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PerÐlhyh

O kÔrioc skopìc thc didaktorik c diatrib c pragmateÔetai thn kainotìma

an�ptuxh mikrokoilot twn basismènec se NitrÐdia tou GallÐou wc energì ulikì

kaj¸c kai th qr sh dihlektrik¸n kajreft¸n ekatèrwjen twn duo pleur¸n touc

gia th meÐwsh thc puknìthtac enèrgeiac katwflÐou se leitourgÐa sÔmfwnhc kai

monoqrwmatik c ekpomp c fwtìc upì optik  �ntlhsh se jermokrasÐa dwmatÐou

gia th jèspish teqnologik¸n jemelÐwn kai th metagenèsterh kataskeu  hlektrik�

antloÔmenwn dom¸n. H di�taxh miac mikrokoilìthtac mac prosfèrei th dunatìthta

na gÐnei melèth thc isqur c allelepÐdrashc metaxÔ tou fwtìc kai thc Ôlhc me thn

Ðdia enèrgeia kai orm , kai ètsi, mac epitrèpei na exereun soume tic dunatìthtec

enìc mh tetrimènou fusikoÔ sust matoc kaj¸c kai thn axiopoÐhsh tou se melontikèc

optohlektronikèc suskeuèc kai efarmogèc. Sthn paroÔsa ergasÐa, wc domik� susta-

tik� thc Ôlhc qrhsimopoioÔntai ta zeÔgoi hlektronÐou-op c, gnwst� sth biblio-

grafÐa wc exitìnia, ìpou parathroÔntai se mh-organik� (ìpwc h paroÔsa melèth)

kaj¸c kai se organik� hmiagwgik� ulik�. Ean h allhlepÐdrash fwtìc-Ôlhc eÐnai

arket� isqur , ìpou eÐnai efiktì ìtan oi sunolikèc ap¸leiec tou sust matoc eÐnai

meiwmènec, h di�krish twn arqik¸n katast�sewn q�netai kai dhmiourgoÔntai nèec

oioneÐ-katast�seic me tic idiìthtec twn exitonÐwn kai twn fwtonÐwn. Se aut  th

perÐptwsh, to sÔsthma leitourgeÐ upì to legìmeno “kajest¸c isqur c sÔzeuxhc”

kai ta paragìmena swmatÐdia onom�zontai “polaritìnia”. H aujìrmhth sullogik 

sumfwnÐa aut¸n twn swmatidÐwn epitrèpei th sumpÔknwsh touc sthn jemeli¸dh

kat�stash, ìpou anafèretai sth bibliografÐa wc polaritonikì lèðzer qwrÐc na

gÐnetai anastrof  twn plhjusm¸n, en¸ epitrèpei th parat rhsh kai �llwn fusik¸n

fainomènwn ìpwc h parametrik  skèdash, h uperreustìthta ktl. exaitÐac twn mh

sunhjismènwn qarakthristik¸n touc na eÐnai misì-fwc/misì-exitìnio se susqètish

me thn oioneÐ-mposonik  touc fÔsh. Parìla aut�, h parat rhsh twn fainomènwn

aut¸n paramènei èna apaithtikì èrgo ìtan anebaÐnei h jermokrasÐa, en¸ o telikìc

stìqoc na eÐnai efikt  h leitourgÐa touc se sunj kec perib�llontoc èqei duskolèyei

poll� ereunhtik� ergast ria gia poll� qrìnia. Proofan¸c, o kÔrioc lìgoc eÐnai h
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gr gorh apodiègersh twn exitonik¸n ontot twn exaitÐac thc peperasmènhc desmik c

enèrgeiac touc se anìrganouc hmiagwgoÔc, h opoÐa den touc epitrèpei na “z soun”

par� mìno se kruogenikèc sunj kec. H kbantik  mhqanik  èqei deÐxei ìti o periori-

smìc twn forèwn mèsa se kbantik� phhg�dia enisqÔei th desmik  enèrgeia enìc

zèugouc hlektronÐou-op c, ìpwc kai th dÔnamh tal�ntwshc thc optik c met�bashc.

ProhgoÔmenec ergasÐec se ulik� meg�lou energeiakoÔ q�smatoc, ìpwc to NitrÐdio

GallÐou, èqoun deÐxei thn ikanìthta na upernik soun, to ligìtero en mèrh, touc

prohgoÔmenouc periorismoÔc, efìson oi exitonikèc katast�seic katèqoun desmikèc

enèrgeiec oi opoÐec eÐnai sugkrÐsimec tou kBT se jermokrasÐa dwmatÐou, en¸ mporeÐ

na eÐnai polÔ megalÔterec ìtan to ulikì qrhsimopoieÐtai se lept� kbantik� phg�dia.

�Oson afor� to fwtonikì periorismì, h kataskeu  perilamb�nei uyhl c poiìthtac

anaklastikoÔc kajrèptec oi opoÐoi tic perissìterec forèc eÐnai kataskeuasmènoi

apì katanemhmènouc anaklast rec Mpragk se epÐpedh di�taxh. AutoÐ oi kajrèptec

eÐnai basik� mia stoÐba apì enallasìmena ulik� me meg�lo kai mikrì deÐkth di�jlashc

pou topojetoÔntai kai apì tic dÔo merièc tou energoÔ ulikoÔ.

Mia shmantik  perÐptwsh, endiafèrontoc sthn epikeÐmenh ergasÐa, eÐnai

ìtan dihlektrikoÐ kajrèptec qrhsimopoihjoÔn san p�nw kai k�tw k�toptra, exaitÐac

tou auxhmènou fwtonikoÔ periorismoÔ pou prosfèroun me me polÔ mikrìtero arijmì

enallasìmenwn zeug¸n. Opìte o kÔrioc stìqoc eÐnai na beltiwjoÔn prohgoÔmenec

epÐpedec suskeuèc mikrokoilot twn, me to na kataskeuastoÔn upèrlepta film Nitri-

dÐou tou GallÐou me mikr  epifaneiak  traqÔthta, qrhsimopoi¸ntac thn teqnik  thc

fwto-hlektroqhmik c egq�raxhc ìpou gÐnetai epilektik  afaÐresh enìc str¸matoc

NitridÐou IndÐou GallÐou. O optikìc sqediasmìc kai h prosomoÐwsh twn dihlektrik¸n

mikrokoilot twn ègine me th qr sh logismikoÔ se upologist  ¸ste na epiteuqjeÐ o

epijumhtìc suntonismìc an�mesa sto optikì trìpo tal�ntwshc kai sthn exitonik 

kat�stash mèsa sthn energì perioq . H an�ptuxh ègine me th teqnik  moriak c

epÐtaxhc upobohjoÔmenh me pl�sma se polik� upostr¸mata NitridÐou GallÐou p�nw

se S�pfeiro gia tic polikèc domèc kai p�nw se mh-polik� upostr¸mata NitridÐou

GallÐou gia tic mh-polikèc domèc apì sunergazìmeno forèa sth GallÐa. �Ola ta

deÐgmata melet jhkan apì èna eÔroc teqnik¸n gia na ektimhjeÐ h poiìthta kai ta
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qarakthristik� touc. Sugkekrimèna, sto kef�laio 1, dÐnetai to jewrhtikì upìbajro

twn III-nitridÐwn ulik¸n kai thc polaritonik c fusik c. Sto kef�laio 2, h melèth

esti�zetai sto na kataskeuastoÔn uper-leÐec upì tou m kouc kÔmatoc membr�nec

NitridÐou tou GallÐou me to na gÐnei fwto-hlektroqhmik  egq�raxh enìc st¸matoc

NitridÐou IndÐou GallÐou, dieukolÔnontac th melèth tou suntelest c aporrìfhshc

twn membran¸n me b�sh metr sewn mikro-diaperatìthtac kai lamb�nontac up�ìyh

ta fainìmena st�simou kÔmatoc. To kef�lio 3 perigr�fei th qrhsimopoihj sa

mejodologÐa gia na kataskeuastoÔn ex-olokl rou dihlektrikèc mikrokoilìthtec

kataskeuasmènec apì ta oxeÐdia PuritÐou kai Tant�lou, ìpou parousi�zoun mia

meg�lh antÐjesh sto deÐkth di�jlashc, kai polikèc membr�nec apoteloÔmenec apì

nitrÐdia GallÐou kai AlouminÐou GallÐou, ìpou epitrèpoun thn parat rhsh kal�

kajorismènwn polaritonik¸n katast�sewn ston an�strofo q¸ro me th qarakthri-

stik  anti-temnìmenh sumperifor�, kaj¸c kai,thn axioshmeÐwth sÔmfwnh ekmpomp 

fwtonÐwn apì polaritìnia (polaritonikì lèðzer) se jermokrasÐa dwmatÐou me th

qr sh mìno tess�rwn enallassìmenwn zeug¸n ston p�nw kajrèpth. Sto kef�laio

4, h Ðdia prosèggish efarmìsthke kai sthn mh-polik  dieÔjunsh gia th kataskeu 

dihlektrik¸n mikrokoilot twn apì uyhl c poiìthtac mh-polikèc membr�nec nitridÐwn

GallÐou kai AlouminÐou GallÐou gia pr¸th for�. O upì dierèunhsh teleutaÐac

teqnologÐac sqhmatismìc mikrokoilìthtac epèdeixe endiafèronta polaritonik� qara-

kthristik� exaitÐac thc epÐpedhc anisotropÐac tou ulikoÔ, en¸ jètei nèo rekìr

katwflÐou enìc polaritonikoÔ lèðzer exaitÐac thc ex�leiyhc twn eswterik¸n pedÐwn.

Telik�, gia na xeperastoÔn periorismoÐ sthn enapìjesh twn dihlektrik¸n kajreft¸n

exaitÐac thc meg�lhc jermik c t�shc pou dra se lept� fÐlm ìtan aut� kru¸soun

apì th jermokrasÐa thc enapìjeshc, to kef�laio 5 eis�gei mia nèa kataskeu 

mikrokoilot twn me th qr sh metaferìmenwn kajrefto-membran¸n apì oxeÐdia gia

th qr sh touc san p�nw kajrèptec, twn opoÐwn h leitourgÐa epitèuqjhke se l/2

(mìno oxeÐdia) kai 3l/2 (polaritonikèc) koilìthtec.
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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 kBT 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 III/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 III-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 µ-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 SiO2 and Ta2O5, 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 (t-DBR) as top mirrors, whose

successful operation was confirmed in λ/2 (only oxide) and 3λ/2 (polariton)

cavities.
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1.4 Schematic of (a) normal incident and reflected photons on a 10-pair
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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]. . . . . . . . . . . . . . . . . . . . . . 24
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3λo/2n thickness by accounting for multiple reflections of either

incoherent waves represented by a decaying intensity (purple solid
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2.3 (a) PL and RFL data at 35 K. Arrows indicate the excitonic AGaN ,
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2.6 Schematic of the µ-transmittance setup, where collimated white

light from a Xenon lamp illuminates the sample and an achromatic
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Top view optical images of a 4-pair SiO2/Ta2O5 top-DBR mirror

deposited on a patterned GaAs substrate, before and after the

PMGI mask-layer lift-off. (g) Micro-reflectance spectrum of a

4-pair SiO2/Ta2O5 DBR on a GaAs substrate in comparison

with the simulated TMM data. Inset shows a SEM image of

a transferred 4-pair DBR membrane, illustrating the uniformity

of the evaporated layers. . . . . . . . . . . . . . . . . . . . . . . . 157

5.3 Schematic of the µ-reflectance 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 10 on a 100 µm pinhole

at the entrance of the spectrograph. The pinhole is utilized for

spatial filtering, as well as to drastically reduce the scattered light
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5.4 (a)-(d) Schematic illustrations of the final processing steps needed

for the transfer of the membrane top DBR’s on a pre-deposited
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previously mentioned template. (f) A free-standing SiO2/Ta2O5

top DBR membrane transferred on the bottom DBR/Sapphire

template. (g) Top-view optical image of the structure shown

in (e), after the polyimide removal, depicting clearly the t-DBR

membranes. Missing membranes from certain spots have been

transferred on other templates for further experiments. . . . . . . 159

5.5 (a) Micro-reflectance spectra of the 4-pair top DBR membrane

following transfer on Sapphire substrate (solid) along with the

TMM simulation (dashed), while an additional transfer on an

8-pair bottom-DBR/Sapphire exhibits a fully-functional λ/2 oxide
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around the experimental cavity mode of the λ/2 oxide cavity

(solid) along with the simulation for 50 cm−1 (dashed), 200 cm−1

(short-dashed) and 600 cm−1 (short-dotted) mirror losses. . . . . . 160

5.6 (a) A schematic of the fabricated 3λ/2 GaN-based microcavity

with 38 polar GaN/Al0.07Ga0.93N QWs similar to the one shown

in the optical image (b). The cross-like feature in the image is the

4-pair top-DBR mirror, while the yellowish layer underneath is the

38 polar GaN/AlGaN QW-containing membrane. (c) The k-space

imaging data from the mentioned microcavity, demonstrating that

the device remains in the strong coupling regime at RT with a

Rabi splitting of 68 meV. . . . . . . . . . . . . . . . . . . . . . . . 162
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5.7 The k-space PL imaging data from a non-polar microcavity with

25 non-polar GaN/Al0.10Ga0.90N QWs, demonstrating that the

device remains in the strong coupling regime for both polarizations

at room temperature with a Rabi splitting of (a) 59 meV for E//α
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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 (10−5me) of exciton-photon polaritons in comparison to eg. atoms (104me),

where the transition temperature is limited to µK [14, 15]. Another example of

condensation that the research community is actively working on is the exciton

condensation with Mexc ≈ me. 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, AlN, 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 α and c. The minimum of the conduction band lies at the Γ-point (k

= 0), meaning the center of the brillouin zone, with a Γ7 symmetry (C6v) and

a quantum number J7 = 1/2, labeled as Γ7c. Regarding the valence band, the

maximum point is also at the Γ-point, thereby making these materials direct

bandgap semiconductors. More specifically, the valence band splits in three

sub-bands, Γ9v, Γ7uv and Γ7lv due to crystal-field and spin-orbit coupling of C6v

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 [0001̄]

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 · c, with

u (= 3/8) being the internal parameter, corresponds to the length of the anion

(N 3−) - cation (Ga3+) 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 Γ-point due to valence band splitting
[33]. (b) Energy bandgap of the III-V wurtzite binaries as a function of the lattice parameter α [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 (Psp) while the strain induces piezoelecric polarization

(Ppiez) vertically to the material layer, resulting to bound charge concentrations

(σpolar) at the interfaces of the materials [35–37].

~Ppolar.n̂ = Ppiez,⊥︸ ︷︷ ︸
lattice mismatch

+ Pspont,⊥︸ ︷︷ ︸
crystal symmetry

= +σpolar (1.1)

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 (EB) [41, 42], which for the AGaN 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 EB

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 (kBT = 26 meV). Therefore, the electron-hole pairs, named as

excitons, are still attracted to each other without dissociating.

Similar to GaN, Aluminum Nitride (AlN) and Indium Nitride (InN) are

also interesting materials due to the higher (EAlN
g : 6.00 eV) and lower (EInN

g :

0.61 eV) than GaN’s bandgap energy (EGaN
g : 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, AlN and InN can be found elsewhere [29, 45, 46].

By adjusting the concentration of Al, one can synthesize alloys of AlxGa1−xN

by combining AlN 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 InAlN 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

E(T ) = E(0)− αT 2

β + T
(1.2)

where E(0) is the expected value for energy bandgap at T = 0 K, while α =

0.909 meV/K and β = 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

Γ(T ) = Γo + γacT +
ΓLO,1

e
ELO,1
kBT − 1

(1.3)

where Γo accounts for temperature-independent inhomogeneous effects such as

the alloy composition fluctuations, lateral thickness variation, imperfections in

the crystal and backround impurities, while γac and ΓLO 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 (ELO,1 = 91.7 meV) with ΓLO,1 = 375 meV indicating a large exciton

coupling with LO-phonons, while typical values for the rest terms are Γo = 10

meV and γAC = 15 µeV [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
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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 Al2O3. Combining all III-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. AlyGa1−yN/AlxGa1−xN/AlyGa1−yN , 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

Fwell = −∆P

εo

Lbarrier
εr,wLbarrier + εr,bLwell

, ∆P = ∆Ppiez + ∆Pspont (1.4)
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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 α-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 εo, εr are the vacuum and relative permittivities, L denotes the thickness

and ∆P is the difference in polarization, introducing thus a redshift of QW

energy bands by a factor of −eFwellLwell. The most promising solution to

this problem is to grow the QW-structure along a non-polar direction (m- or

α-) (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 Schrödinger’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

[−~
2∇2

e

2m∗e
−~2∇2

h

2m∗h
+V conf

e (~ze)+V conf
h (~zh)−

e2

4πεrεo|~re − ~rh|
]ψ(~re, ~rh) = E2D

excψ(~re, ~rh)

(1.5)

where ψ(~re, ~rh) describes the exciton wavefunction. The resulting eigen-energies

of the system are given by

E2D
exc = Eg + Econf

e + Econf
h︸ ︷︷ ︸

Ee−h,n

−
R∗y

(n− 1
2)2︸ ︷︷ ︸

Eb,n

+
~2K2

//

2Mexc︸ ︷︷ ︸
Edisp

, n = 1, ..,∞ (1.6)

where Ee−h,n and Eb,n are the photon energy and the exciton binding energy

respectively, of the en−hn exciton state of the quantum well, Edisp is the kinetic

energy of the exciton with K// the in-plane wavevector, R∗y = µr
meε2r
× 13.6 eV

is the effective (exciton) Rydberg energy with µr =
m∗em

∗
h

m∗e+m
∗
h

the reduced exciton

mass, Mexc = m∗e + m∗h is the exciton translational mass with m∗e and m∗h the

effective masses of the electron and hole, while me is the free electron mass.

Considering the following values for GaN, εr = 8.9, m∗e = 0.18me and m∗h =

0.8me (heavy hole), we obtain an effective Rydberg energy R∗y ≈ 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

ρ2D =
n∑
i=1

µr
π~2

H(E − E2D
exc) (1.7)

where H(E) 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
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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

Wi→f =
2π

~
∑
f,i

|〈f |Ĥ ′|i〉|2ρ2D (1.8)

where i, f initial and final states with energies Ei and Ef , respectively, and Ĥ ′ = -

e~re−h. ~Eph is the interaction Hamiltonian with e being the charge of the electron,

~re−h the relative motion of electron-hole pair and ~Eph the electric field of the

photon. The square of the transition matrix element Mfi = 〈f |Ĥ ′|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
S

=
2Nωfi
εo~

|〈f |Ĥ ′|i〉|2 (1.9)

where N is the number of oscillators, ωfi is the transition frequency and εo

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 (γexc). 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).
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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 R1 and R2, 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 (Lcav) of the mirrors. This can be succeeded by utilizing

a mirror distance equal to

Lcav = m
λo

2ncav
(1.10)

where m is a positive integer, λo the ”design” wavelength of the cavity in air

and ncav is the average refractive index of the cavity medium at the designed

wavelength (λcav = λo
ncav

) [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 (∆νFSR), is given by

∆νFSR =
c

2Lcavng
(1.11)

where c is the speed of light in vacuum while ng 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 ∆νFSR to the resonant

linewidth (∆νFHWM) is called Finesse (F) and depends strongly on the mirror

reflectivities R1, 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).
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Figure 1.3: Illustration of (a) the standing waves for m = 1, 2 and 3 in a Fabry-Perot resonator made by metallic
mirrors with side mirror reflectivities R1 and R2 distanced Lcav, while in (b) the graph shows the transmitted
intensity versus the frequency. The allowed resonant frequencies inside the resonator are distanced by ∆νFSR.

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 Q = mF , where m is the cavity

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

up to the following relation

Q =
Ecav

∆E
=
λcav
∆λ

=
2πcτcav
λo

(1.12)

where in the numerator Ecav (λcav) 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 ∆E or wavelength ∆λ. In essence, this relation

represents the average lifetime of cavity photons (τcav) and depends critically on

the top and bottom mirror reflectivities R1 and R2. 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.
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1.5 Distributed Bragg Reflectors

A distributed Bragg Reflector (DBR) is a multilayered stack of high (nH)

and low (nL) refractive index materials (Figure 1.4(a)), with a quarter-wavelength

(λo/4ni) thickness in each layer, where λo is the wavelength of central maximum

reflectivity and ni the refractive index of the ith 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 (Rmax = 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

Rstopband =

[
ni(nH)2N − ns(nL)2N

ni(nH)2N + ns(nL)2N

]2

(1.13)

∆λstopband =
4λo
π
arcsin

(|nH − nL|
nH + nL

)
(1.14)
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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 (Rmax =
1) at the main ”stopband” region. At higher and lower wavelengths there are less pronounced peaks as expected
also from theory.

where ni, ns are the refractive indices of the incident and substrate mediums,

N is the number of alternating pairs, nH / nL are the high and low refractive

indices of the DBR materials and λo 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 × 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

Leff = Lcav + LtopDBR + LbottomDBR (1.15)

where Lcav is the length of the cavity layer and

LDBR =
λo

4ncav

nLnH
|nH − nL|

(1.16)

is the effective length in each DBR reflector due to penetration of the electric

field. The variables λo and ncav are the wavelength of the cavity mode (in free

space) and the refractive index of the active material in the cavity, nH and
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Figure 1.5: Design of (a) a λ-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.

nL 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 λ/2n oxide

layer (without exciton emitters). The energy dispersion of the cavity photons

can be described by starting the analysis from the quantized wavevector

~kz =
2π

λcav
ẑ =

mπ

Leff
ẑ. (1.17)

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

the wavevector |~k| (=
√
k2
z + k2

//) in the relation for the cavity photon energy

(Ecav = ~ωcav = ~ucav|~k|) and expanding in Taylor series, it yields

Ecav =
~c
ncav

√
(
mπ

Leff
)2 + k2

// ≈
~c
ncav

(
mπ

Leff
) +

~c
2ncav

k2
//

( mπ
Leff

)
= Eo +

~2k2
//

2mcav
(1.18)

As presented in Figure 1,5(b), the above equation gives a parabolic dispersion
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around a quantized value Eo 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

mcav =
mπ~ncav
cLeff

≈ 10−5me or 10−4Mexc (1.19)

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 (Eexc(k//)) looks flat in the same k// range of

the cavity mode, and hence, Eexc 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 (θext) of photons escaping the microcavity is

k// =
E

~c
sinθext (1.20)

where the approximation is valid if kz � k//. The photon decay rate (1/τcav) of

the microcavity due to mirror losses [7] can be estimated by

1

τcav
=

1−
√
R1R2

4
√
R1R2

c

ncavLeff
(1.21)

where R1, R2 are the mirror reflectivities in the microcavity. Furthermore, for

oblique angles (θ), 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 (ΩRabi = ∆ERabi/~), 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 k// 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 (δ) can be
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Figure 1.6: (a) A complete λ-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 (~ΩRabi), 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 (go) is larger than the linewidths (γexc, γcav) 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

Ĥ =
∑
k//

Ecav,k//(â
†
k//
âk//)︸ ︷︷ ︸

Ĥcav

+
∑
k//

Eexc,k//(b̂
†
k//
b̂k//)︸ ︷︷ ︸

Ĥexc

+
∑
k//

go(â
†
k//
b̂k// + âk// b̂

†
k//

)

︸ ︷︷ ︸
Ĥint

(1.22)

where â†k//, b̂
†
k//

are the creation, and âk//, b̂k// the annihilation operators for

cavity photons and excitons having an in plane wavevector k//, while go is the

exciton-photon coupling strength directly affecting the energy splitting of the

polariton states occurring at the anticrossing point. As a result, for go = 0 there

is no interaction between the photons and excitons and the states remain are

uncoupled (weak coupling). For go 6= 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

Ĥ =

[
Ecav,k// − iγcav go

go∗ Eexc,k// − iγexc

]
(1.23)

where Eexc,k// and Ecav,k// are the exciton and photon energies, while γexc and

γcav 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 go, 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 (δk//=0) with the creation of an upper and

a lower polariton branch (solid lines). In (b) are depicted the exciton |Xo|2 and photon |Co|2 fractions in the
lower polariton branch versus detuning.

with a high Q-factor (R1, R2 = 1), go is given by

go = ~

√√√√ e2NQW
eff fexc/S

2meεon2
effLeff

(1.24)

where e is the charge of the electron, me the free electron mass, εo the vacuum

permittivity, NQW
eff 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, fexc/S the oscillator strength of the QW per unit

area, neff =
√
εr the effective refractive index of the active region, and Leff 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:

EUP,k// =
1

2
[Eexc,k// + Ecav,k// − i(γexc + γcav) +

√
4g2

o + (δk// − i(γexc − γcav))2]

(1.25)
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ELP,k// =
1

2
[Eexc,k// + Ecav,k// − i(γexc + γcav)−

√
4g2

o + (δk// − i(γexc − γcav))2]

(1.26)

where δo = Eexc,o−Ecav,o is the detuning at k// = 0 (Figure 1.6(b)). In literature,

the case in which δo < 0 (or δo > 0) is often called negative (or positive) detuning.

An example, of the energy splitting for a range of detunings considering a

coupling constant go 6= 0 and a zero in-plane wavevector is visible in Figure

1.7(a). The corresponding exciton and photon fractions (|Xo|2, |Co|2) 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 ∆ERabi (= ~ΩRabi) (Figure 1.6(b)), gives

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

zero detuning (δo =0), where Eexc = Ecav and γaver = γexc+γcav
2 being the average

polariton linewidth, we obtain

~ΩRabi = 2

√
g2
o −

(γexc − γcav)2

4
(1.27)

which shows that to obtain the strong coupling regime the coupling constant

is not the only parameter which plays a role. Instead, the condition 4g2
o >

(γexc − γcav)2 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 ~ΩAbs
Rabi, 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

the other hand, the total losses of the system can be described as γcav(γ
inhom
cav ,
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γhomcav ) and γexc(γ
inhom
exc , γhomexc ). 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 (|kbott// |). 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 λDB defined by Louis de Broglie [101], which describes

the wave nature of massive particles and is expressed as follows

λDB =
h√

2πmkBT
(1.28)

where h is the Planck’s constant, m the mass of the particle, kB Boltzmann’s

constant and T the temperature. Having a particle with a huge mass at a

high temperature the above relation shows that the λDB will go to zero as the

rest of the parameters are constant. On the other hand, for a light particle

at low temperatures, the λDB 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 (λDB ≈ dint) in conjunction with

a critical temperature (Tcrit) there will be, based on quantum mechanics, overlap

due to the spatial extent of their symmetric wavefunction tending to condense

them. Moreover, if λDB � dint and T ≤ Tcrit, 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 Tcrit in the case of an ideal 3D Bose gas is given by

Tcrit =
2π~2

mkB

( n

2.612

)3/2

(1.29)

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 Tcrit),

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-Einstein distribution [99, 100], polariton

statistics is described by the following equation

fbos(k//, T, µ) =
1

e
E(k//)−E(0)−µ

kBT − 1

(1.30)

where k// is the polariton’s in-plane wavevector, E(k//) the dispersion relation,

E(0) the ground state, kB Boltzmann’s constant, and µ 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

(10−5me). On the contrary, atoms having a much larger effective mass (104me)

are limited to condense at temperatures lower than µK [14, 15], while exciton

condensation (Mexc ∼ me) 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 (10−5me) 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 (τrel) of polaritons is faster than the polariton

radiative decay (τpol), while the second is the case where τpol << τrel 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 (δ > 0) or more photonic (δ < 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 (nsat),

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 (EB) 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 1013 cm−2 [23, 102, 103, 109], which is higher

than other semiconductors due to the small exciton Borh radius (rexc ∼ 3 nm).

Therefore, the critical density of polaritons for condensation inside the LPB

trap should be lower than the Mott transition density (nsat). 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

III-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 4·10−4 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 7.8·10−3 cm2 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 (EInGaN < E405nm < EGaN). 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 (Vrev) 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+ + 6OH− ⇒ (In,Ga)2O3 + 3H2O +N2 (1.31)

while the chemical reaction for the oxide dissolution is

(In,Ga)2O3 + 6OH− ⇒ 2(In,Ga)2O3
−3 + 3H2O (1.32)

The holes at the surface of the semiconductor, in our case of the InGaN, 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 = Irev +

Iphot) compared to no illumination (I = Irev), 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 SiO2 / Ta2O5 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 (t-DBRs) for their use as top mirrors in all-dielectric microcavities.
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Lagoudakis, A. V. Kavokin, J. J. Baumberg, G. Christmann, R. Butté, E.
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Sanvitto. ”Room-temperature superfluidity in a polariton condensate”, Nat.

Phys. 13, 837 (2017).

[93] J. Ciers, J. G. Roch, J.-F. Carlin, G. Jacopin, R. Butté, and N. Gradjean.
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(1924); Ann. Phys. (Paris) 3, 22 (1925).

45



CHAPTER 1 Nitride Polariton Lasers
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Chapter 2

Optical absorption in ultra-thin GaN 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 is 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
λ
4nm-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

[ ∂2

∂z2
− ñ2

c2

∂2

∂t2
]
~E(z, t) = 0 (2.1)

where c = 1/
√
εoµo is the velocity of light in free space with εo and µo the electric

permittivity and magnetic permeability in vacuum, while ñ 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) = Eoe
i(k̃z−ωt+φ)x̂ (2.2)
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where Eo is the electric field amplitude, while k̃ = 2πñ/λo the wavevector and

ω = 2πν the angular frequency. The exponential term i(k̃z− ωt+ φ) represents

the wave propagation in the z direction with a velocity u (= c
n) and an initial

arbitary phase φ.

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, t). The

cross product of electric ~E and magnetic ~H fields, gives us a parameter of major

importance named as Poynting vector ~S (= ~E × ~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/m2 and is expressed as

| < ~S >t | = I =
1

2
ncεo| ~E|2 (2.3)

where n the real refractive index of the medium, c is the velocity of light in

free space, εo the electric permittivity and ~E the electric field [9, 10]. Based on

this definition, the absorbed (IA), reflected (IR) and transmitted (IT ) intensities

normalized to the incident (Io) 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(λ, 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 Io with a decaying e−αz 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 3λo/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 θ 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 = i2πnz
λo

. Therefore, after calculating transmittance inside a film, someone

can conclude that the condition sin(kz) = 0 for constructive interference results

to be mλo
2n with m = 1,2,3, .., ∞, while the respective relation for destructive

interference is (2m′+1)λo
4n with m′ = 0,1,2,3, ..,∞ [9]. In order to follow the correct

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

being reflected (blue arrows) at the film’s sidewalls, depicted in Figure 2.1(b)

for a film with thickness L = 3λ/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 µm) 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 AGaN and BGaN 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 GaN/Al2O3 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 µm × 10 µm [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 (µ-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 µ-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-µm-thick n-type c-axis GaN/Al2O3 templates. The basic epitaxial structure

consists of a GaN active layer with varying nominal thickness of about ”161”,

”194”, and ”226” nm, separated from the GaN/Al2O3 template by a 5-nm-thick

In0.14Ga0.86N sacrificial layer. The above thicknesses differ by about λo/4n,

where λo and n are the emission wavelength and refractive index at the gap of

GaN, respectively, while the ”194” nm thickness corresponds to approximately

a 3λo/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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Figure 2.2: Illustration 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
(5λ/4 and 7λ/4) and increased absorbance (3λ/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 LGaN 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 AGaN , BGaN bulk-GaN transitions as
observed in RFL and PL spectra. The strongest PL emission is due to a DoX transition in GaN (denoted here
as LGaN ). (b) RT photolumincescence spectra at the InGaN region of the produced samples.

AGaN located at 3.4864 eV is filled with enough carriers while BGaN positioned

at 3.4948 eV has a barely visible contribution in emission. CGaN 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 µm-thick GaN buffer layer. Therefore, since they consist of the same

material, they both contribute to the same exciton features (eg. PLtotal =

PLbuffer + PLlayer) 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

(EInGaN < Elaser = 3.061 eV at 405 nm).
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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-µm-deep square mesas with typical dimensions of 45 µm x 45 µm, 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-µm-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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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 each 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 µ-transmittance (µ-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 ×20 magnification onto a 100

µm 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 µ-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 µm 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 µ-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 µ-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 µ-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 µ-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 µ-T spectrum along with the corresponding absorption
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Figure 2.8: (a) µ-Transmittance spectrum at room temperature from a 5λ/4 (163 nm) GaN membrane in the
spectral region around the GaN gap. The main dip indicated by arrow is due to absorption by AGaN and BGaN
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

”163-nm-thick” membrane at RT. The main dip in µ-T corresponds to a merged

AGaN+BGaN exciton absorption peak and its energy position is in excellent

agreement with the AGaN and BGaN 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 CGaN exciton.

Interestingly, the excitonic dip of the ”191-nm-thick” membrane (3λ/2) in

µ-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 To 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 ≤ λ) 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 AGaN+BGaN 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:

T (λ, d) =
(1−R1)(1−R2)e

−αd

(1−R′′e−ad)2 + 4R′′e−αdsin2(βd)
(2.4)

R(λ, d) =
(
√
R1 −

√
R2e

−αd)2 + 4R′′e−adsin2(βd)

(1−R′′e−αd)2 + 4R′′e−αdsin2(βd)
(2.5)

where α is the absorption coefficient of GaN at wavelength λ, d is the thickness

of GaN, R1(λ) and R2(λ) are the reflection coefficients at the interfaces of GaN

with medium 1 and medium 2, respectively, R′′ =
√
R1R2, and β = 2πRe(ñ)/λ.

In Figure 2.9(a) is plotted the calculated transmittance at the AGaN+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 AGaN+BGaN exciton peak, namely α

= 9·104 cm−1. This value is in agreement with previous reports on the absorption

coefficient of GaN [14,15]. From Equation 2.4, the optical density, OD = α · d,

can be readily approximated as follows,

OD(λ, d) ≈ ln[
(1−R1)(1−R2)

T (λ, d)
− 4R′′sin2(βd) + 2R′′] (2.6)

Introducing the experimental values of T(λ = 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 α = 9·104 cm−1. On the other hand, if we introduce in Equation 2.6

the T(λ) spectra for a given d, and the dispersion of the GaN refractive index,

we can extract the OD(λ) spectrum for the given thickness, and thereby the

absorption coefficient αGaN(λ) of the GaN membrane, as shown in Figure 2.8(b)

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

2.8 Absorbance in GaN membranes

Next, we deduce for each membrane the absorbance (A = 1 - T - R) at the

AGaN+BGaN exciton position, by estimating R through Equation 2.5, using α =

9·104 cm−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:

A =

∫ d

0

α(z)I(z)dz (2.7)
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Figure 2.10: (a) Experimental absorbance compared to theoretical absorbance curves obtained using α =
9·104 cm−1 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 5λo/4n, 3λo/2n, and 7λo/4n, where n is the refractive index of GaN and λo = 362.3 nm, calculated
following the work of K. Ohta and H. Ishida, assuming an absorption coefficient α = 9·104 cm−1. The intensity
is normalized based on the incident beam.

For a homogeneous film, similar to GaN membranes, α 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 3λo/2n-profile is larger than the

integrals of the 5λo/4n- and 7λo/4n-profiles, accounting for the higher absorbance

of the 3λo/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 3λ/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 µ-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 3λo/2n-thick (191 nm) membrane. In the µ-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 AGaN peak is positioned at 3.478 eV

and the BGaN 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 CGaN exciton peak, which has also a relatively strong signature at low

temperatures, is distanced by approximately 27 and 20 meV from the AGaN and

BGaN 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 CGaN 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 AGaN+BGaN exciton line by utilizing the following expression:

fbulk
V

=
2εonGaNmec

πe2~
·
∫
OD(E)dE

d
(2.8)

where εo is the vacuum permittivity, nGaN is the real refractive index of GaN

at the exciton region, e and me are the charge and mass of the electron, c is

the velocity of light, ~ is the Planck’s constant and d the thickness of the film.

Basically, the term
∫
OD(E)dE

d here equals to
∫
α(E)dE. Therefore, to be able to

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

integral is estimated by fitting the AGaN+BGaN main GaN exciton peak showed

in Figure 2.8(b) with two equal-weight Lorentzians, corresponding to the AGaN

and BGaN excitons and distanced by 8 meV. Then, the oscillator strength per

unit volume for the bulk GaN (AGaN+BGaN) exciton is then obtained to have

the value of 8.5·1019 cm−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 AGaN+BGaN

exciton peak of polar GaN films. Moreover, the optical density profile of GaN

is evaluated at various T’s by performing the corresponding µ-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 mirrors, 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 InAlN 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 ×33

GaN/Al0.05Ga0.95N (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 3λo/2n cavity, have been

fabricated where λo 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 SiO2/Ta2O5 layers was limited to only four pairs. In the earlier

work, the top-mirror of the cavity was a 10-pair HfO2/Al2O3 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,

µ-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/Al0.07Ga0.93N QWs, by following the

methodology of Chapter 2.
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Figure 3.1: Illustration depicting the sample design along [0001]-orientation consisting of (a) ”8 QWs”, (b) ”10
QWs” 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 3λo/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 3λo/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 (λo/2n or λo/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 Al0.07Ga0.93N ,

75



CHAPTER 3 Nitride Polariton Lasers

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 QWs” spanned in the whole range of the membrane layer. (The two DBR mirrors are
not shown).

containing ”8” and ”10” GaN/Al0.07Ga0.93N (2.7nm/2.7nm) QWs, respectively,

centered at the two antinodes of the electric field intensity inside the 3λo/2n

cavity. The simulated field intensity profile for the ”10 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 ”38” GaN/Al0.07Ga0.93N (2.7nm/2.7nm) QWs, spanning the

whole 3λo/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-µm-thick n-type c-axis

GaN/Al2O3 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/Al2O3 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 θ-2θ 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

”10-QWs” 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

(EInGaN < 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 ”10” and

”38” QWs samples. The sample with ”8 QWs” had similar behavior with the

”10 QWs” therefore its spectra are not shown here. As concerns the ”10 QW”

sample, apart from the localized QW-exciton (LQW ) emission at 3.5045 eV, it

exhibits an additional PL peak at 3.6131 eV originating from localized excitons

in the AlGaN barrier (LAlGaN), 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 AQW exciton is positioned at

3.5202 eV while BQW at 3.5315 eV, having thus an energy difference of 11.3 meV.

As concerns the CQW , based on RFL it is positioned at 3.5493 eV, which is 29

meV above the AQW exciton position. Furthermore, the AlGaN exciton (XAlGaN)

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 (×10) and (b) multi (×38) GaN/AlGaN QWs at
the temperature of 15 K. Energy peak along with PL linewidth versus temperature for (c) the ×10 QWs and (d)
the ×38 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 (LQW ) centered at 3.5150 eV, while based on

a localization energy of 10.7 meV from Figure 3.4(d), the main AQW and BQW

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 CQW 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 ”10 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 α and β 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 α and β 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 ”38 QWs”, 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 LO-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 ”38 QWs” 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/kBT for the 38 GaN/AlGaN 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/kBT . 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 Eα = 127.16 meV and another of

Eb = 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 (no) 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 τr and τnr, the values

for the radiative efficiency at 100 K (ηo(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 ηo(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 τnr

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 (SiO2) and Tantalum Pentoxide

(Ta2O5). 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 SiO2 and Ta2O5 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 5·10−4 mbar. For SiO2 and Ta2O5, the deposition rates were 5 Å/s

and 1 Å/s, respectively. The surface morphology of the films deposited at 300
◦C revealed a root-mean-square (RMS) roughness of 0.85 nm for SiO2 and 1.23

nm for Ta2O5, measured by AFM over an area of 4 µm x 4 µm. For the films

deposited at 150 ◦C, the corresponding values for a 3 µm x 3 µm area were

0.79 nm for SiO2 and 0.88 nm for Ta2O5. 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 ∆n/n ≈ 0.37) near the GaN exciton gap, making
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Figure 3.8: Ellipsometric data of the refractive index of (a) SiO2 and (b) Ta2O5, 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 SiO2 and Ta2O5 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 λ/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 SiO2

and 40-nm-thick for the Ta2O5, respectively.

In Figure 3.9, are presented the simulated reflectance spectra for different

number of SiO2/Ta2O5 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 tSiO2

= 60 nm and tTa2O5
= 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 HfO2/Al2O3 top DBR is also shown in (b). (c)
Experimental reflectance from a λ/2 oxide cavity along with theoretical curves. (d) Simulated cavity modes for
a variety of top DBRs, for a 3λ/2 QW-containing cavity with a 10-pair SiO2/Ta2O5 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 SiO2/Ta2O5 bottom DBR while Figure 3.10(b) of a 4-pair

SiO2/Ta2O5 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 HfO2/Al2O3 (∆n/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 SiO2/Ta2O5 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 λ/2 cavity (only top and bottom mirrors) along

with the simulated curves. The oxide cavity was found to exhibit a Q-factor (=
λ

∆λ) ∼ 220, which is close to the theoretical value with zero losses Qtheor ∼ 260.

The feasibility of having a pronounced cavity mode in a complete 3λ/2

structure is further illustrated in Figure 3.10(d), where we compare the simulated

cavity modes of “empty” microcavities, centered at 360 nm (λo), which are

formed by combining different top DBRs with a 3λ/2-cavity consisting of nitride

QWs, along with a 10-pair SiO2/Ta2O5 bottom DBR. From the graph, it is

observed that the 4-pair SiO2/Ta2O5 top DBR gives a Q-factor for the cavity

mode close to 1000, which is comparable to that of the 8-pair HfO2/Al2O3 DBR

(Q ≈ 1400). Even though, the 8-pair SiO2/Ta2O5 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 τcav = Qλo
2πc we obtain a cavity lifetime of 0.2 ps.

In addition, based on Equation 1.16, the effective length of a SiO2/Ta2O5 top

DBR mirror (Ltopeff) is 140 nm, while for a SiO2/Ta2O5 bottom DBR (Lbottomeff ),

88



CHAPTER 3 Nitride Polariton Lasers

137 nm. These values correspond to a thickness which is almost one and a

half alternating pairs (L1−pair ≈ 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 µm x 5 µm, 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-µm-deep square mesas with various dimensions, from 45 µm x 45 µm up

to 155 µm x 155 µm, 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 SiO2/Ta2O5 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 µm x 155 µm, 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 × 45 µm2 up to 155 × 155 µm2. 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 ”8”, ”10” 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 (×10) and (b) multi (×38) 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 ”10” and ”38” 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

Al0.03Ga0.97N . The compression is given by multiplying the 3 % with 2.4 % (=

∆α/α between GaN and AlN) ≈ 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-QWs”, 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

µ-T spectra into the optical density (OD) spectra for different membranes with

varying number of QWs.

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

starting point is to determine, along with the membrane thickness, an effective

92



CHAPTER 3 Nitride Polariton Lasers

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 13·104 cm−1 for the case of a
2.7-nm-thick GaN/Al0.07Ga0.93N QW.

refractive index neff(λ) for the GaN/AlGaN heterostructure. This is achieved

by fitting the low-energy Fabry-Perot oscillations of the µ-T spectrum using

Equation 2.4 and assuming a spectral dependence of neff(λ) approximately

equal to AlGaN [30]. Next, by inserting the experimental µ-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

”8”, ”10” and ”38” 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 AQW+BQW exciton peaks in the

GaN/AlGaN QWs. More specifically, the pronounced AQW+BQW 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 = Nqw · αexc · Lwell (3.1)

where Nqw is the number of QWs, αexc the effective exciton absorption coefficient
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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 Lwell the well thickness.

As illustrated in Figure 3.14(b), the experimental ODexc 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 ODexc 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 13·104 cm−1. This

value can be compared to the bulk one of 9·104 cm−1. The resulting absorption

coefficient spectrum of the GaN/Al0.07Ga0.93N (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 µ-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 AQW+BQW QW absorption versus temperature.

The presented µ-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 AQW and BQW 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 BQW position

exceeding the overall maximum peak indicating the B-state character. The

position of the CQW exciton cannot be clearly resolved here. As the temperature

increases, the main AQW+BQW 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 ”AQW+BQW” 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]:

fqw
S

=
2εoneffmec

πe2~
·
∫
OD(E)dE

Nqw
(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 AQW and BQW

excitons, distanced by 10 meV. For the QW-samples, the use of two Gaussians

represents better the convolution of the ”38 AQW” and ”38 BQW” 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 AQW+BQW QW exciton oscillator strength

per unit area and per QW of the 2.7 nm GaN/AlGaN QW is found to be

4.5·1013 cm−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 SiO2/Ta2O5 as top DBR, on the

membranes, sitting on a 10-pair SiO2/Ta2O5 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 SiO2/Ta2O5 provide sufficient optical confinement in our 3λ/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 fa and fi, 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 (µ-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 (Elaser =

3.8149 eV). Here, the excitation beam is focused down to a 9 µm spot by using

an aspherical lens with a numerical aperture NA = 0.63. For the angle-dependent
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Figure 3.16: Illustration of (a) a 3λo/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 fa + fi (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 fi. 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 ± 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 ”10 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 eV). 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 ”38 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 λ/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 µ-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 (go) that best reproduce the

LPB dispersions are in the range of 18 meV for the ”10 QWs” sample and of 36

meV for the ”38 QWs” sample.

The smaller coupling constant in the ”10 QWs” sample can be attributed

to several reasons. First, is that in a 3λ/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 ”10 QWs” case. Second, is that the active layer of the ”10

QWs” 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

”10 QWs” 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 ”10 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 (Elaser = 4.66 eV) 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 µm × 10 µm. 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 (δ ∼ 1.2
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Figure 3.18: Room temperature k-space µ-PL imaging of a ”38-QW” cavity under quasi-pulsed excitation at 266
nm with (a) 0.52Pthr, (b) 0.98Pthr, (c) 1.04Pthr and (d) 1.06Pthr, where the power density threshold of polariton
lasing is ∼ 4.5 W/cm2.

nm (11.6 meV)) microcavity with ”38” GaN/AlGaN QWs. At a power density of

0.52Pthr (Figure 3.18(a)), there is a large population of polaritons occupying the

LP branch around k// ≈ 0. As the power increases to 0.98Pthr (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 Pthr (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 µ-PL imaging in 3D view of a ”38-QW” microcavity under quasi-pulsed
excitation at 266 nm with (a) 0.13Pthr, (b) 0.52Pthr, (c) 0.98Pthr, (d) 1.04Pthr, (e) 1.06Pthr and (f) 1.09Pthr,
where the power density threshold of polariton lasing is ∼ 4.5 W/cm2.

drastic narrowing of the emission peak down to 2 meV (Figure 3.20(b)) as we

cross the threshold power density (Pthr) of ∼ 4.5 W/cm2, 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 τpol = 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 τpol 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 µ-PL imaging of a ”38-QW” microcavity under quasi-pulsed excitation at 266 nm
with 1.05Pthr, (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 µ-PL imaging at RT under quasi-pulsed excitation with
(c) 0.97Pthr, (d) 1.05Pthr, where the Pthr of cavity lasing is ∼ 4.4 W/cm2.

the radius of the condensate localization to be about 0.3 µm. 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 Vint 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
exc) based on the relation [2, 39,40]

∆E = 6|Xo|2EBα
2
Bn

2D
exc (3.3)
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Figure 3.22: Optical image (a) with three 200-nm-thick GaN-based membranes of different size transferred on top
of 100 µm × 100 µm square golden contact pads and (b) zoom of the 155 µm × 155 µm GaN-based membrane
depicted on the right side of (a).

where |Xo|2 (≈ 0.58) is the exciton fraction at k// = 0, EB (≈ 30 meV) is the

binding energy and αB (≈ 2.7 nm) is the Bohr radius of the exciton. Performing

the above calculation, we get a value of n2D
exc ∼ 2.23·1012 cm−2 which remains

below the Mott transition densities of 1013 cm−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 n2D
exc per QW of 5.87·1010

cm−2.

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 µm × 100 µm 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 µm × 155 µm 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 3λ/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 SiO2/Ta2O5 bottom DBR and by depositing next on top of them,

a 4-pair SiO2/Ta2O5 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/cm2. 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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[36] G. Christmann, R. Butté, E. Feltin, A. Mouti, P. A. Stadelmann, A. Castilia,

J.-F. Carlin, and N. Grandjean. ”Large vacuum Rabi splitting in a multiple

quantum well GaN-based microcavity in the strong-coupling regime”, Phys.

Rev. B 773, 085310 (2008).

[37] S. Faure, T. Guillet, P. Lefebvre, T. Bretagnon, and B. Gil. ”Comparison

of strong coupling regimes in bulk GaAs, GaN, and ZnO semiconductor

microcavities”, Phys. Rev. B 78, 235323 (2008).

[38] A. Kavokin, J. J. Baumberg, G. Malpuech, and F. P. Laussy.

”Microcavities”,Oxford University Press (2017).

[39] F. Tassone and Y. Yamamoto. ”Exciton-exciton scattering dynamics in a

semiconductor microcavity and stimulated scattering into polaritons”, Phys.

Rev. B 59, 10830 (1999).

[40] C. Ciuti, P. Schwendimann, B. Deveaud, and A. Quattropani. ”Theory of

the angle-resonant polariton amplifier”, Phys. Rev. B 62, R4825(R) (2000).

111



CHAPTER 3 Nitride Polariton Lasers

112



CHAPTER 4 Nitride Polariton Lasers

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 mirrors 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 α-orientation ([112̄0])

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

α-direction was finally abandoned. During the subsequent years, the progress

and commercial availability of adequate quality GaN bulk crystal in the m-axis

([11̄00]) [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

III-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 III-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 ×25 GaN/Al0.1Ga0.9N 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//α 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 [11̄00]-orientation (m-axis),

the two orthogonal in-plane directions are the c-axis [0001] and the α-axis [112̄0]

as depicted in the schematic of Figure 4.1(a). The α-axis [112̄0] 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

115



CHAPTER 4 Nitride Polariton Lasers

Figure 4.1: Illustration showing (a) the growth orientation along the [11̄00] orientation in conjunction with the
birefringence rules in the two in-plane (c-, α-) crystallographic axes (reproduced from ref. [4]) and (b) the utilized
design of ”25 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 3λo/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 λo 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 (ñ)

(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 (no, ne) where an incident ray of light is refracted differently in

each polarization, while the effect on the imaginary part as dichroism (ko, ke)

where the absorption of the exciton transitions is affected by the electric field

polarization. The subscripts ”o” 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 (∆n = ne - no) 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 (ne > no), 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//α polarization, while the extra-ordinary ray along the E//c. Theoretical

investigations by other groups [3,19] have reported that the absorption coefficient

(α ∼ 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 ×25 GaN/Al0.1Ga0.9N 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 (Io, Ie) of the electric

field along with the corresponding refractive indices (no, ne) in the E//α 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 SiO2/Ta2O5 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 (Co)

and extra-ordinary (Ce) 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 3λo/2n and ne > no, which in the

specific design resulted to be 1.6 nm (15.3 meV). Since the extra-ordinary real

refractive index (ne) is always higher, the Ce will be positioned in all cases at

higher wavelengths (Ce(λe) > Co(λo)). 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//α 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 SiO2/Ta2O5 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//α 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 (EB) 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-µm-thick, nominally un-doped, m-plane crystalline GaN substrates acquired

from Suzhou Nanowin Ltd. The particular free-standing [11̄00]-oriented (m-)

substrates possess low dislocation densities (≤ 106 cm−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 Al2O3 or γ-LiAlO2 [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 θ-2θ 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 eV (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//α 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//α spectra at 15 K, we distinguish the bulk AGaN

and BGaN 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 α-plane

bulk GaN, where both AGaN and BGaN exciton states are allowed in the E//α

polarization. The relatively weak feature at 3.494 eV is potentially attributed

to An=2
GaN 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 AQW

exciton state is well resolved and positioned at 3.506 eV. A weaker CQW 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 BGaN (3.484 eV) and CGaN (3.502 eV) bulk excitons are

clearly visible and are separated by an energy difference of 18 meV. On the other

hand, the AGaN feature has disappeared indicating that the AGaN has a strong

in-plane polarization dependence. In similar works [15,30], CGaN (3.502 eV) has

been observed in both polarizations but with a much smaller component in E//α,

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 BQW at 3.514 eV and CQW 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//α 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 AQW and BQW 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 (LQW ) since the corresponding peaks do

not shift in energy in the two polarizations, while the emission seems to be

strongly polarized along the E//α [18]. Please note that the PL spectrum in

Figure 4.4(b) is multiplied ×3 for better visibility. This is reasonable considering

122



CHAPTER 4 Nitride Polariton Lasers

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//α and E//c. (Inset shows the
room temperature photoluminescence in the two orientations).

that the AQW exciton state is the lowest energetically state, and therefore, is

better populated at low T. It should be also noted that as in the ”×38 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

AQW -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//α) - 90◦ (E//c) with a step of 10 degrees. The

position of each of the AQW , BQW and CQW 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 AQW exciton seems strongly polarized along E//α, with an

intensity ratio IE//α/IE⊥α as high as 10 while the BQW and CQW excitons appear

clearly orthogonally polarized, along the E//c polarization. From these RFL

spectra one can also qualitatively deduce that the BQW exciton line appears

significantly weaker than both the AQW and CQW 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 (xAl) ' 5 - 10 %. In that work, xAl 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/Al0.1Ga0.9N QW membranes,

where the GaN samples feel a compressive strain, which is due to the presence

of the AlGaN layers and is proportional to xAl. In Figure 4.5(b) is given the

PL peak intensity ratio for the E//α 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//α 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//α

component originates mainly from the dominant free AQW excitons and the E//c

from free BQW + CQW excitons. Apart, from the indicated higher luminescence

intensity, the E//α 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 - BQW 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 α = 0.88 meV/K and β = 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//α 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//α 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//α,

the Varshni energy at 0 K is 3.502 eV, whereas the AQW exciton in RFL is rather

3.506 eV. This can be possibly attributed to the fact that the E//α 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 AQW 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//α, likely due to thermal broadening of the AQW exciton

by LO-phonons. For E//c, the increase above 70 K is much more linear, likely

due to the multiple lines (BQW and CQW ). The 300 K FWHM value for E//α

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 (τexc) 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 α-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/kBT 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 Ea =

39.39 meV and the other of Eb = 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 (EB) 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 (τr) and non-radiative (τnr) 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 (no(100K)) instead of the one at 5 K, while its value ranged between 0.1

and 1 to account for wrong estimations in τr and τnr. For the no(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 no(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 τexc
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Figure 4.8: (a) Radiative (τr) and (b) non-radiative (τnr) lifetime variation as vs temperature for a range of ηo
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-µm-deep with an area of 45 µm x 45 µm up to 155 µm x 155 µm

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 α-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 [11̄00]
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 µm x 4 µm. 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 α-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 [11̄00] 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 µm x 4 µm. 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 α-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 α-direction.

The etching procedure was performed once again by attaching the sample

on an electrochemical cell with embedded diluted KOH (4·10−4 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 45×45 µm2 up to 155×155
µm2. The inset SEM image shows the region indicated by the red square in the optical image.

allowing us to etch an active area of 7.8·10−3 cm2 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

×25 GaN/Al0.1Ga0.9N 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 µ-photoluminescence (µ-PL) and µ-transmittance (µ-T)

measurements. For microcavity fabrication, the membranes were transferred

onto a bottom 10-pair SiO2/Ta2O5 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//α. The drastic dependence arises from the already discussed anisotropic

behavior of the AQW (E//α) and BQW (E//c) QW-excitons [3,4]. The CQW has

also a contribution along the E//c polarization.

In Figure 4.11(a), the E//α 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/AlGaN QWs by rotating a polarizer from 0 up to 350 degrees and (b) the photoluminescence only at
the E//α and E//c polarizations. The inset is an optical of a transferred 45 µm x 45 µm non-polar membrane.

the low energy peak comes predominantly from free AQW excitons, while the

higher energy peak (E//c) is a mixture of BQW and CQW excitons. In contrast

to the BQW + CQW peak, the AQW 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 AQW at RT is attributed to the

higher occupancy of the thermally-de-trapped AQW excitons. In the particular

set of measurements, the FWHM of the two PL signals was measured to be 48

meV for the AQW and 57 meV for the BQW + CQW .

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 1.7·10−3 strain along the growth direction (εmm), the relative oscillator

strengths of the QW excitons are distributed as 0.92 (AQW ), 0.05 (BQW ) and 0.04

(CQW ) for the E//α while 0.06 (AQW ), 0.87 (BQW ) and 0.11 (CQW ) 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
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when it is in the free-standing membrane form. From the stated polarization

selection rules, it can be understood that the BQW + CQW seem to have a small

contribution to the PL signal in E//α and respectively the AQW 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 µm x 45 µm

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 ×25

non-polar GaN/Al0.1Ga0.9N QWs and further evaluate their oscillator strength

properties, we acquired the room temperature µ-transmittance spectra given in

Figure 4.12(a) in the two in-plane polarizations (E//α and E//c) from membranes

transferred on double-polished Sapphire substrates. As depicted in Figure 4.12(a),

the µ-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 µ-T spectra give a refractive index difference (∆n = ne - no)

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

membrane thickness of 196 nm in this case, confirming that the fabricated

non-polar membranes contain only the designed active region made of the ”×25

QWs”. In connection with the reflectivity stopband of the bottom DBR, the
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Figure 4.12: (a) Room temperature µ-transmittance spectra at E//α and E//c in a non-polar membrane with
embedded ×25 GaN/AlGaN QWs. (b) The optical density spectra extracted from the data shown in (a). For
comparison, the optical density in ×25 polar QWs is also shown in dashed line.

membrane thickness is a critical parameter for the design of the top DBR mirror,

and thus, the fabrication of the complete microcavity in the following stage.

The extracted OD spectra shown in Figure 4.12(b) exhibit two excitonic

features distanced by about 12 meV. Based on the polarization-resolved data

discussed earlier, the lower-energy peak for E//α is attributed mainly to AQW

exciton while the higher energy for E//c to BQW + CQW excitons. The E//c

peak appears sensibly stronger compared to the E//α configuration. This can be

explained by the joint contribution of the to BQW + CQW exciton and possibly

due to stronger overlapping with higher excited continuum states. The fitting of

the excitonic peaks with Gaussian curves gives a FWHM linewidth of 37 meV

for the E//α and 45 meV for the E//c polarization, which are slightly smaller

than the ones obtained from the PL spectra. In addition, the integration of the

OD(E) under the two Gaussian curves in combination with Equation 3.2 yielded

an ”ordinary” oscillator strength per 5-nm-thick non-polar GaN/AlGaN QW

of 4.0·1013 cm−2 and an ”extra-ordinary” one of 5.6·1013 cm−2. These values

are close to the 4.5·1013 cm−2 obtained for the 2.7-nm-thick polar GaN/AlGaN

QW (Chapter 3). The short-dashed line in Figure 4.12(b) corresponds to the

unpolarized µ-T spectrum of an identical c-plane structure. From the polar
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OD curve, it was difficult to extract the respective polar oscillator strength

per 5-nm-thick QW. Undeniably, between the 5-nm-thick polar and non-polar

QW-structures, the interaction of non-polar excitons with light outweighs that

of polar excitons since the optical matrix elements are much larger based on

the absence of the internal field. The relative mis-balance between the two

polarizations is confirmed also by other researchers [11]. The ODexc per QW in

our case is attained to be 4.4 % for the ordinary electric field component and

4.9 % for the extra-ordinary one. On the right-hand scale in Figure 4.12(b), is

depicted the absorption coefficient based on Equation 3.1, which is in average

about 3.5·104 cm−1 lower than the result of 13·104 cm−1 found in the polar

2.7-nm-thick GaN/AlGaN QW case (Figure 3.14).

4.8 Anisotropic polariton emission at RT

To investigate the strong coupling regime in the [11̄00] orientation, a final

processing step is required to produce a fully-operational all-dielectric DBR

microcavity device. This step is the e-beam deposition of a 4-pair SiO2/Ta2O5

top DBR mirror on top of the non-polar GaN/AlGaN membranes lying on a

10-pair bottom SiO2/Ta2O5, as shown in the previous chapter. By utilizing

oxide alternating pairs, there is a remarkable photon-confinement in contrast to

nitride-based DBR mirrors. The air-gap/nitride DBR mirror configuration is

another alternative for a DBR with extreme refractive index contrast, however,

earlier reports using this approach [17] have not been totally convincing. Note

that in the particular microcavity configuration used here, the SiO2 is the low

refractive index oxide and is the initial layer placed in contact to both sides of

the non-polar membrane. As demonstrated for the [0001]-oriented microcavities

in Chapter 3, these dielectric mirrors are sufficient to enable robust polariton

operation up to room temperature conditions by using only a few number of

pairs in the top mirror. This occurs mainly due to the increased peak reflectivity

values of the DBR mirrors ensuring an enhanced light confinement between the
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Figure 4.13: Room temperature k-space µ-PL imaging of a 3λo/2n-microcavity with a 4-pair top and a 10-pair
bottom DBR mirror exhibiting a Rabi splitting of (a) 62 meV in the E//α and (b) of 68 meV in the E//c
polarization. The ordinary (Co) and extraordinary (Ce) cavity modes (dotted lines), the polarized A and B
exciton levels (dashed lines), as well as the simulated lower- and upper-polariton branches (solid curves) are also
shown. The difference in the cavity modes arises due to birefringence of the non-polar GaN and AlGaN layers.

two DBR’s. Additionally, the specific pair exhibits wide reflectivity stopbands

and is thus an appropriate solution for polariton devices with high Rabi splitting

values. The referred characteristics are enabled by the high index difference (∆n

= 0.85) of the respective oxide materials. In the obtained non-polar GaN/AlGaN

microcavities, room temperature angle-resolved µ-PL experiments took place by

optically exciting the samples at normal incidence with a cw laser emitting at

325 nm (3.804 eV) focused down to a 9 µm spot in diameter while for the

acquisition of the µ-PL signal, the standard k-space imaging setup described

elsewhere (Appendix E) was utilized to record the far-field spectra with the use

of an aspherical lens having a 0.63 numerical aperture (NA). The specific NA,

as mentioned also in Chapter 3, allows for the observation of up to ± 39◦ angle

spread in the Fourier plane.

As it appears in Figure 4.13, when the nitride cavity layers are grown in a

non-polar direction, they exhibit polarization-resolved lower polariton branches

(LPBs) in the k-space imaging, in accordance with the selection rules of the

non-polar orientation. Similar to polar devices [34, 36–38], upper polariton

branches (UPBs) were not observed in either polarization. At low angles, the

dielectric materials of the DBRs have no anisotropy in comparison to GaN-based
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DBR solutions where the non-negligible anisotropy at zero angle along with

the reduced width in the reflectivity stopbands can impact adversely the strong

coupling observations. The polariton emission was decoupled in the two in-plane

electric field components (E//α and E//c), by placing a Glan-Taylor prism

polarizer in the collection path just before the entrance of the spectrograph.

Indeed, as experimentally confirmed in both configurations (Figure 4.13), there

is a characteristic flattening or anti-crossing at large angles illustrating that

the device operates under the strong coupling regime. The two lower polariton

branches (LPBo and LPBe) can be fitted taking into account the anisotropic

oscillator strength in the two polarizations. Specifically, LPBo arises due to

strong-coupling between the ”AQW” exciton peak (Figure 4.12(b)) and the ”Co”

cavity mode (dashed curve in Figure 4.13(a)). Likewise, LPBe occurs due to

interaction between the ”BQW + CQW” exciton peak (Figure 4.12(b)) with the

”Ce” cavity mode. In Figure 4.13, the position of the AQW QW exciton is taken

to be at 360.4 nm (3.440 eV) while for the BQW + CQW QW excitons at 359.4

nm (3.450 eV).

Based on birefringence effect of GaN, where ne = no +0.025, the Ce cavity

mode is at significantly higher wavelength than Co (Ce(λ) > Co(λ)), changing

the character of the two LPBs from negatively-detuned in LPBe to slightly

positively-detuned in LPBo. This in combination with the 40 % higher oscillator

strength of the BQW + CQW exciton peak, explains the fact that the LPBe is

at larger wavelengths compared to LPBo. In particular, the values of the lower

polariton branches at zero angle are 363.4 nm (3.411 eV) for the ”ordinary LPB”

and 364.1 nm (3.402 eV) for the ”extra-ordinary LPB”. Taking into account the

material’s positive linear birefringence (no < ne) in the TMM model, the best

fittings for the expected ordinary (Co) and extraordinary (Ce) cavity modes

(dotted lines) were deduced to be at 360 nm (3.444 eV) and 361.6 nm (3.4287 eV)

for k// = 0 for a ∆n of 0.025. Therefore, the wavelength difference between the

two cavity modes resulted to be 1.6 nm (15.3 meV). Accordingly, the detunings

for the two polarizations in the measured microcavity are 4 meV (E//α) and -20
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Figure 4.14: (a) Normalized µ-PL peak intensity at k// = 0 as a function of the polarization angle. The inset
shows the µ-PL at E//α and E//c. (b) Lower polariton peak position along with the corresponding FWHM at
k// = 0.

meV (E//c). By fitting the polariton dispersions of Figure 4.13 with the linear

Hamiltonian model (Section 1.7), using a coupling constant of around 31 meV

for the E//α and 37 meV for the E//c, the corresponding Rabi splittings are 62

meV for E//α and 72 meV for E//c.

Further analysis of polarization-resolved data are presented in Figure 4.14.

In Figure 4.14(a) is plotted the normalized PL peak intensity as a function

of polarization angle, from which we deduce that the PL peak almost doubles

in the photon-like (E//c) LPBe. One possible reason for this is the reduced

lifetime (low Q-factor) of polaritons when they are more photonic. The inset

plot of the same figure shows the µ-PL spectra of the two orthogonally-polarized

LPBs at k// = 0 where the LPBe emission exceeds the LPBo one. Additionally,

in Figure 4.14(b) is presented the lower polariton (LP) PL peak position at

k// = 0 as a function of polarization angle. For the E//α polarization, the

measured energy position of the PL peak is at higher energy and gradually

falls around 10 meV to the energy position of the LPBe polarized at E//c.

In the same graph is given the FWHM of the µ-PL versus the polarization

angle. The two branches seem to have almost 3 meV difference in their FWHM

linewidth while the increased values around 45 degrees correspond to the mixed
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emission branches. The above k-space imaging analysis shows that our produced

non-polar structure has much more complex polariton characteristics than the

previously studied polar devices of Chapter 3. To some extent, one can expect

to engineer the polarized polariton branches by adjusting the oscillator strength

of the AQW , BQW and CQW QW excitons in the two polarizations [3] as well as

the cavity detuning parameter. Apart from the original design, the polariton

properties can be tuned by changing the lattice temperature which in our case

means to work at cryogenic temperatures as discussed in the next section.

4.9 Anisotropic polariton emission at low T

When the microcavity devices are cooled at cryogenic temperatures with

the use of a closed-cycle cryostat, the excitons and cavity modes are shifted

towards higher energies, and thus, enable for the thermal tuning of the polariton

branches. In contrast to the cavity modes, the excitons have usually a larger

shift in energy and play the principal role in the overall detuning. The particular

tuning increases the photon fraction at low T’s or the exciton fraction at high T’s

and modifies the polariton branches from mainly photonic or mainly excitonic.

To illustrate the main differences between c- and m-growth, in Figure 4.15, we

present the unpolarized k-space µ-PL images of a polar (×38 GaN/AlGaN) and

a non-polar (×25 GaN/AlGaN) 3λo/2n microcavity made by a 4-pair top and

a 10-pair bottom DBR. In the polar sample (Figure 4.15(a)), the sharp LPB

polariton curves at 100 K allow to distinguish the splitting of the TM / TE

modes at large angles, between 25 - 35 degrees, which have been resolved here

with a FWHM linewidth of 0.4 nm. These low FWHM values are consistent with

the large negative detuning of this microcavity. In the same k-space image, the

visible uncoupled excitons are also indicated by the yellow-dashed line at 354.6

nm (3.4965 eV). On the other hand, for the non-polar k-space image acquired

at 200 K (Figure 4.15(b)), the distinct LPBo and LPBe have a wavelength

difference of 0.7 nm (6.7 meV) at k// = 0, while in the angle range of 25 - 35
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Figure 4.15: Unpolarized low temperature k-space µ-PL imaging of a (a) polar (×38 GaN/AlGaN QWs) and (b)
non-polar (×25 GaN/AlGaN QWs) 3λo/2n-microcavity with a 4-pair top and a 10-pair bottom DBR mirror. In
the polar sample, the splitting at the angle range of 25 - 35 degrees arises due to TE / TM modes while in the
non-polar sample at the same range there is a visible inter-crossing of the polariton modes. For the non-polar
sample, the splitting at zero angle arises due to birefringence and dichroism of the GaN and AlGaN layers.

degrees indicated by the blue arrows, we observe an inter-crossing of the two

polariton modes due to the previously discussed peculiar coupling of non-polar

excitons with the cavity modes. Despite the fact that both structures have

multiple QWs in the whole range of the active medium, as depicted in Figure

4.15, the uncoupled excitons are visible only at relatively low temperatures (<

120 K).

4.10 Lasing in a non-polar microcavity

The successful non-polar microcavity fabrication and polariton observation

from low to room temperature allowed us to go one step further in order to

explore the possibility of polariton lasing in these microcavities. To investigate

the possibility of having optical non-linearities in the 3λo/2 microcavity, a power

dependent quasi-continuous pulsed excitation was applied at normal incidence

with a frequency-quadrupled Nd-YAG laser emitting at 266 nm (Elaser = 4.66

eV), with a repetition rate of 7.58 kHz and a 0.51 ns pulse-width. The excitation

and collection was performed by the same k-space imaging setup which was

aligned at the emission of GaN/AlGaN quantum well exciton states (∼ 360
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Figure 4.16: k-space µ-PL imaging acquired at RT in the E//α polarization from a 25-QW-containing 3λo/2
microcavity under quasi-pulsed excitation by a frequency-quadrupled Nd-YAG laser emitting at 266 nm, under
(a) 0.34Pthr, (b) 0.47Pthr, (c) 0.74Pthr and (d) 1.27Pthr, with an ultra-low polariton lasing threshold of Pthr =
1.5 W/cm2.

nm). Further details on the excitation and collection path are given in Section

3.10 and Appendix E. In Figure 4.16 is shown the angle-resolved µ-PL of the

lower polariton branch at the E//α polarization for the excitation powers (a)

0.34, (b) 0.47, (c) 0.74 and (d) 1.27 of the power density threshold (Pthr).

Compared to our earlier achieved threshold of 4.5 W/cm2 (Chapter 3 for δ

> 0 and reference [34] for δ < 0), we demonstrate here that the non-polar

device is capable of polariton condensation at the bottom of the trap with

an even lower power threshold of 1.5 W/cm2. At the powers of 0.47Pthr and

0.74Pthr (Figures 4.16(b-c)), the polaritons have started to massively occupy

the lower energies of the LPBo polariton branch with an obvious decrease in

the linewidth. Further increase of the power above threshold (1.27Pthr), as
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Figure 4.17: Angle-resolved µ-PL imaging acquired at ambient conditions in the E//α polarization from a
25-QW-containing 3λo/2 microcavity under quasi-pulsed excitation by a frequency-quadrupled Nd-YAG laser
emitting at 266 nm, under (a) 0.34Pthr, (b) 0.60Pthr, (c) 0.74Pthr, (d) 1.03Pthr, (e) 1.14Pthr and (f) 1.27Pthr,
where it is demonstrated ultra-low polariton lasing threshold of Pthr = 1.5 W/cm2.

presented in Figure 4.16(d), leads to polariton lasing emission at k// = 0 which

is remarkably sharp (∼ 2 meV) and intense (Figures 4.17(d-f) and 4.18(b)).

On the other hand, this non-linear behavior was not observed for the E//c

polarization, which merits further understanding. It should be noted that due to

the anisotropic oscillator strength and polariton dispersion characteristics in the

non-polar microcavities, the polariton relaxation and recombination dynamics is

different in each polarization. Similar to the polar devices discussed in Chapter

3, the LPBo in our case is exciton-like due to the almost zero detuning, while

LPBe is photon-like due to the negative detuning (Figure 4.13). The 3D k-space

images in Figure 4.17 depict the evolution of the LPBo polariton condensate as

a function of power density. By inspection, it is clear that the LPBo condensate
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Figure 4.18: (a) PL intensity spectra at k// = 0 for a range of excitation powers illustrating the polariton
narrowing and non-linear increase of PL intensity under polariton lasing conditions. (b) The integrated PL
intensity versus the excitation power density indicates a power threshold of 1.5 W/cm2.

has a significant k//-spread which extends to ± 10◦. Similarly, large k-spreads

of the polariton condensate have been observed in the positively detuned polar

polariton laser of Chapter 3 (Section 3.10).

Our understanding of the experimental observations, is that the prolonged

decay times due to the exciton-like nature of LPBo in the E//α polarization

provide the appropriate conditions for the creation of a large population of

polaritons which is necessary for the macroscopic condensation and account for

the observation of polariton lasing only in the E//α configuration. In addition, as

has been already explained in Section 3.10 and reported also in other works [39],

the slightly positive detuning (δ ∼ 4 meV) provides much faster relaxation

times, compared to the negatively-detuned (δ ∼ -20 meV) branch, which further

facilitate the system to pass in the condensation regime. In this device, based

on Equation C.7 and the exciton decay time at RT of 384 ps, the polariton

lifetime (τpol) at k// = 0 of the LPBo is calculated to be 0.40 ps, while the

LPBe-polaritons have 10 % less of mentioned lifetime. Such a small difference

cannot by itself explain why it was not possible to observe polariton lasing in

the LPBe branch. Therefore, we believe that lasing action is achieved due to

the slightly larger mass of polaritons ”living” in the exciton-like branch since it
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increases the scattering probability, which finally, enhances the energy transfer

or loss among them. It is important that the trap’s depth at k// = 0 is still

sufficient to prohibit the thermal escape of polaritons at RT. To have a better

insight into the polariton’s lasing properties, in Figure 4.18 are presented (a)

the room temperature PL spectra for a range of excitation powers along with

(b) the integrated PL intensity versus power density. Clearly, polariton lasing

occurs below both the exciton state (X) positioned at 3.440 eV and the cavity

resonance (Co) positioned at 3.444 eV (Figure 4.18(a)). The threshold power

density is 1.5 W/cm2 as extracted from Figure 4.18(b). This ultra-low threshold

is around three times lower than our earlier state-of-the-art values for polar

microcavities. Experimentally, the spontaneous emission factor (β) is measured

by the ratio of the integrated intensity above and below threshold indicated by

the two parallel dotted-lines (Figure 4.18(b)) and represents the fraction of the

spontaneous emission that contributes to lasing action [40]. The extrapolated

1/β parameter seems to have a surprisingly low value of 15 (Figure 4.18(b)). For

an ideal thresholdless laser, the β should be unity, and thus, no S-like behavior

would be observed in the graph of Figure 4.18(b). The latter simply would mean

that all the spontaneous emission is utilized in the gain mechanism.

From the k-space imaging data of Figure 4.16 and the PL spectra of Figure

4.18(a), it is confirmed that the microcavity remains under the strong coupling

regime, even at higher excitation powers, since the simulated ordinary cavity

mode (Co) is far away from the lasing emission wavelength at k// = 0 at all

powers. Considering the blueshift of the PL intensity peak up to threshold,

which is more visible in Figure 4.18(b), we deduce a shift of around 8 meV

(= ∆E). This highlights again the strong polariton-polariton interactions that

account in part for the ultra-low lasing threshold. From this blueshift one can

obtain the corresponding exciton density (n2D
exc) using Equation 3.3. The applied

parameters to deduce n2D
exc were an exciton fraction at k// = 0 of |Xo|2 (≈ 0.53),

a binding energy of EB (≈ 40 meV) and a Bohr radius for the exciton of αB (≈
2.8 nm) which finally yielded to be around 8·1011 cm−2. As can be observed,
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this number is smaller than in the polar microcavity (Section 3.10) while it is

also far below the Mott transition density (∼ 1013 cm−2) [41]. The division by

the number of QWs, yields a n2D
exc per QW of 3.2·1010 cm−2.

4.11 Conclusion

To summarize, in this chapter we describe the design, growth and fabrication

of 3λ/2 non-polar GaN-based membranes that are free of internal fields for

their use in all-dielectric microcavities, by implementing them in between two

oxide-based DBR mirrors. By transferring the non-polar membranes on Sapphire

and performing transmittance measurements, we were able to extrapolate the

optical density per QW at the exciton peak (∼ 4.6 % at RT) in the two orthogonal

in-plane polarizations, considering also the standing wave effect. The microcavity

fabrication procedure was based on the established methodology given in Chapter

3, where an InGaN sacrificial layer is utilized for the separation of the active

region after being PEC-etched. In the all-dielectric DBR microcavity device,

k-space µ-PL imaging experiments permitted the observation of an anisotropic

polariton emission which is modified according to the polarization selection

rules based on the birefringence and dichroism in the GaN and AlGaN layers.

Evidently, the device exhibited enhanced room temperature characteristics in

both active polarizations with Rabi splittings of 62 (E//α) and 72 (E//c) meV.

Optical pumping of the ×25 GaN/AlGaN QW microcavities by a pulsed laser

showed an ultra-low polariton threshold of 1.5 W/cm2 at the E//α polarization,

which is three times lower than the state-of-the-art value demonstrated previously

by us in the polar orientation. Polariton lasing was not observed in the E//c

probably due to the photon-like dispersion of the polariton branch which does not

let the system to create sufficient population for the condensation. Despite the

relatively thin 4-pair top DBR, the general outcome underscores the potential

of novel non-polar nitride polariton devices and encourages the fabrication of

ultra-efficient polariton lasers operating at ambient conditions.
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[37] G. Christmann, R. Butté, E. Feltin, J.-F. Carlin, and N. Grandjean.

”Room temperature polariton lasing in a GaN/AlGaN multiple quantum well

microcavity”, Appl. Phys. Lett. 93, 051102 (2008).

151



CHAPTER 4 Nitride Polariton Lasers

[38] S. Faure, T. Guillet, P. Lefebvre, T. Bretagnon, and B. Gil. ”Comparison

of strong coupling regimes in bulk GaAs, GaN, and ZnO semiconductor

microcavities”, Phys. Rev. B 78, 235323 (2008).

[39] A. Kavokin, J. J. Baumberg, G. Malpuech, and F. P. Laussy.

”Microcavities”, Oxford University Press, New York (2017).

[40] G. V. Soest and A. Lagendijk. ”β factor in a random laser”, Phys. Rev. E

65, 047601 (2002).
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Chapter 5

Fabrication of tranferrable DBR membranes
This chapter demonstrates the possibility to fabricate a complete microcavity structure operating
in the strong coupling regime with the utilization of transferrable oxide-based DBR membranes
as an upper mirror for an all-dielectric DBR planar cavity along with the implementation of
GaN-based membranes as an active medium in between the mirrors.

5.1 Introduction

Distributed Bragg Reflectors (DBRs) have proven over the years to be an

integral part of major optoelectronic devices, such as vertical-cavity surface

emitting lasers (VCSEL’s) [1], resonant-cavity light emitting diodes [2], and

eventually polaritonic devices [3]. As already discussed in Chapter 1, a DBR is

essentially a multilayered stack of high and low refractive index materials, with

a quarter-wavelength (λ/4n) thickness in each layer, where λ is the wavelength

of maximum reflectivity and n the layer’s refractive index. The main advantage

of 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. In microcavity structures where the DBRs

consist of the same semiconductor system as the active region of the device, both

DBR and active region are typically synthesized in the same epitaxial run. In

heterogeneous cases, e.g. a dielectric DBR grown on a semiconducting active

region, the dielectric materials are generally deposited ex situ by evaporation or

sputtering. However, the direct deposition of a DBR on the active region does

not always lead to optimal results. In particular, in the case of an active medium

consisting of an ultra-thin semiconducting membrane, having a thickness from a
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Figure 5.1: (a) Optical image of a rectangular-shaped and (b) a SEM image of a cross-shaped GaN/AlGaN
membrane after the direct deposition of a 4-pair and an 8-pair top DBR at 300 ◦C. The thermally induced
bending of the membrane is clearly visible in both cases which can lead even to cracks in the films.

few hundred nanometers down to the atomic mono-layer limit of two-dimensional

systems, direct deposition of the top mirror may induce a bowing of the films

due to the mismatch in thermal expansion coefficients or lattice parameters.

Two examples are presented in Figure 5.1, which are clearly depicting the effect

after the deposition of the top mirror on a rectangular and a cross-shaped

GaN-based membrane having a thickness of 200 nm. Another example is the case

of process-sensitive materials, e.g. organic thin films, where the DBR deposition

process can lead to material degradation, often requiring an inorganic capping

layer for protection [4, 5].

5.2 Conceptualization of DBR membranes

In order to cope with such issues, a novel fabrication process is introduced

allowing us to produce planar microcavities without damaging the thin films

based on transferrable high-quality DBR (t-DBR) membranes. The concept of

t-DBR membranes is applicable to any semiconductor system and offers the

possibility to incorporate such membranes with minimal thermal load as top

DBR mirrors in vertical-cavity surface emitting devices. In contrast to previous

reports, where t-DBR mirrors were fabricated by the sequential transfer of the
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constituent DBR layers [6, 7], in our case the whole t-DBR is transferred as a

block, which simplifies the manufacturing task. Another interesting feature of

the t-DBR method is that several hundreds of DBR membranes are produced

on the same wafer during a single deposition run. Such membranes can be

stored and transferred on demand, depending on the specific microcavity design

at hand. Additionally, an envisaged application for the t-DBRs is their use

as diaphragms in high-sensitivity miniaturized pressure-sensor interferometers,

owing to their submicron thickness [8].

As an example of the wide possibilities of the method, it is presented here

the fabrication of novel GaN microcavities operating in the strong coupling

regime at ambient conditions by using our t-DBRs. In previous chapters, it has

been shown that GaN is a model system to observe robust polaritonic phenomena

due to the large exciton oscillator strength of III-nitride semiconductors [9–12].

Therefore, seeking to obtain high-Q GaN microcavities, many research groups

have explored several DBR combinations over the years. Specifically, the top and

bottom DBRs can be all-nitride [13, 14], hybrid (i.e. one nitride, one dielectric)

[9, 10], or all-dielectric [12, 15]. Air-gap DBR’s are also an interesting variant

[16,17], adding however significantly to the complexity of the fabrication process.

Among the alternatives listed above, the all-dielectric case is undoubtedly the

most appealing, since highly reflective and broadband dielectric mirrors can be

achieved with a small number of periods as already illustrated in the previous

chapters.

5.3 Current investigation

In this work, we report the fabrication of dielectric t-DBR membranes

consisting of ”×4” and ”×8” alternating pairs of SiO2/Ta2O5, where the specific

quarter-wavelength layer thicknesses are designed for the operation in the near

ultra-violet (UV) region. The DBR membranes are initially deposited on GaAs

substrates. Then, they are detached by a standard GaAs wet-etching process and
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are transferred on other templates for their use as top mirrors in cavities. Based

on the successful fabrication and transfer of the ”4-pair” DBR membranes, we

demonstrate for the first time the realization of an all-dielectric ”λ/2 oxide”

microcavity showing a marked cavity mode at 380 nm, as well as a ”3λ/2

complete” microcavity containing either ×38 polar GaN/Al0.07Ga0.93N or ×25

non-polar GaN/Al0.10Ga0.90N QWs, by utilizing the PEC-etched membranes

shown in Chapters 3 and 4, exhibiting prominent strong coupling characteristics

at room temperature conditions. The latter demonstrations strongly suggest

that our t-DBR process can be a practical and versatile technique to produce

efficiently planar nitride microcavities.

5.4 Fabrication of 4-pair DBR membranes

In order to fabricate the t-DBRs, a 2µm-thick poly-methyl-glutarimide

(PMGI) layer was spinned on top of (100) semi-insulating GaAs substrates and

cured at 200 ◦C (Figure 5.2(a)). The PMGI layer was photo-lithographically

patterned into circular holes with diameters between 100 and 500 µm (Figure

5.2(b)). After patterning, a ”4-pair” SiO2/Ta2O5 top DBR mirror, with respective

layer thicknesses of 67 and 45 nm, was deposited by electron beam evaporation

at 150 ◦C (Figure 5.2(c)). As explained in Chapter 3, these oxides can produce

a highly reflective DBR mirror with a minimal number of pairs. The reason

to use the low deposition temperature at this stage was to prevent any PMGI

degradation and preserve the structural integrity of the t-DBRs. Then, a lift-off

step with the aid of N-methyl-pyrrolidone (NMP) solvent removed completely

the PMGI layer, hence leaving intact DBR stacks in circular form on the GaAs

surface (Figure 5.2(d)). Figures 5.2(e-f) present optical images of the sample’s

surface with a ”4-pair” DBR mirror, before and after PMGI-removal.

The thus obtained mirrors on GaAs were then optically characterized by

room temperature µ-reflectivity spectra (Figure 5.3), acquired by illuminating

the DBR mesas with white light from a Xenon lamp source. The reflected
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Figure 5.2: (a)-(d) Schematic illustrations of the initial processing steps for the fabrication of transferrable top
DBR mirrors on GaAs. (e),(f) Top view optical images of a 4-pair SiO2/Ta2O5 top-DBR mirror deposited on
a patterned GaAs substrate, before and after the PMGI mask-layer lift-off. (g) Micro-reflectance spectrum of a
4-pair SiO2/Ta2O5 DBR on a GaAs substrate in comparison with the simulated TMM data. Inset shows a SEM
image of a transferred 4-pair DBR membrane, illustrating the uniformity of the evaporated layers.

light from the circular mesas was collected with x10 magnification and was

spatially filtered with a 100 µm-diameter pinhole, at the entrance of a 0.5-meter,

triple grating, imaging spectrograph, equipped with a liquid-nitrogen cooled

charged-coupled device detector. The magnification (M = hi/ho) was achieved

by placing an achromatic lens at a distance d from the sample (Figure 5.3), which

is equal to its focal length (fachr). Moreover, the numerical aperture (NA) of the

specific lens is 0.16 based on the company’s characteristics, allowing therefore

the observation of an angle range ∼ ± 9.2◦. In Figure 5.2(g), the normalized

µ-reflectivity spectrum of a ”4-pair” DBR stack on top of a GaAs substrate

is compared to the calculated curve, obtained by TMM reflectivity simulations

by using the refractive indices of the oxides (Figure 3.8), while the refractive

index of GaAs is taken from reference [18]. High reflectivity values up to 97

% along with a wide stopband of about 150 nm are observed, in accordance

with the theoretical data. The minor discrepancy between the experimental and

simulated curves in the short-wavelength part of the given reflectance spectrum

is due to the fact that bandgap-tail absorption effects in the oxide layers are not

taken into account in the TMM model.
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Figure 5.3: Schematic of the µ-reflectance 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 10 on a 100 µm 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.

5.5 Transfer of DBR membranes

Following the successful top DBR deposition on GaAs, the next step was to

cover the sample surface with a 1 µm-thick layer of polyimide (PI2525) (Figure

5.4(a)), which was subsequently cured on a hotplate at 300 ◦C. The purpose of

this polyimide layer was to mechanically support the circular DBR mesas during

the removal of the GaAs substrate by a standard wet-etching process (1H3PO4 :

1H2SO4 : 1H2O2 : 5H2O), as schematically shown in Figure 5.4(b). The etching

of the GaAs substrate produced a few micron-thick polyimide membrane with

several circular DBR membranes attached on its bottom surface. As depicted

in the schematic of Figure 5.4(c) and in the optical image of Figure 5.4(e), the

polyimide membrane was transferred with a fishing technique on the surface

of an 8-pair SiO2/Ta2O5 bottom-DBR, pre-deposited on a Sapphire substrate.

In Figure 5.4(g) is presented the surface shown in (e) after the removal of the

polyimide film, revealing the free-standing membranes.

It is worth noting here that the reason for transferring the polyimide layer

containing the DBR membranes directly on a bottom DBR mirror was to obtain

an ”oxide λ/2” cavity in a simple one-step process. Other templates, such as for
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Figure 5.4: (a)-(d) Schematic illustrations of the final processing steps needed for the transfer of the membrane top
DBR’s on a pre-deposited bottom DBR/Sapphire template. (e) Optical image after fishing the DBR-containing
polyimide membrane with the use of the previously mentioned template. (f) A free-standing SiO2/Ta2O5 top
DBR membrane transferred on the bottom DBR/Sapphire template. (g) Top-view optical image of the structure
shown in (e), after the polyimide removal, depicting clearly the t-DBR membranes. Missing membranes from
certain spots have been transferred on other templates for further experiments.

instance plain Sapphire, can be utilized as well when deemed necessary. In fact,

we note here that the t-DBRs showed better adhesion on Sapphire compared

to other templates, as testified by a uniform colorization under the microscope.

By closer examination of Figure 5.4(e), it appears that most of the polyimide

membrane is attached smoothly to the bottom DBR/Sapphire template, showing

limited amount of wrinkles, apart from some edge regions where the membrane is

folded and partially exfoliated. Further improvements of the fishing step would

lead to a better adhesion of the polyimide film and to minimal mirror losses.

In a final fabrication step, oxygen plasma was used to remove completely

the polyimide layer from all-around the DBR membranes and produce thus a

structure similar to the configuration shown in Figure 5.4(d). An optical image of

a 4-pair SiO2/Ta2O5 top DBR membrane transferred onto an 8-pair SiO2/Ta2O5

bottom DBR/Sapphire template is presented in Figure 5.4(f). From the optical

image, it is evident that the DBR membranes can be transferred without any

crack or major deformation, demonstrating the robustness of the individual oxide

membranes in spite of their relatively small thickness of about 450 nm.
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Figure 5.5: (a) Micro-reflectance spectra of the 4-pair top DBR membrane following transfer on Sapphire substrate
(solid) along with the TMM simulation (dashed), while an additional transfer on an 8-pair bottom-DBR/Sapphire
exhibits a fully-functional λ/2 oxide cavity with a distinct cavity mode (short-dotted). (b) A zoom around the
experimental cavity mode of the λ/2 oxide cavity (solid) along with the simulation for 50 cm−1 (dashed), 200
cm−1 (short-dashed) and 600 cm−1 (short-dotted) mirror losses.

In Figure 5.5(a), we plot the µ-reflectivity spectrum from a ”λ/2 oxide”

cavity, formed simply by transferring a 4-pair top t-DBR on an 8-pair bottom

DBR/Sapphire template (depicted in Figure 5.4(f)). The oxide cavity in this case

forms a stopband with a maximum reflectivity near 99% and supports a strong

cavity mode with a corresponding Q-factor (∆λ/λ) of about 110, illustrating

that our t-DBR technique is capable to produce optically active microcavity

structures. It should be noted that based on calculations the theoretical limit

for the Q-factor in a “perfect” λ/2 oxide cavity is expected to be 240. Likely

reasons for the reduced Q-factor in our case are surface roughness of the DBR’s,

imperfect adhesion of the top DBR, and mirror losses due to scattering effects.

At this stage, as regards the fabrication process, further experiments are

needed to disentangle all the above mentioned mechanisms. Nevertheless, we

note that the measured RMS roughness of a 4-pair SiO2/Ta2O5 top DBR and

an 8-pair SiO2/Ta2O5 bottom DBR is merely 1.12 nm in both cases, which is too

low to account for the reduced Q factor. Moreover, as an illustration of the role

of mirror losses on the Q-factor, we compare in Figure 5.5(b) the experimental

cavity mode with the simulated ones, for various levels of mirror losses in the
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DBR layers. Apparently, mirror losses in excess of 600 cm−1 are needed to

account for the observed Q-factor, which is considered to be an unrealistic value.

As additional characterization and applicability test of the t-DBR method,

Figure 5.5(a) displays also the micro-reflectivity spectrum of a 4-pair top DBR

transferred on plain Sapphire. In contrast to the reflectivity spectrum of Figure

5.2(g) for the same DBR on GaAs, the DBR on Sapphire is evidently “weaker”,

in the sense that the reflectivity reaches barely the 90% level and exhibits a

rounded-shape stopband with a relatively narrower stopband of about 130 nm,

in excellent agreement again with the TMM simulation. The Sapphire refractive

index is taken from reference [19]. This behavior can be adequately understood

considering the relatively small number of periods used in these DBRs, so that

the template refractive index has a major influence on the overall reflectivity

pattern.

5.6 Strong coupling at room temperature

In this preliminary development phase of our technique, we managed to

position the ”4-pair” top DBR membranes directly on top of 200-nm-thick

films with embedded GaN/AlGaN quantum wells, previously transferred one

by one on a bottom DBR. The GaN-based membranes contained either ×38

polar GaN/Al0.07Ga0.93N QWs or ×25 non-polar GaN/Al0.10Ga0.90N QWs, as

the ones presented in Chapters 3 and 4. The transfer of the individual t-DBR

membranes and the GaN-based membranes was accomplished with the use of a

probe tip taking advantage of the attractive van der Waals interaction between

membrane and probe tip, similar to Figure 2.4. The specific method offers

sufficient lateral precision in positioning a t-DBR on a GaN-based membrane,

thus forming a complete planar microcavity device such as the one shown in the

schematic of Figure 5.6(a) made out of the ”×38 polar” QWs. The successful

realization of such polariton devices is depicted in the optical image of Figure

5.6(b), where in this particular case, the transferred 4-pair t-DBR has a cross-like
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Figure 5.6: (a) A schematic of the fabricated 3λ/2 GaN-based microcavity with 38 polar GaN/Al0.07Ga0.93N
QWs similar to the one shown in the optical image (b). The cross-like feature in the image is the 4-pair top-DBR
mirror, while the yellowish layer underneath is the 38 polar GaN/AlGaN QW-containing membrane. (c) The
k-space imaging data from the mentioned microcavity, demonstrating that the device remains in the strong
coupling regime at RT with a Rabi splitting of 68 meV.

shape with lateral dimensions sufficient to cover the underneath nitride membrane

while the bottom DBR was a 10-pair SiO2/Ta2O5 on a Silicon substrate.

Interestingly, as suggested by the k-space imaging data of Figure 5.6(c)

along with simulations based on transfer matrix and linear Hamiltonian model,

the GaN-based microcavity obtained by the t-DBR approach exhibits a Rabi

splitting of 68 meV and a coupling constant of 37 meV, i.e. numbers reassuringly

close to the directly-deposited DBR case presented in Chapter 3. The ”AQW +

BQW” exciton state in this membrane is at 357.9 nm (3.4642 eV) while the

photonic mode (C) at 363.8 nm (3.4080 eV), giving a detuning of -56 meV and

a polariton emission at 365.6 nm (3.3912 eV) for the k// = 0. Even though,

the spectral linewidth in the discussed t-DBR structure was considerably larger

compared to the structure obtained by direct deposition of Chapter 3, the

flattening at large angles is still visible confirming that the device is able to

operate in the strong coupling regime. According to our present understanding,

the principal reason for the increased FWHM in this polariton device could be

attributed to imperfect adhesion of the t-DBR membrane on the underneath

GaN membrane, leading to small variations in cavity length.
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Figure 5.7: The k-space PL imaging data from a non-polar microcavity with 25 non-polar GaN/Al0.10Ga0.90N
QWs, demonstrating that the device remains in the strong coupling regime for both polarizations at room
temperature with a Rabi splitting of (a) 59 meV for E//α and (b) 68 meV for E//c despite the large detunings.

A further study was made to produce an all-dielectric non-polar microcavity

by placing a ”non-polar” membrane with ×25 GaN/AlGaN QWs in between a

”4-pair” SiO2/Ta2O5 t-DBR and an 8-pair bottom SiO2/Ta2O5 DBR mirror

on Sapphire. The transferred t-DBR on top of the 200nm-thick non-polar

GaN-based membrane had again a cross-shape similar to Figure 5.6(b). As

indicated by the k-space images of Figure 5.7, obtained without the use of

the Glan-Taylor polarizer, the strong coupling has been also achieved with

distinct characteristics in the two orthogonal polarizations despite the large

negative detunings. The two images show the same k-space data but with the

corresponding simulated curve to each of the two polarizations E//α and E//c.

The presented modelling is in accordance with the findings of Chapter 4, where

the polarization resolved LPBo results from the coupling of ”AQW” QW exciton

state with the ”ordinary” cavity mode (Co) while LPBe from the coupling of

”BQW + CQW” QW excitons with the ”extra-ordinary” cavity mode (Ce), while

the two LPB’s are having again an inter-crossing behavior. As follows from

the positive birefringence (∆n > 0) in GaN (Chapter 4), the Ce is at higher

wavelengths (or lower energy) compared to the (Co). Moreover, in contrast to

the case of the 10-pair on Silicon showed in Figure 5.6, the stopband of the

8-pair bottom DBR on Sapphire is better adjusted to that of the 4-pair t-DBR.
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In the specific device, the narrower polariton branches result from the improved

adhesion, demonstrating once again the feasibility of the t-DBR method to

obtain high quality polaritonic devices.

Due to the large negative detunings, leading to a strong bottleneck effect,

the polariton dispersions at small angles (or k// values) are less observable. This

phenomenon occurs due to the rapid radiative decay of polaritons at high k//’s

before they manage to reach the bottom of the lower polariton branch. For

this reason, the fitting for the simulation of the dispersion curves was based

mostly on the emission at the higher angles, where it can be distinguished an

inter-crossing of the ordinary and extra-ordinary branches, while maintaining a

good matching at k// = 0. As depicted, the simulated polariton curves appear

to agree well with the data for both polarizations. As concerns the parameters

for the simulations, in Figure 5.7(a), the AQW exciton is at 361.7 nm (3.4278

eV) while the ordinary cavity mode (E//α) at 378 nm (3.28 eV), giving thus a

negative detuning of -148 meV. The Rabi splitting at the anti-crossing point is

obtained to be 59 meV with a coupling constant of 30 meV. For the ordinary

branch (LPBo), the minimum is at 378.7 nm (3.274 eV). On the other hand, in

Figure 5.7(b), the BQW + CQW exciton line is located at 360.6 nm (3.4383 eV)

and the extra-ordinary cavity mode (E//c) seems to be at 379.4 nm (3.2679 eV),

i.e. lower in energy than the ordinary one, resulting to an even larger negative

detuning of -170 meV. The Rabi splitting at the anti-crossing point of the E//c

polarization is estimated to be 68 meV with a coupling constant of 35 meV and

is located slightly outside the range of our k-space imaging setup. Moreover, the

minimum point of the LPBe occurs to be at 380.2 nm (3.261 eV).

5.7 Fabrication of 8-pair DBR membranes

Following the developed methodology for the ”4-pair” top DBR membrane

we decided to take another step and fabricate an ”8-pair” top t-DBR, since

the peak reflectivity is expected to be higher, and therefore, it will be possible
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Figure 5.8: (a)-(b) Schematic illustrations of the 8-pair mirror evaporation on the pre-patterned GaAs substrate
with a PMGI mask and the PMGI mask-layer lift-off. (c),(d) Top view optical images of an 8-pair SiO2/Ta2O5

top-DBR mirror deposited on a patterned GaAs substrate for the two cases of (a-b). (e) Micro-reflectivity
spectrum of an 8-pair SiO2/Ta2O5 DBR on a GaAs substrate along with the simulated TMM data.

to succeed even better quality factors in the complete microcavity. In Figure

5.8(a-d) is depicted the process schematic along with the optical images of the

evaporated DBR materials on the pre-patterned GaAs substrate before and after

removal of the PMGI. It is worth noting that the larger deposition time induced

some regional PMGI degradation as observed in Figure 5.8(c), but this created no

problem in the t-DBR fabrication. In Figure 5.8(b) is presented the reflectance

spectum as acquired from a DBR mirror on GaAs substrate, by utilizing the

setup of Figure 5.3, along with the simulated curve by using the same refractive

indices as in Figure 5.2(g). The results reflect clearly the close matching between

the two curves with a normalized peak value close to 1. This time the ”8-pair”

spectrum is shifted to smaller wavelengths, since we tried to center it at 360 nm,

compared to the ”4-pair” t-DBRs (Figure 5.2(g)).

In the next step, we performed the wet etching process described in Figure

5.4 to remove the GaAs substrate and have the DBR membranes buried inside

a polyimide layer that is ready to transfer onto another substrate with a fishing

method. However, our experiments showed that even though the transfer can

be safely done as before, it was not possible to achieve either a ”λ/2” (only
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oxide) or a ”3λ/2” (with a semiconducting membrane) microcavity having good

optical characteristics in the reflectance spectra. Further investigation is still

needed in order to resolve this particular issue, which is possibly related to the

thermal strain induced during cooling as we strongly believe it will be beneficial

to utilize an ”8-pair” mirror in microcavities based on the high quality reflectance

spectrum shown in Figure 5.8(e) obtained on GaAs substrate.

5.8 Conclusion

In this work, we have demonstrated the fabrication of SiO2/Ta2O5 t-DBR

membranes for their use as transferrable upper mirrors in planar microcavities.

The 4-pair DBR mirrors are first deposited by electron beam evaporation on a

pre-patterned GaAs substrate and show high reflectivity values up to 97 % in the

near UV region. Following removal of the GaAs substrate by chemical etching,

the DBR stacks are released in membrane form, enabling thus their subsequent

transfer and integration in vertical-cavity surface-emitting geometry devices. As

an illustration, we have produced an all-dielectric λ/2 oxide microcavity with a

well-defined cavity mode at 380 nm as well as a polar and non-polar GaN-based

3λ/2 microcavity exhibiting marked strong coupling characteristics and Rabi

splittings in the range of 59 - 68 meV at ambient conditions with the use of

only 4-pair DBR membranes. The respective fabrication of an 8-pair top DBR

mirror gave a high peak value close to 100 % and a broad stopband region

prior to wet-etching of GaAs, while after the GaAs removal and transfer of

the t-DBRs on other substrates, we did not achieve sufficient results possibly

related to the large thermal strain in the t-DBR membrane, along with the GaAs

removal and transfer process. Overall, further adjustments on the transferred

membranes, such as for instance varying their relative size and roughness, will

likely resolve several of the problems. We strongly believe that there is still plenty

of room for improving the method t-DBR in order to produce high quality planar

microcavities with even higher Q-factors.
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M. Laügt. ”Crack-free fully epitaxial nitride microcavity using highly reflective

AlInN/GaN Bragg mirrors”, Appl. Phys. Lett. 86, 031107 (2005).

[15] K. Bejtka, F. Reveret, R. W. Martin, P. R. Edwards, A. Vasson, J. Leymarie,

I. R. Sellers, J. Y. Duboz, M. Leroux, and F. Semond. ”Strong light-matter

168



CHAPTER 5 Nitride Polariton Lasers

coupling in ultrathin double dielectric mirror GaN microcavities”, Appl. Phys.

Lett. 92, 241105 (2008).

[16] R. Sharma, Y.-S. Choi, C.-F. Wang, A. David, C. Weisbuch, S. Nakamura,

and E. L. Hu. ”Gallium-nitride-based microcavity light-emitting diodes with

air-gap distributed Bragg reflectors”, Appl. Phys. Lett. 91, 211108 (2007).

[17] R. Tao, M. Arita, S. Kako, K. Kamide, and Y. Arakawa. ”Strong coupling

in non-polar GaN/AlGaN microcavities with air-gap/III-nitride distributed

Bragg reflectors”, Appl. Phys. Lett. 107, 101102 (2015).
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Conclusions and future perspectives

Up to date the maturity in III-nitride fabrication technology has been

remarkably improved as compared to the initial fabrication stages where the

material quality was creating a number of drawbacks. The outcome of having a

high quality GaN layer has intrigued many researchers towards the development

of improved GaN-based polariton microcavities due to the high binding energy

and oscillator strength of the GaN excitons opening the route for UV polariton

emission at room temperature. Nevertheless, the fabrication of fully epitaxial,

hybrid or even airgap-based microcavities has not yet found a solid ground to

flourish, as there is still need to increase the efficiency of the polariton lasing

devices. The utilization of ultra-thin III-nitrides as the active material, while

having dielectric materials with a high refractive index contrast as top and

bottom mirrors can be the ideal solution in decreasing the modal volume of

the cavity while offering the possibility for electrical injection. The small active

region is regarded to be one of the major parameters for achieving ultra-low

lasing thresholds since less power is needed to excite the system. Therefore, the

aim of this doctoral study was the fabrication of all-dielectric DBR microcavities

based on ultra-smooth GaN-based membranes of approximately 200-nm-thick

and 45 × 45 µm2 - 155 × 155 µm2 wide in the polar (c-) and non-polar

orientation (m-) with the use of the photo-electrochemical etching technique.

The separation can be succeeded by removing a sacrificial InGaN layer, which

has proven a promising alternative to decrease etching-process imperfections and

provide increased optical quality in the sub-micron-thick films. Utilizing low

etching rates and high extents in time resulted in ultra-low rms roughness of the
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etched surfaces. Apart from bulk GaN membranes, this method allowed to make

novel high quality free-standing membranes with embedded GaN/AlGaN QWs

only at antinodes and in the whole extent of the thin film along a polar and a

non-polar orientation. Among the two, non-polar orientation is far superior since

quantum-confined Stark effect is eliminated and there are no built-in fields inside

the GaN/AlGaN quantum wells. This allowed to increase the well thickness from

2.7 to 5 nm in order to reduce inhomogeneous broadening by structural disorder,

while at the same time increase further the PL intensity. The concentration of Al

in the AlGaN barrier was kept in the range of 7 % (polar) and 10 % (non-polar)

to minimize strain effects.

Special handle in the separation of the fabricated GaN-based membranes

and their subsequent transfer onto Sapphire substrates, with a simple dry transfer

method developed within the framework of this PhD, allowed us to perform

µ-transmittance measurements. Then, following a comprehensive methodology

considering the impact of the standing wave effects arising when light passes

through the sub-wavelength-thick films, we deduced the absorption coefficient

and oscillator strength in bulk and QW structures. Moreover, transferring the

membranes on substrates with pre-deposited bottom dielectric DBRs, followed

by a top mirror deposition by e-beam evaporation, complete optical microcavities

can be produced. In our investigation, we utilized the SiO2 (low index) and

Ta2O5 (high index) as mirror oxides, which based on theoretical and experimental

investigations yield large stopbands and high peak-values in the reflectivity

spectra with only a small number of alternating pairs. For instance, 4 pairs

in the top and 10 pairs in the bottom DBR provide a Q-factor of ∼ 1000. AFM

characterization of the mirror surfaces indicated an rms roughness in the range

of 1 nm illustrating their feasibility as an integral part of microcavities. The

analysis of the strong coupling regime was performed with a k-space imaging

setup, where the particular all-dielectric DBR microcavities exhibited robust

polariton lasing characteristics at RT in both growth orientations of the GaN

crystal, with the m-orientation giving a significantly lower Pthr = 1.5 W/cm2.
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Polariton lasing occurred in positively detuned microcavities, where the lifetime

and scattering rate of polaritons are increased. This is a direct consequence of

the enhanced exciton-fraction of the polaritons with the simultaneous decrease of

relaxation time needed to reach the ground state of the lower polariton branch.

Among the two growth orientations, the intrinsic polarization anisotropy of the

m-orientation resulted in inter-crossed polarization-resolved polariton branches.

The clear observation of the polariton branches obtained in our samples shows

the high optical quality of the fabricated structures in comparison to other

works, and therefore, illustrates the concrete advantages of this state-of-the-art

fabrication and opens new perspectives such as for instance the study of polariton

parametric scattering and its use as entangled photon pair source at ambient

conditions. Compared to a direct mirror deposition which induces thermal

load in the GaN/AlGaN membranes after cooling in the deposition chamber,

an additional investigation aimed at the fabrication of transferrable dielectric

DBR membranes for their use in all kinds of GaN-based polariton and VCSEL

technology. Even though hundreds of oxide-based membranes are produced

on a large wafer at once, such DBR membranes can be transferred to form

a specific microcavity based ”on demand”. Mirrors made by 4 alternating pairs,

around 450-nm-thick, were found to be able to produce pronounced cavity modes

in a λ/2 oxide cavity and give strong-coupling effects in a 3λ/2 GaN-based

microcavity. To conclude, the major outcome of the current investigation was to

illustrate future key points towards the fabrication of a GaN-based membrane

with embedded p-n junction in the active material, whose simple transfer on

appropriately patterned substrates can facilitate the current injection with direct

contacts on the membranes, reducing thus resistance issues already observed in

other device geometries. Such a demonstration will lead to new polariton LED

and lasing devices with significantly reduced operation thresholds for their use

in the UV spectrum.
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Appendix A

Complex Refractive Index

In optics, one of the most substantial parameters to describe a material’s

optical response is the refractive index [1, 2]. The refractive index is defined

as the ratio of the velocity of light c in vacuum (≈ 3·108 m/s) to the group

velocity υ in the medium. Combining the previous definition with Maxwell’s

equations [3], leads to a formula containing the relative complex permittivity ε̃r

and the relative complex permeability µ̃r describing classically the dispersion of

light in a substance as

ñ(λ) =
co
υ(λ)

=
√
ε̃r(λ)µ̃r(λ) (A.1)

Based on the previous equation, a complex refractive index is defined (in the

case of non-magnetic materials, µ̃r = 1) to fully describe the material optical

characteristics as

ñ2(λ) = (n(λ)− ik(λ))2 = ε̃r(λ) = ε′r(λ)− iε′′r(λ) (A.2)

where the imaginary part of the refractive index k(λ) represents the attenuation

of light when propagating through a material and is known in literature as

extinction coefficient, while ε′r(λ) and ε′′r(λ) are the real and imaginary part of

the complex relative permittivity. The link between the discussed parameters is

given through Kramers-Kroning relations [3] by the expressions

177



APPENDIX A Nitride Polariton Lasers

ε′r(λ) = n2(λ)− k2(λ) (A.3)

ε′′r(λ) = 2n(λ)k(λ) (A.4)

Another useful quantity is the absorption coefficient and is related to the extinction

coefficient as

α(λ) =
4πk(λ)

λ
(A.5)

where this parameter describes the decrease occurring on the light’s intensity

when passing through a medium.

The dispersion relations of the real and imaginary parts of the refractive

index corresponding to a material can be deduced by performing spectroscopic

ellipsometry (SE) measurements. As regards the real part of the refractive index,

the transparent region of a semiconductor can be represented by a Cauchy or a

Sellmeier relation [3, 4] as described below

Cauchy : n(λ) = A+
B

λ2
+
C

λ4
+ ... (A.6)

Sellmeier : n(λ) =

√
1 +

F1λ2

λ2 −B1
+

F2λ2

λ2 −B2
+

F3λ2

λ2 −B3
... (A.7)

where A, B and C are the Cauchy and F1, F2, F3, B1, B2, B3 are the Sellmeier

constants.

Regarding the three major QW exciton entities Ax, Bx and Cx, they can

be modeled as ”oscillators” within a transfer matrix model (Appendix B) to

simulate the energy dispersion of polaritons when light and matter are strongly
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coupled. Considering the Drude-Lorentz damping oscillator model to account

for the homogeneous dielectric behavior of eg. three QW-excitons [5–7] as

ε̃r(E) = ε̃Br (E) + ε̃homexc (E) = ε̃Br (E) +
3∑
j=1

e2~2

εoMexcLwell

f qwxj
S

1

E2
xj
− E2 + iγhomxj

E

(A.8)

where ε̃Br (E) represents the background dielectric constant, f qwxj /S is the oscillator

strength of the excitonic transition per unit surface (for QWs), Exj corresponds

to the energy of the jth exciton, Lwell is the thickness of the well material, εo

is the vaccum permittivity, e the electron charge, Mexc is the exciton mass and

γhomxj
is the homogeneous damping constant of exciton.

To account for inhomogeneous broadening due to interface roughness and/or

AlGaN’s alloy fluctuations, the effect can be represented by a Gaussian profile

of the form

εinhexc(E) =
1

σ
√

2π
e−

(E−Exj )
2

2σ2 (A.9)

where Exj is the energy of the central exciton and σ2 is the variance with a

γinhxj
= 2σ

√
2ln2 ≈ 2.35482σ. For a more analytic description, the convolution

of a Gaussian and a Lorentzian function can be modeled by a Voigt function

ε̃totalexc (E) =

∫ ∞
−∞

εinhexc(E
′)ε̃homexc (E,E ′)dE ′ (A.10)

where for each value of E ′ around the central value Exj of a Gaussian distribution

there is a Lorentzian contribution of each individual exciton. The main fitting

parameters for a complete description of an exciton transition in the transfer

matrix model (TMM) (Appendix B) are just the oscillator strength, the energy

position and the two damping constants γhomxj
and γinhxj

[6, 7].
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Appendix B

Transfer Matrix Method

To describe light propagation in layered media, instead of solving every

time Maxwell’s equations analytically, it is convenient to use the advantageous

tranfer matrix method (TMM) [1–3] supposing that the layers are isotropic,

homogeneous and the surfaces of the materials are parallel to each other. The

method considers an incident electromagnetic wave (TE or TM) at the surface of

a multi-layered structure, where each layer constituting the structure is defined

mathematically by a matrix, which accounts for the material’s parameters. The

multiplication can be made in simple steps and gives the characteristic overall

matrix defining all the layers in the structure. The behavior of light at each layer

/ material depends exclusively on the complex refractive index (ñm) (Appendix

A) and its thickness (dm = tj - tj−1), where m and j are integers denoting the

number of the layers and the surfaces / interfaces. Bearing all this in mind,

the respective equation expressing the amplitudes of the incident electric and

magnetic field components to those after passing the entire structure is given by(
~E1,d=0

~H1,d=0

)
= M1...Mm

(
~Em,d=t

~Hm,d=t

)
(B.1)

where Mm is the transmission matrix of each layer and has the following form

Mm =

(
cos(δm) i

γm
sin(δm)

iγmsin(δm) cos(δm)

)
(B.2)
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with a phase shift δm = 2π
λ ñmdmcos(αm) and αm the angle of incidence at the

mth material. By taking into account the polarization of light, the following two

cases are distinguished

γm = ñmcos(αm) for TE (B.3)

γm =
ñm

cos(αm)
for TM (B.4)

The relation connecting the angle of the incident ray to the one that is refracted is

given by the Snell’s law for refraction (ñm−1sin(αm−1) = ñmsin(αm)) and occurs

due to the different values of the refractive indices between the two media. Note

that in the TMM calculations we use the complex refractive index in the previous

equation. The resulted expressions can be extracted by satisfying the tangential

boundaries of ~E and ~H in Maxwell’s equations for a light wave traveling from

medium ”m − 1” to medium ”m”. Considering that incidence occurs from the

air and that a substrate is utilized to host the structure, the complete matrix

will have the form

Mtotal =

(
M11 M12

M21 M22

)
= Dair

−1MstructureDsubstrate (B.5)

where the two Di’s, describing the refraction of light at the air / structure and

the structure / substrate interface, can be calculated by

Di =

(
1 1

1
γm,i

− 1
γm,i

)
(B.6)

For the case that the particular structure is a distributed Bragg reflector (DBR)

(δm = π
2 ) with N alternating pairs, the matrix results to be
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MDBR =
(
MLMH

)N
=

(
(−nH

nL
)N 0

0 (− nL
nH

)N

)
(B.7)

where L and H denote the low and the high refractive index material. Knowing

the total matrix of a system, it is then possible to calculate the normalized

reflectance and transmittance in the DBR from

R = |r|2 =

∣∣∣∣M21

M11

∣∣∣∣2 (B.8)

T =
γm,sub
γm,air

|t|2 =
γm,sub
γm,air

∣∣∣∣ 1

M11

∣∣∣∣2 (B.9)

with r and t referred to as the Fresnel’s coefficients andMij’s the matrix elements.

The absorbance results from the equation

A = 1−R− T (B.10)

To account for both polarizations in R and T the following relations should be

utilized instead

R =
RTE +RTM

2
(B.11)

T =
TTE + TTM

2
(B.12)

which are basically the average of the TE and TM cases. The TMM approach

can be applied to a thin film to analyze eg. transmittance spectra or even to

more sophisticated structures such as a microcavity device for a nominal design

for the operation at the desired wavelengths. More details for the simulation of

GaN-based microcavities can be found in references [4, 5].
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Appendix C

Transformations

Describing the linear Hamiltonian of the exciton - photon system in the

second quantization (Section 1.7), it is possible to utilize the following transformation

to link the initial operators (b̂k//, âk//) to the lower and upper polariton operators

(P̂k//, Q̂k//) for each in-plane wavevector(
P̂k//

Q̂k//

)
=

(
Xk// Ck//

−Ck// Xk//

)(
b̂k//

âk//

)
(C.1)

where the new Hamiltonian results to have the following form [1]

Ĥpol =
∑
k//

ELP,k//(P̂
†
k//
P̂k//) +

∑
k//

EUP,k//(Q̂
†
k//
Q̂k//) (C.2)

with P̂ †k//, Q̂
†
k//

being the creation and P̂k//, Q̂k// the annihilation operators of the

lower and upper polaritons, respectively. The ELP,k// and EUP,k// are the energy

dispersions of the polation branches given in Section 1.7. The parameters Xk//

and Ck// are named as Hopfield coefficients [2] and they are calculated by the

equations below for each k// as

|Xk//|
2 =

1

2

(
1 +

δk//√
δ2k//

+4g2o

)
(C.3)

|Ck//|
2 =

1

2

(
1−

δk//√
δ2k//

+4g2o

)
(C.4)
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Figure C.1: Polariton eigenenergies and the corresponding Hopfield coefficients |Xk// |2 and |Ck// |2 at (a, d) δo
> 0, (b, e) δo = 0 and (c, f) δo < 0.

where |Xk//|2 and |Ck//|2 reflect the excitonic and photonic contributions (or

else fractions) for each k// of the polariton branches, fulfilling the condition that

their sum is always unity. The term δk// is the energy difference (detuning) of the

exciton state and cavity mode at a given in-plane wavevector and go the coupling

constant given by Equation 1.24. Depending on the value of the detuning, the

polariton branches can be more photonic or more excitonic, as can be seen in

Figure C.1. Additionally, due to the particular characteristics, the polariton

effective masses can be obtained by the relations

1

mLP,k//

=
|Xk//|2

Mexc
+
|Ck//|2

mcav
(C.5)

1

mUP,k//

=
|Ck//|2

Mexc
+
|Xk//|2

mcav
(C.6)
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where Mexc is the effective mass of the exciton and mcav is the effective mass

of the photon in the cavity. By making a rough calculation one can see that

the effective polariton mass mpol is of the order 10−4Mexc = 10−5me, since the

photonic mass is always much smaller, and hence plays a dominant role in the

system.

Accordingly, the effective lifetimes of polaritons in the two branches are

given by

1

τLP,k//
=
|Xk//|2

τexc
+
|Ck//|2

τcav
(C.7)

1

τUP,k//
=
|Ck//|2

τexc
+
|Xk//|2

τcav
(C.8)

where τexc is the effective exciton decay time and τcav is the effective cavity-photon

lifetime (≈ 0.2 - 1 ps). Typically, the effective polariton decay time τpol is of

the order of ps and depends mostly on the Q-factor of the cavity, since it is

usually much smaller than the exciton decay time (≈ 50 - 500 ps). In addition,

analogous equations hold also for the linewidths of the polariton branches by

considering the respective parameters.
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Appendix D

Time-resolved photoluminescence

Time-resolved photoluminescence (TRPL) is an experimental technique to

investigate the recombination dynamics of semiconductor structures through

their temporal evolution. Multiple effects are possible to be analyzed with the

TRPL method such as the quantum confined Stark Effect (QCSE), the screening

and the time decays of the carriers. The necessary tools to acquire a time

resolved PL decay curve are mainly three: (a) a short pulse laser, (b) an ultra-fast

detector and (c) a closed-helium-flow cryostat to perform measurements at low

temperatures. More specifically, the technique works as follows, an initial pulse

excites the sample and the fast detector analyzes the photoluminescence decay

signal in combination with a computer storing the data. The whole procedure is

completed before the second pulse excites the sample again. Each time a pulse

excites the sample, the detector repeats the same procedure over and over again

and gives a statistical average of the counts per unit of time. A high number of

repetitions lead to a lower statistical error in the measurement.

In an as-grown sample, without microcavity, the observed PL lifetime τPL(T )

is basically related to the exciton recombination inside the QWs and is related to

the exciton radiative lifetime τr(T ) and the non-radiative lifetime τnr(T ) through

the following equation [1]

1

τPL(T )
=

1

τr(T )
+

1

τnr(T )
(D.1)
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Moreover, the integrated photoluminescence at a temperature T is expressed as

IPL(T ) =
Io
ηo

τPL(T )

τr(T )
=
Io
ηo
η(T ) (D.2)

with Io being a normalization factor which depends on the photoexcited carriers

and ηo is the radiative efficiency at T = 0 K, while η(T ) is the radiative efficiency

at a temperature T. As a result, the expressions for the τr(T ) and τnr(T ) are

decoupled as

τr(T ) =
Io

ηoIPL(T )
τPL(T ) =

τPL
η(T )

(D.3)

τnr(T ) =

(
Io

Io − ηoIPL(T )

)
τPL(T ) =

(
1

1− η(T )

)
τPL (D.4)

In order to deduce the decay times as a function of the temperature, it is often

assumed that at low temperatures only radiative recombination occurs since the

non-radiative recombination processes are much slower, therefore Io is taken as

IPL(0K). Hence, the integrated PL intensity can be normalized to unity at T =

0 K (η(0K) = 1), while in order to relax this assumption one has just to consider

a lower value of no (< 1) in Equation D.2. The time decay of the carriers can

be affected by structural defects inside the crystal such as non-uniformity and

well-width fluctuations leading to localized excitons at low temperatures. As

the temperature rises, the thermally-induced de-trapping of the excitons allows

them to move and find non-radiative defects leading to an overall degradation

of the PL intensity.

To perform low T measurements, the sample is mounted in a closed-cycle

helium cryostat in combination with a temperature controller to adjust the

sample’s temperature (Appendix F). In this work, the sample was excited by

a Mira femtosecond laser oscillator which was powered by a Verdi laser and

gives pulses at a repetition rate of 76 MHz (1 pulse every 13 ns) giving enough
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time to the system to relax before the arrival of a new pulse. For the sample’s

excitation, it was utilized the third harmonic (3ω) of the laser’s beam with

the use of a tripler which gave a wavelength at λ = 266 nm, representing

a non-resonant excitation energy, i.e well above the bandgap of the well and

barrier materials of the fabricated QW structure. The average excitation power

was maintained at an average power density of 4 W/cm2 by using appropriate

neutral density filters in the path. The latter value was kept low in order to

eliminate any exciton-exciton interaction effects. Furthermore, a bandpass filter

with 280 nm cut-off was placed at the entrance of the spectrometer to cut most

of the back-scattered laser beam. With the use of a beam splitter, a portion

of the Mira’s beam triggered the streak camera synchronously with the portion

of pulse that was hitting on the sample. Finally, the time-resolved PL spectra

were analyzed and recorded with the use of a spectrometer in combination with

the Streak camera, giving a time resolution of a few ps. Additional information

about the particular setup configuration and measurements can also be found

in reference [2].
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Appendix E

k-space PL-imaging setup

The Fourier plane (or k-space) imaging was realized with the setup presented

in Figure E.1, which enables the PL imaging at different temperatures with the

use of a closed-circuit cryostat along with a temperature controller. A laser

source is utilized to optically pump the sample that is mounted inside (or in front

of) the cryostat at normal incidence. The incident beam is directed with UV

mirrors and a beam splitter, and finally is, focused with an aspheric (objective)

lens on the sample. A varying neutral density filter in this path was used to

adjust the excitation power of the laser. Then, the collection of the PL signal

is acquired with the use of an imaging lens at di = f2 = 200 mm from the

Fourier plane, on the left-hand side of the aspheric lens (da = f3 = 8 mm) with

focal length 8 mm. The numerical aperture (NA) of the particular aspheric

lens is ∼ 0.63 and allows for an angle-range PL acquisition of ± 39◦. The

collection is made with an additional lens (f1 = 100 mm) to direct the signal in

front of a spectrometer, where the analyzed spectrum was then recorded by a

nitrogen-cooled CCD camera connected to a computer. The focal length of the

specific collection lens depends on the magnification needed to fill the pixels of

the CCD. The use of a pinhole, installed on a translational stage, at the left-sided

focal point of the imaging lens permitted the spatial filtering of the signal.

Moreover, a filter (< 350 nm) was used to cut the unwanted back-scattered

laser emission. Since the QW-emission is at ∼ 360 nm, the alignment and focus

of the setup was adjusted for this wavelength. Figure E.2 depicts the real setup.
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Figure E.1: Schematic of the k-space µ-PL imaging setup for data acquisition from low up to room temperature.

Figure E.2: The utilized k-space µ-PL imaging setup for data acquisition from low up to room temperature.
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Appendix F

Experimental Equipment

A) Optical sources:

� A fibre coupled, collimated Mikropack light source, which is equipped with a

deuterium (UV) and halogen lamp (visible and IR). This source was utilized

in reflectivity experiments.

� A 150 W Xenon Hamamatsu lamp. The specific lamp was utilized in

reflectivity and transmission experiments.

� A Kimmon IK series, continuous wave, He-Cd laser with emission at 325

nm. The measured maximum output power was at 32 mW with a beam

divergence of 0.92 mrad. The particular laser was utilized as an excitation

source in photoluminescence experiments.

� A Nanolase, frequency quadrupled, pulsed, Nd-YAG (neodymium-doped

yttrium aluminium garnet; Nd : Y3Al5O12) laser with emission wavelength

at 266 nm. Its pulse-width is 0.51 ns and has a repetition rate of 7.58 kHz.

The separation of the 266 nm beam from the other harmonics was possible

with a quartz prism. The average power at 266 nm was about 0.4 mW.

This laser was utilized in non-resonant optical excitation of GaN/AlGaN

microcavities for the demonstration of polariton lasing.

� A diode laser with emission at 405 nm and a maximum output power

of about 9.5 mW. This laser was utilized mainly as an optical source in

photo-electrochemical etching experiments.
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� A Mira-900 series, pulsed, tunable Ti : Sapphire laser, with a tuning range

of 700 - 1000 nm and a pulse-width about 200 fs, where the repetition rate is

76 MHz. The Mira-900 laser is followed by a tripler stage, transforming the

800 nm pulses into the 266 nm 76 Mhz fs pulses used as source of excitation

in the TRPL measurements.

B) Spectrometer:

� An Acton SpectraPro, 0.5 meter focal length, triple grating and imaging

spectrograph, with a resolution of 0.02 nm at 435.8 nm and an accuracy of

± 0.02 nm. The three gratings are the following: (1) 150 grooves/mm, blazed

at 300 nm (2) 600 grooves/mm, blazed at 300 nm and (3) 2400 grooves/mm,

blazed at HUV (holographic UV). The spectrograph is equipped with a liquid

nitrogen cooled charge-coupled device (CCD), having a width of 1024 pixels

and a height of 256 pixels.

C) Streak camera:

� All the TRPL measurements are made on a Hamamatsu M5675 streak

camera, equipped with four different time range options, based on the sweep

voltage used to deflect the light. Time range ”1” corresponds to the highest

resolution whereas time range ”4” to the lowest one. When all conditions

are optimal, the temporal resolution of this particular streak camera can be

as low as ≈ 2 ps. Under normal operating conditions, however, the temporal

resolution is less than 10 ps.

D) Low temperature apparatus:

� For the temperature-dependent measurements, the samples were placed in

an APD helium closed-circuit cryostat. The setup is equipped with a Scientific

Instruments, series 5,500 temperature controller, which allowed the control

of sample temperature from 15 K to 300 K.
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E) Power source:

� For the PEC process, a Keithley 6517A was utilized to apply a bias in the

setup while at the same time measure the response in current. The particular

power supply has a built-in ± 1 kV voltage source and the capability to

measure currents in the range 1 fA - 20 mA. An additional feature is the

built-in IEEE 488 interface which allows programming it with a computer

interface.

F) Atomic Force Microscopy:

� The surface imaging and topographical analysis, cross-sectional profiles and

roughness measurements were performed with a Multimode AFM connected

to a Nanoscope IIIa controller. The particular AFM is featured with Contact,

Tapping and Non-contact modes with 2 piezoelectric scanners: a normal for

125 × 125 µm2 max scan size and a high precision for 5 × 5 µm2 max scan

size. The resolution is 1 Å in z-axis while 10 nm in x- and y-axis.

G) X-Ray Diffraction:

� For the investigation of the structure of crystalline solids the x-ray diffraction

(XRD) measurements were performed with a BEDE D1 Triple Axis High

Resolution XRD (HR-XRD) equipped with a Siemens - Sealed X-ray tube

[CuKa radiation (2 kW)] source and a scintillation detector for single crystal

analysis.

H) Scanning Electron Microscope:

� The presented scanning electron images (SEM) images were acquired with

a FE-SEM, JEOL JSM-7000F equipped with INCA microanalysis system

with featured capabilities High Resolution Scanning Electron Microscopy

(HR-SEM) and Energy Dispersive X-ray Spectroscopy (EDS). Its source

is a Schottky type field-emission (T-FE) gun with Zr/O tungsten emitter

providing a beam voltage range of 0.5 - 30 kV with a resolution of 1.2 nm

at 15 kV and 3.0 nm at 1 kV.
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