiphedoandhepgrbhboakshee sputtered

optimised anwli telxperi mented

SinlcleO sputtering is not commonly available

avail able sputtering facTihe duessamplua g $£trd icfofad

| encountered in the Department of Mgt-€elri al s
cm i n dasahnoerttdars)abget at(e-4d icamaairkecse capabil ity o
sefldtation. As a result, the thicknss? veri a

substlratge i(Ssup to 46%). Al though the I TO con
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thickness wvariati onf greeadndigist £€-ka e e s dematatleirgb b

i nteraction structures.

a Commercial ITO b In-house ITO

90 nm 53 nm

0nm 0nm

Fi gb63*urf ace mofr plaigd omgner ci allb )IlHirdOu sasendsputt er ec
surface meraphicleddgynder AFM.

The second bpenteunterlé¢ e rbiuiRiIFsmpatt h er «cwatt@em
Department of Engineering. (Tdhiisn cshpeust tienr dci oaant
| ongertgtuabrsgtertat e di st anicel JostLlbeckmapaBbi It hbywghb
seldtation, the resulting I TO thickness is ¢
pl acdadhdomth sampPplue hol demitation of the syst
headeds mgt treersiunidt,ger g ciomduct iOVH/tdyrth TOOc ofd d @8t i \
measured by Youchengonhearncg)alc olnplCar eAdf tter opt
argon fl owaaddbpt eassmigttance with conductiwv
exhitbhhitcskepeadent transmittance due ,toasopti
showhRi gb4e The resulveng $m@ofhl andsuniform |
of5Pm andnermsmpuare rodmhmesempadr ®€d wit h, the ¢
both sRow@3 é€n
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a b
100 10° In-house ITO: 85 nm
— @ 3 In-house ITO: 115 nm
X :E 108k In-house ITO: 136 nm
é’ é 4 Commercial ITO: 160/
% > 10tk
= ‘©
— c 3
E () 1
g In-house ITO: 57 nm o 10°F
-
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Commercial ITO: 160 nin o 3
! ! ! 1 10—5 i e\ 1
400 600 800 1000 0 2 4 6 8
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C d
10 In-house ITO: 85 nm 20 In-house ITO: 85 nm
In-house ITO: 115 nm In-house ITO: 115 nm
@ 10 In-house ITO: 136 nm In-house ITO: 136 nm
"D Commercial ITO: 160 nm 15n Commercial ITO: 160 nm
o 10tk <
S >
m N
e 1°k L
S o
=gy L
g 10¢
=}
=0t
100 L L L L L L L L L L
102 10! 10® 100 1* 10° 102 10 10° 100 10* 10°
Current density (mA cif) Current density (mA cif)

Fi gb4leED per f or mahnocues eu ssipnugt tienr ed .and commer Ci
Transmithance sfpuitmered | TO of wvarbidous thick
Currentvoaoletnasge ycurve, | uminance and2EQE of P

CsPhBrx8 ovnaddi thouvwsenspumttered | TO and ¢ omme

As the resistivity Hhondseheptuuttesiest d7©e aofe
commer ci ad X pdtdtteehide curr ent -hdarsei tl yr Oo fd etvh & eisn i
| ower than that of the commerci al I TO. Howe v
thicknesses bet we ede Bgbh tnent tahbedsi ihsgt6ea manec k. nes s d
Thehonse sputtered | TO shows overa@adrhp aari gd etro
the commercial |1 TO, |l eading to significant i
perfor manitceusw tshputnt ered | TO is antici,pated
whipbtenti abkthei mprovekane -dvefiifroedni giyai n bo
formmoge order A rti et diitfifomrence in | TO rou
i mprovement is |Ili kely dominated by the opti
Amongditfhfeer ent -bbusé&nepaeatso ésrhebdivgl6®® t he 115 n
thick |fTiDeshiogiser peakipE@E otumiéadwewisseh 15, 4
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resul ts 1 mphtehitchkante stsu nmmanyg af fect t he tchwttcoup
the higher sheet redismidandedeocofdetviiEedHFOPpmay D
house sputtered | TO mmatgwirt a mltes rfacrt i wsne pihrmo ttc

5. 2A14u mi nisulmedvsct r ode s

Amondghe common meitnacll uedli encgt rcoodpepsetr ,u ms inliavenr has
proven record of stabgteeg amkdasihd gibs pree g @nr tma
vast maj orsittuyifedfee m egeaeinted with aluminium is
or Li Q, sthtiech atnlnenergy of aluminium to | ow
device, thus-omedwditmg étnogtnalt g empr Bffaenrceefhoer e

LED optimisati oBadedcas e&lkkwab mvemss evri ttihon of

thick LiF between the electron transport | ay

Howevserdi sascOsaspidesinbver i s commonly reported
t hleowe st absorption | ossi wmbht &tmoowtihmeg vorsg dd te
| i gnlatt t er iunstienrga cstiilovne r .we Qs evaelirw e g w lr yo ond e €
baspar ovsksteditgdrt i o> "PHELa<ve beernepllarceeal yby
aluminium imigner fomeapceerptts due to stability i
mi grate across buffer | fayemisngireds dhealdhg Blsbes t he
as shbBivg 65.5a8°°
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Luminance (cd i)
[ [ = = [ =
S T

Fi gb5fl uminium vs .&i IDegnmr aaellag c tomodnechani sm of
2Mdda pCedr émbimdagsei cyr ve,

ng

mi gration.

PeLEDs f

My first

perfortmdn cEeQE i ng commeicCoimplar edOwi th the
performance across pixels of the same
el ectrode, ma ncyi rpciwd esliestievbkeeret shade t t h
showing EQEus)pP®Wct that wusing silver el
amplifying the i mpact of defects pi
Given the | ack of reports, my reasoning
beneficial. However, since both and

coul d
Li Q wi

PbO, Pbl,

Perovskite

—— Aluminium electrode
Silver electrode

negatively
t h
1%Usi ng-htothues ei sputtered I
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2D perovskirtoévnewdtdht L 8e/ TP Bap/elaikQ/EAXE aocfh i9e VO ¢
|l umi nance oF 44,6 SFiiogwssdei m

5. 2EQEoolf f 1 @2Dgpasiovskite LED

QuaxlD perovsckommeoenkigypr i erec ®d 8t n odifpff BVQE n
sweepingcacrens tcClkeempategd with their 3D bulk
on i n eifefbisceirevnecdy t hanks to efficient funnel!l
in naturally f-loirkne dstqguaant wme svewilt h a mi xed n
| ayerlsn cost r asogf ,fr dalltle hi gh current density i s
i mbal ancienduiAuegder | umi heesgenacned gmiegnrcat i on of
89.192. WHi3'® this issue is still wunder invest:i

the specific scope of this work.

Before and during my daecvtiicveeg Do patai anwi vssaktiitoen gorfe
wer e a pr omi nehhsefgonci B € Ec ablotlwv e Iv iermei, sttartpicoanst it ¢ & |
appliodattbns perovskite dadosnpplagyistti ypmi, calaryi ca
| umi namMe ddrml|l oagdhopesate at curlm&n®mdens.i
21Thus, more recepatforemong spo@mewns ghP®BELED ar e
ot her sitmalcudiirreg i n %} tbw ¥ HdanmBlaDsqt ur aunct t,dunts énsh w ie 1$ g

i mproved EQE-owafrthhe totpeerk at obh stability.
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5.B8Bmpl ement atgnadtnt eoof i nhepacbvekite

5.3l.nli ti al simulation design

The i nitial resonant perovskiteSoE®sdshownr p
i Ri gb6lrasoendhe |bagdattt t er isretl eercadtoinorf r om sgeanset i ¢

foll ows

Gl ass substrate/ [ Ti O2 (49 nm)/ Si 0O2(1622D nm) ] X
perovskite(10 nm)/TPBi (30 nm)/silver (1200 nm)

a 1o : b 5 -
EIY Ag 130
o 98 = . ‘ PRt iSss
O c ; ITO
T 0.6 = : 20
g | S 400 Sio, |E|
| —_—
= 04 | = FAE
Q) | o 10
T ol a TiCas
W TR 2 S
f0 600 800 %00 600 800
Wavelength (nm) Wavelength (nm)
C Reference x1014 d Tamm plasmon  x10%

E—
Output power @.u.)

Fi gb6leni ti al osfi nMwulmnt ipdms mon.aPe$iEMMulsatreadt ue fel
of photonic crystal (PC) photonic stopband,

and full Tamm pl ab moEknl ePRcetLrE D sftg—%eulédt tehneh. ainncietmea
proposed Tamm pl asmoriRdlel Bdrosmexriund tragrmeu | ati end t .
out put (pdB)wker ehce (HegantnD® palnads mon PelLED.

Af toeprt i mihpdem @ vs kpeéref drBa ndciescuss®e.d2discBeeriedr
some | mpreesotita@l iptroposed Tamm pl astthommPelf ED

perovskitewiitash mome tfmemov s kiat e tf loir c kgnoeosds dreavni
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performance | i esAdait twiemm abftytft cod etilintgpenp.iod vy

TPD/ PVK as hole transpeE®®@OTapP86, nebds tbheb
Further mor ef, i thtaisreg ®fn tthe f phberise®thead itEhe tdoni
fabricated phot grBdtOhicakymrseasad ddfas56i ®m and 9

necessitating updates

5.3Updated simulation design based on

Building on the i hopgtisadhindi meldehsei gntcdl e meée ge,
closelyartaespmbi aheal pthevioone c cr ystdds chiaisb ebde e n
Chaptweirt e 2OSipchot oni ¢ cr ystfailx ebdi d awiemrg a@p triere

scope for the 1 TO, transport |.Bgeng,tpheroestek
perovskite LED structur e, I realised the deg
perovskite | ayer is smal/l, iSfi mn dQ@ahraspatcerti fd c i r
silver | ayemfiimniitre trleegismeemi t hus fine tuning

resonance wavelength.

Howevehqogwehde degree of freedom8afa6l0Tvh rt tha wctk n e
affecting de)isc d hpeDqfCmsrdprimBrc @a s ostadcwr ati on poi
around 0.3 M, the maxi mum-cpear o-vigk intme tEKipek n e
show device parf dmomameaoovns ki te thn@d@&@nems r a
Therefore, in the wupdated simulation desi gt

thickness and the perovskite thickness.

|E|?
a 100 b C 420
< -
60038 — =
S 8o} _ & ebie S 08 g
8 £ ITo £ 460 2
c 60} = o S 0.6 &
© c SiG, o) o
O 4ol e ___Tio, c Q
g £ = D 500 04 %
Y— [¢)]
<5} o - s @
o 20 o —TiG, ] 0.2 1
Sio, = —
0 . . Tio, 540 0
400 500 600 600 0 30 60 90
Wavelength (nm) Wavelength (nm) Angle ()

FigbrTepdated simulation of Tamm .p| aSsinmoun apteerdo
reflectance of Tammbpl BskemoddciBé LEDelsdpdat ede T
pl asmon PelL&D Axitgrl iec tdierpee.ndent resonance si mul

mo d e |
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Throsiighul ati 6hme bpfomad st rmadttwerre ifndrerlaactth ol

performancefwhiowi hgs:cohé&i gurati on

Gl as g(/5T6i On p1)9/2SirOm) ] x 3/ 1 ITAP(DAO0L O n nm)m) o/ oPIVWR O 5 nm)
perovskite(26 nm)/ TPBi (40 nm)/ LiQ(3 nm)/silywy

As shdewmgbifb,bme opti mal structure showsl escttrrancg
field confinement withinugdgihrdgepdin dyi lkeiethe el ay
domain output pewernadieemenhadéenontr ansfer matr.i
the degkaeadency ofmotdleleh er erseosnoannacnec e wavel engt |
forward directionality (resonance at small

angAse.perovskiettechas | namritrhoevs oehpat power shou

angdleependent intensity -shafhge.as the resonan:

5. 3Ex3perirmanti sati on

| €haptethd simulated resonance matWchéas weel |
def i ned pcecamtvrskli ttodi rtguigpdkinressr ethalelntlhrdgeatdeainn
4d,ancdonsi thatlMyrheebvnaddi ti ve doeaganpradte Pieg mivisika
thicknebe experi ment a-bn glaemi a admoiowne no f PenLaBDr
strai ghAsf osrhwdaw gl 6.Baeh et opt i mi sed LED hoeeoti crei st r
crywittahoudxtsiidwed phot oWheosmpbpbaddwi th the
t hBamm plasessmomance iasl i ghatrhpei dohpieg iows kKD t e

el ectrol ufmh arrlscenecet hehshatpctesbomnoesceéence
anglaemml| a sdnmoinvensRed&awdbr r BWHM of T2mpanehde t o

refePebEB, which has a FWHM of 22.4 nm.
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Fi gb8Experi ment al realisation ofa tBeh€anmami gl .
the fupllaseomED sthr uRefulrect ance measurement
Tamm asP@WED structure witheputassmollmE®Or , and t |
structure. Reference PeLED el elbt rTohleumi nescen
el ectroluminescence spect-amgladnm asemoan e LESOL

Refl ect anceamdladmmeasmono®elLED structure i s s

5. 3AMgdependent el ectroluminescence

The daregpleevdent el ectrol umi n-asgleasnepel acfmo n e fae e
wi éhen gllaemml as mon wRelkeBDBarrs ettthge t hi r d dermpg icitaerd s e
FigdtkE epl acing | asaerdreixvciihtga tp come ewitthile a.cEhDise v
t he rperseusletrsti eggdb.9,ienl experimented with various
cur r ermtt att m sa gsantarl osnvgy b h © U tdaengt r addddvtti iicapta hbeel syt

reswétes awhharbostealt i on speed ofme3als/usrieinmeenstoF t B 6
seconds acralslE®olp8d it ewi tlonstant curr?ent dens
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a b .
ReferencePel ED ° Narrow: angIeTamm o o
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Electroluminescence intensity (norm.)

gb9lengdependent el eofr ¢laymr & 8c encangPleel ED,
mpl as mon PelLERnghadmpil ca)s nnoinkcaePlelL&EOt ed acr oss
LED surface macroscopically. White dashed
tegrated from 490 nm to 540 nm. White dash
O nm to 540 nm. EL intensity of (akk cohbug

r) .

expected from an i sotropiar edmiPdtiabe, i st he
mb e,rwti itehn c 0 neslteacnttr ol umi was e & aa g toljl 8a knank b

' I ecti on a+aglghkeemml| Tahsarairavrerno w e in&E D¢ h & mimo h e

asmon resonance with bhe PbEPcterxdditrndtmee s ¢
hancement i n electrol umi ness genndatetcdamuaetnisa rn
tensity at angl es @b o vtehra® @ Apl haoT hoil suenmocbes 8 r v
servat inamsaowgflaetphlea spromov s ki t e st ubescttuiroen s h
3.2demonstratiingp| eamecrottk sgnat t er i nteracti

otoluminescence to electroluminescence.

e n-angibaegmml asmon PedmkDelsdhotwrsod uhma meesmemtc eb )
ctor tdffeorlwar d ,wmdiitaheaa trioovred an g ul acro nmpVaH M do ft oS
e referewmic@naPRgUEBr FWHM Af slLéd8hO®ADblue s
ectr ol usnpiencetsrcuerm cies observed from OA to 30A
mm pl asmon modes , wiatsh shiogvihgba snBe g onaalirgg i s

rther i ncrease i n t he coll ection angl e
ectrol uimtntnerscietnyc e as the Tamm pl asmon mo d €

ectrolumifnesbhedBD@uasriovskite. Al t hough t h
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w h

ectrol uminescencoco mpsarsametwh att h er egdhuacteadl u mi n
aptdeier 40 design | imitations of the device

monstrate significant potential for forwar

t hhacker per ov-ahk gltaempil aaysdmojnvanwPeé& ED can b
owti hfed e xtiumlaebi | ity of Tankm gpbl8aesxmeommp wi eflsecensa n ¢
gkeédctr ol udre nmoensscternactee-d n g Ine -phaamsawoinlvee n Pe L ED
ing 54 nm thick dai dt eldittre | fuing emetsrcuénn esetr edl
gles gr-abduftbywbthbeincreasing collection
sonance neoldeecst,r oanudmitnbeessa eélyese i wlse matxh enuTm mn
asmon modes resoahetetwbtbmthespenoeskite

3Cobmpari son of LED performance

the device structure of referencet haenidr r ec
ectricalbeprsolpmdigagtdhse current densityi svs vol
enThcal consi stency indicates that the phot
t beetleodv t h e tlhTeOnexhoyna latcer,i ng t he el ectri cal
vice. The highashi évbawabardloamphammen PelLEL
ached 23,6 800ndid smamgiak hswumpad umi nafmere mde |
LED at %4 ,PB0r0 apdplmi cations such as display:
rucia@aurrentdeeffidirsecd onfcayrawa rod f awmi Nhiemtca mor e
|l evant Fpgbh@medtleurs. hadat ede maxi mum cur+ent el
asdwoinven ,Pte LED38 scauA h hihgghereftrhedmer gnce P
icho.ieslcd A
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a —— Reference PeLED b — Reference PeLED
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Figbt@ED perf.oCamanentivalethagr wance perfor manc
reference PelabB@QTaempd ansamoinoven PeLED. I nset: soc
Tamml asdroinven bEakERBNt Teddfrnentndcegnsity curve
nar vacmmwlaempl as mon PelLEDurtreaéetdeBQEty curve c
emi ssion ocv€uralkhtiaadlgihag® wWance per-aagmance ¢
Tampml asdwoinven bRERarERNt iedfrnententcegns-abhygl eurve
Tamm asmon PelLED.

Al t hough there is adi readlamatermaelnufnoinnetsfcearniama
pl asmon PelLED, there is a reduction in total
directibngbff®BnseThis reduction aligns with
guantum efficiency (PLQE) in the Tamm pl asmo
The PLQE oXD tpheer oqwsaksiit ec rf o-8vnmra dadiitthi vteh eff s1r84 7 N2 ¢
the reference PeLED stack a,ndist h6eN1Pa mam dp | 3akk
respectivel vy, al | measur ed? atThan de>opb 6 th iPAMQE
the reference and Tamm pl as menD Fpeelr oDy ssktiatcek sf i
l1&ro6vnatst ri bugeenchi ng by t heltercam3Eerrte alsaey e
in EQE and PLQE of the Tamm pdrasmoemBPglLEBD co
related totppioakloubobs s¢gscsoyusltde niseg mhtiicdhat ed

careful design and i mproved perovskite qual.
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The sandée-pTammon PelLED exhiiviil tt a gae ocuwrrrvesn ts i dr
of the refer-amglee anau mtaerrrppaw t s . The | uminan
direction, decr-&angles divreedctoll armalgiwin wepondi ng
forward current effi-anghepTabBme nEQELED tlse cw
to that odnglhe cnoaunmtoemr part , indicating si mil

coupling structures.

5. 3T.réansi ent photol uminescence on the

The transient phot ol umi ne sargilaetmlo & sdirdirev eme f e
PeLED swaemethsueed to compareuleshed obswhivahi o
showadni ficant quenching between the referei
Hertee pgerovskite film wiotwhitrm tamel mwe ftdhroauric esi P
similarly wifThushet TEBphlbayyeéumirredesecaemccee |[PieflLd
with and witvlkeoyt muicthwesritno d talke siTiTnPiBlia ri hpteerrof vas
showing effectivdilgibft @t Tmes pobt @aDumishéscenc:e
reference and Tannm apmimbdreoni BalLEDf ecti ve | i fe€
and 8.5 nswhriecshp gatsit wasdnljs @¢irhned®sc t4 .on. As di scuss
i hhat ,axmdlilon(<l8&%rrkantetsmelypfenl men weak ci
ncznTzMTH@MTP eported resonant structurehieéi dss

beneficial for enhancing $%ontaneous emissio

1°

Reference PeLED without |Ag
Reference PeLED

Tamm plgsmon PeLED
— IRF

(ngrm.)

hotoluminescen
or—
8

Photoluminescence
intensity (norm.)
H
Q

{1 —
0 1000 2000 3000 4000
Time (ns)

Figbt®Bransient photolumine3tmameceo| ovfedPLILED fst
reference PeLED without sil-plasdrdgyen rRedleERn
with effective |Iifetimes of roughly 10 ns, 1
shown in thigDfipguoe skiro-&qwasiht l@8ee 8B8ampt ed
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5 nFpoerhwieth Edinburgh Instruments FLS1000. E

ti me required for L time einsiittiyalr eidutcessittoy.e

5. 3EI7ectroluminescence stability

Tovertifreel | @alhi &rheey |l ar el ecftir mdiiunngSace & cogn d e e

stabilityebdfecthel MBBDOmMsaesanrcednatist entAsdensit
showhi gat2 the el ectrol umiDn ePsechgir®c aatt ®fd ¢t bers yga
current densiitdy mo inti & .heet%tmMe cimniitthiianh I1d0a0t ase,i o n
| ongetrhfeuhdn angul ar el ectr ol urne gnueisrEifesngo €3e6iis8 0 A
i nubSsct® .0o2a 5si gmrsihfoirda d mg2dba sper ovskite LEDs is t
higdthur gleemadi ng t o ruanpdiedccdbgédladat hethles salper at i
hal f fe of p3®vmidrewsst eegnp | enetaismmeg etme nd smp ledjtue r e d

concept

=
o

©c o @2
P o ™

Luminance (norm.)
o
N

o
o

5 10 15 20 25 30
Time (minutes)

o

FigbtZ|l ectr ol umi nelshcee nncoer nsatlaibzield tlyumi nance o
measured at a constant? ceguenvileéansitoytdfe @u
for angul ar el ectroluminescence measurements
current to achieve high | dnwioniasnec er,a teinos ufroirn gd

the sensor postihtei osnaendp 11e0. ¢cm from
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5.B8i scussi on

5.4Fllexi bility across the spectrum

| Chaptert hdmaltit@eht i nteractmedral bans ed oc-DBRIMet @
mi crocavities and the Tamm pamnmismiomunstmwnhkeurr
photonic crysn=al8 fayeraphiDBRdé) cr o bav iDiBiRe s
significantly | ower electric field enhancer
compl exity among the three systems. The Tamm
in el ectrieanefnite lc mprah ambct ad MmMher medal ti es wh
mi ni mal number of photoBRi)¢ ¢hypntkasl tloaywere mEd
confinement i n bot Inmetyesitad msc avHawe veh o ws | e
complexity given a smaller Nnumbeea mpoaftr h @y er
perf or mantchéea mi plad§mon s tmeutcalurnei caraocdcsanveiétril ensg

the | imitations of device structures.
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Fi g6t &®i mulTatmand pl as mo-meaatd mavalkies- incorpor.

efficiency detvai,dld @a%tbr,ugctétdane@c ,rfedb¢rovskite

LEDsS® Resonance of Tamm pl ansentoanl sctarvuicttiuerse.s Tahne

pl asmon structure is simulated following the
the device smeaetuxlt ucaeviotfi enetarle mul ti plied by
green: 1.01; red: 0.85) to enswrnea otflf ueni mesacrea

mi ni mi sing changes to the device structure t
el ectrical device perfor manted ( p(adpReerfsrhaacrtgiev eb
i ndebxd acandi ekgctri(corfaredat rliosisendieynec avi ty

struc(tgupReefsr.act ( vleadc &mrdtkixakgctri(cblIfuealcldionses)t ¢ hei
Tamm plasmon structures. The green stripe sh
electric field confinement in the Tamm pl asm
| ayer pairs is 4l wmyed darmsd aaddedotama shibGuhhée nopt
propertiesrahspbet hbaye#t/rmpeispwaski tlalyelreadtnr dam

device structure.
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|l i gbt® the simulatiomet af mipci on¢c daeidt imegs adn
struatrheca®sde por tpear fboersmi ng per osvtsrkusd tbu rieE D d e
gr eem er@enslp e dctoirv @ Ihgpe tmeelt arhi cr ocavli ayesr tslee tt hoi d
nm, which is typicasanhdrt e rramespiail taey tsLr EsBettchdtva
25 tnmj cwhich is optimal for LED contact, emi
perovskite LEDs, the transport |l ayers and p
bal ance, as each | ayer has differert enagrtrhi ¢r0
match eéaesehlcelkbBDumiwietshsoautic e f i ci ng the atlkvi ce
transport | ayer s easnedr ep emuddwtsikpdtneetsialinit OK @ég o 0 .
and 0.85 for blue, tgpr adredewcectred rfeepeceinhal
i Ri g6l d&f.

Onegei gniafdivcaannttage of Tamm pl asmetnalstmiucrt awa av iot
flexibility Imsdeadgof freedog.the transport
whiwdud fdf ect device performance, tuning the
pajamsd thichmesesetsi vely control t he resonan
enhancamedntout couplAddi tgfofdiadfleypngd. i ncreasing
enhancement with riadwecitlogtllgO rtehailc krmeafarda ct i v
hi gh absoofpt, s pleoccsisal | y T hnr otuhgeh reexdp erreé gnemd .i
thiclkisess sculkesce 8 obhri ®8midnideaMpeef or mance drop
| TO t has&rk ntelses rldBn oo @b b®r a reference devic
cacni gni fi cadanrmtel yuitmmpaiptl i ng effi cereefagiriadeaéei hg
the |1 TO thickness-1&Dtilmimnf etahsei brl aen gwei tohfou30 cor
per f orFnamaclel.y, the optimised Tamm plasmon st
i Ri g 6> &i

For albll utthr gg egemamphdsyetdhe Tammmplinhaltenathesrst r

spectr al narrowing (sharper resonanceay and
Sshowhi g@ax®&c. The el ectric field enhancement,
field intensity wiitshommatlhies epde rtoov stkh e er ¢d ayeca
structure fToe ocommakri sed.i ntegrated el ectric

blue (1.0 in Tammmekasnongre@ehnl (ilnOmeéemnallamm
metal ) and red (1.0 i 4me T,armwi hifsh mm mwlng s Ma M 2s ti m
out peirnfgbe mmet al cavi tlyhe nTarhm plodsomars .struct

design flexibility by allowing the exhpadtor at i
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remains unexplored. I n contr astmettahle cea veicttirei
nearly at t heir maxi mum | i mits due to cons
resonance gairnnfsorartema anetriatllo utthdiéc khniegshs ,ab s or

in met al

Besides thesi mdelaacemeaal field enhanceeament ,
the erapaidtevecdcef | gwiraBi©oand met alnadas yeleé¢etct ode
inactive pbeneni BOthestapt i cCaln vma dipfl iganetnit o mg
me tnaelt al mi crocaviis ych&lDl ednegviincge slueSitgmi Bevea
optimisation is required to grow perovskite
Additionally, the cnhooriecmi Dédjitrassposmecht aagse s B
seddsembl ed mon orleagyuei nrseesavaidtt hZ nlOT O. Further mor
optimisation is needed to enhance twhi dhED p

typically suffers from poor coverage.

5. 4T a2mm pl medem mi c rsotcrauveittuyr e

As di scRsess22aodhisnructures thaphatomrsiicsatrc rofff s taa Im
ei thhyebrr i dp hnoettoanli mi crmrgycsdwilti es or Tamm pl asmon
pri nsainml ed esfoiffnheéseantewadi sti nctFloy dnii,fcfrotcawvditng
wavkeserwmt hin thebeawikergm miemarths Tamm pl as mon

|l ocalised surface statesi dfoirm taeg ¢ hesta&lrmi nh
for these strunmnitaurechtkdtsioesdaonfdmreae domsgpd i ng s
the mirror,d0swvhridfel ¢ thtev & iesspditamucrebedep omado thes

cavity |l ength.stouc fTaimdse pd haastmogmnyrer sst f orm sen
infinite photonic structures with good phot
wavelength is dependent on thetmetkhhesabmbde th
me tpahlot oniicn tcearyfsd ad .

Il n Chapter 4, the pwiothhsiend 3s0t rnunt tpuerreo vissk i stiemp
refracti weayedeatphto@eo nme&nh dcle, ryfscdleedar | Yarmmr mi n g
pl asmon structure. However, in this chapter,
t he stdreuwscitgunrteased on plTraimmtaipad saesenom st h at ed h e
photoniandrdiestiade | ayeaphowt d hiocutstsoplvamd, f otr me

refradtciezse oiphdtt men i an & rd/esuiadies ostt rpuecrt fuercetsl y pe
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The microcavityonsthidenptgpmsgtitreaanarnytbrlii @D

me tpahlot oninci ccrroycsavailty i f t he devifwaetckhd roenz vaistr e
medi um. Tlpilsaudsywledtbeat i ngt d&kieng aivinhtey @ meimiget ahl
l ength of devicdPbPbtPVBEK2Quesr o6VOkpoe Y TPBI . T

cavi t yf alelnsg tvhiatnhgien otfhehal f t hee qruea sviaol eeancde a wa
mo doein= 1. Hewmwmeri,t y cahgyhekypnds into the ¢
penetration deptsht,r aihgehnefsdeismadtdeadmcmgs teltcul al

accurate results.

Therefor e, | hRekpowp esdge ¢Ilhimatchteumger eayr gauraebd yb
Tamm plasmon modephamnhonamncihgrhasa\ainteyred®Regar dl
proposed resoniant c atEdgtarter semidnu roef pheé semwtor k i
physciocnscap hese phhearnveememeaen prevhetbbduniegpoet
contr i btuntiiso nwabrdkmo in sat tseytsdagma toiae@ s i g o irnmagt tleirg ht
i ntersant penovskite LED dexvpiecreisme nftrad m rseiamu |Isaat
wi achompr ehensi vmatst edysiof ed catghhtmincr ga® nwe imlacr

as showhbhastogability of the structure.
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5.6o0ncl usi on
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d

n summary, a epxehriobd stkiiomtygg BBDQ Ul ar and spec
| ectroluminescence has Dbuesinnhgd bav e tdpohpoet loanb ncd
rystal structure. A sesaliledwerd abEDndekhastand

unabl e thickness range of each Lekeawiragilnay drl
esign [fltkxe bTdmmypl asfmoong tri evsiidsneadmcé ewa snat r i x
i mul ation. The experimental realisation of
|l ectroluminescence affgunbat aan&d&WsipecBb6abAnas
2. )dcompar ed tcoe tpheer orvesfkeirteen LED3;( @sApgeucltarra | F VFHW
2.4 Thm) findicmgpst am g rhofesso ol e eoptr 0 onfl € gntadi tt iem g

Nt eriapmeronskite LEDs, opgtrionhiaskerdnm@aet qpomopbeed
tructure desi gn diesmowesrfd aetixiilbbey | a mt & p mhwit-gohests, t
er fammpmer ovlsekD tdeevi ce structures WwWitplhioe ditshal v
arppl i caguonsaggpltacisentrol, emissiuacrh iarst e

i spl ays, optical communi cations, virtual r

aligners and measuring Ssystems.
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Chapter 6
Resonanttnbhawicey perovs

narrowhanaodpgtector

Il n thi swvechapttdireupesonami tstatugt deevel oped f o
and adapt it -ger forremsatnec ea nhrgbwband perovsl
adaptation is driven by the promising pot el
resonant conditionst hda hrea tgthearp tienrt eerxapcl toircemns vhiof
cavity leads to significant enhancement , s p
deviceds tunability. When combi niesdu cwh trahs tthhee |
strong absorption coeffi ci epnrtosc,e sts@iadtiel een althb arm
resonant structure enables the development o

but also customisable for specifiecdesaveghengi

and experi ment al val i daetnihoann c e fl pkTI ev srkeistoen ¢
photodetector, highlighting its potenti al f
i magi ng.

The content in this ccOovapteilr RBfYa.enderencadapy ee

spectrally tunable and efficil®3 mMhatrooribcasn,d
revi(s2i®o2rPhot odi ode response time, frequency
were measured tog.eAABEDXI ¢sheocShieonnyau Nineage wa:
and analysed by May Ching Lai. The author o

exper iamentdsa,t a amla¢ ysi et her wi se specified.
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6.1lntroducti on

Optical sensing plays a pivot al role in mod
anal ysis of Il i ght across various applicatic
di agnostics and telecommunicati ontsi.ed®fAsinhema
technol ogies grows, optical sensing has be:q

precision and ef f i-edgeencayp pgfloirc avtairamsu.s cutting

An deal phmtuoetdebecdeatpedgil gweotfhp exonviafvied saving tl e

ef fecti velbyacfkigrtoehn §rndoisistec apabi |l ity is essen
aptical commuwnii cia@v,jone n men gpeht meseinsalngi mag.i
motion #EetEetilbar more, such aprpehcoitsoed estpeeccttorra |

along wesehsihdpmehadg dynamliicesreanagtet ri butes ar
i mpoimamtdappted akeboasr °F mampicrhg %% mepéeonr al
sendidfmgd hazar*d® dwhteecet iaccrcur acycrauncdi apper f or man

Il n conventional pbonbodetécnhngrthecbpektbogwn] re
on a variety of teclhenquieisic bdirerdcslr egdioma@inét$ eni wcg
These methods have been effective to some e:
' imitations in terms of device integration

materials | i ke opfetemwsikghiefsacthaogveswatthat onal s
and-VI sle mi colnadddkclt iogtreso s ki t e sb e ¢ feir tnauthurdaukelge

bandgapase of proceskdasngd trmetohugds ,s owhiitlieo n al
absorption coefficients. These propert4ies m

generation photodetectors.

To control the broadband response of perovsk
i nnovat-liewes fti dsduhenhi gause sc har ge ,whil ¢lectt y pinc alalry o

a thick abssurbpeahsesl apaet it @t i-wav edleern ght 1o’ fp hsoht o

However, these met hopd iofatl emphot fofd@tiect omn e
very thick aanbds olribneirt eldayaedrapt abi ity to diffe
hand, the use of resonant microcavities has
mi crocavities nowunabiyi oyfef shpesiperctr al r
over al l performance of the photodetector, p
makes them a compellingnaoceadiphkotfomde tdeecvteolrosp
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owing demands of moderadopeéessiahg sehsi sgoa

rreiott heet nt devi ces, which stil!l |l ack sensit

i's cphreepstetneg sdevel opment-plodt oanilty berriydstradt arle
hanced perovskiitne egtntatt o gt & c tpoerr.ovBkKi t e ph
ruwit utnke@ r esomwantd ecnd wistteyc,a s e d dooratirgoul | aarv earn d
rrowband peakThwaoweglhe ngufrhef hé , weaaneaobaiee ed
rrowband quarft uuf0 6bf ofainali eesnpcoyrds i4vii‘tAyi Wohf a n

hancement fpahcatoord eotfe 2t. odr. fTehaet3u8r ensndp e @@ e ct r «
thin a tunable narrowharmd hhwa vseildemigyt ha d jangt
r ovis&kyteahre c k n eisnsc.o r ploehg thir o rdd iodfd teaclt rri eeq unirrerso r
ni mal modi ficati-pasf oomanoeepéeionsakishegtdev
awat this design can be flexibly implemen-
i s resenaancedvpeyovskite photodetector 1is

manding preciasnnegd spepetrn alr pdhmtt oadlet ecti on pe
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6. Qevel opAreemds onanitapchaovtiadyet ect or d

The idea ofr eceownalramhcaaycietdy per ov ok ii tgaef madinetdo d e
obser wveatdieormdsur i ng Tdmm sp lyaksrmoavdst krti Uj cetchestt @ inl e d

Chaptewhidch indicated a significant enhancem
Building onthbhesdeti athengsed to apply this re
photovoltaics to enhance their epfiesaémanyceh
provides narrowband enhancement and angl e

advantages for narrowband photodetectors wh

flexibility.

As di scussed5.idn R8umsaentc nigo o f the resonant S
particularly after incormodatiomdi gheadieoncd.
conform to a clean DBR to clearly define it
photodetectors typically have a t hChcakpere ra bis ¢
an@haptthe S5resonant structure in this photo
classified as aAdrdeistoinoannatl Inyi,c racsc & wldiggyt.viho rsk udld &
of advanced plasmonic properties, using the
appl iTcoabaveoi d further debates or confusion,

cavenlyanced perovskite photodetector.

6. 2FRilr st T@e PlxBaspeadr ovptkkatteedet ect or

Buil dpngooneximp BCesiPechiBere o vasske tt &i Qleadp me@@h dpt er

5al owmigt haevai pladi @eni ¢ crifyea tadprhisont gosndi rca s edsbOhPeb a n d
T700 nanigeide safl gmr ea on anetn hcaanvwcietdy ph & b oddosne ect or
CsPbhbBereatearrowband grTeobno gtdlmsect opget eantdorp.ot e
applicati ons hafv ettthies ppyrsos ipelecnt! ,f tire-acurnecat& Bonng a

photodetector in a siegluesliafgBi-bcaespeed ® Vakop @s e
A dbttahctiphot&det ect or can enable bidirect.i
design, and of?l#Howeestr | ydvantahpesphoteBsi cat i
sucdhual -pheD odet ewd roeg idekeen tCiefPibdBd 0o mibunslegd f or

LEDists applicati oins ilnbghihtgehd ablr oessunlgrmabl e t
contrashls; bDot hFAEDs and | ight harvesaerspohfas
| aywireshekrgyel s meacbnhog ahdanmdbadieaBiyngdapt at i
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bet ween the LED and |ight halfYYvébt sngnmpodgs mi

for transport | ay€s®hBs not yet available fo

j8b
=
[=]
o
(o)

100

——CsBr:PbBr1:1 —— HTL: poly-TPD/PVI
——CsBr:PbBF1.2: —— HTL: MeO-2PACz
= 80r ——CsBr:PbBF 15 = 80}
8\/ 6ol Quasi-2D CsPhBr 9\_1 col
o o
! 0 40+
20+
0 . . 0 . .
300 400 500 600 300 400 500 600
Wavelength (nm) Wavelength (nm)

Fi g6xCpti mi sat i gonre roofv stksi R beB rpCapat ti ord esti encGtsdBre r o v s k
PbBrati o. 1:1 ratio is typically wused in |ig
i ght emittingyD JddReBrdesi t igwmasfor | ight emi
devices have devi-GDsEPVKLDPDaB BCREAYEDLpOPpFCI T
bOpti mi sing hole transport bragyteires dforl pierlo.vs

Neverthdelhesphotoedfiai enqyabDo fQshipheeB rogvusaksiit e L E
devi s e me.dsanmteidc i ptahteedphot ocurr entthnevasmahefpl! i g
energy basdVhehisgaimee-Bid aper was kiuesstnegd a -ist andat
n photavoht wetdousCleeel ect r on t rdeentsepcotrab llea ypehrot ¢
was o0bs earsv esthiogmhtaei Howe v er , trheemapihnoetdo cluow edu e
thin (~50 nm) dkbheot ht ic&kmdls apyeafo viskke teods i mai r
by Itdhw sodfubOdghBitcyh |Iprmedesafthreanicemttd.a23 oM.
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CsPb,Br; —_— CstBr ——— Cs,PbBr
+ PbBg, + CsBr

(® CsPbBr;-Cs,PbBr,

Figb2econdary phasg8BsshematCis®b@ragram of prim
and secondary BphadePB®bdor 8Bsd®bwi t hhaexic eCsssBr Pb
respe®dtSiEWeliynage showing morphol ogy of each |
218 CopyrightvCHo Ive,r | WIgL EBBYnb H & .Co. KGaA, Wei nt

Givmwml ti pl e optl etdoi slaotwi OENSE gstiaégthia Cs:PeBov B &i t e,
t he photodetection kualgkoluinlt iewéoreasl tssnfv e s hieg at e3
Experi ment al tohpet ibwlsk E@wmséhb &afl «€d BréhmBraa i o of

1. byieltcheed hi ghest photoluminappeoncdadmdaaehyev
showhi g2 &CsBricdimposi tion resulQssPh@sP dbire f or
compovwhitceh reduces gr @iowv eriatpe,h tiamareessacseensc ef il li
anidmprspas siomfper ovski4'é€Thskk E®st svere tested wi
configuration of | TO/ PowrK/lpieghotv shka rtvee sTtRiBn ¢ ,L itF
ri ch -mindh Gmshnadsees®h ¢ @dlhewa r | ncomp atsi hlihdweirglee r L
transpor tza iTnheCsOshkidPbtBahedepaCait edle,bgvenk

el ectroni cThawerileegpalt spgead chahgehcag heer s,
l i kel i hooditofonr eaanalméinge déekComs ¢ 4 wepnutrieg, Cs Pb B
formed at ,a prricoivdemslr of i § h,t lehsardreemsan sntgr EQ&d by

obserkWiegb6ladhi s observation is consistent wit
et 24l .

The device structbuyr i n g2 Wzt haesr tohpetaihroiy gee d a la |
i nii-np photovoltaics2RAGMEs eghdrsaetmbdrre.dt Mea@®dbl ager
parasitic absorpandngegl eotertati Alosbesse® mpa
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| ay®PAss s hoFnng Gilpe, CsdPdmBanstrabepagiobidl i ty wi:
2PACzexamidbmptrsoved EQE across the spectrum.

In Fi guréda, al | dewi csheconfiguration - of
TPD/ PVK/ p esth B\CPHviAtgen rOnbairads ed t o t es tb ultE Dn opneer f
successfah] ywt t hbrraboé inmoks t o bas ecrovnstidrmai slta,u sadeg i c e
TPBas ehectron t rwaarss pabtltuer htagoear as sahnowk HD a
el ectrol umnhndesactthbmegs,subkatl i e€Cso avdh b anrdegtp
approxPkmawbkVgshmalshamt ChP bBar oerls&kadi ng t o comp
i absorption wit hAddiet ipeamévisgky talhdigsympoati ma
for GoRrBrv Flirttdestmodiees havCeocahowmr mhat def
interface with man3d® péet ov$ kciwtmet athdbdudaldeie aytsi v e

recombl s&tsi on

Thsee esbl gbhl i ght the chaduelnpglbbD odetf adbitroic ad e v
CsPhBrThe2 Qumernex s &llsiegahst meimiptaabarght harvester
t he 3D perrdwsknist ¢ he Aplpiosvitreg fruemadomabl e per
LED and phot odéetredtdi wmi ale qfuumrtelsera di mi ni shes
per f orAmadnictejtohhecatvd lyubif | Cs¥Yr flaibmiitcsattihoeh DOr t hi
effeltghte hAlrtversaamigrs cnbe e dseudc,ir eadsuci ng CsBr i
compiosn,t addi-eghawomt¢t¢iubg| adgi ti vteessc lonThagewsdcskg ev
ok ui ttarbalnes pofrotr litahyed epr i c e @d rsfoi gerceetsisdrnt at es e
device cenFfoirgup a bldabsdeed-h driwgehdt i ng devi ces, C
transportCsdaamyderpD@iniyk gri ¢c acid met hyl ester
between 1.7 tarledwer eNhamwhodbihadseed pe’frdvs’kit e
Ther edm-rpe devi ce cowoinrflg tgaulr ad x iothes as el ®ctron
requHoweedweéd, t hseu gagbeosvie s mp p dornveeckdotta bl i shed me:
and require sophisticated optimisation
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— no additive, no treatment

— FAC3,PbBg — no additive, BPA treatment
— (FAMa01GA 2osC%148”bBE —— BPA additive, no treatment
BPA additive, BPA treatment
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Fi guer3eOpti mi sati on of mi x e d cation l aad br

Optimising mi x ed cation per osRbBeandvi t h

( PAMA GA ). €83RPbBr both damteiag@ldvewmitth chl oroform
coati ngAlplrodeswisces have derRACz /spteresdodtGuURrieh go/fC
unl ess SlpeOptfimdsi BPAaddeti ve and treat me
( PFAMA GA ). €8. PP BperovAakli tantireatedntwi th TPBI C
chl oroform doratnggt peospepis.

Due to the multigueal pihidD oadaepecshabdihc atuisee

pri marbf gdhe workaiessoowanmpsemeaoture with per
was subsaqu e®mwteldyedvoew ar tioroghramanced perovskite |
To i mprove | ight Haxpesti meot peatviodimahead br
perovskite to increaspe opdrueccecck sor f cbimsgunmle as h
6.3a aF A Gs PibBfri | m f &b oiinc &t e dalcuhti iecoEn®® ugpn t 0 80 % a
400 Howe vheer ,BMAES capp@l%50d0esnpmt e further adjut
perovskitdikBlugknesspar asi teiscn da bhsiog gdinaotni vieo
recombiAmat ihem c, 0 RAVAS GA )o@ PHBr wad easlt ®al wi t h
concenafr awop dn 2FoM | owing the LED repowéds benz
addeadmaddi ti veimhoifngahneo ppdoabkotesed to treat
foramsitushkeltleutc’Despi te ubi okarvderanst i mi si ng
par amettehreseBQ@QBE e xi 0t o500 nm. Tlenafi inlemd Guwdlp
after numer ous attempt s, |l i kely due to the

consistently.
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Th e expeopmemi abhtbiroonrd adwe d h p areovvesald ietde t hat i
harvesting performance doesbansoed ntaa uwcrk e dhpaar to:
me to explore other alternathaésdafaer yr eoanpart
wi bhavail abl e ph oshHaeahcu rcersy sa ag h o t400M0i70cO sntno p b a
wavel englfhoutndiaye r e quirresmemainddsiféoretr hd s o mf or
LE®For [tElDes photonic stopband celnt mienemucdn cae
wavel,ehgth i s around 500 nm with our photoni
the perovskitebds broad absorption curve mear
not restri etaesck dt @ elwrdadaksl & de sp,e rliorv sk a ¢ te, of fer

rangsepeocft r alduted iaobh ir| bryader absorption range

6. 25e2cond i#ABRPBbgans ed p emi avhs kMALCd addi tiv

Gi venlitnhviess ti iog-b @l epdedr o s hilyiptoe hesi si mpgl ¢ mant dthiec
mi gehxtht 66 b nant bBAeOWIOtOh innMm | elg e gh& A Pabilatshe d p,er ov sk
incor pdA@l i adfdoltli vwei,vegtabwieshed amecosipa@Eai ght
proedcglabi efgid'd ThesdreAPibelmo nshtirgh eldi ght har

effici,empyragmabddl yhher mal &a’d photostability
100
80}
< ol f
S
L
ZLJ —
| —180Mm
300 600 900

Wavelength (nm)

Figbda@pti mi satizmasefd pPARPDIVsS K.IIEIQE mpH o dFefPidd & c t ¢

fabricated at various precurs.or concentratio

Mi ni mal opti mi szateicwp® 0p e thied rorkrcdd iz o ie &€ V & mg

g u alciotnys,idsetvd rcte per f or ma o s ethhgiadnks o frhib lkgahb r&E @Bt e d
from.& M pasecwsrhaovnmg bidaePr evspbudi es indrcate
perovskite &absoikewgdddwiamiidnachi eve broad a

absorption curve®XFwirtth emaxixmemi @Bt ati on wit

129



opti mi sd mat isnpgrsn@alnde mtnt pr ocesses with varying
evaluate device performance &Ad¢cMosms udiefnfeenrtesr
reveal e@. 86aM phecurformsobh2énpmat hdochkl pr é i
concenftord@i am t harcd T.iO088, M precfucrso3I9CxCommetnh
filmecwrsor swofncknd4 aMipamdlut e®0 fMI msd4mQch tF
nmAs s homingb4aedevi ces with absorber | ayers th
uni f8d5rd%n BQ@E oss a Ag otalde rtamigek nes s mdkZineased
t he EQEO aarm el ength remaine¥Wbuotat hdge cE @ Bretdan't
l onger waTlvheilse ng ¢ the .x ptalsaebesdo r ptfRAREIecr eases a
waveliemgtdases, appneach Bais§@ snhirbswgbédb.red mae t he
absorption depth of i ght i's i nverlseengerpro
wavelengthieepenhereabei ngaabosonbedfowhibdle dec

atonger wavélempsios bas .t hi ckness reduces

100

80

60}

- - ITO
— ITO/FAPRQI
—— FAPD] after
subtracting ITO

40r)

20|/

Absorptance (%)

400 600 800
Wavelength (nm)

Fi gbbAebsor pt ancseRedf IFMRbIshowssabber pcitoamal oA
calcul ated by subtracting the absorptiion of

structure.

Overal |l ,sbtalse dFddébivdincset r altieddlatrsvt e sotnigng per f or ma
br oraadnge of t hR@®mnoevedsD, 0 frrnpmolvhiidses f hegkhebkbt
contwhoill e ensuring malbidngper f orsma daéjite dtomru
i mpl emenhh it ir iealosntarnuw d uor ueglplty mi sedrasshegrt mat
model to raedquimatlki dkemeshsinege sonance.
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=—0.125 mg/ml PVP
—0.25 mg/ml PVH
80+ —— 0.5 mg/ml PVP
’\5‘ 1.0 mg/ml PVP
< 6ol
&
] 40
20
O 1
300 600 900

Wavelength (nm)

Fi géBlemprove surface Qetitmibsadtiitgn woft hPWVR Pf i | 1
MePACz to improve the wettability of perovs
perforTMmaencpeer ovskite thickness is fixed at a

During the FARsMdbefveirceofstriuet ure onto the ph
significaenhcosstuuer evh.s Previlas leen cearompita dni
commer ci al USsTiOheg2uPbAsCtar imsé e t r ans pobRAGH alyfer . \
assembl ed,rmawdlt ayarhe | TO surfaceatheougb «ct
sur feacevgy .t adbnd it gdghsnedsest Ehappdeind | TO | ayer
photoni ovasr ysyptuaghibersed wi t hoats ulhtéiaiwgemgm oughne
compar ecddommertcddeaé t dOt he di ff er eMhte nf alirtieangtt ii ¢
to dé&petwinto hehawmse [-TZPAMM2e O ft diel féodbl o a upsoeo ro f
surface Wetwgalli Isiutryp.ri sasgtlodsebDhetiiSc@mbod fe d
monol ayerhoouns e plpTeGamedor s en tFhAePswiees t athdi @ m tt
ornm hhehouse | TO @iPAIRaoyntt rMery r e ppr ene’db e\balayi ou s
solutions were attemipé@dPACznwl tdhi ngopadipiama@ |
chl oroaneaereewer eWhutekdibttialbW K afiad rle adrwA Psb |

film formatinengated the -pusemlslee dof nroandoul nagy e a
absorption, i nterfackwdnt apaodl lyyei egt pR/\ER b | ildaos
commonly wused to I mprove wson atorn &dmd,yowafs |paeyr
identi fiedSiasRkWP dhalsutpiomnmr. conduct. isisshygwn ti mm
Fi gwo6eith an absorber | ayer ofhiaphpersaa sBEaE e |
achi evadeudihnd ageath, rHaMHA taw d ¢ 0 n coebn.t Ir 2a5t ,i noghh inls

resulted in an EQE spectrum comparable to d

PVP | ayerFi qaq4asseen i n
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a 9\ 100 C 100 FAPI: 57 nm
N — FAPL 70 npn
£ 80t =~ 80 . — FAPLBLnm
) / < : ‘\— FAPI: 95 nfn
S 60 I\ \ < 60} o
& S ./ .
Photoni o 40 o 40 ‘ U
crystal % FAPI: 57 nfn f
@ 20t —  FAPL: 70 nfn 20} f
Glass substrate y\‘w‘ — FAPL:8Lnfn {
O 1 1 I— EAPI 95 nm 0 ‘/ 1 1 1 1 1
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fi gwb7®esonant structur gbaisreado rppeorr cavt sekdi a FeA PoH o
Schemati c a:bfastehle pEARIvIski te pMetacdetectrerd | €
curve of rspshonteaomdteteARbolr with absor the&rQEt hi c kr
curve of rspshoontaondte t FeACPtbolr (sol i d | ine) with a
81 nm and 95 nm and their (e¢aspleediitivhenteheef esran
absorber thicknebavieeAl lcet tesnd i devactiesns of
2PACz/ pesioBCGRRAgOD ICant st runcdteurley iinngc Ipuhdoetso ni ¢

i s absent in the reference device.

The i mprionveweetnttabi | ity wi shcthesPWVP fabercen
|l ayers on the photlonniibcpatmystaali omsubs$t rtahtee sr. ¢
i ncor pgrFéAtRdlevi cedshgwi f i candti prierfdiecdtainrcge r e
bet ween 543 nm t et I6i0Bk mdisest sweaahrie e5FA Phbnd sa nsdh o9wbn
i Ri g6B.7fae Tnhairsk s a trioomesdongntt sauwguhcotpurremmheat i o
is needed to reducrd rtome thef |Aac tsd n-dvey BAEREN | m

the EQE c udevvei coef rweibtehn atnhte hsotwsuacgtbuordeor r el at i on
refl ect aw chéh ror worevel,n gehaikfbteit mge5eOn t o 610 nm as t

thickmaspgetsween 57 Aand hebthARIkiness increase
increased sl idgB®&l yo H28gi Fg dfattdoiees ored l e t iad «
yet i deal , thus no EQE enhancement wAats o0bse

wavel engt hs ,whhealchnt 40 @Wenmhe photonic stopband
EQE r emalkesmum,ofsi8n2%ar to the mehbapoeme EQEC¢
attenuation at this 7@angimhsoAtbuwavedleendtehphal

anot hewaspeoabkser vedbséuvalvli ¢ hemlmancemeatedrta
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the referPneet detvheethi nebbsenbbodewyE@E athe
| oemmgavelsernegstunl t EQ®H Girmuad 27 %.

/\3 400 600 800
S 100 —— .
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Fi gb8ki ne optimisation of resoglmadedtparcdwyle
phot odet dMetacsnuredlempamgdent reflectancesz curve
phot odbtEQEt earur ve of splectomaettedtA®®Pbl and t he r
photodetector with the same thickness and d
configurations -PPACAD/f &BPdiM) V e OO ¢BnCORY) 8
nm)AL0O0. nm)

Further optimisatiotnhiodk ddissapar oy emda wietsbhmrawncte!
reflectamceacnhiggat , 5886 sFmogwe®. eiANs t he angl e i
the resonance shidgta dtionrinaoohk ear GHadvpeil eeTnhgdt h

EQE cauhhowed ast i ciwmagnr ewirag i | € kb & adni csep | aaoyrivnegp r o v e d
narrowband EQE peak compagédetaa htileevi enagt 16i2e r6 ¢
595wimh a FWHM of 29.3 nm. The EQE enhanceme
resonant devi ceeadlaeitd haa irbedfbecragmy dneg,n tt ihael of r «
cavity enhancement i Hopwevevshateephetvoadectecdt
i deatihersi gmiofnf dwirmpr ovement to i neveasm®mot be

Whi Claptaenddh 4 p tdeermom st r at ed a st rsoinngulcaotriroenlsat:
experi mentailniragdau Imi s,att bepldt adhb ése cRbAePebnl mor
chal l,asdrieenfgr acti veswarsd erxotofdiFrA®dit leyadme dher e @& f

i ndepurod FARbHlei t er at ur el evadi rugsetdo di screpan:
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opti miBespioineelahli gsshemvrudeatfiogsront nwmiut h -basede

perovskite @hwe phteli ® cit corfs ttohpeb aanvdai | abl e phot ¢
4010700 nm, the br awad od bsFAwWbil ¢ lumpe & (e, B8d0s® surmt e d
in an additidarmael ppeodlonwice Issitudbgmipp @ dnad r mance f
narrowband phot odetTec taidodr ewssifsgndinchg astpi qwest div s K i
bandgap ar owvasd ch®@Giemsm anso cieti eelf ¢ wi phot beai exi

crystal

134



6. Qpti mi satmioxne do flhetrlwed=tkattedet ect o

Opti mi sati on opfertohves kmitxee dp hhoatloiddeet ect or i s i ni
effective recipe that functions well as a pft
mi xed halide perovskite | ayer, transport |
conishtre related to | ayer thickness for | ater

6. 3Milx ed healoivls&k ipg e

Compositionaf meépdat méetger ovskite ca&dd0 shift
nm t o ,8d0eOp emrdi nigr comi-cdtekde dei Blowe v er hdstthaadte e s

br omiideh cosnproes i groonski gni fi cant perovarki te
unwantedngdraséri ghtwhciocnhdigrne®snnesnts a c-hall en
performance, photostabb 6i06d6edvoncrege ovli o W2fhamg g a
Numerous studiesi mhweed epload e ds eedroeggat i on st
rati o, with the issue wof2feoniancghiaesv etl haes bbarnodn
t300 nm, -tdeombdedeal.i ®:Adthhtidsl d dlaee patcadfAhdn

composition hoeweaersemtga ltlhethhaashmish®@dvncati on ¢ omg
FAGsPbdBs)xdel i beth gdterva rc e per f oe ma nhgcoeoed ayn d
phot ost abhioluigthy phase segregd&8 on is not enti.

100

80+

60}

40}

20+

Absorptance (%)

0 L
400 600 800

Wavelength (nm)

Fi g69FAh GsP.bdBEbs)zabsor pt ance

Reconstructing GbsRedBomperct peé kA sanrdaiingphltef or \
opti miys atinidofpoerrno viss kinbtse ab s@regtpir@sne At g 6.9, e

reveal s an onge60 Soifm caeb sporrepctipbsoen ctahtitciksnaels sf or r
struct &h &8s PbotBvear ecwapepti mi sed to provdare uni
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rangtehiodksneTshse f i |l m t hi c kne sve manads ussueAdFgyic e mor
as!|l |l usthrigtéga® a&aAtt hi cke@ssmer b hfei kkixthe bwd wa a

I i ke stvuectwresol vent dynami cs hangdh cprryesctuarlsl
concentestlionpngsumfane Prr‘mb®hdoessrast, 8R2i | ms

nmhasimo cstulr f,acebl averapel owu,dlekcarrsmsi aedguava d h
thickKSnemxe a planar resonarftepeavdietnyt , starcng tewr
defined material interface and uniThoernge ftdrie k
FAGsPboBs)af i | m with thicknesstsr omegl opwd to8E2migm @ | s K
higloal ity opstFiotrai c&&rnuétihtemer ange of 360 nm,

in surface roughness may be necatssagyahnhtrang

process or by awhkninQuesr.aporation te

Perovskite thickness: 44 nm Perovskite thickness: 73 nm
64.73 g 45,55

0.00

Average roughness: 3.84 nm Average roughness: 3.81 nm
RMS roughness: 5.00 nm RMS roughness: 4.83 nm

Perovskite thickness: 85 nm
| 62.68

m

Perovskite thickness: 360 n
3 T = 288.66

a8
e

0.00

Average roughness: 4.44 nm Average roughness: 29.80 nm
RMS roughness: 5.61 nm RMS roughness: 37.30 nm

Fi g61 @A GsPbdBp)assur face abhigbwfealls 0b7)3 nm,
(B)2 nnfddd@d nm.
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6. 3Tr2ansport | ayers and el ectrodes

Optimising the &eraaospodkes GshPybr(Bs )ad e dohc e w
heawinl ¥ he exapgeeéreidem ddzde FIA@Por t eldn etaliMe @aas e
2PACx saeslsfembl| ed i monucsleadye&e®e thenBpoatddrlessert
wettabi bimyl asstue t h&u besntebd .oddi. SAc uvseBreéyd tliilzmy re r
appli esg-tc hhigrt g fiowomcensondutodm®5 () mgt/oml enhanc
wettabilitdepoButthoei gPVYPel ayer, the isogmsopano
awaynynbound®PANMeOemgxwcess materi al t hat i's n
t he sluT® ad e.a dishvitesiyn-2MMA&Cz , | whec humwdeentaegicntsab | e u

AFMvhen scanned across a razor bl ade scratch

| npiam device coedwmfacgmmaeyn ieddne,d tQ o atycefatpesp o re
with,wBhPE a@drasesa buff ersoalnady eBCP dBeogohs bGeed ont o
perovskitleedfindlm @Whapdriatal @b clkmpe cap Btoat e d
be betSwmem@b HhMDespite an error ilemdaGsedbeengpor e
t hi cker ,mantscover ed t owaerxdpse rtitmeeend ddovniddienules t
perform a@adehq watteliyw,k.BeCPxe qiva reeesit aii oaebBd 8 hnint k ne s
to establish an oshamd tcloemt met albeé¢ lwe eimrddd e,
prevcdimtr ge acactu muhlea’tistnesrufcahc,e devi ce with 8 nn
perf or mance i g Ehboowne ei BaCyPer , a met al el ectro
t her mali @&Wha plooérdgt ¢ o mmo n | yh aursveeds ti ifinodr i djeiuvsi ceefsf i ¢
and operational®33 thael indaitdilyvoegspme d e ® i & e $d dasote ©

effecti e whol et isan | | mai nt ai.nilnng thisiigshv edoervki sc
chosen due to its | ower absorption oépsismah t
optical resonance performance
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FigetXtPerformance comnparmesdrOalaehtdwesean sputter e
| T.O

Sincheousne | TO i s sputtered onto photonic cry:
structure, maintaininghdesecepperéoedahtT® ws
contr olMOoeéectrode resi st idwittaGhlagidhenrt leSye ad | &
the 1 TO electrodcgeriangbAddemoapid®ig @b ilsot h
devices wiathlb mmant eidal -h 6 T ®©eeaxhh@itObiignh br oadband E
approxBmét atyoss t he wawels5e mgn. h Trheen ge monfe r4£0 (&
nm t,hiwlhkdrhednoiunnse sputtered | TO sisowrce hé MO
t r ans midtetpaenncdbeonittmrea ner i al anas t diie &scet S sogh. 3

t hdisf f @ rmpracddes E QEN ecvierr v ehled ersessnud littsmeli dawg e 1 TO

i suitafbdlemithcdagler f or maasPdo(BERA)zd e vsi c e

6. 3De3vi ce performance across varying p

Theopti mdeedaaenf i gucroantsiimdnt s/l M@ PACz (~1 nm)
FAGsPbo(Bs)zsper ovCkd(4® BE&P/ (BAgnm)I0Ws nIimy M
perovskite precursor agp@lrwtxiBdarm,t ethyatdhriecgkb 1 bi h g
broadbandas esipdvrg &il B dohi eve partollisakyneireh e
solution i si0di2l8utM,d riteot dfli.tclécm@ss 3n n& 8 2 o mm.

Wi t hitnhitdk rsetshEeQEa nglequves a simil ar t AP It o t h
As t he abs odebcerre attsheiec KEnQeEs sat Ido nmg enri swmavwse Imom gt
thashatrter wavehrein@gt hdwewlatvoed #dleggée hdent absor
dept h oGsPBPhgEkBiBA whi ¢ g ntsheviaabhsor pti on coeffi ci
curve sHhowwOé3A.Pherefore, to maxbmssed EQHH
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harvesters typhsadbegr gredautc @@ sdbmms ur e suffic
absorption depth
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The relationship between absorbeerihiekneéeésoc
optical si marbeatsieano®,n whieclt omp | & xiokf meraabht alv e
where the extiknatdiicr te an@ft fairdsiaadspitd emi.ct ed i n
strucrtaeareti onFshgéwpvhiemnci dentselnitgelrt gwaavwees t h e
Si dea,rabgor pabh oeatviesh s hfoorntwaalep e fbdtOh nmheAs

wavelength increases, the ,albisloalpt b @wetrd eupnti t ¢
powgdecr eases. S u mnmw intgh atohhe pl rratiywsaacdognipiraem e nsi ve
of the absorpthooughaut.ctlehre aghibmeusir gothailoing nrsat i

wel |l with t hree &xpregadsnhel QEsafrilayt6de @@As t he per ovsl
thicknesBasesm 38 nm to 82 nm,6tOh0B 6@ 0 aviamm@ @tnigd rn
ranaglesmcr eases, indicating that moalksongthit onm
dept h.
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WitB68AB8 nm thick perovskistuef faibcsioernbta btsoo t mati cbhh |
depachr oss a bnreasd | ¢ gmagtor prhafo na pprt a iwnmd the Iny 8
t hpee r o v sakyietre f or wabv0é0lr 6 A g tamsy dihne tihnet e rsfeeerne n c e
in the abserpegtiexmmmagd by adjusting optical

were found to be attributable to the optical
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6. dnvesttilgati eagonatnhr sughicdiumel at i

Bui lan hg insights gained from idehbtufyfaoagush
toefitrhieng esonant structur eAltthhroougghh pthoes eni e s
crystal mul tsil myleah eéinsg efsioxeahlt! oststy sfecoeumae i c al
e X patoipofmar i ous parameters that infl uence the
enhanced perovskite DbDalrbhebapevmpbasbogne¢edto
|l itebasederefractive hreAkl@le v,d atetae faoat u als tri enfgr
of EA&sPboBes)afi,Jfmttings pCurafdoarlnuepde bwega fro
dependent transmittvtaecmeandi smblooveteapt®yld\d

Throoaghefully testing and adj det e ntghien dnmeosset p
effecti ve fooan fbiag uarnactiinogn p h sted cewrtri evritt yi, n taerds ist
Thiscladeesmprehensive analysis of photonic
devipea'fsoramawsswave!l engt hs, ultbhmadbepltymalui de:l
strudther es.t uedxyp|l @lreecs whet paot ¢ hies aivioyidkad & e
cust omi sed pshhootbhcendiacc fain w efd@lst pr

6. 4Malni pul ating the nunbbielrayoefr sphotonic

As the number of phot oni ce fclr e/wsitt tzali icpeb dttheep & € s
stopbaocodéeagrea mpilueh amgienber obkubhlOagearhse, refl ec
appr oaclhye®Qébreecaart | vy © #rpepsroersasnyaiiagnlisssi.b s t rmaunnmb earl
obil ayeosmbi nepgt wmit fednreagemaestartechgr pyr esonan
| eadihnigg httoy enhanlcye ds eapniede t madrert ceve t ii mar. e &Hdiwreg etr
bil ayer sc ampilnitc atl s r faghdso 9 tasa,t inadsa i aandhg preci se
materi al interfaces and | ayer uni formity be
thi ckomes sewsls gimasainayl de v itahtiicokmaetsasmni al oil mtyeerrf a c e
uni formdvercahyeabhaotbtsshbheuvtobumance
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As shdowmgit® i ncreasing the numbemhef rpBotnam
strugitgmiefi cantly eohanasesesheti @eagonmonm@ae str o
pronounced nar rBoywbkaenedps thegs ptohoesse s temp airfios on,

appears ftivat owi t$lthe bebkbaywanse sharpens at a

anasecondary abe panp tlioomg epre avkaowuet |se ndget thtotped aphrhldo t
Thets fceacnt b ec oerasbigltivgtndni ng t he | ayer dghdw kinleasts e
five or six bilayers prcduadi ar adwogiasimt, | oelad dt

applications. oHhosvedwertd, ai tsiimplalfsed structur
stathsevlkestamsorapt henperovskite | ayer, effec
deviccoerébes functionality.

These simughtighs tthlee frl exo rha rgiatrsttirafwlt aurrley i t
Adj ustghe number of phatboiwe €Epbpyspakdbvbagbpst
spectral response. i & Hn raan pspplwi cct artai | oanlosa inr deggi udntor hi en

bil ayers can sharpen the resonance, of feri ng
applications where a broader spectral range
simplifies the fladwearcatcosnt .prdDlteseseaumldt s em

optimising per f oraafnice dompsleidcaomonpeaeeds.

i mpl ementation, we aim to identify an opti ma
mai ntaining the simplest possible structure
response, darhe eseufbfiilcaiyeerts t o achieve intense

making it -aftenhcempg .proof

6. 4Al2t eri nmbé baomades

The resonantc amavbiet ysilnepng efgeerd nausl tainp!| evi o h hal
t he irnetpergeesrdaet crayg iTthye madder of cavity hmesdes
directly rceaevatgdt iddhkedirissgtéeidls as t heft hihekne
perovskitecomtyreirbutws cthd nitichhet dhaer g D tgpstcalielnl gatthe s
peri odiReadlsy in absorption occur where the ¢

each peak corresponding to a specific cavity
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Figer®resents the absorption map and the abs
modWhen the cavity supports astgiomggpwewmede, asa
number of cavi ttyh emoadeesso niamaree dssterseenagsteb a gir mg u &
reduced absorption ratio even with increasin
Thi s perdfrcorpmanbcee attri buted to momoeeccapl it ng
whi clst hbéuspect r &lowt @pshpoot nosdeestaencdtc@ hiibvsi tcyont r ast s
reference sphwlmembéletketOeperayeks b oadlsd ngaebrsor
wavel elnhget hasd v aretsaogueandfi st tr had ues dsslmachehd \g h
absorptByonreducing the absorber thickness,
enhancing the photodetector 0s response spe:¢
simultaneous optimisation of both abserption

often +tof fa ithr adenventi onal photodetector s.
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photodetector Ssystems. Further dinlveadi gat itc

devel opment of tunabl et ipnmeo taoddjeut setcmheorrtss, teon atbh

response through
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dynami cAsc hfasmmrge s ha ni rciatvii aly
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6. 4F13exi bility across the spectrum

The versatility of the resonant <cavity struc
was also validated, demonstrating its adapt
perovskite compositions withtditfherenfsebéaondg
det aiiduebBsct 6 0RA.6dL s i ncompati bl e with -blaasregde b a

perovskites due to confl i ct Csmmga sa besxocrlputdieodn fbra
blue and green examp-b&£ostepttwsnenzul abhi dam.i sTlk
reali zation of the blue and green photodetec
which can then be i nuleagtriactneed i nto the curren

As shoFwng GitrgFi g 6.t & nkEdi g6t 8 he reference absorp
broadband, reflecting the broad absorption c
number of photonic crystal bil ayer s, speci f
effectively enhbsoeptilbe ras o wa nwh erlees osniagnnci ef i
signal s. I'n all three cases, the narrowban
experiment al EQE values exceeding 6 0 %, sur
photodet ecttolmes Irietpdoartdae dheedn fia® d cotil dng
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Si mu

her mor e, given the broadband absorption

ntial to extend the narrowband detecti on
i bly down to 350 nm. However ncememnti ataito
|l engths significantly below the bandgap
rption coefficient of perovskites at t |
nance effect. Resonancehenphpamoem&nt el s
e the absorption coefficient is | ower, a

narrowband wavelength enhancement and t
erforming other met hcoodrsp otsh d&ti otheap envdarh ed \

her detail s wil/| be6dbscussed in the fol

|l ation results demonstrate strong compat

bil ayerBA GsoPBboBh)edev,i ceonf i rming the stronges

mo d e
roug
i nfr

pot e

M = 1, corresponding to a perovskite t1l
hness in experimental optimisation. Addi
ared pehovdhiet @deshiggpldlsi gobustness acr os:

nti-wbrfdrapphl cati ons.
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6. Gxperi ment al Ityhe r eealsiosniaamgh a nccaevdi

narrowband perovskite photodet e

| n tsehcitsiloer e s ¢ nanénhcaanvcietdy narr owband perovsk
exper i rhertradcllatgenditnhg t he opti mi s&Sdbsiemulzat il gn
performance of the narrowbandugkl g v s nvce sutdp ona
paramet erEQEsuaclesposnsinvoitye eeguiecal ool ypgwewer
charactetrimea icesesponse, frequency bandwamnd h,

photocurr.ent stability

6. 5The repemawviski te phowtodetect or

The experisaeindmml|l ofr eahe designed resonant C a
di spl &ygé2@nossecti ona3THiMnAaDResviesal s t hehsthuc
consoifsttshree b{(9G@yemp(®Ed BMPO | alyemBOWFI® nm) ,
Me@PACz (~1 nm), perdoO snkm)t,e BB (n"Bm)DmEC aond A
t hsei mat ami ¢ composy tdfontsh ea nadr glaemibce t ct chrihfocadkmeerstss
Cceand BCP | ayer s hweAtFghe a1d r.e¢ miehdd sSAEMEs ul t s

confirm the higlheamidepahdTit e atf SitiGce cer yst al a
| TO |lhotewsogfch contri betxeebpenbal deaantedym TI
photonic cryséeanbbheadhuladll@ tlyatydpeoswd \hs ksfitrei Ifarl m,
t o tiytps c al g rcoovatthe dong | lals@&a ksiutbgspe mft @ smi,ag devi
wibdi sedaser. The perovskite | ayeroniftilyarefd i s
AFM, wheahamedaverage rougFhg@®sPR. oEl dmddt alm 1ha
ViEEDX further-dedtnhiedmsmaweri al 4{fmeer paces s kwi i
t hadr iifsbcat he pHathacdatodidati srs@antatbgytsitshe phot od
fabricated on the under | mainmgt gihnost ouwgiuc lodrtngl syt

|l ayers with no adverse effects on performanc
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Si mul ated absor psteicotni oanc roofs sd etvhiec ec rsotsasc k acr o ¢
eAbsorption ratdaloudinn 5@ BICRyans Ag. 2Absorp
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Simul ations of the r esonadnetpiccd veigltb® @cpleor soevisyk i t
mat clexplkeei meneat i eanaksdi dmamgemesd rradlel y maxi mi s ¢
absor pariecmnatnce cemwhifedl lagt BeBththyhm cal wavel e
for standard pure?%fedhien n@ao mmevib @ ad WAHOME Dosf p t4i00
nm, with 80.6% of tnimg htth i alks lopepteiodv shye t tshaeme 8 2
parasitic absoatptd dIneram dnirseefdl e¢emtmpanr ed t o t he
whi ckeyosptoi ntideQiEg val ues in the narrowband ph
reference phfoe @atdaen 88 @ h, c&llqasbrita s kphgt ani c

crys®etxdligbibtrsoadband absorption profile, wi t h
(sEegwlp. The siimdiltcodatiteo 1 i g h't absorption in

152



enhanced bf2. 87f aabeor comparing the resonant
photodBasewboaonhncal cul ati ons, the reso-nmnt ca\
thick perovskite absorber to awthiidearee f80.e% ¢
photodetector withovt2dtOhBhmcaovurnt ydevoiugnd metedo
the spectralsrgespbheanbuy méedoceer bheakyebriec k n

which wil |l contributettonmone df Ecaossesetd Chae

6. 5Na2r r owband perovskite photodetectio

As shéwgakée, the reflectance curve of the re:
with -namm t8MR2i ck perovskite | ayer exhibits a sh
a minimum reflectaalklowihng hff&ebtect6B2i hyn, at

The reflectance curve is strongl yViagmBiecorr el
achieving a peak EQE of 79.8% at 632 nm, al
device opermpotwes eidn aa DelVf bniocatse duomd esesmmpd hies a
eval thttedeference photodetedtiagmigwhhobht apbot
haasn -n82 t hi ck perovskitekeewibcorthirespbdnhedaEQETr e
rangi nlglo rroim t 0e 8832 Nn@yPhp at 632 KiMgBAES $hewn

EQE enhancement, codftl ceu | BEQE dofast ietheeh etad v ontt hi
reference photodetfotdr enthamacesnemnamaasc hdd hd). h©
with the simulation results-eBlmemahcgh wanegtl e
indistatensg rfeislutldroimnggE QB si gnal s outside the

enhancatmecefsfonancesiwaveeanhbyhzer o, confirmin
selectivity by the esssbhaoamiani ncasvintgya,c t wwhiicnh pi

applications.
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photonic crystal design was carried out by C
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