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[MepiAndn

O x0ptoc oxomdC NS BB TOPXNC OLUTEIBNC TEUYUATEDETOL TNV XOLVOTOU
avamTuln pxpoxothothtwy Baoctouévee oe Nitpidia tou 'odilou we¢ evepyd LA
xa0O¢c xar TN yeNon OIAEXTEXWOY XaDoePToY exaTépwiey TV BUO TAELUPGOY TOUC
Yoo T PElON TNC TUXVOTNTOC EVERYELNC XATWPAlOU oe Aettovpylor oUUPWVNG oL
LOVOYPWUATIXNG EXTOUTAC POTOC LUTG OTTiXY GvTAnon ot Yepuoxpacia dwuotiou
yioo T V€omon TEYVOAOYIXWY VEUEAIWY X0 TN UETAYEVEC TERT XATUOXEVY NAEXTELXA
ovTAoOUEVLDY Souwy. H Bidtaln pag uixpoxothdTntac hac Teoo@EépeL TN BUYVATOTN T
VoL YIVEL HEAETN TNC LoYLENC AAAEAETOPAONC HETAED TOU POTOC XAl TNS UANC YE TNV
(Ol evépyeta xat opun, xat €101, HOC ETUTEETEL VO ECEPEUVACOUNE TIC QUVATOTNTEC
EVOC UM TETPYEVOU PUOXO0) GLCTHUATOC XAWE Xt TNV AELOTONOT) TOU OE UEAOVTIXEC
OTITONAEXTEOVIXEC GUOGHEVES XOUL EPUPUOYEC. 2ITNY ToRoLoN EpYATial, WS dOUXd CUOTO-
TIXd TN UANG yenowomoolvtan tor (edyol nAextpoviou-omhc, yvwoTd otn BiBAio-
Yeopior ¢ e€LTdvia, GTOL TaPATNEOUVTAL O UN-0pyavixd (6Twe N Topoloo UEAETN)
XS XL O 0pYOVIXE MUY YLXd UAG. Eav 1 ahAnhenidpaon ¢onTtoc-OAng etvor
QEXETA Lo VPN, OTIOU Elvol EPIXTO OTAV OL GUVOAMXEC ATWAELEC TOU GUC TAUATOC Elvor
UELWHEVES, 1) OLAXQLOT) TWV AEYIXWY XATAC TACEWY YAVETAUL X0l ONUIOUEYOUVTAL VEEC
OLOVE(-XAUTACTAGELS UE TIC WOLOTNTES TV ECITOVIWV X0 TV POTOVIWY. X quTH T
TePIMTWON, To UG TNHA AELToURYEL UTO TO AeYouevo “xatlestoe toyuphc oLleuing”
X0l To Tapary OUeva couotidla ovopdlovtar “moapttovia’. H avdépuntn cuiloyi
CUUPOVIOL QUTOY TOV COUUTIOIWY ETUTEETEL Tr CUUTOXVWOT TOUC OTNV VEUEALDON
xatdotoon, omou avoagépeton ot BiBAloypagla we mohapitovind AEilep ywplc va
yiveTon avao Tpo@r TV TANIUCUOY, EVE) ETLTEETEL TN TOUQATHENON Xl GAAWDY QUOIXGDY
(PUVOUEVOY OTIOC 1) TUROUETELXY) OXEDON), 1) UTEQPEUGTOTNTO XTA. €LOUTINC TWV YN
GUVNIOUEVODY YOEUXTNELO TGOV TOUG YO EIVaL ULoG-@we/od-eELTOVIo 08 GUOYETLON
ue TNV otovel-urocovixr) toug @Oor. Ilapdra autd, n mopatiEnon TwV QUUVOUEVKY
QUTWV TOEOUEVEL Ve amontnTixd €oyo otay aveBaivel n Yepuoxpactia, eve 0 TEAXOC
otoy0¢ va elvon ety 1) Aettoupyio Toug oe cuvITXeS TEpIBAAROVTOC EYEl BuoXOAEDEL

TOMAG €RELYNTIXG EQYAO THELX Yot TOAAG Ypovia. [Ipoogavae, o xietoc hoyog etvar 1
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Yeryopn amodEYEROT) TWV ECITOVIXMOY OVTOTHTWY ECUTIOG TNE TENEQUOUEVNS DEGUXTC
EVEQYELNC TOUC OE aVORYAVOUC NULXywYoUc, 1) oTtola OEV ToUg ETTEETEL Vo “CHoouv”
ToEd Lovo ot xpuoyevixéc ouvifxec. H xwBoavtind unyovixt €yet 6etlet 6Tl o teplopt-
OUOC TV QOPEWY UECH O XBavTind Tnnyddla eVioy Vel Tn OEOUIXT) EVERYELX EVOC
Céuyouc nhextpoviou-omnc, 0w xat T S0VoUN TAAAVTWONC TS OTTIXAC LETdBaonc.
Hponyoluevec epyaoiec oe LAG peydhou evepyeloxol ydopatog, OTwe to Nitpldio
[odMlovu, €youv Gellel TNV XavVOTNTA VoL LTEEVIXNOOLY, TO ALYOTEQO EV UEPT), TOUC
TEONYOVUUEVOUC TEPLORIOUOVC, EQPOCOV OL EELTOVIXEC XUTAUOTAOELS XATEYOUY OECUIXEC
evépyeLleg ol omoleg ebvar cuyxpelowec Tou kT’ oe Yepuoxpasia dwuatiou, evey uropet
vorelvot ToAD peyaAlTEREC GTaY TO LAO YenotoToLe(ton o€ Aemtd xBavtixnd mnyddLo.
‘Oc0ov apopd T0 PWTOVIXO TEQLOPLOUO, 1) XATAOXELT TEQLAAUBAVEL UPNAHC TOLOTNTOC
oVOXAAO TIXOUC XDEETTEC OL OToloL TIC TEPIOOOTEPEC POREC ElVaL XUTAOUEVACUEVOL
a6 xotaveunuévous avaxhactheec Mrpayx oe eninedn dudtadn. Avtol ol xadpéntec
elvon Boond yro o tolBo amd eVOANACOUEVO UALXG UE PEYEAO Xo uixpo Oelx T Biddhaonc
Tou Tomo¥eTolvTon Xt amd TC 600 PEPLEC TOL EVERYOD UALXOD.

M onuoavtin meplntwon, evolapépovioc otny emxeluevn cpyaota, eval
oty Sinhextpixol xadpéntec yenotonotndoly cav Tave xat X3Te XATOTTE, CoNTloC
TOU QUENUEVOL POTOVIXO) TEEPLOPLOKOY TOL TPOGPELOUY UE UE TOAD UXEOTERO optduo
evolaoouevwy Ceuyoy. Ondte o xiptoc 6toyoc eivan va BeAtinwdoldy Tponyolueves
eN{MEDEC CUOAEVEC ULXPOXOLAOTHTWY, UE TO VO XATAOXEVAUO TOUV UTEPAETTA (L Nitot-
olou Tou I'oAAlou pe PixeY| eTLpaveELlon) TEOYUTNTA, YENOWOTOLOVTUC TNV TEYVIXT| TNG
POTO-NAEXTEOYNUXNAC €YY AEAENC OTOL YIVETOL ETLAEXTIXT APAUPEDT) EVOC GTROUITOC
Nitpidiou Ivotou I'ahhiou. O omtindc oyedlaouOC X0t 1) TPOGOUOIWOT TWV BINAEXTOIXWDY
UXEOXOLAOTATOY EYIVE UE TN XPNOT AOYLOULXOU GE UTOAOYIOTH WOTE Vo emtteuy Vel o
eMJUUNTOC GUVTOVIOUOC AVAPECH OTO OTTIXO TEOTO TUAGVTWONEC X GTNY ECITOVIXT
XatdoToon wéoa TNy evepyo mepoyy. H avdmtuln €ywve pe ) TEY VXY Hoplaxhc
en{tane uroBontoluevn ue TAdoua o ToAtxd urtoo tpwuato Nitetdlov I'adiiov mdve
O€ LATQELPO Yo TIC TOMXEC OOMEC XU TAVW OF Un-toAwd uooTewuota Nitedlou
[odhlou yior Tic un-Ttohéc dopéc amd ouvepyalopevo @opéa otn ['adiia. ‘Oka to

oetyportar peheTHlnxay amd €va eVPOC TEYVIXGY Yior vor exXTUNUEl 1 TOLOTNTA XoL To



YUEAXTNELO TIXE TOUGC. LUYXEXQUEVY, 0T xe@dhato 1, dlvetar To Vewpentind undfadeo
TV HI-vitedlov VAXGY xo TNg ToAdELToVIXAC QUOIXHAC. LTO XEQPIAMO 2, 1 UEAETN
€0TIACETAL OTO VO XUTAOHEUAGTOVY UTER-AEIEC UTLO TOU UAXOUC xVUATOC UEUBpAvES
Nitpidlouv tou ['ahhiou ye T0 Vo YIVEL POTO-NAEXTEOY MUY EYYEEULT EVOC GTOUITOC
Nitpwolou Ivolou T'adhiou, dieuxoAdvovTtag Tn LEAETN TOU CUVTEAECTAC AMOPEOPNONG
TV PeUBpavey pe Baom PETEHOE®Y UIXEO-OLUMEQUTOTNTOC Ko AoBdvovTag Ut o
Tor powvopeva otdotou xogotoc. To xeqdhio 3 meptypdgel TN yenotuonomivoa
ueoBohoylor vl Vo XATAOXEVACTOVY EE-OAOXAPOU BINAEXTOIXEC UXPOXOLAOTNTEC
xataoxevoopéves ano ta ofeldia ITupitiou xau Tavtdhov, émou mapouoidlouv Ui
ueydin avtideon oto deixtn Sudhaone, xou ToAxéc uepfedvec amoTeAOUUEVES AT
vitpiowa ['odiiou xar Adouvuwiou ['aAdiov, 6mou emTEETOLY TNV TUEATARNOT XUA
XY OPLOUEVODY TOAAPLTOVIXGDY XATAG TUGEWY GTOV OVACTEOPO YWRO UE TN YUEUXTNEL-
O T AVTI-TEUVOUEVY CUUTERLPORE, xodmC XL, TNV aClOOTUEIWTN CUUPWVT EXUTOUTT
pwToviwy ond Tolapttovia (tolapttovind Aéilep) oe Veppoxpaoio dwyatiou e
YPNON HOVO TEGOUPWY EVUANACGOUEVDY CEUYHDY OTOV TEVK XOUEETTN. 2XTO XEQPIAALO
4, 7 (Ol TPOGEYYLON EQPUPUOCTNXE XU GTNY UN-TOAXY DIEVVUVON Yial T1 XATUOXELN
OLNAEXTEIXWY UXPOXOLNOTHTOY 06 UPNAAC TOLOTNTOC UNFTOAXES UEUBRAVEC VITELBIWY
Fodkiou o Ahoupviou T'addlou yia meodtn @opd. O und Siepéuvnon TeleuTalog
TEYVOAOYIUC OYNUATIONOC UIXPOXOLNOTNTOC ETEDELLE EVOLAPEPOVTA TONJQLTOVIXG. Y 0lEO-
XTNEO TG eContlag TNe ETUMEDNC aVIooTEOTIOC TOU LALXOU, eve VETEL VEO pEXOP
xatw@hlou evoc Tohapttovixol Aéilep eCoutiog Tne eCAAeUPnC TV E0OTEPDY TEDIWY.
Tehxd, yio va EETepac o0V TEPLOPLOUOL GTNV EVATOVEST) TV BINAEXTEIXWY XOEEPTHOVY
eCoutloc Tne peydAne Vepuinc tédone mou dpa G AETTE QIAU OTOY QUTH XEUWGOULY
am6 TN Veppoxpacia Tng evamoeonc, To XeQPIAMO 5 ELOAYEL ULOL VEO XUTAOXEUT
UXPOXOLAOTATOY PE TN YENON METAPEPOUEVWY XoUPEPTO-UEUPRaveY amd oleldia yia
™0 YeNom Toug oav Tévew xopéntes, Twv onolwy 1 Aettoupyla emtéuyinxe o A/2

(uovo oZeldiar) xar 3N/2 (Tohapltovinéc) xoNdTNTEC.
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Abstract

The major aim of this doctoral thesis involved the novel development
of all-dielectric GaN-based planar microcavity structures for the reduction of
polariton lasing threshold at room temperature operation when the device is
optically excited, while setting also the fundamentals of subsequent electrically
injected polariton lasing structures. The microcavity configuration offers the
potential to study the strong interaction of confined light and matter with the
same energy and momentum, and hence, allows us to explore the capabilities of
a non-trivial physical system and utilize it in future optoelectronic devices and
applications. Here, the matter component of polaritons regards electron-hole
pairs, known in literature as excitons, which are observed in either inorganic (as
in this work) or organic semiconducting materials. If the light-matter interaction
is strong enough, which is usually possible when suppressing the overall losses in
the system, the distinction of the original states is lost and new quasi-states are
formed, thus, sharing properties of both the excitons and the photons. In such
case, the system is operating in the so-called "strong coupling regime” and the
produced particles are called ”polaritons”. The spontaneous collective coherence
of those particles allows for their condensation at the ground state, referred to as
inversionless polariton lasing, while enable other intriguing physical phenomena
such as parametric scattering, superfluidity etc. due to their extraordinary
composite characteristics of being half-photons/half-excitons along with their
quasi-bosonic nature. Nevertheless, the observation of these phenomena remains
a challenging task when going to elevated temperatures, while the final goal to
reach ambient conditions has troubled many research groups for many years.
Apparently, the main reason is the fast decay of the exciton entities due to the
finite binding energy in most inorganic semiconductors, which restricts them
to "live” only at cryogenic temperatures. Quantum mechanics has shown that
confinement of carriers inside quantum wells can enhance the binding energy of

an electron-hole pair, as well as the oscillator strength of the optical transition.
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Previous works on wide bandgap materials, such as GaN, have demonstrated
the ability to surpass, at least in part, the previous limitations, since the exciton
states possess binding energies which are comparable to kT at room temperature
in the bulk, while they can be much higher when the material is in the form of
thin quantum wells. As concerns photon confinement, the necessary configuration
involves highly reflective mirrors which in most of cases are made by distributed
Bragg reflectors (DBRs) in a planar configuration. These mirrors are basically
a stack of alternating high and low refractive index materials that are placed on
both sides of the active material.

An important case, of interest in this work, is when dielectric mirrors are
used as top and bottom DBRs, due to the increased photon confinement they
offer with a reduced number of alternating pairs. Hence, a main goal of this
work is to improve further the previous all-dielectric planar microcavity devices,
by fabricating GaN-based sub-wavelength films with low roughness, using the
photo-electrochemical etching (PEC) technique based on the selective removal
of an InGaN layer. The optical design and simulation of the all-dielectric I111/V
microcavity structures was made with the use of a computer software, in order
to achieve the desired resonance between the cavity mode and the exciton state
within the active region. The epitaxial growth was made by plasma-assisted
molecular beam epitaxy on c-GaN/Sapphire for the polar-oriented structures
and on m-plane GaN substrates for the non-polar ones at INAC, CEA. All
the samples were studied by a range of techniques to assess their quality and
characteristics. Specifically, in Chapter 1 is given the theoretical background
of ITI-nitride materials and principles of polariton physics. In Chapter 2, the
study focuses on producing ultra-smooth subwavelength-thin GaN membranes
by photo-electrochemically etching an InGaN sacrificial layer, enabling therefore
to extract the absorption coefficient of bare membranes, based on p-transmittance
measurements and taking into account the standing wave effects. Chapter 3
describes the utilized methodology to fabricate all-dielectric DBR microcavities

made by the oxides SiOy and TasOs, which illustrate a high refractive-index
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contrast, and polar GaN/AlGaN membranes allowing for the observation of
well-resolved polariton branches in the reciprocal lattice (k -space) with the
characteristic anti-crossing behavior, as well as, remarkable polariton lasing at
room temperature with the use of only 4 alternating pairs in the top DBR. In
Chapter 4, the same approach was applied to the m-plane orientation in order
to produce all-dielectric microcavities with high-quality non-polar GaN/AlGaN
membranes for the first time. The investigated state-of-the-art microcavity
structure exhibited intriguing polariton characteristics attributed to the in-plane
anisotropy while set a new record for the ultra-low polariton lasing threshold
due to the elimination of the internal build-in fields. Finally, to overcome
limitations in the DBR evaporation based on the large thermal strain acting
on thin films when cooled from deposition to room temperature, Chapter 5
introduces a new concept in the development of microcavities with the use of
oxide-based " transferrable” DBR membranes (+DBR) as top mirrors, whose
successful operation was confirmed in A/2 (only oxide) and 3A/2 (polariton)

cavities.
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CHAPTER 1 Nitride Polariton Lasers

Chapter 1

Microcavity engineering based on nitrides

In this chapter, it is introduced the family of III-nitride semiconductors which has played a
significant role to today’s opto-electronic technology due to their superior characteristics for a
series of applications. Towards this end, the fundamental concepts and the unique properties are
presented here for the design of novel polariton devices by utilizing them as active material in
microcavities.

1.1 Introduction

After the pioneering realization of the first LASER (Light Amplification
by Stimulated Emission of Radiation) in 1960 by T. H. Maiman [1,2], which
is practically a device emitting coherent monochromatic radiation, there was a
tremendous boost of laser applications which are vital in today’s life applications.
Towards this route, seeking of lasing devices with reduced energy consumption
has been the subject by a large number of research groups following the original
demonstration. The progress in fabrication of novel or higher quality materials
has enabled the production of superior lasing devices in comparison to the initial
realizations in this field. The outcome of this investigation paved the production
of ultra-compact lasing devices made by semiconducting materials [3,4]. The
principles of operation for all the conventional semiconductor lasing devices is
based on the inversion of carrier populations. The latter simply means that
a large amount of electrons must occupy the conduction band rather than the
valence band of the semiconductor. Experimentally, this can be accomplished
by optical or electrical excitation. Succeeding this inversion, it occurs stimulated

emission of decayed photons which are identical in phase and wavelength and in
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turn stimulate further the transition of the system in an cascade way, and above
a critical limit, bring the system to a steady lasing state. When this happens,
the stimulated decay of electron carriers, or in other words the stimulated
electron-hole recombination, leads to light amplification and to lasing action.
Under this operation, when the electron-hole pair (exciton) and cavity states
remain unchanged, the system is said to operate in the "weak coupling” regime
and the photons have a finite probability to escape outside the microcavity
without getting re-absorbed by the valence band electrons.

In comparison to the weak interaction, subsequent observations have shown
that it is possible to obtain lasing emission in semiconductor microcavity devices
operating in the so-called ”strong coupling” regime [5-7]|, where population
inversion is no longer a prerequisite condition to fulfill [9]. In this case, the
decayed photons from the active medium are trapped inside the cavity long
enough due to the highly reflective cavity mirrors, increasing thus, the probability
of the photons to be re-absorbed by the medium before escaping the cavity.
This strong interaction of photons and excitons, creates two new quasi-states,
named as lower and upper polariton branches [6,8] where the carriers have hybrid
exciton-photon properties. The successful fabrication of polariton microcavities
has been the key solution to observe lasing at much lower injection densities
as opposed to the conventional lasing devices [10]. Under this regime, the
polariton lasing action is triggered by certain relaxation mechanisms which are
enhanced by the excitonic part of the polariton quasi-particle and basically
rely on polariton-polariton and polariton-phonon interactions, leading above
a critical polariton density (or below a critical value of temperature) to their
condensation at the lowest energetically polariton state with zero wavevector |9,
11], similar to the Bose-Einstein condensation [12,13] of non-interacting particles
with integer spin. As follows from this intriguing possibility, someone can state
that the major goal is to produce polariton lasers operating successfully at
ambient conditions with reduced energy consumption. Macroscopic polariton

condensation at elevated temperatures is possible due to the considerably low
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mass (107°m,,) of exciton-photon polaritons in comparison to eg. atoms (10%m,),
where the transition temperature is limited to puK [14,15]. Another example of
condensation that the research community is actively working on is the exciton
condensation with M.,. ~ m.. So far, there have been many difficulties in
providing a clear demonstration of exciton condensation, mainly related to the
strong Coulomb interaction between excitons which tends to ionize them to e-h
plasma before reaching above unity occupation numbers [16,17].

An advantageous system for polariton technology is the utilization of the
direct bandgap Gallium Nitride (GaN) semiconductor, which has led up to
now to attractive optical and electrical devices such as Light Emitting Diodes
(LEDs) [18], Vertical Cavity Surface Emitting Lasers (VCSELs) [19], power
electronic devices [20] etc., used in a variety of applications. Its relatively high
bandgap (3.437 eV at room temperature and 3.510 eV at zero Kelvin [21]),
along with the high exciton binding energy and oscillator strength, GaN excitons
have the ability to sustain high temperatures, enabling thus the observation of
strong light-matter interaction up to room temperature [22,23] something that
is not feasible to Gallium Arsenide (GaAs) or Cadmium Telluride (CdTe) where
polaritons do not ”"survive” up to ambient conditions [24,25]. Compared to
other systems that are considered excitonic such as ZnO, where it is also possible
to observe polaritons at RT [26,27], GaN has a clear technological advantage
in the sense that it can be electrically injected [28], unlike ZnO where p-type
doping is not available. Furthermore, the increased efficiency of GaN to conduct
electrons at a fast rate reduces in part the power loss that is transformed into
heat. Moreover, even though there have been made a series of works regarding
the general performance enhancement, it is believed that there is still enough
space for improvements in the design and fabrication of new type of devices,
which can benefit from the properties of nitrides, and lead to novel technological
achievements. As can be seen from the engineer’s scope, all these properties
make GaN an ideal candidate for obtaining robust strong coupling at RT and

be the holy grail of the future polariton technology breakthroughs.
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1.2 Properties of GaN, AIN, InN and their alloys

In the thermodynamic equilibrium, III-nitride semiconductors crystallize
in the hexagonal wurtzite (WZ) structure [29] while they can also crystallize
in a zincblende (ZB) [30] or a rocksalt (RS) [31] phase. Notably, Gallium
Nitride (GaN), which is the main material utilized in this work, consists of
two inter-penetrating 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] (polar) orientation with
6 atoms in the hexagonal unit cell contained in it and is described by two lattice
constants « and ¢. The minimum of the conduction band lies at the I'-point (k
= 0), meaning the center of the brillouin zone, with a I'; symmetry (C,) and
a quantum number J; = 1/2, labeled as I'7.. Regarding the valence band, the
maximum point is also at the I'-point, thereby making these materials direct
bandgap semiconductors. More specifically, the valence band splits in three
sub-bands, I'g,, ['74, and I'y;,, due to crystal-field and spin-orbit coupling of Cg,
states and creates three individual band-to-band transitions, known as A, B
and C [32,33] (Figure 1.1(a)), with emission of GaN in the ultra-violet (UV)
wavelength range due to its large bandgap (Figure 1.1(b)).

Apart from the above, a significant property which characterizes these
materials is the lack of an inversion plane perpendicular to the c-axis in WZ
phase. Since the hexagonal lattice is non centrosymmetric, the [0001] and [0001]
directions are not equal. In the GaN bond perpendicular to the {0001} plane,
the vector pointing from Ga to N is identified arbitrarily as the [0001] direction.
If the material is grown along this direction then it is called ” Ga-polar” while if is
grown in the opposite direction it is called ” N-polar”. The product of u - ¢, with
u (= 3/8) being the internal parameter, corresponds to the length of the anion
(N37) - cation (Ga*") bonds parallel to the growth direction. The electrostatic
interactions, arising from the large ionicity, reduce the interlayer anion - cation

distances A-b and B-a, and result in increased values of u, larger than the ideal
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Figure 1.1: (a) Energy bandgap diagram of wurztite GaN at zero k of the I-point due to valence band splitting
[33]. (b) Energy bandgap of the III-V wurtzite binaries as a function of the lattice parameter « [21]. Inset depicts
an optical image of a GaN crystal [34].
value of 3/8 (= 0.375). In addition, if the materials are strained, due to lattice
mismatch and/or an applied external stress on the crystal, large polarization
induced piezoelectric fields arise that should be also taken into consideration.

More analytically, the relative displacement of atoms induces permanent
spontaneous polarization (P;,) while the strain induces piezoelecric polarization
(Ppie>) vertically to the material layer, resulting to bound charge concentrations
(0poiar) at the interfaces of the materials [35-37].

Ppolar-ﬁ - Ppiez,J_ + Pspont,J_ = +Up0lar (11)
—— ——

lattice mismatch  crystal symmetry

Temperature contribution should also be taken into consideration in case of an
accurate modeling. These effects result in large built-in electrostatic fields (~
MV/cm [38]) inside quantum wells and are responsible for the separation of
the electron-hole wavefunctions and a redshift in the transitions due to band
bending [39]. By adding strain effects, the conduction and the valence band
edges for wurtzite GaN should be calculated based on the model of ref. [40].

In addition, it is important to point out that the nitride-based heterostructures
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exhibit large exciton binding energies (Ep) [41,42], which for the Ag,v bulk
GaN exciton is around 25 - 27 meV [43] much larger in comparison to other
III-V semiconductors (eg. 4 - 5 meV for GaAs [44]). This high value of Ep
in nitrides is of major importance for obtaining strong light-matter coupling in
microcavities at room temperature (RT) since it is comparable to the thermal
energy at RT (kpT = 26 meV). Therefore, the electron-hole pairs, named as
excitons, are still attracted to each other without dissociating.

Similar to GaN, Aluminum Nitride (AIN) and Indium Nitride (InN) are
also interesting materials due to the higher (E2'™: 6.00 V) and lower (EI"V:
0.61 eV) than GaN’s bandgap energy (EgGaN: 3.437 eV) at RT, and thus, can
form various alloys with emission in the whole visible spectrum (Figure 1.1(b)).
The main properties of GaN, AIN and InN can be found elsewhere [29,45,46].
By adjusting the concentration of Al, one can synthesize alloys of Al,Ga;_,N
by combining AIN and GaN characteristics to obtain a range of wide bandgap
semiconductors, which are widely utilized as barriers in nitride quantum well
structures. Indium Nitride is not as famous as its two other relatives, since
its lower band gap energy denotes that it is not practical for UV applications.
Hence, its applications are mainly limited to form InGaN and InAIN alloys. The
energy bandgap of the alloys to a first approximation is described by the well
known Vegard’s law [47], while a curvature term [48] is usually added to simulate
the parabolic compositional dependence (Figure 1.1(b)).

The characteristic dependence of the bandgap shrinkage as a function of
temperature, holding for nearly all the semiconductors due to phonon-induced

renormalization of electron states, follows the Varshni’s semi-empirical relation
[49-52] given by

oT?

(1.2)

where E(0) is the expected value for energy bandgap at T = 0 K, while a =
0.909 meV /K and 8 = 830 K are the empirical Varshni parameters for GaN [45].
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In addition, the exciton full width at half maximum (FWHM) is affected by the
inhomogeneous and homogeneous broadening mechanisms. The latter depends
on temperature due to interaction with acoustic and optical phonons. The overall

exciton linewidth is often described as follows

I'roa

Ero1
e k5T —1

D(T) =T+ YT + (1.3)

where I', accounts for temperature-independent inhomogeneous effects such as
the alloy composition fluctuations, lateral thickness variation, imperfections in
the crystal and backround impurities, while v,. and I';o represent the coupling
strength due to inelastic scattering of electron-hole pairs with acoustic-phonons
and LO-phonons, with the latter term having the characteristic Bose-Einstein
thermal distribution. The exponential term corresponds to the first LO-phonon
mode (Erp1 = 91.7 meV) with I'ro1 = 375 meV indicating a large exciton
coupling with LO-phonons, while typical values for the rest terms are I', = 10
meV and v4c = 15 peV [53].

1.3 Excitons in quantum wells

Semiconductor quantum wells (QWs) are 2D structures which are utilized
as trap-potentials for electrons and holes. Ideally, the excited carriers should
find it difficult to escape out of the wells. Their fabrication corresponds to a
semiconductor of a lower bandgap energy (well) that is encapsulated on both
sides by semiconductors of higher bandgap energy (barriers). Similar to bulk
semiconductors, the excitonic peaks are observed in the optical spectra below
the characteristic band-edge states and their properties depend on the material
and quantum well parameters such as well thickness, barrier height etc. These
states play a significant role in various photonic devices since they have much
more pronounced optical signature. Therefore, by utilizing a quantum well

structure, the quantum confinement strongly enhances the overlap between the

7
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electron-hole pair wavefunctions, which in turn increases the oscillator strength
of the exciton transitions [54] as well as their binding energy [55], permitting
thus, the fabrication of photonic devices with enhanced excitonicity.

In general, exciton peaks can be clearly observed at low temperatures, while
at higher temperatures thermal effects induce broadening of the exciton states.
Moreover, if the thermal energy is comparable to the exciton binding energy,
it occurs ionization of the e-h pair into the respective bands. Wide bandgap
materials, like the GaN under study, have a large exciton binding energy that
allows for the exciton observation up to room temperature conditions [56] in
spite of the significant line broadening. Quantum wells can be grown by epitaxial
techniques such as plasma-assisted molecular beam epitaxy (PAMBE) or metal
organic chemical vapor phase epitaxy (MOVPE) on a substrate which for polar
orientation is usually a GaN template on Aly,O3. Combining all ITI-nitride
family materials and adjusting the growth parameters, it is possible to fabricate
QWs of various thicknesses and energy bandgaps ranging from UV to FIR
[57,58]. Additionally, QWs can be made by using a ternary alloy of different
mole composition i.e. Al,Ga;_,N/Al,Ga,_,N/Al,Ga;_,N, hence completing
any gaps in the radiation spectrum [59,60]. Typically, the QWs have structural
non-uniformities that usually occur during growth, therefore, the emission spectra
of QW-excitons consist of the superposition of non-identical emitted photons
often called as inhomogeneous broadening of the photoluminescence lines.

For a QW structure grown along the c-axis, as depicted in Figure 1.2, it
exhibits huge polarization built-in fields inside the wells due to strain effects,
leading thus, to a modification in the shape of the energy bands [58, 61, 62].
This modification is the cause of a low electron-hole wavefunction overlap, and
therefore, a reduced oscillator strength [63,64]. In many cases, this band-bending
leads also to dissociation of the exciton pair [65]. In the case of an infinite
superlattice, the amplitude of the built-in electric field inside the QW [66,67] is

AP Lparrier
Fuwar == €o Erwlarrier + €rpLuwel’ AF = ABie: + Alspon (14)
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Figure 1.2: (a) Hexagonal unit cell of wurtzite GaN crystal. (b) Geometrical superlattice engineering for the polar
(c-axis) and the non-polar (m- and a-axis ) orientations. (c¢) The corresponding valence and conduction band
profiles of a single QW for the two cases to depict the effect of internal built-in electric fields in the polar-oriented
QW, leading to reduced electron/hole wavefunction overlap. On the other hand, in a non-polar structure, the
energy bands remain unaffected due to elimination of polarization discontinuities and thus the electron-hole
bonding is enhanced.

where ¢,, €, are the vacuum and relative permittivities, L. denotes the thickness
and AP is the difference in polarization, introducing thus a redshift of QW
energy bands by a factor of —eF,eLwey. The most promising solution to
this problem is to grow the QW-structure along a non-polar direction (m- or
a-) (Figure 1.2), where there are no built-in fields along the growth direction
and the energy bands are maintained flat [39,68]. In the past years, most of
the significant works concerned the polar growth of thin quantum wells [66,
67,69], since in the manufactured non-polar samples there was poor quality.
Nowdays, low-defect non-polar GaN substrates are commercially available and
have boosted remarkably the radiative efficiencies of the realized devices with
respect to the polar ones, taking advantage of the absence of the built-in fields
and the overall enhancement of structural quality. Semi-polar structures [70],
which are exhibiting lower polarization built-in fields, can also be fabricated but
in this work we did not decide to produce any samples as we found the non-polar
alternative to be a better research challenge for our needs.

Regarding modeling, it is possible to mathematically describe the exciton

entity by solving Schrodinger’s equation for the relative motion of the e-h pair,
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taking into consideration the Coulomb interactions and the confining potentials
(energy barriers). For a flat-band quantum well, within the effective mass

approximation [71] (parabolic dispersion near the band edges), the model yields

Rv? Rv? 2
_ e_ Vconf —»6 Vconf >\ —»67 =\ EQD _,87 .
oIm* sz + e (Z )“‘ h (Zh) 47_‘_551%_:6)'7::3 — Fh|]¢(7“ Th) emcw(r rh)

(1.5)

[

e

where (7, 7,) describes the exciton wavefunction. The resulting eigen-energies

of the system are given by

R* hQKQ
D I " _yl)z 557 om=1,.,00 (16
Eepn — . ===
Eb,n Edisp

where E._j, and Ep, are the photon energy and the exciton binding energy
respectively, of the e, — h,, exciton state of the quantum well, Ey;s, is the kinetic
energy of the exciton with K, the in-plane wavevector, R, = - x 13.6 eV

* *
momy,
* *

mg+my,

is the effective (exciton) Rydberg energy with p, = the reduced exciton
mass, M.,. = m; + m;j is the exciton translational mass with m; and m; the
effective masses of the electron and hole, while m, is the free electron mass.
Considering the following values for GaN, ¢, = 8.9, m; = 0.18m, and m; =
0.8m, (heavy hole), we obtain an effective Rydberg energy R; ~ 26 meV [72].
When dealing with QW structures, the density of states (DOS) is modified
with respect to that of the bulk material. By considering again a parabolic

approximation for the energy bands, the DOS for a 2D structure [73] becomes

n

P2D = :gQH(E - ngc) (1.7)
i=1

where H(FE) is the Heavyside function. In the case where the device consists

of N similar QWs close to each other, we have to multiply the density of states
10
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with the number of the QWs. A change in the DOS entails that there will be a
change in the optical transition rate, governed by the Fermi’s Golden Rule [74],

which for the first order transitions is given by
2 .
Wiy = 3 22 W) pap (18)
fii

where i, f initial and final states with energies E; and Iy, respectively, and H =-
eFe_h.Eph is the interaction Hamiltonian with e being the charge of the electron,
7._p the relative motion of electron-hole pair and Eph the electric field of the
photon. The square of the transition matrix element My; = (f|H'|i) describes
the probability of a transition from an initial state |i) to a final state |f) and
vice verca. In the case of exciton transitions, the initial and final states regard
the ground and the excited states of the e-h pairs..

A vital parameter of great importance is the oscillator strength which gives
the strength of the optical transition. For QW excitons, this strength is defined

per unit surface according to the relation

fexc . 2waz
S e,k

[(FIH]3)]? (1.9)

where N is the number of oscillators, wy; is the transition frequency and ¢,
the vacuum permittivity. The confinement of carriers in QWs increases the
overlapping of the electron-hole wavefunctions and leads to higher oscillator
strengths for the exciton entities. The dielectric response describing the bulk
or QW exciton resonances can be simulated by the Drude-Lorentz damping
oscillator model [75, 76] considering a homogeneous broadening term for the
exciton decay (7esz.). For a number of non-identical oscillators near the same
frequency caused by the random inhomogeneities [77] in the produced devices,
a Gaussian distribution should be applied for an appropriate representation of

the excitonic broadening (Appendix A).

11
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1.4 Fabry-Pérot resonator

A Fabry-Perot resonator, is a photonic device which has the ability to
create standing waves of trapped light due to multiple reflections of the photons
between two eg. metallic mirrors with peak reflectivities R; and R, as depicted
in Figure 1.3(a). Apart from the mentioned reflectivity values, the efficient
confinement of the electromagnetic (E/M) field depends on the wavelength of
light and the distance (L.q,) of the mirrors. This can be succeeded by utilizing

a mirror distance equal to

Ao

2nCCLU

Legw =m (1.10)

where m is a positive integer, A\, the "design” wavelength of the cavity in air

and n.q, is the average refractive index of the cavity medium at the designed

wavelength (A = 2=) [78]. The above condition is fulfilled for a periodic

number of frequencies (Figure 1.3(b)) and the frequency separation between

adjacent modes, named as free spectral range (Avpgg), is given by

c
2Lcquny

AVFSRI (111)

where c is the speed of light in vacuum while n, is the group refractive index
of the medium. An important conclusion from the previous relation is that
by utilizing a sub-wavelength thickness for the resonator, it is possible to create
modes inside the Fabry-Perot cavity that are distanced far away from each other.
Therefore, in micron-sized cavities, similar to this work, the light confinement
usually refers to only one of these modes. The ratio of the Avpgr to the resonant
linewidth (Avpgwar) is called Finesse (F) and depends strongly on the mirror
reflectivities Ry, R2 [71]. Increased values of Finesse are desirable in order to

produce sharp cavity modes such as the green ones given in Figure 1.3(b).

12
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Figure 1.3: Tllustration of (a) the standing waves for m = 1, 2 and 3 in a Fabry-Perot resonator made by metallic
mirrors with side mirror reflectivities R; and Ry distanced L4, while in (b) the graph shows the transmitted
intensity versus the frequency. The allowed resonant frequencies inside the resonator are distanced by Avpgg.
An additional parameter which characterizes a microcavity is the escape
rate of the trapped photons, known as quality factor Q [71], and corresponds
to the energy dissipated in the system as a function of time. The Q-factor is
related to the Finesse parameter by the relation () = mF', where m is the cavity

mode order. Moreover, by solving the time-dependent decay problem, we end

up to the following relation

ECG/U _ )\CG,U _ 27TCTCG/U

AE AN ),

Q= (1.12)

where in the numerator E.,, (M) is the resonant energy (wavelength) of the
cavity mode, while in the denominator is the full width at half maximum of
the resonant peak in energy AFE or wavelength A\X. In essence, this relation
represents the average lifetime of cavity photons (7.4, ) and depends critically on
the top and bottom mirror reflectivities R and R,. Higher reflectivities, as they
provide a smaller FWHM values of the photonic mode, they tend to increase
the Q-factor, and hence, the photon lifetime in the cavity (~ ps). Regarding
the fabrication of such a resonator, the mirrors can be made either by a metallic
coating or for instance by a periodic structure of materials operating also as

reflectors and discussed next.

13
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1.5 Distributed Bragg Reflectors

A distributed Bragg Reflector (DBR) is a multilayered stack of high (ny)
and low (np) refractive index materials (Figure 1.4(a)), with a quarter-wavelength
(Xo/4n;) thickness in each layer, where )\, is the wavelength of central maximum
reflectivity and n; the refractive index of the i layer [71]. It should be noted that
the material with the lower refractive index will always have a larger thickness.
The principle of operation relies on the constructive interference of the incoming
and outgoing waves based on their phase. Due to this composite nature of
this periodic structure, a large number of repeated alternating pairs, results to
high reflectance, which can reach close to unity values (R, = 1) as shown in
Figure 1.4(b). The major advantage for utilizing DBR mirrors is their ability to
exhibit high reflectivity values at any desired wavelength of the electromagnetic
radiation spectrum by merely adjusting the thicknesses of the individual layers.
For mechanical stability and operation, the DBR stack is usually deposited on
a thick substrate.

The way to measure reflectivity is by illuminating a fabricated DBR mirror
with white light and measuring the reflected intensity, normalized to a reference
signal. Their ratio, referred to as reflectance, typically results in an optical
response with very high values of reflectivity in a wavelength window called
"stopband” or ”forbidden” region and less pronounced values outside the main
stopband (Figure 1.4(b)). At normal incidence, the description of the maximum
reflectivity [79] and the bandwidth [80] of the stopband are given by the following

relations
ni(ng)2N — ny(ng )2V 2
Rstopband = ( H)QN ( L)2N (113)
ni;(ng)?N + ng(ng)
4)\0 . \nH — nL\
AAstopband = 7&TCSZ?’L<m> (114)
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Figure 1.4: Schematic of (a) normal incident and reflected photons on a 10-pair DBR mirror deposited on a thick
substrate for mechanical stability, (b) the respective reflectance spectrum of the mirror, reaching unity (Rpax =
1) at the main "stopband” region. At higher and lower wavelengths there are less pronounced peaks as expected
also from theory.
where n;, ng are the refractive indices of the incident and substrate mediums,
N is the number of alternating pairs, ny / ny are the high and low refractive
indices of the DBR materials and )\, is the central wavelength of the stopband.
The methodology can be easily extended to higher angles of reflection, producing
thus, an angle dependent variation in the reflected wavelengths respectively.
The above characteristics make DBR structures ideal light reflectors in
planar microcavities, obtaining high Q-factors with narrow spectral width of
the escaped light (low losses in the system), which is one of the fundamental
conditions for achieving lasing action. Considering the dispersion of the real
part of the refractive index of the materials, which is described by the Sellmeier
relation (Appendix A), it is possible to simulate the reflectivity spectrum of
a DBR structure with the use of a transfer matrix model (TMM) (Appendix
B), assuming in many cases for simplicity that the media are homogeneous
and isotropic while the interfaces between the media are taken totally flat.
The mathematical formulation can be obtained by utilizing a 2 X 2 matrix
describing the amplitudes and phases of the left and right propagating waves.
The change in amplitude, when light passes from one medium to another, is given
by the Fresnel’s reflection and transmission coefficients [81], as results from the

boundary conditions in order to satisfy energy and momentum conservation,
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while the change in phase occurs due to the optical path difference. When the
medium has a thickness comparable to the wavelength of light, interference is

more prominent and gives rise to standing wave effects.

1.6 Photon dispersion inside a cavity

As concerns microcavity fabrication, DBR mirrors have to be utilized on
both sides of an active layer to create a photonic mode inside the cavity [82] as
the one depicted in Figure 1.5(a). It is important to note that the low refractive
index of the DBR materials should be the initial layer attached on either side
of the active medium for successful operation while both of materials should
have lower refractive index than the active medium. In such configuration,
the active medium works in essence as a defect layer in comparison to the
rest of the periodic structure, creating thus a mode with a considerably lower
reflectivity, observed as a dip within the stopband of the reflectance spectrum
(Figure 1.5(b)). The photons of this mode can escape out of the cavity with a
fast or a slow rate, depending on the previously mentioned Q-factor.

Based on the work of Savona et al. [7], both DBR mirrors are penetrated
by the electric field of the cavity mode, hence, the effective Fabry-Pérot cavity
length is actually given by

Legs = Leav + LS + LSER" (1.15)

where L., is the length of the cavity layer and

Ao nng

Lppr = (1.16)

4ncav ‘nH - nL'

is the effective length in each DBR reflector due to penetration of the electric
field. The variables A\, and n.,, are the wavelength of the cavity mode (in free

space) and the refractive index of the active material in the cavity, ny and
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Figure 1.5: Design of (a) a A-thick microcavity structure with an 8-pair top DBR and a 10-pair bottom DBR
mirror deposited on a substrate, (b) the resulting energy dispersion versus the emission angle (k) of the cavity
mode which is observed as a dip inside the stopband region in the analyzed reflectance spectrum.

ny represent the high (H) and low (L) refractive indices of the two dielectric
materials utilized in the DBR mirrors.

Considering a planar microcavity grown along z-axis, there is a quantization
in the allowed photon modes due to the refractive index difference between the
active layer and the DBR mirrors. An oxide cavity can also be formed by using
only a top and a bottom DBRs, where the cavity region is made by a A/2n oxide
layer (without exciton emitters). The energy dispersion of the cavity photons

can be described by starting the analysis from the quantized wavevector

- 2T mm
k, = z = . 1.17
)\cavz Leffz ( )

where m is the quantum number similar to Fabry-Pérot resonator. After replacing

the wavevector |k| (= ,/k2 + k:? /) in the relation for the cavity photon energy
(Eeay = hweqy = hucaU\E |) and expanding in Taylor series, it yields

A I A k2 h2]{32
B = (52 k2 e — (1) ol = g, oL (118)
Neav Leff Neav Leff 2ncav (Kff) chav

As presented in Figure 1,5(b), the above equation gives a parabolic dispersion
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around a quantized value £, with increasing in-plane momentum (k,,), similar
to an exciton state given in Section 1.3. Here, the dispersion can be described

by an effective mass for the cavity photons as

M AN g

Mgy = ~ 10 °m,. or 107*M.,. (1.19)

CLeff

where the cavity photons seem to be 5 orders of magnitude lighter than electrons
(or 4 orders lighter compared to excitons) [83]. This means that the energy
dispersion of an exciton resonance (E..(k//)) looks flat in the same %/, range of
the cavity mode, and hence, F.,. can be simply represented by a constant value
in polariton simulations.

The corresponding relation connecting the in-plane wavevector (k,/) and
the external angle of theta (6.,;) of photons escaping the microcavity is

E .
k)= %smewt (1.20)

where the approximation is valid if k£, > k,,. The photon decay rate (1/7.,) of
the microcavity due to mirror losses [7] can be estimated by

1 _ 1— vV R1R2 C (121)

Teaw A/ RiRy MNeaw Leff

where Ry, Ry are the mirror reflectivities in the microcavity. Furthermore, for
oblique angles (6), the respective relations should be utilized depending on the
electric field orientation of a propagating E/M wave. As results from theory [84],
but observed also experimentally, two cavity modes are distinguished at higher
angles denoted as s / TE polarized (E normal to the plane of incidence) or p /
TM polarized (E parallel to the plane of incidence). Such a difference can affect
also the polariton branches as will be shown in the experimental part of this

thesis and should be taken into account for a detailed description of the modes.
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1.7 Polaritons in semiconductor microcavities

All the previous considerations were neccessary in order to introduce the
polariton states. A cavity polariton is a superposition of quantum states formed
by light and matter inside an optical Fabry-Pérot microcavity (Figure 1.6(a)),
where their distinction disappears due to the increased light-matter interaction
and the system is said to operate in ”strong coupling” regime [82,85,86]. In
particular, the coupling of the two modes occurs due to the high probability
of a QW exciton (absorbing emitter) to reabsorb a photon that was previously
decayed by the same or another exciton having the same wavevector as the
photon (momentum conservation). This is possible if the cavity photon stays
long enough inside the microcavity due to the multiple reflections from the
highly reflective side mirrors. This interaction occurs particularly fast, with
a Rabi frequency (Qruwi = AFEpawi/h), and gives rise to new dispersions of
quasi-states, named as upper (UPB) and lower (LPB) polariton branches, which
are hybrid states of light and matter. This is illustrated in Figure 1.6(b) where
the energy dispersion of polaritons behaves differently from uncoupled light or
matter excitations. Historically, polariton states were observed experimentally
for the first time by Weisbuch et al. in 1992, when studying a GaAs microcavity
[6], demonstrating thus their novel capabilities in the field of optoelectronics.

Due to dual nature, polariton engineering is possible by controlling the light
and matter density of states in order to alternate their characteristics, and thus,
affect the polariton optical properties. Depending on the detuning, the LPB,
at low in-plane wavevectors is more photonic while at larger £,, more excitonic.
The opposite holds for the UPB. The exciton / photon percentage in each branch
can be altered by moving the relative energy position of the cavity and exciton
states. This is usually accomplished by changing the lattice temperature, where
the GaN excitons redshift from zero up to RT in the range of 50 - 60 meV),
whereas the cavity mode remains almost unaffected. From the relative position

of the cavity and exciton states, a positive, zero or negative detuning (J) can be
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Figure 1.6: (a) A complete A-thick microcavity structure with QWs embedded in the active region with an 8-pair
top DBR and a 10-pair bottom DBR mirror made on top of a substrate, (b) the resulting energy dispersion
spectrums of the lower and upper polariton branches in the case of strong coupling in respect to the exciton state
and cavity mode (dashed-lines). The energy difference at the anticrossing point of the two branches (here at k/,
= 0) is called Rabi splitting (AQ2gapi), while the zero detuning refers to the energy difference of the uncoupled
states at k,, = 0.

achieved. Experimentally, all the information about the cavity, exciton and/or
polariton branches can be easily extracted from the emitted photons escaping
the cavity, providing hence, an accurate diagnostic tool of all the quantum states
inside the microcavity.

As will be discussed in this thesis, the "matter” component in the cavity
regards excitons inside quantum wells, which exhibit a much higher oscillator
strength and binding energy compared to the bulk excitons. These parameters
are crucial for a successful strong-coupling up to room temperature where e-h
pairs need still to be bound. In order to accomplish a sufficient interaction
between excitons and photons, it is important that the exciton-photon coupling
strength (g,) is larger than the linewidths (Yeze, Yeay) in the system. These
linewidths as explained earlier derive from the cavity lifetime for a photon state
and the broadening mechanisms for an exciton state. The major consideration
is that this strong interaction enables some very intriguing phenomena such as
polariton lasing [9, 22, 23], parametric scattering [87-90], superfluidity [91, 92]
etc.

The quantum theory describes the strong coupling dynamics of a simple
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system with a single exciton and cavity photon state in a linear Hamiltonian

model using the rotating wave approximation, in the second quantization form,
[7,93] as

g ot " P
H = Z Eeav,iy, () + Z Eeveyry, (O, bry) + Z 9olay, br;, + by, )
kyy ks kyy

g

(1.22)

where d,i//, ZA)L// are the creation, and ay,, by ,, the annihilation operators for
cavity photons and excitons having an in plane wavevector k,,, while g, is the
exciton-photon coupling strength directly affecting the energy splitting of the
polariton states occurring at the anticrossing point. As a result, for g, = 0 there
is no interaction between the photons and excitons and the states remain are
uncoupled (weak coupling). For g, # 0, the system is said to operate in the
”strong coupling” regime, and new mixed states arise. As will be stated later
on, there is also the situation where the two regimes can coexist in a cavity.
Analyzing the system in a matrix formalism and taking also into consideration
the damping parameters of the two states arising from exciton broadening and

optical losses of the cavity, the Hamiltonian can be represented as

o Eccw —1 cav 0
ao= ek T g (1.23)

Jo* Eexc,k// - i%xc

where Fey /) and Eeqy ,, are the exciton and photon energies, while ... and
Yeav are the finite widths of the two states describing the decay / escape rates.
Note that the above Hamiltonian can be expanded to include more exciton states
or cavity modes in case of a more complicated system [94,95].

Regarding g,, it is referred to as the coupling strength between the exciton

and photon states, representing the overlap of the wavefunctions. For a cavity
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Figure 1.7: The graphs show (a) the characteristic anticrossing behavior of an exciton and a cavity mode energy
states (dashed lines) versus the detuning at zero in-plane wavevector (dx,,—o) with the creation of an upper and

a lower polariton branch (solid lines). In (b) are depicted the exciton |X,|? and photon |C,|? fractions in the
lower polariton branch versus detuning.

with a high Q-factor (Ry, Ry = 1), g, is given by

W
NI fere/ S
2m650ngffLeff

go =T (1.24)

where e is the charge of the electron, m, the free electron mass, ¢, the vacuum
permittivity, Ngc?/ corresponds to the active number of quantum wells that
overlap with the antinodes of the intensity profile of the photonic mode, therefore,
contributing to the coupling, f.../S the oscillator strength of the QW per unit
area, nesy = /€, the effective refractive index of the active region, and L.ss the
effective length of the cavity. The contribution of the DBR mirror in the effective
length is an important parameter which tends to reduce the Rabi splitting.

To move on, by diagonalizing the previous Hamiltonian for a given in-plane
wavevector (k//), the quasi energy states of the upper and lower polariton

branches can be obtained:

1 , .
EUP,k;// — §[Eexc,k‘// + Ecav,k// — Z(’Vexc + Vccw) + \/49(% + (5]6‘// — Z(’Y@mc — 7(:@11))2]
(1.25)
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1 . .
ELP,k// — E[Eea:c,k// + Ecav,k// - Z('Yexc + ’Ycav) - \/492 + (5k// - Z(Vexc - 70(1’0))2]
(1.26)

where 6, = Eepe.o— Eeav,o is the detuning at k;, = 0 (Figure 1.6(b)). In literature,
the case in which §, < 0 (or d, > 0) is often called negative (or positive) detuning.
An example, of the energy splitting for a range of detunings considering a
coupling constant g, # 0 and a zero in-plane wavevector is visible in Figure
1.7(a). The corresponding exciton and photon fractions (| X,|?, |C,|?) of the lower
polariton branch versus the detuning at k,, = 0 are shown in Figure 1.7(b). The
description of the mixed states can be found in Appendix C. Another parameter
of major role, called the Rabi splitting AERuy (= AQrai) (Figure 1.6(b)), gives

the energy splitting at the anti-crossing point of the polariton states. Considering

zero detuning (6, =0), where Fope = Eegy and Yoper = w being the average
polariton linewidth, we obtain
2
Yexe — Veav
hQRabi == 2\/93 — ( 4 ) (127)

which shows that to obtain the strong coupling regime the coupling constant
is not the only parameter which plays a role. Instead, the condition 4¢> >
(Yeze — Yeav)? must be satisfied.

It should be noted that the specific relation does not give any boundaries
for the exciton or cavity linewidths. Therefore, considering the work of [7] for
the hQéZ‘Zi, we can deduce three cases defined as weak, intermediate, and strong
coupling regimes shown in the graph of Figure 1.8(a), where the limits are given
by the blue lines [96]. Here, we are interested in the orange colored region
where the distinction of the initial states is lost due to the strong interaction.
In this regime, there is an ultra-fast (fs) periodic energy exchange rate between

the cavity photons and excitons (prior to any loss), due to which there is a
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Figure 1.8: Graph (a) depicts the condition for the weak, intermediate and strong coupling regime (reproduced
from ref. [96]) while graph shows (b) probability of photons to re-excite electrons at the exciton state before
leaving the microcavity in the weak and strong coupling regimes [98].
modification in the energy bands, and new hybrid states govern inside the
microcavity. In the weak coupling regime, known also as Purcell effect [97],
the square root of Equation 1.27 becomes imaginary and corresponds to the
operation of a light emitting diode (LED) under low carrier injection or of
a vertical cavity surface emitting laser (VCSEL) under high carrier injection.
For devices operating in the strong coupling regime, we have the fabrication of
a "polariton LED” under low carrier injection and ”polariton LASER” under
high carrier injection. The intermediate region in Figure 1.8(a) is a situation
between the weak and strong coupling regimes where the coupling condition is
satisfied but without any visible splitting. Figure 1.8(b) shows the difference of
the temporal evolution in a weakly and a strongly coupled system regarding the
probability of photons to re-excite excitons before escaping the microcavity [98].
It can be understood up to this point that in order to succeed strong
coupling two routes can be followed, either increasing the coupling between
the two states or reducing the losses of the system as much as possible. The
first can be made by placing many emitters with high oscillator strength at the
antinodes of the field in the cavity and by decreasing the mode volume. On

inhom

the other hand, the total losses of the system can be described as veq (7™,
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hom inhom hom

yaom ) and Yege(Yomno™ 2o, Practically, the homogeneous photon decay can be
decreased by increasing the number of the DBR pairs, while the inhomogeneous
broadening is related to the in-plane inhomogeneities of the mirrors. As concerns
excitons, the reduction of the homogeneous exciton decay can be obtained by
decreasing the temperature of the microcavity device. The inhomogeneous
broadening is again related to the in-plane inhomogeneities in the QWs. Both
inhomodeneous decay rates are difficult to be avoided since they are related to
the fabrication of the mirrors and the quantum well layers, respectively. The
common description is based on a Gaussian distribution, while homogeneous
decay rates follow Lorentzian statistics. Another description can be performed
by utilizing their combination. This can be accomplished by their convolution
with the use of a Voigt function (Appendix A).

As already referred, in the weak coupling regime, it is possible to obtain
stimulated emission (light amplification) if there is a sufficient number of carriers
in the excited state with respect to the ground one. In quantum wells, the
density of states is analogous to the effective mass of the excitons (Equation
1.7), which gives a high limit of the critical density in GaN-based wells which
in terms of inversion of populations requires an increased energy consumption.
On the contrary, as will be explained in the next section, the underlying physics
for lasing operation in the strong coupling regime does not require inversion
of populations. Therefore, an ultra-low energy consumption can be achieved,
highlighting the need for further research and optimization in such structures. It
should be pointed out that in the case of very large negative detunings, the lower
polariton branch is affected by the so-called ”bottleneck” effect. In this case, a
large number of polaritons is stuck at higher |k//| values, having it difficult to
reach the k,, = 0 states since there is no efficient relaxation mechanism, involving
accoustic phonons, due to the steep slope of the branch. This is observed in
photoluminescence experiments where the emitted intensity is much higher at
non-zero in-plane wavevectors (]/43?7“ ). As can be understood, all the physical

restrictions should be balanced for the best performance.
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1.8 Bose Einstein condensation

To explain Bose Einstein condensation (BEC) [99,100], a critical parameter
is the thermal wavelength App defined by Louis de Broglie [101], which describes

the wave nature of massive particles and is expressed as follows

h

App = —— 1.28
by vV 27kaBT ( )

where h is the Planck’s constant, m the mass of the particle, kg Boltzmann’s
constant and T the temperature. Having a particle with a huge mass at a
high temperature the above relation shows that the App will go to zero as the
rest of the parameters are constant. On the other hand, for a light particle
at low temperatures, the App will tend to increase at a finite value. In the
ideal case of a boson gas, when the de Broglie wavelength reaches a value
comparable to the mean interparticle distance (App = d;;,t) in conjunction with
a critical temperature (7,,;) there will be, based on quantum mechanics, overlap
due to the spatial extent of their symmetric wavefunction tending to condense
them. Moreover, if A\pg > d;y and T < T, the boson gas will occupy
the ground state of the system due to the constructive interference [12, 13].
The corresponding behavior for fermionic particles is opposite since they are
described by an anti-symmetric wavefunction which tends to repel them from
being close to each other (Pauli’s exclusion principle).
The mentioned T,.;; in the case of an ideal 3D Bose gas is given by

Tiyir = (1.29)

27Th2( n )3/2

mkp \2.612

where m is the mass and n the density of boson particles. The admixed polariton
quasi-particles, since they consist of bosons (photons and excitons) with integer

spin, they are also characterized by a bosonic nature described by a symmetric
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wavefunction. At low densities, the specific symmetry allows for the polaritons
to be very close to each other, and after a critical density (or below Ti.;),
the particles can undergo a phase transition due to mutual overlap, tending to
gather polaritons all together and create a coherent state named as polariton
condensation. Considering the Bose-Finstein distribution [99, 100], polariton

statistics is described by the following equation

1
beS(k//u T7 /L) - E(k;)—E(0)—p (130)

e kBT —1

where &/, is the polariton’s in-plane wavevector, £(k//) the dispersion relation,
E(0) the ground state, kp Boltzmann’s constant, and p the energy that has to
be compensated for a particle to enter the system, named as chemical potential.
The massive occupation of the lower polariton branch at k,, ~ 0 is possible even
at room temperature, due to the extremely light effective mass of polaritons
(107°m,). On the contrary, atoms having a much larger effective mass (10%m,)
are limited to condense at temperatures lower than pK [14,15], while exciton
condensation (M. ~ m,) is thwarted by saturation and exchange effects [16,
17], as well as localization in structural defects which has a strong impact on
the inhomogeneous exciton broadening. On the other extreme, cavity photons
despite the small effective mass (107°m,) do not form easily a condensate due
to the negligible particle-particle interaction.

From the previous statements, it can be seen that for the above three
cases it is hard to fulfill all the appropriate conditions in order to obtain room
temperature condensation. Therefore, within certain criteria, the successful
coherent emission in the strong coupling regime and possibility of low operating
thresholds of exciton polaritons comes from the composite properties, combining
the photon and exciton characteristics in one entity, and playing a significant
role in their condensation at the lowest energy site (k;, = 0) of the lower
polariton branch (LPB) which is actually behaving like a trap (Figure 1.9(a)).
It should be remarked that due to the low effective mass of polaritons, the LPB
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Figure 1.9: (a) Schematic showing the stimulated emission of polaritons under non-resonant excitation and the
leakage of coherent photons. (b) Photoluminescence as a function of the pump power excitation (in log scale)
where they are visible the three experimental cases in the emission.

ground state has a very low effective density of states which reduces the critical
density that is necessary for their condensation. To demonstrate polariton lasing
experimentally, non-resonant optical excitation is utilized for this purpose where
the exciton particles are being excited to form an e-h plasma. Gradually, they
lose their excess in energy as well as their coherence through scattering processes
with lattice vibrations (LO/AC phonons) until they finally reach the upper part
of lower polariton branch, often called ”exciton reservoir”, which allows them to
become again excitons and then polaritons if they manage to relax down to the
LPB as depicted in Figure 1.9(a). The radiative coupling of excitons at large
wavevectors is limited to those that are within the light cone.

Depending on the relaxation dynamics of polaritons inside the cavity, two
polariton lasing regimes are distinguished. The first is called the ”thermodynamic
regime”, where the relaxation time (7,..;) of polaritons is faster than the polariton
radiative decay (7,0;), while the second is the case where 7,5 << 7,¢ referred to
as the "kinetic regime”. The relaxation mechanism concerns polariton-polariton
scattering which is enhanced by the excitonic fraction of polaritons (Appendix
C) and acts as a stimulated process for polaritons to reach the bottom of
the LPB trap, triggering thus the amplification. Based on relative reports
[102], moving from the thermodynamic to the kinetic regime and vice verca can

be in practice accomplished by tuning the lower polariton branch to be more
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excitonic (0 > 0) or more photonic (§ < 0). In either regime, leakage of coherent
photons from the macroscopic state occurs mainly from the top DBR, which
is designed from the start to have a slightly lower reflectivity compared to the
bottom mirror. It should be noted here that the suppression of the ”bottleneck
effect” [103, 104] in less negatively detuned structures is also an important
parameter that needs to be taken into consideration. Moreover, when moving
to a high density regime, the fermionic nature of polaritons takes over, therefore
above a critical density named as Mott transition or saturation density (ngu),
the anti-symmetric wavefunction of large number of exciton polaritons [105]
generates exciton-exciton scattering through exchange and phase space filling
effects [106-108], weakening the exciton coupling, and hence the polariton states.

Apart from the high exciton binding energy (Ep) and oscillator strength (f)
in GaN, the Mott carrier density needed to create ionization of excitons toward
an e-h plasma is of the order of 10 em™2 [23,102,103,109], which is higher
than other semiconductors due to the small exciton Borh radius (re; ~ 3 nm).
Therefore, the critical density of polaritons for condensation inside the LPB
trap should be lower than the Mott transition density (ns,). Under polariton
lasing conditions, if the density of polaritons exceeds the saturation limit, the
strong coupling is lost and lasing occurs from the cavity mode, prompting the
term ”cavity” or "photon” lasing where basically the system operates in the weak
coupling regime (Figure 1.9(b)). An additional non-linear property of polaritons
is the parametric scattering where polariton-polariton scattering is stimulated
and results to the generation of a ” signal” and an "idler” polariton by conserving
the total energy and momentum in connection with the initial polariton state
[87,88,110-113]. The photons issued from these polaritons enable the possibility
to be utilized as entangled photon pairs in quantum computing devices [114,115].
Under all the circumstances, the ability to have robust polariton branches at
room temperature conditions can provide novel demonstrations in the polariton
physics that were previously limited to cryogenic temperatures and could allow

for their use in new quantum-optical applications.
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1.9 Photo-electrochemical etching process

Unlike previous research where the DBR mirrors and the active region
are fabricated by the same materials (fully-epitaxial) [116] or bottom epitaxial
and top dielectric (hybrid) [23,55], here, we implement a nitride microcavity
by embedding a strain-free high quality GaN-based membrane in between two
dielectic mirrors (all-dielectric DBRs) [117,118]. This context offers much more
compact devices with enhanced optical confinement and reduced absorption near
or at the stopband region. In addition, there is direct compatibility in case of
employing electrical injection into the specific configuration. Several processing
techniques have been utilized in the literature for substrate removal such as
laser-induced lift-off (LLO) [119,120], chemo-mechanical polishing (CMP) [121]
or wet / dry etching [122]. In this work, this is accomplished with the use of a
photo-electrochemical (PEC) wet etching process which allows for the separation
of GaN material in a membrane form [123,124] by etching an InGaN layer [125].
The PEC technique was developed by Minsky et al. [126] in order to etch the
[II-nitride family semiconductors at room temperature conditions and the major
characteristics are the 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 generally non-selective while dry-etching methods have failed to
give the desired result due to ion induced damages resulting in poor material
quality and rough surfaces. An adequate roughness for microcavity fabrication
is when having an almost epitaxial quality which is in the range of lower than 1
nm. Higher surface roughness induces significant scattering of light, and thereby
reducing strongly the Q-factor of the cavity.

Following the work of Jayaprakash et al. [124], the PEC-etching was carried
out in an electrochemical cell at ambient conditions, where the electrolytic
solution had a content of 4-10~* M KOH diluted in deionized (DI) water, resulting
to PH of around 10.6. It should be noted that the work function of the electrolyte
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Figure 1.10: (a) Optical image depicting one of the utilized for PEC-etching mesa grid pattern. (b) Configuration
of the PEC-etching and position of the sample when attached on the electrochemical cell.

depends on the PH value of the solution. In Figure 1.10(a) is presented the
optical image of one of the grid patterns with mesas of various sizes fabricated by
photolithography and reactive ion etching (RIE) processing steps. The patterned
sample is positioned on the backside of an electrochemical cell where the only
contact between surface of the sample and the cell is with the use of a cone-shaped
rubber pinhole as illustrated in the PEC-etching setup given in Figure 1.10(b). In
this way, the etching occurs at a pre-determined area of 7.8-107% ¢m? and several
tens of membranes are etched in a single run. In order to create a Schottky-type
barrier, the semiconductor needs to be in contact with the conductive KOH
electrolyte acting as a cathode, while the sample is acting as an anode. To
inject current from a Keithley 6517A power source (Appendix E), a dipped
Platinum (Pt) electrode is placed inside the electrolyte KOH solution for the
connection with the cathode while an Indium contact is made on one of the
top-side edge-regions for the anode. The optical excitation is made with the use
of a cw diode laser emitting at 405 nm (Appendix E), having a photon energy
slightly above the InGaN’s bandgap, but considerably below the absorption of
the GaN crystal (Ergon < Eiosnm < Ecan)- To adjust the output power of the
diode laser, a Neutral Density (ND) filter is placed in the optical path before
the cell’s entrance.

As seen in the energy band diagram of Figure 1.11(a), the Schottky barrier
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Figure 1.11: (a) Illustration depicting the hole accumulation at the interface of InGaN with the KOH due to
electric field, which is the crucial mechanism for the etching. (b) Plot of current versus voltage under no light
(red-curve) and light (blue-curve) illumination.

is utilized to confine the generated holes under illumination with light, at the
interface of the sacrificial layer with the KOH electrolyte solution. For additional
enhancement of the etching process, a reverse dc bias (V,.,) is applied to confine
even more the holes at the electrolyte / semiconductor interface due to increased
band bending. Hole accumulation is essential 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. The chemical reaction [124] for oxide formation is thus the following

2InGaN + 6h" + 60H™ = (In,Ga)y03 + 3H,0 + N (1.31)

while the chemical reaction for the oxide dissolution is

(I?”L, GCL)QO?, +60H = 2(]7”&, Ga)203_3 + 3H50 (132)

The holes at the surface of the semiconductor, in our case of the InGalN, combine

with the OH ™ of the electrolyte, thus causing oxidation of InGaN, with nitrogen
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and water as byproducts. Therefore, it is important after every etching to
perform a cleaning with deionized water to remove any residual oxides. The
referred residual oxides can form large particles (fast etching) or be barely visible
(slow etching) depending on the etching conditions utilized in the experiment.
Figure 1.11(b) presents the characteristic current (I) versus voltage (V)
curve without (red-curve) and with (blue-curve) illumination of the sample.
As indicated, the etching occurs at reverse bias (0 - 10 V), where there is an
increase in the overall current due to the induced photo-current (I = I, +
Lyhot) compared to no illumination (I = I,.,), as expected for the specific diode
configuration [95]. To control and record the current versus voltage or time,
the Keithley power source is connected to a computer through an Agilent GPIB
cable and the whole setup runs through a script in the Agilent VEE software.
The latter permits also to plot the data in real time, helping us to observe
any mishappenings that could occur during the etching process. As concerns
the I - t graph, the acquired data of current show an exponential-like decay
versus time due to the reduced contact occurring from the etching of the InGaN
layer as it is wanted. Hence, this is the basic indication that PEC operates
at this stage. After PEC finishes, we look carefully the etched regions under
an optical microscope in combination a scanning electron microcope (SEM), to
confirm or not if PEC was successful and that the desired result is achieved.
Adjusting the KOH solution along with the low etching rates and high extent
in time, it is possible to induce appropriate lateral etching conditions to the
InGaN sacrificial layer and create ultra-smooth bottom surfaces in the fabricated
GaN-based membranes. The illuminated light is kept at low intensity levels to
control the etching rate and avoid damage of the etched region. As has been
observed by our group, for an optimal etching, there is an interplay between the
applied bias, the optical power, the KOH concentration and the exposure time.
As a result, it is important to adjust all these parameters accordingly so that
the system will allow for an optimal etching with a low root-mean-square (RMS)

roughness on the etched surfaces which can go even below 1 nm.
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1.10 Focus of current work

The investigation of this work mainly focuses on a series of experimental
observations made by employing the PEC-etching methodology on GaN samples
grown in polar (c-) and non-polar (m-) crystal orientations for the fabrication
and characterization of novel ultra-smooth free-standing GaN-based membranes.
Next, the high quality membranes were utilized as active material by their
subsequent implementation in all-dielectic microcavities for the fabrication of
robust polaritonic devices for room temperature operation. Initially, in Chapter
2, is described a comprehensive methodology to extract the oscillator strength in
polar GaN membranes with sub-wavelength thickness by analyzing the exciton
peaks in micro-transmittance measurements. Moreover, the particular analysis
can be applied also to ultra-thin membranes with embedded-QWs. In Chapter
3, is designed and developed a fully-operational microcavity configuration for
the investigation of the strong coupling regime and polariton lasing with polar
GaN/AlGaN QWs as the active material and SiOy / T'asOj as top and bottom
DBRs. In Chapter 4, the polariton study is extended to the m-plane GaN/AlGaN
QWs due to the advantageous elimination of the quantum confined stark effect
(QCSE) which allowed the observation of an even lower polariton lasing threshold.
Finally, Chapter 5 introduces an innovative way to minimize thermal / strain
effects, induced during mirror deposition, by producing transferrable oxide-based

DBRs (+DBRs) for their use as top mirrors in all-dielectric microcavities.
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Chapter 2

Optical absorption in ultra-thin GalN membranes

Here, it is presented a comprehensive methodology for the analysis of the absorption coefficient in
ultra-thin ultra-smooth polar GaN membranes by accounting for the standing wave effect that is
introduced in any sub-wavelength structure due to interference of light. Based on this approach,
it 1s also possible to obtain the oscillator strength in such thin-films.

2.1 Introduction

The most straightforward and non-destructive technique to characterize a
film, and more specifically a semiconductor crystal, is by illuminating it with
radiation and measuring its optical response. If white light is utilized for the
illumination at the front surface of a lossy medium, and the measurement is
performed on the transmitted intensity for all the wavelengths of the incident
spectrum, then it is possible to determine its optical absorption which is a
characteristic signature, depending on the material’s intrinsic properties. This
optical attenuation is mathematically described by the imaginary part of the
complex refractive index of a material and provides valuable information about
a semiconductor’s electronic band structure. Therefore, based on the accurate
interpretation of an absorption spectrum, it is possible to know by how much
and at which spectral range a material absorbs. The knowledge of a material’s
optical properties is a powerful tool and allows for the optical modeling and
engineering of novel optoelectronic devices.

In most experimental cases, the investigation by means of transmittance and
reflectance measurements is employed on thick crystals, where the coherence in

the counter-propagating E/M waves is reduced. Nevertheless, when moving from
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thick planar samples to ultra-thin ones, someone may face strong interference
effects that alter the optical response by adding a sinusoidal-like signal. The
reason lies in the significant contribution of the counter-propagating waves to
add their phase, leading therefore, to destructive or constructive interference. In
the case of thin-films, due to the close proximity of the sidewalls, the reflected
electric field will have a comparable amplitude to the one coming from the
counter front-side. When these fields interfere, it results to a sinusoidal intensity
with maxima and minima inside the film. Hence, the measured transmittance is
an overall combination of both the absorption in the layer and the interference
caused by the multiple reflections of coherent waves at the film’s sidewalls.
Omitting interference effects in the analysis can lead to a wrong interpretation
and to large errors in the deduced absorption coefficients. In most cases, since
it is inevitable to avoid this ”background” signal, the correct explanation and
analysis of the measured transmittance data can be a difficult task.

An extensive number of theoretical approaches have been developed by
many research groups to reproduce the optical response of transmittance, but
most of them consider in their analysis either the case of relatively thick films [1],
since fabrication of subwavelength films with low rms roughness on the two
surfaces has been quite difficult up to now, or they develop mathematical tools
to study heterogeneous samples, including the transparent template utilized for
their growth [2,3]. However, both efforts present several drawbacks, discouraging
someone to perform an in-depth analysis and understanding. A review paper
on previous research in the field, given by Poelman and Smet, can be found in
reference [4].

For all the above reasons, a valid methodology is introduced here to derive
the absorption in thin film materials from first principles via a simplified way,
considering that all the necessary criteria are satisfied. In the applied method
there is a full consideration, both theoretically and experimentally, of all these
effects in order to successfully extract intrinsic optical parameters of the materials

such as the absorption coefficient. Towards this end, we have fabricated polar
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GaN membranes of high-quality from three different samples, with successive
%nm—thick difference in thickness, from which it was possible to extract the
absorption coefficient by measuring the ratio of the normal transmitted to the
normal incident intensity of the beam. As it was observed experimentally, and
confirmed later by the theory, including the interference effects in the analysis,
the overall absorbance appeared to exhibit an oscillating behavior with varying

the film’s thickness d, which could not be explained in any other way.

2.2 Theoretical considerations regarding transmittance

Before starting the analysis, a few concepts have to be introduced for a
better understanding of the standing wave effect. Since we have to deal with
light, the initial point is to utilize James Clerk Maxwell’s [5] electromagnetic
equations in their compact form, given by Oliver Heaviside [6]. Then, it is
possible to solve Faradays’s law from which the wave equation of the electric
field is deduced. In the case of a planar thin-film, the analysis of the problem
is simplified to the solution of the one-dimensional wave equation since the
propagation is limited to one direction. By considering a Cartesian coordinate
system, where the film lies in the x-y plane, then the wave moves along the
z-axis. The wave equation in absorbing homogeneous media is given by

0% n?o?

55— 5 aplE1) =0 (2.1)

where ¢ = 1/,/g,/i, is the velocity of light in free space with ¢, and p, the electric
permittivity and magnetic permeability in vacuum, while n is the complex
refractive index of the material [7] (Appendix A). The commonly used solutions
for the electric field, satisfying the above equation for propagation in the z

direction, take the form of an infinite monochromatic plane wave as
E(z,t) = Beith=wito)z (2.2)
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where E, is the electric field amplitude, while k = 2771/, the wavevector and
w = 2mv the angular frequency. The exponential term z(l%z — wt + ¢) represents
the wave propagation in the z direction with a velocity u (= £) and an initial
arbitary phase ¢.

The above solution for the electric field follows the superposition principle
where the linear combination of two or more solutions is also solution of the wave
equation. It should be noted at this point that only the real part of complex
solution describes the true field. In a similar manner, by solving Ampere’s law,
one can obtain the plane wave solutions for the magnetic field H(z,¢). The
cross product of electric E and magnetic H fields, gives us a parameter of major
importance named as Poynting vector S (= E x H) [8,9], describing the power
flow of an electromagnetic wave propagating thought a perpendicular surface.

The time-averaged value of S parameter is known as intensity (I) or energy flux

density with units W/m? and is expressed as

— 1 —
| <S> | =1= §nC€O|E\2 (2.3)

where n the real refractive index of the medium, c is the velocity of light in
free space, ¢, the electric permittivity and E the electric field [9,10]. Based on
this definition, the absorbed (14), reflected (Ig) and transmitted (I7) intensities
normalized to the incident (/,) radiation give the absorbance (A), reflectance
(R) and transmittance (T) in a material and fulfill the following relation A =
1 - T - R. It should be pointed that the above parameters have a wavelength
dependence due to the dispersion of light inside media as well as a dependence
on the film’s overall thickness. For example, a transmittance spectrum for a film
of thickness d = 200 nm is defined as T(A, d = 200 nm)).

When measuring ultra-thin absorbing films, where the thicknesses are a
fraction of the wavelength of light, it is not correct to consider just an initial

intensity I, with a decaying e~ term and a reflectivity coefficient R', to describe
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Figure 2.1: (a) Multiple internal reflections occurring inside a planar film [11] and (b) electric field intensity profile
for an ultra-thin GaN film of 3\,/2n thickness by accounting for multiple reflections of either incoherent waves
represented by a decaying intensity (purple solid line) or coherent waves represented by maxima and minima in
the intensity (red dashed line).

the intensity profile along with the corresponding multiple reflections [11], as
shown analytically in Figure 2.1(a). It is necessary to include the contribution
of the wave’s total phase 6 in the calculations that accounts for the interference
effect. As will be seen later on, the term that affects this phase has the form
of ikz = 227;& Therefore, after calculating transmittance inside a film, someone
can conclude that the condition sin(kz) = 0 for constructive interference results
to be % with m = 1,2.3, .., oo, while the respective relation for destructive
2/ +1)N, .

% with m’ = 0,1,2,3, .., 0o [9]. In order to follow the correct

way, one has to sum the electric fields of the waves traveling back and forth after

interference is

being reflected (blue arrows) at the film’s sidewalls, depicted in Figure 2.1(b)
for a film with thickness L = 3A/2. The square of sum will provide the overall
intensity of the electric field in the medium. The purple solid line shows the
produced intensity profile where incoherent multiple reflections are considered
(similar to the case in Figure 2.1(a)), while the red dashed line describes the
intensity profile where there are coherent multiple reflections resulting in the
discussed interference effect. Hence, it can be seen that this is not a simple
problem and interference effects should be included into the model in order to
accurately extract the real value of the absorption coefficient in the investigated
thin film. For this purpose, the main subject of this chapter is to establish the

relevant methodology with the intention to be comprehensive and easy to apply.
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2.3 Earlier absorption measurements

Previous research efforts regarding the absorption coefficient in GaN were
made on relatively thin (< 1 pum) GaN films, epitaxially grown on Sapphire
substrates [12-15] in order to maintain the transmittance signal above noise
level. However, it is well known that such relatively thin GaN films on Sapphire
suffer from pronounced stacking disorder and high dislocation densities, owing
to the 14.6 % lattice mismatch between the two materials [16] which affect
adversely their optoelectronic properties [17]. In addition, these films present
significant residual strain values of the order of 0.1 %, altering the energy position
and relative intensities of the Ag,y and Bggn exciton lines [18]. Similarly, due
to opacity reasons of the GaN templates typically used for growth, there is a
void in the literature of reliable absorption measurements on nitride alloys and
heterostructures around the energy gap of GaN, as for instance, GaN/AlGaN
quantum wells (QWs).

2.4 Progress in fabrication by our group

Our work is based on recent developments in our group fabricating high
optical quality GaN membranes of subwavelength thickness with atomically
smooth surfaces, relying on the highly selective photo-electrochemical (PEC)
wet etching of a thin InGaN sacrificial layer [19]. This approach allows for the
detachment (in membrane form) of GaN-based films and heterostructures, which
are coherently grown onto thick GalN/Al,O5 templates or bulk GaN substrates
of superior crystalline quality. Using this PEC-etching technique, our group has
recently demonstrated ultrasmooth GaN-based membranes with only 0.65 nm
root-mean-square (rms) roughness of the etched N-face surface over an area of
10 gm x 10 pm [20].

Achieving similar results with alternative techniques to fabricate thin GaN

nano-membranes would not be a trivial task, considering for instance that in
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conductivity-selective electrochemical etching method [21,22] the rms roughness
of the GaN etched surfaces remains considerably high, around 5 nm [23]. Likewise,
removing the substrate in GaN/Si [24] and GaN/ZnO [25] heterostructures by
selective wet-etching would lead to relatively low quality GaN nanomembranes
based on the defective heterogeneous growth of GaN on Si or ZnO.
Accordingly, in this work, we employ the PEC etching approach and perform
micro-transmittance (u-T) experiments on high-quality free-standing bulk GaN
membranes with a varying film thickness in the range from 160 to 230 nm.
Considering the subwavelength thickness of the films, we develop a methodology
taking into account the formation of standing waves inside the membranes,
in order to turn the p-T curves into actual absorption coefficient data. The
method has the possibility to be extended to any subwavelength structure such
as for instance the case were QWs are embedded in the membranes. The latter
will be shown in the following chapters for polar and non-polar QW-containing

membranes.

2.5 Optical characterization of the as-grown samples

As mentioned earlier, in this study, we have fabricated ultra-thin membranes
of polar bulk GaN films from three different samples. Their growth was along
the [0001] direction by plasma-assisted molecular beam epitaxy on commercial
8-pm-thick n-type c-axis GalN/AlyO3 templates. The basic epitaxial structure
consists of a GaN active layer with varying nominal thickness of about 7161”7,
71947 and ”226” nm, separated from the GalN/Al,O3 template by a 5-nm-thick
Ing14GaggeN sacrificial layer. The above thicknesses differ by about A,/4n,
where )\, and n are the emission wavelength and refractive index at the gap of
GaN, respectively, while the 7194” nm thickness corresponds to approximately
a 3)\,/2n structure. The three bulk GaN layer designs are illustrated in Figure
2.2 where their thickness calculation was based on the standing wave condition.

The reason for utilizing a thickness range in the produced membranes above 150
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Sample "5A/4" Sample "3A/2" Sample "7A/4"

|5)\/4 GaN 194 nm | |32 N4

InGaN 5nm

InGaN 5nm InGaN

Figure 2.2: Tllustration depicting the three thickness designs for the epitaxial growth of the GaN’s layer. The three
thicknesses were deduced from the condition for the standing wave effect in order to have a reduced absorbance
(5A/4 and 7A/4) and increased absorbance (3X/2).

nm was just for the mechanical stability during the transfer of membranes on
other substrates.

For their initial characterization, photoluminescence (PL) and reflectivity
(RFL) spectroscopy was performed from low up to room temperature conditions.
The discrimination between the two techniques is that in a PL measurement the
excitation is performed by a laser with photon energy above the semiconductor’s
bandgap and the emitted secondary radiation is recorded, while for RFL a white
light source is utilized and the reflected light is then recorded and analyzed. Both
of the techniques photo-excite the electrons of the crystal with light and the
emitted or reflected signal is analyzed with a monochromator that is connected
to a CCD camera for data recording. Details of the equipment utilized in this
study are given in Appendix F. A single PL spectrum is typically not enough
to provide full identification of all the optically active transitions. Therefore,
these two techniques complement each other and provide an advanced research
tool which can reveal about the possible electronic states (such as energy gap,
exciton levels, defect levels etc.) of the fabricated GaN material, and hence, its
crystal quality and purity.

This can be observed in Figure 2.3(a) where the two spectra are plotted
in the same graph. As can be seen, at 35 K, the major PL signal comes
from localized states (donor-bound excitons) denoted as L,y at slightly lower
energies 3.4793 eV. On the other hand, among the two main GaN free-exciton

transitions recognized by the characteristic double sharp features in RFL, only
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Figure 2.3: (a) PL and RFL data at 35 K. Arrows indicate the excitonic Agay, Baan bulk-GaN transitions as
observed in RFL and PL spectra. The strongest PL emission is due to a D°X transition in GaN (denoted here
as Laan)- (b) RT photolumincescence spectra at the InGaN region of the produced samples.

Agan located at 3.4864 eV is filled with enough carriers while Bg,n positioned
at 3.4948 eV has a barely visible contribution in emission. Cg,n exciton cannot
be identified here while we believe that its position is within the marked region
depicted in Figure 2.3(a). It should be pointed out that the particular PL and
RFL exciton observation belong to both the designed GaN membrane layer and
the 8 pum-thick GaN buffer layer. Therefore, since they consist of the same
material, they both contribute to the same exciton features (eg. PLiya =
PLyfter + PLigyer) without any discrimination at this stage. Nevertheless,
the optical characterization by the two techniques marks, based on the acquired
data, the ability to observe pronounced exciton features in the as-grown samples.
Additionally, in Figure 2.3(b) are presented the photoluminescence spectra of
the InGaN layers in the three as-grown samples obtained at room temperature
conditions. It is clear that the small variation in photoluminescence is due to the
slightly different In-composition in each structure 11 - 14 %. The In-composition
was also checked by XRD which led to an average Indium percentage of 12 - 14
% in agreement with PL emission. This concentration, as can be seen from the
bandgap energy of InGaN 2.8 - 2.9 eV is sufficient for the PEC-etching method
(Ermcany < Elgser = 3.061 eV at 405 nm).
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PEC-etched

InGaN la :
A ——===" Q- 3t membrane

Figure 2.4: Schematic illustration depicting the GaN membrane fabrication by etching laterally an InGaN
sacrificial layer with a PEC-etching process and its individual transfer on other substrates using a probe tip.
The SEM image on the left presents a patterned mesa on the surface of the as-grown sample, formed by reactive
ion etching, while the one on the right shows a transferred membrane on Sapphire.

2.6 Fabrication of ultra-smooth GaN membranes

In order to produce GaN membranes, the as-grown samples were patterned
into 1-pum-deep square mesas with typical dimensions of 45 ym x 45 pum, using a
lithography and reactive ion etching (RIE) steps, to expose the lateral facets and
enable selective photo-electrochemical (PEC) etching of the InGaN sacrificial
layer. The PEC etching method was performed, with a reverse bias of 3.5 V
and under 3.5 mW illumination by a 405-nm diode laser for 30 min, to produce
free-standing GaN membranes of high optical quality and an ultra-smooth etched
surface with sub-nanometer rms roughness.

After the successful etching, it was possible to transfer the free-standing
GaN membranes one by one on 300-pum-thick double-side polished Sapphire
substrates for optical characterization. In Figure 2.4, a schematic depicts the
GaN membrane fabrication and its individual transfer on other substrates using
a probe tip. The SEM image on the left shows a patterned mesa on the surface
of the as-grown sample while the one on the right comes from a transferred
membrane on Sapphire. The dry-transfer process of membranes was developed

within the framework of this phd work. In Figure 2.5, they are presented the
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3A,/2n

Figure 2.5: Optical images of transferred GaN membranes with thickness of (a) 163 nm, (b) 191 nm and (c)
230 nm obtained in an optical microscope under front illumination. Next to cach one is depicted the simulated
intensity profiles inside the membranes, normalized to the intensity beam.

top-view optical images of GaN membranes of variable thickness that were
transferred on Sapphire substrates. Their distinct color is directly related to
their thickness and is consistent with the results of reflectance as obtained from
simulations. In the same figure are also depicted the simulated intensity profiles
of the electric field inside the different membranes. These profiles are shown in
a single plot in Figure 2.10(b).

In Figure 2.6 is illustrated the utilized p-transmittance (u-T) experimental
setup, where the collimated light of a Xenon lamp is directed with UV-VIS
mirrors. In order to reduce the noise in the measurements from any random
background signal, the normal-incidence beam from the lamp is focused on the
sample and the transmitted signal is imaged with x20 magnification onto a 100
pm diameter pinhole at the entrance of the spectrograph. To correct for the
lamp’s spectral response, a transmission spectrum was recorded next to each
membrane and was used as a reference signal. For a better evaluation and
statistics in the overall results, the same process was performed for a number of

membranes.
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Figure 2.6: Schematic of the p-transmittance setup, where collimated white light from a Xenon lamp illuminates
the sample and an achromatic lens, placed at a distance d from the membrane, is utilized to magnify the
membrane by a factor of 20 on a 100 um pinhole at the entrance of the spectrograph. The pinhole is utilized for
spatial filtering, as well as to drastically reduce the scattered light entering the spectrograph.

2.7 p-Transmittance results and analysis

The division of the transmitted by the reference signal in each case provided
us with the data presented in Figure 2.7 for each membrane thickness. For
each membrane, the thickness is precisely determined by fitting the Fabry-Perot
oscillations in the transparent part of the p-T spectra. The fitting curve is
based on a transfer matrix model (see Appendix B) assuming a free-standing
non-absorbing GaN layer and is very sensitive to the GaN thickness, which is
the only adjustable parameter. The refractive index of GaN below the band gap
is taken by fitting Sellmeier’s equation to the data reported in reference [26],
while for simplicity the refractive index is taken constant above the band gap.
The membrane is considered as free-standing based on the excellent fit of the
transparent region of the p-T spectra obtained under the assumption of an air /
GaN / air structure. This is illustrated in Figure 2.7(c), where we observe that
the simulated air / GaN / Sapphire curve fails to reproduce the ”depth” of the
Fabry-Perot oscillations, unlike the air / GaN / air configuration which provides
a perfect fit.

Further evidence that the GaN membranes are actually free-standing is
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Figure 2.7: Micro-transmittance spectra obtained at room temperature from GaN membranes with thicknesses
(a) 163 nm, (b) 191 nm and (c¢) 230 nm, as determined by fitting the transparent part of the spectra based on a
transfer matrix model neglecting absorption, assuming an air / GaN / air configuration and using the thickness
of GaN as the sole adjustable parameter. The grey-dashed curve in (c¢), corresponding to an air / GaN / Sapphire
configuration, fails to reproduce the experimental curve.

provided by scanning electron microscopy images of GaN membranes transferred
to Sapphire, such as the one shown in Figure 2.8(a), where it is clear that the
GaN membrane is kept at a distance from the substrate most likely due to
processing-related residues preventing a close contact. Aside from the excellent
agreement between simulated and experimental curves for wavelengths below
the band gap energy, all u-T spectra in Figure 2.7 are marked by a pronounced
GaN excitonic absorption dip, centered at 362.3 nm (3.422 eV). In Figure 2.8(b)

is shown a zoom of the u-T spectrum along with the corresponding absorption
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Figure 2.8: (a) p-Transmittance spectrum at room temperature from a 5)/4 (163 nm) GaN membrane in the
spectral region around the GaN gap. The main dip indicated by arrow is due to absorption by Agay and Bgay
excitons, while the weaker dip at shorter wavelengths is due to Cgan excitons.
coefficient in the GaN band gap spectral region that was obtained from the
7163-nm-thick” membrane at RT. The main dip in p-T corresponds to a merged
Acan+Baan exciton absorption peak and its energy position is in excellent
agreement with the Ag,v and Bg,ny exciton energies reported in unstrained
homo-epitaxial GaN thin films [27] and in fully-relaxed GaN nanowires [28].
The weaker dip at higher energies corresponds to the Cg,n exciton.
Interestingly, the excitonic dip of the ”191-nm-thick” membrane (3\/2) in
u-T appears significantly more pronounced compared to the other two GaN
thicknesses in Figure 2.7. This characteristic behavior has been confirmed on
several membranes of each thickness. If we analyze these results in terms of the
Beer-Lambert’s law stated in the introduction, assuming as T}, the transmittance
level, either 5 nm below the excitonic dip or at the first transmittance maximum,
we end up with a thickness-dependent absorption coefficient. This is clearly
an unrealistic result for a homogeneous film, illustrating the inadequacy of
Beer-Lambert’s law in ultra-thin films where interference effects can be important.
In order to include the standing wave effect in our analysis of the optical
absorption, considering the sub-wavelength (d < \) thickness of the membranes,

a first approach is solving a three-layer Fabry-Perot structure of the type medium
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Figure 2.9: (a) Simulated transmittance at the Ag,n+Bgaen exciton position of GaN as a function of membrane
thickness, estimated for various absorption coefficient values. (b) Optical density of the fabricated bulk GaN
membranes vs thickness and comparison with linear curves corresponding to different absorption coefficient
values.

1/GaN/medium 2 of thickness d under normal incidence. Using a transfer matrix
model, the expressions for the transmittance (T) and reflectance (R) [29] are as

follows:

(1 — Rl)(l — Rg)e_ad

T d) = (1 — RVe=d)2 4 4R"e=dgin?(3d) (24)
R()\’d) _ (\/E_ \/Ee—ad)2 —|—4R”€_ad8in2(5d) (2'5)

(1 _ R//e—ad)z + 4R”6*O‘d8in2(ﬁd)

where « is the absorption coefficient of GaN at wavelength A, d is the thickness
of GaN, R;(A) and R2() are the reflection coefficients at the interfaces of GaN
with medium 1 and medium 2, respectively, R” = /R Rz, and 3 = 2wRe(71) /.

In Figure 2.9(a) is plotted the calculated transmittance at the Ag,n+Bgan
exciton position of 362.3 nm, for a symmetric air / GaN / air structure as a
function of GaN thickness and for various values of the absorption coefficient.
The T-curves, which exhibit an oscillatory behavior due to the standing wave

effect, can reproduce the experimental values measured on several membranes
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using a single absorption coefficient at the Ag,nv+Baen €xciton peak, namely «
= 9-10* em~!. This value is in agreement with previous reports on the absorption
coefficient of GaN [14,15]. From Equation 2.4, the optical density, OD = « - d,

can be readily approximated as follows,

(1 - Ri)(1 = Ry)
TN d)

OD(\,d) ~ In| — 4R"sin*(Bd) + 2R"] (2.6)

Introducing the experimental values of T(A = 362.3 nm, d) and the respective
refractive index of GaN [26] in Equation 2.6, we find the expected linear dependence
of the optical density at the given wavelength on the film thickness, illustrated
in Figure 2.9(b), with the experimental data points following closely the line
with slope oo = 9-10* em~!. On the other hand, if we introduce in Equation 2.6
the T(\) spectra for a given d, and the dispersion of the GaN refractive index,
we can extract the OD(A) spectrum for the given thickness, and thereby the
absorption coefficient aigan () of the GaN membrane, as shown in Figure 2.8(b)

with solid-brown line for the ”163-nm-thick” GalN membrane.

2.8 Absorbance in GaN membranes

Next, we deduce for each membrane the absorbance (A = 1- T - R) at the
Acun+Baan exciton position, by estimating R through Equation 2.5, using o =
9-10* em 1. In Figure 2.10(a), there is a comparison of the obtained experimental
values of absorbance with various theoretical models. Excellent agreement is
observed with those models that take into account interference effects, such
as the transfer matrix model discussed above (solid curve) and an alternative
approach proposed by Ohta et al. [30] (dot-dashed curve). In the latter model,
the absorbance A is calculated using Poynting’s theorem and is related to the

normalized beam intensity profile I(z) inside the film, according to:

d
A:/O a(z)I(z)dz (2.7)
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Figure 2.10: (a) Experimental absorbance compared to theoretical absorbance curves obtained using a =
9-10* em~! in the transfer matrix model equations, the model proposed by Ohta and Ishida [30,31], and the
model used by Muth et al. [15] (b) Normalized beam intensity profiles inside GaN membranes with varying
thickness of 5A,/4n, 3)\,/2n, and 7\,/4n, where n is the refractive index of GaN and A\, = 362.3 nm, calculated
following the work of K. Ohta and H. Ishida, assuming an absorption coefficient o = 9-10* em~!. The intensity
is normalized based on the incident beam.

For a homogeneous film, similar to GaN membranes, « is assumed to be
constant in the whole extent and A becomes proportional to the particular
absorption coefficient and to the integral of I(z) inside the film. The normalized
intensity profiles can be estimated as a function of film thickness following
reference [31].

As an example, is shown in Figure 2.5(a-c) the intensity profile for each
of the three types of GaN membranes studied in this work. For comparison
purposes, these profiles are represented on the same graph in Figure 2.10(b).
It is important to note that the integral of the 3),/2n-profile is larger than the
integrals of the 5),/4n- and 7\, /4n-profiles, accounting for the higher absorbance
of the 3\,/2n-thick membranes. The calculated integral values of intensity for
the successive thicknesses are 62.8, 79.7, and 72.7 nm, respectively. The intensity
profile is normalized to the intensity of the incident beam. Finally, the dashed
curve in Figure 2.10(a), obtained considering multiple reflections but ignoring

interference [15], clearly fails to reproduce the experimental results, illustrating

thus, the crucial role of the standing wave effect in our structures.
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Figure 2.11: (a) Experimental micro-tranmsittance in a 3A/2 thick (191 nm) GaN membrane and (b) the deduced
optical density profiles at the temperatures 20 K, 180 K and 295 K.

2.9 Optical density profile vs temperature

By utilizing the closed-cycle Helium cryostat in our lab, it was possible
to perform p-T measurements as a function of temperature. Nevertheless, due
to the huge vibrations in the specific cryostat system there is a non-negligible
uncertainty in the measured spectra. At any rate, in Figure 2.11(a) are given the
normalized transmittance spectra, while in Figure 2.11(b) the extracted optical
density profiles of the 3)\,/2n-thick (191 nm) membrane. In the u-T spectra at
Figure 2.11(a), a constant offset has been added between successive spectra for
better visibility. In the 20 K spectra, the Ag,n peak is positioned at 3.478 eV
and the Bg,n peak at 3.485 eV. The excitons are observed as separate dips /
peaks in the two plots with an energy difference of around 7 meV, while the
difference based on fitting with two Gaussians was 8 meV. The same fitting gave
also a FWHM of 8 meV at 20 K for the two main exciton states.

The Cq,n exciton peak, which has also a relatively strong signature at low
temperatures, is distanced by approximately 27 and 20 meV from the Ag,n and
Baan excitons, respectively. These values are similar to the ones for unstrained
hexagonal GaN reported in [32,33]. Moving at higher temperatures, the two

major excitons gradually merge into a single peak, while Cq,n fades away. With
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the rise of the temperature, all the exciton states are affected by homogeneous
broadening due to the interactions with LO phonons, and thus, have a weaker
maximum peak-value and a much broader linewidth (around 22 meV fitted for
each exciton at RT) in accordance with previous works [33]. Nevertheless, as
confirmed based on the fittings, the exciton oscillator strength remains almost
unaffected with temperature, since it is proportional to the integrated region

below the exciton peak. This is further discussed in the proceeding section.

2.10 Bulk GaN exciton oscillator strength

By successfully obtaining the accurate absorption spectrum at ambient
conditions in a GaN film and by considering the theoretical work of Y. Yamamoto
et al. [34], it is then possible to extract the oscillator strength per unit volume

of the Agun+Baan exciton line by utilizing the following expression:

fbulk . 2eoNGaNTC fOD(E)dE

2.
%4 me2h d (2.8)

where ¢, is the vacuum permittivity, ng.n is the real refractive index of GaN
at the exciton region, e and m, are the charge and mass of the electron, c is
the velocity of light, i is the Planck’s constant and d the thickness of the film.
IOD# here equals to [ a(E)dE. Therefore, to be able to

perform the calculation based on the above relation, the absorption coefficient

Basically, the term

integral is estimated by fitting the Ag,nv+Bg.ny main GaN exciton peak showed
in Figure 2.8(b) with two equal-weight Lorentzians, corresponding to the Agq,n
and Bg,n excitons and distanced by 8 meV. Then, the oscillator strength per
unit volume for the bulk GaN (Ag.nv+Baan) exciton is then obtained to have
the value of 8.5:10" em™3. As will be described later on, the same process
is possible to be applied in QW-containing membranes where the appropriate
understanding of the oscillator strength is critical for the simulation of polariton

branches.
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2.11 Conclusion

In summary, a new approach is established here for measuring absorption
coefficients and exciton oscillator strengths in nitride films and heterostructures,
circumventing possible substrate-related limitations such as low quality or even
opacity. The method relies on accurate micro-transmittance measurements on
ultra-smooth GaN-based membranes, which are detached following a highly
selective lateral etching step with the use of the PEC method. Interference
effects, which are crucial in these sub-wavelength structures, are explicitly taken
into account in the simulations. It is demonstrated, thus, the importance of
the optical artifacts induced by the standing wave effects in understanding
absorption experiments performed in such ultra-thin films. As examples of
the described methodology, we deduced here the room temperature absorption
coefficient spectra and oscillator strength per unit volume at the Ag.n+Bgan
exciton peak of polar GaN films. Moreover, the optical density profile of GaN

is evaluated at various T’s by performing the corresponding p-T measurements.
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Chapter 3

Strong coupling in polar GaN/AlGaN microcavities

This chapter demonstrates the fabrication process to realize a semiconductor microcavity, by
utilizing a polar GaN-based membrane with embedded few or many GaN/AlGaN QWs as the
active material in between two dielectric DBR marrors, for the successful operation in the strong
coupling regime at room temperature conditions. Furthermore, in the produced membranes, it
was possible to extract the optical density, and thus the oscillator strength of the QW-excitons.

3.1 Introduction

The GaN semiconductor system is considered to be ideal for the fabrication
of robust polaritonic devices, as it combines a mature technological platform with
the large exciton oscillator strengths of nitrides, leading to devices with enhanced
strong-coupling characteristics at ambient conditions. Up to now, several nitride
polariton devices operating at 300 K have been demonstrated with predominant
realization the polariton lasing emission [1-4]. From these results, it has become
clear that a key issue in developing an optimized GaN polariton device is how
to enclose a high quality active medium in between efficient top / bottom
distributed Bragg reflectors (DBRs). Several pioneer works in the field reported
nitride microcavities with all-dielectric DBRs following separation of the initial
as-grown template, using either laser lift-off [5,6] or etching of an InAIN sacrificial
layer [7]. Other realizations that relied on direct growth of the active medium on
highly mismatched silicon substrates [8], or on strongly disordered AlInN/AlGaN
DBRs [9] were limited by the moderate optical quality of the active layers.
Recently, our group demonstrated an alternative approach to fabricate a GaN

polariton laser with remarkably low threshold. The latter was achieved in
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a microcavity made by an ultra-smooth GaN-based membrane embedded in
between two dielectric DBR reflectors [10]. This significant achievement is
believed to play a key role in making ultra-efficient and high optical quality

microcavity devices.

3.2 Innovations regarding this work

Compared to the earlier work, a number of improvements are reported in
this thesis in the design and fabrication of an all-dielectric polariton structure.
First, an alternative membrane design is developed that enhances strong coupling
by increasing the number of active GaN/AlGaN QWs in the whole membrane
region. Previous microcavity fabrication involved a membrane containing x33
GaN/AlypsGapgos N (2.7 nm/2.7 nm) QWs with a 25-nm-thick GaN spacer,
where the latter was found to participate in the strong coupling. Second, in
order to reduce the threshold power density for polariton lasing, structures with
QWs only at the two antinodes of the electric field in the 3\, /2n cavity, have been
fabricated where )\, is the emission wavelength and n is the effective refractive
index of the cavity. Third, a dry transfer method of the etched membranes
was utilized during the fabrication process, to eliminate any residual absorption
related to transfer residues in the earlier used wet transfer of membranes. Fourth,
to minimize strain effects during the e-beam deposition of the top DBR, the
total number of Si0s/Tas05 layers was limited to only four pairs. In the earlier
work, the top-mirror of the cavity was a 10-pair H fO,/Al,O3 DBR deposited by
Atomic Layer Deposition (ALD). In general, ALD technique minimizes thermal
strain in the deposited layers but the growth rates are very low for the specific
application. Finally, due to the novel design and successful membrane fabrication,
1-T experiments on such QW-containing membranes transferred onto double-side
polished Sapphire substrates allowed to extract the optical density, and hence,
the exciton oscillator strength in GaN/AlygrGaposN QWs, by following the
methodology of Chapter 2.
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(a) Sample A "8-QWs" (b) Sample B "10-QWs"
A Alg.07Gag 93N 60 nm Alg.07Gag 93N 57.3 nm A
GaN 2.7 nm 4 QWs GaN 2.7 nm 5 QWs
Alg,07Gag o3N 2.7 nm Alg.07Gag o3N 2.7 nm
3)\0/2n Alg.07Gag.o3N 50 nm Alg.07Gag.o3N 44.6 nm 3)\0/2n
GaN 2.7 nm 4 QWs GaN 2.7 nm 5 QWs
Alg.7Gag.o3N 2.7 nm Alg.7Gag.o3N 2.7 nm
Y Alg o;Gag.g3N 58 nm Alg ¢;Gag.g3N 55.3 nm Y
Ino.14Gao.ssN 25 nm Ino.14Gao.ssN 25 nm
GaN: 8 ym GaN: 8 um
Sapphire Sapphire

(c) Sample C "38-QWs"

Alg,07Gag 03N 2.7 nm
x38 QWS
GaN 2.7 nm 3Ao/2n
Ino.14Gao.gsN 25 nm
GaN: 8 pm
[0001] Sapphire

Figure 3.1: Ilustration depicting the sample design along [0001]-orientation consisting of (a) "8 QWs”, (b) 710
QWSs” at the antinodes of the electric field and (c) ”38 QWs” in the whole range of the active region. InGaN is
utilized as sacrificial layer to release the designed 3)\,/2n structures after PEC-etching in a membrane form.

3.3 Design and fabrication of c-plane GaN/AlGaN QWs

For the design of the active region, the transfer matrix model (see Appendix
B) was utilized to simulate the structure layers for the maximum absorption,
and thus coupling with light, accounting for the standing wave effect within
the membranes similar to the theory discussed in Chapter 2. In the particular
simulation, only the real part of the refractive index of the materials is taken into
account, ignoring absorption at this stage. The cavity region is designed to have
an approximately 200-nm-thick QW-containing active layer, which constitutes
a 3)\,/2n structure, satisfying thus the standing wave principle for maximum
absorption and having a cavity mode close to the QW-exciton state which is near
360 nm (3.4440 eV) at room temperature. Thinner membranes fulfilling the same
condition (A,/2n or A\,/n), as discussed in Chapter 2, can be in principle also
fabricated but they will not be mechanically stable. In a first (A) and second (B)

sample, as depicted in Figure 3.1(a-b), the active layer consists of Alyg;GagosN,
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Figure 3.2: Refractive index and electric field intensity profile in a microcavity with (a) ”?10 QWs” located at the
two antinodes and (b) ”38 QWSs” spanned in the whole range of the membrane layer. (The two DBR mirrors are
not shown).

containing ”8” and ”10” GaN/Alyo;GagosN (2.7nm/2.7nm) QWs, respectively,
centered at the two antinodes of the electric field intensity inside the 3),/2n
cavity. The simulated field intensity profile for the 710 QW” sample is depicted
in Figure 3.2(a). In a third (C) sample, as presented in Figure 3.1(c), the active
region consists of 738" GalN /AlyogrGagoesN (2.7nm/2.7nm) QWs, spanning the
whole 3),/2n active region. As illustrated in Figure 3.2(b), the field intensity in
this case does not couple with all the QWs but only with those that overlap with
the antinodes of the electric field. However, in this particular configuration, if
the two fabricated mirrors are not designed correctly at the desired operating
wavelength or there is a non-negligible deviation in the thickness of the produced
membrane, affecting again the position of the cavity mode, the field will always
be able to find QWs to couple. On the other hand, the ”absorption strength” will
be weakened or enhanced depending on the standing wave condition as already
explained. Experimentally, the mentioned deviations can arise at the fabrication
stage where there is a difficulty in obtaining the exact nominal thicknesses. As
a result, a careful control and feedback at every stage is important for the best
outcome. As depicted in Figure 3.2, due to a small shift in the average refractive

index [11,30], the active region thickness varies slightly in the two designs.
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Figure 3.3: (a) XDR as acquired from all the three samples (b) PL emission from the 10 QW” sample at the
InGaN spectral region.

Regarding the QW-fabrication, the GaN/AlGaN samples were grown by
plasma-assisted molecular beam epitaxy on commercial 8-um-thick n-type c-axis
GaN / Al,O3 templates, along the [0001] crystallographic direction of the wurtzite
structure. In this polar orientation, the structures inherit polarization induced
build-in fields across the quantum wells, leading to a reduced electron-hole
wavefunction overlap due to band-bending (Stark Effect) which increases the
probability of exciton dissociation (Section 1.3). For these reasons, in the specific
growth orientation ([0001]), thin quantum wells (= 2.6 nm [12,13]) are necessary
to balance the influence of the Stark effect, while preserving a PL above the
bandgap of GaN with a reduced inhomogeneous broadening. An additional hint
in favor of thin QWs is the observation of polariton lasing with even thinner
QWs, reported in [2]. Moreover, despite their low Aluminum concentration (7
%), the AlGaN material provides sufficiently high energy barriers, which are in
the range of 100 meV in our samples, as will be independently deduced later
on by temperature-dependent photoluminescence spectra. Last but not least,
as presented in Figure 3.1, for the needs of PEC-etching the active region is
separated from the GaN/Al,O3 template by a 25-nm-thick InGaN sacrificial
layer, whose thickness and 14 - 16 % In-composition was independently confirmed
by X-ray diffraction (XRD) in a 6-20 scan Figure 3.3(a). Furthermore, a PL
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mapping at the InGaN emission region is performed to verify the In-content in
combination with the XRD measurements. An example for the sample with
710-QWSs” is given in Figure 3.3(b) where the seven spots under illumination
were distanced less than 0.5 cm. The emission of InGaN is mainly at 2.755 eV
(450 nm) indicating an In composition of around 15 %. Again, as in the bulk
GaN samples, these values are satisfying the criteria for the PEC-etching method
(ErmGan < Elaser = 3.061 eV at 405 nm). It should be noted here that InGaN’s
optical and morphological quality are very important for efficient membrane

separation with ultra-smooth surfaces when applying the PEC-etching approach.

3.4 Optical properties in few and multiple QWs

Prior to any processing, apart from XRD, all the samples are optically
characterized by photoluminescence (PL) and reflectance (RFL) as a function of
temperature to assess the intrinsic properties of the produced QWs. In Figure
3.4(a-b) are given the combined PL and RFL spectra at 15 K for the 710" and
738”7 QWs samples. The sample with 78 QWs” had similar behavior with the
710 QWSs” therefore its spectra are not shown here. As concerns the 710 QW”
sample, apart from the localized QW-exciton (Lgw) emission at 3.5045 eV, it
exhibits an additional PL peak at 3.6131 eV originating from localized excitons
in the AlGaN barrier (L4;gqv), which occupies most of the active region. The
energy difference between the two PL peaks gives a barrier height of 110 meV,
which is distributed in part in the conduction and the valence band (Figure
1.2(c)). By taking into account the RFL spectra and considering a localization
energy of 15.7 meV according to Figure 3.4(c), the Agy exciton is positioned at
3.5202 eV while Bgw at 3.5315 eV, having thus an energy difference of 11.3 meV.
As concerns the Cow, based on RFL it is positioned at 3.5493 eV, which is 29
meV above the Agy exciton position. Furthermore, the AlGaN exciton (X aican)
is located at about 3.63 eV in the RFL spectrum. On the other hand, in the
multi-QW sample, there is no visible PL contribution from the AlGaN barriers
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Figure 3.4: PL and RFL of as-grown structures with (a) few (x10) and (b) multi (x38) GaN/AlGaN QWs at
the temperature of 15 K. Energy peak along with PL linewidth versus temperature for (c) the x10 QWs and (d)
the x38 QWs. The orange curves in the graphs are obtained based on the Varshni model.
due to the superlattice structure. In the latter sample, the strong emission comes
again from localized exciton states (Lgy ) centered at 3.5150 eV, while based on
a localization energy of 10.7 meV from Figure 3.4(d), the main Agw and Bow
excitons are positioned at 3.5255 eV and 3.5360 eV, respectively, in the RFL
spectrum of Figure 3.4(b). The energy difference between the latter two values
is 10.5 meV which is again consistent for this system. Even thought not visible,
the Cow is considered to be within the dashed-square in Figure 3.4(d).

As already discussed, in the low temperature regime, the PL emission is
dominated by localized excitons in regional potential traps arising from quantum

well thickness and /or alloy fluctuations. This is a known effect in semiconductors
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[14] and in order to verify it, the standard method is to plot the PL energy peak
value (Figures 3.5(a-b)) as a function of temperature (T), where an ”S-shape”
(red-blue-red-shift) behavior is extracted as presented in Figures 3.4(c-d) for
the two cases. The meaning of the S-like behavior is that there are potential
minima from which carriers, as the temperature rises, are gradually delocalized
into the free exciton states of the quantum well, resulting thus in a blueshifted
PL emission. Due to the temperature-induced shrinkage of the bandgap, the
photoluminescence peak redshifts again at elevated temperatures. The values
of the PL energy peak are fitted with the Varshni model (Equation 1.2) [15].
Extrapolating for the 710 QW” sample the Varshni curve at low T’s (orange
curve in Figure 3.4(c)), we obtain a free-exciton bandgap energy at zero Kelvin
(Eg(0K)) of 3.520 eV, while the corresponding o and § Varshni parameters are
0.88 meV/K and 890 K, respectively. Moreover, at low temperatures there is
a localization energy of around 16 meV. Regarding the fitting of the ”38-QW”
sample (orange curve in Figure 3.4(d)), the model gives an Eg(0K) of 3.527
eV, while o and 8 remained the same. Concerning the localization energy here
is found to be near 11 meV. The Varshni-fitting parameters are in very good
agreement with the ones for bulk GaN in [16]. By comparing the Varshni curves
with the PL peak energies, we see that there is significant deviation below about
100 £ 20 K, implying that above 100 K the PL emission is essentially due to
"delocalized” excitons, while below 100 K we are in the localized exciton regime.

Furthermore, in the same plots for each sample, we give the FWHM of
the PL emission (Figures 3.5(a-b)) as a function of temperature. Below the
temperature of 100 K, we distinguish two different cases. Regarding the ”10
QWs”, from 15 K up to 50 K, the FWHM linewidth remains constant at 27.5
meV, while in the range between 50 K and 100 K, there is a linear-like increase
in the linewidth up to 35 meV as we pass from the localized to the delocalized
exciton emission. On the other hand, for the 738 QWSs”, where the low-T
linewidth is only 18.6 meV, the linewidth increases continuously between 0 and
100 K, reaching a value of very close to 35 meV at 100 K, as in the "10-QW”
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Figure 3.5: Photoluminescence at the exciton region for the temperatures 25 - 300 K of (a) the ”10 QWs” and
(b) the "38-QWs”.

sample. After the temperature of 100 K up to ambient, we observe in both
samples the phonon-assisted broadening in the PL emission, characterized by a
linear acoustic-phonon term and by an exponential-like LLO-phonon term [17],
contributing homogeneously to the linewidth. As shown in Figures 3.4(c-d),
both of the as-grown structures were found to have a similar FWHM at room
temperatures of about 55 meV. It should be noted that this PL linewidth
contains contributions from all A, B, and C excitons of the QWs. Figure 3.5
illustrates the PL emission of the QW-excitons in the few- and multi-QWs from
cryogenic up to room temperature. The particular set of data were utilized to
deduce the values given in Figures 3.4(c-d). Comparing the two graphs, it can be
observed that as the temperature increases the photoluminescence is quenched
much faster in the case of the few QWs. Regarding the FWHM, it is obvious that
in the 738 QWSs” the emission is narrower at low temperatures demonstrating

the low inhomogeneity in the specific sample.

3.5 Time-resolved photoluminescence in polar QWs

An additional characterization of the as-grown samples was performed by

time-resolved photoluminescence (TRPL) (Appendix D), which gives us the
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Figure 3.6: (a) Exciton decay times extracted from the time-resolved PL measurements as a function of
temperature (the inset graph shows the recorded TRPL data at 220 K) and (b) the integrated PL emission
versus 1/kpT for the 38 GaN/AIGaN QWs.

lifetime of the QW-excitons as a function of the temperature. The PL signal
from the "few-QW” samples decreased rapidly with temperature and for this
reason only the TRPL results for the "multi-QW” sample are presented here,
which exhibited enhanced emission but we followed up to 220 K. The deduced
exciton decays based on the recorded TRPL spectra are depicted in Figure 3.6(a).
Initially, at the temperature of 5 K, there is an exciton decay time of around 206
ps, but as the temperature increases there is a strong reduction reaching a decay
time of 53 ps at 220 K, highlighting the significant contribution of non-radiative
channels in this sample, already at cryogenic temperatures. By fitting the time
decays with an exponential curve and extrapolating up to RT (red line), we
obtain an exciton lifetime of about 42 ps at 300 K. The inset image shows the
PL decay curve at 220 K. In Figure 3.6(b), an Arrhenious plot is presented of the
integrated PL versus 1/kgT. From the graph, it follows that the PL emission has
fallen approximately 4 orders of magnitude already at 220 K. A way to extract
valuable information about the non-radiative mechanisms is by fitting the data
with an Arrhenius curve. Here, two activation energies were considered, for
which the model gives an activation energy of E, = 127.16 meV and another of

E, = 13.80 meV. It can be seen that the first value is very close to the bandgap
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Figure 3.7: The deduced (a) radiative and (b) non-radiative decay times versus temperature for the 38
GaN/AlGaN QWs. The orange dashed line indicated the 100 K temperature for which the integrated PL
value utilized instead of the one at 5 K.
difference between GaN and AlGaN barrier while the second agrees well with
the localization energy as determined by the S-like behavior in Figure 3.4(d).
By analyzing the recorded exciton decay times of Figure 3.6(a) into the
radiative and non-radiative components according to reference [18], we obtained
the values presented in Figure 3.7. In the model, we use as an adjustable
parameter the radiative efficiency (n,) at 100 K, since the excitons have complete
delocalization at this temperature (Figure 3.4(d)) and have become free-excitons
(orange dashed line in Figure 3.6(a)). In our estimates of 7, and 7,,, the values
for the radiative efficiency at 100 K (n,(100K)) were ranging from 0.1 up to 1.
As depicted in Figure 3.7, the exciton radiative decay time at 220 K reaches
an average value of around 15.5 ns for 7,(100K) = 0.5, while the non-radiative
decay converges at 53 ps in all cases. Regarding the latter, along with the fitting
showed in Figure 3.6(a), we can safely assume that at RT the exciton decay is
dominated by non-radiative channels with a lifetime of 42 ps, which is relatively
low compared to previously studied samples [10], where we have measured 7,
at RT close to 275 ps. In general, high exciton decay times are desired at RT,
illustrating the high quality of the device due to suppression of the non-radiative

channels.
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3.6 Bottom and top DBR mirror design

For the growth of the DBR mirrors in this work, we decided to turn our
attention to the electron-gun deposition, which was found to provide good
quality dielectric mirrors for our purposes. The design of the two mirrors is
based on the alternating pairs of Silicon Dioxide (Si03) and Tantalum Pentoxide
(T'az05). These two oxides represent the low and high refractive index materials,
exhibiting a remarkable refractive index-contrast, in comparison to nitride-based
DBR layers [19], necessary for the fabrication of highly reflective DBR mirrors
with reduced number of pairs. In particular, several demonstrations by other
groups [20-22] have shown that the specific pair is one of the best for applications
in the ultra-violet (UV) wavelength region, similar to this work. To characterize
the oxide layers by spectroscopic ellipsometry (SE) and atomic force microscopy
(AFM), 200-nm-thick SiOs and Ta20;5 layers were evaporated on Si substrates
at 150 °C and 300 °C. During deposition, an oxygen flow was continuously
supplied at a rate of approximately 2 sccm, while the pressure in the chamber
was around 5-10~% mbar. For Si0, and TayOs, the deposition rates were 5 ;21/ S
and 1 121/ s, respectively. The surface morphology of the films deposited at 300
°C revealed a root-mean-square (RMS) roughness of 0.85 nm for SiOs and 1.23
nm for T'asOs, measured by AFM over an area of 4 uym x 4 um. For the films
deposited at 150 °C', the corresponding values for a 3 um x 3 pum area were
0.79 nm for SiOy and 0.88 nm for T'asOs5. These low values of RMS roughness,
independent of the deposition temperature, are important to reduce the light
scattering losses at the surface and interfaces of the DBR layers.

Measuring accurately the refractive indices of our oxides is vital for an
optimal design of the DBR mirrors and a reliable simulation of the photonic
devices. Thus, spectroscopic ellipsometry measurements were performed on each
oxide layer in order to extract their refractive indices, as depicted in Figure
3.8. By inspection, the investigated oxides presented a compelling refractive

index difference of 0.85 (or An/n & 0.37) near the GaN exciton gap, making
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Figure 3.8: Ellipsometric data of the refractive index of (a) SiO3 and (b) Ta20s, deposited by electron beam
evaporation at 150°C' and 300°C (solid curves) along with values reported in the literature (dashed and dot-dashed
curves) [23-25].

them excellent candidates for efficient DBR mirrors in GaN-based VCSEL and
polariton devices. Moreover, the refractive indices of Si0Oy and T'asO5 fabricated
by ion-assisted electron-beam deposition [23,24] or by reactive electron-beam
evaporation at 300 °C' [25], are also shown for comparison. The relatively small
dissimilarity between the data reported here and the above works is likely due
to differences in the deposition conditions. From the data of Figure 3.8, it is
possible to derive the respective Sellmeier relations (Appendix A), describing
the wavelength dispersion of the oxides, which were utilized in the reflectivity
calculations of the bottom / top DBRs and for the complete microcavity with
the use of a transfer matrix model (details in Appendix B). By performing
the calculation of \/4n, the quarter wave thicknesses of the two alternating
oxide layers, in order to have a high reflectivity at the GaN/AlGaN QW-exciton
position at RT (~ 360 nm), should be in the range of 60-nm-thick for the SiO
and 40-nm-thick for the T'asOs, respectively.

In Figure 3.9, are presented the simulated reflectance spectra for different
number of Si0s/Ta;05 pairs for (a) a bottom and (b) a top DBR mirror on an Si
template. The calculations were based on the previously referred thicknesses for

the two oxides. For the simulation with the transfer matrix model of the bottom
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Figure 3.9: Simulation of reflectance for a various number of alternating pairs for (a) a bottom and (b) a top DBR
mirror on Si template with thicknesses fg;0, = 60 nm and t7q,0, = 40 nm, considering the refractive indices of
the oxides at the deposition temperature of 300 °C for the bottom mirror and 150 °C' for the top mirror.
mirror we utilized the refractive indices of oxides at the deposition temperature
of 300 °C', while for the top mirror the ones at 150 °C'. In the first graph, it can
be seen that with 10 alternating pairs in the bottom mirror the reflectance can
reach unity, while having a remarkably large stopband of 110 nm. As concerns
the top mirror in the second plot, it can be observed that only 4 pairs are
enough to obtain a considerably high reflectivity (above 97 %) and a stopband
of around 130 nm. Utilization of a lower deposition temperature in the top mirror
is important in occasions similar to this research where the thermally-induced
strain effects in the produced microcavities need to be kept at minimum levels.
On the other side, the use of lattice-matched nitride-based mirrors gives less than
50 nm stopbands [19], making thus the nitride-pairs non-ideal for strong coupling
observation where the upper and lower polariton branch range is comparable, or
even larger, to that of the stopband range.

To confirm the theoretically predicted spectra with the experimental ones,
we fabricated a 10-pair bottom DBR at 300 °C' and a 4-pair top DBR at 150 °C'
on Si substrate. As explained, the use of a lower deposition temperature in the
top DBR mirror was applied to induce less thermal strain in the deposited layers,

since final goal is to be deposited on top of the produced subwavelength-thick
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Figure 3.10: Experimental reflectance along with the simulated curve for a (a) 10-pair bottom and (b) 4-pair top
DBR mirror on Si template. The simulated curve for an 8-pair H fOz/Al2O3 top DBR is also shown in (b). (c)
Experimental reflectance from a \/2 oxide cavity along with theoretical curves. (d) Simulated cavity modes for
a variety of top DBRs, for a 3A/2 QW-containing cavity with a 10-pair SiO3/Ta305 as bottom DBR.

membranes. Depositing at higher temperature, the larger values of thermal
strain can induce severe damage in the membranes, thwarting the formation of
a fully-operational microcavity device. Figure 3.10(a) depicts the reflectance
spectrum of a 10-pair SiOs/T'ay05 bottom DBR while Figure 3.10(b) of a 4-pair
Si0y/Tas05 top DBR deposited on Si. Both reflectance values seem to be in
excellent agreement with the theoretically predicted spectra, as indicated by
the dashed curves in each mirror. Moreover, in Figure 3.10(b), the simulated
reflectance (dotted) curve of an 8-pair H fOs/AloO3 (An/n =~ 0.19 [26,27]) top

DBR mirror is also shown for comparison, confirming our initial statement that
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Figure 3.11: AFM images of a (a) bottom and a (b) top DBR deposited on Si substrate. The low values in
RMS roughness illustrate a sufficient morphology for microcavity fabrication. The inset SEM images show (a)
the surface of the bottom DBR while (b) the cross-section of the top DBR.
with the SiOy/Tas05 system it is feasible to produce highly performing mirrors
with a much smaller number of periods. Figure 3.10(c) presents a cavity mode
obtained from a realized oxide A/2 cavity (only top and bottom mirrors) along
with the simulated curves. The oxide cavity was found to exhibit a Q-factor (=
ﬁ) ~ 220, which is close to the theoretical value with zero losses Q¢eor ~ 260.
The feasibility of having a pronounced cavity mode in a complete 3\/2
structure is further illustrated in Figure 3.10(d), where we compare the simulated
cavity modes of “empty” microcavities, centered at 360 nm (J\,), which are
formed by combining different top DBRs with a 3\ /2-cavity consisting of nitride
QWs, along with a 10-pair Si0O5/Ta205 bottom DBR. From the graph, it is
observed that the 4-pair Si0,/TasO5 top DBR gives a Q-factor for the cavity
mode close to 1000, which is comparable to that of the 8-pair H fO,/Al,O3 DBR
(Q =~ 1400). Even though, the 8-pair SiOy/Ta305 top DBR can provide much
higher Q-factors up to 5400, the large thermal strains were found to induce
curving and damage in the fabricated microcavity devices. By considering the
value of Q = 1000 and the relation 7.4, = % we obtain a cavity lifetime of 0.2 ps.
In addition, based on Equation 1.16, the effective length of a SiOy/Tas05 top

DBR mirror (Lijcpf) is 140 nm, while for a SiO,/Tay05 bottom DBR. (L2}7™),
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137 nm. These values correspond to a thickness which is almost one and a
half alternating pairs (L1_pq;r &~ 100 nm). Therefore, the overall effective cavity
thickness (Equation 1.15) seems to be in the range of 480 nm. The AFM images
presented in Figure 3.11 were acquired from the surface of a 10-pair bottom and
a 4-pair top DBR mirror on Si and revealed an RMS roughness of 1.12 - 1.13
nm oven an area of 5 um x 5 um, which is a sufficient surface morphology for
our microcavity needs. In the inset of Figure 3.11(a), it is given the SEM image
of the mirror surface, while in the inset of Figure 3.11(b), the one acquired from
the side, illustrating clearly the formation of the oxide layers on top of the Si

substrate.

3.7 Fabrication of polar GaN/AlGaN membranes

Regarding the membrane separation, the as-grown samples were patterned
into 1-um-deep square mesas with various dimensions, from 45 um x 45 pum up
to 155 um x 155 um, using optical lithography and reactive ion etching similar
to bulk GaN, in order to expose the lateral facets. The next step, as illustrated
in Figure 3.12(a) for the sample with the ”38-QWs”, is the PEC-etching which
was performed under steady state illumination by 3.5 mW of a 405-nm diode
laser incident on the sample’s front surface, along with an applied reverse-bias
of 3.5 V. The total exposure time here for sufficient etching was approximately
40 minutes. Afterwards, the PEC-etched region was cleaned with deionized (DI)
water and, the produced free-standing QW-containing membranes depicted in
Figure 3.12(b), were then transferred individually with the use of a probe station,
either on double-side-polished Sapphire template for optical characterization or
on a bottom 10-pair SiOy/Tas05 DBR, deposited on a Si substrate (inset of
Figure 3.12(b) and Figure 3.12(c)), as a first step for the fabrication of the
complete microcavity.

In the optical and SEM images one can see the uniform separation of

membranes, which can reach a lateral size up to 155 um x 155 pum, illustrating the
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Figure 3.12: (a) Schematic of the PEC-etching method for the sample with ”38 QWs”. (b) Optical microscope
image of the PEC-etched region with membranes varying from 45 x 45 pum? up to 155 x 155 um?. The inset
shows a 38-QW-containing membrane transferred on a bottom-DBR/Si substrate. (c) SEM image of a similar
transferred membrane on a bottom-DBR/Si substrate.

ability of the PEC-etching technique to produce ultra-thin high-quality films, but
this time, with embedded GaN/AlGaN QWs. Based on the applied conditions
and the long exposure time, similar to the work reported in [28], the resulting
root-mean-square (RMS) roughness of the bottom-side etched surface should be
considerably low (< 1 nm). It should be noted here that the same conditions
were applied in all three samples, namely 787, 710" and ”38” QWs, and had
similar results regarding the membrane fabrication apart from a variation in
their colorization. More specifically, the membranes with few-QWs had a reddish
color (inset image in Figure 3.13(a)) instead of the yellow-like observed for the
multi-QW structure (inset image in Figure 3.13(b)), which is apparently due to

a difference in the overall thickness similar to bulk GaN shown in Chapter 2.

Next, the photoluminescence of the free-standing membranes lying on a
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Figure 3.13: Photoluminescence spectra of the as-grown structures along with the emission of the bare membranes
on Sapphire with (a) few (x10) and (b) multi (x38) GaN/AlGaN QWs at the temperature of 295 K. The insets
are optical images of the corresponding membranes.

Sapphire template was recorded. For comparison purposes the room temperature
PL emission of membranes is plotted here against the PL emission of the as-grown
samples. Once again, here are presented only the 7107 and 738" QWs. As
indicated in the PL spectra of Figure 3.13, there is a small redshift in the PL
emission of membranes compared to the PL peak of the as-grown samples. In
the few QWs, the peak emission of the as-grown sample is at 3.4527 eV and
after the membrane separation it is found 6 meV lower. A shift of 4 meV is
found also in the multiple QWs where before etching the PL peak is centered at
3.4595 eV while the emission of free standing membrane is centered at 3.4553
eV. This result contradicts the expected blueshift due to the compressive strain
imposed by the AlGaN layers after the release of membranes. One should think
that initially the as-grown QW-layers are pseudomorphic on the thick GaN
template, while the AlGaN layers feel tensile strain due to the lower lattice
constant (Figure 1.1(b)). After the membrane detachment, and the release of
the structures in a free-standing form, the AlGaN layers try to gain control until
a new equilibrium (net-force zero) is reached in the system. In this case, the
GaN layer is compressed and the PL emission should be blueshifted. Between the

two samples discussed here, the effect should be more pronounced in the sample
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with the few QWs as the AlGaN thickness is much larger compared to the GaN
layers in the membrane. In the ”38-QWs” sample, where the AlGaN and GaN
thicknesses are equal in the membrane, we estimate that the blueshift due to the
new compressive state in the QWs should be about 7 %. The previous is based
on the estimation that the average superlattice lattice constant corresponds to
Alpo3GagorN. The compression is given by multiplying the 3 % with 2.4 % (=
Aa/a between GaN and AIN) ~ 0.07 %. It is known from literature that 0.1
% compression, the GaN gap shifts by 10 meV [29]. Therefore, a compression
of 0.07 % gives a shift of 7 meV. To really decide what is happening here we
need further experiments. It should be referred here that the PL emission of the
AlGaN barriers in the sample with the "10-QWSs”, positioned at 3.5627 eV (348
nm), was cut with a filter above the energy of 3.5424 eV (350 nm).

3.8 Optical density in QW-structures

By following the same absorption methodology, as for the bulk GaN films,
an initial attempt is demonstrated here to extract similar parameters in the
membranes with 8, 10 or 38 embedded GaN/AlGaN QWs. The analysis shown in
Chapter 2 can be extended to GaN/AlGaN QWs with some minor modifications.
For this purpose, room temperature micro-transmittance measurements were
performed on the QW-containing membranes transferred on Sapphire. Similar to
bulk GaN membranes, considering the sub-wavelength thickness, it is necessary
for the analysis of the transmittance data to use a transfer matrix formulation
taking into account the reflectivity coefficients at the air / nitride and nitride
/ sapphire or nitride / air interfaces, as well as the formation of standing wave
effects inside the membranes. Then, it is possible to transform the normalized
p-T spectra into the optical density (OD) spectra for different membranes with
varying number of QWs.

After the complete acquisition of the p-T spectrum for each membrane, the

starting point is to determine, along with the membrane thickness, an effective
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Figure 3.14: (a) Optical densities as deduced from the respective transmittance spectrums acquired at RT for
three membranes containing 8, 10 and 38 GaN/AlGaN QWs. (b) Optical density at the exciton peak versus
number of QWs. The fitting curve corresponds to an absorption coefficient of 13-10* em~! for the case of a
2.7-nm-thick GaN/Alg o7Gag 03N QW.

refractive index n.ss(A) for the GaN/AlGaN heterostructure. This is achieved
by fitting the low-energy Fabry-Perot oscillations of the p-T spectrum using
Equation 2.4 and assuming a spectral dependence of n.fr(\) approximately
equal to AlGaN [30]. Next, by inserting the experimental p-T data and the
corresponding fitted parameters in Equation 2.6, we deduce the optical density
spectrum of the entire membrane. The derived optical density spectra for the
78”7, 710”7 and 738" QW-containing membranes are plotted in Figure 3.14(a)
where we see that the pronounced excitonic peak at around 3.470 eV is coming
from the temperature-induced merging of the Agw+Bgw exciton peaks in the
GaN/AlGaN QWs. More specifically, the pronounced Agw+Bgw QW exciton
peak can be seen that is considerably blueshifted and enhanced compared to

the bulk case due to quantum confinement. In a QW-containing membrane, the

optical density at the exciton peak can be written as

ODexc - qu * Qege Lwell (31)

where N, is the number of QWs, o, the effective exciton absorption coefficient

93



CHAPTER 3 Nitride Polariton Lasers

T T T T T T T T T T 28 T T T T T T T T T T
4 (@ Sample C "38 QWs" - 2 4__ (b) Sample C "38 QWs" _
—20K |
1 —20K A, +B 1
| — 180K 204 — 180K QW‘ Qw i
8 295K = - 295K -
E g 1.6 /\[\ i
= | o |

5 % 127 \—5\/::7-
= § 084 .
0.4+ .

1 T T T T T T T T T T T i 00 ’ T T T T T T T T T T

342 345 348 351 354 357 3.60 342 345 348 351 354 357 3.60
Photon energy (eV) Photon energy (eV)

Figure 3.15: (a) Micro-transmittance spectra of a 2.7 nm GaN/AlGaN QW at 20, 180 and 295 K. (b) The optical
density spectra extracted from the micro-transmittance data for the same temperatures.
in the QW material and L,,; the well thickness.

As illustrated in Figure 3.14(b), the experimental O D.,. values for the three
QW-containing membranes are found to be proportional to the number of QWs
in the structure similar to what is expected. The slope of the fitting curve
gives an OD,,. value per QW of about 3.5 %. For a well thickness of 2.7 nm,
this leads to an absorption coefficient at the exciton peak of 13-10* em~!. This
value can be compared to the bulk one of 9-10* em~!. The resulting absorption
coefficient spectrum of the GaN/Alyo;Gapoe3N (2.7 nm/2.7 nm) QWs can be
obtained by dividing the OD spectrum with the number of the quantum wells
and the thickness of the well.

Furthermore, temperature dependent p-T measurements (Figure 3.15(a))
resulted in the OD spectra shown in Figure 3.15(b) for 20, 180 and 295 K, where
we observe the evolution of the Agw+Bow QW absorption versus temperature.
The presented p-transmittance spectra have a constant offset in the plot for
better visualization. Since the utilized cryostat had a lot of vibrations for the
specific measurement, there is a small uncertainty in the obtained data as for
the case of bulk GaN. Nevertheless, it is worth making a few comments based

on the particular set of recorded data. At 20 K, the strong peak is coming from
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the convolution of the Agw and Bgw excitons at the energy position of 3.5350
eV with a maximum OD value of ~ 1.80. Despite the fact that it is difficult to
distinguish the two main excitons, there is a visible feature at Bgy position
exceeding the overall maximum peak indicating the B-state character. The
position of the Coy exciton cannot be clearly resolved here. As the temperature
increases, the main Agw+Bow QW exciton peak broadens from 30 up to 45 meV
due to phonon-assisted effects but its peak OD value remains at all temperatures
higher than the bulk GaN, illustrating the robustness of the QW excitons up
to ambient conditions, characterized by their high exciton binding energies and
oscillator strengths.

Regarding the latter, an additional step was made to obtain the oscillator
strength per unit area and per QW of the " Agw+Bow” QW exciton. Considering
the demonstrations in Chapter 2, this was possible by performing a similar
calculation. In the case of QWs, the oscillator strength is extracted per area
and not per volume as was the case for the bulk GaN. Hence, the following

relation is considered [31,32]:

Jow  28oNepymec [OD(E)dE
S 7elh Nyw

(3.2)

The optical density integral is estimated by fitting the "A+B” QW exciton
line with two Gaussians (Figure 3.14(a)), corresponding to the Agy and Bow
excitons, distanced by 10 meV. For the QW-samples, the use of two Gaussians
represents better the convolution of the 738 Agw” and ”38 Bow” Lorentzian-like
exciton response, considering the relative significance of the inhomogeneous
broadening mechanisms compared to the homogeneous phonon-related ones in
our QWs. The resulting value for the Agw+Bow QW exciton oscillator strength
per unit area and per QW of the 2.7 nm GaN/AlGaN QW is found to be
4.5-10% em™2, in good agreement with previous reports for similar QWs that
were based on polariton dispersion analysis [33,35,36]. The estimation of the

oscillator strength value is of major importance for the simulation of the exciton
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contribution in polariton branches, since it is included in the coupling constant
(Equation 1.24), and our measurement of optical density allowed us to have a

direct determination.

3.9 Robust strong coupling at ambient conditions

Considering the results of the previous sections, we have managed to obtain
full microcavities by depositing 4-pairs of SiOs/Ta205 as top DBR, on the
membranes, sitting on a 10-pair SiO3/Ta205 bottom DBR. A schematic of
the complete structure is depicted in Figure 3.16(a), where is also shown the
polariton formation inside the active region by the strong coupling of light
with the exciton pair. According to the results shown in Figure 3.10, the 4
pairs of Si0y/TasOs5 provide sufficient optical confinement in our 3\/2-cavities
and are able to bring the system in the strong coupling regime. The energy
and momentum conservation between the photons inside the cavity and the
ones emitted outside gives a one to one correspondence between energy and the
angle (Equation 1.20), which allows us to have a visualization of the dispersion
states inside the microcavity by recording the PL emission versus angle. Figure
3.16(b) illustrates a simplified experimental configuration for imaging the k/,
space emission pattern with the use of an aspheric and an imaging lens, having
focal lengths f, and f;, at the entrance of a spectrometer in order to image
and record the analyzed angle versus photon energy (Fourier plane) data with
a nitrogen-cooled CCD camera. An example of the lower and upper polariton
branches (energy dispersions) is presented in the schematic of Figure 3.16(c).

The polaritonic character (anticrossing behavior) in our cavities is confirmed
by the discussed angle-resolved micro-photoluminescence (u-PL) at low and
room temperature conditions. In such a setup, the sample is excited at normal
incidence with a continuous wave He-Cd laser emitting at 325 nm (FEjusr =
3.8149 eV). Here, the excitation beam is focused down to a 9 um spot by using

an aspherical lens with a numerical aperture NA = 0.63. For the angle-dependent
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Figure 3.16: Tllustration of (a) a 3),/2n-microcavity with a 4-pair top and a 10-pair bottom DBR. mirror,
exhibiting several antinodes of the electric field in the 38 QW-containing active region and forming polaritons in
the strong coupling regime, (b) a k-space imaging setup for the acquisition of (c) the upper and lower polariton
branches.

measurements, an imaging lens needs to be placed at a distance from the aspheric
equal to f, + f; (Figure 3.16(b)), so as to allow for PL imaging of the Fourier
plane (k-space image) into the spectrometer located on the right hand side of
the imaging lens (in the specific configuration) at a distance f;. This way, it is
possible to record simultaneously the emitted PL as a function of angle (Figure
3.16(c)). The range of the acquisition angles is limited by the NA of the system
and for this reason lenses with high values of NA are typically used. In our case,
we are able to read angles in the range of 4+ 39°. The excitation and collection
paths, in the experimentally utilized setup (Appendix E), were through the same
optical route with the use of a beam splitter.

To move on, in Figure 3.17(a) are presented the k-space imaging data
recorded at 295 K for the 710 QW” microcavity, even though the flattening of the
LPB at large angles is less pronounced, as a consequence of the smaller number
of QWs and the larger negative detuning in this sample. To account for the
observed polariton branches and estimate the Rabi splitting in the two samples,
a linear Hamiltonian model (Section 1.7) is used to simulate the angle-dependent
data at 295 K. In this model, the QW excitons interact with the cavity TE
and TM modes (dotted lines) according to their respective coupling constants,

forming in each case two polariton branches, which reproduce accurately the
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Figure 3.17: Angle-resolved polariton PL at room temperature from (a) a ”10 QWs” microcavity with a Rabi
splitting of 36 meV and (b) a ”38 QWs” microcavity exhibiting a Rabi splitting of 71 meV. The exciton levels
(dashed lines), the cavity modes (dotted lines), as well as the simulated lower- and upper-polariton branches
(solid curves) are also shown.

experimental LPB dispersions. The zero angle emission of LPB is at 371.8 nm
(3.3347 V). The exciton state is at 359.1 nm (3.4526 eV) and the cavity mode
placed at 371.2 nm (3.3401 eV), having a negative energy difference of -112
meV. Similar anti-crossing was obtained for the 738 QW” microcavity (Figure
3.17(b)). The depicted lower polariton branch (LPB) shows a clear anti-crossing
behavior at large angles where the LPB flattens out towards the QW exciton
emission (dashed line). The PL emission at zero angle (k;, = 0) is at 367.6
nm (3.3728 eV). The exciton line is positioned at 359.5 nm (3.4488 eV) while
the cavity mode at 365.7 nm (3.3903 eV), giving a negative detuning of around
-59 meV. The upper polariton branch (UPB) is not observed in either sample,
something typical in nitride microcavities [1,2,10] most likely due to rapid decay
of UPB polaritons to higher energy exciton and continuum states [37].

In these simulations, the thicknesses of the oxide layers of the mirrors are
initially determined by fitting with a transfer matrix model the experimental
reflectivity spectra of the bottom DBR/Si (Figure 3.10(a)), top DBR/Si (Figure
3.10(b)), as well as the A/2 resonator formed by the combination of a top DBR on
a bottom DBR/Si (Figure 3.10(c)). Additionally, the thickness of the membrane
layer is defined, as explained earlier, based on the fitting of the u-T spectra.

This procedure is necessary in order to estimate with precision the cavity mode
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position at k = 0 of the full microcavity. By knowing the cavity mode and QW
exciton positions in each microcavity, it is then possible to sensitively fit the LPB
dispersion with the Hamiltonian model, using the coupling constant as a sole
adjustable parameter, assuming a reasonable value for the exciton linewidth. In
the microcavities at hand, the coupling constants (g,) that best reproduce the
LPB dispersions are in the range of 18 meV for the 710 QWs” sample and of 36
meV for the 738 QWs” sample.

The smaller coupling constant in the 710 QWs” sample can be attributed
to several reasons. First, is that in a 3)\/2 cavity there exist antinodes not only
at the center but also at the two DBR/membrane interfaces, where no QWs
are present in the 710 QWSs” case. Second, is that the active layer of the 710
QWSs” sample is found by transmittance measurements a bit larger than nominal.
This has as a consequence that the QWs are not positioned exactly at the field’s
antinodes, leading to a weaker coupling constant. Third, is that in the particular
710 QWSs” microcavity, the top DBR is not centered at the right position due
to increased oxide layer thicknesses, as deduced from the huge detuning. This
leads to reduced DBR reflectivities at the wavelengths of interest, weakening
further the coupling constant of the exciton-photon interaction. Knowing the
coupling constants in the two samples, we have then estimated the respective
Rabi splittings of the systems by the energy difference at the anti-crossing point
between the calculated LPB and UPB dispersions (orange arrows). Thus, it was
found to be 36 meV and 71 meV for the 710 QW” and ”38 QW” microcavities,
respectively. To our knowledge, these values set the state-of-the-art for nitride
QW microcavities [2, 10, 33] and demonstrate the future potential of robust

polariton structures.

3.10 Polariton lasing in multi-QWs

In this section, we analyze a power dependent study, performed with a
Nd-YAG frequency-quadrupled pulsed laser at 266 nm (Ejqse, = 4.66 €V) with a
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repetition rate of 7.58 kHz and a pulse width of 0.51 ns, for the optical excitation
of a complete microcavity. The k-space imaging setup was aligned at 360 nm
using the emission from the quantum wells, for which the spot size of the pulsed
laser had an area of 60 um x 10 pum. The elliptical profile here is due to
the elongated waist of the laser beam. The excitation is non-resonant in order
to create populations at higher energies and observe if the system can induce
a macroscopic occupation in the polariton trap (polariton condensation) by
increasing gradually the power. In this case, the optically generated populations
are initially coherent but as they decay to lower energy states they lose their
coherence completely due to phonon scattering. Finally, after some time (usually
tens of ps), an incoherent population of polaritons has relaxed to the lower
polariton branch. At this stage, the shape and properties of the lower polariton
dispersion play an essential role to what will happen next. For the negatively
detuned structures, discussed in the previous section, it was not possible in
our power-dependent measurements to observe any polariton condensation in
the trap. The main reasons for this are probably the relatively small Q-factor
compared to the microcavity of reference [10] in combination with the rapid
decay of excitons, which do not let the system to condense neither in the kinetic
nor in the thermodynamic regime [34]. We believe that by increasing the top
mirror pairs it will be possible to observe polariton lasing in our structure as
observed in earlier work of our group [10].

As a next step, we decided to develop out of the same active regions,
positively-detuned microcavities, by adjusting the thickness of the top DBR
layers. As stated in the literature [38], increasing the detuning from negative
values to zero or positive values has the advantage of faster relaxation rates
and longer polariton lifetimes. This combination may be favorable for polariton
condensation provided that the polariton trap does not become too swallow
for the polaritons to thermally escape in to the exciton reservoir, especially at
elevated temperatures. The previous statements can be confirmed by the k-space

images of Figure 3.18, which were acquired from a positively-detuned (6 ~ 1.2

100



CHAPTER 3 Nitride Polariton Lasers

x38 GaN/AlGaN QWs

x38 GaN/AlGaN QWs

-...Cavity

P-~0.98P,,

Wavelength (nm)
Wavelength (nm)

Rabi splitting ~ 62 meV

30 20 10 0 10 20 30 30 20 10 0 10 20 30
Angle (degrees) Angle (degrees)

(d) x38 GaN/AlGaN QWs

Wavelength (nm)
Wavelength (nm)

Rabi splitting ~ 62 meV Rabi splitting ~ 62 meV

30 -20 -10 0 10 20 30 30 -20 10 0 10 20 30
Angle (degrees) Angle (degrees)

Figure 3.18: Room temperature k-space u-PL imaging of a ”38-QW” cavity under quasi-pulsed excitation at 266
nm with (a) 0.52P;, (b) 0.98 Py, (¢) 1.04P,,, and (d) 1.06P,,., where the power density threshold of polariton
lasing is ~ 4.5 W/cm?.
nm (11.6 meV)) microcavity with 738" GaN/AlGaN QWs. At a power density of
0.52P;,, (Figure 3.18(a)), there is a large population of polaritons occupying the
LP branch around &/, = 0. As the power increases to 0.98Fy,, (Figure 3.18(b)),
the distribution becomes narrower both in k,, and energy along with significant
blueshift due to polariton-polariton interaction mainly. Above threshold, at
densities of 1.04 and 1.06 of Py, (Figures 3.18(c-d)), the microcavity exhibits
a narrowed-down in energy intense emission centered at k,,, characteristic of
polariton lasing. In Figure 3.19 are given also the 3D k-space images for a range
of excitation powers below and above threshold for better visualization of the
progress of the condensate versus the power density.

To confirm our assertion of polariton lasing, the PL spectra at k,, = 0
versus excitation power are depicted in the same graph (Figure 3.20(a)), where

is clearly visible the non-linear increase of the k,, = 0 PL intensity and the
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Figure 3.19: Room temperature k-space z-PL imaging in 3D view of a ?38-QW” microcavity under quasi-pulsed
excitation at 266 nm with (a) 0.13Pyy, (b) 0.52Pu,, () 0.98Pisy, (d) 1.04Ps,, (¢) 1.06Py, and (f) 1.09P,,
where the power density threshold of polariton lasing is ~ 4.5 W/cm?.

drastic narrowing of the emission peak down to 2 meV (Figure 3.20(b)) as we
cross the threshold power density (Py,) of ~ 4.5 W/em?, illustrating that this
particular microcavity device is undergoing polariton lasing. It can be confirmed
from the data that the lasing emission remains well below the bare exciton state
(X) located at 359 nm (3.4536 eV) and cavity resonance (C) at 357.8 nm (3.4652
eV), respectively. In order to fit the LPB dispersion with the linear Hamiltonian
model, as depicted with red lines in the figures, a coupling constant of 35 meV
was utilized, which resulted in a Rabi splitting of 62 meV at k,, = 0. The
previous calculation was in accordance with the transfer matrix method. The
deduced polariton lifetime for the specific cavity is found to be 7,, = 0.45 ps,

by considering the Equation C.7 and a decay time of 42 ps for the excitons
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Figure 3.20: (a) Photoluminescence spectra at k;, = 0 versus excitation power and (b) the integrated k,, = 0
PL intensities versus the power densities in combination with the corresponding linewidth of the PL peaks.

at RT as extracted from the TRPL measurements. This 7,, value is about
double the value obtained for a negatively-detuned device with the same number
of QWs and in combination with faster relaxation rates in positively-detuned
microcavities, explains qualitatively how we were able to observe lasing here, in
contrast to the negatively-detuned structures examined earlier.

In order to show the difference between polariton (strong coupling) and
photonic (weak coupling) lasing, we present here the k-space image (Figure
3.21(a)) acquired from the same microcavity at a power density close to polariton
lasing threshold, illustrating the different energy dispersions. Here, photonic
lasing is powered from the cavity mode, as defined by the simulations of the
structure, unlike the polariton lasing of Figure 3.18 which occurs 2.2 nm (21.6
meV) below the cavity mode. Moreover, the spread in wavevectors is much
narrower (£ 3°) compared to the polariton laser where the k,-spread was
much larger (£ 10°). The comparison between the two, can be seen in the
plot of Figure 3.21(b) for approximately similar excitation powers. As can be
observed, polariton lasing occurs below the exciton energy (X) while photonic
lasing above the cavity energy (C). Regarding the relatively large k//-spread of
the polariton-laser emission of Figure 3.18(d), we attribute it to some spatial

confinement of the polariton condensate [34], based on which we can estimate
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Figure 3.21: (a) RT k-space u-PL imaging of a ”38-QW” microcavity under quasi-pulsed excitation at 266 nm
with 1.05 Py, (b) the PL of the photonic mode below and above lasing threshold along with the polariton lasing
emission for k;; = 0 and (c-d) the 3D view of k-space p-PL imaging at RT under quasi-pulsed excitation with
(c) 0.97Pypy, (d) 1.05Psp,, where the Py, of cavity lasing is ~ 4.4 W/cm?.

the radius of the condensate localization to be about 0.3 ym. In Figures 3.21(c-d)
are given the 3D k-space images below and above threshold of photonic lasing
for further demonstration of the previous.

A useful estimation for the exciton density per QW which are coupled
can be made by taking the blueshift difference of the LPB up to threshold at
k;; = 0. From low excitation until threshold, there is an overall shift of the
PL peak by about 17 meV. This blueshift is mainly due to polariton-polariton
scattering V;,; and is enhanced here due to the strong excitonic component of the
positively-detuned polaritons. We can obtain an estimate of the exciton density
(n2D) based on the relation [2,39,40]

AE = 6|X,|*Epain®t, (3.3)
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(a)

GaN-based membranes on
golden contact pads

B

N

Figure 3.22: Optical image (a) with three 200-nm-thick GaN-based membranes of different size transferred on top
of 100 wm x 100 pm square golden contact pads and (b) zoom of the 155 um x 155 pm GaN-based membrane
depicted on the right side of (a).

where |X,|* (= 0.58) is the exciton fraction at k;, = 0, Ep (= 30 meV) is the
binding energy and ap (/ 2.7 nm) is the Bohr radius of the exciton. Performing
the above calculation, we get a value of n?l. ~ 2.23.10'2 ¢m~? which remains
below the Mott transition densities of 101® em™2, reported for similar QWs [36],
further asserting that we are in the strong coupling regime. Dividing the deduced
exciton density by the number of QWs, we obtain a n?L. per QW of 5.87-10°

e
CmiQ.

3.11 Possibility of electrical injection

The feasibility to produce high quality GaN-based membranes that can be
transferred individually onto precise regions of other substrates permitted us to
transfer them on top of 100 um x 100 um golden contact pads as shown in the
optical image of Figure 3.22(a). Additionally, in Figure 3.22(b) is presented
the zoom of the 155 pum X 155 pum membrane depicted in Figure 3.22(a).
Undoubtedly, this demonstrates that electrically injected all-dielectric polariton
devices can be realized by considering the overall findings discussed in this

chapter. In order to accomplish the specific fabrication, the active region must be
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designed to operate as a p-n junction. At the same time, transparent conductive
contacts are needed to allow the current injection while leaving intact the light
propagation. The all-dielectric design can reduce considerably the current losses
occurring in epitaxial mirror configurations where current is passing through
the DBRs. Therefore, the successful fabrication and operation of an electrically
injected polariton device with all-dielectric DBRs at ambient conditions will be

a intriguing novelty in the field of polaritonics.

3.12 Conclusion

In summary, in this chapter we have reported the fabrication of high quality
free-standing 3\ /2-membranes, containing 8, 10 and 38 GaN/AlGaN QWs using
the photo-electrochemical etching method. Micro-transmittance measurements
on these QW-containing membranes allowed us to deduce an optical density per
QW at the main exciton peak of our QWs, of about 3.5 % at room temperature.
Complete microcavities have been fabricated by transferring first the membranes
on a 10-pair SiOy/Tas05 bottom DBR and by depositing next on top of them,
a 4-pair SiOy/Tas0Os top DBR in an electron-gun deposition system. The
produced microcavities exhibited robust polariton characteristics at ambient
conditions, with a maximum Rabi splitting of 36 meV for the structure containing
10 QWs only at the antinodes of the active region while the value of 71 meV
was achieved for the 38-QW-containing structure. In addition, in a positively
detuned microcavity with 38-QWs as the active material, we observed polariton
lasing at RT with a power density threshold of 4.5 W/em?. To our knowledge this
is the lowest reported threshold density for a positively-detuned polar GaN-based
microcavity. For the few QWs, it was not possible to observe stable polariton
lasing, attributed to much weaker coupling strength due to misalignment of
the DBR mirrors and increased membrane thickness. Nevertheless, the overall
results further validate the PEC etching method as a means to obtain robust

polaritonic devices operating at room temperature conditions.
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Chapter 4

Strong coupling in non-polar microcavities

This chapter focuses on the novel development of m-plane non-polar GaN/AlGaN membranes
with multiple QWs for their incorporation in between all-dielectric DBR marrors towards the
demonstration of strong coupling regime and ultra-low polariton lasing at room temperature
conditions.  Moreover, due to in-plane polarization anisotropy it was possible to deduce the
oscillator strength of the QW-excitons in the two orthogonal polarizations.

4.1 Introduction

Despite the novel achievements in polar polariton structures, the elimination
of the quantum-confined Stark Effect in conjunction with the much larger optical
matrix elements achieved in non-polar QWs presents an opportunity for further
reduction in the polariton lasing threshold at ambient conditions as well as
polarization-selective polariton dispersions. Initial investigations on non-polar
microcavities focused on the growth of structures along the a-orientation ([1120])
with a first successful observation of strong coupling regime by Mastro et al. [1].
However, due to the marked difficulty in generating high quality structures, the
a-direction was finally abandoned. During the subsequent years, the progress
and commercial availability of adequate quality GaN bulk crystal in the m-axis
([1100]) [2] enabled the fabrication of improved m-plane microcavity structures,
either hybrid [3,4] or air-gap based [5,6]. In the hybrid use, the epitaxial
[TI-nitride bottom DBR mirrors pose a limitation in the performance of such
microcavities as their limited index-difference gives a rather narrow reflectivity
stop-band and necessitates a relatively large number of periods which usually

affects adversely the optical quality of the active region. On the other hand, the
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air-gap solution is not believed to be overall mechanically stable, while current
injection schemes are not straightforward. To overcome these limitations, we
have applied in the non-polar configuration our PEC-etching approach in order

to fabricate a high-optical quality all-dielectric non-polar microcavity.

4.2 Novel demonstrations in this work

The successful growth of high-quality and free-of-internal-fields quantum
wells in the m-orientation [7,8] motivated us to fabricate appropriate I1I-nitride
structures with which we could apply the same PEC-etching approach to produce
ultra-smooth membranes with embedded non-polar GaN/AlGaN quantum wells.
In order to ensure the strong-coupling conditions in our structures, we designed
the active medium to contain x25 GaN/Aly1GagoN QWs in the whole active
region, with well and barrier thicknesses being 5 nm and 3 nm, respectively. The
5-nm-thick well was chosen to keep the exciton inhomogeneous broadening at
low levels, while at the same time maintaining sufficient confinement and the
high recombination efficiencies of the non-polar quantum wells [10-12]. This
possibility of increased well thickness does not exist in the polar QWs, due
to the spacial separation of electron-hole wavefunctions induced by the large
build-in fields in the polar orientation [13,14]. Moreover, we increased the
Al concentration to 10 % in order to limit significantly the thermal escape of
excitons. In the produced microcavities, remarkable optical characteristics have
been demonstrated, which are attributed to the utilization of dielectric top /
bottom DBR mirrors and the high optical quality of the GaN-based membranes.
In addition, by successfully transferring QW-containing non-polar membranes
on Sapphire substrates, we were able to measure directly the oscillator strength
of non-polar GaN/AlGaN QWs by applying our recently established standing
wave approach given in Chapter 2.

It should be noted that apart from the enhanced optical properties, the

non-polar GaN and AlGaN layers exhibit inherent birefringence and dichroism
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phenomena, since the optical c-axis lies in the plane of the non-polar surface
[15], and is responsible for the characteristic polarization selection rules along
the two orthogonal in-plane directions (E//a and E//c). These effects are
related to the complex refractive index and affect both the position of the
photonic mode in a complete microcavity [16,17] and the optical coupling with
the quantum well excitons [18,19]. As can be understood, a precise control
is required in the design of non-polar nitride-based mirrors which aside from
the limited stopband widths [16] are also exhibiting birefringence along the two
polarizations [20]. On the other hand, the isotropic polarization-free oxide-based
DBR mirrors used in this work with large stopbands and minimal absorption at
the QW-emission wavelengths are an attractive alternative, considering that the
polarization anisotropy is kept only inside the active region. Thus, the unique
non-polar orientation leads to the generation of polarized-resolved polariton
branches within the same single microcavity. Up to this work, there has not
been in the literature a clear observation of polariton modes in both polarizations
similar to our observations. Finally, the novel fabrication of robust all-dielectric
non-polar microcavities in the present work led in addition to the observation
of an ultra-low polariton lasing threshold at RT, with a threshold power density
three times lower than previous state of the art. This result demonstrates
the vast potential of non-polar nitride microcavities for further research and

development towards ultra-efficient polaritonic devices.

4.3 Design and fabrication of m-plane GaN/AlGaN QWs

When growing a III-nitride structure along the [1100]-orientation (m-axis),
the two orthogonal in-plane directions are the c-axis [0001] and the a-axis [1120]
as depicted in the schematic of Figure 4.1(a). The a-axis [1120] mentioned in the
introduction is also a non-polar orientation, but in this work we did not try to
fabricate any samples. According to the work presented in the previous chapters,

the design of the active region was performed with the use of the transfer matrix
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Figure 4.1: Tllustration showing (a) the growth orientation along the [1100] orientation in conjunction with the
birefringence rules in the two in-plane (c-, a-) crystallographic axes (reproduced from ref. [4]) and (b) the utilized
design of 725 QWs” with 5 nm in the well (GaN) and 3 nm in the barrier (AlGaN) thickness spanned in the
whole range of the active region. The 25-nm-thick InGaN layer is used as sacrificial layer in the PEC-etching
approach.
method (TMM) (Appendix B) to evaluate the number and thicknesses of the
quantum wells in a 3),/2n (~ 200 nm) cavity and ensure for their enhanced
coupling with the two antinodes of the electric field intensity inside the cavity
due to the standing wave effect. The variables A\, and n are being the exciton
emission wavelength and average refractive index in the active medium at the
same wavelength. In this growth orientation, the complex refractive index (7)
(Appendix A) of the anisotropic GaN crystal depends strongly on the in-plane
polarization. More specifically, both real (n) and imaginary (k) parts of the
complex refractive index have altered characteristics in the two polaizations [16—
19]. The effect on the real part of the index is named as double refraction or
birefringence (n,, n.) where an incident ray of light is refracted differently in
each polarization, while the effect on the imaginary part as dichroism (k,, k.)
where the absorption of the exciton transitions is affected by the electric field
polarization. The subscripts "0” and ”"e” in the two variables designate the
ordinary and extra-ordinary polarizations (Figure 4.1(a)). It should be noted
here that for c-axis grown GaN, a polarized incident ray entering along the
optical axis (c-axis) of the GaN crystal does not feel birefringence.

In our simulations, the difference between the ordinary and extra-ordinary

real refractive indices (An = n, - n,) has been considered to have an average
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value of ~ 0.025 in all the layers of the active region, in agreement with previous
works [17,21]. For a positive linear birefringence (n. > n,), as in the case for
the non-polar GaN crystal, the extraordinary ray is always traveling with a
slightly slower velocity. Based on the literature [17], the ordinary ray is along
the E//a polarization, while the extra-ordinary ray along the E//c. Theoretical
investigations by other groups [3,19] have reported that the absorption coefficient
(o ~ k) of each of the QW-exciton transitions depends critically on to the well
thickness, Al-percentage in the barriers and strain condition of the QW-structure.
Therefore, in order to properly design a non-polar microcavity, it is important to
know the exciton oscillator strength in each polarization, something we achieved
by performing micro-transmittance measurements on non-polar membranes, as
will be discussed later on in this chapter.

To move on, in the TMM simulations we considered only the real part of the
refractive index to make an initial optimal design for the non-polar structure,
according to which we deduced an active region of x25 GaN /Aly1GaggN QWs
with a 5 nm well and 3 nm barrier thickness, spanning the entire 200-nm-thick
membrane (Figure 4.1(b)). The simulated intensity profiles (1,, I.) of the electric
field along with the corresponding refractive indices (n,, n.) in the E//a and
E//c polarizations are plotted in Figures 4.2(a-b), assuming the active region is
surrounded by a 4-pair top and a 10-pair bottom SiOs/Ta30O5 DBR mirrors
at the two sides. Furthermore, in Figures 4.2(c-d) are given the simulated
angle-dispersed reflectance data, where we observe pronounced ordinary (C,)
and extra-ordinary (C.) cavity modes at 360 nm (3.444 eV) and 361.6 nm
(3.4287 eV), respectively. Even though, the electric field intensities (Figure
4.2(a-b)) do not seem to be affected, there is a non-negligible shift between the
two cavity modes, as follows from the relation 3)\,/2n and n, > n,, which in the
specific design resulted to be 1.6 nm (15.3 meV). Since the extra-ordinary real
refractive index (n.) is always higher, the C, will be positioned in all cases at
higher wavelengths (C(\.) > Cy(A,)). It should be recalled that the determined

Q-factor in this device configuration is in the range of 1000.
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Figure 4.2: Refractive index and electric field intensity profile at (a) E//a and (b) E//c of an active region with
25 GaN/AlGaN QWs located in the whole range. The side regions of the simulated microcavity have a 4-pair
top and 10-pair bottom SiO3/Tas05 DBR mirrors (not shown). In (c¢) and (d) are presented the cavity modes
in the dispersed reflectance spectra for the two in-plane polarizations denoted as E//« and E//c.

As suggested in the literature [22], the non-polar quantum wells offer the
possibility to maintain the bandgap energies and exciton oscillator strengths of
GaN wells unaffected by the Stark Effect. This allowed us to fabricate thicker
quantum wells, while preserving high photoluminescence intensities compared
to the identical polar-oriented QW-structures [10-12]. The reason behind the
5-nm-thick QWs adopted here, was to lower the inhomogeneous broadening due
to QW width and alloy fluctuations, which are prominent in thin QWs [23]. On
the other hand, the reduction in the exciton binding energy (FEp) is expected

to be small [24]. In addition, the Aluminum content in the barrier layers was

applied to be 10 % in order to increase the barrier height and reduce the thermal
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Figure 4.3: (a) X-Ray diffraction as acquired from the as-grown non-polar structure and (b) photoluminescence
of the InGaN layer recorded from seven spots on the non-polar sample.

escape probability and dissociation of e - h pairs at room temperature conditions,
without inducing too much strain in the overall superlattice structure [3].

To achieve superior optical quality, the non-polar GaN/AlGaN quantum
wells were grown by plasma-assisted molecular beam epitaxy on commercial
320-pm-thick, nominally un-doped, m-plane crystalline GaN substrates acquired
from Suzhou Nanowin Ltd. The particular free-standing [1100]-oriented (m-)
substrates possess low dislocation densities (< 10° em™2), several orders of
magnitude lower than any non-polar heterostructure grown by heteroepitaxy,
and minimal surface roughness in contrast to other suitable templates such
as m-plane Al,Os or v-LiAlOy [25-28]. Once again here, the active region is
separated from the GaN substrate by a 25-nm-thick InGaN sacrificial layer
(Figure 4.1(b)), as optimized for the needs of the lateral bandgap-selective
photo-electrochemical (PEC) etching [29]. The targeted Indium concentration
in the InGaN layer was here also 14 % but as shown by X-ray diffraction (XRD)
in a 6-20 scan analysis (Figure 4.3(a)) and PL-mapping measurements at low
temperature at seven different spots on the sample Figure 4.3(b), it was assessed
to be around 6 - 7 %. To highlight the In-content variation between a polar and

non-polar sample grown under the same conditions, in Figure 4.3(a) is shown the
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XRD spectra from the two samples, the analysis of which gives a much higher
(~ 18 %) In content for the polar sample, indicated by the more negatively
in arc-seconds Indium XRD peak. Both measurements were performed by the
equipment given in Appendix F.

As displayed in the plot of Figure 4.3(b), the InGaN’s PL peak has an
average energy of 3.115 eV (398 nm) at low temperatures, which is marginally
higher than the laser energy used for PEC at 3.061 eV (405 nm). When moving at
elevated temperatures, the emission of the sacrificial layer follows the expected
temperature-induced shrinkage, reaching thus a central energy of ~ 3.069 eV
(404 nm), which is even closer to the laser’s excitation energy (dashed-blue
line). At the same time, during PEC-etching, the GaN/AlGaN QWs remain
unaffected since their RT PL energy is centered around 3.444 ¢V (360 nm). It
should be mentioned that incorporation of high Indium concentrations is not very
feasible in the non-polar samples. On the other hand, in the c-plane structure
of the same run, the In content was found much higher giving an average PL
emission energy for InGaN at 2.666 eV (465 nm) (~ 17 % of Indium) in close
agreement with XRD, demonstrating thus the high In-percentage contrast in
the two orientations. Another remark on Figure 4.3(b) is the almost identical
position of InGaN’s PL peak emission at the different spots, illustrating a large
uniformity of the non-polar InGaN layer over the sample. Even though the
targeted concentration was not achieved, this was not a limiting factor to succeed

the PEC-etching of the InGaN layer as we show later in the chapter.

4.4 Optical properties in the non-polar QWs

Next, the photoluminescence (PL) and the reflectivity (RFL) spectra were
acquired in the as-grown samples to further evaluate the growth quality and
optical characteristics of the bulk and QW excitons as a function of temperature.
The optical excitation for the photoluminescence was made by a cw He-Cd

Kimmon series laser at 325 nm and the reflectivity measurements using a Xenon
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lamp (Appendix F). In Figure 4.4, we present a comparison of PL. and RFL
spectra at the bulk GaN and GaN/AlGaN QW exciton region for the two
orthogonal polarizations (E//a and E//c) using a calcite Glan-Taylor prism,
recorded at 15 K and 120 K. The polarized reflectance intensities are normalized
to unity in order to determine the relative oscillator strengths among the two
polarizations. In general, the non-polar orientation is characterized by enhanced
PL intensities while RFL exhibits pronounced exciton features, demonstrating
the marked interaction of non-polar excitons with the incident photons as well
as the high optical quality of the m-plane quantum wells. More analytically,
in Figure 4.4(a) showing E//a spectra at 15 K, we distinguish the bulk Ag,n
and Bg.n excitons, located based on RFL spectrum at 3.479 eV and 3.484 eV,
having an energy difference of 5 meV. These values and energy difference are
in accordance with references [7,8,15,30] for unstrained m-plane and a-plane
bulk GaN, where both Ag,n and Bg,n exciton states are allowed in the E//«
polarization. The relatively weak feature at 3.494 eV is potentially attributed
to A%-3 exciton state and is denoted by a dached arrow due to uncertainty. If
this assignment is true, the 1s - 2s splitting is 15 meV and the corresponding
Rydberg energy for the A-exciton is 20 meV, which is somewhat on the low
side of exciton Rydberg values reported in the literature, which are between 22
and 26 meV [9]. Regarding QW-excitons, the allowed in this polarization Agw
exciton state is well resolved and positioned at 3.506 eV. A weaker Cow feature
is also visible at 3.529 eV.

Figure 4.4(b) illustrates the exciton transitions in the E//c polarization,
where in this case the Bg,ny (3.484 €V) and Cgyn (3.502 eV) bulk excitons are
clearly visible and are separated by an energy difference of 18 meV. On the other
hand, the Ag,n feature has disappeared indicating that the Ag,n has a strong
in-plane polarization dependence. In similar works [15,30], Cun (3.502 €V) has
been observed in both polarizations but with a much smaller component in E//«,

however in our case, we do not have a very clear picture. In the plot of Figure
4.4(b), the allowed QW-states, are the Bow at 3.514 eV and Cow at 3.529 eV,
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Figure 4.4: Photoluminescence and the corresponding reflectivity spectra of the as-grown structure in the (a)
E//a and (b) E//c at the temperature of 15 K. (¢c-d) The same analysis at the temperature of 120 K.

confirming the fact that in the QW case the main Agy and Bgy QW-states
are both orthogonally polarized in contrast to the corresponding bulk states.
This has been discussed by other groups [3,4], in terms of strain effects and
valence band mixing induced by the GaN / AlGaN lattice mismatch. Therefore,
the Al composition is vital in determining the relative oscillator strengths of
the QW-excitons. Moreover, the PL emission at cryogenic temperatures seems
to be from localized A-exciton states (Lgw ) since the corresponding peaks do
not shift in energy in the two polarizations, while the emission seems to be
strongly polarized along the E//«a [18]. Please note that the PL spectrum in
Figure 4.4(b) is multiplied x3 for better visibility. This is reasonable considering
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Figure 4.5: (a) Reflectivity spectrum of the as-grown m-plane structure as a function of the in-plane polarization
at 15 K. (b) PL peak intensity correlation versus temperature between of the E//a and E//c. (Inset shows the
room temperature photoluminescence in the two orientations).

that the Agy exciton state is the lowest energetically state, and therefore, is
better populated at low T. It should be also noted that as in the ” x38 polar”
QWs, no PL emission related to the AlGaN (barrier) layer is observed, due
to the superlattice structure. To move on, with increasing temperature, the
QW emission peak approaches the free-exciton features as a result of thermally
induced delocalization. This is evident in the PL: / RFL spectra recorded at 120
K (Figures 4.4(c-d)), where the PL peak has now a significant overlap with the
Agqw-feature seen in the RFL spectrum.

Figure 4.5(a) shows the reflectivity spectra at 15 K versus polarization
angle in the angle range 0° (E//«) - 90° (E//c) with a step of 10 degrees. The
position of each of the Agw, Bow and Cow exciton states of the GaN/AlGaN
QWs is denoted by colored dashed lines. By inspection of the RFL spectra, the
exciton lines appear undeniably polarized in agreement with other reports [3,4].
Specifically, the Agw exciton seems strongly polarized along E//a, with an
intensity ratio Ig//, /1E1q as high as 10 while the Bgy and Cow excitons appear
clearly orthogonally polarized, along the E//c polarization. From these RFL
spectra one can also qualitatively deduce that the Bgy exciton line appears

significantly weaker than both the Agy and Cow exciton lines. These results are
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in qualitative agreement with the k.p estimates of reference [3] for GaN/AlGaN
QWs for Al-content (z4;) ~ 5 - 10 %. In that work, x4, is assumed to control
the strain of the GaN layers, which strictly speaking is not the case in our-grown
samples, where the GaN layers are lattice-matched to the GaN substrate. This
is the case, however, of the free-standing GaN/Aly1GaggN QW membranes,
where the GaN samples feel a compressive strain, which is due to the presence
of the AlGaN layers and is proportional to z4;. In Figure 4.5(b) is given the
PL peak intensity ratio for the E//a and E//c polarization versus temperature.
At low T values, the PL peak intensity ratio is as high as ~ 3.25. This ratio
decreases gradually up to RT, reaching finally a value of approximately 1.4. In
general, the PL intensity at E//a was more enhanced at all temperatures. As
an additional information, it should be mentioned that the unpolarized PL of
the m-plane sample was 2 orders more intense compared to the c-plane structure
grown in parallel. The polar PL peak was also red-shifted due to the triangular
well potential caused by the Stark effect. The inset image in Figure 4.5(b) shows
the room temperature PL along the two in-plane polarizations, where the E//«
component originates mainly from the dominant free Agy excitons and the E//c
from free Bow + Cow excitons. Apart, from the indicated higher luminescence
intensity, the E//« polarization has also a smaller FWHM by 8 meV. In addition,
the energy shift between the two PL peaks at RT is about 12 meV, close to the
Aqw - Bow exciton energy position difference.

Following the same analysis up to room temperature, we present in Figures
4.6(a-b) the analyzed PL peak position and FWHM values versus temperature
from the acquired PL data in each polarization. Above a certain temperature of
about 100 K, the PL peak obeys the bandgap energy shrinkage. Applying the
Varshni model in both sets of PL data, the fitting for the PL res-shift results
in a = 0.88 meV/K and = 890 K parameters. However, the extrapolated
at zero-temperature Varshni curves differ from the respective PL peak energies
by as much as 12 meV in the E//a polarization and by 18 meV in the E//c

polarization. This is a clear indication of localization process in potential minima
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Figure 4.6: Energy peak along with PL linewidth versus temperature for (a) E//a and (b) E//c. The orange
curves in the graphs are obtained based on the Varshni model. (c-d) Photoluminescence versus temperature at
each of the two polarizations.

formed by well-width and barrier alloy fluctuations, in much the same way as

observed in the polar quantum wells. Regarding non-polar QW-structures, it

has been reported that localization effects are increasing as a function of the

well thickness [12]. In addition, the energy positions indicated by the Varshni

curves at zero temperature are not in perfect agreement with the determined QW

excitons in the reflectance data of Figures 4.4(a-b). For instance, in the E//a,

the Varshni energy at 0 K is 3.502 eV, whereas the Agy exciton in RFL is rather
3.506 eV. This can be possibly attributed to the fact that the E//a PL peak

contains additional contributions such as for instance from the GaN substrate,
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red-shifting the observed PL peak positions. Even worse is the situation in the
other E//c polarization, where in addition to the substrate PL one has to take
into account the fact that the localized Agy excitons are not fully polarized due
to the localization process diluting the polarization selection rules.

By taking into account Figure 4.6(a) for better accuracy, the ”de-trapping”
temperature of the non-polar QW-excitons seems to occur at 100 + 20 K. The
FWHM in the two plots (Figures 4.6(a-b)) has a linear-like dependence within
the localized temperature range similar to polar samples. The particularly
narrow linewidth (~ 12 meV) at 15 K demonstrates the considerably minimized
inhomogeneous broadening, owing to the relatively large well width and the high
quality growth. Above 70 + 20 K, there is an exponential like increase of the
FWHM linewidth for E//a;, likely due to thermal broadening of the Agy exciton
by LO-phonons. For E//c, the increase above 70 K is much more linear, likely
due to the multiple lines (Bow and Cgp). The 300 K FWHM value for E//a
is about 40 meV, whereas for E//c is close to 50 meV. This is consistent with
the multi-exciton nature of the PL emission in the E//c polarization. The PL
curves in Figures 4.6(c-d) present the PL spectra as a function of temperature,

from which were deduced the temperature evolution of PL peak position and
FWHM linewidth illustrated in Figures 4.6(a-b).

4.5 Time-resolved photoluminescence in non-polar QWs

To have an estimate of the exciton decay times (7...) in the as-grown
non-polar GaN/AlGaN QWs, we performed time-resolved photoluminescence
(TRPL) experiments in the temperature range of 5 K up to 300 K. Details of
the experiment along with the utilized conditions are given in Appendix D. From
the obtained TRPL curves, we have extracted the PL decay time as a function of
temperature presented in the graph of Figure 4.7(a). At low temperatures, the
lifetimes are approximately 160 ps, while as the temperature elevates up to 80 K

there is a pronounced increase towards the prolonged value of 460 ps. Beyond 80
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Figure 4.7: (a) Temperature dependence of non-polar QW-exciton lifetimes in the range from 5 K up to 300 K
under low optical excitation. The inset shows the time-resolved photoluminescence decay curve of QW-excitons
acquired at 300 K. (b) Arrhenius plot of the integrated PL intensity of the exciton peak obtained during the
same TRPL experiment along with the extracted parameters.
K, the decay times remain roughly stable with a slight decrease, reaching 384 ps
at RT. The rapid increase until 80 K is attributed to the delocalization and the
fact that the thermally-delocalized (or else free) excitons exhibit longer lifetimes.
The latter illustrates the major contribution of the energy traps in reducing the
e-h recombination times. On the other hand, the high decay times from 80 K
up to RT reflect the high optical efficiency and suppression of the non-radiative
channels in the as-grown sample. The localization temperature is taken to be
up to 100 K based on the data of Figure 4.6(a). The inset plot in Figure 4.7(a)
exhibits a characteristic PL decay curve of the non-polar GaN/AlGaN excitons
at RT. It should be referred here that similar behavior in the exciton lifetime
versus the temperature has been reported in reference [31] for an a-plane oriented
non-polar GaN/AlGaN heterostructure grown on a high quality GaN crystal.
In conjunction with TRPL measurements, further analysis was made by
recording the PL spectra for the corresponding temperatures during the same
experiment in order to calculate the spectrally-integrated PL intensities versus
1/kgT given in Figure 4.7(b). In the non-polar sample, it is visible that the

integrated PL intensity decreases by only 1.5 orders of magnitude from cryogenic
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temperatures up to RT, demonstrating the robust PL emission of non-polar
QWs due to the elimination of internal fields in the QWs along with the reduced
non-radiative channels within the structure. To have a better overview, we fitted
the particular set of data with an Arrhenious curve considering two activation
energies (inset of Figure 4.7(b)). The model gave an activation energy of E, =
39.39 meV and the other of E, = 5.50 meV. The first value cannot be attributed
to the thermal escape of excitons above the AlGaN barriers, as it was the case
in the polar sample. Perhaps the suppression of the over-the-barrier escape of
carriers can be attributed to the increased energy barrier height (10 % Al) in
this sample. The bandgap energy difference between the well and the barrier is
considered to be in the range of 150 - 200 meV. On the other hand, the value
of ~ 40 meV is in the range of the binding energy (Ep) of the GaN/AlGaN
QW excitons [3,4]. A similar amount for the high temperature activation
energy has been reported also in references [12,31,32]. This highlights the fact
that at high temperatures the main non-radiative mechanism is due to exciton
dissociation. Regarding, the smaller and less probable activation energy of 5.5
meV is believed to be a consequence of dissociation from the localized states
since it has comparable energy with the 12 meV localization energy obtained by
the Varshni fitting (Figure 4.6(a)).

Following the analysis given in reference [33], we decomposed the exciton
decay times into radiative (7,) and non-radiative (7,,) terms as shown in Figure
4.8. Taking into consideration the delocalization of excitons (orange-dashed line
in Figure 4.5(a)), we utilized as a fitting parameter the radiative efficiency at
100 K (n,(100K)) instead of the one at 5 K, while its value ranged between 0.1
and 1 to account for wrong estimations in 7, and 7,,.. For the n,(100K) = 0.5,
the exciton radiative decay at 300 K reaches an average value of 7.8 ns. On
the other hand, the non-radiative decay had in general a converging behavior
vs T, which for the same value of n,(100K) the RT decay was 403 ps. Despite
the domination of non-radiative channels at room temperature, non-polar QW

excitons exhibit markedly high RT exciton lifetimes. For clarity, the RT 7.,
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Figure 4.8: (a) Radiative (7,) and (b) non-radiative (7,,.) lifetime variation as vs temperature for a range of 7,
values from 0.1 up to 1.

value of ~ 384 ps can be compared again to the polar one of ~ 275 ps acquired
in our best polar samples [34]. This is a clear sign that the as-grown m-plane
samples are of sufficiently high optical quality in which defect-related processes
(eg. dislocation density) are relatively limited, confirming hence partially the
assumption that non-polar structures grown on high quality GaN substrates

have enhanced characteristics.

4.6 Fabrication of non-polar GaN/AlGaN membranes

At this point, the surface of the as-grown sample was patterned into square
mesas 1-pum-deep with an area of 45 um x 45 pm up to 155 um x 155 um
with the use of photolithographic and reactive ion etching process steps. This
enables the lateral undercut PEC-etching of the non-polar InGaN layer for
the separation of the non-polar structure into a thin membrane similar to the
previous polar membrane fabrication. Especially for this work, the orientation of
the photo-lithographic mask was such that the produced mesas edges follow the
two vertical orientations (c- and a-axis) of the GaN crystal. These orientations
were known from the rectangular shape of the GaN substrate as defined by

the company’s data-sheet characteristics. It should be mentioned here that an
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Figure 4.9: Scanning electron microscopy images of as-grown (a) polar [0001] and (b) non-polar [1100]
GaN/AlGaN samples right after mesa patterning. The inset AFM images were acquired on the as-grown surfaces,
revealing an RMS roughness of 0.65 nm (polar) and a 0.53 nm (non-polar) over an area of 4 um x 4 pm. In the
non-polar sample are indicated the in-plane orientations.
additional XRD analysis was performed in each of the two axis orientations prior
to patterning, where the c-axis scan was obtained to have a FWHM of 0.028
angle degrees in contrast to the value of 0.024 measured along the a-axis (not
shown). The particular low FWHM values indicate once again the high quality
of the substrate in comparison to the growth on other substrates [26]. The ratio
in the intensity of the XRD peaks was around 5 : 4. For visualization of the
surface morphology, Figure 4.9 shows the scanning electron microscopy (SEM)
images of a polar [0001] and non-polar [1100] oriented surfaces near the edge of
the referred mesas. The inset AFM images acquired in the tapping mode gave a
root-mean-square (RMS) roughness of 0.65 nm (polar) and 0.53 nm (non-polar)
measured over an area of 4 um x 4 um. The polar sample does not seem to have
any particular pattern on the surface. In contrast, the non-polar surface exhibits
oriented stripes along the a-axis that are more distinct in the AFM image. The
latter observation has been confirmed and discussed also by other experimental
and theoretical reports [25,35] and is attributed to the reduced diffusion barrier,
exhibiting Gallium atoms along the a-direction.

The etching procedure was performed once again by attaching the sample
on an electrochemical cell with embedded diluted KOH (4-10~* M) solution,
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Figure 4.10: (a) Schematic of the bandgap-selective PEC-etching method for non-polar membrane separation.
(b) Optical microscope image of a PEC-etched region with membranes varying from 45 x 45 um? up to 155 x 155
wm?. The inset SEM image shows the region indicated by the red square in the optical image.

allowing us to etch an active area of 7.8-107% ¢m? by a continuous wave 405-nm
diode laser illumination of around 4.5 mW, as shown in the illustration of
Figure 4.10(a). The applied reverse bias for the successful non-polar membrane
separation was around 4 V while the PEC-etching was left to run for an overall
time of approximately 45 minutes. Despite the earlier XRD and PL observation
that the InGaN layer did not have the desired In-percentage, the lateral etching
of the sacrificial layer was able to occur without any problems in the specific
non-polar sample as illustrated by the blueish-colored membranes which have
left their original positions as shown clearly in Figure 4.10(b). The SEM image
in the inset depicts the red-squared region marked in the optical image, where
the membranes have been detached and shuffled during processing with other
ones without breaking. This observation demonstrates the robustness of the
non-polar membranes considering the fact that their total thickness is only
~ 200 nm. The unintentional shuffling occurred when blowing the sample
with nitrogen to remove the deionized (DI) water droplets, utilized after each
PEC-etching experiment. It should be noted that the feasibility to obtain an

ultra-low root-mean-square (RMS) roughness on the bottom-etched surfaces of
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the free-standing III-nitride membranes offers a novel microcavity production in
contrast to previous solutions that were encountered with low optical quality.
Our non-polar PEC-etching achievement paves the way for even more efficient
all-dielectric DBR GaN-based microcavities which could play a vital role in
reduced polariton lasing thresholds compared to the already demonstrated in
polar devices.

After PEC-etching, the free-standing non-polar membranes with embedded
x25 GaN /Aly1GaggN QWs were transferred one by one on other substrates by
the already developed dry-transfer method with the use of a probe station. The
transfer of membranes on double-polished Sapphire substrate allowed to perform
polarization-resolved p-photoluminescence (u-PL) and p-transmittance (u-T)
measurements. For microcavity fabrication, the membranes were transferred
onto a bottom 10-pair Si0y/Tas0; DBR deposited by e-beam evaporation on a
Si substrate, which had been characterized earlier by reflectivity to confirm that
the stopband is centered at the right wavelength position (Figure 3.10(a)). The
polarized PL spectra of a bare membrane attached on a Sapphire substrate were
obtained by utilizing a Glan-Taylor polarizer at the entrance of the spectrograph.
The rotation of the polarizer from 0 up to 350 angle degrees with a step of 10
degrees revealed as expected a polarization dependence in the room temperature
photoluminescence (contour plot in Figure 4.11(a)). In the specific data, the PL
emission at 0° (and 180°) refers to E//c polarization while 90° (and 270°) refers
to E//a. The drastic dependence arises from the already discussed anisotropic
behavior of the Agw (E//a) and Bow (E//c) QW-excitons [3,4]. The Cow has
also a contribution along the E//c polarization.

In Figure 4.11(a), the E//a and E//c polarizations are indicated by arrows,
while the location of the two excitons with the dashed-dotted and dashed lines.
It should be noted that the non-negligible decrease in the recorded PL emission
at the range 180° - 350° resulted from a slight misalignment during the rotation of
the polarizer and not from the non-polar sample itself. The PL peaks in the two

polarizations have an energy difference of around 11 meV. As discussed earlier,
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Figure 4.11: (a) Contour plot of the room temperature photoluminescence in non-polar membrane with embedded
25 GaN/AIGaN QWs by rotating a polarizer from 0 up to 350 degrees and (b) the photoluminescence only at
the E//a and E//c polarizations. The inset is an optical of a transferred 45 um x 45 m non-polar membrane.
the low energy peak comes predominantly from free Agy excitons, while the
higher energy peak (E//c) is a mixture of Bow and Cop excitons. In contrast
to the Bow + Cow peak, the Agw exciton has obviously higher PL intensity
as observed also in the as-grown structure, but here the respective ratio was a
bit larger 9 : 4. The increased PL intensity of Agw at RT is attributed to the
higher occupancy of the thermally-de-trapped Aoy excitons. In the particular
set of measurements, the FWHM of the two PL signals was measured to be 48
meV for the Agw and 57 meV for the Bow + Cow.

In the work of Rossbach at al. [3], they performed k.p calculations for an
m-plane GaN layer pseudomorphically grown on AlGaN to describe the relative
oscillator strengths of the main exciton transitions. As it is clarified, there is a
non-trivial modification in the oscillator strengths as a function of Al content
due to the compressive strain affecting GaN. Based on their model for a ~ 7 %
Al and 1.7-1073 strain along the growth direction (€,,), the relative oscillator
strengths of the QW excitons are distributed as 0.92 (Agw ), 0.05 (Bgow) and 0.04
(Cow) for the E//a while 0.06 (Agw), 0.87 (Bgow) and 0.11 (Cow) for the E//c
polarization. From our observations, it is believed that the referred values must

be relatively close to the ones exhibited by our produced superlattice structure

133



CHAPTER 4 Nitride Polariton Lasers

when it is in the free-standing membrane form. From the stated polarization
selection rules, it can be understood that the Bow + Cow seem to have a small
contribution to the PL signal in E//a and respectively the Aoy in the E//c.
This could explain in part the relatively large FWHM in both polarizations.
The inset optical image in Figure 4.11(b) shows a transferred 45 um x 45 um
non-polar membrane. As indicated, the in-plane axes were designed to be parallel

to the edges of the membranes.

4.7 Optical density in non-polar QWs

To derive the optical density (OD) and absorption coefficient of the x25
non-polar GaN /Aly1GagoN QWs and further evaluate their oscillator strength
properties, we acquired the room temperature p-transmittance spectra given in
Figure 4.12(a) in the two in-plane polarizations (E//a and E//c) from membranes
transferred on double-polished Sapphire substrates. As depicted in Figure 4.12(a),
the u-T spectra exhibit a Fabry-Perot oscillation behavior similar to the polar
bulk and QW membranes discussed in Chapters 2 and 3, illustrating again
the air / nitride / air configuration. Then, by employing the standing wave
methodology developed in the previous chapters, it was possible to extrapolate
the optical density spectra given in Figure 4.12(b). In Figure 4.12(a), the slight
shift between the two spectra discrepancy in the transparent region is due to
birefringence, while at the exciton absorption (3.47 - 3.48 eV) due to dichroism.
Some contribution from chromatic aberration in the optical components is also
present at lower energies (< 2.6 eV). The fitting of the Fabry-Perot oscillations
in the depicted u-T spectra give a refractive index difference (An = n, - n,)
of about 0.025 in the measured energy region. This value is compatible with
other reports [17,21]. Moreover, the fitting allowed also the estimation of the
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