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NepiAnyn

Tig teAeuTaieg SeKaeTieG UTIAPYEL LA £VTOVn EPEUVNTLKN SpaotnplotnTa otn dnuoupyia Kal To
oXeSLAoUO PLKpOKOWOTATWY amod vitpidia nuuaywywv -V, O Adyog eival OTL EMUTPEMOUV TNV UEAETN
Bepedlwdwyv aAANAETIOpACEWY TOU UIMAE GWTOG UE TNV UAN, OTAV OL NAEKTPOVIKEG KATACTACELG KOL TO
NAEKTpOUAyVNTIKO Tedio meplopilovtal os pia Sidotaon. Onwg davepwvel to OVOUA TOug, Ol
ULKPOKOIAOTNTEC £lval OMTIKEC KOWNOTNTEG TTOU £XOUV TIAXOG CUYKPIOLUO HUE TO HNKOG KUUATOG TOU GwToC
KOl UIopoUV va ayldelouy GpwToOVIa CUYKEKPLUEVOU UNKOUC KUUATOG Héoa Touc. Edv TomoBetrooupe
ooV EVEPYO UALKO €va KBavtiko mnyadt (QW), mou eknéunel/anoppoddel oto (610 YNKog KUUATOG e ToV
TPOTO TOAQVTWONG TNG MLKPOKOWOTNTAG TOU Elval EVOWHATWHEVO HECA, TOTE N EVEPYELA
"talavrtevetal”" HeTafl Tou pwToviou TNS KOLAGTNTAC KAl TG YVWOTHG €ELTOVIKAG Katdotaonc. EGv autnh
n olleuén eival taxltepn amd AMeg Slepyaocieg péoa otn KOWOTNTA TOTE N SLAKpLon HeTafy Tou
dwtoviou kal tou efitoviou yAvetal, Kal VvéEa olovel-owpatiSia dnuloupyolvtal. AUTEC OL VEEG
KOTOOTACELG, Yla TIC omoleg €xel kablepwBel n ovopaocia "moAapttovia”, amotedolvral and ULon-UAn
KOl HLoo-dwe Kot meplypddouv thv alnAemidpaocn petafy efitoviwv kol ¢wtoviwv pe v o
EVEPYELA KOL OPU).

Mapopola PE TIG ULKPOKOIAOTNTEG, OMTIKA avInXeia oe oxAua pkpodiokwv €xouv Bpebel emiong
va gpdavilouv xapnAég anwleleg kot uPnloug mapayovieg molotntag (Q-factors) Adyw Tou HiKpoU
OYKOU TOUC Kol Ywplg¢ tnVv avaykn Kataokeung kaBpedtwv DBR. ITIC KUKAIKEG KOWNOTNTEG, OMWCE Kol
OTOUC ULKpOSiokoug, eival yvwoto oOtL pmopouv va SleyepBoulv oL Aeyopevol "Whispering Gallery
Modes" tpomot taAdviwong mou eixav mapatnpnOei yia mpwtn dopd and tov Adpdo Rayleigh to 1878.
AuTol oL Tpomol SLéyepanc mpoodEpouv TN duvatotnTa yla TNV e€gpelivnaon TN Loxupng oulevéng, Kat
w¢ €K TOUTOU, eival tdavikol umoPndlol yla tn emitevén Aéllep akopn xapnAdtepng kotavaiwaonc. To
KUPLO LELOVEKTNHO QUTWV Twv Sopwv gival n SuokoAia oTnV KATAOKEUT TOUC, Se80UEVOU OTL UIKPEG
QTOKALOELG 0T TMAEUPLKA TOLXWHATA, KOBWE Kol HeyAAn TpaxlTNTA Twv €MLAVELWY TOUC, Umopel va
o6nynoouv e UPNAEG OTTIKEG ATIWAELEG.

OL TTOAQPLTOVIKEG CUOKEUEG eival epLKTO va xpnotponondolv kal we ekmoumnoi cupdwvou dwrtdc,
adol o cUVOeTOG UMoloVIKOG XOPOKTPAG £lval UTELBUVOCG yLa TNV €€avayKaoUEVn oKESAON TOUG, N
omola 0dnyel og YOAGApwWON TOUG OTNV XOUNAOTEPN EVEPYELOKNA Katdotaoh. Auth n aAnAenidpaon, ylo
CWUOTIOLO e aKépaLo oTiv, eival yvwot wg cupmnikvwon Bose - Einstein (BEC). Autd onuaivel otL o€
€va moAapttovikd AéLlep n avaotpodr Twv MANBUoUwY dev elval TAEoV amapaitntn Ke AMOTEAECHUA VA
£xouv YounAdtepa KatwoAla Asttoupyiag. Mpoodoata, ot Schneider et al. kataokeUaocav Eva
InGaAs/GaAs molapltovikd Aélep, Tou Acltoupyel e nAekTplkr €yxuon ¢opéwv o XAUNALG
Bepuokpaoieg, evw oL Bhattacharya et al. katadepav va metuxouv Aettoupyia oe Bepuokpacia
Swpatiou Xpnotpomolwvtag 1o GaN we evepyd UAKO He KATavaAwsn TUKVOTNTOS peUpatog 169 A cm 2.

O OKOTOG AUTHG TNG Epyaciag Tav o oXeSLOOUOC Kal N KATaoKeun LepBpavwy maxoug 34./2 and
uPnAng mowotntag AlGaN, xpnowomnowwvtag tn Qwto-nAektpoxnpikn eyxapaén (PEC etching) yiwa tnv
adaipeon evoc otpwpatog InGaN, Kot n xprion Toug w¢ eVepyd UALKO OTIC ULKPOKOIAGTNTEG. H KEVTPIKN
6éa Atav va evowpatwBouv o oet and 4 GaN/AlGaN QWs péoa otig AlGaN puepBpAveg, OTLC TTEPLOXEC
TwWv peylotwv Ttou nAektpikol meblou, ywa TN Slepelvnon NG Loxupng ouleuéng Otav QUTEG
tonoBetnBolv avapeoca oe 800 DBR koOpédteg. EmutAéov, éywve pla mpwtn mpoondbsla yla va
KOTAOKEUAOTOUV MIKpodiokol Sladopetikwv peyebwv, pe Baon tnv (6l TEXVIKN, WOTE va yivel
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efepevvnon twv WGMs.H ocuykévipwon tou Al oto AlGaN SiatnpnBnke oe xapnAd emnineda wote va
UELWBOoUV 600 TO SUVOTOV TEPLOOTEPO OL AVOVTLOTOLXIEG OTLC TAEYHOTIKEG oTaOepEC peTaly Twv Sduo
UALKWV. H TEXVIKN OVATTUENG TwV Selypdtwy Ntav n emnitaén pe poplokég Séopeg (MBE) mavw oe
urnootpwpota c-GaN/c-Sapphire arnd tnv opdda CEA otn MoAAia.

Jta Selypoata mou AdBape mpayuotonowBnkav Letpnoelg nepiBlaong aktivwv X (XRD) kat, otn
CUVEXELD, XOopaKkTtnplotnkav pe GwToPwToUYELd KOl OVAKAQOTIKOTNTA HUE TN XPron £VOC KPUOOTATN
ouvdedepévou e €va pubuotn Bepuokpaociag. H Siéyepon twv Sopwv €yve pe éva Aéllep ouvexoUg
Aettoupylag ota 325 nm Kot pLo Ty AeukoU ¢wTtog, avtiotoya. XpnoLWomoLwvTog T TPOCEyyLon TNG
gvepyol palag kot tn Bewpla tng k.p Slatapoxng £ywve MPOCOUOLWON TWV EELTOVIKWY EVEPYELOKWY
KOTaoTdoewv A,, B, kal C, péoa ota GaN/AlGaN QWs pe xprion tou Aoytopikou Nextnano. MapdAAnAa,
£€ylve avaAuon evog eUpou¢ BeploKpaolwv Pe BAon TNV eUMELpLKr oxéon Varshni kot Aappavovrag
untoyn to emayopevo nedio efattiag Twv poptiwv MOAWONG oTLG SLEMAPEC TWV KPAVTIKWY NYadLwy, o
oUyYKpLoN HE TIG KopudEg amd PL petproslg yia tnv idleg Beppokpaocieg. Ou mapapetpol Varshni mou
Xpnolgomolntnkav oTIC TIPOCOMOLWOELS e€nxBnoav oamd to Telpapatikd Ssdopéva. EmumAéov, ota
Selypota pog mapatnpndnke pla cupmeplpopd "S-oxnuartog”, omou amobibetol oe mMaylOEUpEV
gftovia og apketd YapnA£g Bepuokpaaieg (T <100 K) kat e€RxOnoav oL evEPYELEG EVTOTILOUOU TOUC.

3TN OUVEXELQ, E TN XPAoN TNG TexVikAg Reactive lon Etching (RIE), KOTAOKEUAOTNKAV TETPAYWVLKA
KoL KUALVOpLKA potifa ota delypatd pag yia tn dnuoupyia pepBpavwy Kal pikpodiokwyv Stadopwv
peyeBwv. Itn Stadikaoia PEC, ypnolpomotnOnke éva S106ko Afllep ota 405 nm ylol TNV EMIAEKTIKN
gyxapaén tou otpwpato¢ InGaN. Eneita, ol pepPpaveg petadépbnkav ota bottom-DBR/Sapphire
uTIooTpWH AT GTIaYUEVO HE evaporation, amoteAoUpeva and evallaoopeva (evyn UAKWY pe upnAo
KoL xapnAo deiktn dtaBAaong, wote va yivel n evamobeon tou top-DBR. AvtiBEtwg, otoug pikpoSiokoug
Sev gival avaykaia n evanoBeon DBR yla thv mapatipnon twv WGMs. lNa tnv kotaokeun Twv top-DBR
KaBpedtwy, oL dUo pEBobdoL mou Sokipdotnkav eivatl ol rf-sputtering kat e-gun evaporation, oe
ocuvepyoaotia pe tnv opada CEA.

‘Ocov adopd TNV TMEWPAPOTIKI avaAuon Twv KoBpedtwy, €yvav MPOCOUOLWOELS TwV GACUATWY
aVaKAQOTIKOTNTAG, amoppodnong kat Slamepatdtntag Le Tn xpnon evog kwdika Matlab Baot{opevou
otn UEB0SO petadopdg mvakwy, Ypaupévo and tov Ap. Rahul Jayaprakash. Ou deikteg StaBAaong twv
SinAektplkwyv UAWKWY Ttwv DBR kaBpedtwv e€€AxOnoav amé petpnoelc  QaoUOTOOKOTIKNG
EMewpopetpiog (SE) yia mo okplpei MPooopolwoelS. Ma To XAPAKTNPO TNG TPAXUTNTAG TWV
emupavelwy, KoOBwWG KAl TWV TIOXWV TwV HEUPPAVWY, TTPAYUATOTOONKAYV UETPAOELG LE TNV TEXVIKN
AFM, omou mapatnpnBnkav OmokAICELS oMo TIG QAVOUEVOUEVEC TIHEG. MeTall twv Tplwv pebddwv
avantuéng kabpedptwy, Ta KOAUTEPA OMOTEAECHATA ATOV HE e-gun evaporation, oémou ta Sesiypata
BpEOBnKe va €X0uV aPKETA YOUNAT TPaxUTNTA Kal KAAR KpUOTOAALKN TOLOTNTA.

MapoAa autd, pe kapia amno tig Suo pebddoug dev tav duvath n emitevén tng LOXUPNRC oLTeVENG.
Itnv mepintwon tou rf-sputtering ol pepPpAveg NTAV KATECTPAUEVEG, VW He TN HEB0SO TOu e-gun
evaporation oL meplocotepeg peuPpdvec BpeOnke va €xouv Kamola KALON w¢ TPOG TO Eeminedo
ovamntuéng twv DBR. Mepaltépw HEAETN HE TPOCOUOLWOELC £6eL€e TWC Yo SLAPOPETIKES TIUEG EVOG
SLAKEVOU He aépa KATW amo Tig HepPpaveg pe kAion, e€attiog ofeldilwv 1 OMACUEVWY KOUUOTIWY Ao
pHeEUBpave, Uropel va dnuloupynoouv £va VPO TPOTWV TaAdvTwong HEoo otn Ko\otnTa. Amo tnv
GAAN HEPLA, OL TIPOCOUOLWOELG YLOL TIAXN TWV HEUBpAVWV HeyoAUTEPA ATO TO OVOUEVOUEVA TO
anotéAeopa Ba ATav N LETATOMLON TOU TPOTIOU TAAAVIWONG TIPOG LEYOAUTEPA KN KUUOTOG.
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1. Abstract

Over the last decades, there has been an intensive research in the field of strong light-matter
coupling in llI-V nitride semiconductor microcavities. The reason is that they allow performing
fundamental studies of blue light-matter interaction when electronic states and electromagnetic field
are confined in one dimension. As their name reveals, microcavities are wavelength-sized optical cavities
that can trap light of a specific wavelength depending on the cavity length [1]. If a layer, such as a
qguantum well (QW), emitting/absorbing at the same wavelength of the cavity mode that is embedded
in, and strong coupling conditions are satisfied, then energy “oscillates” between the cavity photon and
the known exciton. The distinction between light and matter is lost if this interaction rate is engineered
to be faster than other processes and new quasiparticles are generated. These new quasiparticles, the
so-called “polaritons”, which are half-light and half-matter, describe the interaction between excitons
and photons with the same energy and momentum.

Similar to microcavities, microdisk optical resonators were found also to exhibit low losses and
high Q-factors even at room temperature due to small modal volumes without the use of any DBR
mirror fabrication [2]. In circular cavities, such as microdisks “whispering gallery modes” can be excited,
originally observed for the first time by Lord Rayleigh in 1878. These excitation modes offer the
possibility for exploring the strong coupling regime and hence, they are possible candidates for low
threshold lasing. The main drawback of these structures is the difficulty in fabrication, since deviations
from circularity and sidewall roughness can lead to optical losses. Furthermore, it has been shown that
small diameter disks lead to less excited modes, which in combination to excitonic transitions from
guantum wells can couple together and perform single mode excitation with sharp peaks and ultra-high
Q-factors [3].

Polariton devices can be used as coherent light emitters, since the bosonic character of these
quasiparticles is responsible for the stimulated light emission due to relaxation at the ground state. This
effect, which is followed by integer spin particles, is known as Bose-Einstein condensation (BEC) [4]. For
a polariton laser [5], inversion of populations is no longer necessary for a successful operation, resulting
in reduced operating thresholds. Recently, Schneider et al. [6] fabricated an InGaAs/GaAs electrically
driven multiple quantum well polariton laser operating at low temperatures, while Bhattacharya et al.
[7] managed to reach room temperature operation for a bulk GaN-based microcavity approaching a
threshold current density of 169 A cm™. Nevertheless, there is still space for further improvement in the
[1I-V based nitride systems by implementing quantum wells or quantum dots towards the realization of
even lower thresholds at room temperature.

The aim of this project was the design and fabrication of 3A./2 thick high-quality AlGaN
membranes by etching a sacrificial InGaN layer, with the use of Photo-electrochemical (PEC) wet etching
method, and their use as active material of micro-sized cavities. AIGaN layer had embedded two sets of
4 GaN quantum wells (QWs) at the antinodes of the electric field for investigating the strong coupling
regime when the fabricated membranes are sandwiched by two distributed Bragg reflectors (DBRs). The
concentration of Al in the AlGaN layer was kept at low levels to reduce any lattice mismatch and strain
effects. Moreover, an initial attempt was done towards making various sized microdisks in one of the
samples for exploring the well-known whispering gallery modes (WGMs) by the same fabrication



techniques. The growth of our samples was performed by Molecular Beam Epitaxy (MBE) on c-GaN/c-
Sapphire substrates by the CEA group in France.

After receiving the samples from France, X-Ray Diffraction (XRD) measurements were utilized for
examining any deviations from the theoretically designed structures and, then they were characterized
by photoluminescence and reflectivity techniques with the use of a He-cooled cryostat with an attached
heater and connected to a temperature meter. The excitation of the structures was done by a He - Cd
cw laser and a Deuterium - Halogen white lamp source, respectively. In addition, effective mass
approximation [8] and k.p perturbation theory [9] were performed for simulating the A,, B, and C,
exciton energy states inside the GaN/AIGaN quantum wells with Nextnano software [10]. Moreover, the
simulation analysis was done from low up to elevated temperatures by using Varshni’s empirical relation
[11] and by taking into account the built-in field induced from the polarization charge at the interfaces
of the quantum wells [12], while compared with the obtained PL peaks for the same temperatures. The
Varshni parameters used in the simulations were extracted from the experimental data of both samples.
Last but not least, in the PL peak energy versus temperature curve, an “S-shape” behavior was observed,
which is attributed to delocalization of excitons from confinement potentials at relatively low
temperatures (T < 100 K) [13], and a localization energy was derived.

To move on, by using Reactive lon Etching (RIE) technique for patterning, we created rectangular
and cylindrical mesas on our samples, which were later used in the etching process for the creation of
free-standing membranes and standing microdisks of various sizes. For the PEC process, a 405 nm diode
laser was used for the lateral selective etching of the InGaN layer. Membranes were then transferred on
bottom-DBR/Sapphire substrates, made by evaporation method, of alternating pairs of high and low
refractive indices and later were sandwiched with top-DBR mirrors. On the other hand, microdisks were
not removed from their original substrates, since no mirror deposition is necessary for the observation
of WGMs. For the top-DBR deposition, two different methods were tried namely rf-sputtering and e-gun
evaporation in collaboration with the CEA group.

For the experimental analysis, simulations of reflectivity spectra were performed with the use of a
Matlab code based on the transfer matrix method (TMM) [14], written by Dr. Rahul Jayaprakash, in
correspondence to the experimental results for all the DBRs and full microcavity structures. Refractive
indices of some dielectric materials were extrapolated from Spectroscopic Ellipsometry (SE)
measurements for more accurate simulations. Furthermore, AFM technique was utilized for measuring
surface roughnesses and thicknesses of the membranes, which were different than the ones expected.
Between the three growing methods, e-gun evaporation exhibited the best results. The samples that
were grown by this method showed to have very low roughness and high crystal quality.

Nevertheless, it was not possible to achieve strong coupling in our devices. In the case of rf-
sputtering the membranes were found to be cracked, while in the case of e-gun evaporation the
membranes were observed to have an inclination in respect to the growth direction, and therefore were
not adhered to the bottom-DBR surface. Simulations showed that the varied air-gap thickness due to
broken pieces or oxides under the membranes can induce a range of cavity modes inside the cavity,
which can lead to a very low quality factor of the microcavity structure. On the contrary, simulations
showed that thicker membrane thickness can only shift the cavity mode towards higher wavelengths.
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2. Properties of the materials
2.1. GaN, AIN and InN nitrides and their AlGaN and InGaN alloys

Nitride materials are IlI-V direct bandgap semiconductors, for which the band edge is located at
the I point, and can be found in two different forms: hexagonal wurtzite (Wz) and zinc blende (ZB)
crystal structures [15]. In this project only Wz was under examination, which is the thermodynamically
stable state of all the IlI-V nitrides and is described by two lattice constants a and c. Wz structure
consists of two interpenetrating hexagonal close-packed (hcp) sublattices, each with one type of atom,
with an offset along the c-axis of 5/8 of the cell height. The biatomic stacking sequence is AaBbAa... in
the [0001] direction with 6 atoms in the hexagonal unit cell contained in it.

Due to the lack of an inversion plane perpendicular to the c-axis in Wz lll nitrides, nitride surfaces
have either a group IIl element (Al, Ga or In) polarity, named as “Ga-face” polarity, with a designation of
[0001], or a “N-face” polarity with a designation of [0001]. The result of this uniaxial anisotropy due to
the wurtzite crystal structure is presented in Figure 2.1. Depending on the growing direction, the
polarity of the polarization charge changes. The product of u.c corresponds to the length of the bonds
parallel to [0001] direction, with u the internal parameter equal to 3/8. The electrostatic interactions,
arising from the large ionicity, reduce the interlayer ion (N*) - cation (Ga®*) distances A-b and B-a, and
result in increased values of u larger than the ideal value of 3/8. This relative displacement from the
ideal structure induces spontaneous polarization (P,) with high carrier concentrations at the surfaces of
the materials.

Substrate Substrate

Figure 2.1 Ga-face or N-face polarity depending on the growth direction with c the A-A distance and u.c
corresponding to the length of the bonds parallel to [0001] [16].

Back in 1991, Nakamura [17] managed to grow high quality GaN on Sapphire without the use of
Aluminum Nitride (AIN) buffer layer, as did his predecessors. In present, many groups fabricate GaN with
low density of threading dislocations (TDs) and low doped films [18; 19]. GaN, which is widely used in
“blue” optoelectronic devices, finds many applications in lasers, detectors, displays, high power
amplifiers etc. due to the large bandgap and stability at high temperatures. Based on reference [20],
GaN wurtzite structure has a direct bandgap (without excitons) of 3.510 eV at 0 K and 3.437 eV at 300 K.
Crystal symmetry of wurtzite structure and weak spin-orbit interaction split the valence band to three
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non-degenerate sub-bands referred to as A (Heavy holes), B (Light holes) and C (Split-off) bands
corresponding to the optical transitions of I, crystal-field, upper ';, and lower I, spin-orbit split valence
bands (Dresselhaus 1957 and Hopfield 1960), as illustrated in Figure 2.2. For each of these bands, an
excitonic transition occurs named similarly as A,, B, and C, for thick GaN samples [21]. In Figure 2.3 (b)
are depicted the three exciton transitionsat T =77 K.

Waurtzite TE[‘]CI’gy

A-valley

M-L-valleys

300 K

! = 339eV
T-valley | E
Ey E,, | Emr=45-53¢eV
| E Ex= 47-55eV
‘ Eyo= 0.008 eV
0 E,= 0.04eV
k E.. N Heavy holes )
’ X

| ~ Light holes
Split-off band

Figure 2.2 Important minima of the conduction band and maxima of the valence band in GaN Wurtzite
band structure. Valence band splitting results from crystal symmetry and spin-orbit interaction [22].

Binding energy (Eg) of A, exciton is ~ 26 meV according to Skromme et al. 1997 and Yamaguchi et
al. 1998a. This value is large enough compared with other IlI-V semiconductors (eg. 4.8 meV for GaAs)
exhibiting strong light-matter coupling in microcavities even at room temperature. At 295 K, GaN'’s
exciton linewidth increases up to 25 meV, mainly due to phonon interactions, with the two distinct
peaks of the A, and B, excitons having a strong overlap. This must be taken into consideration when
fabricating room temperature operating devices. On the other hand, C, exciton shows just a small
change in the slope (Muth et al. in 1997).

= I Wurtzite] . 200 B Waurtzite

5 w0 : [ Ay
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e I B =
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Photon energy (eV) Photon energy (eV)
(a) (b)

Figure 2.3 Experimental data of bulk wurtzite GaN grown on c-Saphire: (a) Absorption coefficient versus
photon energy T = 295 K and (b) Absorption coefficient versus photon energy T = 77 K [23].
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Similar to GaN, Aluminum Nitride (AIN) has been also an attractive material due to its high energy
gap added to his other outstanding characteristics. Some main properties of AIN are summarized in
Table 2.1. By adjusting the concentration of Al, one can synthesize alloys of Al,Ga,.,N by combining AIN
and GaN characteristics and lead to fabrication of various band gap semiconductors, which are mainly
used as barriers in quantum well structures. As regards Indium Nitride (InN), it is not as famous as its
other two relatives, since its low band gap makes it non practical for blue light operation. Hence, its
applications are mainly limited to its combination with GaN and AIN to form alloys.

Table 2.1 Material properties of wurtzite GaN, AIN and InN [15; 20]

GaN AIN InN
E;(300 K) (eV) 3.437 6.00 0.608
Band gap temperature coefficient %? (eV/K) -6.0x10™ -5.1x10™ -1.8x10™
Lattice constant a (A) 3.189 3.112 3.545
Lattice constant c (A) 5.185 4.982 5.703
Thermal expansion Aa/a (1/K) 5.59x10° 4.2x10°® 3.8x10°
Thermal expansion Ac/c (1/K) 3.17x10° 5.3x10° 2.9x10°

Going back in 80’s, Hagen et al. [24] and Baranov et al. [25] were the first to demonstrate that
AlLGa,N alloys can be synthesized on a wide range. Nowadays, it is possible to make ternary alloys such
as AlLGa,N or In,Ga,N by using different concentrations of Al and In resulting in a range of energy
bandgaps and lattice constants covering most of the visible spectrum [26; 27]. Moreover, it has been
found that these alloys exhibit also increased sheet charge densities at the GaN/AlGa; N and
GaN/In,Ga N interfaces [28]. In this thesis, Al,Ga;,N was used as a barrier for the quantum wells, while
In,Ga;«N was used as a sacrificial etching layer in our heterostructure devices. The graph in Figure 2.4
illustrates the bandgap energy (E;) versus the lattice constant (a) of the Ill-V nitride materials.

bandgap (eV)

1F

0 I BT AN R S S I v ]
3.0 3.1 3.2 3.3 3.4 3.5 3.6
lattice constant a (A)

Figure 2.4 Bandgap energy at T = 300K (E;) versus lattice constant (a) of Ill-N semiconductors of Wurtzite
(solid line) and Zinc Blende (dashed line) structures [29].
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By varying the concentration (x) in Al,Ga;N and In,Ga;N alloys, the desired lattice constant and
energy bandgap can be obtained. Towards this end, Vegard’s model has been found to be the most
appropriate to simulate the characteristics of these materials. In addition, it has been established that
both alloys are direct semiconductors with the minima located at the I point (k = [000]) of the BZ.

As regards a and c lattice constants versus concentration the relations taken from Liou et al. [27]
are

a(x) = x.agn/mn + (1 —x).agany — . x. (1 —x) (2.1)
c(x) = x.canymn + (L —%). Cgany — 8. x. (1 —x) (2.2)

where 6, and 6. are the deviation parameters for the a and ¢ constants. Similarly, energy gap (E;) of the
two alloys is described by Vegard’s law equation with a curvature term, since they have a parabolic
compositional dependence for their bandgap. The parabolic factor is named as bowing parameter b,
showing that the energy band gap has a strong dependence on the alloy composition. The values of this
parameter obtained by other groups are bpg,n = 0.71 eV [30; 31] and bj,gan = 1.7 €V [30], respectively.
Vegard’s law empirical relation for the band gap is given by

Eg aican /imGan (X) = X. Eg ainymn + (1 — x). Eg gan — b.x. (1 — x) (2.3)

Figure 2.5 is taken from the work of Meyer et al. [31] for Al,Ga;N films grown on GaN via MOCVD
at different concentrations. As presented, PL experiments showed that the higher the Al-content, the
higher the bandgap emission of the Al,Ga,,N material as expected from theory. The energy band gap
reaches AIN’s value at very high Al concentration. Apart from energy shift, there is a linewidth
broadening of the luminescence peak relative to the Al concentration, due to the alloy disorder seen by
the excitons.
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Figure 2.5 Photoluminescence spectra of series of AIGaN on GaN epitaxial films showing the increment
of the bandgap energy and the linewidth broadening relative to the Al content [31].
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2.2. Piezoelectric and spontaneous polarization

When an electric field is applied in some materials, they exhibit mechanical deformation. If now
these materials are subjected to mechanical stress, electric charges appear on their surface. These
materials are called piezoelectric materials and the effect is known as piezoelectricity [32]. Furthermore,
depending on the arrangement of the anion and cation sublattices in wurtzite structure, another effect
arises named as spontaneous polarization [32]. This polarization exists inside the material in the absence
of any external stress.

Summarizing the above, the total polarization field within the structure can be described by the
Equation 2.4, where p, 4 is the polarization charge density. As one may notice from this equation,
there will be a polarization sheet charge density at an abrupt hetero-junction interface arising from the
difference in spontaneous polarizations APspont, (C/mz) and from the discontinuity in Ppies., (C/mz)
coming from the abrupt change due to strain g; between the two materials.

V.Piotar = V. (Ppieza,z + Pspont,z) = —Ppolar (2.4)

In lI-V nitride hetero-structures, such as quantum wells, it has been found that piezoelectric and
spontaneous polarizations account for the carrier concentrations at the interfaces of the alternating
materials [33]. Temperature expansion should also be accounted for in piezoelectric polarization for a
more detailed calculation. Piezoelectric polarization is caused from strain effects at the interfaces of the
materials due to the different values in lattice constants. On the other hand, spontaneous polarization is
due to the lack of inversion symmetry in nitrides along the [0001] direction [12]. Figure 2.6 depicts GaN,
AlGaN and InGaN materials when grown pseudomorphically on a GaN layer. In the case of AlGaN grown
on a Ga-faced GaN, it feels tensile strain, while for InGaN grown on GaN compressive strain is

developed.
[0001)
| _ <+— Tensile strain —» — Compressive strain <—
[1120] {1100]
O A (Ga) face AI!'G': Pm pp: In!G;I
P 3p

r AUGa In/Ga
N N
AVGa IniGa
N N
AVGa In/Ga
B (N) face N N

GaN AlGaN iInGaN

(a) (b) (c)

Figure 2.6 Crystal structure, spontaneous polarization fields (Ps,) and piezoelectric polarization fields
(Py.) for (a) GaN, (b) Al,Ga;«N and (c) In,Ga;«N coherently strained to GaN [0001] [34].

For strained IlI-V nitride epitaxial layers grown in [0001] direction, piezoelectric polarization is
calculated as follows
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AGaN—AAl/InGaN C
2.(— ———= 2200, (e31 — esz.) (2.5)
Al/InGaN 33

Ppiezo,z =
where e; are the piezoelectric constants, C; the elastic coefficients and a the lattice parameters of the
materials [34]. The spontaneous polarization of the alloy is calculated by

Pspont,z = xpspont,AlN/InN + (1 - x)Pspont,GaN (2-6)
where Pg,ont is the spontaneous polarization of the unstrained material and x is the concentration of Al
or In, respectively. The total spontaneous polarization is the difference AP, at each interface.

From previous reports [12; 34; 35], it has been found that spontaneous polarization of GaN, AIN
and InN is in the [0001] direction, while piezoelectric polarization can be in the [0001] direction for
tensile strain or in the [0001] direction for compressive strain, respectively. The calculated total
polarizations for AlIGaN/GaN and InGaN/GaN interfaces are - 0.096x and 0.18x, where x is the AIN mole
fraction, based on reference [32], by considering the parameters presented in Table 2.2.

Table 2.2 Spontaneous polarization, piezoelectric constants and elastic coefficients of WZ materials [12]

Pspont,z (C/mz) €33 (c/mz) €3 (c/mz) C1:(GPa) Cs3(GPa)
GaN -0.029 0.73 -0.49 106 398
AIN -0.081 1.46 -0.60 108 373
InN -0.032 0.97 -0.57 92 224

The built-in electric fields, which are intimately dependent on piezoelectric and spontaneous
polarizations, cause the quantum-confined Stark effect (QCSE) and alter the rectangular shape of the
guantum wells to a triangular one. This in turn decreases the spatial overlap of the electron-hole
wavefunctions due to the band bending and, as a result, there is a lower radiative recombination rate
and an additional modification of the energy states [36]. The electric field in MQWs [37], caused by the
polarization sheet charges at the hetero-interfaces of a superlattice structure, is expressed as

AP Lparrier
E, =—————————— (2.7), where AP = AP,; + AP,
aw €o&r LparriertLwell ( )' piezo.z spont.z

where g, is the vacuum permittivity and €, = 1 + X. (Xe - electric susceptibility) is the relative permittivity
of the material. As explained in references [34; 38; 39], a small fraction of Al concentration can generate
very strong internal fields. In the case of GaN/AlGaN interface for a 7 % Al-content, this field is several
hundreds kV/cm. As can be understood from the above, nitride-based materials are known to exhibit
strong piezoelectric effects compared to other traditional 1ll-V semiconductors.

An approach to control the piezoelectric strain arising from lattice mismatch is to use low
concentration alloys. By varying slightly the concentration x, the desired lattice constant and bandgap
can be succeeded [40]. For this reason, Aluminum concentration was kept low (x = 0.07) in our
theoretical design with a quantum well and a barrier thicknesses of 2.7 nm to succeed higher binding
energies (Eg) and oscillation strengths (f.,) for the excitons [41].
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3. Excitons in semiconductors
3.1. Quantum and semi-classical model of 3D excitons

The first experimental observation of excitonic states was in organic molecules, almost one
century ago, which were later explained theoretically by Frenkel in 1931. Excitons can exist also in
inorganic semiconductors, named as Wannier-Mott excitons, but due to the low binding energy they are
difficult to observe at room temperature. An exciton is formed when a valence-band electron is excited
by the absorption of an incident photon and leaves a positively—charged hole in the valence band. This
hole then interacts through Coulomb forces with the previous electron and creates a bound state at
energy just below the energy gap.

In essence, what really happens is that when an excited electron does not have sufficient energy
to reach the conduction band, it tries to recombine with a hole of the same momentum in the valence
band but the large number of electrons, which are surrounding the hole, repel the excited electron with
electrostatic Coulomb forces. On the other side, the attraction felt by the localized hole overrules this
repulsion and results to formation of a quasi-state inside the bandgap. The resulting bound state is
electrically neutral and can transport energy without transporting net electric charge. By supplying
sufficient energy, named as binding energy, the exciton can split to a conduction band electron and a
valence band hole.

If the electron recombines with the hole, caused by their close proximity, we have then the decay
of the exciton with a characteristic lifetime t. However, the decay time t alters with temperature T and

is related with the radiative (t;) and non-radiative recombination (t,,) times by the following formula

Z=Z 42 [42).

T T Tar

Wannier-Mott Frenkel

Figure 3.1 Schematic of Wannier-Mott and Frenkel exciton depicting the variation of the radius [43].

Excitons are categorized in two cases according to the properties of the material. They are named
as Frenkel (1931) and Wannier-Mott (1937-1938) excitons (shown in Fig. 3.1). Frenkel excitons, are small
in size, and are found in organic materials since they have small dielectric constants and thus the
Coulomb interaction is strong [44; 45]. Typical values of the binding energy are 100 - 300 meV. On the
other hand, Wannier-Mott excitons are found usually in inorganic semiconductors, which have relatively
large dielectric constants. Thus, Coulomb interactions are reduced by the screening of the electric field
and the average radius is larger than the lattice spacing [46; 47]. As a result, binding energy values are
between a few meV up to tens of meV.
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Due to the existence of excitons, excitonic peaks are observed in the optical spectra below the
characteristic band gap energy. For bulk materials, these peaks can be very clearly seen at low
temperatures, since thermal effects ionize carriers from exciton levels. Furthermore, by having a strong
overlap between the wavefunctions of the bound electrons and holes in the exciton state compared to
when the wavefunctions are delocalized, the matrix element of optical transitions involving excitons is
much greater than that from interband transitions. By solving Schrédinger equation for the relative
motion of the electron-hole pair, which is analogous to the motion of an electron in the atom, and by
taking into consideration the Coulomb interactions, one yields the wavefunctions and binding energies
of the exciton states. In this thesis, we used only inorganic materials, thus we focus on Wannier-Mott
excitons, whose mathematical model is well explained in reference [1].

Quantum-mechanically, excitons can be described as free particles with a parabolic dispersion
within the effective mass approximation model neglecting thus the periodic crystal potential [1]. The
effective masses in this case are directly dependent on the crystal parameters, which are usually less
than the free-electron mass in vacuum m.. Another assumption used here is that the electron-hole pair
behaves similar to the hydrogen atom. Therefore, a Schrodinger equation can easily be written for this
electron-hole relative motion with a wavefunction W(r) as

flz 2 62 _
—ZV Y(r) - ‘mgrsorll’(r) = Ep,¥Y(r) (3.1)
where u:% the reduced mass, & and g, are the relative and vacuum permittivities and
e h

r = |r, — 1| the distance between electron and hole. The solution of the above equation gives the
expression for the binding energy Eg for each level n as follows

4 *
ue 1 1 u Ry Ry
Egn == ymn =~ ——=—-——,n=12,..,00 (3.2
Bn 2(4merep)?h? n? (er)? me n? n2 "’ » Ly (3.2)

where m, is the rest mass of the electron, R, = 13,6 eV is the Rydberg energy and R;, is the effective
Rydberg energy. The total dispersion energy of an exciton is defined as

h?k?
Eexc,n = Eg + oM + EB,n (3.3)

where Egis the energy gap, K = k. + ki, the wavevector and M = m; + my, the translational mass of the
exciton. The effective Bohr radius of the exciton is expressed as

ag = er%aB (3.4)

where ag = 0.53 A is the Bohr radius. Typical values for bulk wurtzite GaN material at cryogenic
temperatures are Eg,p=3.51 eV, Eg; = 26 meV and ag; = 30 A. Room temperature energy is kgT ~ 25 meV
in comparison with the exciton binding energy. Schematics of the optical transitions of the ground and
excited exciton states that are inside the bandgap of a typical semiconductor with the corresponding
absorption spectra are presented in Figure 3.2.
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Figure 3.2 (a) Illustration of exciton energy levels and (b) absorption spectra vs energy (solid line low T
and broken line high T) [48].

Semi-classically, the exciton is described as a mechanical system of two masses bound together by
a spring known as Lorentzian oscillating dipole and light is governed by Maxwell’s equations. The
equation describing the electron’s movement x(t) under the influence of an applied electric field is
expressed as

myx(t) + 2ymyx(t) + wm,x(t) = —eE(t) (3.5)
m, is the electron mass, y is the damping factor due to energy radiation, w, is the natural frequency of
the oscillator, - e is the electron charge and E(t) = E,coswt the electric field. If we consider a three

dimensional array of oscillators with N density (number of oscillators per unit volume) for the bulk case,
the polarization arising from external electromagnetic radiation is described as

2
P = NaE = ’%(wg —w?—iwy)"E (3.6)
The dielectric displacement yields
Ne? . o 2 _ -1
D=¢,E+P=¢g,l +7(w0 —w* —iwy) '|E (3.7)
and the dielectric €(w) function is described by
Ne? . 2 _; -1
sw)y=1+ W(wo —w* —iwy)™" (3.8)

In this classical model, the term Ne’/m gives the coupling strength (fe.) of the electromagnetic field to
the oscillators. As will be explained within the quantum model for the confined excitons, this coupling is
given by the square of the transition matrix element. The second correction is that one should account
for the field created from all the dipoles. This results in a shift of the transition frequency.

As a consequence of the previous equation, refractive index is modulated describing the exciton
transition in a dielectric material (u(w) = 1) as,
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filw) = n(w) + ik(w) =/ e(w) (3.9)

where k(w) is the imaginary part and accounts for the absorption inside the medium. When modelling
microcavities based on transfer matrix method (TMM), it is essential to use this modulated refractive
index.

3.2. Confined excitons in quantum wells

Semiconductor structures such as quantum wells (QWSs), quantum wires (QWs), quantum dots
(QDs), superlattices (SLs) or other novel micro/nano structures significantly modify the properties of
excitons due to quantum confinement. When a thin layer is sandwiched between two higher band gap
layers, the emission from exciton states in the single quantum well are shifted towards higher energies
[49]. As the dimensions of the a crystal become smaller or comparable to the Bohr radius, exciton entity
is described by quantum states as a particle inside a box and therefore the overlap of the wavefunctions
of the electrons and holes is increased. This leads to higher binding energies (Egz) and oscillation
strengths (f.,) for the electron-hole pair. More specifically, transition energies in QWs vary in a non-
trivial manner based on the excitation intensity [50], doping profile [51; 52; 53], QCSE due to built-in
strain [50; 54] and lastly, on the well (Fig. 3.3) and barrier widths [52; 55]. Therefore, dimensionality is a
crucial but not the only parameter that someone has to account for calculating the emission energy.

E, (eV) ,

>

Quantum Well Width (nm)
Figure 3.3 Illustration showing the peak of the exciton binding energy versus the width of the QW.

By modelling the exciton as a particle in a box with electron and hole seen as hydrogen nucleus,
we can replace nucleus with the hole having positive charge and negative electron mass. We consider
again the effective mass approximation model and the solution for this system is similar to a particle
inside a box with the mass being replaced by the reduced mass. As a result, this quantization of both
electrons and holes alters the energy spectrum of the confined system.

As presented in Figure 3.4, the low-bandgap layer creates quantum wells for both electrons and
holes and leads to a high-energy shift in the energy spectrum due to the forbidden states below the
ground state of the well Egqy = Ee; - Eny > E,. Starting from the same theory as before, Schrédinger
equation for an exciton inside a QW is similar to the previous one. However, at lengths |L| > Ly, the
confining potential in z direction must be taken into account, which is the energy difference between
the two bandgaps of the materials used. Thus, Schrédinger equation results to
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hZ 2
<—ZV2‘P(r) — 4n;£or Y(r)+V,(z,) + Vh(zh)> Y(r)=E¥(r) (3.10)
where V. and V,, are the confining potentials for the electron and hole on the z-axis. The solution for the
exciton binding energy inside the QW is

22 =— B o120 (3.11)
(n-3)

and is theoretically 4 times higher than the value for the bulk case (Es”® ~ 4E5>). For real QWs, a trial
wavefunction, with a variational parameter q, is used in order to express the binding energy as function
of the QW width [1]. By maximizing the E3P(a), it yields the value of the binding energy inside the QW.
Many algorithms have been used following this route in order to estimate the real values for the Eg*°.
The schematics below represent the energy states in a quantum well (QW) without and with the built-in
electric field caused by QCSE and by taking periodic boundary conditions.
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Figure 3.4 Energy levels of electrons and holes in a QW (a) without and (b) with built-in electric field F.

By adding the built-in field component in the Hamiltonian of the system, the total exciton transition
energy in a QW is expressed as

2172

h°K
Eexc,n’ = Een’—hn’(qu) + E)%D (qu) - ququw + W// (3.12)

where Eynn(Faw) = Eg + Ecen(Fqw) - Evnr(Faw) is the transition in the QW for each n, EZ” is the binding
energy of the 2D excitons, Fqy is the field inside the QW, L, the width of the QW and K/, is the in plane
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wavevector. The term — ek, Ly, in equation 3.12 represents the redshift of the gap induced by the
built-in field for each n. Note that in the case where the width of the QW is larger than the Bohr radius
of excitons, Ez can be neglected.

Depending on the QW width, the thermal broadening of the exciton peak is not so strong as
opposed to the bulk case. In QWs, lineshape broadening is a convolution of homogeneous and
inhomogeneous terms, the former coming from short lifetime and the latter from variation in thickness
of the well. The lineshape distribution of a homogeneous broadening is Lorentzian, while in the case of
inhomogeneous broadening is a Gaussian. Therefore, homogeneous and inhomogeneous broadening
resulting in a decay rate y, of excitons is added to the energy relation as — iyx_K//.

It should be pointed here that in QW structures the density of states (DOS) is modified from that
in a bulk material, meaning that the DOS does not have the same energy dependence as in the 3D case.
Within parabolic approximation for the energy bands, the DOS for a 2D structure becomes

M
P2p = anﬁ H(E — Enz) (3.13)

where H[E] is the Heavyside function. When the structure consists of N similar QWs close to each other,
we have to multiply the density of states with the number of the QWSs. A change in DOS entails that
there will be a change in the optical transition rate W¢s; governed by the Fermi’s Golden Rule for first
order transitions as

Wi = Z 50 (TN pan (3.14)

where i, f initial and final states with energies E; and E;, respectively, and H = - er.E is the interaction
Hamiltonian. Light-exciton interaction is defined by the transition matrix element Mg; = |<f|IfI\’|i)|
which describes the overlapping between electron W,(r) and hole W,(r) wavefunctions. The square of
this matrix element (|(f|FI7|i)|2) is known as the transition probability. The transition rate Wy_,; is
proportional to the transition probability multiplied by the square of the amplitude of the perturbation
H’ ~ |Eo|*~ | where | is the intensity (energy flux per area and time).

In QWs, this overlapping is much higher than in bulk semiconductors. A major parameter in these
transitions is the oscillator strength, which tells us how strong is the optical transition and is defined as

2Nwyi

fore = 2228 (F[T]i) (3219

where N is the number of oscillators per unit volume, wy is the transition frequency and g, the vacuum
permittivity. Following the quantum theory, one can show that the oscillator strength for 2D excitons
can be, theoretically, up to 8 times higher than for 3D (f,22 ~ 8 £,32), since the Bohr radius as is reduced
due to confinement. Usually, more confinement increases the overlapping of the wavefunctions and

leads to higher oscillation strengths for the exciton entities.
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4. Quantum microcavity structures

4.1. Cavity photons in weak and strong coupling regime

Microcavity (MC) is defined a structure that confines photons in order to control photonic
interactions in the semiconductor structure. MCs are usually formed by reflecting metallic mirrors or
Distributed Bragg reflectors (DBRs) on the two sides of an active medium and follow the same principles
of a Fabry-Perot cavity with an optical length of L.. A DBR is an alternating layered structure of dielectric
materials of high and low refractive indices ny and n.. For a large number of those alternating pairs, DBR
forms a frequency region, named as stop-band, in which reflectivity is close to unity. In planar
microcavities, photon quantization occurs in the growth z-direction but the planar (x,y-direction) states
are not affected by any confinement.

The name microcavity implies that the optically active material is only a few micrometers thick but
sometimes it can be even in the submicron scale [2]. Unlike long the long optical cavities, typically used
in standard edge emitting diodes, inside microcavities the quantum effects of the light's electromagnetic
field are easily noticeable. Therefore, we can attribute the name quantum microcavity structures
(QMCs) and we can use them for the investigation of exciton-polariton phenomena in semiconductors.
Moreover, the major difference between the long cavities and microcavities is the cavity length L..

The confined optical wave inside the planar microcavity is represented by the following equation

szk(Z)
d%z

+ ((;)—Zze(z) — k/z/) Fr,(z)=0 (4.1)

where F(z) are the one dimensional modes of the optical wave, the wavevector equals to k = k;,+ K, and
g€(z) is the dielectric constant chosen to be z-dependent due to confinement [56]. The solutions of this
wave equation are the standing waves inside the structure as simplified in Figure 4.1.

TE,

N

L
Figure 4.1 lllustration showing the standing waves (TE,, TE; and TE,) inside a planar microcavity.

Regarding microcavities, the thickness of the cavity material is of the order of the wavelength
divided by the refractive index. This attributes to the low number of eigenmodes and the large
frequency separation between successive cavity modes (FSR) in microcavities that, in most cases, stop-
bands contain only one of these modes. On the contrary, the opposite accounts for the long cavities
cavities, where spacing between eigenmodes is small and many of them are present.

Furthermore, the length of the active material in the microcavity must be an integer number times
half the wavelength in the cavity as
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L. = m-—-=m 2, (4.2)

where m € N. Depending on the thickness of the optical spacer, we have a characteristic "cavity-mode"
inside the resonator. This is visible as a profound dip at wavelength A, in the center of the high
reflectivity stop-band region in a reflectivity spectrum. Each layer of the multiple repeated pairs (N) in a

DBRs mirror has a thickness of L, = %(where A= A::’f).

As the number of pairs increases, there is an exponential influence to the mirror reflectivity. An
explanation for this is that all Fresnel reflections add in phase and reflectivity of the mirror increases as a
function of mirror thickness (or number of pairs N). For various lengths of the cavity L. between the two
DBRs, the cavity gives one or more antinodes of electric field inside the active region. An example of the
A-sized microcavity (m = 2), where one antinode of the field can exist inside it, is shown in Figure 4.2.

Angle 0 (°
-20 gO ()20 40 60

|E|?
N

Energy (eV)

Cavity mode |

-4 -2 0 2 4
Kin-plane (“m_l)
(b)

Figure 4.2 (a) Schematic of planar microcavity for m = 2 and (b) energy dispersion versus k;, and angle.

A characteristic parameter describing the quality of a microcavity is named Quality Factor (Q) (see
Appendix A). Q has a direct relation with the photon lifetime t,, and gives information on how much
time a cavity photon stays in the microcavity before it decays. The definition of Q is

=

Q=22 (43)
where A, is again the resonant wavelength and &A is the full width at half maximum (FWHM) of the
resonant peak. As explained in references [57; 58], DBRs are penetrated by the cavity field and thus
the Fabry-Perot cavity length has to be replaced by

Leff = LC + LDBR' Where LDBR = iﬂ ng < Ny (44)

2n¢ Ing-ng|’
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By taking into account that the growth direction is parallel to z-axis, the relation for the k,
2 mm

wavevector in the medium is k,, = =1 and the energy of the cavity mode by using Taylor
n eff
expansion becomes
2 1/2 2 21,2
hc hc mn hc mm hc k h°k
E =—rk= (—) + k7 = — 4 —4__—F +—LL (45
cavitz - nesy neff[ Leff /1 NeffLefr  2Merr (M/Lepp) % 2mpp (4.3)

where m is the quantum number, ny; is named as effective refractive index and is obtained by the

weighted average of the group refractive index of the cavity and the contribution of the DBR layers that

A
are penetrated by the EM field of the cavity mode and, lastly m,, = % ~ 1075m, or 10™*m,y,
eff

is the effective photon mass, which is responsible for the curvature cavity dispersion. The decay rate vy,
of the photons is added to the energy relation as — ch,k//- For small values of k/;, the dispersion can be
approximated by a parabola as shown in Figure 4.2 (b). There is a direct relation that connects k;, with
the angle of incidence and energy dispersion as shown below

Ec(k) .
k= h(c)sm(e) (4.6)

Consider now the case where an exciton in a quantum well decays to a lower state by the
emission of a photon equal to the energy difference of the two states. This spontaneous emission can be
affected by the surrounding media and alter the transition matrix element My, that was described in the
previous paragraph. By placing this quantum well inside a cavity, there is an amplification of the
spontaneous emission from the excitonic states when being in resonance with the cavity mode, known
as Purcell effect.

The light emission can be done in two different ways, named as weak (WC) and strong (SC)
coupling regimes. In the WC regime, the emitted photon has a low probability to be reabsorbed and the
whole process can be described by perturbation theory, while the emission follows Fermi’s Golden Rule.
This regime is used in vertical-cavity surface emitting lasers (VCSELs). In the SC regime, the emitted
photon has a high probability to be reabsorbed and re-emitted by the exciton and hence Fermi’s Golden
Rule is no longer valid. A polariton formalism must be used in this case since absorption and emission
oscillation is so fast that the photon stimulates several times the exciton before it escapes from the
cavity. These oscillations are called Rabi oscillations with a frequency (Qg) equal to the energy splitting at
the anti-crossing k point divided by h.

Strong coupling is rather demanding to occur, since it requires a high reabsorption probability
meaning that Rabi frequency must be higher that the decay rate of the system. Hence, it is vital to have
a well-designed microcavity such that optical transition must be coupled in resonance with the cavity
mode of the microcavity. For this reason, well defined states are needed with low FWHM even at room
temperature. In many cases, several QWs are used inside the active region of the microcavity by taking
advantage of the sharpness of excitonic states. Excitons in QWs are characterized by a continuum of in-
plane wavevector states and are also quantized in the growth direction by the alternating high and low
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energy gap materials. Apart from that, excitons in QWs have enhanced intensity due to the low radiative
recombination times in comparison to the ones for the bulk case.

Investigation of exciton-photon strong coupling can be accomplished by obtaining as narrow cavity
and exciton linewidths as possible. These two factors are mainly controlled by the growth parameters
and the quality of crystal structure. Quantum well width, as well as alloy fluctuations, increase exciton
linewidth, while photon scattering inside the cavity, absorption losses and escape through the DBR can
increase the cavity linewidth. Up to now, MOCVD or MBE are the most well-known techniques for
growing such high-quality structures. By adjusting all the above parameters, one can fabricate a
successful microcavity operating at the strong coupling regime.

4.2. Exciton-photon strong coupling

Starting by basic terminology, cavity polaritons denote the exciton-photon eigenstates in
microcavities (MCs), by analogy to exciton-photon modes in bulk materials [59; 60]. When this occurs,
there is a strong coupling between excitons and photons inside the MCs. In planar microcavities, there is
a continuum of cavity modes labeled by their in-plane wavevector k/, similar to the excitonic states. The
difference in dispersions between these two modes is illustrated in Figure 4.3. When adding a QW in the
microcavity, formation of excitons occurs with an abrupt change in dielectric function. By varying the
incident angle (8) in order to tune the cavity mode frequency to the exciton transition frequency, a
characteristic dispersion occurs, where the two modes anticross [61]. If carefully observed, at this
anticrossing there are two distinct peaks in the optical spectra instead of one. The nature of this
phenomenon comes from the quantum coupling between excitons and photons by the creation of new
guasi-particles, named as polaritons. Polaritons can be manipulated as coherent superpositions of light
and matter which exhibit new properties.

energy
W\UP d photon
\ !
. . v !/
Polariton formation \ ’
inside the cavity ™S\ VoK
\ /
A hQR Qw
6=0 | 7/ exciton
o mm omm B e e m w— =
LP
\’4
momentum k,,
(a) (b)

Figure 4.3 (a) lllustration representing a microcavity with an embedded quantum well (QW) working in
the strong coupling regime and (b) Dispersion relation of exciton-polaritons depicting Rabi frequency
(Qg) due to splitting and the upper (UP) and lower (LP) polariton branches [62].
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In the case where quantum wells are outside a microcavity, excitons are decaying into one of the
continuum photon states within a finite lifetime [63]. On the other hand, since photon states are
guantized inside microcavities, only one can couple to an in-plane exciton state of the same momentum.
If this occurs, there is no irreversible decay of excitons and the new quasi-states, the cavity polaritons
arise. These excitations oscillate on a sub-picosecond timescale before the photon finally escapes from
the cavity. The period of this oscillation can be found from the Rabi frequency (Qg) by T = 1/Qg. The
framework of microcavity devices for obtaining the analytical expressions for the exciton-polariton
mode energies can be treated in both semi-classical and full quantum theory, which has been proved to
be equivalent based on the work of Savona et al. [64].

For simplicity, the semi-classical model is more often used in combination with the transfer matrix
method for simulating polariton branches with very good approximations to the real structures [65]. On
the other hand, quantum mechanical description is more appropriate with the linear Hamiltonian of the
two coupled oscillators within rotating-wave approximation, which is defined as

H = Heqy + Hexc + Hine = Xk, éav,k//a;://ak// + 2k, éxc,k//b;cr//bk// + 2k, V(a;:,,bk// + ak//b?:,,) (4.7)
where H., and H. describe the photon and exciton Hamiltonians and H,, is the interaction term,
a}://, b,'cr// and A, bk// are the creation and annihilation operators for cavity photons and excitons.

The linewidths of cavity (yc'k//) and exciton (yx,k//) modes acting as damping parameters are
included in the energies Eéav,k// and Eéxc'k// of the uncoupled cavity and exciton mode energy,

respectively. The linewidth of exciton vy, arises from homogeneous and inhomogeneous broadening in
the case of excitons (due to disorder) and the linewidth of photon y. from the finite values of finesse
(mirror losses) for the cavity modes, respectively. Lastly, IV is the interaction parameter of the light field
with the dipole moment of the electron-hole pair.

In order to find the normal modes, we have to diagonalize the above Hamiltonian by using a
transformation of operators, in which new operator p is defined as a linear combination of the creation
and annihilation operators, as follows

pk// = Aak// +Bbk// (48)

These new operators describe the mixed states. By forcing p, to follow the eigenvalue problem [p\,H] =
E«pr one yields the dispersion relation for the lower (LP) and the upper polariton (UP) states

(Ecav,k +Eexck ) i 1 . 2
Elzg,k// = # - E(YC,R// + y}C,k//) i E\/4V2 + (Ecav,k// - Eexc,k// - l()/x,k// - )/C,k//)) (4'9)

In the case where there is zero detuning (Ee. = Ec) at k;, = 0O, if the coupling strength (V) of
exciton-photon interaction is much greater than the linewidths of cavity (y.) and exciton (y,) modes, the
square root in the previous relation (Eq. 4.9) becomes purely real, and the cavity is said to be in strong
coupling regime [66]. The condition for strong coupling then is defined as
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where e is the electric charge, Ny is the number of the QW, fe is the oscillator strength, neand Le are
the effective refractive index and effective length of the cavity and m. is the electron mass in vacuum
[64; 67]. Rabi splitting (Qg) is approximated as

2
hidg z\/4|V|Z+(5—i(yx,k//—yak//)> (4.11)

where & is the detuning (6 = Ecavk)) — Em-k//) between cavity and exciton mode. Based on the above

relation, f.,. can be deduced by measuring Qi from a Reflectivity or a Photoluminescence graph at the
anticrossing of the cavity mode (E.,,) and the QW exciton (E.,.) [68]. Reported Rabi splitting Qg value for
GaN is around 70 meV. Moreover, it can be shown that for k;, close to zero, polariton mass (mq) is
approximately 2 times the cavity photon mass.

For planar microcavities, photoluminescence and reflectivity experiments can reveal directly the
strong coupling regime since the external photons result from polaritons due to the finite lifetime of the
photonic component inside the cavity [69; 70]. Thus, it is not needed for polaritons to reach the surface
to result in external photons as it holds for the bulk case. It should be mentioned that between the
external photons and the cavity polaritons there is one to one correspondence as an outcome of the
quantization in the z-direction. When a sufficient number of polaritons condensates at k;,, = 0, Bose-
Einstein condensation (BEC) is said to occur and the device is emitting coherent photons. This regime of
the microcavity is called polariton lasing and is manifested at various temperatures depending on the
binding energies of the excitons in every system. It is possible to achieve polariton condensation at large
temperatures by using materials with high binding energies such as GaN or ZnO [71; 72]. Apart from the
previous cases, Lagoudakis et al. [73] have reported an intermediate situation where strong and weak
regimes can coexist due to the population of localized states by non-resonant optical excitation.

When the cavity and exciton modes are not in resonance at k;, = 0 there is a detuning (& # 0).
Therefore, we can distinguish two other cases defined as negative (& < 0) and positive (6 > 0) detuning.
As a consequence, this detuning affects the shape of the energy states to more “photon” or “exciton-
like”, respectively. More specifically, in the case of a negative detuning (E.,, < Eex), LPB is more photonic
while UPB is more excitonic. Exactly the opposite holds for the positively detuned (E.., > Eex) Structure. It
should be pointed out here that when we excite planar microcavities, the oscillators which can be
excited with the same eigenfrequency are in the xy plane normal to z-axis or with another
eigenfrequency parallel to z only. In the first case, we obtain only twofold degenerate upper and lower
polariton branch, but no longitudinal branch for k//z since both oscillators in the xy are transverse. If
now the excitation is in the x-axis, there is a nondegerate transverse polariton branch for E//y and a
longitudinal branch from the x-oriented oscillators. In this case, the oscillators do not couple and we
obtain intersecting dispersion curves.
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5. Quantum microdisk structures
5.1. Whispering Gallery Modes

Whispering gallery waves were originally observed by Lord Rayleigh in St Paul's Cathedral circa
back in 1878. Lord Rayleigh explained that the sound waves propagating close to the cylindrical wall
are specific resonances of a wave field traveling around a concave surface due to internal reflection. This
phenomenon is similarly found in optical waves, where the continuous internal reflection from the
surface acts as a microresonator. These whispering gallery mode optical resonators have been found to
possess very intriguing properties such as high Q-factors [74; 75], tunability [76] and small modal
volumes [77].

Theoretical analysis of these optical modes has shown that whispery gallery modes can exist in
microspheres, microcylinders or even microdisks [1; 3; 78]. Furthermore, it has been reported that
radius and surface roughness play a crucial role to the field distribution and effective volume of the
resonator. This chapter introduces the derivation of whispering gallery modes from the wave theory for
a 2D cylindrical disk resonator and the effect of the resonator parameters. Figure 5.1 illustrates the
simulation of the first order and the second order whispering gallery modes of a 1.2 um disk.

Figure 5.1 FDTD simulation data for a 1.2 um diameter disk. (a) First-order whispering gallery mode and
(b) second-order whispering gallery mode at 428 nm. Red corresponds to the highest field density and
blue is the lowest field density. The black circle indicates the edge of the microdisk [3].

Following the same idea as Lord Rayleigh for a 2D cylindrical cavity, we start by considering that
inside the cavity the wave speed is u,, while outside u,. Hence, the refractive index inside the cavity is

u
ne = u—; (5.1)

In order to find the eigenmodes of the system, we define k; = uﬂ and try to solve the Helmholtz

i

equation in cylindrical coordinates

VAW (r,,2) + k}¥(r,9,2) =0 (5.2)
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where i = c for inside (r £ a) and i = o (r > a) for outside the cavity, while r, ¢ and z denote the cylindrical
coordinate system. Within the cylindrical cavity, WGMs are described by the azimuthal (m) and the
radial (n) number of the Bessel functions J,(nk.r), where n-1 denotes the number of nodes along the
radius r [79]. On the other hand, outside the cavity the field is described by the Hankel functions
H(l)m(kor). For the given geometry, the TE mode is defined by the triplet B,, B, and Eg4, while the TM mode
by E,, E; and B,

By imposing the appropriate boundary conditions and connect the solutions at the boundary r = a,
we obtain a transcendental equation (Eg. 5.3) which combines Bessel and Hankel functions and has to
be solved numerically to find the eigenmodes of the cavity [1].

Jm(ckoa) — iHrln(koa)
Jm(nckoa) ne Hp(koa)

(5.3)

The criteria for having resonant modes is

2nn.R =ml, (5.4)

where n. and A, are the refractive index and wavelength, R is the radius and m is the mode number of
the resonator. For each m € Z there are infinite solutions defined by a second integer n € N in terms of
increasing k.. First-order whispery gallery modes are called the ones with n =1 and m >> 1.

Similarly to microcylinders, the same theory can be applied to microdisks. The use of them acting
as resonators does not require a DBR deposition since reflection comes from the circular edges and not
from the vertical surfaces of the samples [79]. This reduces the crystal growth time necessary in
microcavities, where many quarter-wave layers are required. Furthermore, in the disk geometries there
is a strong optical confinement leading to gain enhancement up to twenty times more than in vertical
cavities. Considering the small modal volume of the disks, several modes can overlap with the QW
emission depending on the radius.

An illustration of the side view image of a mushroom-shaped microdisk is shown in Figure 5.2 [3].
The shape and the size of the post layer can be varied depending on the desired geometry. Usually
thinner posts tend to exhibit higher quality of WGMs since light is more confined between the air (n = 1)
and the disk (n > 1) layer. Moreover, Ruth et al. [80] have reported that by depositing a capping layer on
top of the disk, it can enhance the emission from the disk and the WGMs become more prominent in
comparison to the spontaneous emission.

disk layer

post layer

Figure 5.2 lllustration of a mushroom-shaped microdisk optical resonator consisting of a disk and a post
layer after being photo-electrochemically etched.
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6. Optical Characterization

6.1. Photoluminescence

Optical characterization has been very popular in areas where non-contacting measurements are
needed and most of the times fast data acquisition is supported through automated systems. Optical
measurements are usually taken by absorbed, emitted, reflected or transmitted light and have high
sensitivity. A useful technique that is used for the determination of shallow- and deep-level impurities in
semiconductors, without destroying the samples, is Photoluminescence (PL) or Fluorescence. For the
specification of deep level impurities, it must be provided that the recombination is radiative.

Photoluminescence plays a major role in characterization of 1ll/V semiconductors that have high
internal efficiency, since most of them are direct semiconductors. Internal efficiency gives us
information on how many of the optically generated excitons recombine radiatively and thus emitting
light. The spectrum region that is of common interest is from ultraviolet up to the far infrared
wavelengths. The relationship that connects energy and wavelength is

_he
E=% (6.1)

As presented in Figure 6.1, the main parts of the PL setup are a laser source (with hv > Eg), a
cryostat to cool the sample at temperatures close to liquid Helium and vacuum pumps. It should be
noted that the sample must have no strain when placed to the holder since this alters the emitted light.
In order to obtain the maximum spectroscopic information possible about the sample’s structure, low
temperatures are desired. If not, thermal effects arise that broaden the linewidth of a band in the PL
spectrum due to thermal excitation of carriers, giving a width of kT/2. PL measurements at room
temperature are mostly used for mapping the trap densities and doping of semiconductors.

He-Cd cw Laser at
325nm

Spectrometer

| 350nmq UV mirror Cryostat
‘ filter ND filter

Liquid He

Focus lens

CCD camera

Temperature meter

Figure 6.1 Sketch of the Photoluminescence setup where a laser was used as an excitation source at
various temperatures and light is focused on the sample and spectrometer by using mirrors and lenses.
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At low temperatures (< 10 K), bound exciton recombination occurs, where a free electron (hole)
from the conductance (valence) band is combined with a neutral acceptor (donor). For intermediate
temperatures 20 - 100 K and pure materials, free exciton recombination dominates, where an excited
state of electron and hole bound together resides inside the band gap. If the material is not pure, having
shallow or deep states, bound exciton recombination is more powerful. Bound excitons transitions are
distinguished from the donor-acceptor recombination, where an electron on a neutral donor can
recombine with a hole on a neutral acceptor, by the different FWHM linewidth. At room temperature
band-to-band recombination is the main process of emitting light, where electrons from conductance
band recombine with valence band electrons with emission of photon of energy equal or greater than
the band gap. Figure 6.2 illustrates the most important radiative transitions.

Conductance band

....... Donor level
""" Acceptor level
O O O Valence band
(a) (b) (c) (d)

Figure 6.2 Schematic of most important radiative transitions in a semiconductor: (a) band to band, (b)
free exciton, (c) bound exciton and (d) donor-acceptor recombination.

After the generation of electron-hole pairs, excitons recombine by one of the radiative or non-
radiative mechanisms. If the recombination is radiative, emission of photons takes place. Some of these
photons can be reabsorbed by the sample or be focused through a lens into a spectrometer to analyze
the emitted spectrum. The relation that connects FWHM with temperature is the following

FWHM(T) =T, + y,,T + ——22— (6.2)
o] ph ]

[e"PLo/kT_1

where [, is of inhomogeneous origin linewidth at 0 K, vy, is electron-acoustic phonon coupling constant
and Mg is the strength of electron-LO phonon interaction [81]. LO phonon energies hv g are of the order
of 91 meV in GaN.

For all PL measurements, samples were mounted on a closed-cycle Helium cryosystem with a
vacuum pressure system of 10° mbar by the aid of a mechanical and a turbo pump. The samples were
excited by a 325 nm CW Kimmon IK He - Cd laser and analyzed through an ACTON i500 spectrometer
with a resolution of 0.08 nm by using a 600 grating and a 50 um slit. Neutral density filters were used to
adjust the excitation power of the laser and the analyzed spectrum was then recorded by a nitrogen-
cooled CCD camera connected to a computer. Temperature dependent PL measurements were done by
using Scientific Instruments, series 5500 temperature controller.
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6.2. Reflectance

When electromagnetic wave hits a surface or interface, with media having different refractive
indices, two processes may occur, reflection and transmission. The fraction of this incident power which
is not penetrated in the other medium is the reflectance. Reflectance is a positive number and
mathematically can be expressed as the square of the Fresnel reflection coefficient, which is obtained by
the solution of Maxwell’s equations [14]. For oblique angles of incidence a mixture of s- (TE wave) and p-
(TM wave) polarizations occur.

For obtaining Reflectance data, white light has to be used which contains wavelengths from
ultraviolet to far infrared. This is done because each wavelength will respond differently when
interacting with an interface. As illustrated in Figure 6.3, the only difference between PL and Reflectance
setup is that the excitation is a DH 2000 Deuterium - Halogen white light source with the aid of an
optical fiber to illuminate the samples on small areas.

Deuterium-Halogen
Lamp

 —

Spectrometer Optical fiber
Cryostat
‘ ] I Liquid He
CCD camera

Temperature meter

Figure 6.3 lllustration of the Reflectance setup where excitation was done by a white-light source at
different temperatures and focused onto the sample and spectrometer by the aid of an optical fiber.

Reflectance spectra are very useful in confined structures such as quantum wells where excitonic
transitions are likely to occur due to the strong overlap of the electron-hole pair and can alter the
dielectric function of the material. As a result, this has a direct response to the reflectance spectrum and
can be seen as an abrupt change. Hence, a reflectance spectrum in combination to a photoluminescence
spectrum can determine which features are excitonic transitions. This information is vital in
understanding the transitions occurring inside the QW for designing a more eligible microcavity.

Apart from finding excitonic transitions, Reflectance can be used in Distributed Bragg Reflectors
(DBR) multilayered structures. DBRs are used as mirrors in microcavity structures, thus it is important to
know the region where Reflectance is close to unity. By measuring reflectance data and analyzing them
through a spectrometer one obtains a plot like in Figure 6.4. The spectrum exhibits two oscillating side-
lobes and a central high reflectivity stop-band. By adjusting the contrast of refractive indices and the
thicknesses of the DBR alternating layers, the desired reflectivity response of the DBR mirror can be
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obtained. The bandwidth of the Bragg reflector (“stop-band”), determined by the forbidden band of the
periodic layered structure, is given by

_8c.m np—nyy 8¢ np—my
AL = 7 (2 arccos —n2+n1) 7 (—n2+n1) (6.3)

where n; and n, are the alternating refractive indices and A is the design wavelength of the cavity [1].

&

stop-band
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Reflectivity
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Figure 6.4 Reflectance dispersion spectrum exhibiting a stop band region at the center and two
oscillating lobes at the two sides [82].

As concerns planar microcavities, a defect/active layer is sandwiched between two DBR mirrors
for successful light trapping. Reflectance spectra can show directly if excitons are strongly coupled to
cavity modes by the appearance of two pronounced features in the spectra, corresponding to lower
polariton (LP) and upper polariton (UP) states [83]. The minimum energy difference between the two
dips in the reflectivity is named as Rabi splitting Qg and is controlled by the properties of the quantum
wells and the cavity.

All Reflectance simulations for the DBR and microcavity structures that are presented in this thesis
were calculated with the use of a Matlab code written by Dr. Rahul Jayaprakash in combination with the
input parameters of each structure. The code follows the transfer matrix method (TMM) (Appendix B)
[84] to simulate the structures, where the contribution of the field components from all layers are
described by an effective transfer matrix My = MpMp.1...M1. The Sellmeier formula was used in
simulating the refractive index dependence on the wavelength for our materials defined as
/12

iﬂz_—li (6.4)

n(A)?=1+Y", A
where in most of the cases m = 3 is enough to express any material and for this reason the name
Sellmeier equation often refers the equation with the three oscillator terms. In essence, by using at least
6 different wavelengths we can calculate the 6 constants Aj, A,, A;, Ay, A, and A; of the equation and

approximate the dispersion curve.
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7. Photo-electrochemical Etching

7.1. InGaN as a sacrificial etching layer

Photo-electrochemical wet etching (PEC) technique was originally developed by Minsky et al. to
etch group Il nitride materials under ambient conditions [85]. The method is characterized by minimal
damage to surrounding areas, rapid etch rates, lateral, anisotropic and bandgap selective etching
relative to the direction and the wavelength of the photo-excitation used. Other wet-etching methods
are isotropic and are too slow for efficient processing. On the other hand, current dry-etching methods
have failed to produce the desired result due to ion induced damages resulting in rough surfaces [86].

Figure 7.1 depicts the energy band diagrams for n-type InGaN in contact with an electrolyte under
several conditions. In the first case, where equilibrium is reached between sample and solution, the
Fermi level (Ef) is equal to the redox potential (Eeq0x) Of the KOH solution if no UV laser light is used to
illuminate the semiconductor. If UV laser light, with above-bandgap energy, is on and circuit is shorted,
there will be light-induced generation of electrons and holes in the space charge region. As illustrated in
the second case (Fig. 7.1 (b)), the photo-generated electrons are pushed into the bulk of the
semiconductor by the built-in electric field (Fy), which then raise Er and generate a photo-voltage V.
On the other hand, photo-generated holes move toward and accumulate at the surface. This hole
accumulation is fundamental to PEC etching, since the presence of a hole at the surface works
essentially as a broken chemical bond. As a result, the holes facilitate oxidation and dissolution of the
semiconductor by the electrolyte. In the last case, a reverse bias V, is applied to the semiconductor to
ensure further confinement of the holes at the electrolyte/semiconductor interface.
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Figure 7.1 Energy bands of an electrolyte/n-type semiconductor interface showing the three most
important states: (a) in equilibrium, (b) under illumination and (c) under illumination and a reverse
applied bias V,. Accumulation of holes is needed for the selectivity of PEC etching.

In PEC processing, a semiconductor is immersed in a conductive electrolyte with the sample acting
as an anode and a dipped electrode (Platinum) in the electrolyte as a cathode. The illumination intensity
is kept low to control etching rate and to avoid heating problems. The work function of the electrolytic
solution depends on the PH value of the solution. Following previous work of Trichas et al. [87] and,
more recent, Jayaprakash et al. [88], PEC was carried out in an electrochemical cell at room temperature
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by using a concentration of 0.0004 M KOH diluted in deionized water to successfully etch the InGaN
sacrificial layer in the lateral direction and create high quality free-standing 200-nm thick AlGaN
membranes and microdisks on pre-patterned samples by Reactive lon Etching (RIE).

Anode cable Voltage
Sample\ A Keithley 6517A
T~ ND filter
®—f)—
Cell
405 nm diode laser Current
—

Cathode cable

Figure 7.2 Schematic showing the Photo-electrochemical etching (PEC) setup where a diode laser is used
as an excitation source. KOH is inside the electromechanical cell and the sample is stabilized on the back
area vertically to the laser beam. The contact between the sample and KOH is through a pinhole.

In our experiments, for excitation we use a 405 nm diode laser with energy slightly above InGaN’s,
but below AlGaN’s, bandgap. The etching was performed on a ring area of 0.78 mm?, which was
determined by a pinhole on the electrochemical cell. A Keithley 6517A power supply connected to a
computer through an Agilent GPIB cable and the Agilent VEE software were used to apply the desired
voltage and acquire the output current data versus time (I - t). By using this computer-based setup to
plot the recorded data every second, we had a direct response of current values which helped us to
observe any errors that could occurr during etching process. An illustration of the PEC experimental
setup is presented in Figure 7.2, where the sample (shown by the arrow) is held vertically to the laser
beam behind the electromechanical cell. Excitation power can be adjusted by using a Neutral Density
(ND) filter. The only contact between the sample and KOH was through the pinhole. The output result of
an ideal | - t characteristic curve is shown in Figure 7.3.

1(A)

N

t (sec)

Figure 7.3 Characteristic | - t curve of the Photo-electrochemical (PEC) etching process showing the
decay of current versus time due to reduced contact area between the two layers as they are being
etched.
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8. Theoretical design of the devices

8.1. E3364 and E3365 structures

Before the fabrication of any devices, a theoretical investigation was done in order to find the
optimal parameters of each layer in the nitride structures. The idea was to place two sets of 4 QWs at
the antinodes of the electric field inside the 34./2 thick active region of the microcavity. The reason why
we are using such a thick active region was just for mechanical stability. Two similar nitride
configurations were designed with different Indium concentrations (x) in the sacrificial In,Ga,..\N layer
(yellow color Fig. 8.1) as follows c-Alyg;GagesN/c-Ing13GaggyN/c-GaN/c-Saphire (E3364) and c-
Alg07Gage3N/c-Ing 15Gag gsn/c-GaN/c-Saphire (E3365). Both samples were pseudomorphic on a c-GaN
template and had two sets of 4 GaN/AlGaN Quantum Wells (red color Fig. 8.1) inside the c-AlGaN layer
cited centrally at the antinodes of the electric field.

A similar pioneer active layer configuration has been reported by Houdré et al. in 1994 but for a
GaAs-based structure [89]. By placing more than one QW at the antinode of the cavity mode, the total
oscillator strength is maximized and thus, the vacuum Rabi coupling strength. Nevertheless, it has been
reported by other groups [90; 64] that only up to 5 QWs at each antinode contribute to enhance the
coupling. A higher number of them induces saturation and hence they are not essentially needed. The
positions of the QWs resulted from calculations by considering an active layer thickness of L.= 34./2 =
211.2 nm for the materials used.

S

c-AlGaN with 8 QWs

[0001] InGaN S
C-InGa
GaN } 4 GaN/AIGaN Qws
=8 c-AlGaN
c-Sapphire | 4 GaN/AIGaN Qws
c-AlGaN

Figure 8.1 Schematic illustrating the theoretical design of the two structures with two sets of 4
GaN/AlGaN QWs embedded in the c-AlGaN layer. Aluminum concentration kept at 7 %.

The layer thicknesses and the concentrations of our theoretical design are summarized in Table 1.
Indium concentration (x) in the InGaN layer was 0.13 and 0.15 for E3364 and E3365, respectively. As
previously reported, when AlGaN is grown pseudomorphically on a GaN template, there is strain due to
lattice mismatch at the interfaces which then induces piezoelectric polarization. For this reason, a low
concentration of Al (7 %) was used to prevent any high built-in fields in the QWs resulting in a reduced
binding energy of the exciton states. It should be reminded that even such low concentration of Al
induces a field of ~ 450 kV/cm.

All the layers above the InGaN layer, as presented in Table 1, are the ones that are forming the
membrane structure and, as will be later discussed, they were simulated with the Nextnano software
[10] for extracting the A,, B, and C, excitonic transitions of the QWs within the effective mass
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approximation and 8x8 k.p perturbation theory by varying the temperature for a more realistic
evaluation of the obtained outcome.

Table 1: Theoretical design of both structures

Thickness (nm) Material Concentration
60 c-Al,Ga; 4N 0.07
2.7 c-GaN - ’» 4 periods
2.7 c-Al,Ga,,N 0.07
50 c-Al,Ga; 4N 0.07
2.7 c-GaN - .
2.7 c-Al,Ga,,N 0.07 4 periods
58 c-Al,Ga; 4N 0.07
Sacrificial layer — 26 c-In,Gay,N 0.13 (E3364) / 0.15 (E3365)
Pseudomorphic _{ 4000 c-GaN -
c-GaN oo c-Sapphire -

As shown in Figure 8.2, refractive index variation and electric field distribution inside the
microcavity were simulated with the Transfer Matrix Method (TMM). Membrane layer is sandwiched by
11 pairs of alternating high-low refractive indices in both sides for ensuring high confinement of the EM
field. In real structures, one of the two sides must have less DBR layers to increase the propagation
probability from that side. The thickness of the active layer equals the total membrane thickness.

T T T T T T T T T
35 n H —— Refractive Index
r —— Electric Field
3.0 B
é 25 -H~
© 3 4 B
£ o
o sl M (I
2 Qo
5 s
I s o 5}
5 3
n'd
N N N 1 1 N 1
0 500 1000 1500 2000 2500

Depth (nm)

Figure 8.2 lllustration of the variation of the refractive indices and the distribution of the electric field
inside the microcavity with two sets of 4 GaN/AlGaN (7 %) QWs embedded at the antinodes of the field
in the cavity layer. DBRs consist of 11 pairs of Ta,05 and SiO, as high and low refractive index dielectrics.
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8.2. Fourier plane simulation of the ideal cavity mode at 365 nm

A complementary analysis, to the previous, is the simulation of the Fourier plane or k;, — space
imaging that can be obtained experimentally by detecting the PL at various angles. Similar to the cavity
energy dispersion, Equation 4.6 holds also for the polaritons in a microcavity and can describe the
connection between the energy of the polariton mode to the external angle. An up to date technique
(Appendix D) is used to collect emitted photons by utilizing a high numerical aperture (NA) lens to
analyze the sample’s response on the monochromator’s slit. K, - space imaging is vital, since it provides
us with information about the distribution of polaritons inside the cavity. The angular resolution of the
Fourier plane is determined every time by the pixel size of the CCD camera of the spectrometer.
Although, small pixel sizes are required to attain high resolution images, the size is limited to values
close to the resolution of the spectrometer. Typical values are at the order of 25 um.

The obtained data, based on simulations, of the ideally designed microcavity with a cavity mode at
exactly 365 nm (k,, = 0) are presented in Figure 13.1 (a), while the Fourier plane data for angles from - 40
up to 40 degrees are shown in Figure 13.1 (b). In the former, Absorption, Reflectance (blue color) and
Transmission spectra (red color) are depicted, while in the latter only absorption spectrum is shown.
Based on the previous maximum angle, the calculated k;, reaches cavity states up to 2.3 x 10 > cm™. TE
and TM modes have been accounted for in the simulated data as can be clearly seen in Bragg modes.
However, in the cavity mode, it is difficult to distinguish them, due to low resolution of the illustrated
image.

Figure 13.1 Simulation of (a) Reflectance, Transmission and Absorption spectra at k;, = 0 and (b) Fourier
plane of Absorption spectra of an ideal microcavity structure with a cavity mode at 365 nm. The column
on the right indicates which colors are attributed to the high and low absorption values and does not
represent a real range.
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By applying all the necessary input parameters of the mixed exciton state A, + B, in the Matlab
code, and by using a theoretical value for the oscillator strength, we obtained the data summarized in
Figure 13.2. Here, the microcavity structure is operating in the strong coupling regime, as can be
observed from the anticrossing at 30 degrees of the external angle, while there is generation of the two
lower (LPB) and upper (UPB) polariton branches, as seen in Figure 13.2 (b). The wavelength values of the
LPB and UPB at k;, = 0 are 366 nm and 357 nm (Fig 13.2 (a)), respectively, while the Rabi splitting (Q) at
the anticrossing point in wavelength scale is ~ 4.5 nm.

' —Reflectance
1 k=0 T ' —Transmission - 300
Absorption
/ 320
0.8 1
~ UPB at 357 nm —
2 E w0
= LPB at 366 nm =
806 =1
§ E 360
15} [}
& = 380,
0.2 Y 400
0 o ), ‘ ) ‘ ‘ 420
280 300 320 340 360 380 400 420 440 460 -40
Wavelength (nm)
(a) (b)

Figure 13.2 Simulation of (a) Reflectance, Transmission and Absorption spectra at k;, = 0 and (b) Fourier
plane of Absorption spectra of an ideal microcavity structure with a cavity mode at 365 nm operating in
strong coupling regime. The column on the right indicates which colors are attributed to the high and
low absorption values and does not represent a real range.

To move on, simulations of the Fourier planes of the fabricated structures were not performed,
since we were not able to observe neither the cavity mode, nor the polariton branches in our devices, as
will be later examined. By managing to simulate the exact cavity mode and polariton branches, we
would be able to extract a value for the oscillator strength, coming from the electron-hole interaction.
This value can be numerically calculated by measuring the Rabi energy splitting (AQg) of the polariton
branches, which, as already discussed earlier, arises from the strong coupling between exciton and
confined light.

Based on previous samples, it has been reported a Rabi splitting energies at the order of 64 meV
for 33 GaN/AlIGaN QWs embedded in the membrane structure with a GaN spacer layer added at the end
to fulfill the standing wave condition. Therefore, the QWs were not only at the antinodes, but also at the
nodes positions of the electric field. Hence, they would have a reduced performance in comparison to
our new samples, where the QWs were placed only at the two antinode positions. Thus, a lower
threshold power density would be expected.
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9. Characterization of as-grown E3364 and E3365 samples

9.1. X-Ray Diffraction

In the first sample named as E3364, the Indium content was kept lower (x = 0.13) that in the
second (x = 0.15), which was named as E3365. This was done deliberately in order to understand the
correlation of the Indium concentration in the photo-electrochemical process. Finding the optimal
parameters towards smoother PEC surfaces can be a significant advantage in this technique. Both
samples were designed here but fabricated in Grenoble, in France. The growth direction was along
[0001] by plasma-assisted molecular beam epitaxy (MBE) on 4 um c-grown GaN non-intentionally doped
(n ~ 10 ¥ cm™) templates by metal organic chemical vapor deposition on Sapphire taken from Lumilog.

In order to determine any deviations from the theoretical values, X-Ray Diffraction (XRD)
characterization, by a BEDE D1 High Resolution X-Ray Diffractometer, took place. In Figure 9.1 is
presented the XRD intensity versus angle in a 6 - 26 scan for both samples, with the obtained data
denoted by the black line, while the corresponding simulation by the red line, respectively. As illustrated
in Tables 9.1 - 9.2, it was found that the concentration of the InGaN layer was 13.1 + 0.3 % for E3364,
while for E3365 was 14.6 + 0.3 %. As concerns the AlGaN layers, it resulted that for E3364 the first set of
QW had an Al content of 5.0 + 1.0 % while the second set 7.2 + 1.0 %. On the other hand, for the E3365,
it was indicated that the concentration of all AlGaN layers was at 5.0 £ 1.0 %.
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Figure 9.1 XRD intensity versus angle in a 6 - 20 scan for (a) E3364 and (b) E3365. Black line indicates the
measured data while the red line the simulation.

Additionally, XRD measurement showed that the thicknesses of all layers have variations from the
ideal structure. It is worth noting that XRD uses a fitting curve (Fig. 9.1) of the measured data to simulate
and give the output values. Therefore, this fitting cannot be very accurate for the thickness of thin layers
such as the QWs and cannot be taken as granted. However, the total thickness of the cavity, as well as
the position of the QWs, are of great importance, as already discussed in theory, and should be taken
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into consideration. By summing the thickness data of each table, we obtain 234.1 for the E3364 and
228.6 nm for the E3365, respectively.

For this purpose, the profilometry of few membranes was measured for both samples and the
resulted thicknesses were approximately 245 nm for E3364 and 240 nm for the E3365. As can be
concluded, profilometric data showed ~ 10 nm higher values than XRD results, and thus indicating that
our membranes were thicker than nominal. Further proof of that, as will be shown later, was confirmed
by SEM characterization of a single membrane. The resulted thickness based on SEM for the specific

membrane was around 232 nm, while in profilometry it was found to be 244 nm thick.

Table 9.1: XRD results for E3364

Thickness (+ 2 nm) Material Concentration (x £ 1%)
66.95 c-Al,Ga,.N 5.5
3.50 c-GaN - " 4 periods
2.03 c-Al,Ga,,N 5.0
56.10 c-Al,Ga,.N 5.0
2.86 c-GaN - 4 periods
3.49 c-Al,Ga,N 7.2
63.53 c-Al,Ga,.N 5.2
18.63 c-In,Ga,N 13.1+£0.3
oo GaN -
oo Sapphire -
Table 9.2: XRD results for E3365
Thickness (£ 2 nm) Material Concentration (x + 1%)
63.05 c-Al,Ga,N 5.0
Layers used in 3.50 c-GaN - .
4 periods
Nextnano and 2.96 c-Al,Ga,..N 5.0 ’>
Matlab for 52.65 c-Al,Ga; 4N 5.0
experimental 3.50 c-GaN - 4 periods
data simulation 2.09 c-AlGa,N 5.0
64.72 c-Al,Ga; 4N 5.0
22.97 c-In,Ga,N 14.6+0.3
oo GaN -
oo Sapphire -

Furthermore, as we will later observe in the optical characterization (Fig. 9.2 and 9.3), there is a
deviation in the photoluminescence peak between the two samples at the AlGaN exciton region with
the E3365 having a more sharp but of lower energy peak. This deviation probably results from the non-
intentionally Aluminum variation in AlGaN layers. As regards the InGaN layer, Indium content will be
under examination when evaluating the results of the photo-electrochemical process, since the role of
InGaN was solely for the fabrication of the free-standing membranes and the standing microdisks.
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9.2. Photoluminescence and Reflectance

After XRD characterization, Reflectance and Photoluminescence measurements were performed
(before any etching occurred) first at low T (Fig. 9.3 - 9.4) and then by varying temperature (Fig. 9.5) and
excitation power (Fig. 9.10) for further investigation. These two measurements can fully identify a
sample’s transitions in combination with appropriate modelling. Since the most important transitions,
for a microcavity operating in the strong coupling regime, are the excitonic transitions inside the QWs
(high intensities and small linewidth), understanding their behavior from cryogenic up to room
temperature could provide vital information.

As stated earlier in theory, abrupt changes in a reflectivity spectrum can arise due to absorption
from excitonic transitions, which alternate the dielectric function of the material. The reflected
electromagnetic waves have a direct response to a sample’s excitonic transitions, this is shown as a
change in slope (Fig. 9.2). At low temperatures, as seen in Figures 9.2 - 9.3 and more clear in Figure 9.4,
the most significant features are the changes in slope at and next to the profound dip in reflectivity at
3.50 - 3.52 eV energy range defined as A,, B, (dashed and dotted lines). The dashed lines represent the
A, exciton, while the dotted lines the B, exciton transitions in the quantum wells. The obtained values
for E3364 are 3.5075 and 3.5193, while for E3365 are 3.5051 and 3.5176, respectively.

5X105 T T T T
T=25K A A —— E3364

—— E3365
! /‘/ B,

XA\GaN

4x10° |-

3x10° F

Reflectance (A.U.)

2X105 1 1 L L
3.40 3.45 3.50 3.55 3.60 3.65

Energy (eV)

Figure 9.2 Reflectance spectra at T = 25 K before etching for E3364 and E3365. The arrows indicate the
changes in slope coming from A, and B, QW and Xucan €xciton transitions for both samples, which exhibit
similar characteristics.

The large emission at 3.450 - 3.520 eV in the PL spectrum at 25 K comes from Localized QW
excitons defined as L,. Here, L, exciton for E3364 is at 3.490 eV, while for E3365 is at 3.488 eV. The
dashed-dotted lines represent the bulk AlGaN exciton transition named as Xagan corresponding to 3.582
eV for E3364 and 3.573 eV for E3365. These energies correspond to ~ 5.0 % Al concentrations based on
G. Coli et al. [91]. Previous work in our group further confirms our results as described in reference [92].
As was analysed from the PL data, the high energy peak of Xag.n for the E3365 sample was found to
have higher intensity in contradiction to that of the E3364 sample.
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Reflectance (A.U.)

Reflectance (A.U.)

As concerns the two peaks at lower energies, they are LO phonon replicas of the localized excitons
in the QWs as they are at energy distances ~ 91 meV and ~ 182 meV, respectively. In Reflectivity data,
the low energy side in both samples is attributed to Fabry-Perot oscillations in the transparent region of
the spectrum. Since the period of oscillations has a direct dependence on the thickness of the template,
by measuring the energy difference between two successive peaks AE ~ 40 meV and doing some basic
calculations, one may conclude that the resulted thickness is at the order of 5 um. As reported from
Lumilog corporation, the GaN layer grown on Sapphire template had a total thickness of around 4 um,
which is compatible with the experimental values.
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Figure 9.3 Reflectance and PL spectra at T = 25 K before etching for E3364 (a) and E3365 (b). Dashed and
dotted lines represent A, and B, exciton transitions in the QWs, whereas the dashed-dotted line
represents Xagan €Xciton transition. Localized (L) QW excitons account for the PL maximum peak.
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Figure 9.4 Zoom of the previous Reflectance and PL spectra at T = 25 K before etching for E3364 (a) and
E3365 (b). Dashed and dotted lines represent A, and B, exciton transitions in the QWSs. Localized (L,) QW
excitons account for the PL maximum peak.
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PL intensity (A.U.)

By analyzing the temperature dependence of the two samples from 25 up to 300 K, we obtain the
data presented in Figure 9.5. An important simplification to observe the variation with temperature is by
taking the PL emission maximum for all temperatures [93; 94] and making new plots for both structures
similar to Figure 9.6. An S-shaped behavior results from delocalization of carriers from the localized
levels to the free-exciton states. This curve is a deviation from the expected Varshni fitting equation and
is observed at temperatures below 150 K, while for larger values it disappears due to the complete
ionization of the localized states. As can be seen for increased values of temperature (Fig. 9.5), there is
linewidth broadening attributed to the exciton-phonon interactions, as already discussed before.
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Figure 9.5 PL intensity versus wavelength for T = 25 - 300 K before PEC for E3364 (a) and E3365 (b).

As depicted in Figure 9.6, at temperatures close to zero, localized exciton recombination
dominates and the carriers thermalize to a 1*" local minimum. At slightly higher temperatures, the
excitons are thermally transferred to higher energy states in the local potential (1* blueshift). As the
temperature rises (above 50 K), at low excitation intensity, the excitons have enough thermal energy to
overcome the barriers of the local potential and relax to a 2™ potential minimum (1% redshift). These
two, previously mentioned, minima are indicated by the blue arrows in Figure 9.6. An additional
increase in temperature, forces excitons to reach higher energy states of the conduction band edge (2™
blueshift). For values above 140 K, there is no thermal localization and the spectrum follows the free
exciton recombination (2™ redshift). For even higher temperatures, free A, and B, excitons are having a
strong overlap due to phonon broadening and at room temperature they become one distinct peak.

As can be concluded, the simple graphs of Figure 9.6 can provide valuable information for the
behavior of the energy states from low up to room temperatures. Depending on the number of data
points used, one may have a more accurate and detailed representation of the shape of the plot. The
temperature steps (5 - 20 K) that were utilized here were sufficient for estimating and describing both
the two local minima and the Varshni fitting (as referred in the next paragraph) for our devices. The
obtained data of E3365 sample were further compared to the Nextnano results, as will be explained
later, and a conclusion is made.
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Figure 9.6 PL peak energy versus temperature extracted from spectra in Figure 9.5 along with Varshni
fitting (red solid line) for E3364 (a) and E3365 (b). The two local minima (blue color) and the localization
energy (green color) are also shown.

The red solid curves in Figure 9.6 correspond to the best Varshni equation fitting (assuming no
localization) at elevated temperatures based on the relation

ar?

Eg(T) = Eg(O) - m (91)

where E,4(0) is the transition energy at T = 0 K and a and B are the Varshni thermal coefficients. For a
most appropriate model, one should account also the S-shape of the graphs in the simulation equation
by adding an extra term, as in reference [13], but here it was not necessary. The a and B Varshni
parameters for bulk GaN are 0.909 meV/K and 830 K [95], respectively. The obtained values for our
structures are E, = 3.512 eV, a = 0.850 meV and B = 910 K for E3364 and E, = 3.513 eV, a = 0.909 meV
and B =900 K for E3365. From the previous data, it was derived that the localization energy (green label)
is 21.1 meV for E3364 and 23.6 meV for E3365, respectively.

In Figure 9.7 (a), is presented the coevolution and coalescence of the A, and B, excitons from low
up to room temperature based on Reflectivity measurements. Nevertheless, C, exciton could not be
identified from the optical characterization. As regards A, and B, excitons, they are overlapping at high
temperatures and cannot be distinguished as separate features. In Figure 9.7 (b) is shown the
Reflectance in comparison with the Photoluminescence at 295 K for a more clear view of the
overlapping. At room temperature, there is also a small contribution from the bulk AlGaN excitons at
higher energy due to its close proximity to the QW excitons, as indicated in the Figure 9.7 (b), which
increase slightly the Full Width at Half Maximum (FWHM). The PL energy peak at 295 K obtained from
E3365 is located at 3.447 eV, whereas for E3364 is at 3.450 eV. The near identical room temperature PL
spectra of the two samples are given in Figure 9.8.
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Figure 9.7 (a) Reflectance versus energy for T = 25 - 295 K (dashed A,, dotted B, and dashed-dotted Xagan
exciton lines) and (b) room temperature PL and Reflectance of the E3365 sample (dashed line A, + B,
excitons and dotted Xugan €Xciton).

Based on Figure 9.8, the microcavity design wavelength was tried to be at 365 nm, so that exciton
energy will be close to the cavity photon energy. In this case, there will be a small negative detuning 6 =
Ecav — Eexc < 0 Of the order of 50 — 70 meV. The final result might be altered depending on the center of
the DBR mirror or membrane thicknesses, which are crucial factors for having a well-defined cavity
mode. Moreover, we note in Figure 9.8, a slight difference in FWHM between the two samples (~ 0.3
nm),with E3364 having a lower value than E3365.

Photoluminescence (A.U.)
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Figure 9.8 Room temperature photoluminescence of the two structures showing that the PL peak

wavelength is near the designed wavelength of 365 nm. In this case, the microcavity is negatively

detuned (6 < 0).
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Photoluminescence (A.U.)

The next step was to collect PL data from various points on each sample, as outlined in Figures 9.9
and 9.10 to characterize the degree of homogeneity. The distance between the spots was < 0.5 cm. By
mapping the two structures, it was easy to compare the spectra and observe any variations along the x,y
plane directions, while check the consistency of the QWs and InGaN energy region. It was observed that
the QW region had no significant deviation (~ 3 meV) for both samples in contradiction to the InGaN
region which exhibits substantial variation in the emission energy (~ 47 meV) corresponding to deviation
of In-content of 1 — 1.5 %. More specifically, the variation of Indium was around 1 % for E3364, whereas
for E3365 it was approximately 1.5 % based on the work of W. Shan et al. [26].
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Figure 9.9 PL versus energy at various spots on the E3364 sample at 25 K with (a) showing the exciton
region and (b) showing the variation of Indium content at the InGaN layer of the same spectra.
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Figure 9.10 PL versus energy at various spots on the E3365 sample at 25 K with (a) showing the exciton
region and (b) showing the variation of Indium content at the InGaN layer of the same spectra.
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Photoluminescence (A.U.)

The analyzed PL spectra revealed that the InGaN layer for both structures was not uniform across
the sample. Between the two samples, InGaN of E3365 was found to be at lower energies, meaning that
the concentration of In was higher in this sample in agreement with XRD characterization. A conclusion,
based on the above, is that it is preferable to use low concentrations of Indium for more uniform InGaN
layers. Furthermore, it should be pointed here that p7 (orange color) in the PL spectra corresponds to
the point at the center of the two samples, while the other points were taken from the periphery.

To move on, the PL of the central point (p7) was taken for both samples by varying the excitation
power at 25 K. This was accomplished by using Neutral Density (ND) filters of different optical density
values (ND 0.1 - 4.0), which were placed in the incident beam path. The maximum output power of our
He - Cd 325 nm laser was measured with a power meter and found to be approximately 30 mW. The
extracted data based on the PL measurements are presented in the two plots in Figure 9.11. As
revealed, by decreasing the incident power, two overlapping peaks can be distinguished at the QW
energy region of E3364 sample, in comparison to the E3365 which exhibits single peak character. It is
estimated that the lower energy peak is also arising due to QW-related localized states and, therefore is
named as L, and is defined as “deeper localized QW states”.. L,,, which is located at the energy of 3.464
eV, is shown in both plots for a more clear understanding of the position of those states.

Moreover, as can be concluded from the spectra, these states have a negative effect on the
FWHM of the PL peak maximum of the QWs at low T. Having a huge linewidth is not desirable to such
structures since it has a negative contribution to the exciton-photon interaction at the polariton
microcavity. Sample E3365 (Fig. 9.11 (a)) is found to be less affected from these states, in contradiction
to E3364 (Fig. 9.11 (b)), probably due to the better quantum well structure. However, no further analysis
was done to explore other effects of the deeper states or have a better explanation why they arise only
in E3364, since the purpose of this thesis was to fabricate a real polariton structure operating in the
strong coupling regime.
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Figure 9.11 PL versus energy at different values of excitation power attenuated by a series of Neutral
Density (ND) filters for (a) E3364 and (b) E3365 samples at 25 K (dotted lines shows L, excitons).
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9.3. Ay Bxand Cx simulation based on Nextnano software

At this point, simulations for the verification of the excitonic transitions within the effective mass
approximation and the 8x8 k.p perturbation theory were made by the use of the NextNano software
designed by Stefan Birner [10]. This program combines all the necessary physics that is needed for our
simulations and gives very good results compared to similar works that can be found elsewhere. By
declaring all the necessary parameters in an input file, Nextnano is able to perform all the calculations
and give an output file with the results. For the proper heterostructure simulation, we had to create our
structure in the input file of the software, according to the program’s demands, and make all the proper
corrections needed to the material parameters that were predefined in the software files.

In the calculations, our membrane structure had a total thickness 234.1 nm, similar to the E3365
XRD results, with all the layers grown pseudomorphically on c-GaN. The next step was to understand the
piezoelectric and spontaneous polarization effects in the heterostructure, arising by strain and the lack
of inversion symmetry in nitride structures. It is well known in literature [12; 34] that devices made by
[lI-V nitrides exhibit large piezoelectric and spontaneous polarization in each layer in contrast to other
materials, therefore it was important to take them into consideration. Based on the calculations, it was
found that the built-in field acting on the wells is around 350 kV/cm. The QCSE effect, which is
dependent on this field, induces in turn a red-shift to the exciton states, which cannot be omitted.
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Figure 9.12 Simulation results of the probability distribution |W|? in our heterostructure for (a)
conduction - heavy hole bands and (b) conduction - split off bands for 5 % Al concentration and T = 25 K
within the effective mass approximation. The thicknesses of each layer are similar to the design
membrane structure.

In the beginning, some first trials of the above structure were made within the effective mass
model for the full 8 QW structure, but we realized that too much of computer power was needed to
perform the exciton corrections and that a really large number of transitions needed to fill up all the
QWs in the structure. The higher probability distributions (|W|?) in the quantum wells corresponding to
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ground states of conduction, heavy-hole and split-off bands in each quantum well are presented in
Figure 9.12 (light-hole probabilities are very similar to heavy-hole and are not shown here).

To reduce computer time, we used 1 QW (Fig. 9.13) having same polarization-induced internal
fields acting on the QW and the barrier as in the full structure by keeping the same width of the well (Lqy
= 2.7 nm), and taking the respective barrier thickness as Lysrier = 8.5 nm. Within the k.p model (Figure
9.13 (b)), the quantum states in the valence bands are mixed and not pure, due to the perturbation with
a two-spin degeneracy. Al concentration (x) was kept constant at 5 % with the temperature defined at
25 K in the graphs. Simulations by varying temperature were performed in comparison to the
experimental results for the E3365 sample. The Varshni parameters that were used in the Nextnano
input file were extracted from the PL peak data of the same sample, while the exciton binding energies
where calculated within the effective mass model and then subtracted from the transition energies that
were found from both theories.

T
C-HH,LH and SO 1 - C-HH, LH and SO -

Energy (eV)

0 5 10 15 0 5 10 15

Position (nm) [0001] Position (nm) [0001]
— —
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Figure 9.13 Simulation results of the probability distribution |W|® for 1 QW analogue with 5 % Al
concentration and T = 25 K within (a) the effective mass approximation and (b) 8x8 k.p perturbation
model. The black-colored names HH, LH and SO of the valence bands declare that the states are not
pure but mixed due to perturbation. The single QW was calculated based on the acting field inside the
wells similar to the 8 QW structure.

In the next plot (Figure 9.14) are shown the experimental values of L,, A, and B, exciton energies
obtained from analysis of the PL and RFL spectra versus temperature. L, denotes the localized excitons
that create the S-shape of the PL peak vs T at low temperatures. Regarding the quantum well free
exciton states, it was found that the PL maximum has a small shift (3 - 4 meV) at higher energies
compared to the values of A, exciton above 120 K as determined by RFL. As visible, this shift is attributed
to the mixing and contribution from the B, exciton. C, exciton, as stated before, is not seen and hence is
not shown in the plot. The experimental energy difference between A, and B, is around 13.5 meV. A,, B,
and C, were simulated with the Nextnano software for the same temperature region by using the
extracted Varshni parameters from the PL peak maximum of E3365.
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Figure 9.14 Energy versus temperature of the experimental L, A, and B, excitonic states with the
corresponding PL peak of E3365.

To continue, in Figure 9.15 (a) are compared the simulated data based on the effective mass
model with the corresponding PL peak of the E3365 sample, while in Figure 9.15 (b) are outlined the
simulated data based on the 8x8 k.p perturbation theory. Exciton binding energies were taken into
account in both graphs. The simulated data of A, with k.p are shifted 5 meV to lower energy than the PL
peak data of E3365 sample. The energy difference between A, and B, from simulations within the eff.
mass was 14.7 meV, while with k.p model was found to be 15.7 meV. On the other hand, AE of B, and C,
was 9.2 meV and 17 meV, respectively. As can be seen, the C, that resulted within the k.p model is
located at higher energy than the corresponding values from the effective mass model. To sum up, the
simulations are found to be in a good agreement with the PL values for the A, and B, excitons.
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Figure 9.15 Energy versus temperature of the A,, B, and C, excitonic states based on the simulation
results for 1 QW analogue with 5 % Al-content (a) within the effective mass and (b) within the 8x8 k.p.
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10. Reactive Ion and Photo-electrochemical Etching
10.1. Design of various square and cylindrical-sized mesas

The next step was to perform standard lithographic process and Reactive lon Etching (RIE) to
create mesas on the surface of various dimensions and around 1 um height. RIE is a dry etching
technique, which uses chemically reactive plasma generated by an rf-electromagnetic field under low
pressure to remove surface material on wafers. For this purpose, a pre-patterned metallic mask was
used to protect the desired regions and selectively etch the non-desired areas. This was done so as to
expose laterally the InGaN sacrificial layer for selective PEC etching. As we will see, the active area of the
electrochemical cell is much larger than the fabricated squared mesas, so that it can successfully etch
various dimensions simultaneously.

In Figure 10.1 (a), an illustration is presented of the squared mesas, and in Figure 10.1 (b), an
optical image of one period of the pattern after RIE process. The area of the squared mesas varied from
45 x 45 to 155 x 155 um?®. Similarly, in Figure 10.2 (a), an illustration is given of the cylindrical mesas,
while in Figure 10.2 (b) an optical image of one period of the patterned mesas after RIE. The numbers in
the second case denote the diameter of the above circular mesas, which range from 1 um up to 40 um.
As seen at the optical image (Fig. 10.2 (b)), mesas smaller than 4 um could not be observed, implying
that a new mask should be used in the future.

. wee. 1um height mesas

(a) (b)

Figure 10.1 (a) lllustration showing the creation of 1 um high square mesas and (b) one period of the
pattern taken by an optical microscope after processing with Reactive lon Etching (RIE) technique.

1 um height mesas 80 um

(a) (b)
Figure 10.2 (a) lllustration showing the creation of 1 um high cylindrical mesas and (b) one period of the
pattern taken by an optical microscope after processing with Reactive lon Etching (RIE) technique.
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10.2. Fabrication of free-standing membranes and standing microdisks

In the case of free standing membranes, in order to be able to peel off the desired structure from
the samples, the photo-electrochemical (PEC) wet etching was used to make 200-nm thick membranes
that could be later transferred and sandwiched between DBR mirrors. The highly selective etching of c-
In,Ga,,N sacrificial layer was done in lateral direction on the previously mentioned pre-patterned
samples into a grid of mesas of various sizes. With this method, one can succeed very smooth and high
quality membranes by adjusting the voltage, etching time and laser power for a constant electrolyte
concentration. Here, the electrolyte solution remained constant at all times and consisted of 0.0004 M
KOH concentration diluted in deionized water similar to reference [88].

After preparing the electrolyte solution, it was placed in an electrochemical cell, while the samples
were attached on the backside. The active area of the pinhole was 0.78 mm?, implying that several tens
of mesas can be etched in a single run. The application of the reverse bias was done through a Platinum
(Pt) electrode dipped in the solution, which was used as a cathode, and an Indium (In) contact on the
top side of the samples, which acts as an anode. All the etchings were carried out at ambient conditions
with a computer-controlled system, as described earlier. To ensure the selectivity of the PEC etching, a
405 nm diode laser source is used for the excitation of the carriers in the In,Ga,N layer, which
corresponds to an energy well below the energy gap (E,) of GaN.

For the square mesas, an ND 0.3 filter was used to reduce the maximum output power of the
diode laser. The total power of the laser beam after passing the cell and the filter was measured to be
3.5 mW. By using low laser powers, less photo-carriers are generated and it is easier to control the
whole process. Apart from that, temperature effects may arise from high laser powers, thus, they should
be taken into account in every case. From the work of R. Jayaprakash et al. [88], very smooth
membranes can be obtained by using low etching rates and high extents in time, therefore we tried to
follow this route. A major difference in our samples is that we did not use Si-doped GaN templates but
non-intentionally doped GaN grown on Sapphire.

As explained in literature, during PEC process holes at the surface of the semiconductor, in our
case InGaN, combine with the OH™ of the electrolyte, thus causing oxidation of InGaN, with nitrogen and
water as byproducts. The chemical reaction for oxide formation based on [88; 96] is the following

2InGaN + 6h™ + 60H™ = (In,Ga),03 + 3H,0 + N, (oxide formation)

while the chemical reaction for the oxide dissolution is
(In,Ga),05 + 60H™ = 2(In, Ga)033 + 3H,0 (oxide dissolution)

Hence, after every etching a cleaning with deionized water has to take place to remove most of the
residual oxides.

After performing some trial exposures, it was found that a good trade-off between voltage and
etching time can be obtained by keeping the reverse bias constant at 3V and varying the etching time to
about 40 minutes. Under these conditions, the three most promising characteristic times used for both
samples were 2100, 2300 and 2500 sec. It should be noted that for higher voltages a bubbling effect can
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arise and lead to non-uniform exposure of the sample surfaces. On the other hand, for low voltages,
time has to be extended. A characteristic | - t curve of the 2100 sec case is shown in Figure 10.3.
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Figure 10.3 Current versus time for the 2100 sec square-membranes with reverse bias at 3 Volts in
Photo-electrochemical etching (PEC).

Optical microscope images of the resulting regions after etching can be seen in Figure 10.4. The
pink color of the membrane structures arises from scattering of the incident light. What was observed,
between the two samples, is that E3364 exhibits more impurities in the surrounding spot area, than the
E3365, probably due to residual oxides, since a small portion can still remain on the sample from
undiluted oxides [88]. Especially for the 2300 sec case of E3364, it can be clearly seen that the region is
covered with oxide residues around the spot and the etching of the membranes was not homogeneous
as can be concluded from the different colorization of the membranes, while some of the membranes
were damaged. For the 2500 time case of E3364, some membranes in the outer region have left away,
probably after washing with deionized water, or they were fully destroyed. As regards the shorter
etching time of 2100 seg, it is visible that it has more uniform colorization than the other two regions.

On the contrary, the 2100 sec spot of the E3365 sample exhibits very good visual results, while the
other two areas, as it can be derived, they are not that uniform. As concerns the 2300 sec, the inset
image shows that some good quality membranes can be found in the region. For the 2500 sec, we see
again the loss of some membranes at the spot edges similarly to E3364. It is worth noting here that the
fluctuations and the percentage of Indium concentration played of course an important role between
the two samples. A significant drawback is that all spots have a small “burning” in the center. Therefore,
lower excitation power than the ~ 3.5 mW should have been used instead. The corresponding time
extent should be increased for the same conditions due to their linearity.

Finally, it has been found that similar etching conditions between the two devices can have slightly
different results. From the previous analysis, the E3365 sample proved to have better etching results for
the given parameters. The time extent of 2100 seconds exhibited the best outcome for both samples
based on the uniform colorization of the optical images. For a more trustworthy evaluation, optical
images should be compared with other techniques such as SEM, but this would mean that we had to
destroy the samples. Consequently, we proceeded without any further examination, since the next step
was to transfer the membranes on other substrates.
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E3364 E3365

V=3Volts and t=2100sec

V=3Volts and t=2500sec

Figure 10.4 Optical microscope images of E3364 (left side) and E3365 (right side) after etching with
constant reverse bias at 3 V and power at 3.5 mW for 2100, 2300 and 2500 seconds, respectively.
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In the next image (Fig. 10.5), it is shown a region of etched membranes that have been moved
from their mesas. Two of the three membranes pointed by the arrows seem to be moved, but be intact,
while the third one seems to be broken. From this image, it was evaluated that the membranes could be
used for transfer into other substrates for optical characterization. For this reason, some membranes
were transferred on double polished Sapphire substrates and were excited again with the He - Cd laser
by the same setup configuration. The outcome of the Photoluminescence is given in Figure 10.6, which
shows the PL data of E3364 before and after the membrane fabrication. As presented the membrane is
at slightly higher energies in comparison to the bulk. By making free-standing membranes, the
difference was found to be around 15 meV for the E3354. Another important observation from this plot
is that AlGaN s less visible in PL and that LO-phonon replicas are shifted to higher energies.

Figure 10.5 Optical microscope images of E3364 after etching indicating that some membranes have

been moved from their original mesas (black arrows). As can be observed, one of the three pointed
membranes has been broken in two pieces.

E3364 — bulk
T=25K —— membrane

LO-phonon

XAIGaN
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Figure 10.6 PL versus energy of bulk (black line) E3364 and membrane (red line) after PEC etching and
transfer on to another substrate. AlGaN is less visible and the QW PL along with LO-phonon replicas are
shifted to higher energies.
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Concerning now the partial etching of the circular mesas, as the sizes were very different now, the
laser power and the time extent had to be altered. On the other hand, the electrolyte concentration and
cell active area remained the same. Since the circular mesas had smaller areas, less power and etching
time were needed to etch them partially. For this reason, some estimates based on the square mesas
results were performed in order to find the appropriate experimental etching rates. The resulted laser
beam power was found to be around 100 uW. Therefore, a ND 2.0 filter with optical density 2 was used
and the reduced laser power after the cell was at 67 pW.

For the microdisks only the E3364 structure was used with etching times at 20, 70 and 100 sec.
Optical images of all the etched areas are illustrated in Figures 10.7 - 10.9. In the first case at 20 sec (Fig.
10.7), etching has been initialized but was not completed. Furthermore, it is visible that the disks are not
homogeneously etched across the surface. At the time extent of 70 seconds (Fig. 10.8), the disks are
observed to be a bit more etched than the previous timescale, but again non-uniformly. Microdisks from
the last period of 100 sec (Fig. 10.9) show a uniform etching, such as the 25 um disk that is shown on the
right side. Nevertheless, further experiments have to be done for a more detailed description.

Since similar issues, having a non-homogeneous etching front as in membranes case, the problem
of the microdisks was attributed to the non Si-doped GaN template, as less current density could be
attributed to this problem. Previous work of Haberer and Tamboli et al. [3; 97] has shown that PEC along
with electron beam lithography can be used for GaN microdisk structures with low roughness at the
side-walls even for small diameter disks. As mentioned earlier, smaller disks are more intriguing as they
exhibit fewer modes with increased intensities, in agreement with theoretical simulations.

16um  20um 25um  30um  40um

8um 10um 12um 14um

Figure 10.7 Optical microscope images of E3364 after etching with constant reverse bias at 3 V and laser
power at 67 pW for 20 sec. The black rectangle denotes the enlarged region on the right, while the
separate disks are from random areas.
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Figure 10.8 Optical microscope images of E3364 after etching with constant reverse bias at 3 V and laser
power at 67 uW for 70 sec. The black rectangle denotes the enlarged region on the right, while the
separate disks are from random areas.

20um 25um  30um  40um
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Figure 10.9 Optical microscope images of E3364 after etching with constant reverse bias at 3 V and laser
power at 67 pW for 100 sec. The black rectangle denotes the enlarged region on the right, while the
separate disks are from random areas. The 40 um disk was analyzed also with SEM (green rectangle).



After taking some optical images of the fabricated microdisks, a JEOL JSM 7000F Field Emission

SEM was used for a better evaluation of the results. Estimating that the most appropriate spot to check

by SEM was that of 100 sec exposure time, we tried to observe the broken 40 um disk shown in the inset

of Figure 10.9. The resulting SEM images are shown in Figure 10.10. As can be seen in Figure 10.10 (b) at

the edges of the broken area, etching has occurred, while there is a smooth surface under the lifted

broken piece. In Figures 10.10 (c) - (d), are presented the side views of the disk. As can be observed, the

InGaN layer has been etched at the edges and the microdisk tries to lift up. By taking a more careful look

around the microdisk, it was found that it was etched around at most of the sides. It should be

mentioned that this was the first trial in our group to etch microdisks. Clearly, further experiments are

needed towards the improvement of this micro fabrication.
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Figure 10.10 SEM images of a 40 um diameter disk on E3364 sample after etching with constant reverse
bias at 3 V and laser power at 67 uW for 100 sec (a) full disk, (b) zoom at the broken part, (c) and (d) side

views.
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11. Bottom DBR mirror grown on Sapphire
11.1. Characterization of bottom-DBR/Sapphire template

The growth of the bottom DBR of our microcavity was ordered to Helios Optics to make for us
several samples on Sapphire (Al,0;) templates. The dielectrics that we decided to use were Silicon
Dioxide (SiO,) and Tantalum Pentoxide (Ta,0s), as low and high refractive index materials, respectively.
In this case 11 alternating pairs were needed for reflectivity values of the stop-band region close to
unity. The Reflectivity data were measured with the setup explained before and compared with
simulations based on Transfer Matrix Method. In this method, every layer is simulated with a matrix and
a total matrix of the structure can be obtained (see Appendix C).

The Sellmeier equations of the refractive indices, shown in Figure 11.1, were used as input
parameters to the Matlab code for the bottom DBR mirror and were taken from reference [98]. These
indices were calibrated based on the 360 nm wavelength at nsp, = 1.5099 and nyy,05 = 2.0442 to achieve
the obtained values of Helios Optics Spectroscopic Ellipsometry (SE) measurements. By doing the math,
one can find that the quarter wave thicknesses of the alternating layers should be tyecorsio2 = 59.60 nm
and tineorrazos = 44.03 nm. As in all cases, the growth thicknesses might have some deviations from the
expected values. Therefore, the theoretical predicted values will be altered and the resulting stop-band
will be shifted accordingly. A comparison has to be done with the experimental results in any case for
this reason.
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Figure 11.1 Refractive index versus wavelength of SiO, Ta,0s and Al,05 dielectric materials [98].

In Figure 11.2, is given an illustration of the bottom-DBR/Sapphire structure along with the
corresponding Reflectivity spectrum obtained from experimental results, and a comparison with
simulated data. The obtained output data of the simulation showed that the thicknesses of the SiO, and
Ta,05 layers were teypersioz = 66.5 = 0.5 nm and texperrazos = 42 £ 0.5 nm, respectively, with a center of the
stop-band at Aeqper ~ 374.3 nm. The ideal stop-band center, which was simulated based on nominal
thicknesses, should be at Ageim = 365 nm, as can be observed from the green line in Figure 11.2 (b). This
template, as we will see later, was used for the transfer of the membranes.
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Figure 11.2 (a) lllustration showing the 11 period alternating pairs of the bottom-DBR layers on Sapphire
substrate and (b) Reflectance of the DBR sample in comparison to the Matlab code simulations.

11.2. Transfer of membranes on bottom-DBR/Sapphire templates

Membranes at this point were ready for transfer on other substrates. As they were around 200
nm thick with sizes in the order of 45 - 155 um, special care had to be taken. For the transfer, the
previously mentioned Sapphire substrates, with the 11 pairs of SiO,/Ta,0s deposited on them, were
used as bottom DBRs. The transfer of the membranes was done by a wet method developed in our
group, which takes advantage of Van der Waals interactions. After membranes were successfully
transferred (Fig. 11.3), the plan was to deposit another DBR on top for the completion of the microcavity
structure. Bear in mind that for a polariton structure, a high Quality Factor (Q-factor) is needed for the
improved performance of our devices and every step in this process is of paramount importance.

(a)

(b)

Figure 11.3 Optical images of 155 um membranes after their transfer on bottom-DBR/Sapphire

substrates ready for a top-DBR deposition.
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The Photoluminescence of the E3364 membranes with the corresponding as-grown data at 25 K
and 295 K are presented in the Figure 11.4. There is a visible energy difference of around 10 meV
between the membranes and the as-grown structure with the latter being at lower energies. This can be
easily justified due to the strain effect as discussed in theory. An expected shift at higher energies was
expected for the free standing membranes due to strain imposed to the wells by the barriers.
Nevertheless, small variations in energy among membranes of the same sample exist but they are small.
Similar optical characteristics were obtained also for the E3365 sample, as can be seen in Figure 11.5,
with energy variations again at the same levels. What is more, in the case of the membranes there is a
larger FWHM in contradiction to the as-grown structures, which exhibit finer peaks especially at higher
temperatures. This increased linewidth is possible due to strain inhomogeneities.
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Figure 11.4 Photoluminescence of bulk E3364 (black line) before etching and free-standing membrane
(red line) after transferring it on a bottom-DBR/Sapphire substrate (a) T=25 Kand (b) T=295 K.
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Figure 11.5 Photoluminescence of bulk E3365 (black line) before etching and free-standing membrane
(red line) after transferring it on a bottom-DBR/Sapphire substrate (a) T=25 K and (b) T=295 K.
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To continue, Reflectance data of membranes on top of the bottom-DBR were acquired as plotted
in Figure 11.6 for three E3364 membranes. The Q-factor based on the three membranes was in the
range of 23 — 34. These values are considered very low is respect to previous samples that we had in the
past. There is a discussion in the last chapter about the low Q-factor. Maybe it is decreased due to some
inclination of the membranes due to oxide residues or broken parts from other membranes. The range
of the cavity mode was found to be between 358 — 365 nm (shown by the black dashed lines) for the
previous membranes. In addition, in Figure 11.7 are plotted the Reflectance with the corresponding
Photoluminescence of the membrane 3 (Figure 11.6) for comparison. As regards A, and B,, they can be
clearly distinguished in the RFL plot. The reflectance data in the two last graphs are not normalized in
respect to the white source lamp.
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Figure 11.6 Reflectance of E3364 three different membranes after transferring them on a bottom-
DBR/Sapphire substrate. The black dashed lines indicate the variation of the cavity mode among the
membranes.
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Figure 11.7 Reflectance and Photoluminescence of membrane 3 of the E3364 sample after transferring
it on a bottom-DBR/Sapphire substrate.
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Refractive index

12. Top DBR mirror growth on the transferred membranes
12.1. Top-DBR grown by rf-sputtering

For the top DBR, an initial idea was to use the sputtering method, as it has been proved a fast
growing technique. In order to check the consistency to our case, we got 4 different samples from
Grenoble grown by this method for characterization. The first sample was a Silicon substrate with 10
periods of Silicon Dioxide (SiO,)/Silicon Nitride (SisN,4) alternating pairs and the other three samples were
a Si sample with its native SiO, oxide and rf-sputtered SiO, and SizN,4 layer on Si substrates. The last three
samples were characterized by the SE method in our lab to extract the wavelength dependence of the
refractive indices of the two materials and to measure the exact thickness of the SiO, and Si;N, layers.

The above thicknesses measured to be thatvesio2 = 1.63 £ 0.02 nm, tspusio2 = 192.60 = 0.30 nm and
tsputtsiana = 197.80 + 1.00 nm, respectively. The extracted data of the refractive indices of the two
dielectric materials were simulated with the Sellmeier equation with the aid of the OriginPro 9 software
to acquire the equation parameters, which were later used in the Matlab code for the Reflectivity
simulation. A similar approach would be of course to use the Cauchy empirical equation for modelling
dispersion. The extracted wavelength dependence is presented in Figure 12.1 (a) for SiO, and SizN,,
while in Figure 12.1 (b) is shown the Si dispersion relation taken from reference [99].
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Figure 12.1 Refractive index versus wavelength of (a) rf-sputtered SiO, and Si;N, based on SE

measurements in our lab and (b) Si taken from reference [99].

The parameters of the refractive indices and the layer thicknesses were then used in the
Reflectivity simulation for the top-DBR and compared with the real Reflectivity data of the 10 periods of
Si0,/Si3N, alternating pairs on a Silicon substrate. The reason for using some testing samples was to
check the cohesion of our theoretical predictions and be able to apply any changes before the final
sputtering on the membrane samples. From the acquired data, only the central spot of the DBR/Si
sample is presented (Fig. 12.2) along with the corresponding simulation spectra. According to the
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simulation data, the thicknesses of the two layers are tyytsioo = 62.3 £ 0.5 nm and teyuusisng = 44 + 0.5 nm,
while the center of the band was at Aeyper ~ 386.1 nm. Furthermore, the oscillating side-lobes were found
to follow sufficiently well the experimental ones.
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Figure 12.2 (a) Illustration showing the 10 period alternating pairs of the top-DBR mirror on Si substrate
and (b) experimental data of Reflectance in comparison to the simulation data for the top-DBR mirror.

As the sputtering method gave a good DBR on Si, we adjusted all the necessary parameters based
on the trial run to fabricate a DBR mirror centered at 365 nm. For the final run, 4 pieces with a few
membranes on them were sent in Grenoble for a top-DBR sputtering of 10 periods of SiO,/Si3N,
alternating pairs. All the samples were attached on a huge double polished Sapphire piece with silver
paste (not shown here). This was done for 2 reasons, the first was for mechanical stability, since they
had to be sent in France, and the second was that after sputtering, we could characterize the top-DBR
mirror on it with reflectance.

To move on, according to experimental data fitting displayed in Figure 12.3, from a central spot on
the newly deposited DBR/Sapphire, the thicknesses of the dielectric materials were tguusio, = 61.5 £ 0.5
nm and tguusisng = 42.2 £ 0.5 nm. As a result, the center of the DBR mirror was located at 365.8 nm,
which is ideally close to the ideal value of 365 nm. Here, the fitting of the side-lobes is not as precise as
the one on Silicon substrate, but is in a very good approximation. Therefore, we adopted again the
values from reference [98] and did not proceed to further analysis of the Sapphire refractive index.

The next step at this point was to examine the effect of the top-DBR mirror stop-band region to
the full microcavity structure. To do so, a simulation of the reflectivity spectrum for the full cavity was
performed by using the theoretical thicknesses of the membrane layers in the Matlab code and the
resulting data are placed in Figure 12.4. The wavelength value of the cavity mode based on the nominal
value of membrane thickness was found to be at A, = 369.05 nm. As will be shown later, the overall
membrane thickness was deviated from the nominal value. Therefore, this can move the cavity mode at
higher or lower wavelengths accordingly. A simulation analysis was also performed for this reason.
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Figure 12.3 (a) lllustration showing the 10 period alternating pairs of the top-DBR mirror on Sapphire
substrate and (b) experimental data of Reflectance in comparison to simulation data for the top-DBR.
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Figure 12.4 Full microcavity reflectance simulation by using the designed thicknesses for the membrane

layers, while the top and bottom DBR thicknesses were based on the previous simulations. The cavity
mode was indicated at A. = 369.05 nm.

After completing Reflectivity measurements, the samples were observed in the optical microscope
and it was found that all of the membranes were cracked and in some cases they were completely
destroyed or have moved from their position. Since it was difficult to find a physical explanation for their
damage, it was attributed to mistreatment at their transfer to France. On the other hand, sputtering
method was not considered to be able to destroy them, although it is known to alter their optical
propertied. Two optical images of membranes from different pieces are presented in Figure 12.5. All the
previous samples were tested with imaging mode of the PL setup, but neither cavity mode nor strong-
coupling were observed. After that, instead of losing time to figure out what was the problem of the
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previous fabrication, it was decided that a more accurate method should be utilized to deposit our

dielectric materials.

Figure 12.5 Optical microscope images of the damaged membranes after the final top-DBR sputtering.

12.2. Top-DBR grown by e-gun deposition

To proceed, e-gun deposition was thought to be a better adapted technique for the fabrication of
the top-DBR mirror. Consequently, some membranes were transferred again on bottom-DBR/Sapphire
substrates and were sent to Grenoble. Before doing any final deposition, we also asked for some test
samples of the two dielectrics on Si substrates for SE characterization. The materials employed at this
time were SiO, and Ta,0s similar to the bottom mirror and the resulted refractive indices are shown in
Figure 12.6. The surface roughnesses (rms), measured by a Multimode AFM Nanoscope IlIA in our group,
were 0.7 nm and 1.2 nm, respectively, in an area of 4 um>.
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Figure 12.6 Refractive index versus wavelength of SiO, and Ta,0s materials based on SE measurements.

The Reflectivity of the top-DBR was estimated based on the refractive index values measured with
SE and compared with the experimental data, as illustrated in Figure 12.7. The refractive index of
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Sapphire was taken again from reference [98]. The characteristic thicknesses of the 10 alternating
deposited pairs, fabricated in France, were te.gunsio2 = 65.5 + 0.5 nm and teguntazos = 40.2 £ 0.5 nm for the
Si02/Ta205 pair, with the center of the top-DBR mirror located at Aeyper ~ 381.0 Nnm. As it is visible in
Figure 12.8, which shows the reflectivity of the full cavity for the nominal thickness of the membrane,
the cavity mode of the full structure is located at A. = 371.2 nm and seems to be much weaker than that
described in Figure 12.4. This probably arises due to higher reflectivity value of top-DBR based on the
larger index-difference. To overcome this, one has to reduce the number of the top-DBR pairs, in our
case N < 10.
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Figure 12.7 (a) lllustration showing the 10 period alternating pairs of top’s DBR layers on Sapphire
substrate and (b) experimental and simulation data of Reflectance for the top-DBR mirrors.
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Figure 12.8 Full-microcavity reflectance simulation by using the theoretical thicknesses for the
membrane layers, while the DBR thicknesses were based on the previous simulations. The cavity mode
is located at A, =371.2 nm.
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Before doing any PL measurements, we observed the samples with an optical microscope to
locate the membranes and check their quality. The resulted images presented in Figure 12.9, show that
the membranes are slightly tilted in respect to the z-axis and do not fully adhere to the substrate plane.
As measured in PL, the cavity mode could not be observed at any microcavity. In order to understand
the reason why, we examined other membranes transferred on bottom-DBR substrates for further
characterization. As was referred earlier, and will be explained in the next section, an E3364 membrane
thickness was measured based on SEM at 232 nm, confirming the deviation that was observed by XRD
analysis. Therefore, a new simulation of Reflectance for the 230-membrane thickness took place, as
presented in Figure 12.10. As can be seen, the previous mentioned cavity mode is now shifted at higher
wavelengths, A, = 386.7 nm, and a secondary cavity mode appears at A, = 345.7 nm.

(a) (b)

Figure 12.9 Optical images of membranes after e-gun deposition of top-DBR mirror. As can be observed
optically, the membranes seem to have an inclination in respect to the substrate plane due to different
colorization coming from the focused light.
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Figure 12.10 Full-microcavity reflectance simulation by using 232 nm membrane thickness, while the
top- and bottom-DBR thicknesses were based on the previous simulations. The cavity mode is shifted at
A.=386.7 nm and a secondary mode appears at A, = 345.7 nm.
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13. Effect of membrane and air-gap thickness on cavity mode

13.1. SEM characterization and simulations of membrane thickness

Since it was difficult to observe the cavity mode in our devices, we tried to take a more careful
look on the thickness of the membranes. This was achieved by doing SEM on a single membrane of the
E3364 sample (Fig. 13.1), which was transferred on a bottom-DBR/Sapphire template, as well as, by
Reflectivity simulations, based on the Matlab code, for various thicknesses. For the latter, the range was
between — 20 up to 20 % (Fig 13.2) of the nominal cavity layer thickness, which was L iges = 211.2 nm.

As seen in Figure 13.1 (b), the thickness of the specific memrbane was measured L..sgm ~ 232 nm.
Apart from SEM characterization, profilometry measurement was previously performed on the same
membrane, which gave a Lcpor ~ 245 nm thickness. These results, further validate the earlier shown XRD
data for the as-grown samples, which in the case of E3364 the total thickness was L.xzp ~ 234.1 nm.
Profilometry of an E3365 membrane gave a value of L. pror.e3365 ~ 240 nm (no SEM was performed here),
confirming again the increased thickness that was found in XRD analysis (Lcxrp-e33ss ~ 228.6 nm). By
carefully observing the Figure 13.1 (b), we can see that the rms roughness of the membrane is
maintained at low value. Previous work in our group showed that an rms of 0.6 nm can be achieved by
utilizing the same etching process for the free-standing membrane fabrication [88].

membrane rms ~ 2 nm

FORTH-IESL SEI 15.0kV X2,500 WD 10.1mm 10um m 100nm

(a) (b)

Figure 13.1 SEM image of a single membrane from E3364 sample, which was transferred on a bottom-
DBR/Sapphire template at (a) 10 um and (b) 100 nm scale. The obtained membrane thickness based on
SEM is L.sem ~ 232 nm as pointed with the white arrows.

The underlying gap and the small crack in one of the corners of the membrane, as shown in Figure
13.1, were caused during profilometry measurements. The force from the tip and/or electrostatic
interactions moved the membrane in another position of the template, while wrong manipulation of it
led to breaking a part. The lifting of the membrane, of several hundrend nanometers from the left side,
was attributed to some broken piece or dirt underneath. Nevertheless, strain effects due to lattice
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mismatch between GaN and AlGaN materials should not be excluded from the overal observed

curvature.
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Figure 13.2 Simulation of Reflectance for (a) 0 to - 20 % smaller and (b) 0 to + 20 % higher membrane
thicknesses (L.) based on e-gun DBR. The 0 % (black color) represents the nominal value of membrane
thickness at 211.2 nm having no deviation in both cases.
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Figure 13.3 Cavity wavelength versus cavity thickness considering the effect of the DBR mirror length
(Lper) to the total thickness. Above and below the designed thickness of 211.2 nm, secondary cavity
modes arise at lower and higher wavelengths inside the stop-band region (blue color). The black line
indicates the thickness of E3364 at 232 nm (10 % case) based on SEM.

As concerns the simulations, it was found that the previously mentioned increased thicknesses of

the cavity layer (L.) in combination with the DBR mirrors exhibit in all cases cavity modes inside the stop-

band of the Reflectance spectra. This outcome is accepted by considering the significant contribution

from the penetration of the electric field inside the DBR mirrors (Lpgg), Which is responsible for the total
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effective length of the cavity mode, as was referred earlier in theory. Particularly for the E3364
membrane, the L. = 232 nm value corresponds to 10 % higher thickness than the nominal value (blue
color in Fig 13.2), therefore, results in a cavity mode based on simulations at 386.7 nm. On the other
hand, the prediction accounting only for L. would result in a cavity mode at 397.2 nm. Last but not least,
even for the 20 % case, which should result in a cavity mode at 431.7 nm, the simulated mode is at
401.5 nm (green color in Figure 13.2).

13.2. Simulations of Reflectance by varying air-gap thickness

In this part, as the title reveals, a theoretical approximation based on simulation for various air-
gap thicknesses took place. As shown before, if a broken piece of the same or from another membrane
is underneath the membrane, which is under examination, it will create an inclination of the membrane
in respect with the z-axis. Therefore, an estimation of the cavity mode shift had to be performed in
order to understand this influence for different values of air-gap thickness, since the membranes did not
adhere to the surface (Fig. 13.1). In addition, three values of membrane thicknesses (L.) were used in the
simulations of Reflectance, namely, 220, 230 and 240 nm in order to consider all the possible
combinations corresponding to our samples (Fig. 13.5).

The outcome of these simulations (Fig 13.5) is summarized in Figure 13.4 showing the variation of
air-gap for each value of L.. As seen from the plot, the air-gap thickness range was from 0 up to 250 nm.
The reason for using these values was to simulate the case where a broken piece of similar height as the
membrane is placed underneath. This can result in a gradient of air-gap thicknesses similarly to the
range that we used. All the previous can be supported by the SEM results shown earlier. By carefully
looking at the data, it can be understood that a high number of cavity modes can coexist inside the stop-
band of the DBR. Following this result, the superposition of FWHMSs, coming from each one of these
modes, will result in a new cavity mode of a very low Q-factor. This could explain our failure of observing
a cavity mode in our structures.
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Figure 13.4 Simulation of the cavity mode versus air-gap thickness for three values of L. = 220, 230 and

240 nm. As the air-gap increases, the three cavity modes tend to converge to a Bragg mode and new
cavity modes arise at lower wavelengths inside the stop-band region.
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Figure 13.5 Simulation of Reflectance versus air-gap thickness for a membrane thickness (L) of (a) 220
nm, (b) 230 nm and (c) 240 nm. Black colored data illustrate the nominal value without any air-gap
underneath.

Moreover, in the case where thicker impurities, perhaps coming from residual oxides, are
mistakenly or accidentally placed under the membranes, they would create even worse issues than the
previous. The inclination will be much higher then, and light could easily escape from the open sides
instead of being confined between the two DBR mirrors. Based on optical images in Figure 12.9, it is
considered that we had also this problem apart from having slightly titled membranes due to broken
pieces. Observing the membranes prior to top-DBR growth, can be done only with the optical
microscope, which makes it difficult to estimate small variations in inclination. SEM characterization
cannot be used before growth, since the deposited metal has to be removed from the membranes.
However, this may cause other kind of problems which would result in damaging the membranes.
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14. Summary

Summarizing the above, we designed and tried to fabricate a 31./2 microcavity by implementing
high-quality AlIGaN membranes with two sets of 4 QWs embedded inside. The QWSs were positioned at
the two antinodes of the electric field in order to investigate the strong coupling regime when these
membranes are sandwiched by two distributed Bragg reflectors (DBRs). The Aluminum content, in the
AlGaN layer, was selected to be around 7 % to reduce any lattice mismatch and strain effects. Our
samples, named as E3364 and E3365, were grown by molecular beam epitaxy (MBE) on c-Sapphire
substrates by the CEA group in France.

Various characterization techniques were utilized to characterize our samples such as XRD, PL,
RFL, SEM, AFM, SE and Profilometry. Furthermore, temperature dependent measurements took place
by the use of a Hellium-cooled cryostat with an attached heater and connected to a temperature meter.
The excitation of the structures was done by a He - Cd cw laser for the PL and a Deuterium - Halogen
white lamp source for the RFL, respectively. The resulting data for the QW exciton states showed a
deviation from Varshni’s empirical relation due to exciton localization at low temperatures. In particular,
the obtained localization energies based on the fitting curve were 21.1 meV and 23.6 meV for E3364 and
E3365, respectively. Apart from that, the evolution of A, exciton versus temperature, and it's merging
with the B, exciton, were analyzed up to room temperature. By mapping the samples in PL, it was
observed that the InGaN layer, in both as-grown samples, had a variation between 1 — 1.5 % in Indium
concentration along the sample’s surface. The first and second LO-phonons of the maximum peak were
visible and located at energy distances ~ 91 and ~ 182 meV.

Moreover, simulations were performed to confirm the experimental data by the use of Nextnano
software and a TMM Matlab code written in our group, according to which, deviations from the
theoretically designed structures were confirmed, as the total thicknesses of the membranes were
found to be ~ 10 % higher than the nominal ones. As regards DBR mirrors, the variations in layer
thicknesses were found to be not that significant. In addition, simulations based on 8x8 k.p perturbation
theory of A, and B, exciton states inside the GaN/AlGaN QWs showed very good agreement (< 0.5 nm
error) to the ones from RFL measurements. Polarization fields arising from piezoelectric and
spontaneous polarizations, due to lattice mismatch and wurtzite symmetry, they were also taken into
consideration, since by acting on the wells, they tend to reduce the emission energies of the exciton
states.

To continue, membranes were fabricated by laterally etching of the sacrificial InGaN layer with the
use of Photo-electrochemical (PEC) wet etching method on pre-patterned rectangular mesas. Besides
this, a first trial towards making various size cylindrical microdisks in one of the samples was attempted
with the same method for exploring the whispering gallery modes (WGMs). For the PEC process, a 405
nm diode laser was used for the lateral selective etching of the InGaN layer. Three most promising
characteristic times for etching our membranes were in the range 35 — 40 min. Membranes, from all
time extents, were possible to be detached from the original substrates. Therefore, they were
transferred on bottom-DBR/Sapphire substrates, which were made by alternating pairs of high and low
refractive indices, in order to be sandwiched by the top-DBR mirror. On the other hand, microdisks were
not removed from their original substrates, since no mirror deposition was necessary.
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For the top-DBR deposition, two promising growth methods were utilized, namelly as rf-sputtering
and e-gun evaporation. The growth of the top mirrors was made in France, in collaboration again with
the CEA group. Refractive indices and thicknesses of the dielectric materials were extrapolated from SE
measurements for more accurate simulations of the manufactured DBR mirrors. From the two methods,
e-gun evaporation concluded to be a better technique, as rf-sputtering resulted in membrane cracking.
Based on AFM, mirror quality was found to exhibit very good results in both techniques, since rms
roughness was measured to be unexpectedly low. Additionally, by using the TMM model, the simulated
RFL spectra of the DBR mirror layers were in accordance with our experimental data, especially for the
layers grown on Si substrate.

Nevertheless, it was not possible to make a working polariton device, since it was difficult to
observe any well-defined cavity modes in our microcavities. In the samples made by rf-sputtering, the
membranes were cracked and, in some cases, the broken pieces had left away. On the contrary, e-gun
evaporation showed better mirror-quality, but it was indicated that the membranes did not adhere to
the bottom-DBR surface. An inclination of the membranes was observed due to some residues or
broken pieces of membranes underneath them. Hence, a very huge number of cavity modes can coexist
covering most of the range of the stop-band region, meaning that light can conveniently escape from
the open sides of the tilted membrane. More analytically, by considering the superposition of FWHMs of
all the existing cavity modes inside the stop-band, we are led to a really low Q-factor. Thus, photons will
not be possible to stay long enough inside the cavity and they will have a very short lifetime.
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Appendix A

k.p perturbation theory

To calculate the band structure of a material in the vicinity of band extrema or extrapolate the
whole Brillouin zone, one has to account k.p perturbation theory. This is done by using the Hamiltonian
of a periodic structure

H=L21v() (A1)

whereV(r) =V(r+R)andp = %V. By inserting the Bloch wavefunction ¢, (r) = e u,, (1) in the time-

independent Schrédinger equation, it yields

p? | h’kp | h%k?
(Z 422 4 2 () ) () = B (Rt () (42
For k=0 the above relation simplifies to

(% + V(T)) Un,o(r) = En(0)uno(r) (A3)

. . . h%k nZk? . .
Assuming that the solution for k=0 is known, we can use the terms 2 and in equation A2

o 2m,

as perturbations of first and second order in k. The dispersion relation for a non-degenerate band is

given by

h? [{un,o0|k-p|unio)l?
— (A4
T Ben Pl (g

h2k?
En(k) = Epo + 5.+
From equation A4, it is easy to deduce the relation for effective mass of the conduction band n
shown below as

_ 1 2 (un_olk.plun,,0>
Mme B mo + mo2k? anin Eno—Enio (AS)

k.p perturbation arises from the coupling between the various bands and depends on the momentum
matrix element which is related to the dipole matrix element. This coupling modifies the effective mass
by adding a second term to the relation A5.

From the previous, it can be obtained that the appearance of the effective mass is a consequence
of level repulsion between the bands and the coupling between them from the k.p term.
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Appendix B

Quality factor (Q)

When describing optical cavities, one of the very common cavity parameters, the well-known
quality factor (Q), is of high importance since it gives information about the photon lifetime Tt
corresponding to the time-dependent solution of the energy dissipated from a cavity. In essence, it
means how much time a photon of the cavity mode stays in the microcavity before it escapes. Hence,
larger values of the quality factor force photons to stay more time inside the resonator. The
mathematical definition of the quality factor is shown below.

QZ?&
loss

where E. is the energy stored in the cavity, w, is the resonant frequency and P the power dissipated
by the cavity. In the case that there is no photon source inside the cavity, the expression for the P,y is

dE,
Pss = _";iz_

Combining the above equations, they give a time dependent differential equation

dE.  w,

dt ?EC

which yields a solution of the form

E.() = E,(0)e” O

The factor wi in the above solution is defined as the photon lifetime t,,. When time is analyzed into
()

frequencies by using the Fourier transformation, another formula of the quality factor can be used and
for large values it can be approximated by

wO AO
X — Or —
¢ dw oA
where w, (A,) is again the resonant frequency (wavelength) and 6w (8A) is the full width at half
maximum (FWHM) of the resonant peak. For an ideal cavity Q - factor goes to infinity (Q -> oo).
Another important parameter is the free spectral range (FSR), which is defined as the frequency
separation between two adjacent cavity modes. The expression is as follows
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FSR=AA=41,—21 X
moml 2Lng,cos6
where ngis the group refractive index, L is the cavity length and 0 is the angle of incidence.
Last but not least, there is the Finesse (F), which is defined as the ratio of the FSR to the resonant
linewidth, as follows

1
_FSR 42 mVR _ m(RRy)*

T 81 62 1-R

1
1= (RiR,)?

where R; and R, the reflectivity coefficients of the front and back mirror, respectively. Cavities with
high Finesse values show sharper transmission peaks. The physical explanation of the Finesse is the
round trip number of the photon in the cavity. Transmittance and reflectance of cavity for arbitrary
angle of incidence are given by the following formula

_ (1-R;)(1—Ry)
[1—/RiR;]? + 4/R,R; sin? §
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Figure B.1 Transmission and Reflectance spectra corresponding to different Finesse values [100]
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Appendix C

Transfer matrix method (TMM)

By taking into account that when light is travelling through a medium with a refractive index n
changes its wavelength we need a proper model describing this phenomenon in DBRs where we have N
pairs of alternating layers without solving Maxwell’s equations analytically every time. This model is
known as transfer matrix method and it uses the matrix formulation to express light’s electric and
magnetic field characteristics when passing through a layer with a refractive index n; and thickness d;.
Similar formulation is used when extracting Fresnel equations for the electromagnetic waves. Solving
Maxwell equations for electric and magnetic fields being perpendicular to each other and using the
boundary conditions we can derive Fresnel’s equations. Maxwell equations in vacuum where the current
density vector J = 0 and the charge density p = 0 are reduced to

VxE = oB
XE= 7%
7B =+
xe= c? ot
V.E=0
V.B=20

where E is the electric field, B is the magnetic field vector and ¢ = 2.99x10% m/s the speed of light in
vacuum. Solutions of these equations can be considered plane waves of the form

E=E, ei[k(n’.r)—a)t] and B = B, ei[k(n'.r)—wt]

where k = 2r/A is the wave vector, n’ = n,i+n,j+n,k the unit vector, r = xi+yj+zk the space vector and w =
21t/T the angular velocity and u = w/k the phase velocity (for light u = c). At this point it should be noted
that these plane waves follow the superposition principle and that the components of E and B are
related by

n
|B| = —|E|, wheren = 1 for vacuum
c

When a wave is incident on a surface or interface of a different medium, a part of it will be
reflected and the rest of it will be transmitted through until it finds another interface to interact again
and so on. An incident plane wave (TE or TM mode) is taken to hit a plane and by applying the boundary
conditions at the interface for both electric and magnetic field one may find the amplitudes of the
reflected and transmitted waves. In simple words, the tangential components must be equal for the E

80



and B before and after the plane for each interface. The result of all the above is summarized below in a
matrix form for m interfaces

Ema=¢ ) ( Eia-0 )
’ =M,..M ,
<ntm,d=t m 1 nlBl,d=0

where M,, is the M, or M, depending on the stack of layers eg. H-L-H-L or L-H-L-H.

isin(6,,)
- - 21mndy,cos(a
Mm _ COS(5m) Y with 8m — kmdm — ( m m/1 ( m))
iYmsin(6,,) cos(6,)
Depending on the polarization we can distinguish the following main cases
Ym = nmcos(ay) for TE
nm
= —— ™
Ym cos(ay,) for
In the case where m is an absorbing layer it yields
n"2 —n?sin(a
cos(ay) = V' —nd (@) with n",, = ny, —iky

nllm

Distributed Bragg Reflectors (DBRs) are a multiple dielectric layer structure consisting of
alternating high and low refractive indices with a thickness of each layer being one quarter of
wavelength. Thus, the product k.d equals to /2 and the matrix for N bilayers (MyM,) becomes

i i ! (— y—L) 0

0 — 0 — YH ..

Mpgr = Y YL = Vi for any angle of incidence
vy 0)\iry 0 o (-2

YL

The complete matrix M of an incident beam from the air to the DBR on a substrate is

M11 M12 -
M= <M21 MZZ) = Dai}" Mppr Dsubstrate

where D; are the refraction matrices and hence, Reflectance of the DBR is equal to

M21
R=|r|*= IM—Ml2

where r is the Fresnel coefficient and M are the matrix elements.
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Appendix D

Fourier plane imaging (k/, space)

Imaging of the Fourier plane emission pattern of a polariton device can be accomplished, since the
internal polariton eigenmodes are coupled to cavity photons, and hence, they emit photoluminescence.
To analyze and image the emitted spectrum on the slit of the spectrometer, a microscope objective with
a high value of NA is utilized. The higher the value of the NA, the higher the range of angles that can be
observed in the k;, space image. The magnification (M) of the configuration is defined by the ratio of the
imaging lens focal length f and the microscope objective focal length f,. Moreover, at the output of the
spectrometer, a CCD camera is used to record the spatial and spectral PL data with the angle resolution
depending on the pixel size.

In Figure D.1 is illustrated the experimental setup for both real and Fourier plane imaging in order
to explain the difference between the two configurations. Depending on the position of the imaging
lens, as presented in the figure, it is possible to image the PL of the real plane from a spot area (upper
case) or the PL of the Fourier plane for a number of angles, of a specific spot, determined by the NA
(lower case). The Fourier plane is formed at a focal distance f, defined by the microscope objective.
Nowadays there are setups containing both configurations, in which both PL data PL data can be
obtained in a single measurement (not shown here). The trick for achieving this is to use an achromatic
imaging lens as has been reported in reference [101].

Microscope Lens Image plane
objective f (maps position)
£, 4 |
|
I
|
I
sample f f l
<
X 2f R 2f |
<< s |
I \\ \\\ l
| T I
| \
| |
| v |
Fourier Fourier
plane image plane

(maps angle)

Figure D.1 Experimental configuration for imaging (a) real and (b) k, space emission patterns
depending on the position of an imaging lens of focal length f. In the second case, Fourier plane is
formed at a distance f, of the microscope objective, where f, is the microscope objective focal
length distance [102].
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