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Résumeé

Cette thése est consacrée au développement eptami'gation de cellules solaires a
base de puits quantiques InGaN/GaN. Tous les atltbaatutilisés dans ce travail ont été crQs
sur le saphir par Epitaxie en phase vapeur a gholiganométalliques (MOVPE).

Dans le chapitre 1 de la these, on donne une caofidemation sur l'histoire des
matériaux IlI-V et des composants optoélectronicueses sur ces matériaux. Les avantages
et les défauts des alliages InGaN dans les apiplitsaphotovoltaiques sont suivis par une
explication de la motivation et des objectifs de tcavail. On finit le chapitre par une
description courte de la these.

Le chapitre 2 décrit les propriétés générales deares d'éléments Ill: la structure
cristalline avec les valeurs de paramétres de enddlconstruction de diagramme de bandes
et la nature des champs piézoélectriques. Les liksés physique des cellules solaires sont
données pour une meilleure compréhension du tragadmpli pendant la these. On explique
les conceptions générales de la jonction p-n epiliegipaux parametres électriques tels que
la masse d'air, la tension de circuit ouv®), le courant de court-circuidd), le facteur de
forme FF), le rendement de conversion),(le courant de saturationdof et le facteur
d’idealité ). On présente aussi un état de l'art des celkd&sres a la base d'InGaN. On
discute les nouveaux concepts pour l'augmentatior'alficacité: cellules solaires multi-
jonction et cellules solaires a la base des puitstiques. Basé sur I'analyse de I'état de l'art
et en prenant en compte la spécificité et promiéiEs alliages InGaN tel que les effets liés
aux champs piézoélectriques et aux contrainteexphque le choix du design de la structure
pour cellules solaires utilisé dans le cadre die¢hése.

Le chapitre 3 propose une description des techeigx@érimentales utilisées pour la
croissance des échantillons et leur caractérisasibncturale, optique et électrique. On
présente la technigue MOVPE et sa spécificité fpewuroissance des nitrures: la méthode de
croissance du buffer de GaN, les dopages p et nroiasance de puits InGaN/GaN. On
explique le principe de la diffraction des rayoneles différentes configurations utilisées
pour les mesures. La description générale de ément XRD a haute résolution qu'on a
utilisé dans ce travail est donnée. On décrit alssprincipe des mesures optiques
(photoluminescence et transmission) et électriguassuite du chapitre est focalisée sur le
processus de fabrication d’une cellule photovoltaiddn introduit les méthodes de nettoyage
de la surface du GaN, la gravure plasma pour fole®rmesas, la photolithographie, la



métallisation et la procédure lift-off. On a étudimfluence du flux de CgMg sur les
propriétés électriques de p-GaN, ce qui a permigalever une valeur optimale du flux de
Cp:Mg pour une meilleure conductivité et une qualitucturale des couches p-GaN. On
examine également l'influence d'espace entre deuatacts (p) sur le rendement des cellules
solaires. Le design optimal des contacts p a éi@idgt appliqué pour les échantillons de
cette these.

Le courant de court-circull;c est un parametre électrique que limite le rendémans
les cellules solaires a la base d'InGaNdépend fortement de I'efficacité de I'absorptiasd
photons. A son tour, I'efficacité de I'absorptiogpgnd de I'épaisseur de la couche InGaN.
Dans les puits quantiques, I'épaisseur de la colieBaN doit étre petite pour éviter une
relaxation de contraintes et une formation desudgéfdans la région active. Ainsi, I'un des
moyens pour augmenter I'absorption est de mettreigalirs puits quantiques ensemble.

Dans le chapitre 4, on étudie les échantillons awemombre de puits quantiques
InGaN/GaN variables entre 5 et 100. Il y a deuxcpssus principaux qu’il faut prendre en
compte lors d’optimisation de la cellule solairahsorption des photons et collection des
porteurs. Au début du chapitre, on présente un faatiéorique simplifié pour comprendre
I'épaisseur optimale de la région active. En prémes parameétres (durée de vie des porteurs
et leurs mobilités) dans la littérature on a estiengaleur optimale égale 1.3 um. La qualité
cristalline des échantillons reste assez élevégrmd grand nombre de puits. Une faible
relaxation apparait pour un échantillon de 100spdiapres les mesures HRXRD et HRTEM).
Les mesures optiques montrent une augmentatiofiwd#gations d’'indium avec le nombre
de puits. Toutefois, grace a une couche d’'InGalé gloaisse, la valeur dg. augmente en
raison directe du nombre de puits pour les échamsilde 5 a 40 puits. Au-dela, la valeur de
Jsc Se sature vers 0.68 mA/énCette saturation est liée aux pertes de I'efftéate collection
de porteurs pour les régions actives trop épaidsasgmentation de la recombinaison est
également confirmée par la valeur\dg qui diminue pour les échantillons de 60 et 10Qspui
Alors, I'épaisseur optimale de la région activeeolie par les expérimentes est moins que la
valeur estimée par le modele théorique. Cette garere peut étre expliquée par une
différence des paramétres physiques qu’on a pns Galittérature (durée de vie de porteurs
et leurs mobilités) par rapport aux parameétressreie nos échantillons. Finalement, on
montre que le rendement de conversion totale s’antgnde 0.05% pour I'échantillon de 5
puits a 0.88% pour I'échantillon de 60 puits.

Le chapitre 5 présente une étude sur l'influence diférents parametres de la région

active (I'épaisseur de barriere, I'épaisseur dets i la composition d’In dans les puits) sur
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les propriétés structurales, optiques et électdquies échantillons a base de puits
InGaN/GaN.

Laugmentation d'épaisseur de puits induit l'appradissement des niveaux
énergétiques dans les puits et décale la longuendel d’absorption vers le rouge. Malgré
une basse composition d’In (~12%), la relaxatiorcal@raintes apparait pour les échantillons
avec des puits plus épais que I'épaisseur crit{@aen dans ce travail). Cela provoque une
formation de défauts et une dégradation de la gudke la région active. Les nombreux
défauts représentent les centres de recombinaisom fgs porteurs et réduisentyV
L'approfondissement des niveaux énergétiques engpéeh porteurs de sortir des puits
limitant I'efficacité quantique exterrdu dispositif. Ainsi, la meilleure valeur du rengent
de conversion de 0.49% est obtenue pour les mstplus fins (1.3 nm).

On analyse également l'influence de la compositidm sur les propriétés structurales,
optiques et électriqgues. On a augmenté la composiiln jusqu’'a 18% en réduisant la
température de croissance et en augmentant l@@uMIn. Augmentation de la composition
d’In induit un décalage de 50 nm de la longueumd® d’absorption vers le rouge. Les
mesures optiques montrent une augmentation deufitichs d’In dans les échantillons. En
méme temps, grace a une amélioration de I'absaorptovaleur ddsc a été considérablement
augmentée jusqu’a 2 mA/énpour plusieurs dispositifs. Cependanefficacité quantique
externe des échantillons riches In était inféricurelle des échantillons avec 10% d’In. Cela
montre une difficulté d’extraction des porteurs pl@s puits les plus profonds.

L’extraction de porteurs du puits se réalise parssion thermique et par effet tunnel.
L’augmentation de la profondeur des puits dimiraupriobabilité d’extraction thermique pour
les porteurs. Alors, il est nécessaire de stimlétraction de porteurs par 'effet tunnel.
Pour veérifier cette hypothése les échantillons aliférentes épaisseurs de barriere ont été
cris. Le courant de court-circultc a été augmenté avec une diminution d’épaisseur de
barriere justifiant un renforcement de l'effet tehrdans leJs. La meilleure valeur de
rendement de conversion a été obtenue pour un tidramavec des barrieres les plus fines
(3.7 nm).

Dans le chapitre 6, on résume les résultats derasailt et on donne la structure
optimisée pour I'obtention de meilleures performesd.e rendement maximal obtenu dans le
cadre de la thése est de 2.00% pour puits quastifjtgln 16Ga gN/GaN crlis sur saphir
(0001). Ce rendement est comparable avec [I'état I'de actuel (2.95% pour
12xIny 35Gay ggN/GaN crds sur saphir [Dahal, 2010]). Les perspestide continuation de ce
travail sont également proposées.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Short history of nitride-based materials

The semi-conductor group of IlI-nitrides is widalged in many areas of our modern
life: light-emitting diodes (LEDSs), lasers, ultralet detectors, high electron mobility
transistors (HEMTS)... and it is only the beginnirfghe list of all their possible applications.
Before starting an active exploitation of the wiéribased materials, it was necessary to
understand their properties and solve several lmhfgoblems to create operational devices.

The first deposition of gallium nitride (GaN) grovay hydride vapor phase epitaxy and
suitable for optical and electrical characterizatwas demonstrated by Maruska and Tietjen
in 1969 [Maruska, 1969]. They estimated the valtia direct band gajgy = 3.39 eV and
carrier concentration = 10*° cm for undoped GaN layer. Such a high value of bamlgd
n-doping was attributed all this time to a high slgn of nitrogen vacancies. Different
methods were employed to improve the structuralityuaf GaN films. The most successful
one was proposed by Nakamwetal and included the growth of a low-temperature GaN
buffer layer to filter dislocations formed at thelF'sapphire interface. Using this way of
GaN layer growth, Nakamuet al. were able to achieve a very high electron mgbdit900
cn’/Vs and a relatively low background electron comeion n ~ 2x10° cm®
[Nakamura(1), 1992]. In spite of improved quality,was still difficult to obtain p-type
conductivity in GaN samples. This fact was expldibg the influence of hydrogen that forms
acceptor-H complexes in p-doped GaN film causing skompensation [Nakamura(2), 1992].
Post-growth thermal annealing of Mg-doped GaN saspinder N was applied to destroy
these complexes allowing to reach hole concentratio 3x137 cmi® and hole mobility of 10
cm?/Vs [Nakamura(3), 1992]. Thanks to the successfawth of p- and n-type GaN layers
Amanoet al. demonstrated the first LED based on p-n GaN joncfAmano, 1989]. Later,
LED structure was further improved by insertionloGaN layer between n- and p-GaN.
LEDs based on a single InGaN quantum well and emitifferent colors (blue, green and
yellow) were demonstrated by Nakamtaal. in 1995 [Nakamura, 1995]. The colors were

adjusted by changing the In-composition from 2@@&o in the alloy. In 2014 the Nobel prize
1



1.2 InGaN for photovoltaics: advantages and challex

has been awarded to I. Akki, H. Amano and S. Nakamura “féine invention of efficien
blue lightemitting diodes which has enabled bright and er-saving white light sourc’.
Currently, InGaN is the usuaiaterial useih modern blue and green LEL

A long time ago,t was beieved that the band gap of InN is about 1.9 eV2002
several studies confirmed the band gap to be ¢w€e7 eV [Davydov, 2002; Wu, 200zt
means that InGaN is one of the few syss that can provide band gaps from 0.7 (InN) to
eV (GaN). The adjstment of the band gacould be directlyrealized by changing |
composition in InGaN alloy Figure 1.1shows the comparison of the band gap and le

parameter values for different groups of semicotuis:
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Figure 1.1.Band gap energy versus lattice constant for diffeggoups of semiconducto
From Figure 1.1lit can be seen thi&he range of energiesovered by INGN alloys

perfectly corresponds to the solar spectrum. Theeefone more possible application

InGaN materials wagropose: solar cells.

1.2 InGaN for photovoltaics: advantages anc
challenges

In addition to theappropriate band g covering most of theolar spectrui, InGaN has
other advantages to be applied in solar cells. Kfda a direct band gap, the absorp
coefficient of InGaN alloys is very high and reashd C cm* for a photon energy of ~0.5 €
above the absorption edge for all rangdn compositions [Wu, 2002]. Moreover, Vet al.
showed that optical and electronic properties @dN alloys havea very high resistance -

high-energy photon irradiation (2 Me much better than what is currer used in GaAs and

2



Chapter 1. Introduction

GalnP solar cell materials [Wu, 2003]. This make&SdN a good candidate in the radiation-
hard solar cells for space applications. High trerstability of the electrical and optical
properties of InGaN demonstrated by Skeral. makes possible the use of this material in
solar cells working under concentrated light [SH01 2]. In addition, Hset al. showed that
addition of the p-n IkuGasdN junction to p-n Si solar cell can improve the rgye
conversion efficiencies of more than 50% compaceddlar cell composed of only Si (27%
vs 17%). Moreover, the alignment of Si valencedoarith Iny46Ga s/ conduction band
obviates the necessity for heavy doping at the MYSaheterointerface [Hsu, 2008].

In spite of all listed above advantages, very ppaality of In-rich InGaN layers limits
its expansion in the solar cell market. This qyatlegradation is related to the features of

InGaN material listed hereafter:

Lattice mismatch

Unfortunately, there is no lattice-matched substfat the growth of InGaN llI-nitrides
and sapphire remains the most commonly used. Biarga lattice mismatch (29% between
InNN and sapphire and 14% between GaN and sappireajes a lot of defects at the InN,
GaN/sapphire interface damaging the material guaaN thick template layer is usually
grown to match the materials by dislocation bensliagd annihilation. Although the lattice
mismatch between InN and GaN is lower (only 11%mpared to GaN/sapphire and
InN/sapphire, it is still enough to provoke stramisthe GaN/InGaN interface [Lu, 2003].
There is a critical thickness for InGaN layers abaovhich the strains are relaxed forming
dislocations. This critical thickness is very lowr finGaN grown on GaN substrate and
reaches less than 5 nanometers for In compositrare than 20% [Holec, 2008]. Once the
critical thickness is reached, threading dislocaticare formed, degrading the device
performance. These threading dislocations may teateiat the layer surface as V-defects and
absorb photons above and below the InGaN bandrgaplting in a shadowing of the solar
cells [Kim, 1998]. One of the possible ways to @eene this difficulty is to replace a thick
InGaN layer with multi-quantum wells (MQWSs) or sulpdtices (SL) keeping the QW

thickness below the critical one.

Phase separation and In fluctuations
A large difference in interatomic spacing and chehaffinity between InN and GaN
causes a solid phase miscibility gap and phaseratepain InGaN materials [Ho, 1996].

Phase separation is a formation of micro- or narabesregions with high In-content within
3
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the layer [Oliver, 2010]. These small regions be&hblke recombination centers decreasing
the carrier lifetime and reducing the device perfance. Optimization of the growth
conditions (decrease of the growth rate for InGalefs with low In composition and
increase of the growth rate for high In composgiodecreasing the growth temperature) of
the samples and their active region design (growohghe strained layers) can help to
suppress the phase separation [Pantha, 2010; 3i886;, Yamamoto, 2014].

Fluctuations of In-content are also an importasués for PV devices. Composition
fluctuations, which create local variation of thkeotron potential can be considered as
beneficial in the operation of violet and blue LEDB®wever, for photovoltaic applications,
Lai et al. showed that carriers trapped in the shallow quanwells created by In
fluctuations, significantly reduce the value ofagatell fill factor causing device performance
degradation [Lai, 2010].

Low In incorporation

Because of a weak In-N bond strength and high IhatNity, relatively low
temperatures (700-8(T in MOCVD and 550-656C in MBE machines) are needed to
grow InGaN alloys with high In-content [MacChesn&9/0]. There are two ways to enhance
In incorporation: increase the indium flow and @ase the growth temperature. The increase
of indium flow is generally not effective and casisthe formation of In droplets on the
sample surface [Guo, 2010]. The increase of In rpm@tion decreasing the growth
temperature occurs at the price of the crystatiuality. This problem is especially critical for
the layers grown by metal-organic vapor phase epi(® OVPE). Low growth temperatures
reduce the cracking efficiency of ammonia @)lithat is a main source of nitrogen in most
MOVPE machines [ElI Gmili, 2013]. This results in imerease of nitrogen vacancies inside

the InGaN layer causing a low quality of grown IMNG&@m.

1.3 Motivation and targets

Since 2009, the solar cell industry has been rgqmdbwing more than 30% per year.
But, in spite of the fast increase, the solar emgrgpduction makes less than 1% of the
overall produced energy. The limited utilizationtieé solar energy is partly related to its high

cost.
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Levelized Cost of Electricity (LCOE) is a method dcompare the prices of different
energy technologies. It shows the ratio betweenettpgected cost of the system during its
lifetime (including construction, financing, fughaintenance, taxes, insurance etc) and the
working lifetime of this system for a given techogy.

Figure 1.2 shows the dependence of LCOE in Gerrfangifferent electricity sources.
This study was done by Fraunhofer Institute foraBd&nergy Systems (ISE) for the 2013
year.

LCOE for photovoltaic panels varies from 0.078 t&42 €/kWh that is 2 times more
expensive than coal: brown coal costs from 0.038®53 €/kWh and hard coal costs 0.063 —
0.08 €/kwh. One of the ways to decrease the cogh@fsolar cells is to improve their
performance. Currently, photovoltaic market is doatéd by photovoltaic panels based on
crystalline silicon. However, Si modules are lirditeo a maximum efficiency of 20% in
production.
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Figure 1.2. Levelized Cost of Electricity of ren®leaenergy technologies and conventional
power plants in Germany for 2013 [http://www.isaunhofer.de/en/publications/studies/cost-
of-electricity].

Figure 1.3 shows the development of solar cell®eims of conversion efficiency. The
statistics is made by the National Renewable Enkgdporatory (NREL), Golden, USA. The
highest values of efficiency are obtained with salpinction 1lI-V solar cells under
concentrated sunlight. Current efficiency recortietd by a four-junction solar cell based on
[1I-V semiconductors at 44.7% under concentratgtitl(297 Suns) (Fraunhofer Institute for
Solar Energy Systems (ISE), Soitec, CEA-Leti andntheltz Center Berlin, 2013). This
value is close to the predicted achievable themaktimit of 49.6% [Bhuiyan, 2012].

Approaching to the 50% efficiency requires an ergdion of new materials and device
designs.
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Theoretical simulations of the multi-junction sotall showed that, over four-junction
device, a material with a band gap larger thaneX/4is required [Bhuiyan, 2012]. Indium
Gallium Nitride demonstrated properties that can gyemising for its further use in
photovoltaic applications, particularly as matefiad absorption of high-energy photons (>
2.4 eV) in multi-junction solar cells. Low qualibf InGaN layers hinders the development of
InGaN-based photovoltaics. But the electrical panfance of the InGaN-based solar cells can

be improved by an accurate choice of the activeonedesign.
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Figure 1.3. The evolution of the solar cell perfame [http://www.nrel.gov/ncpv/].

Therefore, in the frame of this thesis, we focughmepitaxial growth and investigation
of different active region designs and their inflae on structural, optical and electrical
properties of InGaN solar cells. The aims of thamkvare:

the optimization of the growth of InGaN/GaN MQWs @901) sapphire substrate

by MOVPE and their structural characterization

 the fabrication of the devices and their electrdaracterization

» the investigation of the influence of the differesttucture designs on crystalline,
optical and electrical properties of the solarsell

» the solar cell structure optimization in order tbtaan the maximum conversion

efficiency

« the discussion of the use of this solution in défe device applications
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In this work, all samples were grown by metal-oigarapor phase epitaxy (MOVPE)
on c-plane sapphire substrate. InGaN/GaN quantum wedle chosen as an active region in
order to limit the phase separation and reducentimber of defects in InGaN layers. X-ray
diffraction (XRD), photoluminescence spectroscof3L)( and atomic force microscopy
(AFM) were carried out to assess the structuraliyuaf the samples. Additional data to
extend the structural and optical characterizatieas provided by transmission electron
microscopy (TEM) performed by Dr. Catherine Boudieptototransmission measurements
carried out by Dr. Sirona Valdueza-Felip, Dr. LiRadaelli, master student Akhil Ajay and
PhD student Arantza Nufiez-Cascajero, capacitantageo measurements to obtain the
carrier concentration of p-GaN layers were perfatrbg Dr. Christophe Durand and Hall
measurements were done by our collaborators fro-CETI Dr. Walf Chikhaoui. A help
with HR-XRD measurements at the European SynchroRadiation Facility (ESRF) has
been provided by Dr. Vincent Favre-Nicolin.

After the structural characterization, samples weoeEessed into devices in clean room
CEA-Grenoble (PTA, Plateforme Technologique Amdnt)Dr. Sirona Valdueza-Felip and
Dr. Luca Redaelli. To investigate the solar celifpenance, electrical characterization of the
devices such as responsivity measurements ananpraty electrical measurements XV)
curves were carried out by Dr. Sirona Valduezag;dr. Luca Redaelli and master student
of University of Grenoble Akhil Ajay. Capacitanceltage measurements have been
performed by Dr. Sirona Valdueza-Felip. Finallye tmeasurements of the solar c\/)
curves under 1 Sun AM1.5G illumination were don€BA-LITEN by Dr. Sirona Valdueza-
Felip, Dr. Louis Grenet, Dr. Giovanni Altamura add Luca Redaelli. Also, part of thKV)
curve measurements under 1 Sun AM1.5G illuminatiene performed in the frame of our
collaboration with Dr. Jérbme Faure-Vincent frone tlaboratory Structures et Propriétés
d'Architectures Moléculaires (SPRAM) CEA, INAC by.[5irona Valdueza-Felip, Dr. Luca
Redaelli and master student of university of Gréma@ikhil Ajay. | have also parcticipated in
processing of some samples into devices and caroed their following electrical

characterization.
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1.4 Organization of the manuscript

This manuscript is divided in six chapters:

Chapter 1 presents a short history of the lll-nitride matkriand their

expansion in the LED market. The interest of InGaldys in photovoltaics is
explained, clarifying the main advantages and ehgks on the way to effective
InGaN-based solar cells. Motivation and main tergeft this work are also

described.

Chapter 2 introduces the main definitions and concepts ofsiblar cell physics
to understand the device behaviour. General pregedf the lll-nitrides in
terms of crystalline and electronic structure adl ae a discussion about the
origin of the piezoelectric fields are presentetie Tthapter finishes with the
current state-of-the-art of InGaN-based solar cdllee choice of the structure

design of the devices developed in this work wgbabe explained.

Chapter 3 presents the MOVPE deposition technique and then mssues
related to the MOVPE lll-nitrides growth. Generakhniques are presented
such as X-ray diffraction, photoluminescence arahgmission spectroscopy,
responsivity measurements that were used to asestructural and electrical
properties of the solar cells together with itsiba®ncepts. Main steps of the
device fabrication process (photolithography, irttaty plasma etching (ICP),
contact deposition) are discussed. Finally, theicghof the materials to form

contacts and the choice of the contact designxqriaieed.

Chapter 4 describes the optical and structural propertiesngiGay JN/GaN
multiple quantum wells (supposedly completely skedi layers with low density
of structural defects). Influence of the quantumilwember on photovoltaic
properties is investigated. A simplified theorelticendel is developed in order to
understand the processes happening inside thejpretion with the increase of
the active region thickness. Advantages and disdedgas of the thick active
region for solar cell application is discussed.



Chapter 1. Introduction

Chapter 5 investigates the ways of the device performancerorgment by

optimizing the active region design. Several sepfesamples are grown varying
the quantum well and quantum barrier layer thickeesand In-composition.
The influence of the active region parameters @ndinuctural quality, optical

and electrical properties of the InGaN/GaN QW-bassdples are discussed.

Chapter 6 summarizes the main results obtained in the frahthig thesis for
InGaN/GaN QW-based solar cells. Based on the odxdanesults, an optimal
structure design is proposed. Several perspectiegs further structure
optimization that were not done in this work arggasted and discussed.
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Chapter 2

llI-nitride semiconductors for photovoltaics

In this chapter we will consider firstly the basmfisthe solar cell physics, i.e. general
processes that take place in a p-n junction, aadrthin electrical parameters that define the
photovoltaic performance. In the second part, wé liefly review the structural and
electronic properties of llI-nitrides followed blye discussion on the polarity and origin of the
spontaneous and piezoelectric polarization. Finally summarize the current state-of-the-art
of InGaN-based materials for photovoltaic appl@as$. The choice of the structure design for

samples grown in this work will be also explained.

2.1 Basics of solar cells

2.1.1 Solar spectrum, air mass and absorption by seconductors

The energy for solar cells comes directly from gunlight composed of energetic
particles called photons. Every photon has its ewergy that depends on the wavelength of
the incoming light and can be expressed throughPtaeck-Einstein relation:

E = hc/, (2.1)
whereh - Planck constant (h = 4.135x%0eV-s),c - speed of light (c = 3x£am/s), and -
light wavelength.

Figure 2.1 shows the dependence of the spectratpaansity on the photon energy for
a black body with temperature of 6000 K compareith wie spectral power density of the Sun
in the space and on the Earth surface. The maximiuemission spectrum depends on the
irradiation source temperature. For the black badia T = 6000 K, the maximum is at=
500 nm that corresponds to a photon energlf 6f2.48 eV. The total power density of the
solar radiation outside the atmosphere at the mEarth-Sun distance on a plane
perpendicular to the direction of the Sun is 13581V Deep fails in the solar spectrum
intensity at the Earth surface (AM1.5 radiatiorg eglated to the light absorption: in infrared
region by water vapor (D), carbon dioxide (Cg), nitrous oxide (MO), methane (Ck), etc.,

and in ultraviolet region by ozone and oxygen.
11
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Figure 2.1. Spectral power density of the Sun dargtion of the wavelength: on the Sun
surface (dotted line), in the space (AMO radiaticamd on the Earth surface (AML1.5
radiation) [Green, 1982].

The absorption increases with the mass of air tiiravhich the radiation goes. The air
mass coefficient is used to take into account trenge of the solar spectrum intensity with
the mass of air it passes. It presents the ratiwdsn the actual path length of the sunlight
through atmospheleto the minimal distanck:

Air mass = (cos)™ =/l (2.2)
wherea is an angle of the Sun to the zenith. For exaniptée Sun is 60to the zenith, the
air mass is called AM2. AMO corresponds to the rsefgectrum outside the atmosphere. To
allow a comparison between different solar cell81186 was chosen as a standard that
corresponds to an angle of 48f&tween Sun position and zenith.

The sunlight coming to the Earth can be dividedwn components: direct (the light

that comes directly from the Sun to the Earth) difidise (the sunlight that was scattered by
atmosphere). There is a special abbreviation twatel these components. AM1.5G means a
global radiation (takes into account all sunlighinponents) and AM1.5D (takes into account
only direct radiation). Normally, AM1.5G is usedastandard and it gives a solar irradiance
of 970 W/nf. For convenience, this value was normalized tdD20@n (1 Sun).
Photons coming to the semiconductor surface caabberbed only if their energies are equal
or higher than the band gap of the semiconductigu(E 2.2). But if photons have energy
larger than the semiconductor band gap, the exafemsergy is lost and transformed into heat
through electron-phonon interactions.

12



Chapter 2. lll-nitride semiconductors for photoeadts

Thermal losses
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Figure 2.2. Absorption of incoming photons withatren of electrons in the conduction band.

Incoming photons, even if they have an appropeakergy to be absorbed, can also be
reflected or transmitted. These photons are coreidas lost as they do not create any
electron-hole pairs. To decrease the photon rédlectlifferent surface designs are applied to
the solar cell, such as texturing and roughenimgntooducing antireflection coatings [Bae,
2011; Farrell, 2011; Young, 2014]. To decrease ftheton transmission, an appropriate
thickness of the absorbed layer should be choséims @bsorption thickness can be
determined, knowing the absorption coefficienbf the material, via the Beer-Lambert law:

I(x) = 1(0)e™, (2.3)
wherel(x) - light intensity transmitted through materigl)) - incident light intensitya -
absorption coefficient and — thickness of absorption layer. As an example,afo InGaN
layer witha ~10° cmi*, 95% of the incoming light will be absorbed in first 300 nm [Wen,
2007].

" Absorption coefficient determines how far the tighn penetrate the material without being absorbed

13



2.1 Basics of solar cells

2.1.2 P-n junction

Usual solar cells are based on a p-n junction, mgajoining two semiconductor
materials with different p- and n-type doping. Wd eall them homojunctions if the junction
is formed by the same material and heterojunctiomvo different materials are used. For
simplicity, we will consider only p-n homojunctidrasics.

In the dark

The band diagrams of two differently doped semicmtalrs before and after connection

are shown in Figure 2.3.
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Figure 2.3. Band diagrams of p- and n-type semicctats: a) before and b) after
connection.

When p- and n-type semiconductors are connecteetheg electrons from n-type
semiconductor diffuse towards p-type, leaving behpositive charges, holes from p-type
semiconductor diffuse to n-type leaving behind miggacharges. The charges left after
leaving of major carriers produce the differenceahaf electric potentials (built-in or internal
electric field) close to the semiconductor inteefdlcat accelerate carrier diffusion. In the band
diagram this potential difference is shown as ai&afor diffusing carriers (Figure 2.3 (b)).
The height of this energy barrier is equal to th#ecdence in work functions of both
semiconductors and called the built-in voltage:

Vy; = %(CDn ~d,), (2.4)

14
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whereVy, - built-in voltage q — electron chargep, and®, — work functions of n- and p-type
semiconductors. Equilibrium is reached when thariréevels of both semiconductors are
aligned (Figure 2.3 (b)).

The space free of mobile electric charges thabisiéd at the semiconductor interface
by electric field is called the depletion regionnized donors or acceptor impurities are the
only electric charges inside this zone. As the eleph region has no free carriers inside, it is
highly resistive compared to n- and p-doped pdrte final net potential is the difference
between internal and applied electric potentiale following formula is used to calculate the

depletion width inside the p-n junction:

W= (4 ) U= V), @25)

whereN,, Ny — acceptor and donor concentrations; relative dielectric permittivity of the
semiconductorg — dielectric permittivity of the aiy — applied voltage.

From Eq. (2.5), we see that the depletion widthedels on the carrier concentration in
both semiconductors. Higher carrier concentratiesults in a smaller depletion width. The
width of the depletion region can also be changgayplying the external bias. Figure 2.4

describes the band diagrams of p-n junction ungglied forward and reverse bias.
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Figure 2.4. Energy band diagram for p-n junction:vaithout applied bias; b) under forward
bias; ¢) under reverse bias.

When an increasing forward bias is applied to psciion (positive voltage is applied
to p-type and negative voltage to n-type semicotaycthe major carriers (holes in p-type
and electrons in n-type) are pushed towards thecsawtuctor interface, reducing the width
of the depletion region untill it is completely rainated. In the reverse bias regime, the
carriers are attracted towards the undepleted azmme pulled away from the junction. It
induces an increase of the depletion width andggnlearrier for carrier diffusion. Therefore,

a very small current will flow through the junctiotinat is called the dark saturation current

15
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Jo. At very high reverse voltage, a carrier leakag®ugh the p-n junction appears. This
breakdown process is usually reversible, if theenirdid not reach a value high enough to
overheat the sample and destroy it. The typicalketutvoltage dependence for p-n junction in

the dark is presented in Figure 2.5.

Current

Forward current

.
I dark saturation

current

Voltage

3 Reverse |
breakdown

Figure 2.5. Typical current-voltage dependenceptar junction in the dark.

Under illumination

When the p-n junction is illuminated, light createse-electron pairs in the all three
regions (depleted, p-doped and n-doped regionsktieihs and holes photogenerated in the
depletion region are separated by the built-intatedield (drift transport) giving rise to a
photocurrent. This implies that it is preferabte tave a depletion region larger than the
absorption length. Electron-hole pairs photogereran the p- or n- regions can still
contribute to the photocurrent, provided they aregated within one diffusion length of the
depletion regionlf electron-hole pairs are created at a distancehmiarther than their
diffusion lengthL from the depletion region, they recombine and db participate in the
creation of useful current. Diffusion length is theerage distance that carriers can move
before they recombine, and it is defined as a sgraot of the product of diffusion coefficient

and the carrier lifetime:

Lng) = /D) Tne)» (2.6)
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where Dy, is the diffusion coefficient of electrons (holes)dar,, is the electron (hole)
lifetime. Using the Einstein relation, we can exgsBn ) through carrier mobilityi,py (Dn(p)
= unpKT/0. So, we obtain for diffusion length the followinguedion:

_  [Fr@kT
Lnwy = [T ¢ Tneo (2.7)

wherek is the Boltzmann constarii,is the temperature, is the electron charge.

The diffusion length depends on the lifetime andbility of the carriers and can be
different for electrons and holes. If carriers ereated at a distance lower than the diffusion
length from the depletion region, they can difftisere, be separated by the internal electric
field and driven to the regions where they beconagomcarriers (therefore, electrons are
driven towards the n-zone and holes towards thengiz Figure 2.&epicts the current-
voltage dependence for a solar cell under illuniomat

A
g J(V)in the dark
=
|
v
- . N
Open-circuit voltage V,, J(V) under
V=0/1=0 illumination
N =
voltage V ax
Maximum output power
(Pmax = \'.vlllﬂXJlllElX)
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T\ Theoretical maximum power
(Pth)

Short-circuit current I

Figure 2.6. Current-voltage dependence for ideddusoell under illumination.

Applying forward bias to illuminated p-n junctiotine potential barrier decreases (as in
the case of p-n junction in the dark) resultingthe diffusion of carriers. As long as the
diffusion current is small, the total current ignalst constant and depends on the current
induced by illumination. With a voltage increades barrier that prevents the carrier diffusion
becomes so small that most of the carriers aretalgercome it. Then, the diffusion current
increases with the voltage and becomes dominambrniard bias induces a decrease of the
electric field inside the p-n junction leading teetreduction of the depletion zone and losses

in collection efficiency.
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At reverse bias, the p-n junction under illuminatisehaves the same as a p-n junction
in the dark. The current induced by light flowsilinhe voltage becomes too high and breaks
down the p-n junction.

There are two particular points on th@/) curve under illumination (Figure 2.6): the
current that flows a¥V = OV is called the short-circuit currenkd), and the voltage at which
the current becomes 0 is called the open-circditge V,c). The value oW, is related to the
value ofJsc by the following formula:

V,, = nTlen (’]—0 + 1), (2.8)
wheren — ideality factorJsc — short-circuit current]p — saturation current.

The ideality factor represents the difference betwthe behaviors of the ideal diode
and that of the real diode. For ideal diode withraoombinationn = 1. If recombination
within the depletion region occurs, therr 2. Normally, ideality factor has a value lesarth
2, but in heterojunctions based on nitride-baseténads (for example for solar cells based on
InGaN/GaN quantum wells), the ideality factor ipaded to be anomalously high (> 2) [Zhu,
2009]. Fedisoret al. explained such a large ideality factor by an add&l recombination
through deep-level-assisted tunneling. Deep leuwatsdde a band-gap can be formed by
defects such as nitrogen vacancies, dislocationltireg from the lattice mismatch, etc
[Fedison, 1998]. One more explanation was propdsedShahet al, who developed a
theoretical model showing that the final idealiégtor comes from a sum of ideality factors of
the individual rectifying heterojunctions insideettstructure [Shah, 2003]. The value of
ideality factor can be estimated frai\V) curves in the dark when plotting(J) versusV,
according to Eq. (2.8) the slope givgakT.

While Jsc changes slightly from one device to another, thlee of saturation curredg
can be changed in orders of magnitude, since gtrisngly related to the quality of the

material.J; can be calculated as:

G i) (2.9)

LyNg = LpNg

0 =Aqni2(

where A — cross-sectional area of the deviger- electron chargen, — intrinsic carrier
concentrationD,, D, — diffusion coefficients of electrons and holes, L, — diffusion lengths

of electrons and holebl,, Ny — acceptor and donor concentrations.
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2.1.3 Conversion efficiency and parasitic resistaes

Conversion efficiency is the main parameter thiiwed comparing the performance of
different solar cells. There are three types atigficy that can be used for the description of
solar cells: internal quantum efficiency (IQE), exital quantum efficiency (EQE) and
conversion efficiencyx).

- Internal quantum efficiency shows the ratio between the number of absorbed

photons at a given energy and the number of celieetectrons;

- External quantum efficiency corresponds to the ratio between the number of

incident photons at a given energy and the numbeoltected electrons;

- Conversion efficiencyis the ratio between the electrical power thativery by the

solar cell and the incoming power of the incidegid.

Conversion efficiency strongly depends on the isitgnof incoming light and the
temperature of the solar cell. Therefore, it waangardized to measure the conversion
efficiency at 25C and at irradiance of 1000 W/t Sun) with AM1.5 conditions. We can
determine the value of conversion efficiency usingin electrical parameters of solar cell

derived from thel(V) curves:

n = Lo (2.10)

Pin
where Jsc — short-circuit currenty,. — open-circuit voltagei-F — fill factor, Pj, — incoming
power of sunlight.
Fill factor shows the ratio between the maximum epothat is obtained from the solar

cell and the product of,c andJsc

FF = Imax/max (2.11)
]SCVOC

Graphically,FF can be presented as a measure of “squareneské afotar cellJ(V)
given by FF = Ra/Pi curve (the ratio between yellow square and greeare in Figure 2.6).

In real solar cells, the incoming power can be thsbugh parasitic resistances: series
(Ry) and parallelR,) resistance. As it can be shown in the diodeedemt electric scheme in
Figure 2.7, it is necessary to increase the valu& and decrease the valueRfto avoid the

current losses and maximize the output power.
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Figure 2.7. Diode equivalent circuit scheme witheseand parallel resistances.

Normally, the origin of theRs comes from the resistance of the contacts (resista
between the metal and semiconductor and resistérmntacts itself) and the bulk resistance
of the non-depleted regions (n- and p-semicondsytd?arallel resistance originates from
leakage current through the cell and surface reamatibn. Both of the parasitic resistances
provoke a decrease of fill on thKV) curve.Rs also decreases the value of short-circuit
current andR, leads to a decrease of open-circuit voltage. Ei@u8 shows the effect of series

and parallel resistances d(V) curve of the solar cell under illumination.
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Figure 2.8. Effect of parasitic resistances on JMjve shape of crystalline silicon solar cell:
a) the effect of series resistance)(Rb) the effect of parallel resistance,JZeman].

2.1.4 New solar cell concepts: multi-junction and gantum well-
based solar cells

Multi-junction solar cell
The maximum theoretically achievable limit for op@ction solar cell was calculated

by Shockley and Queisser [Shockley, 1961]. Theutalons were done using the principle
of detailed balance taking into account several@mgs$ions:

* one photon creates one electron-hole pair
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Chapter 2. lll-nitride semiconductors for photoeadts

» all photons with the energy more than the semicotmiband gap are absorbed

» there is only radiative recombination of the cagi@side the semiconductor
Finally, they found the maximum value of theordticanversion efficiency of 33.7% for a
semiconductor with a band gap of 1.34 eV. Soldsdkht are currently used in industry and
mass-production are based on silicon that has @& ¢ap of 1.1 eV. Therefore, the theoretical
limit of conversion efficiency that a silicon soleell can really achieve was calculated to be
about 29% under 1 sun AM1.5G illumination [Swans8005]. There are different loss
mechanisms that reduce this conversion efficienayrier recombination inside the solar cell,
resistance losses, reflection, etc., but the nmegortant one is spectral losses (more than 50%
of incoming energy) [Glunz, 2012]. These lossesalaed to the spectral mismatch between
the absorption of one-junction photovoltaic cellaolar spectrum. Therefore, to improve the
sunlight absorption and decrease the thermalizddigses, it is necessary to adapt the design
of the solar cell to the Sun spectrum.

Multi-junction solar cells appear as an optimalusioh, since each cell is designed to
absorb photons with energy close to its band gapofetically, the conversion efficiency of
86% can be reached using a cell with infinite numidfematerials with different band gaps
under concentrated light. The schematic of the Hjoiction solar cell concept is presented in
Figure 2.9. Wide band gap materials should be entdp of the multi-junction solar cell to
absorb high energy photons and transmit low enphggons to the next junction with lower
energy band gap.

Theoretical calculations predict an achievable eosion efficiency of about 50% using
a four-junction solar cell. Table 2.1 presentsmoptn band gaps for multi-junction solar cells

and their maximum conversion efficiency that carableieved [Bhuiyan, 2012].

Cell materials

Sunlight -
T |E | mm |E| mmp | Eg

Figure 2.9. Schematic of the multi-junction solall concept [Cakmak, 2012].
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2.1 Basics of solar cells

Table 2.1. Optimum band gap, maximum and achieMableconversion efficiency of multi-
junction solar cell with different number of juratis [Bhuiyan, 2012].

Number Band gaps (eV) Maximum Achievable
of limit, limit
junctions n (%) n*0.8 (%)
3 0.7 137 20 56 44.8
4 06 1.11 169 248 62 49.6
5 053 095 14 193 2.68 65 52
6 0.47 084 124 166 218 2.93 67.3 .8463
7 0.47 0.78 1.191 156 2.0 25 132 68.9 55.12
8 044 0.78 1.09 14 174 2.14 528.35 70.2 56.16

The present state-of-the-art shows that maximuneaeltl conversion efficiency for
four-junction solar cell of 44.7% under concentatight is close to the theoretical limit
(49.6%). There is still a room for efficiency impement creating a tandem cell with 5 and

more junctions.

Quantum well-based solar cell

The concept of quantum well-based solar cell wap@sed by Barnharet al. in 1990
[Barnham, 1990]. The insertion of material withosvlband gap surrounded by material with
a higher band gap appears as a well on a bandadiagFigure 2.10) and allows the
absorption of low energy photons. This additionBsaption improves the conversion
efficiency of the solar cell at longer wavelengtimereasing the short-circuit current
(improved solar spectrum matching). The open-dreaitage MQW-based p-n junction lies
between the value df,c given by the p-n junction consisting from barneaterial and p-n
junction composed from well material.

If the QW thickness is small enough to be comparablthe de Broigle wavelengths(
= h/p, whereh — Planck constant and— momentum of the particle), the continous energy
levels split up into discrete energy levels. Theifpon of the discrete levels in QW with

infinite barriers can be calculated using the folltg formula:

—h2
E, = m(’Z—’:)Z, (2.12)
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Chapter 2. lll-nitride semiconductors for photoeadts

whereE, — position of the energetic levéi,—reduced Planck constam,— effective electron
(hole) massh — number of the discrete energy le\gl- quantum well thickness.

n-GaN p-GaN

Figure 2.10. An example of the structure and baladrdm of InGaN/GaN quantum well-
based solar cell.

From the Eq. (2.12) we see that the space betweemnyye levels becomes larger with
the increase of the QW thickness and the leveld wiashift-up in energy. Therefore, the
choise of the QW thickness allows changing thecéiffe band gap of the QW. If levels are
very deep located inside the quantum well, thei@arhave difficulties to escape outside and
this increases the probability of the recombinatmsses. The use of thinner barriers can be
able to solve this problem. Figure 2.11 comparesave function inside the QW with
infinite and finite barriers. We see that wave fimts become zero at the well edges for
structures with infinite barriers. For finite bams the wave functions penetrate inside the
barriers allowing the tunneling of the carriersnfravell to well in the structures with thin
barriers.

Therefore, by adjusting the active region desigmmber and thickness of wells and
barriers, doping level and alloys composition, vesm control absorption properties of the
solar cell and improve the conversion efficiencyork this point of view QW-based and
multi-junction solar cells are similar and thecrelly, should be able to reach equivalent

efficiencies.
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a) b)
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Figure 2.11. (a) Quantum well with infinite barrger(b) Quantum well with finite barriers.

2.2 General properties of llI-nitrides

2.2.1 Peculiarity of the crystalline structure

Nitride-based materials such as GaN, AIN and In&lwaidely used for optoelectronic
applications. These materials can exist in wurtzgiec blende and rocksalt crystalline
structures. In this chapter, we will focus onlytbe wurtzite structure properties because it is
the most thermodynamically stable configurationt fkausually grown by MOCVD (and in
this thesis). Schematic of the wurtzite structsrpresented in Figure 2.12.
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Figure 2.12. Wurtzite structure: a) atom positiomish ondication of lattice parameters a and
c; b) main atomic planes.

Each of the atoms (nitrogen and metal) forms atividdal sublattice arranged in a
hexagonal close pack system that is shifted al60g1L)c-axis by 3/8 ofc-lattice parameter.
Miller indices (hkil) are used to index atomic planes in the crystahdragon system these
four-digit indices are based on a coordinate systéim four axes (Figure 2.12(b)). There are
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Chapter 2. lll-nitride semiconductors for photoeadts

three basal axes, a, andas, which make 120° with each other. The fourth axis-axis is a
vertical axis of the hexahedron [Ayers, 2007].

Three common types of crystal planes are usuaky uis a wurtzite system. The
plane that is perpendicular to the [0001] directisncalled polar. Crystal planes that are
parralel to thec-axis are called non-polaa{andm-planes in Figure 2.12). The planes that
make an angle different fron? @nd 98 with c-axis are called semipolar planesp{ane in
Figure 2.12).

Lattice parameters of GaN, AIN and InN are sumneatim Table 2.2. In an ideal
wurtzite crystal, the/aratio is 1.633. Because of the different metailocet, the bond lengths
and the resultant/a ratios of AIN, GaN, and InN are different. The ekmental values for
GaN is close to the ideal ones, whereas those Mfd&liate slightly, which indicates that the
AIN lattice is distorted with respect to a pure tzite structure. This fact is very important
because the degree of non-ideality is a signifidactor in determining the strength of
polarization in lll-nitrides.

Table 2.2. Lattice parameters of GaN, InN and AlN'aom temperature [Pearton, 2000;
Angereer, 1997; Davydov, 2002].

Parameter GaN InN AIN
a, A 3.189 3.537 3.113
c, A 5.185 5.704 4.982
cla 1.626 1.608 1.6

The lattice parameters of nitride-based alloysusteally supposed to vary linearly with
composition following the Vegard’s law [Vegard, 192

a (AyBi_xN) = x *a(AN) + (1 — x) * a(BN)
(2.12)
¢ (AyBi_xN) = x*c(AN) + (1 — x) * c(BN)

2.2.2 Spontaneous and piezoelectric polarization

The wurtzite structure of nitrides of space gro@@mac is characterized by the lack of a
center of inversion symmetry. Therefore, the tw@Q® and [000-1] directions are not

equivalent. This leads to different properties atenials grown along these two directions:
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2.2 General properties of IlI-nitrides

different surface morphology, dislocation densitydachemical stability [Monroy, 2004;
Toumisto, 2005; Shen, 2000].

Nitrogen atoms have a large electronegativity caegb@ao metal atoms leading to the
creation of the electrostatic dipoles. Because atfice deformation by the interactions
between N and metal atoms, the charge distribusiomot completely compensated leading to
the spontaneous polarizatioRs, along the [0001] direction. Values of spontaneous

polarization calculated by Bernardeti al. are presented in Table 2.3 [Bernardini, 1997]:

Table 2.3. Calculated values of spontaneous paéon for GaN, AIN and InN.

GaN AIN INN

Psp (C/m?) -0.029 -0.081 -0.032

The value of spontaneous polarization for InGaMagy alloys varies nonlinearly with
the composition and can be calculated via [BermardD01; Ambacher, 2002]:
Py, (InyGay_xN) = x * Pp,(InN) + (1 — x) * P, (GaN) — b = x * (1 — x), (2.13)
whereb — bowing parameter is defined as:

b = 2Ps{(InN) + 2Ps(GaN) - 4R, (Ing sGag sN) (2.14)

The mechanical stress can modify atom positions taedcharge distribution in the
superlattice creating a piezoelectric comportgntof the polarization fields. The following
equation can be used to estimate the valiggh the hexagonal structure [Rom, 2006]:

gXX

0 0 0 0 e O ‘Zw (2.15)
P,=| 0 0 0 &g 0 0fx;”
& €& & 0 0 o) [°r
£

Xy
whereg; - piezoelectric coefficients of the material agjd straintensor.

The value of piezoelectric polarization for thewtl direction alongs-axis with layers
under in-plane biaxial stretching or contraction ba calculated as:
Ppz = €31 (exx + &yy) + €335
&= ey = (a(X)-a0)/ao, (2.16)
&z2= (C(X)-Co)/Co,
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wherea(x) andc(x) - lattice parameters of alloy obtained through afeigs law (Eq. 2.12) and
ap andco - lattice parameters of the film under stress.ifighnto account the absence of

stress along the growth direction, we obtain fezpelectric polarization:

(a(x)-ay) c
By, = Za—00(931 — €33 Elz),

(2.17)
whereC;3 andCss are the elastic constants.

Values of piezoelectric coefficients and elastimstants for GaN, InN and AIN are
listed in Table 2.4. Parameters fox@®a N alloys can be calculated through Vegard’'s law

approximation [Christmas, 2005].

Table 2.4. Values of piezoelectric coefficients atabtic constants for GaN, InN and AIN
[Bernardini, 1997; Wright, 1997].

Ci3, GPa Gs, GPa g1, CInt €33, C/nf
GaN 103 405 -0.49 0.73
InN 92 224 -0.57 0.97
AN 108 373 -0.60 1.46

The total polarization is a sum of spontaneouspmeroelectric polarizationsde= Psp+

Po.. For QW-based structures, the polarization caus@s-compensated charges at the

barrier/well interfaces creating an electric fietgside the well. The representation of the

polarization field and charge distribution in InGadW grown alongc-axis is shown in
Figure 2.13a).

a) b)
; - Z T
Caxis | Lrg GaN [1-100] GaN
Ga-polar [++ - 4
= FFreT T
Ve, Pt e bt | INnGaN InGaN
b s = +
¢Ps|) GaN N GaN
i ¥
[0001] [000-1]

Figure 2.13. (a) Graphical representation of the lgszation field direction inside

InGaN/GaN QW structure grown along c-axis and a#yistrained on GaN. (b) Graphical
representation of charge distribution inside INnG&dN QW structure grown along m-plane.

If barriers are thin enough they also can be de¢or and piezoelectric polarization

can take a place inside the barriers, in the ch&aeolar InGaN/GaN QWs, the direction of
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2.2 General properties of IlI-nitrides

the piezoelectric fields inside the barriers hadiraction opposite to the piezoelectric field
inside the well. The values of electir field insidhe barriers are not the same as in QWs and
depnds on the doping level.

The electric field in a single QW with infinite bigars can be derived via [Grandjean,
1999]:

E, = &), (2.18)

Ew
where Py, P, — total piezoelectric polarization in barriers awells, ¢, —well dielectric
constant.

Electric field induced by polarization for InGaN/@&QW-based structure depending
on In-composition in the wells was calculated byglaiteret al. Values of 0.5- 3.5 MV/cf
for In-content varied from 5 to 24% were obtaineldpgleiter, 2003].

For non-polar orientations (for example alamglirection) the piezoelectric fields are
perpendicular to the growth direction. Therefotegré is no charge accumulation at the
interfaces and no induced electric field (FigurE32(b)). Alongc-axis the charges of adjusent

dipoles cancel each other [Sun, PhD thesis].

2.2.3 Electronic structure of nitride semiconductos

Nitride-based semiconductors have a direct bandtlgaipmeans that the minimum of
the conduction band and the maximum of the val&acels are located at the same value for
the wavenumber. Band diagrams calculated by Geamah for GaN, InN and Ip.GagN are

presented in Figure 2.14.
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Figure 2.14. Band structure calculated by Goanalefor a) GaN; b) InN and c¢) ypGap dN
[Goano (1), 2000; Goano (2), 2000].

Band structure of nitrides consists of one conaduchiand and three valence bands. The
valence band is degenerated in three sub-bandsd®oéthe crystal field presence and spin-
orbit coupling. These sub-bands are called healgsh(HH), light holes (LH) and spin-orbit
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Chapter 2. lll-nitride semiconductors for photoeadts

holes by analogy with cubic semiconductors. Themnet bands arourdidpoint calculated by
Rezaeket al.for GaN and InN are depicted in Figure 2.15 [ReZ2@06]. There is an evident

asymmetry of the light hole sub-band aldg@ndk; directions of the wavevector. This
asymmetry leads to a strong anisotropy of lightetedfective masses depending on the wave-

vector direction. Along direction the hole effective mass is lower thaamgk; direction.

Energy (eV)

Figure 2.15. The k.p. (solid line) and empiricalepdopotential method (dotted line)
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calculations of valence band for a) GaN and b) [Rézaei, 2006].

Effective masses of electrons, heavy, light and-spbit holes for GaN and InN are

listed inTable 2.5.

Table 2.5. Values of hole and electron effectivessaa at the center of Brillouin zong (
point) for GaN and InN taken from [Rezaei, 2006fnd_/ correspond to the values parallel

and perpendicular to c-axis.gis electron mass (9.11xTHkg).

Effective mass GaN INN
m¢! 0.16 my 0.12 my
115 0.13 m 0.11m
Mpy'! 1.45m 1.39m
Mhh 152 m 1.41 m
My 1.45 m 1.39m
Min 0.168 m 0.12 m
Mep! 0.14 m 0.1m
Mer™ 1.96 m 1.69m
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The band gap energy varies with temperature ardkpendence is usually described by
the Varshni’'s law [Varshni, 1967]:

aT?

Ey(T) = Eg(0) — 5

, (2.19)

where E¢4(0) is the gap at 0 Kg and g are Varshni thermal coefficients. The values of
Varshni’'s constants together with values of banpgsgar GaN and InN are given in Table
2.6.

Table 2.6. Values of band gag &d Varshni’'s parameters andf for GaN and InN taken
from [Vurgaftman, 2003].

Egat 0K, eV a, meV/K B, K
GaN 3.51 0.909 830
InN 0.78 0.245 624

In contrast with lattice parameters, the valuehefband gap for ternary alloys shows a
nonlinear behavior as a function of alloy compositihat can be estimated by:
Eg (AB1N) = X By (AN) + (1-x) B (BN) — x (1-X) b(ABN)  (2.20)
where b — bowing parameter showing a nonlinearityaoband gap dependence on
composition. Recommended value of the bowing patamfer InGaN alloys is 1.4 eV.
[Vurgaftman, 2003].

2.3 State-of-the-art of InGaN-based solar cells

The proposal to use InGaN alloys for solar celll@pgion has been done in 2003 by
Wu et al. [Wu, 2003]. But the first announcement about a INGased device has been
published only two years later [Jani, 2005]. Diffier structure designs were verified to
optimize photovoltaic properties of InGaN solarlseGenerally, all proposed structures can
be divided on two main groups that are discussethis sub-section: homojunctions and
heterojunctions.
Homojunctions

Homojunction p-InGaN/n-InGaN and p-InGaN/i-iInGaNfgsaN solar cells were
grown in parallel by two techniques: molecular begpitaxy (MBE) and metal-organic vapor
phase epitaxy (MOVPE). In 2008 Miset al. obtainedVy. = 0.55V andlsc = 0.24 mA/cm

under AMO equivalent illumination for p-4R:G& ed\N/n-1Ng 3:Ga 6N homojunction solar cell
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Chapter 2. lllnitride semiconductors for photovolta

grown by MBE [Misra, 2008]. In the same yeYamamotoet al. grew [-Ing»35Gay 7 N/n"-

Ino.2dGa.7N solar cell by MOVPE reaching the valuesVy. = 1.5V andJs. = 0.5 mA/cni

under 1 sun AM1.5Gllumination [Yamamoto, 2008]. Thehotovoltaic characteristics fi
this solar cell are presentedFigure 2.16 (a). From this figeiit can be seen that the ve of

FF is quite poor. This effect was explained very high leakage current through the de\
because of a lowuality of grown InGaN layers. In 20, Jampana reported improvVy.and

FF (1.73 V and 61.04%, respectively under AMO equinalBumination) gowing strained n-
Ing.16Ga saN/p-Ing 175Gy g29N  layers inserte between p-GaN/&aN layers [Jampana(:
2010]. Current densityeltage measuremenfor these deviceare shown irFigure 2.16 (b).
This leaded to @onversion efficiency of 0.17%. Almost the sameultsswereachieved by
Boneyet al. for n-Iny 14Gay geN/p-Inp.14Gan s\ solar cell grown by MBEV,. = 1.8V, FF =

52%) [Boney, 2011].
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Figure 2.16. Current densityeltage measurementsinGaN-based homojunctiosolar cells.
The images are taken from a) [Yamamoto, 2008] tiskows the structure of the dev; b)
[Jampana(l), 2010].

Cai et al. compaed the performance cp-i-n homojunctioninGaN and p-GaN/i-
InGaN/n-GaNheterojunctionsolar cells [Cai, 2013]The structure of investigated devices
presented in Figure 2.1{&, b). Figure 2.17(c) shows the photovoltaic permance of
homojunction (HOJ) and heterojunction (HEJ) solaliscwith different li-content. HOJ-L,
HOJ-H, HEJ-L, HEH have li-content of 12, 15, 13.5 and 16%, respecy. It was
demonstrated thdteterojunction samples show two times higher peréorce (n = 0.62% for
HEJL) compared to homojunction lar cells ¢ = 0.32% for HOJ:) under 1 Sun AM1.5(
equivalent illumination.
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Figure 2.17. Structure of the InGaN-based solatscel) homojunction; b) heterojunction; c)
photovoltaic characteristics for homojunction andktdrojunction solar cells with In
composition 12-16% under 1 Sun AM1.5G equivalemhihation [Cai, 2013].

To have a more extended review, the state-of-thésarinGaN-based homojunction

solar cells is shown in Table 2.7.

Table 2.7. State-of-the-art for InGaN-based homdijiem solar cells [Bhuiyan, 2012; Lu,

2013].
Structure  Growth
technique
p-n MOVPE
p-n MOVPE
p-i-n MBE
p-n’ MOVPE
p-n MBE
p-n MOVPE
p-n MOVPE
p-n MOVPE

Substrate  In
content
(0001) 0.18
sapphire
(0001) 0.1-0.2
sapphire
(0001) 0-0.3
sapphire
(0001)  0.23
sapphire
(0001) 0.31
sapphire
(0001)  0.31
sapphire
(0001) 0.02 -
sapphire  0.15
(0001) 0.02
sapphire

Electrical parameters

Ve = 0.43 V; J.= 0.04 mA/cri
(360 nm illumination)
Ve = 2.1 V; Jo= 0.2 mA/cnd
(light enhanced by UV)
Voe = 2.5 V; Jc= 30 mA/cni; n =
0.23% (325 nm laser, 200mW/&m
Voo = 1.5 V; I~ 0.5 mA/cnd
(AM1.5, 100 mW/crf)
Voo = 0.55 V; J.~ 0.24 mA/cm
(AMO)
Voo = 1.5-2 V; J.~ 0.04 mA/cmi
(1 sun)
Voo = 2.24-0.96 V;
Joe~ 1.4-1.87 mA/crh(Xe lamp)
Voo = 2.24-2.36 V;
Je~ 1.36-1.71 mA/crh(Xe lamp)
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p-n MOVPE = (0001) 0.14-  Vo.=1.73V;J=0.91mA/cA [Jampana(l),
sapphire  0.16 (AMO) 2010]
p-i-n MBE GaN 0.14 - Voo = 1.8-0.02 V; [Boney,
template  0.54 Jie~ 1-2.2 mA/crm (AMO) 2011]
p-n’ MOVPE GaN 0.16 Voe=1.4V: l.= 0.25 mA/cM [Islam,
template (AM1.5, 100 mW/crf) 2013]
p-i-n MOVPE (0001) 0.12- n=0.32-0.26% [Cai, 2013]
sapphire  0.15 (AM1.5, 100 mW/crf)
Heterojunctions

The progress in InGaN-based heterojunction wasifasimpared to homojunction solar
cells. Already in 2008 Zhenet al. reached the conversion efficiency of 0.5% underlAém
(100 mW/cn) conditions for p-GaN/i-lp;GayoN/n-GaN solar cells [Zheng, 2008].
Kuwaharaet al. compared p-GaN/i-InGaN/n-GaN devices grown on {)Gxpphire and on
c-plane GaN free-standing substrates [Kuwahara, RGHiQure 2.18 depicts the current
density-voltage characteristics for this solar celhder 1 sun AM1.5G illumination. The
devices grown on free-standing GaN showed bettkregaof \,c and FF that leads to the
overall improvement of conversion efficiency (1.4%86 solar cells grown on GaN free-
standing substrate compared to 0.98% for devicesvrgron sapphire). This effect was
explained by the decrease of the pit density aradityuamelioration of the samples grown on
GaN substrate. Finally, the best result was obthfoe p-GaN/i-InGaN/n-GaN solar cells by
Matioli et al. who improved the conversion efficiency from 1.16157% by top p-GaN
surface roughening [Matioli, 2011].

2.5

T T T
(a) On sapphire substrate

(b) On GaN substrate

Current density[mA/cm’]

vy

0.0 : : e
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Figure 2.18. Comparison of the photoresponse undés suns AM1.5G equivalent
illumination from InGaN-based solar cells grown sapphire and on free-standing GaN
substrates [Kuwahara, 2010].
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2.3 State-of-the-art of InGaN-based solar cells

In parallel with the development of p-i-n solarlsddased on InGaN layer, QWs were
proposed as an alternative approach to improvedta cell performance. Some comparative
studies of QW-based and InGaN layer-based sampégsomstrated that QWs allow
improving the structural quality of the samples [(Em2013]. Moreover, theoretical
simulations show that QW-based samples have bettees of J. while keeping the value of
open-circuit voltage similar to the layer-based glas [Cavassilas, 2014]. Already in 2009,
Jenget al. reported the conversion efficiency of 1.06% undesun AM1.5 equivalent
illumination growing 5x1g Ga gN/GaN MQWs on (0001) sapphire substrate by MOVPE
[Jeng, 2009]. Farrekt al. demonstrated the conversion efficiency of 2.3%dayghening of
the sample surface and increasing the numbereiGa 72N/GaN QWs to 30 [Farrell, 2011].
Kywaharaet al. improved the result t9=2.5% by growing In:1/Ga.sdN (3 nm)/Iny o/Gay.odN
(0.6 nm) SL on GaN-substrate with insertion of 1Q3xGa ¢N (3 nm)/n-GaN (3 nm) to adjust
the strains. The detailed structure of the devmgether with photovoltaic characteristics are
presented in Figure 2.JRBuwahara(2), 2010].
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Figure 2.19. a) InGaN/GaN solar cell device struetub) J-V characteristics under 1.5 sun
AM1.5G illumination [Kuwahara(2), 2010].

Dahalet al. succeeded to get 2.95% of efficiency for 12%ba sgN/GaN QW-based
solar cell [Dahal, 2010]. The device schematic emadent density-voltage characteristics are
shown in Figure 2.20.
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Figure 2.20. a) Schematic of the InGaN/GaN MQW-tatevice; b) Current density-voltage
measurements under 1 Sun AM1.5G irradiation [DaBal,Q].

Up to now, it is the best result of conversion@éncy obtained for InGaN-based solar
cells grown on sapphire substrate. There were gkattempts to improve the conversion
efficiency of InGaN-based solar cells by growingaiher types of substrates, such as r-plane
sapphire [Nakao, 2011] and using AlGaN/InGaN sugttcke instead of InGaN/GaN [Yang,
2010], but none of them has shown a significant rompment. Jampanat al did a
comparative study of 4x§nsGaygsfN/GaN QWs grown on (111) silicon and (0001)
sapphire. The devices showed a comparable valuphaibvoltaic parameters indicating a
possibility to create InGaN-based solar cell oicail [Jampana(2), 2010]. Liet al. grew
6xIng 15Gay sgN/GaN MQWs on (111) Si-substrate using AlGaN/AlNbsdattice to adjust the
lattice mismatch between Si and GaN [Liu, 2013]teAfevery period of AlIGaN/AIN they
inserted SNy layers to stop the propagation of threading daions toward the active
region. Conversion efficiency of 0.2% was obtaineder 1 Sun AM1.5G solar illumination.
Recently, Younget al grew 30 periods of ypGaysN/GaN MQWSs on (0001) GaN substrate
[Young, 2014]. The structure together with electricharacteristics are shown in Figure 2.21.
To minimize the reflection from the top-side of ttievice and maximize the rear reflection
they applied front-side anti-reflective coating amdback-side dichroic mirror. The value of
conversion efficiency for the best samples reach88%. Up to now, it is the best value of
performance obtained for InGaN-based solar cells.

Values of conversion efficiency obtained on modsotar cells based on InGaN seem
quite low. This is mostly because all of them aidi for InGaN layers and wells with In-
composition lower than 20%. It means that suchrsmdils are able to absorb only a small

part of the sunlight in blue-violet range of thdasaspectrum. Therefore, this kind of solar
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2.3 State-of-the-art of InGaN-based solar cells

cells can not be used as an independent deviciadyttan be used as a good complement to
improve the spectral matching and, therefore, threversion efficiency of already exsited

solar cells based on silicon or GaAs.
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Figure 2.21. a) Schematic of a solar cell structungh 3.33% conversion efficiency; b) J(V)
curves under 1 sun AMO equivalent illumination [Mgu2014].

To conclude, an overview of the state-of-the-art ftGaN-based heterojunctions is
summarized in Table 2.8. All heterojunction solai presented in Table 2.8 are grown by
MOVPE.

Table 2.8. State-of-the-art for InGaN/GaN-basecet@tinction solar cells [Bhuiyan, 2012;
Lu, 2013].

Structure Active Substrate In Electrical parameters Reference
region content

p-i-n layer (0001) 0.04 - Voc=24V [Jani(2), 2007]
sapphire  0.05 (light enhanced with UV)

p-i-n MQWs  (0001) 0.1 V=21V, l.=0.46 mA/cm [Zheng, 2008]
sapphire (AM1.5)

p-i-n layer (0001) 0.12 V. =1.81V; ) =4.2mAlcm [Neufeld, 2008]
sapphire (concentrated AMO)

p-i-n layer (0001) 0.1 n=0.8% [Horng, 2009]
sapphire

p-i-n MQWs  (0001) 0.2-0.28 n=1.06-1.02% [Jeng, 2009]
sapphire

p-i-n MQWs (0001) 0.19 n=0.58 % [Sheu, 2009]
sapphire
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Structure Active
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layer
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MQWs

layer

layer

layer

MQWSs

MQWSs

MQWs

MQWSs

MQWSs

MQWSs

layer

MQWSs

MQWs

Substrate

(0001)
sapphire
GaN
substrate
(0001)
sapphire
GaN
substrate
GaN
substrate
(0001)
sapphire
(0001)
sapphire
r-plane
sapphire
(0001)
sapphire
(0001)
sapphire
GaN
substrate
(111) Si
substrate
(0001)
sapphire
(0001)
sapphire
(0001)
sapphire
(0001)
sapphire
GaN

substrate

In
content
0.35

0.1

0.08

0.11

0.17/

0.07

0.11

0.12

0.15

0.12

0.21

0.2

0.15

0.135 -

0.16

0.12

0.157 -

0.071

0.19

0.20

Electrical parameters

n1=295%

n=1.41%

n=057%

n=12%

n=25%

n=0.51%

n=157%

n=16%

n=229%

n=166%

n=24%

n=0.2%

n=0.62-0.6%

n=0.23%

n=0.66 %

n=2.0%

n=3.33%
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2.4 The choice of the InGaN solar cell structursige

2.4 The choice of the InGaN solar cell structure
design

In our case, p- and n-GaN are used to create pupetion. Usually, n-GaN is chosen to
be relatively thick to overgrow the defects creatdhe GaN/sapphire interface because of
the lattice mismatch of about 15% [Meng, 2008].ehtisn of the intrinsic layeri{ayer)
between p- and n-type materials was developedéaratest 1950’s and allows to extend the
depletion region making all carriers created inside be influenced by internal electric field.
In practice, InGaN layer with low residual dopirggused as an intrinsic region. Thanks to a
lower band gap compared to GaN, the absorptiorowfdnergy photons will mostly take
place ini-layer, that can possibly improve the value ofghert-circuit current.

There are a lot of difficulties to grow a thick higuality InGaN layer. Because of a
large lattice mismatch (about 11% between InN aadll)Ghe critical thickness of the InGaN
layer (the thickness after which dislocation forimatbegins) is very small (about 10 nm for
20% of In-content) [Leyer, 2008].

One way to improve the crystal quality of the InGddyers is to keep them
pseudomorphically strained [Chen, 1993]. It waswghahat growth of InGaN/GaN MQW
heterostructures with small InGaN thickness carpsegs the phase separation and improve
photovoltaic properties of the InGaN-based soldis d&Singh, 1997; Dahal, 2009]. At the
same time the presence of strain inside pseudonuaifyhgrown InGaN layers creates a large
polarization field insidec-oriented wells (about 2 MV/chrfor 10% In) [Beach, 1999]. The
direction of polarization fields depends on crysigdaphic orientation of the structure. In the
usual case of the [0001] Ga-polar oriented devibe, direction of polarization field is
opposite to the electric field created inside tkeeldtion region reducing the internal electric
field and damaging collection efficiency [WiereQ1D]. It was shown that increased doping
on the both sides of the active region can screerexisting piezoelectric field improving the
carrier collection [Neufeld, 2011]. Also, dopingvé of the top p-GaN layer, which is
difficult to increase without affecting crystalliruality, has to be optimized to improve the
p-contact.

Within these constrains, a solution for a PV suiteis presented in Figure 2.22
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p*-GaN

InGaN/GaN QWs
10 nm n*-GaN

n-GaN

UID GaN

Sapphire

Figure 2.22. Schematic of the PV structure thatuiglied in this thesis.

In this structure, every layer has a clear advantagsolve the physical problems

discussed in this chapter. It can be summarizékdariollowing Table 2.9.

Table 2.9. Structure layers and its purposes.

Layer Purpose
Thick undoped GaN layer To overgrow the defectaterd at the
GaN/sapphire interface
Si-doped GaN layer To create a p-n junction
Highly doped A-GaN layer To screen polarization charges
InGaN/GaN QW region To manage strains inside In@sf&rs and

increase light absorption

p’-GaN layer To create a p-n junction and to screern

piezoelectric fields
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Chapter 3

Experimental techniques and device
fabrication process

This chapter consists of three parts and descekpsrimental techniques used during
this work. In the first part, we will focus on thmetal-organic vapor epitaxy (MOVPE)
growth technique and its basic principles for di#ts growth. The second part is related to the
structural (x-ray diffraction), optical (photolungscence and transmission spectroscopy) and
electrical characterization techniques. In thedtipart, we will finally discuss the main steps
of the solar cell fabrication process combining tphthography, metallization and
inductively coupled plasma (ICP) etching. The chadt the metals to form contacts and the
selected contact design will be presented as well.

3.1Growth by Metal-Organic Vapor Phase Epitaxy

Many different techniques are employed to grownitlide based heterostructures, the
more developed being molecular beam epitaxy (MBig) raetal-organic vapor phase epitaxy
(MOVPE) [Ruterana, 2006; Kung, 2000; Ambacher, 1998

In solide-source MBE, the materails are evaporaiad deposited on the crystal
substrate. This process requires ultra-high vac(atout 10° — 10* Torr) to guaranty the
purity of the materials. Gaseous-source MBE mach@lso excist. The gaseous elements
condense on the wafer, where they react with e#lotr oOMBE technique has been used in
many research laboratories because it allows a pergise control of layer thickness and
doping level and the possibility to grow differetgpe of nanostructures with high
homogeneity and small number of defects. A very grawth rate (about 0.2-046m/h) and
the difficulty to keep ultra-high vacuum are maisativantages of this technique that limit its
utilization for mass-production.

In industry, MOVPE is the most common techniquetfa growth of IlI-nitride based
heterostructures as demonstrated by its use itatge blue and white Light-Emitting Diodes
(LED) market. Unlike MBE growth, MOVPE does not dea very high vacuum, but only
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3.1 Growth by Metal-Organic Vapor Phase Epitaxy

high purity carrier gases and can reach a high troate (more than gm/h). As all samples
presented in this thesis are grown by MOVPE, wédislcuss this technique in more detalils.

Chemical elements to deposit (In, Al, Ga) are camadiwith organic molecules to
create precursors of the MOVPE growth. TriemetlylTriethyl-Gallium (TMGa or TEGa),
Triemethyl-Indium (TMIn), Triemethyl-Aluminium (TMA and Bis(cyclopentadienyl)-
magnesium (CfMg) are used as sources of Ga, In, Al and Mg. Madneple non-organic
molecules (silane (Sl and ammonia (NkJ) are used to add Si and N elements.

Precursors mixed with a carrier gas; (6t N,) are injected into the reactor through
separated inlets to avoid prereactions during @ tgansport. We examine the growth of
GaN from TMGa to illustrate chemical reactions ttadte place in the growth chamber during
the deposition.

Metal-organic precursors react with ammonia inside reactor chamber. The net
reaction for the specific case of GaN growth froMmQ@a and ammonia is:

Ga(CH)s + NH; — GaN + 3(CH),

In reality, the chemical reactions are much mormmecated and include numerous
sub-reactions. A detailed schematic of the ondefpossible chemical processes during GaN
growth is shown in Figure 3.1 [Parikh, 2006; Mostigt2007].

The chemical reaction of TMGa can be divided in ets: immediate decomposition
of TMGa on the substrate or the pre-reaction of EM@Gth ammonia in the gas phase. These
are two competitive processes that both contrilutihe growth of GaN layer. The growth
rate depends on the substrate temperature in #ogore Based on that, three growth regimes
exist depending on the temperature:

- at low temperature: the growth rate is limitedtbg speed of chemical reactions and
reaction rate, that are temperature dependenttigatlg limited regime);

- at intermediate temperature: the growth ratanstéd by the mass transport of the
materials and shows little dependance on the teatyre;

- at high temperature: the growth rate is limitgdtbe material desorption from the

surface.
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Figure 3.1. A schematic of the chemical reactiomside the reactor chamber during GaN
growth proposed by Parikh [Parikh, 2006].

The scheme of the growth mechanism is depictedgur€é 3.2. After chemical reaction,
the species can diffuse to the growing surfacerdtteey can absorb, react with other surface
species and then diffuse along the surface befardinal incorporation reactions take place.

The rest of the reaction products leave the grahdmber through the exhaust system.

Vaporized metalorganic compounds and other gases

—
Transport r
l Evacuation
Chemical reactions I
Desorption

Absorption == Surface kinetics === Growth L

Substrate

Figure 3.2. Scheme of the mechanisms occurringenie reactor during the growth.

3.1.1 Standard process of growing GaN layers on sapphire

Commercial free-standing GaN substrates with adewsity of dislocations (less than
10" cm? [Andre, 2007]) are still expensive. Therefore, lreaper sapphire substrate is
currently used to grow GaN on it for most applicat. For the growth reported in this
manuscript, we used a standard (0001) 2” sappbbstsate with 33@um thickness and 0.25

misorientation from Kyocera.
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3.1 Growth by Metal-Organic Vapor Phase Epitaxy

The quality of the first GaN layers grown directlyg the sapphire substrate was quite
poor. A large lattice mismatch of about 14% createsnerous dislocations at the
GaN/sapphire interface. Different approaches weopgsed to improve the quality of GaN
films. Amanoet al. showed that a low-temperature AIN buffer layervgnoon the sapphire
before GaN allows a significant improvement of Ghl\ quality obtaining a crack-free
surface [Amano, 1986]. Nakamued al. obtained high-quality GaN film with good Hall
mobility (~900 cn¥/(Vs)) of the carriers using a low-temperature Gahffer layer
[Nakamura, 1991]. This last solution has been predein this work.

We will detail three main processes that were wkethg GaN film growth:

- surface preparation

- growth of low-temperature GaN buffer layer (LT-GaN)

- growth of high-temperature GaN thick layer (HT-GaN)

An in situred diode interferometek € 635 nm) is used to monitor all steps of the GaN
growth. Figure 3.presents standard reflection spectrum written during tleéN@rowth.

Before starting the growth process, sapphire satestrare annealed undes ¢turing 5
min. This step is necessary to remove organic aontions from the substrate surface such
as a dust, water, adsorbed gas etc. Afterwards rater temperature is decreased and
samples are annealed under \Nfdr 5 min. During this step, a thin AIN layer istarally
created on the sapphire surface. Kedieal. showed that this AIN layer helps to improve the
structural quality and to reduce a number of defionis in GaN film [Keller, 1996].

Then, without temperature change, we grow a nuoleabaN buffer layer. In the
reflectivity spectra, this process is accompaniéith & reflectance increase due to increased
refractive indexn (n = 2.3 for GaN andh = 1.8 for sapphire) (Figure 3.3 (a)). Following th
LT-GaN growth, the temperature is rapidly increaged030°C. High-temperature annealing
under NH etches a GaN layer forming islands on the surfeftectivity falls down because
of surface roughening (Figure 3.3 (b)). With tintlkee islands become smaller because of
material desorption, surface becomes smoother effettivity increases (Figure 3.3 (c)). At
the point, when the islands become small, it isessary to start a HT-GaN growth.
Nucleation islands become bigger and coalesceingeaD GaN film (Figure 3.3 (d)). The
following growth of GaN forms periodic peaks in theflectivity curve (Figure 3.3 (e)).
Knowing the refractive index of GaN filrm (= 2.3) and the laser wavelength= 635 nm),
we can deduce the grown film thickness using thenfba d = 1/(2n). The layer thickness

between two maxima is calculated to be 138 nm faNGAn increase of the fringe visibility
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IS observed as a function of time. It denotes apravement of the surface roughness and

good interference at the layer interface.
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Figure 3.3. Standard reflectivity spectra during K6growth: (a) LT-GaN buffer layer on

sapphire; (b) increase of the temperature etchessaN layer forming islands; (c) reduction

of the islands because of material desorption;std)t of HT-GaN deposition, increasing the
size of islands; (e) islands coalesce in 2D film.

Typical atomic force microscopy (AFM) measuremesfts- and p-GaN layer surfaces
grown on sapphire substrate by MOVPE are preseintdeéigure 3.4. GaN layers show a
smooth surface conserving a step-morphology ottistrate (atomic steps are clearly seen).

The disturbance of the step regularity is usualgted to the presence of dislocations.

RMS =1.2 nm RMS=1.7 nm RMS =2.4 nm
3 s B |

Figure 3.4. 10x10 um AFM images: a) n-GaN layerswgn on sapphire substrate; b) p-GaN
layer grown on InGaN/GaN MQWs; c) p-GaN grown otJiD GaN layer by MOVPE.
Measured root mean square (RMS) is indicated oh @aage.
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3.1.2 GaN doping

Unintentonally doped (UID) GaN is n-type and residdoping of GaN in our samples
is equal 3x1¥ cm® [Koster, 2010]. To form p-n junction based on Gafdterials, it is
necessary to control the doping level. In most €asiéicon is used for n-type and magnesium
for p-type doping.

N-type doping

Good quality n-type doping is quite easy to obtamGaN is already unintentionally n-
type. Very high Si-doping concentration till motean 16° cni® can be simply achieved by
increasing the SiHflow [Zhihao, 2009; Eiting, 1998]. High Si-dopindecreases carrier
mobility (u~100-200 crVs for n = 10*° cm® concentration compared to 800 %¥s for n =
10*-10'" cm®) because of carrier scattering [lliopoulos, 2006}vas also noticed that at high
concentration silicon introduces a significant amtoof tensile stress inside GaN layers
originating from edge dislocations. Recently, garam was also proposed as a possible
alternative to silicon for n-doping of GaN layeBadgar, 2011].

In this thesis we used Sjths a source of Si in our MOVPE machine. The teatpes
for n-GaN growth was chosen the same as for UID-Ga) = 1040 °C). The carrier
concentration directly depends on silane molar feovd a value of 6 nmol/min leads to a
doping concentration about 4X£@m* in our system for 2D growth. The molar flow was
increased to 31 nmol/min to reach about’n* doping concentration for growth of highly-

doped f-GaN layer.

P-type doping

Cp:Mgq is usually used in MOVPE systems as a sourddghtoms. The incorporation
of Mg atoms increases almost linearly with the @ase of CgMg flow [Sugiura, 1998], but
the hole concentration does not follow the samedir&hetet al. showed, that at high Gidg
flows, the value of active holes starts to decref@®eu, 2002]. The proposed possible
explanation was the formation of the nearest-naghipair Mg.Vn, a double donor. This
leads to the filling of the acceptor levels witlealons provided by the created negatively
charged defects.

Besides, hydrogen creates acceptor-H neutral compléuring the growth that causes a

high resistivity of p-GaN film. Nakamuret al. showed that these acceptor-H complexes can
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be dissociated by post-growth annealing undgfNsikamura(2), 1992]. Nevertheless, only
about 1% of incorporated Mg atoms produces actoleshbecause of a very large activation
energy (the energy between acceptor levels anchemlband, k — E/) of Mg (about 200
meV) [Gotz, 1996]. Therefore, a high quantity ofgnasium atoms should be incorporated to
to reach a good concentration of free hole carriBtg a very high doping degrades the
quality of GaN film reducing the hole mobilityy{~= 10 cnf/Vs) [Kaufmann, 2000; Chang,
2002].

A trade-off between high doping concentration anddyquality of p-GaN layer should
be found. The optimization of p-GaN layer for stures grown in this work is presented in

section 3.1.4.

3.1.3 InGaN/GaN quantum well growth

InGaN layers are very sensitive to the depositeangerature because of a high nitrogen
equilibrium vapor pressure and a high volatilityioflium [Ju, 2007; MacChesney, 1970].
Indium incorporation increases with the growth temapure, leading to an increase of
emission wavelength of the device. Empiricallywas observed about 1.5 nm emission
wavelength shift per 1 Kelvin of growth temperatetange. For InGaN-based materials for
photovoltaics, the In composition should be rekiivhigh (about 25-40%). Therefore,
relatively low growth temperature (about 600 - 7%I) compared to GaN is needed for
InGaN wells [O’Steen, 1999].

At the same time, for the growth of good qualityN3aarrier, the temperature should be
elevated till about 908C. A fast temperature ramping is preferred andra®@aN cap-layer is
grown at the same temperature as for the InGaNduelhg the temperature increase, in order
to protect InGaN well from indium evaporation. Kauket al. showed that Hetches In away
from InGaN layers [Koukitu, 1999]. Therefore, th@gth of QWs is done under,NTypical
thickness of GaN barrier is about 10-15 nm and MQGaell is 2-5 nm in MQW
heterostructures.

In Chapter 2, we showed that the absence of arcehtaversion symmetry in GaN
wurtzite structure causes the presence of spontiangalarization along the-axis. Besides,
an additional polarization component contributeshi total piezoelectric field if the film is
under stress (that is often the case for QWSs)If®aN QWs grown on (0001) substrate, the
piezoelectric field along the growth direction ligilup electrical charges at the InGaN/GaN
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interfaces resulting in the appearance of eledigtd inside quantum wells. This field
depends on the force of the stress and can rekatlvedy high values, about 1.08 MV/cm for
Ing.1dGay sN/GaN QW [Takeuchi, 1997]. Internal electrical islin QWs cause a red-shift of
the emission wavelength and a decrease of the@heahd hole wave function overlap. Such
effect is called Quantum Confined Stark Effect (EESThe change of energetic level
position induced by polarization field directly agls on QW thickness &= eFd wheree

- electron chargd; — piezoelectric field in the well ardi— well thickness. Usually, for QW
thickness less than 2 nm, the influence of QCSHEeremission wavelength is negligible. An
example of the piezoelectric field influence on @/ band diagram is presented in Figure
3.5.

a)F=0 b)Fz0
_..//-\xL |
B
1 ]
E, hv, hvy

. E =

TNL

Figure 3.5. Band diagram of the QW grown along thaxis: a) QW without piezoelectric
field; b) QW with piezoelectric field. Image is ¢skfrom [Aneeshkumar, 2004].

3.1.4 P-GaN layer optimization to improve the carrier transport

Cp:Mg flow is one of the most important parameterst tatermines the doping
concentration in p-GaN. To evaluate its effect,gn@w several samples changing the value of
CpMg flow from 150 to 700 sccm. Schematic of the skaispstructure is presented in Figure
3.6. Growth temperature for 1-um-thick p-GaN laig©20°C. After the growth, samples
werein situ annealed during 20 minutes under & T = 750°C. A thin p-GaN layer was
grown on the top of the structure at 1820with CpMg flow = 450 sccm in order to improve

the metallic contact for Hall measurements.
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10 nm p*-GaN

1 pm p-GaN

1.8 ym UID GaN

Sapphire

Figure 3.6. Schematic of the structure for p-Gaixelaoptimization.

Capacitance-voltage (C-V) measurementsiere performed to estimate the
concentration profile. The results are presentedrigure 3.7. The acceptor concentration
changes in the range of 2x¥@o0 5x13® cm* changing CgMg flow from 150 sccm to 700
sccm. With increase of the @\dg flow the concentration of ionized acceptors atsweases
reaching the maximum value at £fy flow = 500 sccm. The next increase of the flalv t
750 sccm is followed by the decrease of ionizecpimrs probably related to the occupation
of the acceptor levels by electrons induced by giddefects created in GaN layers at high

doping. For the 10 nm-thin top®&aN layer the concentration of 1*i@ni* is obtained.

CV profiler - EPFL Temp. = 920°C
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Figure 3.7. Acceptor concentration-depth profiletlog p-GaN layers grown with @yg flow
varied from 150 to 700 sccm [Mukhtarova, 2013].

" Capacitance-voltage technique consists of plaeingpntact on the semiconductor surface and applging
voltage to create the depletion region (the regigiih no carriers inside) under the contact. The @anis
periodically etched with a liquid electrolyte orertain depth (other configuration used liquid reetes contacts
and etc can be used). The capacitance measurearentione at every etch point. The measurements were
performed by C. Durand in Ecole Polytechnique Faligéof Lausanne (EPFL).
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Hall measurementswere performed to analyze electrical charactesstif grown p-
GaN layers. Pd (5 nm)/Ag (100 nm)/Ni (20 nm)/Au (@) are used as a contact to verify
electrical properties of the layers. Before meamerats, all samples were annealed at ¥D0
In oxygen atmosphere.

Table 3.1 presents the values of the hole condentracarrier mobility and resistivity
for p-GaN layers grown with different @yg flow.

Table 3.1. Values of hole concentration p, mobjlgyand layer resistivity for p-GaN layers
grown at different CgMg flow [Mukhtarova, 2013].

Cp:Mg flow, sccm p, crit Up, cnt/(Vs) p, 2cm
250 7.3x16° 11.5 7.75
350 5.7x16° 10 10.7
500 4.0x16° 30 5.25
700 X X X

There is no big difference in hole concentratiotmleen samples with a value of 4-
7x10° cm®. The layer grown at 700 sccm By flow showed n-type behavior. The same
effect (inversion of the conductivity type) was alseen for highly doped p-InGaN layer
[Tuna, 2013]. The authors suggested that it coddddated to the creation of negatively
charged defects that can compensate the hole doatenm or to the formation of
compensation defect complexes such as Mg-Me values of mobility and resistivity are
similar to those obtained by other groups for patb@aN layers [Kaufmann, 2000; Svensk,
2007]. The layer grown at @dg flow = 500 sccm shows the best characteristideims of

mobility and resistivity and was chosen in thedaling.

3.2Characterization techniques

In this section, we discuss the basics of the nwhiaracterization methods and
experimental setups that we used to analyze stalcamd optical properties of the grown
samples: high-resolution X-ray diffraction (HRXRB@tup, photoluminescence spectroscopy
(PL) and transmission measurements. The princieatrecal characterization techniques for

photocurrent and current-voltage measurementseadi¢iwice will be also discussed.

" Hall measurements were performed at room temperdtiV. Chikhaoui in CEA-LETI.
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3.2.1 X-ray diffraction

X-ray diffraction is a wide-used, powerful, non-ttastive experimental technique to
analyze the structural quality and morphologicabpeeters of the investigated samples such
as layer thicknesses, strain state, lattice paemetrystalline orientation, composition etc.

X-rays, usually produced from cupper (Cu) or mokwgdm (Mo) sources, have a very
small wavelength (comparable with interatomic diswof the crystal) that can be efficiently
scattered by atoms. This unique property gives ssipiity to analyze the atomic and

chemical structure of the materials.

3.2.1.1Bragg’s law and Laue conditions for diffraction

In 1912, Bragg developed a simple equation thatvshm relation between diffraction
angles of the peaks and interplanar atomic distafioe graphical illustration of Bragg’s law
is presented in Figure 3.8. For having a constradtterference, the difference in the paths
of the incident and reflected waves of each planstrbe equal to an integer number of the
incident X-ray wavelength f). To satisfy this, the Bragg’s law can be writeenfollowing:

2d sinf) = n4, (3.1)
whered - interplanar atomic distancé,- angle between the incident beam and diffracting
planes/ - X-ray wavelengthn - integer number corresponding to the order déotibn.

" Incident 0
“~~_ plane wave L \
9 i“-n_,_:‘ . o~
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Figure 3.8. A graphical representation of Braggesu

In this view, we consider only the planes constiluby discrete atoms. In a more
precise point of view, the atoms scatter X-rays drslike the planes, they can scatter the
waves in all three dimensions. Figure 3.9 (a) shawsore realistic picture of the X-ray

diffraction. If po is an angle between the incoming X-ray wave anaaof scattering atoms
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andg is anangle between the reflected wave and a row ofesoadt atoms, then condition f
constructive interference looks as followi
hl = a (cosfp) — cosfy)), (3.2)
wherea —is the distance between two atoih is an integer.
Therefore, the Xays will be scattered only in defined directiohattlay on the surfac
of imaginary cone (diffraction cone) (Figure 3.1))(
For threedimensional case (3, we have:
hi = a (cosfp) — cosfo))
ki =b (cosg) — coséo)) (3.3)
IA = c (cosf) — cosfo))
Eq. (3.3) represents Laue conditions for diffractidhree resting cones will intersec
at defined points. Using Eq. (3.3), Bragg’s law angmasing an angl26 between incoming
and reflected wavesye can write Laue equation

2 k2 \Y%2  2sine n
Grets) == (3.4)

whereh, k, lare Miller's indexes (they define a family of planom which the scatterir

occurs).

For hexagonal lattice Laue equin can be simplified and is written:

4(R%+hk+k?) 5)1/2 _2sind _n
( 3a2 + c? Y (35)
a) b)
b
N, diffraction
: beams
3 :

Figure 3.9 a) Graphical represention of Laue conditions for diffraction. ; , are incoming
waves, N, are reflected waves,; » are atoms b) Diffraction cones for 2D rows of ator

Therefore,Laue equation says that vobserve reflection at scattering an@26 for

certain valuedh/a, k/b, I/ that can be written &a’, b, ¢ in the reciprocal space, whe

52



Chapter 3. Experimental techniques and device talion process

a*=1/a, b*=1/b, c*=1/c. 1/d is called a scattering vectsr = ha + kb + Ic". K can also be
written as a difference in wave vectors betweerdamt k; and reflectedk; waves:K = k; - k
with ki /= ki/=2 mJ.

3.2.1.2Different configurations for XRD measurements

We can choose different configurations for measer@sidepending on information we

want to get from HRXRD techniques.

In-plane configuration ({hkO} family of planes)

In-plane configuration is used to measure integsitirom lattice planes that are
perpendicular to the sample surface. This configumas applied to measure very thin films
as it allows eliminating the high-intensity backgnad signal from a thick substrate.

The configuration for in-plane XRD measurementshiswn in Figure 3.10.

K, scattered beam

incident beam

lattice planes

Figure 3.10. Configuration for in-plane XRD measuents.

The angle of the incident wave to the sample sarfags very small (close to critical
angle) to limit the wave penetration into the samplhe reflected beam has an angl® the
sample surface2d is an angle between reflected and incident wausring the
measurements, the sample is rotated around theahdorthe surface until the particular
lattice plane lying perpendicular to the surfacesfias the Bragg’s conditions with in-plane

Bragg angle2d = 6, + 6;, wherebs are angles between incident (reflected) wave aed t
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diffracted lattice plane. From {hkO} measurememg can obtain an information about in-
plane lattice parameter and surface structure.ifBué want to obtain an information about
planes parallel or inclined under a certain angl® the sample surface, we have to choose

another configuration for HRXRD measurements.

Out-of-plane configuration

In its turn, out-of-plane configuration can be dedl on two configurations:
symmetrical ({00I}) and asymmetrical ({hkl}) (Figer3.11). For symmetrical scan, we are
able to measure the interatomic distance betweerpldmes that are parallel to the sample
surface (in hexagonal symmetry for (0001)-orient®dN, it corresponds ta-lattice

parameter).

Symmetrical scan

During symmetrical scan, the sample and detectuaned keeping the ratio/6 = 1,
where w is an angle between the incident x-ray wave aedstimple surface, and & an
angle between the incident and reflected wavesu(gig.11(a)).

Two types of scan are usually performed in thisfigomation: «~scan that allows
determining the mosaicity of the sample (the eristeof different orientations in the crystal)
and «-2¢ scan from which we can derive the value of outipldattice parameterc{
parameter for hexagonal GaN), sample structuree($agr superlattice), lattice period, layer
thicknesses etc. To get an information about stséates and in-plane lattice parameter (

lattice parameter for hexagonal structure), we hawese complementary asymmetrical scans.

Asymmetrical scan

Asymmetrical scan conditions allow the measuremaritghe interplanar distance
between planes inclined by an angtevith respect to the sample surface. To perform thi
kind of measurements, we have to tilt the samplerad « (angle between the incident wave
and sample surface). The sample can be tilted anvtaws: towards to lower or higher omega
values. Sow, = ¢ - a (Figure 3.11(b)) or w.+ = ¢ + « (Figure 3.11(c)). These two

configurations allow for some reflections to havazing incidence or emergence geometries.
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a) w=0 b) w=6-a
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Figure 3.11. Different configurations to measure thteratomic distance: a) symmetrical
scan; b) and ¢) asymmetrical scans.

The value of scattering vectirin the asymmetrical configuration has two compasien
in-plane componer,and out-of-plane componelt,; (Figure 3.11c)). Taking into account
Eq. (3.4) and givew and# angles, we derive the valueskyfandK ; as a function o# and

w:

K, = 4THS:in 0 sin(w — 6) (3.6)

K, = 4TﬂSinH cos(w — 0) (3.7)

3.2.1.3HRXRD setup

Figure 3.12 presents a schematic of our HRXRD séibp setup consists of four main
parts: x-ray source, monochromator, analyzer amectty. A Cu anode is used as a source of
X-rays with the K,; wavelength of 1.54056 A that is selected by a msbrmmator.
Monochromator consists of 2 monocrystals of (22@) tGat are placed in 4 crystal (-++-)
configuration (Figure 3.12). This kind of configtiom allows reducing the wavelength
spreading and angle divergences. The maximum mesolthat can be achieved &89 =
0.0033 anddi/A = 1.4x10". Analyzer has the same configuration as monochimmiaut with
only two (220) Ge that allows to improve the angueecision of the collected bears (
0.007). The detector has an aperture dtf2at can be reduced by inserting slits in fronit.of

The picture of the experimental setup used inwhligk is shown in Figure 3.13.
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detector

»

4-reflection monochromator
X-ray tube

4 x Ge (022) g

Cu-Ka4

goniometer

Figure 3.12. Schematic of (-++-) monochromator dgufation [Das, 2012].

Detector Analyzer Sample Monochromator X-ray source

Figure 3.13. Picture of the HRXRD setup used is Work.

The sample orientation is controlled by a goniométeat adjusts angles between
incoming beam and atomic planes. Four angles caadpested independentlyy (angle
between incident beam and sample surfa2e)(angle between incoming and outcoming
beam),p (rotation angle around z-axis), apdrotation angle around x-axis) (Figure 3.14).

The goniometer allows also the movement abkngandz axis, to center the sample.
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Figure 3.14. Schematic of the angles availableatggnment of the sample [Das, 2012].

In this work, we mostly used only out-of-plane agofation for the measurements:
symmetricw-260 scan and asymmetric types of scan (reciprocalespep).«-24 scan around
(0002) reflection was used to estimate the samypddity (from intensity and full-width-half-
maximum of the peaksg:lattice parameter (from the peak angular positem) superlattice
period (from the angular distance between satefigaks). Using simulation with X’pert
Epitaxy 4.0 from Philips Analytical software, it &lso possible to estimate the values of
quantum barrier and well thicknesses as well asomposition. Assymetrical (10-15) scan
was also performed in the frame of this thesisaioag information about sample’s strain state
and a-lattice parameter. From that type of scan, we ohtain the values of and |
components of scattering vectérusing Eq. (3.6) and (3.7). Tleeandc-lattice parameters

for hexagonal structure are relateKicandK ; as:

_2m [t

a= 3 (3.8)
27l

c= K_J. (39)

wherea andc are lattice parameteisandl are Miller's indexes.

3.2.2 Photoluminescence and phototransmission spectroguno

For the optical characterization of the samples, wsed two main methods:

photoluminescence and phototransmission.
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Photoluminescence

Photoluminescence is a spontaneous emission ot ligider optical excitation.

Simplified mechanism of photoluminescence is depich Figure 3.15.
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Figure 3.15. Schematic of the photoluminescenceqa®

Incoming photons with energy larger than the matdsand gap are absorbed by the
sample. The absorbed photon creates an electren-pair inside semiconductor that
recombines rapidly emitting another photon. Thergpef emitted photon depends on the
material properties and is approximately equalht® band gap of the sample. In the first
approximation, the lowest energy of emitted phaoto@W-based sample is given as:

E =Ey+ Ee1+ En, (3.10)
where Eg - band gap of the semiconductdfsih1) — first confinement level of electrons
(holes).

From intensity and shape of the photoluminescepe&$ we can derive an information
about the structural quality of the sample and alloel nature of acceptors and donors. The
presence of emission at energies lower than a gapdcan be associated with impurities and
defects.

The photoluminescence setup used in this workeseted in Figure 3.16. A 244 nm
frequency-doubled continuous wave' Aaser serves for optical excitation of the samplés
diameter of laser spot is about ph. The signal from the sample is collected in acAb
focal-length Jobin-Yvon monochromator and detedtgdan ultraviolet-enhanced charge-
coupled device (CCD). A regulated helium cryostatised to perform the measurements at
low temperatures (from 5 to 300 K).
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focusing lenses

CCD camera
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monochromator Cryostati

Figure 3.16. Schematic of the photoluminescenagset

Phototransmission

Optical transmission measurements show the quanititight that passed through the
sample without absorption. We can determine a ltyekness, linear refractive index, linear
absorption and effective optical band gap fromgnaission spectra analysis. The schematic
of the setup is presented in Figure 3.17.

Trigger

Monochromator |Filter Silicon photo
detector

Sample
s O |] | Lock-in
lamp \ _ AC amplifier
Chopper K bDc

Figure 3.17. Schematic of the setup for opticahsmaission measurements used in this work.

In this work, we used two different lamps for visitand ultraviolet spectral ranges.
150W Xe-arc lamp coupled to a Gemini-180 double oochinomator was used for 250-430
nm and 100W halogen lamp coupled with an Omni Laar®@0 monochromator for 430-900
nm spectral range. Both lamps were calibrated vaitiieference Si photodetector. All
measurements were done at room temperature. Thelemagh is chosen by ayz
monochromator. The chopper is connected to a loamiplifier to chop the signal in order to
remove the external noise. Finally, we measureddmendence of the light intensity on the
wavelength witHI(4)] and withoufl o(1)] the sample. The transmission coefficient spectrum

Is extracted using the Beer-Lambert law (see E))2
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3.2.3 Electrical characterization techniques

We used two types of electrical characterizatiomnalyze photovoltaic properties of
the devices. Responsivity measurements show théoydltaic response of the device at
every wavelength and allow deriving the value deexal quantum efficiency (EQE). Current
density-voltage measurements allow determiningriben solar cell parameters such as short-
circuit current, open-circuit voltage and fill fact Based on these data the overall conversion
efficiency of the device can be calculated with £710).

Responsivity measurements

To measure responsivitiR of the device we used almost the same setup as for

transmission mesurements. The schematic of the sefresented in Figure 3.18

Trigger

Monochromator |[Filter
Y

Device
- Lock-in
K Ac amplifier

Chopper DC

Figure 3.18. Schematic of the setup for responsimgasurements.

The difference between setups consists in theceplant of the Si photodetector by the
device we want to measure. We used the same lamgr dransmission measurements:
150W Xe-arc lamp coupled to a Gemini-180 double oochinomator was used for 250-430
nm and 100W halogen lamp coupled with an Omni Laan®@0 monchromator for 430-900
nm spectral range. With the lock-in amplifier, weasure the value of voltage depending on
the incident wavelength. The responsivity is uguétiund as the ratio between the input
irradiance and the output electrical signal. Aspbever of the incident light is unknown, we
measure only the shape of the responsivity cunee.oltain the quantitative values of
responsivity, a He-Cd laser with 325 nm wavelengtlused. Knowing the power of the

incident light from the laser (typically, the powef laser is set to 5@W), and after
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measuring output current given by the device, weestimate the value of the responsivity at
Ao =325 nm as:

R(1o) = % (3.11)

wherel(1g) — measured current given by the devickaPop: — laser power.

The unit of responsivity is A/W. Knowing the valaéresponsivity ako = 325 nm, the
multiwavelength curve can be normalized to thispoi

Having values of responsivity, we can calculategkiernal quantum efficiency (EQE)

of the device by the formula:
hc
EQE =R, (3.12)

whereR — responsivity at the wavelengihh — Planck’s constant; — speed of lightq —
electron charge.

Current-voltage measurements
Current-voltage measurements in the dark and ubhdem AM1.5G solar illumination

were recorded with an Agilent 4155C parameter aealy

The equivalent solar illumination was provided loyas simulator. We used two solar
simulators. The first one is th@riel 3A Solar Simulatoequipped with a 450 W ozone-free
Xe lamp located at CEA-Grenoble/INAC laboratorySifucture and properties of molecular
architectures (SPRAM) (Dr. Louis Grenet and Dr. v@ioni Altamura). The second one is
The Spectra-Nova CT Series Solar Cell Tedtarated at CEA/LITEN (Dr. Jérbme Faure-

Vincent). All measurements were performed at reemperature.

3.3Device fabrication process

After structural characterization of as-grown sasplthey were processed into solar
cells. Device fabrication was performed in a cleaom of the Institute for Nanoscience and
Cryogenics (INAC) CEA-Grenoble (PTA, Plateforme feclogique Amont) and included
three main technological stages for the realizatmin solar cells: photolithography,

metallization and etching. In this section, we whbrtly detail all of them, step by step.

61



3.3 Device fabrication process

3.3.1 Surface cleaning

Different contaminations can occur on the sampe'$ace. Before starting any of the
above-mentioned steps, the surface of the samplet be cleaned. It is recommended to
clean the sample directly before the processingvimd the contamination during sample
storage. First cleaning (before any contact dejpogiincludes firstly, the cleaning in acetone
in ultrasonic bath in order to remove organic comtetions; secondly, as acetone is not
dissolvable in water, the sample should be put ethamol to clear away its residues.
Afterwards, the sample is blown by dry nitrogen.

It was shown by Smitket al. that HCI + deionized (DI) water is quite effectif@r
removing oxygen and carbon from the GaN surfaceitfgri996]. Therefore, following the
cleaning with solvents, the samples are left in 33%aydrochloric acid for 3-5 minutes and
rinsed in DI water. After contact depositions, @#aning of the samples is done using only

acetone and methanol.

3.3.2 Mesa formation

The size of the mesa determines the size of théceleln the literature, different
techniques were used to form mesas on GaN: reaotivetching (RIE), chemically assisted
ion beam etching, inductively coupled plasma efglfl€P) etc. [Lin, 1994 Lee, 1998; Rawal,
2012]. In this work, we used B§Cl, ICP etching to form mesas with 2 sizes: 0.5x0.5°’mm
and 1x1 mrh ICP etching has a good selectivity, high etchiate and it leaves smooth
etched surface. The last point is important foaso€ll devices, as very often they suffer from
the carrier losses because of surface recombinafion etching rate of GaN in our ICP setup
was about 400 nm/min and it increases with In-cosiijmm. Because of relatively strong
bond strength of nitrides, we had to use quite ldigivoltage ~ 450 V [Shul, 1998]. The final
etched thickness (depening on the thickness oattige region) was checked byDeektak
profilometer The surface morphology after etching was examwét scanning electron
microscope (SEM) showing a smooth surface of thaecdeedges after etching. An example
of the SEM images of the etched sample is showigare 3.19.
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Figure 3.19. SEM images of the device edge aftBrdhing.

3.3.3 Photolithography

Photolithography is the most common method usegiattern the devices. One of the
important advantages of photolithography procestsiability to fabricate a lot of complex
devices simultaneously and in a relatively shonteti The resolution of the photolithography
is determined by the wavelength of the exposurecgoun our case, we have relatively large
devices (the size of mesa is 0.5x0.5 Trand 1x1 mrf) and we used ultra-violet (UV) light
with 365 nm wavelength. When the desired size efdhvice is smaller, it is necessary to
decrease the exposure wavelength. Usually deepriélieotron lithography can be used as a
solution for sub-micronic pattern. Schematic of gfetolithography process is depicted in
Figure 3.20.

a) b) Q.. d)
bvvb ey
i—d MGSk
Photoresist Photoresist |
Substrate Substrate Substrate Substrate

Figure 3.20. Schematic of the photolithography pssc a) net substrate with GaN layer on
it; b) the resist is spun on the sample; c) expesufr the resist through the mask; d) resist
development.
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Here, we use AZ5214E resist that allows to obtaiesalution of about 1 um. It is spun
on the sample during 1 min at the speed of 400@d®imin leading to the 1.4 pum resist
thickness. As the resist always contains some stdve have a liquid phase application, the
sample is baked after resist spinning during 2 aih00°C. This bake helps to evaporate the
excess of solvents, stabilizes the resist film angroves the adhesion of the resist to the
wafer. After that, the sample is ready for UV ligitposure. In this work, we used MJB4
setup with UV 365 nm wavelength. UV exposure changgemical properties of the resist
making it more (for positive) or less (for negajiweluble in the developer solution. In our
case, we used AZ5214E as a negative resist. Duhadfirst exposure (the duration of
exposure is 5.5 sec), the wafer was in a directaobrwith a mask. This technique allows
higher resolution but may damage the mask as wetha sample. After, the samples were
baked at 120C during 2 minutes. This procedure helps to tramsfdZ5214E resist into
negative one. This reversal capability is obtaibgd special crosslinking agent in the resist
formulation which becomes active at temperatures/ald10°C and only in exposed areas,
leading to an almost insoluble (in developer) andanger light sensitive substance, while
the unexposed areas still behave like a normal posed positive photoresist. After, it is
required one more exposure (without mask) during&s§ that is called flood-exposure. The
last step of photolithography process is the dgmaknt. It determines the final shape of the
photoresist profile and the line width. The samplesdeveloped in the solution of water and
AZ developer (1:1) during 25-40 sec. The time of thevelopment slightly varies from

sample to sample depending on the resist thickness.

3.3.4 Metallization and lift-off

Metallization is a very important process for efieeti contact of the device. There are
two main types of metal deposition: evaporation apdttering. In our work, we used metal
evaporation technique in which the metals are lleated evaporated in a high vacuum
forming a thin film on the sample surface. The mawf the materials to form contacts should
be carefully chosen to make either ohmic or sclyattintact.

In photovoltaic cells ohmic contact is typicallyetimost desirable because the carriers
can easily move between semiconductor and metal.damtact resistance allows minimizing

the power consumption of future device and prevémsanternal heating of the contact. One
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of the possible mechanisms to produce the curtentlietween metal and semiconductor is a
thermal emission. Therefore, to let the carrieegly flow from semiconductor to metal, it is
necessary to decrease the barrier (schottky bathat is formed at the metal/semiconductor
interface. The height of schottky barrier is detewd as a difference between the metal work
function and the electron affinity of semiconductSometimes it can be difficult to find an
appropriate metal to produce an ohmic contact timothermal emission, especially for
semiconductors with wide band gap such as GaN.efdrey, there is one more way to allow
free movement of the carriers between metal andcsawiuctor. If the semiconductor is
highly doped at the semiconductor surface, as &egprence of that the depletion layer
between metal and semiconductor becomes very tlowiag carriers to tunnel through the
barrier.

When, the current dependence on applied voltagmtidinear, this type of contact is
called schottky. Schottky contact has a rectifyledpavior allowing no or very small current
to flow through the contact till the critical voffa is reached. The schemes of the band

diagram for ohmic and schottky contact are presemté&igure 3.21.

Ohmic contact

At the moment of contact formation between meta samiconductor, electrons from
metal come to semiconductor aligning Fermi levélgre 3.21 (a and b)). If the value of
metal work function is close to the electron atfmof the semiconductor, the height of the
barrier created at the metal/semiconductor interfaguite small and electrons freely go from

metal to semiconductor and in opposite way depegndimapplied voltage.

Schottky contact

For schottky contact, electrons from semicondugtoto metal leaving positive charges
behind. These positive charges create a spaceecheg@n appearing as a barrier on a band
diagram. If the difference in work function and aten affinity is high, the height of the
barrier increases blocking further movement of teters from semiconductor to metal and
from metal to semiconductor (Figure 3.21 (c and d))
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I N
eg, ex e,
E sigmasta '™ E
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Figure 3.21. Scheme of the band diagram for megalisonductor heterojunction: a) metal
with small work function and n-type semiconductefobe contact; b) ohmic contact with n-
type semiconductor; ¢) metal with large work fuostand n-type semiconductor; d) Schottky
contact of metal and n-type semiconductor.

There are some types of the devices like schotteges, metal-semiconductor field
effect transistors (MESFET) etc. that require stiyotontacts. In the case of the solar cells,

an ohmic contact is necessary because it allowsmuifow without voltage drop.

3.3.4.1 Ohmic contact to n-GaN

Both ohmic and schottky contacts to n-type GaN wergely studied by different
groups [Schmitz, 1998; Dobos, 2006]. Usually, ohroentact is achieved by depositing
metals with low work-function such as A®d§ = 4.24 eV) or Ti ¢, = 4.33 eV) [Skriver,
1992]. Linet al. showed that the resistivity of Al contact can gngicantly improved by
insertion of thin Ti layer before Al deposition fii 1993; Luther, 1997]. Two possible
mechanisms were proposed to explain a low redigtdfi Al/Ti contacts. One of them that Ti
forms TiN layer on the top of n-GaN resulting igraation of nitrogen vacancies that act like
donors forming highly-doped n-GaN layer on the riegmiconductor interface. Heavy
doping in the semiconductor causes a very thinaligpl width and electron that can tunnel
through the Schottky barrier leading to ohmic betvavAnd another one is diffusion of
silicon to the surface of GaN or/and diffusion af(@ potential donor) into semiconductor

[Thierry, PhD thesis]. In next works, the resiginvof ohmic contact was even more improved
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Chapter 3. Experimental techniques and device talion process

by inserting Ti/Al/Ni/Au contact [Boudart, 2000; 1Qi2004]. The top Au layer is introduced
in order to avoid the oxidation of Al layer and irape the current spreading in the contact.
Ni layer between Al and Au was shown to be impdrtanprevent the Au diffusion through
Ti/Al layers. In this work, we used Ti/Al/Ni/Au cdoact with metal thicknesses of
30/70/20/100 nm, respectively. An exampleJ@¥) curve for n-contact used in this work is
presented in Figure 3.22 showing a good ohmic hehaWhe specific resistance of the

contact is about 3x10Q*cm?.

0,10
——Ti/Al/Ni/Au (30/70/20/100 nm)
n-contact
0,05
<
= 0,00 4
o
5
&)
-0,05
-0,10 T T T T T Y T T |
-1,0 -0,5 0,0 0,5 1,0
Voltage (V)

Figure 3.22. Example of J(V) curve for Ti/Al/Ni/fQ&0/70/20/100 nm) n-contact used in this
work.

3.3.4.2 Ohmic contact to p-GaN

Unlike to n-contact, ohmic contact to p-GaN is vdifficult to achieve. It is related to

several factors:

- The lack of appropriate metals (as GaN has a laggel gap (3.4 eV). Indeed,
materials with very high metal work function (nodigamore than 5 eV) are
required.

- Quite low hole concentration in p-GaN (because ighlactivation energy (about
200 meV) of doping Mg atoms.
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3.3 Device fabrication process

And also one of the possible reasons that was myed or disposed is the losses of
nitrogen during fabrication process that can causenversion of p-type GaN layer into n-
type.

Typically, Ni/Au is used as a contact to p-GaN [$nad010; Sheu, 1999]. Ni prevents
the Au diffusion to the GaN surface and removestyen from the p-GaN surface.

In this work, a thin Ni (5 nm)/Au (5 nm) layer wdsposited on p-GaN and annealed in
an oxygen atmosphere. After-deposition, the anngatep under oxygen atmosphere was
shown to improve the conductivity of the contactdogating NiO/Au [Qiao, 2000]. Contact
thickness is choosen to be very thin (overall thess is only 10 nm) to keep the contact as
much transparent as possible. Anyway there arevsys to improve the contact as in our
case the transmission is about 50% at the wavéidegs than 450 nm (Figure 3.23).

1,01
= 0,91
=
Z
o 0,8- ——Ni (5 nm)/Au (5 nm)
= annealed in O,
L
E 0,7 -
7
S
= 0,6
0,5-

4é5 | 450 | 4%5 | 560 | 5é5 | 5£I50 | 5%5 | 6(50 |
Wavelength (nm)

Figure 3.23. Transmission measurements of the Nn{pPAu (5 nm) contact after annealing
in oxygen atmosphere during 5 minutes at 300

Note that the resistivity of Ni (5 nm)/Au(5 nm) dant is relatively high because of this
small value of thickness. To improve the resisgivitli (30 nm)/Au (100 nm) fingers with 5
um width were deposited on Ni (5nm)/Au(5 nm) semanBparent contact. After deposition p-
contact was annealed at 5 during 5 minutes in oxygen atmosphere. A reprasae J(V)
curve of the p-GaN contact is presented in Figu?d.3

The specific resistance of the p-contact used is work was calculated through

transmission line method (see in details in Anngat = 20V (current is 0.2 mA) leading to
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Chapter 3. Experimental techniques and device talion process

the value of 0.11Q-cn?¥ that is comparable with values obtained in therditure [Moon,
2008]. The value of sheet resistance for p-GaM@ia7.5x10 Q.

2,0x10" Ni (30 nm)/Au (100 nm) p-contact
1,0x10*
< 0,0
=
o
5
O -4
-1,0x10™ 4
-2,0x10
T T T T T x |
20 15 10 5 0 5 10 15 20
Voltage (V)

Figure 3.24. J(V) curve of Ni (30 nm)/Au (100 nrggmtact used in this work.

3.3.4.3 Lift-off

The lift-off is used in this thesis as the lastpsten the way to form a contact and it
includes a removal of metal from the substrateas@rffor creation of needed pattern. After
standard photolithography process and metallizatiom metal is both deposited directly on
the top of the substrate and on the top of thestrésat was left by photolithography. It is
necessary to remove the resist together with thalrteeform a final pattern. In our case, the
lift-off is usually done immediately after metalpesition. Samples are put in a small glass
vessel with acetone for 3-5 minutes; the vessehaken by hand to remove the resist film
with metal on it. Afterwards, if metal was not cdetely removed, we used ultra-sonic bath
for 3-5 seconds. After acetone cleaning, all sampleere rinsed in methanol and
dehumidified by dry nitrogen.

A top-view image of the device after fabricatiorpresented in Figure 3.25
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Ti/Al/Ni/Au
30/70/20/100 n

Figure 3.25. Top-view image of the fabricated devidth 0.5x0.5 mmmesa size.

3.4 Optimization of the solar cell grid design

The conversion efficiency is mostly determined by thoice of materials for solar cell
fabrication and the solar cell design. Howeverrdhage still some additional losses that come
from the contacts. In our case, we use finger atatd he distance between fingers is a very
important parameter on the way to improve the soddirefficiency. If the distance between
fingers is too small, it shadows the solar celfate decreasing the amount of absorbed light
and therefore, the value of short-circuit currdrattstrongly depends on the light absorption.
Too large distance between fingers causes theaseref the contact resistance and losses in
the carrier collection. Thus, the space betweegefim should be carefully chosen. We
fabricated three solar cells with different fingetches to optimize the contact spacing. The
sample structure is presented in Figure 3.26.

3.6 ym GaN:Si
nid 1.8 pm GaN

Sapphire

Figure 3.26. Schematic of the device to verify itifeience of grid spacing on electrical
properties of the solar cell.
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Chapter 3. Experimental techniques and device talion process

The structure consists of 3.6-pm-thick Si-dopet=6x10°cm® n-GaN layer
followed by a 10-nm-thick heavily doped € 2x13° cm®) GaN layer. The MQW active
region is formed by 30xGa N (1.3 nm)/GaN (8.5 nm) quantum wells that are eapp
with a 60-nm-thick Mg-doped p(= 7x13°cnmi®) GaN layer. For device fabrication,
0.5x0.5 mmM and 1x1 mrh mesas were patterned by,®hased inductively coupled plasma
etching. Ohmic contacts ta-GaN were deposited around the mesas by electrambe
evaporation of Ti/Al/Ni/Au (30/70/20/100 nm). Th@-GaN contact consists of a
semitransparent layer of Ni/Au (5/5 nm) anneale@ir(leading to 96% transmittance in the
visible spectral range), and a 130-nm-thick Ni/Atdd30/100 nm) with 5 pum finger width.
The distance between fingers was varied as 100aa8@00 pum.

The responsivity spectra together witf\) curves under 1 sun AM1.5G equivalent

solar illumination for devices with different grighacing are presented in Figure 3.27.
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Figure 3.27. a) Responsisivty spectra and b) Curdemsity-voltage characteristics under 1
sun AM1.5G equivalent solar illumination for 303h&Gay JN/GaN quantum well-based solar
cells with different distance between p-contacgéirs: 100, 150 and 20@m [Valdueza,
2013].

All samples show quite the same electrical behathat points out a good in-plane
diffusion length of the minority carriers in Mg-deg GaN. Slight red-shift of the spectral
response for sample with 200 um finger pinch ighatted to In composition fluctuations.
Anyway, slightly better results in terms of respwitg and J(V) curve are obtained for
sample with 150 um distance between the fingers Wddue for finger pitch will be used for

further fabrication of solar cells in this work.
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3.5 Conclusion

In this chapter we briefly discussed the basicshef nitride-growth by MOVPE: the
method of growing GaN buffer-layer, its p- and rpohg and peculiarity of the InGaN/GaN
QW growth. We also described the experimental teglas used in this work: HRXRD, PL
and transmission setups as well as setups forielcmeasurements. The process of device
fabrication is detailed. Finally, we investigatde tinfluence of CgMg flow on the carrier
concentration and mobility in p-GaN layers. The tbealue of CpMg flow giving a
maximum carrier mobility is found to be 500 sccrhim top layers grown at higher
temperature give higher hole concentration. Aft€eégiN layer optimization we studied the
influence of the grid design for p-contact on thecwical properties of the solar cell. Samples
with different grid spacing (100, 150 and 200 urhpw relatively the same electrical
characteristics, pointing out a good diffusion lgngf the holes. Anyway, slightly better
characteristics in terms of external quantum edficy andJ(V) curves were seen for finger
pitch of 150 um and this value will be used forta# solar cells fabricated in this work. After
preliminary optimization of the p-GaN layer and gutact, we are ready to proceed to the

investigation of the influence of the active regmarameter.
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Chapter 4

Theoretical and experimental study of the
InGaN/GaN quantum wells

The growth of high-quality thick InGaN layer is yatlifficult due to defect creation. It
was shown that one of the ways to overcome thibleno is to grow pseudomorphic layers
[Chen, 1993]. The presence of thin QWs permitsrevgnt undesired strain relaxation and
defect formation keeping the InGaN layer strainédso, the insertion of the material with a
lower band gap (QW) allows absorbing photons withrgy lower than the barrier band gap
and therefore, increasing the value of short-circurrent. With this method, the absorption
can be optimized by varying the QW design (thicknasd number). In return, a change of
the barrier thickness and doping will also affdet strain state distribution inside the active
region and the collection efficiency of the casie€Consequently, the electrical parameters of
the solar cell can be independently adjusted td fm optimum by choosing approriate
thicknesses of wells and barriers, In compositimmnber of QWs and doping level in the
active region. In this chapter we are going to wlscthe effect of the QW number on the
structural, optical and electrical properties & folar cells.

The number of QWs determines the total thicknesghefactive region in terms of
absorption and carrier generation. Usually in LE®ides, the thickness of QWs is chosen to
be relatively small (less than 5 nm for In-contiess than 30% to manage the strain balance).
But in photovoltaic devices, it is necessary talstas many wells as possible in the structure
to get an effective absorption of incoming lightlthdugh the presence of QWSs helps to
postpone the relaxation, anyway, it still appearenvstacking too many periods leading to
linear defects (for example threading dislocatiand v-pits) [Young, 2013].

There is also another problem showing up with ameiase of the period number. The
internal electric field created by thpen junction decreases with the active region thicknes
This hampers the separation of the electron and pairs and their drift to the- and p-
contacts. Therefore, the determination of the gmpmte active region thickness is necessary
for the development of an efficient device.
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4.1 Structural and optical properties

The work presented in this chapter has been puulish two papers [Mukhtarova,
2013] and [Valdueza, 2013].

Figure 4.1 present a schematic of the sample steigfrown in this chapter. Sampples
with 5, 15, 30, 40, 60 and 1000hGa N/GaN QWs were grown oo-sapphire substrate
The thicknesses of QW and barrier are 1.3 and &5 mespectively. To minimize the
probability of strain relaxation, we have chosesample design with relatively low In-

content (about 10%) to be able to investigatdritrensic effect of the QW number.

60 nm p*-GaN

5 - 100 InGaN/GaN QWs
10 nm n*-GaN

3.6 pm n-GaN

1.8 um UID GaN

Sapphire

Figure 4.1. General structure for the samples stddin Chapter 4. Target In-composition,
QW and QB thicknesses are 10%, 1.3 nm and 8.5 nm.

4.1 Structural and optical properties

4.1.1 Study of crystalline quality (HRXRD and HRTEM)

The growth of QWs is a complicated process. Thd/batier interface roughness, In
fluctuations inside the active region, relaxatioccanpanied with defect formation can
damage photovoltaic properties of future solarscékfore starting a long fabrication process
of the device, it is necessary to understand arin@ge the structural quality of as-grown
samples. In this section, we investigate by X-rdfyattion the crystalline quality, the strain
state and In-content of the grown samples deperahrtge QW number.

Figure 4.2 presents a symmetrieal6 scan around (0002) reflection for samples with

different number of QWs (5-100). The measuremergsiane at the radiation wavelength of

" Samples with 5, 15, 30 QWs and samples with 4@&réD100 QWs were grown in two different series.
74
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1.54056 A (copper i emission wavelength) with a high-resolution x-diffraction setup
(HRXRD equipment). The highest peak correspondbleahick GaN buffer layer and peaks
centered on an “average” superlattice peak (ca&led are coming from the periodicity of
QWs. A lot of information about the crystalline gtture can be obtained from XRD-20
scan: structural and interfacial quality (from thw®adening and sharpness of the peaks and
their variation of intensity)¢-lattice parameter (from the position @brder peak), SL period
T (from the angle difference between satellite pga&k total thicknes#l (from the distance
between thickness fringes (indicated by verticebws in Figure 4.2) etc. Scans in Figure 4.2
can be analyzed with a simple treatment withinkimematical theory [Holy, 1999]. Values
of superlattice period (from Eqg. (4.1)), average lattice parameteg> (from Bragg's law,
Eqg. (3.1)) and total thickness (from Eq. (4.2)) are listed in Table 4.1.

T=— 32 (4.1)

T 2(sinBin—sindy)’

wherel - X-ray wavelengthdy andés, - 0-order and £n order superlattice satellites.

_ (ni—npa
2(sinf;—sind;)’

(4.2)

wheref; andg; -i andj order superlattice satellites.
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Figure 4.2. X-rayw-20 scan around (0002) Bragg peak reflection at 1.586wavelength
for samples with 5-100x13 ;Ga-o N(~2 nm)/GaN (~8 nm) QWs. Arrows show the thickness
fringes.
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If we look at the shape of the satellite peaks,car notice a peak asymmetry that
becomes more evident with increasing the QW numbkis asymmetry can come from
different reasons such as In-content variationnorfaeriod changes.

To understand the strain state of the samples,rébgprocal space mapping (rsm)
around the (10-15) Bragg reflection peak has besfopned. Examples of rsm for samples
with 30, 60 and 100 QWs are presented in Figure #t& vertical alignment of the
superlattice peaks with the GaN peak in tig K+) coordinates indicates a coherent biaxial
strain: the in-plane MQW interatomic distance iatched to the GaN buffer layer and the

out-of-plane distance is deformed.
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Figure 4.3. Reciprocal space map around (10-15)g8reeflection peak at the wavelength of
1.54056 A for 191:GapsdN (~1.7 nm)/GaN (9 nm) samples with: a) 30; b) 0100 QWs. [
and K, are wave vectors in the reciprocal space.

Supposing a biaxial strain approximation of the MQ@h the GaN buffer layer far

orientation, the In-contentcan be directly estimated from [Vickers, 2003]:

Cop=Co (X) _ 2C13°N () [ Bep =89 (X) 43
InGaN - CnGaN InGaN (4.3)
Co (%) s (X) 3 (X)
where c"®®(x) and a"®*N(x) - lattice parametersCizsa o2 (x) - elastic constants of the
relaxed InGaN film, aex,"°®" andcex, " - lattice parameters of the strained InGaN film.

the first approximation, alloy variations of lagigparameters and elastic constants as a
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function ofx are extrapolated linearly from bulk values via ¥etis law Eq. (2.12). For in-
plane biaxial straimex, "= a,°*", the value ofex,"°*" can be deduced from the position of
0-order peak (SLO) im-26 scan, which depends both on the thickness ratiedss well and
barrier and the In composition. The total perio related to the average interplanar spacing
d of the MQW by:

T= (NGan + Ningan)*d = dgan*NGan + dingan(X)XNincan (4.4)
where ngan and npcan are the numbers of interatomic planes in the é&arand well
(determined from HRTEM measurements (Figure 4.4,y and dncan(X) are the
corresponding interatomic distanced. (and consequentlycey) is obtained from the
measurement of the 0-order (0002) reflection ardviiue ofdincan(X) iS obtained from Eq
(4.4).

Finally, an In composition is determined by solvikg. (4.3) with respect to the
variablex and results are presented in Table 4.1. Basetiase tcalculations, an average In-
content for samples is estimated to be 11 + 2%.

Table 4.1. Parameters of dJimGaysdN/GaN SLs extracted from HRXRD measurements: SL

period T, total superlattice thickness H, averagiattice parametercs>, In-content, and
degree of relaxation R.

Number of T, nm H, nm <G5>, A In-content, % R, %
QWs
5 10.0 55.4 5.194 8.6 0
15 9.55 155.8 5.195 9.0 0
30 9.7 313 5.196 10.1 0
40 10.3 - 5.199 13.5 -
60 10.6 - 5.198 12.9 0.6
100 10.7 - 5.197 12.5 1.7

samples with: a) 30 QWSs; b)100 QWs; ¢) HRTEM imaigdislocations in the sample with
100 QWs (images are from C. Bougerol).
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The inplane relaxation degreR of the superlattice can be estimateiowing the value

of In-content via:

InGaN GaN
_ Gexp Qo

InGaN

wherea,®®" - a-lattice parameter of Galay"®*" - a-lattice parameter of InGaN calculated

Vegard's law,aey ™" - a-lattice parameter of InGaN tained fromthe experiment. The
values of calculated relaxation are presenteTable 4.1.We can conclude that all samp
are coherentlpiaxially strained on GaN buffer laye

To improve this structural anais, samples with larger number of QWs (30, 40, 6@
100) were measureat the BM02 beamline of the European Synchrotrodi®i@n Facility
using a wavelength = 1.28361 A. Thanks to a large beam flux of the syoitbn radiation i
is possible to measure a larger number of sat@iiks and extract moprecise information
from the fit of the dataX’Pert Epitaxy softwee has been used to simulthe XRD profiles
and to fit thestructural propertiesFigure 4.5 presents an example«®0 simulation for
sample with 30 QWs around the (0004) Bragg pealkgakito account well and barri

thicknesses from TEM measurents and In-content from Table 4.1.

. ] — experiment 30 QWs
10" 3 simulation GaN
10 ¢ e
E ty=13nm 0 QWs
10° E tbamer =8.4nm
105_; In-content = 10.1% ; -

10°

10* 4

Counts per second (cps)

10° 4

10° 4

10’ : T v T v T T T v T T T J
26 27 28 29 30 31 32

©® (degree)

Figure 4.5. X-rayw-260 scan around (0004Bragg'’s reflection for 30 If10:Gap.sed\N/GaN (1.3
nm / 8.4 nm) QWgrown on GaN/sappre substrate The measuremen(black curve) are
carried out at the BM02 beamline of the EuropeancByotron Radiation Facility using
wavelength of. = 1.28361 A. Simulation (red curve) was performethw(Pert Epitaxy 4.(
program.

78



Chapter 4. Theoretical and experimental study efltiGaN/GaN quantum wells

The XRD curve is rather well fitted in terms of theak positions, but the decrease of
the simulation peak intensity with the satellitderis slower as compared to experiment. The
same effect for CdTe/MnTe superlattices grown byBMigas found in the work of Eymest
al. [Eymery, 2000]. It was shown that the change efittterface profile between the well and
barrier can be used for better fitting of peakmsiges. In their work they supposed a linear
gradation of Mn concentration at the QW edges. féigu6 shows an example of the20
scan around (0004) Bragg's reflection fit for 30xd§iGay.ged\N/GaN (1.7 nm/8.0 nm) QWs
grown on GaN/sapphire substrate. In our case, ttedfiXRD curves supposing different
profiles of In-content gradation at the well interés: linear (Figure 4.6 (a), magenta curve),
concave (Figure 4.6 (b), blue curve) and convegufe 4.6 (c), red curve). As it can be seen
from the fit, the change of the interface profilluences mostly on the intensity of the high-
order peaks. The best fit of the peak intensit@sall samples under study is obtained for

convex shape of the In-content profile.

] experiment ] eAxperinjent
10° —— simulation (linear profile) GaN a) 10°4 —— simulation (concave profile) |GaN b)

Counts per second (cps)
Counts per second (cps)

T T T T v T v
26 27 28 29 30 31 32

©® (degree) © (degree)
. —— experiment
10"§ — simulation (convex profile) |GaN c)

Counts per second (cps)

10" 1— : T .

T T
26 27 28 29 30 31 32
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Figure 4.6. X-rayw-26 scan around (0004) reflection at the 1.28361 Aiatidn wavelength
for 30%xIng 10/GaygedN/GaN (1.7 nm / 8.0 nm) QWSs. Simulation is doné Wipert Epitaxy
4.0 software supposing different shape of the imeat profile at the well interfaces: (a)
linear (magneta curve); (b) concave (blue curve);donvex (red curve).
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Table 4.2 summarizes the fit parameters of thev@actgion: QW and QB thicknesses
and In-content. The thickness of In compositiondgrat region is called on the bottom of
QW: Twen_1and on the top of the QWiwei 3. The thickness of the well zone with constant In
composition is calledei_».

Table 4.2. Structure parameters: In-content, thedshof the barrier gi;, thickness of the well

with convex graded In composition: bottom interfdGge; 1 and upper interface Wk 3 well
thickness with constant In compositiog, T, obtained from the fit of XR - 26 scans.

Number of QWs | In-content, % | Tpar, "M | Twen 1, NM | Twei 2, NM | Tyen 3, M
30 10.7 7.98 0.48 0.69 0.54
40 12.0 8.49 0.24 1.10 0.41
60 13.0 8.90 0.27 1.04 0.46
100 12.0 8.94 0.41 0.78 0.60

Figure 4.7shows the final profile of the QW taking into acabyparameters listed in
Table 4.2. The shape of QWs is not rectangulars Tdit can be attributed to the peculiarity
of the growth process. The growth temperatlige®f the well and barrier are different. GaN
barrier is usually grown at relatively high temparas (in our case it is 90C), while InGaN
well requires a significantly lowery, (750°C). The necessity to use such moderate growth
temperature is related to a low thermal stabilifylmGaN alloys due to a high nitrogen
equilibrium vapor pressure and a high volatilityiofium [Ju, 2007; MacChesney, 1970].
This temperature change enhances the interdiffusetween In and Ga atoms, especially for
the top interface of the well (where the tempermtacreases) leading to the appearance of In

composition gradient at the QW edges.
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Figure 4.7. Quantum well profiles fordmGagsdN (1.7 nm)/GaN (8-9 nm) samples with
different number of quantum wells (30-100). Confumction is used to describe the In
composition profile at the QW edges.

For all samples, the total thickness of QWs hasoatnmot been changed and varies
from 1.71 nm (for sample with 30 QWSs) to 1.79 nror (Bample with 100 QWs). All
variations in the period from sample to sampleraostly related to the variation in the barrier
thickness (about 1 nm). The thickness of the barséghtly increases with QW number (see
Table 4.2). The same tendency has been observd@-id))xInGaN/GaN QWs grown on Si
(111) substrates by Wet al. [Wu, 2006]. These authors explained the incredsheobarrier
growth rate with the number of periods to be reldtethe presence of V-defects, supposing
that there is a little destruction of reactant¥/tdefect region that creates an extra supply of
precursors in the areas around of V-defect. Asdiie of V-defects increases with QW
number (we also observed this effect experimentaltyur samples (see Figure 4.8)), the area
outside of the V-defect available for depositioonfr extra supply of precursors becomes
smaller. This leads to the increase of the dewsénd, consequently, of the growth rate.

It is known that chemical etching can be used ieak dislocations in GaN layers
[Weyher, 2000].Figure 4.8 shows scanning electron microscope (Skivgges of the
samples with 10 and 20dnGa sAN/GaN quantum wells without the p-GaN capping layer
Both samples were etched in hot phosphoge® acid heated to 188 during 20 minutes.
The lateral size of “dislocation” traces increaseish QW number:tgs = 140 nm for
20xIny 168Gy sAN/GaN QWs and about 90 nm for 10xi8GasNN/GaN QWSs. Density of
dislocations was relatively the sanjs ~ 1.4x1¢ cm® for 10 QWs and 1.5-1.6xi@m? for
20 QWs.
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EHT = 3.00 kV Signal A = InLens
WD = 6.8 mm Photo No. = 8474

EHT = 3.00kV Signal A = InLens
WD = 8.7 mm Photo No. = 8466

Figure 4.8. SEM images of V-defects faj 1858y sdN/GaN samples with: (a) 10 QWs; (b) 20
QWs.

The period variatiorthrough the structure can be determined by analyzing the full
width at half maximum (FWHM) of the satellite pealsewster, 1988]. In the model
proposed by Fewster, the measured FWHM broaderieyeary satellitef, is deconvoluted
by the width of the “zero-order” peak in order také into account the instrumental
broadening and the defects of the samples:

B = (nB1)?* + (Bo)HV?, (4.6)
wherep; - broadening parametéi, - integral breadth for the “zero-order” satellite.
The FWHMs satellites plotted against the diffractiorder for (0004) reflection for
samples with 30 — 100 QWs are presented in Fig@e 4
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Figure 4.9. Full width at half maximum of the shtelpeaks as a function of the peak order
at (0004) reflection A = 1.28361 A) for 191:GaosdN (1.7 nm)/GaN (8-9 nm) samples with
different number of QWs.

The progressive broadening of the satellite peks function of the order may be
interpreted by the presence of a period variati@umantitatively, the period variation can be

found through following formula, directly derivetbin Bragg'’s law:

AT =B/ [2Aw cOS )], 4.7)
where/ - wavelengthAw — angle difference between two satellites; angle forSLOpeak.
With this analysis, we obtained the values of mkflactuations of 3.87, 1.45, 2.58 and 2.90
A for samples with 30, 40, 60 and 100 QWs, respelti These results show that the period
fluctuations remain negligible even for sampleshwiery high number of QWs revealing a
good stability of MOVPE techniques during a longpei of growth (more than 30 hours of

growth for sample with 100 QWSs).
Therefore, if the origin of peak broadening seemwi@d scan (Figure 4.2) does not

relate to the period fluctuations, it can be ralatethe composition inhomogenieties. Optical

measurements are considered as a good methodftotiier assumption.

4.1.2 Analysis of optical properties (PL and transngsion)

According to data obtained with XRD analysis, thecontent varies from 9 to 13%.
This composition variation should also affect tiptical properties of the samples.

Figure 4.10 (a) shows a low temperature (5 K) Péctra from the ln:GaygdN(1.7
nm)/GaN(8-9 nm) samples with different number of QW
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Figure 4.10: (a) Low temperature (T = 5 K) PL measuents for 1g1:GaysdN (1.7 nm)/GaN
(8-9 nm) samples with number of QWs varying frono 3200. (b) An example of the PL
intensity evolution with the temperature for 30x]iGaysdN (1.7 nm)/GaN (8-9 nm) QWs.
Blue curve shows the fit of experimental data \Eigh (4.12).

The PL emission wavelength change from 390 nm ® @ is in a good agreement
with the variation of In composition obtained frahe structural analysis (from 9 to 13%)
[O’'Donnell, 2004]. The broadening of PL spectrathwthe FWHM change from 70 to 195
meV, indicates an increase in the nonuniformitytte# indium composition with the QW
number.

Measurements of PL peak intensity dependence opaeature can give an idea about
the presence of localization effect inside the QWAfsexample of PL intensity evolution with
the temperature for sample with 30 QWs is preseimdeigure 4.10 (b). Supposing that at
low temperature all carriers are localized and md#moe only radiatively, the integrated PL
intensity can be fitted using the following form{i\&en, 2007]:

i 1
I(T=0)  1+ce E1/kT’

(4.8)

wherel - PL intensity,C - fitting constant proportional to the density tbk nonradiative
recombination centerg; - activation energy (energetic barrier that casrighould overcome
to reach nonradiative recombination centeéks)Boltzmann’s constant.

The ratio between PL intensities at 0 K and at raemperature (300 K) is generally
attributed to the internal quantum efficiend@E). The carrier localization induced by the
presence of potential fluctuations in the QW regimnoduces an additional term to the Eq.
(4.8) [Gacevic, 2011]:
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T _ Ry _ 1

IQE ~ I(T=0) ~ Ry+Rpy

X (4.9

_E1 _Ez
(1+C1e KT)(1+Cye kT)

whereE; - thermal escape energy of the carriers movindgroat QWs,R. andR,, - radiative
and nonradiative recombination rates.

Activation energyE; extracted from the fit of the data is about 34#@\lrand average
localization energye; is in the range of 105 — 140 meV for all sampleab{& 4.3). These
results are consistent with published dataeNal obtained the value &,; = 27 meV for 10
periods of 1§1:Ga sdN (1.4 nm)/GaN (7.5 nm) [Na, 2006]. Sehal estimated the values of
Ea1 andE;2 to be 13 meV and 170 meV, respectively, for 4xG8 sN (3 nm)/GaN (12 nm)
QWs [Sun, 2011].

There is not only the variation of the PL intensitigh the temperature, but also a shift
of the peak position. Figure 4.11 shows an exaropkhe PL peak position dependence on
the temperature for samples with 30, 60 and 100 QWs
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ey __ ~0 7 ¥
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Figure 4.11. The temperature dependence of thedlk position on temperature for 30, 60
and 100 1g11GaysdN (1.7 nm)/GaN (8-9 nm) QWSs. Red curve shows thefexperimental
data with Eq. (4.13).

Normally, the change of the band gap with tempeeain semiconductors should
follow the Varshni’'s law (Eq. 2.19). In our casey anomalous temperature behavior is
observed for all investigated samples. This is d®own as “s-shaped” temperature
dependence (redshift — blueshift — redshift). Telax the origin of the “s-shape” the
following model has been proposed by Gitoal [Cho, 1998]. For low temperatures (less

than 70 K) the radiative recombination processamidant, weakly localized carriers are
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4.1 Structural and optical properties

thermally activated and relaxed down into lower rggetail states induced by potential
fluctuations, which results in the initial redsloftthe peak energy. With temperature increase
(from 70 to 150 K), non-radiative process startsob@ng dominant, carriers recombine
before reaching the lower energy tail states amd tifetime is decreasing. This behavior
leads to the blueshift of the peak energy. For smatpres higher than 150 K, the non-
radiative recombination is dominant and carrieifstime is almost constant, the blueshift
becomes smaller and the temperature-induced barstigegkage becomes responsible for the
redshift behavior of the PL peak. The band-tail slasl usually used to describe the degree of
localization effect. In this model the emission rgglyedependence on the temperature can be
given by the following expression [Eliseev, 1997]:

2 2
E(T) = E(0) —%—% (4.10)

whereE(0) - energy gap at 0 Kg - Varshni’'s parametef; - Debye temperature. The third
term on the right comes from the localization dffecrepresents the degree of localization
(the larger value o& means a stronger localization effect) dgds Boltzmann’s constant.
The values o& obtained by fitting the experimental data with dgpiation (4.10) are listed in
Table 4.3. Our results are consistent with thedttge for InGaN/GaN QWs. Wargt al
obtained the values of localization parameter23 meV for 8xlg15Ga gdN (3 nm)/GaN (14
nm) QWs and Murotanet al estimateds to be in the range from 15 — 35 meV for
InGaN/GaN QWs with In-content varied from 0.20 t8 D[Wang, 2012; Murotani, 2013]. It
is clear that this model fits well the experimentdults in the 75 — 300 K temperature range.
But it is not valid for low temperatures (less th@nK). This is related to degeneracy of the
carrier occupation at low temperatures (less tHaf)/that is not taken into account in the
Eliseev's model [Eliseev, 1997].

It is interesting to notice that localization paegerc is increasing with QW number,
showing an increase of localization effect. In gahahe variations of defect density, indium
content, well width and interface roughness betwberwell and barrier may all contribute to
the formation of different localization levels. FIoOXRD data we have shown that the
relaxation of the samples is negligible as welthesvariation in the period. HRTEM images
indicate a good quality of the interfaces. Therefahe origin of the localization effect

increase is most possibly related to the nonuniityrof the In composition. This explanation
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Chapter 4. Theoretical and experimental study efltiGaN/GaN quantum wells

Is also consistent with the broadening of FWHMIaw temperature PL spectra (Figure 4.10
(a))-

Table 4.3. Values of the band gap, Eactivation energy E localization energy £
localization parametew and IQE = b (RT)/lb(T = 5K) extracted from the fitting of PL
spectra for samples with different number of iBay sdN/GaN periods.

Sample parameters 30 QWS 60 QWSEs 100 QWs
Ey (eV) 3.25 3.11 3.09

E; (meV) 34 34 34

E, (meV) 127 105 139

o (meV) 23 25 29

IQE (%) 1.3 1.0 2.9

Another indication of the localization presencehe InGaN/GaN QW structure is the
existence of so-called Stokes’ shift. The Stokédt $s the difference in the energy between
PL and absorption peaks. In order to estimate #laevof Stokes’ shift, we should first
determine the absorption edge. Absorption edgebeaattained by fitting the transmission
data with a sigmoidal function [Donnell, 1999]:

Qo

1+e AE

where Ey - effective bandgap energyy — absorption coefficient, that corresponds to the
absorption at energies well above a bandgap enafgy; absorption band edge width,
equivalent to the Urbach tailing energy

The transmission spectrum of the samples undey stugresented in Figure 4.12. A
sharp absorption cutoff of GaN (at 365 nm) is faka by the absorption of InGaN/GaN
QWs in the 365 — 415 nm region. The absorptione@ases and the absorption edge broadens
with the number of MQWSs. But still the absorptiannot complete even for sample with
60xIrp 1:Gap s (1.7 nm)/GaN (8-9 nm) QWs.

As we said before, the thickness of InGaN shouldibeut 300 nm to absorb 95% of
incoming light. Indeed, the total absorption thieka (summarized thickness of the InGaN
layers) of the sample with 60 QWs is only 102 nrd #rat is not enough for full absorption.
The effective band gap energy obtained throughfitieg of the transmission data for all
samples under study with the formula (4.14) is 31102 eV. This result is consistent with
results obtained from PL measurements. The valueEok increasing from 17+2 meV (15
and 30 QWSs) to 32+2 meV (40 and 60 QWSs), confirmthg increase of In-content

inhomogeneities with QW number.
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4.2 Electrical properties

From the values of the absorption edge and PL mpemitions, the Stokes’ shift is
estimated to be 40+11 meV. Usually, the presencehef Stokes’ shift is attributed to
localization [Martin, 1999], quantum-confined Stafkect [Bercowicz, 2000] or a mixture of
both.
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Figure 4.12. Room-temperature transmittance speat@60xIn 1:GaysdN (1.7 nm)/GaN (8-
9 nm) samples.

Considering that the thickness of QWs is very sifiall nm), the influence of QCSE on
PL spectra is negligible. Therefore, the most pbtdaature of the Stokes’ shift can be the
presence of carrier localization because of In-@ointiuctuations.

To summarize the results, we show that all samipde® a strong PL emission at the
wavelength of about 400 nm for the band gap of aBdueV extracted from temperature PL
and absorption measurements. The S-shape depenodletice PL emission as a function of
the temperature, Stokes’ shift presence and thaderong of absorption edge reveal the
existence of localization effect in the active oegthat could be mainly attributed to potential

fluctuations in QWSs because of In composition inbbgeneities.

4.2 Electrical properties

After structural characterization, all samples hbeen processed into solar cells using

photolithography, plasma etching and metallizapoocesses (see Chapter 3).
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Photocurrent spectral response of the solar cetleustudy is presented in Figure 4.13.
Measurements were performed at room temperatutbeonptical transmission spectroscopy
setup.

Spectral cutoff is red-shifted in comparison to Gaitvtodetector because of the InGaN
QW presence. The shift of the spectral cutoff WtV number from 398 nm to 416 nm is
consistent with transmittance and PL measureméhis.efficiency above the GaN bandgap
of the devices increases by a factor of 10 whereaging the number of QWs in the active
region from 5 to 30. Then, it saturates and remairthe same level for samples with 30, 40
and 60 QWs.

EQE exhibits the ratio of the number of electroniected by the solar cell to the
number of incident photons. So, it includes thacifhcies of three processes happening
inside the solar cell under illumination: absorpticarrier separation and collection. The
enhancement of the EQE for samples with 5 — 30 Q&¥isbe directly related to the increased
absorption with the number of periods. The follogvsaturation of EQE for sample with 40
QWs and slight decreasing of the EQE for samplé %@ and 100 QWSs can be related to an

increase of collection losses.
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Figure 4.13. Spectral response of theiGay sdN(1.7 nm)/GaN(8-9 nm) samples varying the
number of quantum wells [Valdueza, 2013].

The dependence of the dark current density onaherse bias for the cells under study
Is shown in Figure 4.14. It is well known that theverse dark current is related to the
presence of defects in the structure [Kozodoy, 19Berefore, the monotonous decrease of

the reverse current with increasing of number of QMdicates that the dislocation density
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4.2 Electrical properties

generated by misfit relaxation is not critical four device performance. This is also
consistent with XRD data showing no significan@strrelaxation with QW number except

for sample with 100 QWSs. That shows faster incredisbe leackage current compared to the
samples with 40 and 60 QWs.

Number of QWs
5x
—0—15x
——30x
e 40X
60x
e 100X

Dark current (mA/cm2)

5 4 3 2 1 0
Voltage (V)

Figure 4.14. Dark current vs reverse bias measurgmor Iy 1:Gap sdN(1.7 nm)/GaN(8-9
nm)samples with different number of periods.

This is further confirmed by the enhancementVgf from 1.4 V to 2.4 V with the
number of QWSs, while the fill factor remains almtst same 54-56%. The decrease of open-
circuit voltage for sample with 100 QWs can betesao the relaxation and defect formation
inside the active region in accordance with HRTENages. The dependence Jgf on the
active region follows the same trend as predictethk theoretical model in the section 4.1.
The Jsc increases with the increase of the QW number fom structures because of
absorption improvement. For samples with QW nunmbere than 40, the value 8§ starts
saturating reaching the maximum at 0.68 mAlcifhis behavior can be related to the
appearance of carrier collection losses becausergfthick active region (in accordance with
EQE measurements). In spite of increased photoariisn, the carriers can be collected
only from the first 40-50 QWSs. Carriers createdtle remaining QWs are lost in the
recombination process. The increase of the careeombination is also supported by the
value of \,cthat starts decreasing for sample with 60 and 103G Q

The value of optimal active region predicted by smmplified theoretical model is
overestimated (1.8m instead of about 400-500 nm). This discrepancyhmrelated to the
values of physical parameters (carrier lifetime andbility) used for plotting theoretical
curves that can be different for our samples coetpér the values from the literature.
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Chapter 4. Theoretical and experimental study efltiGaN/GaN quantum wells

Current density—voltage characteristics of the dasmpnder 1 Sun AM1.5G equivalent
illumination are presented in Figure 4.15. All &g showed very homogenious electrical
characteristics through the sample. The valuespeheircuit voltage, short-circuit current,

fill factor, and conversion efficiency for all satap are listed in the Table 4.4.
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Figure 4.15. Current density — voltage charactecstof I 1:GaygdN(1.7 nm)/GaN(8-9 nm)
solar cells under 1 Sun AM1.5G equivalent illumiot

Table 4.4. Summary of the electrical parameterdrigi:Gag sdN(1.7 nm)/GaN(8-9 nm) QW-
based solar cells under 1 Sun AM1.5G illuminatiexternal quantum efficiency EQE, short-
circuit current 4., open-circuit voltage ¥ fill factor FF and conversion efficieney

Number of | EQEat380 | Vo (V) Jsc (MA/cmM?) | FF (%) n (%)
QWs nm
5 4.1 1.620.05 0.11+0.01 54+0.01 0.09
15 16 1.80.05 0.24+0.01 56+0.03 0.24
30 38 2.1+0.05 0.42+0.01 54+0.03 0.48
40 36 2.4%0.05 0.63+0.01 56+0.03 0.85
60 31 2.3+0.05 0.68+0.02 56+0.03 0.88
100 25 1.940.05 0.68+0.02 60+0.01 0.78
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4.3 Theoretical model of the short-circuit currel@pendence on the QW number

The conversion efficiency was calculated using dL0).A low value of conversion
efficiency under 1 Sun AM1.5G illumination is reddt to the lack of absorption at the
wavelength higher than 415 nm. An enhancement loy 1 order of magnitude is observed
when increasing the number of QWs from 5 to 60sTihcrease is mainly associated to the
variation of the short-circuit current density, waiiis enhanced by a factor of 6 with

increasing the number of periods.

4.3 Theoretical model of the short-circuit current
dependence on the QW number

We developed a simple model to provide an estimatiothe value of carrier diffusion
length for holes in the active region, assumingp-an MQW structure with similar
characteristics as our samples. In particular, wasleh the evolution of the short-circuit
current with the active region thickness using mpse¢ approach based on the following

assumptions:

(1) The carrier concentrationiimegion is small compared to carrier concentraton

p- andn-regions.

(2)  Short-circuit current is mostly caused byriess created in QWSs, and the
absorption and carrier generation at wavelengtlwaal380 nm are considered
constant through the total thicknessi-oégion. This approximation is based on a
simple estimation from the band-edge absorptiorfficaent for InGaN material
(~ 10 cm™) giving 95% absorption of the incoming light foB®nm thickness
[Wu, 2002]. This thickness corresponds to more @M QWs with 1.3 nm well

thickness.
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Figure 4.16. Graphical schematic of the electronehmreation inside i-region in the frame of
our model.

In most cases the total current is presented amao$ hole and electron currenfs= J,
+ Jp. In this formula two currents are considered asmetely independent one from another.
In our model we assume that we need both: ele@nahhole arriving to tha- andp-zones,
respectively. Therefore, we preségtas a product of two probabiliti€% for holes andP, for
electrons to reaclp- and n-zones for a given photogenerated electron-hole ityerd/e
assume the electric field insideegion as- = V,/W [Raisky, 1997; Mahmood, 2009%here
Vi Is the built-in voltage antlV is the thickness of the depleted region (i.e. msig region
with MQWSs) which is given byV = N,, X( Ly + Lp), whereN,, is the quantum well number
andL,,, are the thicknesses of the well and the barriecofding to Figure 4.16, we express
P, andP,, probabilities as follows:

_tp x W _tn _W-x _x(W-x)
Pp =e M =¢ 0 = ¢ VbiTrkp P,=e ™ =g vnin = ¢ Vbi'nkn (412)

wherety/t, is thetime that hole/electron needs to reacp/marea, respectively/r, is the
hole/electron lifetime,zp/z, is the hole/electron drift velocityly/p, is the hole/electron
mobility.

The equation giving the value &f can be written as:

Jse = J Jo(X) Py (x) P (x)dx (4.13)

whereJy(x) is a fitting parameter which includes the numbieelectron-hole pairs generated
per second imlx area. Thanks to high mobility and concentratioelettrons we assume that
all electrons created in QWs are able to reaedide andP.(x) = 1. In the case of

homogeneous generation along the active regienly(x) = constant, the short-circuit current

density can be re-written as follows:
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4.3 Theoretical model of the short-circuit currel@pendence on the QW number

Jse W) =] (kWp) <1 - e_k_M;Z>

wherek, = 1ptpVbi.

(4.14)

Figure 4.17shows the fit of experimental data with Eq. (4. E}perimental values ak. are

taken from Table 4.4 and active region thicknésss calculated from HR-XRD for every

sample.
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Figure 4.17. Fit of the experimental data with [E414).

From the fit we can extract the key paramé¢grwhich accounts for the product
between the lifetime and mobility for holes in teieucture. This allows us to estimate the
value of the effective hole diffusion lengths i QW region using the formula:

L, = /%Tm, whereq is the electron chargé is the Boltzmann constant, addis the

temperature. The obtained effective diffusion lénigt holes id,=64+4 nm. This value is in
accordance with the values obtained by othersifioitag type of structures [Chichibu, 1997].

In the model presented here only drift currentikeh into account, but in the samples
with thick i-region there is also diffusion current exsistst tban contribute to the carrier
collection. To estimate the value of the effecthae diffusion length taking into account
both diffusion and drift currents additional measuents and calculations have also been
performed.

Capacitance-voltage measurements have been dateteionine the depletion width

of the samples under study. The result of the etdthcapacitance dependence onidtegion
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thickness is presented in Figure 4.18. The measmtmvere done for devices with 1x1 fam
mesa size.

Capacitance decreases linearly with itlegion thickness for sample with 5-30 QWs
and saturates for the sample with 40 QWSs. Fromethmsasurements we were able to

calculate the width of the depleted regidgeg) using the following formula:

S
daept = =~ (4.15)

wheree is the relative dielectric permittivity (hete= 10), andy is the electric constanty(=
8.85x10' F/m). From these calculations we can say that M@#ibn is completely depleted
in the samples with 5-30 QWs and only partly deglefor samples with 40-100 QWs.
Maximum depleted thickness is limited to 340 nmisT¢an be related to high background
doping of the QW region (n~1bcm®) [Nelson, 2003].
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Figure 4.18. Capacitance dependence on the MQWnettiickness (3 = 0V).

Therefore, if MQW region is compeletely depleted $amples with 5-30 QWs, we
can assume that the photocurrent obtained for the®ples is mostly determined by the drift
current. But for samples with thicker active regigqsuch as with 40-100 QWSs) one part of
the QW region is left without electric field andntobution of the diffusion current idsc
appears. Formulas used here for diffusion lengitutation were taken from [Wee, 2014].

The drift current collected in the depletion regaan be expressed as:

Jarige = q J,  9(20) Gope (x)dx (4.16)
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4.3 Theoretical model of the short-circuit currel@pendence on the QW number

whereq is the electron charge(x) is the probability of the carrier collection (hetés taken
to be equal 1, it means that there is no recombimatside tha-region),xq — thickness of the
depleted regionGop(X) is the generation rate of the electrons for monmoiatic radiation.

Gopi(X) can be expressed as follows:

Gopt(x) = T Pomrae™™ (4.17)

whereT), is the optical transmission factor of the semgparent contactp, is the insident
flux density, 7, is the number of the created electron-hole pagrsgme photon (herg; is
assumed to be 1. It means one photon creates eongo@l-hole pair)p is the absorption
coefficient (here it is taken to be ~*1@ni?), x is the absorption thickness.

Substituting Eq. (4.17) into EqQ. (4.16) we obtain:

Jarige = qTa®oa [ €™ dx = Tydoq(1 — e~%a) (4.18)

For samples with thick MQW region (40-100 QWshaat ofi-region is not depleted
(has no electric field). The schematic of the bdiagjram for such type of samples is show in
Figure 4.19. Therefore, the totd. is a sum of the drift and diffusion curredt.(= Jgrirt +
Jaitr).

p-type i-region n-type

E>0 Ex=0

\7 conduction band

N valence band

e

0 X4 W

Figure 4.19. A schematic of the band diagram fomnpsolar cell with a very thick i-region.
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Chapter 4. Theoretical and experimental study efltiGaN/GaN quantum wells

Diffusion current for electrons can be expressefimws (for holes it is done analogically):

d
]diff = _an%x)lxzxd (4.19)

whereD,, is the diffusion coefficienta(x) is the electron density distributioniktegion where

X > Xy and it can be obtained through the solving ofrtigority carrier continuity equation:

2 —
an(x) _ p d’n() Gope(X) — ne)-np, _ 0 (4.20)

dt n o dx2 n

Solution of Eq. (4.20) looks as follows:
n(x) = Cpe~ ¥ — Cpe~C*a)/ln 4 ) (4.21)

Tp®oe dalLy,

whereC, = D2

. The description of how the minority carrier cowiity equation has

been solved is presentedAnnex 2

After substituting of Eq. (4.21) into Eq. (4.19)ewbtain a formula for diffusion current:

— Ly
Jairr = qTyPge “xd(lilTLn) (4.22)
The total current is a sum of the drift and diftusicurrents and therefore, it can be expressed
by:

Jeot = Jairs t Jarire = qTaPo(1 —

e—axd
1+aly,

) (4.23)

Rearranging Eqg. (4.23) we can extract the valudifbfsion lengthL:

L, = 1(@ — 1) (4.24)

a \qT®Po—Jtot

As it was obtained from capacitance-voltage measents,i-region of the samples with 5-30
QWs is compeletely depleted. Therefore, we canidenghat theJs. obtained from these
samples is mostly composed from the drift currdiaking the value of thdy = Jsc for

samples with 5-30 QWs and using Eq. (4.18), weestimate the value @fT,®, that should
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be the same for all samples under study. As itpragiously said, in the samples with thiek
regions thelsc includes both currents: diffusion and drift. THere, settingJiot = Jsc for
samples with 60 and 100 QWSs and taking into accpuoeniously obtained|T,®o we were
able to calculate the value of the effective haftusion lengthL, = 42 nm that is the same
order of magnitude as obtained from the modehfittiThe value of diffusion length seems
quite small but one should remember that this fiscéf/e diffusion length obtained for holes
in MQW region.

4.4 Conclusion

In this chapter, samples with different numbermf:1Ga sdN (1.7 nm)/GaN (8-9 nm)
QWs from 5 to 100 have been grown by MOVPE. All ps have a good crystalline quality
and sharp interfaces between wells and barrierselis an interdiffusion process of In-atoms
inside the GaN barriers because of temperaturegehdnring the growth, leading to the
gradation of In composition at the QW edges. Thaakew In-content we succeeded to grow
a large number of QWSs without appearance of a fatgnit plastic relaxation (i.e. dislocation
occurrence). The variation of the period through structure was also estimated to be less
than 3 A, revealing a good stability of the growttocess during a long time: the growth of
100 QWs lasted more than 30 hours.

The analysis of the optical properties wstBhape of the PL energy dependence on the
temperature and the presence of a Stokes’ shifbdstrated the excistance of In fluctuations
in all samples with high number of QWs. The inceeabthe localization parameterpoints
out the enhancement of In inhomogeneities with Qimiber.

After structural characterization, the samples Hasen processed into solar cells with
0.5x0.5 mmM and 1x1 mrh mesa sizes. Devices with both mesa sizes showbijta
homogeneity of the photovoltaic characteristics. $flewed an enhancement of conversion
efficiency with QW number. The maximum value of @8 is obtained under 1 Sun AM1.5G
equivalent illumination for sample with 60 QWSs. Thkalues ofJs. and V,. have been
improved with the number of periods from 5 to 4G éxpected, the increase of the total
InGaN thickness in the structure improves the ligibsorption and positively influences the
value of short-circuit current that shows a linearease with the QW number. Thanks to the
absence of the strain relaxation and its relatef@éctiformation we do not observe the

degradation oV, andFF as it is usually measured by other groups [Yow@j,3; Liou,
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2011]. It confirms that the control of the stramlaxation is a very important issue in the
growth of InGaN-based materials and it must befalyemanaged to obtain a high-efficient
solar cell. Inspite we managed to postpone thenstedaxation in the samples, nevertheless
with increase of the active region thickness trabpbility of the carrier recombination on the
way to the contact increases. This leads to theratain of J;c and decrease o¥,. for
structures with thick-region.

A simplified model taking into account the chandettte electric field with active
region thickness was developed to estimate an teféetiole diffusion lengthl{) inside
MQW region. According to model fitting of the expaental data_, = 64 nm. Capacitance-
voltage measurements showed that for samples with MQW regions (40, 60 and 100
QWSs) only a part of MQWs was depleted. It means diffusion current plays a significant
role in the value of the short-circuit current tbiese samples. Therefore, the value of the
effective hole diffusion length has been re-calmdaaking into account capacitance-voltage
measurements and diffusion current for samples thitk MQW region. FinallyL, = 42 nm
has been estimated that has the same order of tudgnwvith obtained through the model
fitting.

Therefore, we investigatedolnGaygdN (1.7 nm)/GaN (8-9 nm) solar cells with QW
number from 5 to 100. The conversion efficiencyd@8% for sample with 60 QWs under 1
Sun AM1.5G equivalent illumination was reached. sThelatively low (compare to Si or
GaAs) value shows that such kind of solar cells cah be used as an independent
photovoltaic solution because it absorbs light onith the wavelength less than 415 nm,
while the peak of solar spectrum on the Earth is#1®-550 nm range. Therefore, it is
necessary to increase the absorption wavelengtitG#N-based devices. This can be done by

optimizing QW design.
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Chapter 5

Active region design optimization of the
InGaN/GaN QWbased solar cells

In the previous chapter, we discussed the influesfc@W number on photovoltaic
properties of 1p1:Ga sdN/GaN quantum well-based solar cells. The perforant the best
solar cell exhibited promising electrical parametsuch a¥/,c = 2.3 V,FF = 56% andls. =
0.68 mA/cnf that leads to an efficiency of 0.88%. Althoughe thalues of open-circuit
voltage and fill factor are comparable with theestaf-the-art [Lang, 2012; Deng, 2011], the
short-circuit current value remains quite low amah de further improved by optimizing the
design of the active region. Accordingly, in thisapter, we will investigate the effect of
InGaN/GaN region design on structural, optical phdtovoltaic properties of the devices by
tuning the thickness of wells and barriers anddmposition inside the wells.

Several papers have been published as a resuile afdrk presented in this chapter. In
particular, section 5.1 was reported in [Redadl(l4] and section 5.2 was reported in
[Valdueza, 2014].

5.1 Variation of quantum well thickness

The light absorption is one of the most criticalrpaf the InGaN/GaN solar cells that
determines the value of.JOne of the ways for light absorption enhancenemd increase
the thickness of absorbing InGaN layer. Increasiagnber of QWs leads to a thicker active
region and decreases the internal electric fiefldm the structure damaging the collection
efficiency. Another way to increase the thicknesslosorbing layer is to change the QW
thickness. We propose to address to this poinhig gection and discuss structural, optical
and electrical features of samples with differelV @ickness.

Schematic of the sample structure investigatedhis gection is presented in details in
Figure 5.1. 30xInGaN QWs with thickness 1.3, 3.d &4 nm keeping the same In
composition target equal to 11% have been growMBWPE. The rest of the structure is

exactly identical to the previous samples descriimethe Chapter 4. The 30xInGaN/GaN
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5.1 Variation of quantum well thickness

samples with QW thickness of 1.3, 3.1 and 5.4 nihlva called asvl, V2 andV3 in the
following.

60 nm p*-GaN

30xInGaN(1.3-5.4 nm) /GaN (9 nm)

10 nm n*-GaN

3.6 pym n-GaN

1.8 pym UID GaN

Sapphire

Figure 5.1. The structure of 30xInGaN ,(Thm)/GaN (9 nm) samples with different QW
thickness = 1.3, 3.1 and 5 nm.

As it is well known, the increase of the well thigss changes the optical properties of
the QWSs. To illustrate this point, band diagrams flois batch of samples have been
calculated with Nextnaricsoftware by Dr. Eva Monroy (Figure 5.2). The cédtions were
done for three QWs in the middle of the active sagsupposed fully-strained on a bulk GaN
substrate. A lattice temperature of 5 K, an InNdgap of 0.69 eV and a band gap bowing
parameter of 1.4 eV were assumed.

The increase of QW thickness induces a lowerinth@fenergy difference between hole
and electron-states together with increased Quam@anfined Stark Effect. That causes the
red-shift of PL emission (from 390 nm to 475 nmésRles, the presence of piezoelectric field
leads to the reduction of the electron and holeaexfanction overlap.

{OW:1’3 nm !OW:3‘1 nm tDW:SA nm
oF T T ,,' - ] oF T T T ™1 T T T LI
(@) ek (b) ?(c)
1 1 1 N .
o > <
3 ) 3
§ . 5 4T A 5 4T T
° = / 2
I L i}
| ) /\/\/\/
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Position (nm) Position (nm) Position (nm)

Figure 5.2. Band diagrams of thepl3Gap sd\/GaN (bw/ 8.5 nm) MQW structure for (agw
= 1.3nm, (b) éw = 3.1 nm, (c) éw = 5.4 nm. Two first electronic levels in each Q¢ a
shown with their squared wave functions [Reda20i 4].
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5.1.1Structural and optical investigation

5.1.1.1 HRXRD

To determine the structural quality of grown sarepl€RD analysis was performed at
the BM0O2 beamline of the European Synchrotron RextiaFacility (ESRF) using a
wavelengtih = 1.28361 A.«-20 scan around the (0004) reflection %ét, V2, V3 samples is
presented in Figure 5.3 with simulated curves magieg X’'pert Epitaxy 4.0 software from
Philips Analytical.

The values of SL period derived from HRXRD measueets are listed in Table 5.1. In
composition obtained from simulation is equal tol2 % for all samples under study. The
values of QW and QB barrier thicknesses are deifireed HRTEM images (Table 5.1).

experiment ]
10" 1.3 nm e
——3.1nm MQW 0
» —54mm M
2 10" 4 simulation 3 ‘
8 1.3 nm [
® 10°] —3.1nm i ‘
o 5.4 nm
o
“2
=
=]
o
O

52 54 56 58 60 62
20 (degree)

Figure 5.3. «-20 scan around (0004) reflection for InGaN/GaN saraplith QW
thicknesses: 1.3, 3.1 and 5.4 nm measured withatiadi wavelengthl = 1.28361 A. The
simulations are presented in thin lines [Reda&i14].

To determine the degree of relaxatiowe performed a reciprocal space map (rsm)
around the (10-15) reflection at the 1.54056 A atidh wavelength with the HRXRD
laboratory setup. Figure 5.4 shows an examplerofmapping for sample with different QW

thickness.

" Relaxation is defined &&= (Bmow — acan)/(8mowo — 8can), Whereayow is the measured in-plane average lattice
parameter of the MQWawowo iS the average lattice parameter of the relaxgerbaitice andigay is the lattice
parameter of the GaN buffer layer.
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Figure 5.4. Reciprocal space map around (10-15)ertion for the 30x%lg1GaggdN
(Tw)/GaN (9 nm): a) T = 1.3 nm; b) |, = 3.1 nm; ¢) T, = 5.4 nm samples. The
measurements are done at HRXRD setup at the 1.540%@liation wavelength [Redaelli,
2014].

Samples with 1.3 and 3.1 nm QW thickness are calblgrbiaxially strained on GaN
buffer layer within the error bar of the experimartchnique. This error bar of relaxation is
quite large in these samples and is estimated to 28%. Such large error bar is related to
quite low In composition. On the contrary, a quetedent misalignement between GaN and
SL peaks is seen in Figure 5.4 for sample withfsdQW thickness. The relaxation degree is
found to be equal to 40 + 20%. The thicknessesaafidy Tyarrier and well Ty (derived from
HRTEM images) are listed in Table 5.1.

Table 5.1. Parameters of 30¢mGay sd\N/GaN QWs: SL period T, thickness of wgland
barrier Tpamier.?Values extracted from XRB-26 scan around (0004) Bragg peak reflection;
®lalues are extracted from HRTEM images.

Samples P, nm T%en M | Tharier, NM
(XRD)
V1 9.7 1.3+£0.26 8.0+0.26
V2 12.0 3.1+ 0.26 9.3+0.26
V3 13.7 54 +0.26 9.2 0.26

* Such large value of the error bar in relaxatisnrélated to the low In-content in the samples amdll

difference ina-lattice parameters between GaN and relaxed QWs.
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5.1.1.2 HRTEM

High resolution TEM (HRTEM) images were performed ihvestigate further the
structural properties and especially, to study shain relaxation in the MQW structure.
Figure 5.5 shows HRTEM images of the active region samples with different QW
thicknesses. The MQW structure for samyleis well defined with abrupt interfaces and
constant well thickness (Figure 5.5 (a)). The fistezs of sampl&2 are still flat (Figure 5.5
(b)) but in some places the misfit relaxations appdisturbing the MQW structure (Figure
5.5 (c)). This effect increases and takes plackuger areas for the sampl8 (see Figure 5.5
d and e). In some regions, QWs remain well defibeti somewhere they are heavily
degraded. This degradation leads to a strong ingemmmty of In composition and QW

thickness.

Figure 5.5. HRTEM images of InGaN/GaN QW regio ples with QW thickness: (a)
1.3 nm; (b, c) 3.1 nm; (d, e) 5.4 nm (the imagesfesm C. Bougerol) [Redaelli, 2014].

5.1.1.3 PL measurements

The evidence of In inhomogeneities is also suppole low-temperature (5K) PL
measurements (Figure 5.6). There is a noticeablshdt of PL wavelength together with a
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5.1 Variation of quantum well thickness

decrease of the PL emission intensity. This effect be related to a presence of polarization
field that reduces an energy difference betweer laold electron states together with a
decrease of the electron and hole wave functiomlayvecausing a red-shift of PL emission
and a drop in emission intensity, respectivelyatidition, the FWHM of the PL peaks is
significantly increased with QW thickness showingteuctural quality degradation of the

samples in accordance with TEM images.
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Figure 5.6. Low-temperature (5K) PL measurememmfBOxIn 15Gag sd\ (ty)/GaN (8-9 nm)
samples with = 1.3, 3.1, 5.4 nm.

5.1.1.4 Discussion

Figure 5.7 presents the comparison of the expetmhetiata obtained with PL
measurements and simulated with Nextfasuftware data for different QW thickness,(F
1.3, 3.1 and 5.4 nm) consideringy 16Ga sdN (Tw)/GaN (8.5 nm) QWSs. Black solid line
shows emission wavelength dependence on QW thiskfasstrained QWSs, dotted line
corresponds to calculations done for fully-relax@ws. The stars indicate the emission
wavelength calculated for samples under study ¢tpkito account their degree of relaxation
(the degree of relaxation for samplél, sampleV2, sampleV3 is 0, 10 and 40%,

respectively). The lattice temperature for simolattalculation is supposed to be 5K.

" For the samples under study, the relaxation ergics ere estimated to be +40% in samyileand +20% in
sampleV2, due to the relatively low average In content M@W period. It is reasonable to assume fully
strained QWs in sampMl, due to the fact that the wells are very thinamparison to the barriers. However,
the QWs of sampl¥2 may be partially relaxed in view of the defectisture observed by HRTEM. Thus, for
the calculations in Fig. 5.7, we have assumed l&&ation in sampl¥'2.
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The red-shift of the emission with QW thicknessnisstly related to the QCSE that is
induced by the presence of piezoelectric fieldsdmghe MQW structure. The relaxation
decreases the value of piezoelectric fields andetbee, leads to a smaller red-shift
(comparison of the black solid and black dashedslim Figure 5.7). Experimental results
show the same trend as calculated values (takitogaiccount the degree of relaxation), but
they are slightly red-shifted. This effect becomesre evident with QW thickness. It can be
related to In and QW thickness fluctuations indige QW structure that increase with QW
thickness. This data is in a good agreement wihlte obtained from HRTEM images and

optical measurements.
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Figure 5.7. Calculated eh; transition wavelength as a function of the QW khess
assuming the MQW fully strained on GaN and fullkaxed. The stars indicate the result for
the strain state estimated by XRD measurementscdlcelations are compared to the PL
peak emission wavelength measured at 5 K. The é&aos indicate the FWHM of the PL
peaks [Redaelli, 2014].
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5.1.2 Photovoltaic properties

Figure 5.8 presents the measurements of the specesponse for the
30%Iny 1 Gay.sdN(Tw)/GaN(8-9 nm) under study.
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Figure 5.8. Spectral response of the 3Qyaysd\N/GaN(8-9 nm) samples with different
QW thickness. Inset: the stars indicate thdnyeand e-h, transition wavelengthsi) as a
function of the QW width, calculated with Nextnby Dr. E. Monroy assuming the lattice at
room temperature and the strain states measuredR. Points indicate the experimental
spectral cutoff of the samples, defined as the leagéh where the photocurrent drops to half
of the maximum value [Redaelli, 2014].

As expected from PL measurements, the spectraffsutd the samples with thicker
QWs are red-shifted with respect to samyle Surprisingly, the sampN3 is slightly blue-
shifted in comparison with sampl&€. The peak responsivity measured at about 370 mm fo
all samples is about 155, 107 and 39 mA/W for QVekitess of 1.3, 3.1 and 5.4 nm. These
numbers correspond to 0.52, 0.36, and 0.13 extguaitum efficiencies, respectively.

One possible explanation of the unexpected red-sbgence for sampM3 together
with a decrease of the peak responsivity can begsed. The increase of QW thickness
induces the deepening of energetic levels inside @Ws and enhances the -carrier
confinement. Therefore, it may become difficult éarriers to escape from the deepest levels
and most of the carriers collected at the contacéy escape from less-confined high-
energetic levels.

Band diagram calculations (inset of Figure 5.8)psupthis assumption showing the

correspondence of the spectral cutoff for samplia whin QWs (1.3 nm) with the energy
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difference between é; levels and for sample with thick QWs (5.4 nm) witle energy
difference betweené, second electron-hole levels.

Current density-voltage curves under 1 Sun AM1.5@Givalent solar illumination are
shown in Figure 5.9. The values of electrical pagtars extracted from these curves are listed
in Table 5.2.
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Figure 5.9. Current density-voltage characteristiesder 1 Sun AM1.5G equivalent solar
illumination for 30xIny 1/Gag sdN (1.3-5.4 nm)/GaN (8-9 nm) solar cells [Reda&14].

Table 5.2. Electrical characteristics of sampletiwdifferent QW thicknesses: short-circuit
current J., open-circuit voltage ¥, fill factor FF and conversion efficieney

QW thickness (nm)|  sJ(mAlcnr) Vo (V) FF (%) n (%)
1.3 0.42 2.2 54 0.49
3.1 0.46 1.3 42 0.25
5.4 0.14 1.1 47 0.07

The highest value of short-circuit current is obéal for sample with QW thickness of
3.1 nm:Jsc strongly depends on the number of absorbed phandsas it was shown, the
sample with QW thickness of 3.1 nm has a spectraftred-shifted by 30 nm as compared
to sampleV1l It means that the sampi& is able to absorb more photons and to create a
larger number of carriers. Nevertheless, the saectitoff of the sampl®3 (with 5.4 nm QW
thickness) is about the same as for salebut the value ads. is lower. This fact is related
to a high number of dislocations created by stralaxation in sampl&3 as shown by XRD
diffraction and HRTEM images. Carriers are createside the QWSs, but they can not be

collected because of recombination with the defects
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A high dislocation density observed in TEM images lan effect on the value of open-
circuit voltage as well. The highest open-circultage is obtained for samplél with the
thinnest QWs. The value &, constantly decreases with QW thickness becausedased
carrier recombination. Finally, the best conversafiiciency of 0.49% is obtained for sample
with the thinnest QWs, attributed to the high stnsal quality of this sample compared to the
others.

It is also interesting to notice that the curremtdampléV1 significantly increases at the
voltage higher than -2 V. This effect can be relatethe increase of tunneling effect, because

of higher electric field inside thinner active regi[Watanabe, 2012; Wierer, 2012].

5.1.3Summary of the role of QW thickness

We investigated the structural and photovoltaigopraes of the 30xyn Gay sd\N/GaN
(8-9 nm)-based solar cells with different QW thieka (1.3, 3.1 and 5.4 nm). A theoretical
simulation with Nextnanbsoftware predicts a red-shift of the emission Vevgth of about
80 nm by increasing the QW thickness from 1.3 t Bm due to the presence of the
piezoelectric field inside the MQW structure. Buperimentally, it was shown that the effect
of the effective band gap decrease can not be @&tetplused in photovoltaic cells. The
deepening of the energetic levels with QW thickriesseases the confinement of the carriers
and prevents their escape from the well. Also,ghkancement of the strain inside the QW
structure causes plastic relaxation and dislocafitwmation, as confirmed from XRD and
TEM measurements. Dislocations degrade the cablectfficiency of the devices and induce
a decrease of the EQE from 0.52 for the sample WiBhnm QW thickness to 0.13 for the
sample with 5.4 nm QW thickness. Therefore, inesmf the increased absorption, the
collection of the carriers is very poor. It indu@estrong decrease in the values of open-circuit
voltage and fill-factor leading to conversion eificcy degradation. Consequently, the best
value of conversion efficiency of 0.49% is obtairfed sample with the thinnest QWs (1.3

nm).
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5.2 Variation of In composition

There is one more way to improve the light absorptnd the value of short-circuit
current. It is well-known that an increase of thecbntent helps to red-shift the absorption
wavelength permitting to absorb a larger part efgblar spectrum [Wu, 2002; Wetzel, 1998].
Nevertheless, the growth of In-rich layers by MOVRIEes a lot of difficulties [Pantzas,
2013; El Gmili, 2013]. The first one comes from t@wth temperature that must be low
enough for a sufficient incorporation of In atonfs< 800 °C). But at the same time, the
quality of InGaN layers degrades at low growth temapure because of insufficient diffusion
rate of metal atoms and poor decomposition ratanomonia (NH) [Mesrine, 1998]. The
second difficulty comes from the InGaN lattice ma&uoh that increases with In-content
causing the strain accumulation inside the QW sirec Beyond the critical thickness, the
strains relieve by forming numerous dislocatioreg temages the quality of future solar cells.

This section will investigate the influence of lantent on the solar cell properties. The
In composition inside QWs was changed from 10 t861By decreasing the growth
temperature (from 756C for samples with 10% of target In-content to ?@0for samples
with 18% of target In-content) and by increasing tiMIn flow (from 120 sccm to 200
sccm), simultaneously. The temperature of barriees kept the same (90tC) for all
samples. The schematic of the samples investigatibis section is presented in Figure 5.10.

Based on the previous studies, the number of QVéscivasen to be 15 and 30 (to limit the
strain relaxation with the increase of In-conte®¢cause of increased TMIn flow the QW
growth rate was also enhanced. Therefore, QW tkegkrfor the samples with high In
composition is larger (2 nm) compared to the sampligh lower In-composition (1.3 nm). In
the following we will call the four samples as:

Al N=15 QWSs, In-content = 10%, QW thickness = 1.3 nm

A2 N=30 QWSs, In-content = 10%, QW thickness = 1.3 nm

A3 N=15 QWSs, In-content = 18%, QW thickness = 2 nm

A4: N=30 QWSs, In-content = 18%, QW thickness = 2 nm
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60 nm p*-GaN

15 (30)xInGaN(1.3-2nm) /GaN (9 nm)

10 nm n*-GaN

3.6 ym n-GaN
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Figure 5.10. Structure schematic for 15(30)xInGaN3¢2 nm)/GaN (9 nm) samples with
different In composition x = 10 and 18%.

Band diagrams calculated with Nextndrsoftware are presented in Figure 5.11. The
increase of In-content induces the deepening ofQ¥\s and, respectively, energetic levels
causing a red-shift of the emission wavelength awgbrption cut-off. The simulation is done
for Ing.1GaydN (1.3 nm)/GaN (8.5 nm) anddnGay gAN (2 nm)/GaN (9 nm) QWSs, supposing
them fully strained. (The lattice temperature i 80.

3 3
1 a) Ing;GaggN (1.3 nm)/GaN (8.5 nm) QWs 1 b) Ing15Gagg,;N (2.0 nm)/GaN (9.0 nm) QWs
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Figure 5.11. Band diagrams of the ap i®ayoN (1.3 nm)/GaN (8.5 nm) MQW structure and

b) Ing.16Gap N (2.0 nm)/GaN (9.0 nm) QWSs. The first electroeiels are shown with their
squared wave functions.
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Chapter 5. Active region design optimization of im@aN/GaN QW-based solar cells

5.2.1 Structural and optical investigation

5.2.1.1 HRXRD

Figure 5.12 (a) presents-20 scans for samples with 30x@a N (1.3-2 nm)/GaN (9
nm) QWs. Measurements are done at the BM02 bearmolindne European Synchrotron
Radiation Facility using thk = 0.442959 A wavelength.
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Figure 5.12. (ap-20 scans around the (0004) reflection at the emissi@velengthi =
0.442959 A for 30xIgGayN (1.3 -2 nm)/GaN (9 nm) samples with target In position x =
10 and 18%. (b) Reciprocal space map around (10r&Bgction for 30xInR 16Gay sN/GaN
sample. KK and K, are reciprocal space vectors.

Distinct and well-defined peaks for both samplesficmm a good periodicity of the
MQW structure. There is a slight variation in thexipd between the samples appearing as a
shift of the satellite peaks induced by differeWw@hickness (see hereafter). To examine the
strain state of the samples with higher In-contestiprocal space mappings have been done.
They demonstrated that all samples were coherdridlyially-strained on the GaN buffer
layer regardless the In composition. Figure 5.)Xflmws an example of rsm for sample with
30xIny 16Gap gAN/GaN QWs.

Values of In-content were extracted usievpttice parameter derived from HRXRD
measurements and assuming a biaxial strain appatixim QW and QB thicknesses are
obtained from HRTEM images (Figure 5.13). In-cotdemere calculated using Eq. (4.6) and
correspond to the values of 10 + 2% and 18 + 29%M# structures grown at 78C and 720

°C, respectively.
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5.2 Variation of In composition

5.2.1.2 HRTEM

Typical HRTEM images show parallel QWs with abrugerfaces confirming a good
quality of the MQW structure for samples with bdthcontents. An example of HRTEM
image for 15x1g16Gay s\ (2 nm)/GaN (9 nmis presented in Figure 5.13. Table 5.3 presents
the values of In-content and SL period extracteinfHRXRD measurements and well and

barrier thicknesses derived from HRTEM images.

Figure 5.13. TEM images of the 15¥hGap s\ (2 nm)/GaN (9 nm) QWSs: a) active region;
b) active region and p-GaN layer (the images arelenlay C. Bougerol).

Table 5.3. Structural parameters of the active oegifor InGaN/GaN MQW-based
samples: In-content and SL period T are extractechfHRXRD measurements, QW Tand
QB Tpar thicknesses are derived from HRTEM images.

Sample| QW numberin-content (%) | T (nm)| Jden (nM) | Tpar (M)
Al 15 9.0 9.6 1.3 8.5
A2 30 10.7 9.7 1.3 8.4
A3 15 19.1 10.8 2.0 9.0
A4 30 16.4 11.2 2.0 9.0

5.2.1.3 PL and transmission measurements

The increase of In-content is also confirmed by -temperature (5 K) PL
measurements. The shift of PL peak emission wag#teis about 50 nm with increasing In-
content from 10 to 18%. For sample with 15 QWs Bmdontent of 18% the high intensity
main peak is accompanied by a tail at shorter vesngghs. This effect may be related to an
increase of In inhomogeneities inside the wellg tféen appear when increasing the In-
content [Lin, 2000].
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Chapter 5. Active region design optimization of im@aN/GaN QW-based solar cells

From simulation we obtainetd= 390 nm for 1.3 nm QW thickness with 10% of In and
A = 460 nm for 2 nm QW thickness with 18% of In. Thiéfedence of 10 nm with
experimental data can be related to In inhomogeseitside the wells and an error bar in the

In-content calculations.
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Figure 5.14. Low-temperature (5K) PL measurementstiee 15(30)xInGay-N(1.3-2
nm)/GaN(8-9 nm) samples with x = 10 and 18% [Vakdy014].

An average band gap energy and absorption edge broadenitg were estimated
using Eqg. (4.14) to fit room-temperature transnoisgiata (Figure 5.15). The results are listed
in Table 5.4.

The increase of In-content from 10 to 18% leadbhéodecrease of the average band gap
of 0.28 eV, redshifting the emission wavelengthabbut 50 nm. The enhancement of the
absorption edge broadening confirms the presendéme-@dntent fluctuations inside the active
region that increases with In-content. Based ondtita derived from the fit of transmission
measurements and room-temperature PL, the valtre@tokes’ shift is obtained to be about

40 = 12 meV and 200 £ 25 meV for low and high Imiemt samples, respectively.
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5.2 Variation of In composition

Table 5.4. Optical properties of Nxj@a;.,N (1.3-2 nm)/GaN (8-9 nm) solar cellsemission
PL wavelength at 5K, full-width-half-maximum of ke curves at 5K, average band gap E

broadening of absorption edgd= and the Stokes’ shift.

Sample| QW number, N/ | A at5K, | FWHM at Eg, eV AE, meV | Stokes’
In-content, % nm 5K, meV shift, meV
Al 15/10% 398.3 76.6
3.12+0.01| 181 40 =10
A2 30/10% 390.1 70.1
A3 15/18% 450.8 83.0
284+0.02| 311 57 %5
Ad 30/18% 441.8 131.0
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Figure 5.15. Room-temperature transmittance andnadized PL measurements for samples
with 15(30)xInGay N (1.3-2 nm)/GaN(8-9 nm) with x = 10 and 18% [Vadda, 2014].

5.2.2Electrical properties of solar cells

After their structural characterizations, the sasplere processed into devices with
0.5x0.5 mm and 1x1 mmmesa sizes by using&ased inductively coupled plasma etching
(all detailed information about device structurel @ontacts have been previously presented
in Chapter 3).

Figure 5.16 shows the EQE spectrum. For samplesnd A2, the spectral cutoff is
shifted to 380 nm and for sampl&8 and A4 to 465 nm in relation to GaN photodetector
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Chapter 5. Active region design optimization of im@aN/GaN QW-based solar cells

(~=365 nm). The peak EQE of the devices increadestar of 2.3-2.4 when increasing the
number of QWs from 15 to 30 for both In-contentst Br samples with higher In-content,
the values of EQE are always lower than for samplgk In-content of 10%, probably

because of carrier localization in In inhomogeesitithat were observed with optical

measurements.
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Figure 5.16. External quantum efficiency for 15x&@ N (1.3-2 nm)/GaN (9 nm) with x =
10 and 18% solar cells as a function of the wawgtlefivValdueza, 2014].

From electrical characteristics in the dark (naiveh here), we can extract the values of
parallel (given by the tangent to thé&/ curve atv = 0 V) and series (given by the tangent to
the I-V curve at high voltagesvV(> Eg/e)) resistances. The value of parallel resistasce i
caused by the leakage across the junction typidailéyto the presence of defects. The average
values of parallel resistance extracted from ealsdtimeasurements in the dark (not shown
here) is abouRsy = (13:12)x1F Qcn? for samples with both In-contents showing that QWs
were not significantly damaged because of higheroiment in agreement with HRTEM and
HRXRD measurements. The calculated values of sex@stance arBs = 0.19 ¢0.05)Qcn?
andRs = 0.64 ¢0.05)Qcn for samples with 10% and 18% of In, respectively.

Figure 5.17 shows th&V characteristics for 0.5x0.5 mirdevices, with 15/30 MQWs,
and 10/18%-In under 1 sun AM1.5G equivalent illuation (1 kwW/nf). Relatively high

values of open-circuit voltagé,. = 2.0 V and fill facto-F = 58.9% are obtained for devices
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5.2 Variation of In composition

with 30 MQWs and 10% of In-content. However, thersispectral cutoff wavelength limits
the performance of the device with low In-contélfte conversion efficiency raises a factor
of ~20 by increasing the In-content in the QWs frbd6 to 18%, obtaining a maximuig, =
3.00 mA/cnt and 7 = 2.00% for 15 MQW devices with 18% of In, at thece of the
reduction of thd-F to 39.3%. The electrical performance of the fdantures is summarized
in Table 5.5.
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Figure 5.17. J-V characteristics under 1 Sun AM1.®5@quivalent illumination for
15(30)xInGay.,N/GaN samples with x = 10 and 18% with 0.5x0.5 “rsize of mesa
[Valdueza, 2014].

The decrease of the fill-factor with In compositisnmostly related to the increase of
the series resistance. Nevertheless, from Figuré there is a definite increase of th¢/)
curve slope around 0V for samples with higher Inteat (green lines) compare to samples
with low In-content (blue lines). The appearancéhig kind of slope is generally attributed to
a Rg, decrease. However, as it was calculated from desksurement$i, is not changed
significantly with In-content for our samples. Iteans that there is another reason for
increasing the slope at 0V, which is related teadmposition and it can be probably attributed
to the change of the carrier collection efficiendgth bias.

Surprisingly, the value oY, is improved with an increase of the In-contente®p
circuit voltage is related to the value of shortuit currentJsc and saturation currer
through Eq. (2.8).

Values of saturation curreds (“leakage current” in the device in the absencdighft)
extracted from the fit of darka(J)-V curves decreases with In composition pointingtbat
absence of the structural degradation for the sasnpith higher In-content (Table %.5
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Chapter 5. Active region design optimization of im@aN/GaN QW-based solar cells

Table 5.5. Electrical parameters of solar cells imgv15(30)xInGa; N (1.3-2 nm)/GaN (9
nm) MQWs with x = 10 and 18% and measured undeml/A11.5G equivalent illumination:
external quantum efficiency EQE, saturation currdntopen-circuit voltage 3¢ fill factor
FF, short-circuit current . and conversion efficienay

Sample EQE at X, Voo V | FF, % Js n, %
380 nm, %| mA/cn? mA/cn?
Al 16+1 2.4x10 1.5 57.8 0.13 0.11
A2 38+1 5.4x10 2.0 58.9 0.23 0.29
A3 14+1 2.0x10 1.7 39.3 3.00 2.00
(inhomogeneous
A4 32+1 7.6x10 2.2 47.0 0.60 0.65

The decrease of the fill factor for high In-contetdvices is a consequence of both the
threefold increase in series resistance, and ofldiaer carrier collection efficiency (in
agreement with EQE values). The drop in EQE is @bbb related to the existing hole
blocking barrier at thei-InGaNp-GaN interface that increases with In-content [J2606].

In spite of higheN,:. andFF, the overall photovoltaic performance A4 is limited by the
lower value of short-circuit current. This could de to slightly lower In-content for sample
with 30 QWs (16.4% in comparison with 19.1% for géemwith 15 QWSs). Also it is worth to
notice that samples A3 with the highest In-contg@mdwed quite inhomogeneous electrical
characteristics from device to device. This disargy of the data is related to the In

fluctuations at a large lateral scale in agreemattt PL data.

5.2.3Summary of the role of In-content

(15 and 30)xIgGaxN/GaN samples with different In composition x = a6d 18%
have been investigated from structural and eledtrpoint of view. All samples were
coherently biaxially-strained on the GaN bufferdays demonstrated by X-ray diffraction.
The increase of In composition, checked by PL dmbgption measurements, gives a 50 nm
red-shift of the emission wavelength and absorptiotoff. The absorption edge broadening
and Stokes’ shift show the presence of In fluchratiinside the active region that increases
with In-content.

EQE is improved by 2.3-2.4 times increasing the Ineinof QWs from 15 to 30 for both
In-contents, whereas a small reduction of EQE iasueed for samples with In-content x =
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5.3 Variation of barrier thickness

18% as compared with x = 10%. This can be indugethb losses in collection efficiency
because of the hole blocking barriet thei-InGaNp-GaN interface that increases with In-
content and the difficulty for carriers to escapmf deeper QWSs. Increase of In-content also
negatively influences theF of the devices. This phenomenon can be relatégetchange in
the collection efficiency with bias that becomesrenaritical for samples with higher In-
content. The value d¥,. was not damaged indicating a similar level of gtreal quality. In
addition, Jsc was significantly improved thanks to a decreasthefband gap and an increase
of the absorption (as Sun illumination intensityes almost linearly with the wavelength in
the 400-550 nm spectral range). It is also worthdbtice that samples with higher In-content
showed quite strong inhomogeneity of the photovoltharacteristics that can be related to In
composition fluctuations. The best value of conwerfficiency of 2.0% was reached for
15xIn 16Gay gAN/GaN QWs.

5.3 Variation of barrier thickness

The increase of In-content induces several problémishave to be overcome to avoid
any damage of the device electrical properties. @rthem is the enhancement of the carrier
confinement because of energy level deepening enQivs. It becomes more difficult for
carriers to escape and to be collected at theriglalctontacts. As said before, there are two
main ways for carriers to escape from the QWs:ntlaéremission and tunneling [Young,
2013]. Thermal emission is efficient for low In-¢ent devices, because carriers can move
easily out from the well at room temperature, batlee energy levels go deeper (as it was
shown for thicker QWSs) the thermal emission beconmssifficient. Normally, for GaN
barrier thicknesses of 9 nm, the tunneling effeatagligible as it was shown in the literature
[Deng, 2011; Lang, 2012]. Therefore, it is necesdar decrease the barrier thickness to
enhance the tunneling probability of the carrien@ant the QWSs. In this section, we will
investigate the samples having a 1%%l®a s (2 nm)/GaN (F) structure with a tuning
barrier thickness () as depicted in Figure 5.18. To avoid a strongpinbgeneity of the
photovoltaic properties that was observed in tlevipus series of samples with high indium
composition, the growth temperature of the barrieas slightly decreased (from 980 to

885°C) for this series of samples. It is believed ihaelps to avoid strong fluctuations inside

" Hole blocking barrier is created by bending of th@nds in thei-InGaNp-GaN interfaces due to the
piezoelectric field.
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Chapter 5. Active region design optimization of im@aN/GaN QW-based solar cells

the QWs and improve the homogeneity of the sanipl¢he following, the samples with 9
nm, 5.5 nm and 3.7 nm GaN barrier thickness wiltéed a1, D2 andD3, respectively.

100 nm p*-GaN

15%In, ;7Gag g;N(2 nm) /GaN (tg nm)

10 nm n*-GaN

3.6 ym n-GaN

1.8 pm UID GaN

Sapphire

Figure 5.18. Structure schematic for 15ghGaysN (2 nm)/GaN QW-based samples with
thickness of GaN barriers: 3.7, 5.5 and 9.0 nm.

Band diagrams for this series of samples have biencalculated with the Nextnaho
software (Figure 5.19). Calculations are done forifGasfN (2 nm)/GaN (F) samples
changing the thickness of the barrigy = 3.7, 5.5 and 9.0 nm. The lattice-temperature is
supposed to be 5 K.

With the increase of the barrier thickness, thezgedectric field inside wells also
increases inducing the tilt of the QW energy bartte difference in energy between electron

and hole ground states decreases leading to anittdasspectral emission.
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Figure 5.19. Calculations of conduction and valebemd diagrams with Nextnaheoftware
for 15xIng 1/:GaygsdN (2 nm)/GaN QWs with barrier thickness: (a) 3.7; 1flp) 5.5 nm and (c)
9.0 nm. Red curves show the deepest energy levelefdirons and the highest energy level
for holes.
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5.3 Variation of barrier thickness

5.3.1Structural and optical properties of as-grown sampés

5.3.1.1 HRXRD

Figure 5.20presentsXRD «-26 scans that have been performed with the laboratory
HRXRD setup to assess the structural parametetheofl5xIp 1/:GaysN(2 nm)/GaN (T)
samples. The presence of several satellite peaksidiGaN peak (the most intense) confirms

a good periodicity of the structure.
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Figure 5.20.4-26 scan around the (0002) Bragg peak reflection &4056 A emission
wavelength for 15xIg1/Gag sdN (2 nm)/GaN (3.7-9.0 nm).

The superlattice perio@l and average-lattice parameter extracted fram26 scans in
Figure 5.20 are presented in Table 5.6. The value-content was calculated using Eq. (4.6)
supposing that all samples are biaxially strainedsaN buffer layer. The thickness of QW is
supposed to be 2 nm (by analogy with previous sasypl
Table 5.6. Structural parameters of 155GapsdN (2 nm)/GaN (3.7-9 nm) samples: period

T, total SL thickness H, average c-lattice parametg; >, In-content and relaxation degree
R.

Sample T, nm H, nm <c, A In-content, % R, %
D1 11.0 167 5.2084 15.0 -
D2 7.5 110 5.2158 17.1 2.3
D3 5.7 79 5.2241 17.1 20

To investigate the strain state of the samples usitdely the reciprocal space mapping
has been done. The examples of reciprocal spacs foapll samples are shown in Figure
5.21. The extracted values of relaxation are listedable 5.6. The samplel andD2 are
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Chapter 5. Active region design optimization of im@aN/GaN QW-based solar cells

biaxially strained on GaN buffer layer, but for gdenD3 there is a slight shift c6L0 peak
relatively GaN peak in the (10-15) rsm, pointing the relaxation appearance. In spite of the
small visible misalignment, the value of relaxati®hreaches 20% for sampl8 supposing

In composition of 17%.

a) b) ¢)
=l 4 6.15 ] . | 6.15 ; .
6.15- - é - - S 1
$ H - >/
v - 4 1000
A ' b 6.1 T
1 L 7 | 6.05 LRgTADSR-
< ZP ®  6.05 ! ‘
> w | (
4R 4 6
5.95- 4. 5.95-
591" g) 5.95- i -
i 5.9-
} @
5.85- @
‘ P 59 . —— 5.85
23 -2.25 23 225

KH (A-l)

Figure 5.21. Reciprocal space maps around (10-15pgBs peak reflection for
15xIng.1/GaysdN (2nm) QW-based samples with the thickness of lazafiker: (a) 9.0 nm, (b)
5.5 nm and (c) 3.7 nm,Kand K; are reciprocal space vectors.

5.3.1.2 PL and transmission

As shown in band diagram simulations, the changehefbarrier thickness should
influence the optical emission wavelength of iniggged samples. Low-temperature (5 K) PL
measurements are presented in Figure 5.22.

A red-shift of emission wavelength of 12 nm appewatth increasing of barrier
thickness from 3.7 nm to 9.0 nm in a good agreemétht a value of 18 nm obtained with
Nextnand simulation.

In spite of the increase of the QCSE with QB thessy the PL intensity for thicker
barriers is higher. This can be related to thediase of non-radiative recombination because
of defect formation induced by the strain relaxatiof QWs with thinner barriers in

accordance with XRD measurements.

" Relaxation is defined &&= (Bmow — acan)/(8mowo — 8can), Whereayow is the measured in-plane average lattice
parameter of the MQWawowo iS the average lattice parameter of the relaxgerbaitice andigay is the lattice
parameter of the GaN buffer layer.
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Figure 5.22. Low-temperature (5K) PL measuremehtth® In 1:GapsdN(2 nm)/GaN (3.7 —
9.0 nm) QW-based samples.
The influence of the barrier thickness on the tnaittance spectra is shown in Figure
5.23. In agreement with low-temperature PL measargs) we see a slight red-shift of the

absorption edge for samples with thicker barriers.
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Figure 5.23. Transmission spectra for 15xiaGag sd\N(2nm)/GaN(3.7-9 nm) QW structures.

By fitting transmission data with Eq. (4.14), wetaihed the value of the effective band
gap energyey and absorption edge widtkE (Table 5.7) The presence of energetic states
inside the band gap induces a smoothing of therptiso edge. The value &fE increases
from sampleD1 to sample®2 andD3. This can be related to the defects appearingernsie

QW structure because of strain relaxation confirrmngdKRD measurements. Comparing the
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Ey obtained from the fit of the transmittance speetih room-temperature PL spectra, we
calculate the value of the Stokes’ shift. As expdcthe Stokes’ shift increases with barrier
thickness pointing out the enhancement of the QQGI&E red-shifts the PL emission

wavelength.

Table 5.7. Values obtained from optical measureméant 15xIn 1/Gag sd\N(2nm)/GaN(3.7 —
9.0 nm): effective band gap,Ebsorption edge widthE, Stokes’ shift.

Sample G eV AE, meV Stokes’ shift, meV
D1 2.84 31.6 64.6
D2 2.90 40.7 54.0
D3 2.90 40.8 41.6

5.3.2 Influence of the barrier thickness on photovtaic
characteristics

The external quantum efficiencies for 155d#Ga sdN (2nm)/GaN (3.7-9 nm) MQW
samples are presented in Figure 5.24. Below 365thenEQE values result from the GaN
material, but the EQE for wavelength higher tharb 3&m can be attributed to the
Ing.1/Gay sN/GaN QWSs. The values of EQE at 380 nm wavelenggh34.5, 30 and 27% for

barrier thickness of 3.7, 5.5 and 9.0 nm.

GaN i In,,.Ga, ,,NQWs
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Figure 5.24. Spectral response of 15x{GaysdN(2nm)/GaN(3.7 — 9.0 nm). Xe-arc lamp is
used for 250-400 nm and halogen lamp is for 360-@@0spectral range. The dotted line
corresponds to the GaN spectral cutoff.
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5.3 Variation of barrier thickness

EQE is slightly improved by decreasing the bartieckness. It can be related to the
improvement of the collection efficiency due tonefing effect. We have measured the same
tendency for the short-circuit current values, thlo increased with the decrease of the
barrier thickness.

J(V) characteristics of three samples under 1 Sun A X guivalent illumination are
shown in Figure 5.25.
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Figure 5.25. Current density-voltage dependence I&ixIng1/GagsdN(2nm)/GaN  with
different barrier thickness under 1 Sun AM1.5G eagjl&nt illumination.

Main electrical parameters extracted from Figu@b5are listed in Table 5.8. The best
value of conversion efficiency is obtained for séenpith thinnest barriers. This is mostly
related to the increase &f. and fill factor. Fill factor increases with decsea®y of the barrier
thickness. The same effect was also observed byeWdeal [Wierer, 2012].

Table 5.8. Summary of the electrical charactersstexternal quantum efficiency EQE, open-
circuit voltage \, short-circuit current g, fill factor FF, conversion efficiency for

15xIng.1/GaysN(2nm)/GaN-based devices with different barrierckhiesses under 1 Sun
AM1.5G equivalent illumination.

Sample | EQE at380nm, % Vo, V FF, % J, mA/enf n, %
D1 27 2.2 57 0.60 0.78
D2 30 1.9 63 0.61 0.73
D3 35 1.9 70 0.69 0.92

A possible explanation could be the following. Asown by the band diagrams, the
barriers have a triangular shape because of theoglectric field. This shape reduces an

“effective” height of the barrier inducing the emicament of the tunneling probability
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through the barriers. The increase of the forwanithge partly compensates the piezoelectric
fields and decreases the probability of tunnellgy. thin barriers, the tunneling current does
not depend on the barrier shape and thereforejamn Bor structures with thick barriers, the
impact from tunneling component decreases with, b&ling to the current reduction. This
effect appears as an increase of Ji(&) curve slope at voltages high@y leading to the
decrease dofF.

The value of open-circuit voltage, in opposite R&, diminishes with the barrier
thickness decrease. Using Eqg. (2.8) and plottiegifpendence &fi(Jso) as a function of bias
V, we can extract the values of ideality faatoffrom the slope of the curve) and saturation
currentJp (from the straight line intercept bf(Jso)-V plot at a zero voltage).

The values ofly extracted fromn(Js)-V curves measured in the dark are about 4210
3x10’ and 6x10 mA/cn? for samples with 9.0, 5.5 and 3.7 nm barrier thédses. The
increase ofJy with a decrease of the barrier thickness dendtesinicrease of carrier
recombination in QW region. As shown from XRD dadte samples with thin barriers show
an appearance of relaxation. As a rule, the stedaxation induces the defect formation that
can be responsible for the increase of recombinaticdhe active region. The ideality factor
also increases from 2.1 to 5.2 with a decreaskeobarrier thickness for voltage range 2 - 2.5
V. The values ofi more than 2 for GaN-based materials were alsortegdy other groups
[Casey, 1996; Perlin, 1996]. Such high idealitytdags normally attributed to the presence of

tunneling as a main transport mechanism [Chitrd902.

5.3.3 Summary of the role of barrier thickness

We investigated 15xjnGapsdN (2 nm)/GaN QW-based solar cells with barrier
thickness of 3.7, 5.5 and 9.0 nm. As it was predidty band-to-band Nextnahealculations,
we observed the PL emission red-shift (from 43544y nm) induced by the increased
polarization fields with barrier thickness. The gritation fields deform the QW band profile
and lead to the change of the energetic differdmeteveen electron and hole levels (i.e.
standard QCSE). From the fit of transmittance speet value of average band gap~E2.9
eV is estimated.

From device point of view, the decrease of theibathickness enhances the carrier
tunneling. This creates an additional way for emsrito escape from QW improving the
values of external quantum efficiency, short-citaurrent and fill factor. But on the other
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hand, a thinning of the barriers causes the appearaf strain relaxation (in agreement with
XRD rsm data) accompanied by defect formation. Tieseases the leakage current through
the active region of the device and reduces theevaf open-circuit voltage (which falls down
from 2.2 V to 1.9 V for samples under study).

Finally, the best solar cell is obtained for 154hGa& sdN (2 nm)/GaN (3.7 nm) sample
with thinnest barriers showing the electrical pagtars.Jsc = 0.69 MA/CA; Voe = 1.9 V;FF =
70% leading to an overall conversion efficiency0d#2%. This result is lower than obtained
for previous series of samples (2%). But it is \Wwdd notice that homogeneity of the samples

was significantly improved in spite of high In-cent.

5.4 Conclusion

In this chapter, we investigated the influence loé tactive region design on the
structural, optical and photovoltaic characterst€ InGaN/GaN-based solar cells.

The most important limitation for InGaN-based phaitaics is a small value of short-
circuit current. Thels. strongly depends on absorption of the light. Onthefway to increase
absorption is to increase the thickness of InGapér® in our case the thickness of QWSs.
Samples with QW thicknesses of 1.3, 3.1 and 5.4anth10% of In composition have been
studied. The increase of QW thickness red-shiseimission and absorption wavelength of
about 70 nm increasing the absorption. But thisatf€an not be completely explored in solar
cells because of losses in collection efficienayuiced by the deepening of the electron and
hole energy levels and defect formation due toirstralaxation enhancement with QW
thickness. The best value of conversion efficieat®.49% is obtained for 30xJaGa sd\
(2.3 nm)/GaN(9.0 nm) QWs with the thinnest QWs.

The other way of absorption improvement is to iasee In-content inside the active
region. The samples with 18% of In have been griaynMOVPE. The increase of In
composition from 10 to 18% gives a red-shift of gpectral cut-off of about 50 nm. High
guality of the samples in spite of the increaseddntent was confirmed with HRXRD and
HRTEM measurements. From electrical point of viéngh inhomogeneity of the electrical
characteristics was observed. The increase of mtecd causes the reduction of fill-factor,
which is related to the rise of series resistamzklasses in collection efficiency. On the other
hand, the value of short-circuit current that ulsulaits conversion efficiency of the InGaN-
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based devices was significantly improved leadingheo maximum performance of 2.0% for
15xIny 16Gay AN (2 nm)/GaN (9.0 nm).

The decrease of barrier thickness can also impibee collection efficiency and
electrical performance of the InGaN QW-based smtls with high In-content by stimulating
the carrier tunneling. 15x4n/Gay sdN/GaN samples with barrier thicknesses of 9.0,a&n8
3.7 nm have been studied. To improve the homogenditthe samples the growth
temperature of the barriers was decreased bYC1%rom the band diagram calculated with
Nextnand software, a lowering of the polarization field iohs the QWs is expected with a
decrease of the barrier thickness. The reductiothef polarization fields blue-shifts the
absorption cutoff and emission wavelength in owctures. In spite of decreased absorption
wavelength, the value of the short-circuit curreves improved with barrier thickness
decrease. This is related to enhanced carrier limgn&action in the total value ods in
addition to carriers that escaped QWs through tlemo emission. Thanks to carrier
tunneling, the current under illumination becomessl| sensitive to the change of the band
diagram with applied bias and this improves thei@alf fill factor as well. These effects lead
to conversion efficiency enhancement from 0.78 @2% with a decrease of the barrier
thickness from 9.0 to 3.7 nm. This efficiency isvey compared to the previous series with
high In-content. Therefore, the homogeneity of sheple was significantly improved at the

price of the conversion efficiency averaging.
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Chapter 6

Conclusion and perspectives

This thesis has reported on the growth, charaeti@oiz and optimization of the
InGaN/GaN multiple quantum wells (QWSs) for photdaat applications. All samples have
been grown by metal-organic vapor phase epitaxy {IMB) onc-plane sapphire substrate.

It has been shown that InGaN/GaN QW-based solarcael efficiently convert solar
energy into electricity in blue-violet spectral gan In spite of that, quite low values of
conversion efficiency for InGaN-based solar cellsrevpublished in the literature. This low
value of performance is related to a poor absamptibsolar spectrum by InGaN layers with
low In-content and high dislocation density in lohr InGaN layers. Therefore, the
optimization of the solar cell structure designeiguired to improve the device efficiency.

The aim of this work was to grow and fabricate INBaaN quantum well-based solar
cells as well as to understand the influence ofdifferent structural parameters on the cell
performance.

In the first part of this thesis, we investigatdue tinfluence of the number of
Ing.1Gay odN/GaN QWs (from 5 to 100) on the structural, odti@ad photovoltaic properties
of the devices. The detailed structural characéion of the samples by X-ray diffraction and
transmission electron microscopy showed their goodstalline quality. Optical
measurements by photoluminescence spectroscopy nd¢mraied an increase of In-
inhomogeneities with QW number that, by the way] dot significantly damaged their
electrical properties. Thanks to low In-compositid®%) and small thickness (1.3 nm) of
QWs, the active region for all the samples wasrstthon the GaN buffer-layer. This allows
us to determine the intrinsic properties of the enals because strain relaxation usually
induces numerous defects inside the structure dagdge device performance. The value of
Jsc was linearly improved with QW number from 5 to ®&ching a maximum value of 0.68
mA/cn? for samples with 60xjnGa gN/GaN QWSs. The following saturation ok is
attributed to the collection losses in very thickiee region. This explanation is in agreement
with the measurements of external quantum effigigiiQE) that was enhanced from 0.04
for samples with 5 QWs to 0.38 for samples with@@/s followed by the saturation and
decrease for larger number of QWs (0.31 for sampi¢is 60 QWSs). The increase of the
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carrier recombination inside the active region Isoaconfirmed by the decrease \é§; for
samples having more than 40 QWs.

There are several possible ways to avoid the lassesllection efficiency because of
very thick active region and keeping a good absamptOne of them is to change the ratio
between barrier and well thicknesses growing thi€@&/s. In the second part of the thesis,
we investigated the influence of QW thickness anploperties of the samples. A deepening
of the energetic levels inside thicker QWSs redshifte absorption wavelength. Strain
relaxation appeared in spite of low In-composit{ei2%) for samples with QW thickness
more than the critical thickness (in our case, 3 wausing defect formation and quality
degradation of the active region. Numerous defsetge as centers of recombination for the
carriers reducing the value d%.. The deepening of the energetic levels hindersctraer
escape from QWs damaging the external quantumiesfig of the devices. Therefore, the
increase of the QW thickness is not a very efficigay for device optimization.

We explored another solution to improve the absmnptonserving moderate overall
thickness of active region: the change of the Inteot. By decreasing the growth temperature
and increasing the TMIn flow, we were able to impmate 18% of indium keeping a good
guality of the samples. The increase of the In @ahinduces composition fluctuations in the
wells. In spite of that and thanks to better absonp the value oflsc was significantly
improved reaching more than 2 mAfcfor some devices. But the values of external quant
efficiency were lowered for In-rich samples complai@ low In-content QWSs pointing out the
difficulty of the carrier escape from deeper QWs.

The problem of thermal emission of the carrieramfrdeep QWs can be solved by
stimulating carrier tunneling. To verify this assution, a series of samples with different
barrier thickness was grown. In-content was kepte¢about 18% as in the previous series.
As it was expected, the value af. is improved by a decrease of the barrier thickness
evidencing the enhancement of the tunneling progesshort-circuit currentlsc. The best
value of conversion efficiency of 0.92% was obtdifier sample with the thinnest (3.7 nm)
barriers.

To conclude, the best structure for solar cell #hanclude quite thin QWs (2 nm) to
avoid the strain relaxation that appeared in QVitkén than 3 nm significantly damaging the
value of open-circuit voltage (and also the coneerefficiency). The barriers should also be
quite thin (less than 4 nm) to enable the carneméling as an additional mechanism to

improve the carrier collection. The increase of limeontent is, of course, the most effective
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way for the improvement of the solar cell performanhanks to enhanced light absorption.
Figure 6.1 presents the optimized structure of N®ased solar cell.

5 I
60 nm p*-GaN

30xIn, ,Ga, sN/GaN {
2 nm/ 2-4 nm 5

10 nm n*-GaN
n-GaN

UID GaN

Sapphire

Figure 6.1. Optimized structure of the InGaN/GaN -Q&¢ed solar cell.

Finally, the best performance of 2.00% for 1%%HBasN/GaN QWSs grown on
sapphire was obtained. This value is comparablé Wit current state-of-the-art of the
literature, where the best conversion efficienaylfdcaN/GaN QW-based solar cells grown
on sapphire has been reported to be 2.95% for ssmpith 12x1g3:Ga sg\N/GaN QWs
[Dahal, 2010]. There are still some additional wéysconversion efficiency improvement
that were not performed in the frame of this thelSg example, it was shown that the device
performance can be improved on more than 50% bghening the sample surface [Farrell,
2011] or more than 35% by introducing of top-arik@@tion or back reflection coatings
[Young, 2014]. The growth on less defective GaNssuatbe also ameliorates the performance
of InGaN-based solar cells, but increases the @asoeell.

While the present work was focused on the conversficiency enhancement of pure
InGaN QW-based solar cell, it is clear from pulb#idiworks, that optimized structure should
include multi-junction solar cells to be able toeuthe absorption advantages of several
materials. Therefore, future works should involiie integration of InGaN materials in the
multi-junction solar cell. InGaN can be integratadwo ways: by a direct growth of InGaN-
based p-n junction on the top of multi-junctionasotell or by an electrical connection of
several types of solar cells with wires. The fims¢thod is very limited by the high growth
temperature imposed by the MOVPE technique andhéyeed of lattice-matched materials.
The use of MBE technique can be a good alternaive/ercome this drawback. The second
method is more promising because it allows conngdiivo semiconductors that can not be
grown on the top of each other. Therefore, thibnegue reduces the requirements for lattice
matched materials and tunnel junctions. FigurepBe®ents the schematic of the integration of

InGaN-based solar cell with non-nitride based pholtaics.
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.
p-type L
InGaN-based cell
n-type ‘
- bonding layer )
n-type
||
- Non IlI-N cell
p-type

Figure 6.2. Tandem 2-junction solar cell based 0GaN.

InGaN can be a complement to either GaAs or silisolar cell [Hsu, 2008; Toledo,
2012]. A link with optimized silicon solar cellsae be a solution for high volume
manufacturing. In particular, the crystalline/amurps silicon heterojunctions {Kc-Si) =
1.2 eV, g (a-Si) = 1.7 eV) can provide a good choice in orhband gap adjustments with
the structure developed in this work.

The best result for solar cell conversion efficigind 44.7% is obtained for 4-junction
[1I-V material-based solar cell by Fraunhofer It for Solar Energy Systems ISE, Soitec,
CEA-Leti and the Helmholtz Center. Next step isubetion solar cell and it requires a
material with 2.68 eV band gap [Bhuiyan, 2012]mkans that emission wavelength should
be around 460 nm. In our case, we were able to dgnewGa sN/GaN QW-based samples
with a spectral cut-off extending to 465 nm thafuste close to the calculated optimum value
of the InGaN band gap for integration with GaAsdzhd junction solar cell (about 2.65 eV
that corresponds to In-content of about 20%) [Har2®13]. One more perspective for this
work can be an extension of the present resultsatmwire-based solar cells, eventually on

flexible substrates to add a new function to thaas [Messanvi, PhD thesis].
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Annex 1
Transmission length method

Transmission length method (TLM) is a way used emigonductor engineering to
estimate the resistvity of the contacts. An arraghe contacts with different distance between

them is formed on the surface of semiconductoryfféigh\1.1 (a)).

R A
a) b) ME2 o Experimental points

L
<>
wW e
> slope Ryepi/W
<>

Figure Al.1. a) The array of contacts to measueedbntact resistivity by TLM; b) Graphical
method to determine the values of contact and skemttances.

The current-voltage dependence is measured betweery pair of contacts. The
obtained from these measurements resistance irscthderesistance of the both contacts and
the resistance of the semiconductor layer betweercontacts:

R Reomi
Ryeas = ZWC +d ;/le/ml’
where R; is the contact resistancBsemi is the resistance of semiconductor layéfis the

width of the contacts] is the distance between two contacts.
Plotting the measured value of resistance on tstamiie between the contacts and
making a linear interpolation, the intercept of time interpolation with x=0 gives the value

of R and the curve slope gives the value gf;RFigure Al.1 (b)).
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Annex 2

Solution of the minority carrier continuity equation

The rate of the carrier concentration change ingigei-region n(x) wherex > xg
(region without electric field inside) (Figure A2.tan be calculated as incoming flux,

outgoing flux, generation, recombination and ogr@cesses (such as light).

dan(x) — (]n(x) _ In(x+dx)

- p - ) + G, (x,t) — R, (x,t) + other processes (A2.1)

The outcoming and incoming fluxes consist fronft@mnd diffusion currentsl, = Jgis
+ Jaiit. We can assume zero drift curreddif = 0) because there is no electric field in the
QW region withx > xg.

p-type i-region n-type

E>0 E=0

\ conduction band

N valence band

N

0 X4 W
Figure A2.1. A schematic of the band diagram fompstructure with thick i-region.

Diffusion current can be expressed as follows:

a
Jairr = —qD LX)|x=xd (A2.2)

n o oax
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whereq is the electron charg®), is the diffusion coefficient andn(x)/dxis the electron
density distribution.

I + dx) = J () + 222 dx (A2.3)

Substituting Eq. (A2.3) into Eq. (A2.1) we obtain:

@ - 1m0 G,(x,t) — R, (x,t) + other processes (A2.4)
dx q dx
The recombination rate is proportional to the egeadghe carrier density:
n(x)-np,
R, — G, = —P° (A2.5)

Tn

whereny is the electron density in the equilibrium,is the electron lifetime. Therefore, the

minority carrier continuity equation can be writtes follows:

dn(x) _ d’n(x) n(x)—ny
“ar Dy, dx? + Gopt(x) - TO

=0 (A2.6)

The equation (A2.6) is the second order differéni@anhomogeneous equation and the
solution can be found as a sum of the solution @hdgeneous differential equation and

particular solution. The general solution of Eq2(B) is:

n(x) = Cpe~**%a) 4 ¢ e~=*a)/ln 4 C,e*~*d)/Ln 4 Ny, (A2.7)

Constant<Cy, C; andC, can be found applying boundary conditions: onth@idepletion edge
X = Xg and one at the boarder of theegion andh-doped region. We consider thek = xg) =
Npo andn(x=W) = nye. It means that electrons arriving at the edgéefdepletion region are
swept away by the electric field and there is ncesg of the electron concentratiorkat xg.
The second condition implys the electrons arriimghen-doped region do not significantly
change the equilibrium concentration because df mgial doping of then-region. Applying

these conditions we obtain the following valuesdonstants of Eq. (A2.7):
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_ Ta®oe daly,
Co = ARt (A2.8)

eW=x)/Ln _ g=a(W—-xg)/Ln

Cl - 0 ( eW=xq)/Ln_o—W-xg)/Ln ) (A29)
o~ (W=x)/Ln _ g=a(W—xg)/Ln

¢; = CO( oW Ln—g=(W—x/In ) (A2.10)

However, if the active region is thick enough, that- x >> L, andW — x >> «*, thenC, =
0 andC; = -C,.

Therefore, the solution of the minority carrier tionity equation for distribution of the

electron density can be re-written as follows:

n(x) —_ Coe_a(x_xd) — Coe_(x_xd)/l’n + npo (A211)
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In this work we report on epitaxial growth and @awerization of InGaN/GaN multi-
quantum wells (MQWSs) heterostructures for applarain photovoltaic devices. The samples
were grown by metal-organic vapor phase epitaxy Y\8@) on (0001) sapphire substrate.
The structural and optical characterization is grened by X-ray diffraction, transmission
electron microscopy, photoluminescence spectros@my transmission measurements. To
investigate the presence of photovoltaic effect estimate the electrical performance of the
samples, they were processed into solar cells lgnmef the photolithography, inductively
coupled plasma reactive-ion etching and metalliretd manage n and p contacts.

We studied the influence of different InGaN/GaN iaetregion designs on the
structural, optical and electrical properties of tamples, i.e. number of InGaN quantum
wells, QW and quantum barrier thicknesses and mdiomposition in the wells. Two main
mechanisms have to be taken into account for aiciexft optimization of photovoltaic
devices: photon absorption and carrier collectidie. showed that an increase of the MQWs
number, their thickness and the In-content allobsogption improvement, but causes losses
in the carrier collection efficiency due to: theciiease of the active region thickness (lower
electric field), the difficulty of the carrier teseape from deeper QWs and the strain relaxation
(structural defect creation). The decrease of Hredr thickness can solve the first two issues,
but the problem with strain relaxation remains.the best design, we report the value of
2.00% of conversion efficiency for 15%lnGaysN/GaN samples with spectral response
extending to 465 nm.

Keywords: InGaN/GaN, quantum well, MOVPE, solar cell.

Ce travalil traite de la croissance épitaxiale etadearactérisation d’hétérostructures a
base de multi-puits quantiques (MPQ) pour des egipdins dans le photovoltaique. Les
échantillons ont été obtenus par la technique tHg@ en phase vapeur aux organo-
métalliques (EPVOM) sur des substrats de saphi@l(DOLa caractérisation structurale et
optique est réalisée par diffraction de rayons Xgroscopie électronique en transmission,
spectroscopie de photoluminescence et de trangmisBour étudier la présence de l'effet
photovoltaique et pour estimer la performance gtpe des échantillons, les MPQ ont été
intégrés dans la géométrie de cellules solaireautdisant de la photolithographie, des
attagues réactives ioniques assistées par plasinatiinet des métallisations pour contacter
les parties dopées n et p.

Nous avons étudié I'influence de différents desides régions actives InGaN/GaN sur
les propriétés optiques et électriques des éclardjl c’est-a-dire le nombre de puits
quantiques InGaN, les épaisseurs des puits etategres et la composition en indium dans
les puits. Deux mécanismes principaux doivent ptie en compte pour une optimisation
efficace de composants photovoltaiques: I'absampties photons et la collections des
porteurs. Nous avons montré qu’une augmentationahabre de MPQ, de leur épaisseur et
de la composition d’'In améliorait I'absorption, maiausait aussi des pertes dans l'efficacité
de collection du fait de I'augmentation de I'épaissde la couche active (champ électrique
plus faible), de la difficulté des porteurs pouédiapper de puits plus profonds et de
relaxation des contraintes (création de défautstiraux). La décroissance de I'épaisseur des
barriéres peut résoudre les deux premiers poings e probleme de la relaxation de la
contrainte reste entier. Pour notre meilleur desigus obtenons une efficacité de conversion
de 2 % pour des couches 15x#Ga gN/GaN qui ont une réponse spectrale qui s'étend
jusqu’a 465 nm.

Mots clés InGaN/GaN, puits quantiques, EPVOM, cellules sefa



