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“...for at the proper time we will reap a harvest if we do not give up.”

Galatians 6:9 -The Holy Bible
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Abstract

Graphene is a two-dimensional material belonging to the family of carbon allotropes,
consisting of a stable single atomic layer owing to strong in-plane chemical bonds between carbon
atoms. It can be identified as a gapless semiconductor with a linear energy dispersion near the
Dirac points, which facilitates ballistic carrier transport. In addition, similarly to any
semiconductor, it is possible to control its electrical properties under the influence of an external
electric field, resulting in the tuning of its carrier density and doping type, i.e. electrons or holes.

Graphene can be elaborated by different techniques and approaches. In this present work,
we have considered the direct growth on silicon carbide (SiC) by chemical vapor deposition (CVD)
with an external carbon source. This approach which has started to be developed in our laboratory
since 2010 is very promising since it allows to control the graphene properties by manipulating
the growth parameters. Our objective in this manuscript is to give further insights into this growth
technique and to study its potential for the growth of graphene. For this purpose, we have discussed
in details different aspects of the growth, starting with thermodynamic simulations to understand
the chemistry behind our distinct growth approach. We have also investigated the influence of the
different growth parameters, such as the growth time, the propane flow rate and other parameters
on the growth of graphene and its properties. However, we mainly focused on two major factors:
the hydrogen amount in the gas mixture, especially since the growth is carried out under hydrogen
and argon, and the substrate’s miscut angle.

Our investigations revealed that the graphene structure can be altered depending on the
hydrogen percentage in the gas mixture considered for the growth. For low hydrogen percentage,
the graphene growth is associated with a (6\3x6V3) interface reconstruction, whereas for high
hydrogen percentage, the graphene layer is dominated by in-plane rotational disorder. These
observations are related to the hydrogen intercalation at the interface between the graphene layer
and the SiC substrate, which can allow or prohibit the formation of the (6V3x6V3) interface
reconstruction as we have discussed thoroughly in this manuscript. The presence of two graphene
structures was expected to impact the strain within the graphene layer. For this reason, we have
discussed in details the origins of the strain in graphene and attempted to correlate the hydrogen
intercalation at the interface to the strain amount. Furthermore, the substrate’s miscut angle was
also found to have a direct influence on the growth of graphene, mainly affecting the morphology
but also the strain within the graphene layer. In light of the different studies and results, we were
able to combine the ideal growth parameters to produce state-of-the art graphene, while
demonstrating the possibility of tuning its electrical properties with the growth conditions.
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Abstract

In a second part of this work, we extended our study to the growth of graphene on III-
nitrides semiconductors. We have considered substrates and templates such as bulk aluminum
nitride (AIN), AIN/SiC and AlN/sapphire, which opens new opportunities for innovative
applications. The growth of graphene was preceded by an annealing study on the different AIN
substrates, in an attempt to enhance their surface quality, but also to test their stability at the
temperatures necessary for the growth of graphene. Although the AIN film was found to be unable
to withstand the high temperature in some cases, an enhancement of the crystalline quality was
detected, attributed to the annealing effect. The growth of graphene on such substrates and
templates seems promising but challenging. Few points require improvements, such as the
presence of defects and non-uniformity in the deposited graphene. Finally, we considered the
growth of AIN with molecular beam epitaxy (MBE) on graphene on SiC substrates, which has also
brought encouraging results.

Key words: graphene, silicon carbide, chemical vapor deposition, direct growth, hydrogen, III-
nitrides, aluminum nitride.



Résumé

Titre de la thése : Croissance directe de graphéne par dépot chimique en phase vapeur sur carbure
de silicium et nitrures d'éléments II1.

Le graphene est un matériau bidimensionnel appartenant a la famille des allotropes du
carbone. Il consiste en une couche atomique restant stable grace a des liaisons chimiques fortes
dans le plan entre les atomes de carbone. C'est un semi-conducteur sans bande interdite (gap) avec
une dispersion d'énergie linéaire prés des points de Dirac, ce qui facilite le transport balistique des
porteurs de charge. De plus, tout comme n'importe quel semi-conducteur, il est possible de
controler ses propriétés €lectriques sous l'influence d'un champ électrique externe, ce qui permet
de modifier la densité de porteurs et leur type (électrons ou trous).

Le graphéne peut étre élaboré par différentes techniques, mais nous avons considéré la
croissance directe sur le carbure de silicium (SiC) par dépdt chimique en phase vapeur (CVD) avec
une source de carbone externe, technique développée dans notre laboratoire depuis 2010. Cette
approche est attrayante car elle permet de controler les propriétés du graphéne en modifiant les
parametres de croissance. Notre objectif dans ce manuscrit est de donner une idée plus approfondie
de cette technique de croissance et d'étudier son potentiel pour la croissance du graphéne. A cette
fin, nous avons discuté en détail de différents aspects de la croissance, en commengant par des
simulations thermodynamiques pour comprendre la chimie gouvernant cette méthode. Nous avons
¢galement étudié l'influence des différents parametres de croissance sur la formation du graphéne
et sur ses propriétés, tels que le temps de croissance, le débit de propane et d'autres parametres.
Cependant, nous nous sommes principalement concentrés sur deux parametres majeurs: la quantité
d'hydrogene dans le mélange gazeux, surtout que la croissance se fait sous hydrogeéne et argon, et
la désorientation du substrat.

Nos recherches ont révélé que la structure du graphéne peut étre modifiée en fonction de
la proportion de I’hydrogene dans le mélange des gaz utilisé pour la croissance. Pour une faible
proportion d’hydrogene, la croissance du graphéne est associée a une reconstruction d'interface de
(6V3%x6Y3), alors que pour une proportion élevée d’hydrogéne, la couche de graphéne est
désordonnée dans le plan. Ces observations sont liées a I'intercalation de 1'hydrogéne a l'interface
entre la couche de graphene et le substrat SiC, ce qui peut favoriser ou interdire la formation de la
reconstruction (6V3x6v3) comme nous l'avons discuté dans le manuscrit. On s'attend a ce que la
présence des deux structures de graphéne ait un effet sur la contrainte dans la couche de graphéne.
Pour cette raison, nous avons discuté en détail les origines de la contrainte dans le graphéne et
tenté de corréler l'intercalation de I'hydrogeéne a I’interface avec la contrainte.



Résumeée

Aussi, nous avons montré que l'angle de désorientation du substrat a une influence directe
sur la croissance du graphéne, affectant principalement la morphologie mais également la
contrainte dans la couche du graphéne. Enfin, nous avons pu produire du graphéne de haute qualité,
tout en démontrant la possibilité de contrdler ses propriétés ¢lectriques avec les conditions de
croissance.

Dans la deuxi¢me partie de ce travail, nous avons étendu notre étude a la croissance du
graphéne sur les semi-conducteurs de type nitrures d’éléments III et en particulier le nitrure
d’aluminium (AIN) massif ainsi que des couches hétéroépitaxi¢es d’ AIN/SiC et AIN/Saphir, ce
qui ouvre de nouvelles opportunités pour des applications innovantes. La croissance du graphéne
a été précédée d'une étude de recuit sur les différents échantillons d’AIN, dans le but d'améliorer
leur qualité de surface, mais aussi pour tester leur stabilité a la température nécessaire pour la
croissance du graphene. Bien que le film d’AIN ait été incapable de résister a la température élevée
dans certains cas, une amélioration de la qualité cristalline a été détectée, attribuée a I'effet de
recuit. La croissance du graphéne sur de tels substrats semble encourageante mais quelques points
nécessitent des améliorations, tels que la réduction du nombre de défauts dans AIN et I’'uniformité
du graphéne déposé. Enfin, nous avons considéré la croissance par €pitaxie sous jets moléculaires
(EJM) de I’AIN sur du graphéne sur SiC, qui a également apporté des premiers résultats
encourageants.

Mots-clés: graphene, carbure de silicium, dépot chimique en phase vapeur, croissance directe,
hydrogene, nitrures d’éléments III, nitrure d’aluminium.
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Resume Sllb Stantlel (Extended abstract in French)

Le graphéne est un matériau bidimensionnel appartenant a la famille des allotropes du
carbone. Il consiste en une couche atomique restant stable grace a des liaisons chimiques fortes
dans le plan entre les atomes de carbone. C'est un semi-conducteur sans bande interdite (gap) avec
une dispersion d'énergie liné€aire pres des points de Dirac, ce qui favorise le transport balistique
des porteurs de charge. De plus, tout comme n'importe quel semi-conducteur, il est possible de
controler ses propriétés €lectriques sous l'influence d'un champ électrique externe, ce qui permet
de modifier la densité de porteurs et leur type (€lectrons ou trous).

Le graphéne a été décrit théoriquement en tant que monocouche de graphite dans les
années 50 [1] et des premiéres couches de graphéne ont été produites a partir des années 1970 [2].
Toutefois, le graphéne n’a commencé a susciter I’intérét des chercheurs qu’a partir du travail de
Noveselov et Geim en 2004 [3] mettant en évidence ses propriétés remarquables. Pour ce faire, ils
ont utilis¢ du graphéne exfoli¢é mécaniquement a partir du graphite, puis ont appliqué des
techniques de salle blanche pour préparer des dispositifs électriques. Cette technique est simple et
efficace, mais limitée a la recherche fondamentale en raison du caractére artisanal de la méthode.
D'autres techniques ont été développées pour préparer du graphéne a plus grande échelle. L'une
des techniques les plus courantes aujourd'hui est la graphitisation des substrats en carbure de
silicium (SiC) par sublimation du silicium [4] permettant la croissance de graphéne sur tout le
substrat de SiC tout en obtenant des mobilités élevées (jusqu’a 27 000 cm?/V.s a 4 K [5]). Cette
technique est largement étudiée aujourd'hui, avec pour premier avantage de ne pas nécessiter
d’¢étape de transfert sur un substrat isolant, permettant ainsi la réalisation de transistors haute
fréquence [6] sur SiC. D'autres techniques ont émergé pour la croissance du graphéne, comme le
dépdt chimique en phase vapeur (CVD) sur du métal [7-9] avec une source de carbone externe,
qui permet, aujourd’hui une production sur de larges surfaces [10]. Ces études ont inspiré de
nouvelles méthodes pour obtenir du graphéne sur SiC par croissance directe a partir d'une source
de carbone externe, en ultravide (UHV) dans un réacteur a épitaxie par jets moléculaire (EJM) [11]
ou dans une atmosphére d'argon avec un réacteur CVD [12,13].

11



Résumeée

Dans cette thése, nous nous sommes concentrés sur 1'étude de la croissance directe du
graphéne sur SiC par CVD afin de mieux comprendre et maitriser cette technique de croissance
originale et d’étudier son potentiel pour la croissance de graphene. Pour cette raison, nous avons
discut¢ de différents aspects de la croissance, en commencant par des simulations
thermodynamiques permettant de comprendre la chimie gouvernant cette méthode de croissance.
Nous avons également effectué des études expérimentales de recuit du SiC sous Hz et H2 + Ar, en
plus des simulations thermodynamiques; ceci nous a permis de conclure que pour le recuit sous
Ha, il n'est pas possible de considérer que le mécanisme de croissance repose sur la sublimation de
silicitum a partir du SiC car ce dernier produit des espéces a base de carbone dans la phase gazeuse
en beaucoup plus grand nombre que les especes a base de silicium. Au contraire, lors du recuit de
SiC sous argon, le SiC se décompose principalement en especes a base de silicium, ce qui entraine
un exces de carbone a la surface et forme du graphéne. Par conséquent, en présence d’hydrogene,
dans une atmosphére H2 + Ar par exemple, le propane est nécessaire comme source principale de
carbone pour la croissance du graphéne.

Apreés I'¢tude thermodynamique, nous avons exploré¢ les différents parameétres de
croissance afin de comprendre leur role dans la croissance du graphéne et leur influence sur ses
propriétés. Nous avons par exemple étudié les effets de la durée de la croissance et du débit de
propane sur le dépdt de graphéne. En augmentant ces parametres, I’épaisseur du graphene déposée
augmente aussi. Nous avons également étudié¢ I’effet de la température de croissance qui affecte
la morphologie, le nombre de couches et la structure de la couche de graphéne. Un autre paramétre
intéressant est la quantité d'hydrogéne dans le mélange de gaz, qui a des effets importants sur la
croissance du graphéne, la morphologie et la structure en particulier. Pour comprendre le role de
I’hydrogéne dans la croissance, nous avons mené une étude approfondie basée sur la microscopie
a force atomique (AFM), la diffraction des électrons a faibles énergies (LEED), la spectroscopie
Raman et la spectroscopie de photoélectrons générés par rayons-X (XPS). Pour une faible teneur
en hydrogene dans le mélange gazeux (entre 9% et 33%) utilis€ pour la croissance, le graphéne est
associé & une reconstruction (6V3x6v3)-R30° de I’interface graphéne/SiC, considérée comme une
couche tampon. En revanche, pour une quantité élevée d’hydrogene dans le mélange gazeux (75%
et 100%), aucune couche tampon n'est détectée et la couche du graphéne se développe en domaines
désorientés dans le plan. L’origine de ce comportement est liée a l'intercalation de I'hydrogéne a
l'interface entre la couche du graphéne et le SiC. En effet, pour un faible pourcentage d’hydrogéne,
la couche tampon partage des liaisons avec le substrat, mais pour un pourcentage élevé
d’hydrogene, celui-ci sature les liaisons pendantes a la surface du substrat et limite la formation
de liaisons avec la premiere couche de carbone déposée. Sur la base d'é¢tudes antérieures et de la
littérature, nous nous attendions a ce que le graphene présente différents états de contrainte pour
ces deux structures. Nous avions I’intention d’étudier le role de 1’hydrogéne sur la contrainte en
nous basant sur la spectroscopie Raman, mais malheureusement, les variations de contrainte
observées étaient principalement dues a des non-uniformités d'épaisseur, ce qui a rendu I'étude
compliquée.

12



Résumeée

Nous nous sommes également intéressés a l'influence de la désorientation du substrat
(offcut) sur la croissance du graphéne, paramétre rarement discuté dans la littérature, mais qui a
finalement une influence directe sur la croissance, comme nous l'avons démontré dans le
manuscrit. Pour cette étude, nous avons fait croitre du graphéne sur des substrats ayant différents
angles d’offcut. La croissance du graphéne sur le substrat de 0,05°-off semblait difficile et non
uniforme. Au contraire, la croissance de graphéne sur les substrats avec des offcuts de 0,2, 1 et 4°
est apparue plus aisée et produit un graphéne plus uniforme. La seule différence que nous avons
observée est I’augmentation du nombre de couches pour les substrats d’offcuts croissants. La
spectroscopie Raman a révélé une augmentation de la contrainte pour les offcuts les plus
importants, ce qui a été attribué en partie a une augmentation de la densité des marches et en partie
a ’augmentation d’épaisseur.

Enfin, nous avons combiné les différents paramétres de croissance pour produire un
graphéne uniforme sur un substrat SiC a grande échelle avec une mobilité ¢levée des porteurs de
charge, d'environ 1700 cm?/V.s a 300 K. Nous avons également démontré la possibilité d'avoir
différents types de porteurs (électrons ou trous) en fonction des parameétres de croissance, ce qui
peut étendre largement la gamme d'applications pour notre graphéne.

L’utilisation d’une source de carbone externe nous a permis d’étendre la croissance du
graphéne aux surfaces de nitrures d’éléments III telles que celles du nitrure d’aluminium (AIN)
massif ainsi que des couches hétéroépitaxiées d’AIN/SiC et AIN/Saphir par EJM. Avant la
croissance du graphéne, nous avons mené des études reposant sur le recuit des différents substrats
pour en améliorer la qualité et évaluer leur comportement a la température requise pour la
croissance du graphéne. Nous avons réussi a améliorer la qualité de la surface de la face Al de
I’ AIN massif, mais ce n'était pas le cas pour toutes les couches d’AIN préparées sur SiC et saphir.
En particulier, les couches d’AIN sur saphir se dégradaient a haute température. Cependant, les
recuits a haute température ont eu un effet bénéfique sur la qualité cristalline des films AIN
préparés sur saphir. La croissance du graphéne a été mise en évidence sur tous les substrats d” AIN
en se basant sur ’AFM, I’XPS, le LEED et la spectroscopie Raman. Cependant, la couche de
graphéne présentait des défauts et du désordre dans certains cas. La croissance s'est révélée
favorisée sur la face azote d’ AIN massif par rapport a la face Al des mémes substrats ainsi que sur
des couches d’AIN plus fines sur SiC et préalablement traités par recuit. Nous avons également
tenté de faire croitre du graphéne sur des couches d’AlGaN préparés sur saphir par EJM. Nous
suspectons le dépot d'une phase graphitique, identifiée par AFM et XPS, mais nous soupgonnons
que le film d’ AlGaN a été¢ modifié par les tentatives de croissance du graphéne, puisque nous avons
détecté la formation d’oxyde d’aluminium et une diminution de la teneur en gallium par XPS.
Enfin, nous avons envisagé une autre voie pour combiner le graphéne et I’AIN, en faisant croitre
de I’AIN par EJM sur du graphéne préalablement obtenu sur SiC. Les premiers résultats, mettent
en évidence la croissance d'AIN par des observations RHEED et AFM et semblent encourageants,
méme si pour I’heure, I’ AIN présente du désordre dans le plan de croissance. Par ailleurs, la couche
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du graphéne s'est révélée intacte apres la croissance d’ AIN d’aprés des mesures par spectroscopie
Raman.

En conclusion, notre contribution a permis de mieux comprendre cette technique de
croissance originale et permettra d'autres développements a l'avenir. Maintenant que nous
comprenons le rdle des différents parametres de croissance, nous pouvons anticiper le
comportement de la croissance et ’améliorer davantage. Le bénéfice de cette technique est qu'elle
s'appuie sur la source de carbone externe, ce qui permet de faire croitre du graphéne directement
sur le substrat d'intérét pour différentes applications, par exemple sur SiC ou AIN pour
I'électronique de puissance ou les transistors a effet de champ avec AIN comme grille. Nous
souhaitons également combiner le grapheéne avec de I’AlGaN pour les applications HEMT, mais
la tache semble difficile puisque la couche d’AlGaN n'est pas stable a haute température. Des
travaux sont encore en cours pour améliorer ce travail et pour le compléter avec des mesures
¢lectriques pour évaluer les propriétés du graphéne préparé sur nitrures d’éléments III. D'autre
part, nous pouvons également essayer d'optimiser la croissance d’ AIN sur le graphéne sur SiC pour
des applications similaires telles que des transistors avec une grille supérieure.

Enfin, j'aimerais ajouter que ce travail a non seulement contribué¢ aux progres de la
recherche sur la technique de croissance directe, mais a également contribué aux progrés de la
recherche dans différents domaines grace a différents projets et collaborations, ou nous avons
fourni des échantillons de graphéne pour de nombreux objectifs tels que les études de métrologie,
la croissance de GaN sur le graphéne, 1'étude des ilots du graphéne, 1'étude des propriétés
thermiques du grapheéne, la croissance du silicéne sur le graphéne et d'autres projets.

Mots-clés: graphene, carbure de silicium, dépot chimique en phase vapeur, croissance directe,
hydrogene, nitrures d’éléments III, nitrure d’aluminium.
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Introduction

Nowadays, technology has become a foremost part of everyday life, owing to the major
breakthroughs in science during the last fifty years, starting with the development of the personal
computer in the 70s to the number of inventions surfacing every day such as flexible electronics,
3D printing, smart watches etc... The late-20™ century and the beginning of the 21° century were
the dawn of scientific strides where major companies and research teams devoted their efforts to
find the next E = mc? to change the way we live by making the daily life easier. Behind these
innovations rest brilliant minds and great skills in advanced computer programing and product
marketing, but it is without any doubt safe to say that it would not have been possible without a
simultaneous advancement in semiconductor technology, especially since the consumer today is
looking for technologies and devices that are faster, thinner, lighter and enduring. This is what
motivates material and semiconductor scientists to step up and concentrate their research on
improving and understanding the existing materials, and also on finding new and innovative
materials for the sake of fundamental research and also to meet the consumer’s needs. It is
indisputable that graphene falls in this last category of groundbreaking materials, brought to light
by two Russian scientists in 2004, Andre Geim and Konstantin Novoselov, at the University of
Manchester, where they were investigating the electrical properties of graphite flakes when they
decided to make it thinner with the simplest technique of using regular scotch tape. The discovery
of graphene was the birth of the 2D materials research and a new concept for device fabrication
by stacking different 2D materials on top of each other.

Graphene is a two-dimensional material and one of the carbon allotropes consisting of a
stable single atomic layer owing to strong in-plane bonding between atoms. It is a gapless
semiconductor presenting a linear energy dispersion near the Dirac points, making it the host of
charge carriers acting like massless relativistic particles. In addition, being a semiconductor,
graphene exhibits a pronounced field effect allowing the continuous tuning of its carrier density
and switching between electrons and holes as charge carriers under the influence of an external
electric field [3]. These exceptional qualities of graphene are behind its peculiar electronic
properties and its extremely high mobility, reaching 200 000 cm?*/V.s at 5 K, demonstrated on
suspended single-layer graphene [14] and allowing ballistic electron transport. The different
remarkable properties of graphene extend to excellent optical transparency, chemical stability and
noticeable thermal conductivity, which attracted a lot of interest for different fields such as
electronics, optoelectronics and photonics, even bioapplications [15].
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Of course, if graphene is considered for commercial uses, a large scale mass production is
crucial for such a task. It was then normal that the work of Novoselov and Geim in 2004 would
launch a gold rush for the production of graphene at a large scale. One of the most common
technique today is the graphitization of silicon carbide (SiC) substrates by silicon sublimation [4],
which was found to be promising and allowing the growth of graphene on the full SiC wafer, while
achieving a high mobility of 27 000 cm?*/V.s at 4 K [5]. C. Berger et al. [4,5] have proven that the
novel electrical properties of graphene can also be achieved for epitaxial graphene on an SiC
substrate, even though the mobility is reduced compared to suspended graphene. It was the work
of C. Berger et al. that shed the light on SiC graphitization, but graphene on SiC was known since
1975 [2], also achieved by annealing the SiC substrate and identified at that time to be a monolayer
of graphite. This technique is widely studied today, with interesting advantages, since there is no
need to detach the graphene from the SiC substrate as it can already be employed for applications,
e.g. for high-frequency transistors [6]. Other techniques emerged for the growth of graphene, such
as catalytic chemical vapor deposition (CVD) on metal [7-9] with an external carbon source,
which resulted, after intensive research, in large scale production [10]. These studies inspired new
procedures for growing graphene on SiC by direct growth from an external carbon source with
different approaches: in a molecular beam epitaxy (MBE) reactor [11] or CVD reactor [13] under
different environments such as ultra-high vacuum (UHV) [16] or argon atmosphere [12,13].

All these growth techniques present encouraging results but also limitations, and the
growth of graphene has yet to be optimized. The interest in graphene continues to grow and
improvements are still being conducted, especially since epitaxial graphene does not present the
same outstanding electrical properties as suspended graphene. Therefore, before considering
graphene for commercial uses, fundamental research is still necessary to enhance the epitaxial
graphene’s properties. This is where the work of this thesis fits in; in particular, for epitaxial
graphene on SiC.

The Direct growth of graphene on SiC from an external carbon source in a CVD reactor
has been the main focus of many research groups since 2010. Their efforts brought promising
results, but still until this day, few imperfections and unexplained behaviors still surface, such as
reduced mobility, defects in the graphene layer, non-uniform growth etc... Some studies
considered the growth under an argon atmosphere [12,13], but our research team has demonstrated
that the growth under a hydrogen atmosphere allows a better control of the graphene growth and
properties [17,18]. It gets even more interesting when combining both hydrogen and argon in a
CVD growth of graphene, which resulted in promising electronic properties and high carrier
mobility [19] with the ability to tune these properties by changing the growth parameters. It has
also allowed to establish a new state-of-the-art graphene-based quantum Hall resistance standards,
surpassing the GaAs counterparts in terms of cryomagnetic conditions [20,21]. In the light of these
results, it seems that the key to enhance the epitaxial graphene’s properties is to master the growth
and understand the role of the different growth parameters, especially since detailed studies of this
graphene growth method are still lacking.
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The work of this thesis aims to fill this gap by providing thorough discussions on the CVD
direct growth technique and on the properties of the graphene films grown by this method while
investigating the effects of the different growth parameters. We will consider topics that are rarely
mentioned in the literature such as the strain within the epitaxial graphene layer and the substrate’s
miscut angle and its influence on the graphene growth. To complete the study, we even conducted
thermodynamic calculations to address matters that are still not clear. Our intention is to shed the
light on this growth technique and the process of preparing state-of-the-art graphene on silicon
carbide.

Finally, this technique was not limited to SiC substrates, since it relies mainly on the growth
from the external carbon source. Therefore, it would be unfortunate if we do not invest in this
major advantage to extend the growth of graphene to other semiconductors. Hence, our second
contribution focuses on the growth of graphene on aluminum nitride (AIN) and related materials.
This opens new paths for innovative applications combining both graphene and nitrides into one
market, especially since both materials are hot topics today with a lot of prospective. In fact, one
can already find in the literature integrated graphene with nitrides as a transparent electrode [10,22]
or as a contact for GaN based devices [23]. However, in these studies graphene was first grown on
metal by CVD then transferred to the nitride surface. In our work, we will demonstrate the
possibility of directly growing graphene on the nitride substrate by adapting our growth process,
initially optimized on SiC. In addition, since we consider unprepared AIN substrates and AIN
templates, we conducted annealing studies to investigate the influence of high temperature
annealing on the morphology and structure of AIN as a preliminary study before the growth of
graphene.

The manuscript is divided into four chapters. Each chapter is preceded by a small
introductory paragraph to emphasize the major points that will be discusses. We present in the
following the structure of this manuscript and the headlines of each chapter.

Chapter 1 presents the attractive properties of graphene in a first part and its integration in
different applications and fields. Then we go through the different elaboration techniques of
graphene while highlighting their advantages and limitations. After that we narrow down our
discussion to focus on graphene on SiC and the growth dependence on the SiC polarity. Finally,
we present the different contributions of our research team to the graphene growth on SiC since
2010 until the start of this thesis.

Chapter 2 describes the CVD experimental setup and the growth technique we employed in the
frame of this work. Later on, we demonstrate how to properly characterize graphene on SiC with
different characterization techniques while describing briefly the physical premises underlying
each technique.

Chapter 3 covers different aspects of the growth of graphene on SiC, starting with
thermodynamic simulations to shed the light on the main contributors to the growth and to point
out major differences between our approach and the Si sublimation technique. Afterwards, the

21



Introduction

chapter goes through the different growth parameters and their influence on the growth of
graphene, such as the growth time, the growth temperature, the hydrogen amount in the gas mixture
and the substrate’s miscut angle. We then present a review on the origins of strain within graphene
grown on SiC, followed by a detailed study of the influence of few growth parameters on that
strain. Finally, we combine together the ideal growth parameters to prepare optimized graphene
on SiC on a large scale, relative to the size of our reactor.

Chapter 4 extends the growth of graphene from SiC to AIN and related materials. Different
substrates and templates were considered for this particular study: bulk AIN, AIN templates on
SiC and sapphire and AlGaN templates on sapphire. The chapter also gives details on annealing
studies carried out on the different substrates as a surface preparation method and as a graphene
pre-growth step. After that, the graphene direct growth by CVD on the different substrates is
investigated and the quality of the growth is evaluated on the basis AFM, LEED, XPS and Raman
spectroscopy measurements.

Finally, we summarize the results in a general conclusion while proposing future
perspectives beyond this work.
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Chapter 1

Fundamentals and techniques

This chapter will first present an overview on the peculiar properties of graphene and its
integration into many scientific fields. Then we propose a description of the different elaboration
techniques developed to obtain graphene. Our intention is to emphasize the major advancements
in graphene elaboration techniques and applications reported in the literature for the last decade.
Finally, we present the state of the art in the field of graphene on SiC.

1.1. Graphene: Fundamentals and applications

Graphene is a two dimensional allotrope and phase of carbon, consisting of carbon atoms
bound together in a honeycomb structure (Fig. 1.1(a)). It can be considered as the building block
of all graphitic forms: for example a graphene layer can be rolled up into one dimensional carbon
nanotube or stacked on top of other graphene layers to form three-dimensional graphite. The
elementary unit cell contains two atoms A and B, each corresponding to a different sublattice of
equivalent atoms, represented by the shaded shape in Fig. 1.1(a), and connected with in-plane
lattice vectors a and b.

(b)

o bond 7t bond

Figure 1.1: (a) Honeycomb lattice structure of graphene. (b) Schematic representation of the
in-plane o-bands and out-of-plane w-bands [27].
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The lattice parameter of graphene is considered to be 2.46 A, corresponding to a C-C bond
length of 1.42 A, based on diffraction measurements in graphite [24]. However, when discussing
certain aspects of graphene such as strain, one needs to establish more accurately its lattice
parameter, which is still subjected to debate since different values can be found in the literature. If
we consider the in-plane lattice parameter of graphite, we can find values ranging between 2.456
A [25], 2.4589 A [26] and 2.464 A [24], corresponding to a discrepancy of 0.32%. This
inconsistency could be originating from the different graphites considered for the different studies,
from natural disordered turbostratic graphite to synthetic highly-oriented pyrolytic graphite
(HOPG). This can be an important issue when predicting the strain value for epitaxial graphene
since this lack of accuracy on the lattice parameters may be comparable or larger than the strain
itself.

Each carbon atom of graphene shares three out of four valence electrons: one 2s-electron
and two 2p-electrons (px, py), forming three sp>-hybridized planar orbitals connected to the three
neighboring carbon atoms via strong in-plane c-bonds. These bonds are responsible for the
extreme mechanical strength of graphene films. The fourth valence electron is the out-of-plane
2p--electron which gives rise to the m-orbital, responsible for the electrical conductivity in graphene
and the interlayer coupling in graphite [27], see Fig. 1.1(b). P. Wallace was the first to calculate
the electronic band structure of graphene in 1947 [1]. We present in Fig. 1.2(a) an ab initio
calculation of a single isolated graphene sheet band structure, taken from reference [28]. The
valence band consists of three o-bands and one n-band. The valence band (7) and the conduction
band (n*) meet only at the specific K and K’ points of the graphene Brillouin zone, known as the
Dirac points. In Fig. 1.2(b) we show a 3D illustration of the band structure in the vicinity of the K
and K’ points revealing the Dirac cones, taken from reference [29]. As we can see, graphene is a
gapless material presenting a spectrum similar to the Dirac spectrum for massless fermions [30—
32]. This behavior is a consequence of the graphene crystal structure, consisting of two equivalent
sublattices. The electron hopping between sublattices interact with the periodic potential of the

graphene

(a) 5‘0;

0.0}

Energy [eV]

-20.0E

Figure 1.2: (a) ab initio calculation of the band structure of graphene [28]. (b) 3D illustration
of the band structure [29].
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graphene honeycomb lattice activating new quasi-particles described by the Dirac equation instead
of the usual Shrodinger equation [30,31]. The energy dispersion near the Dirac points is linear
E=hkvr, where vris the Fermi velocity and k is the 2D-wave vector relative to one of the K points.
This linear dispersion clearly shows that electrons will act as massless relativistic particles.

Over the years, graphene was found to present exceptional electronic properties, it is a
gapless semi-metal, but it also presents the ability to host an electric field effect and the possibility
of tuning its charge carrier density between electron and hole 2D gases, by controlling the Fermi
level [3-5,32], see Fig. 1.3(a) taken from [33] . Graphene also exhibits a robust quantum Hall
effect (QHE) even at room temperatures [34,35], see Fig. 1.3(b) taken from [35].

P (KOY)

p (k)

% 30 0 30 80

Figure 1.3: (a) Electric field effect in exfoliated single-layer graphene, indicating a change in
the position of the Fermi energy with the gate voltage [33]. (b) Resistivity and conductivity as
a function of gate voltage showing room temperature QHE in graphene [335].

So far we have discussed the band structure of a single-layer isolated graphene. However,
studies have shown that the band structure depends on the number of layers and on the stacking
sequence [28,36,37]. Each new layer adds another two m-bands to the existing band structure, due
to the splitting of the n-bands whenever a layer is added. In contrast, the 6-bands are not affected
[28]. In Fig. 1.4, we present band structure calculations for graphene layers between 1 and 4, for
two different sequences: either Bernal stacking (ABAB...) or rhombohedral (ABCABC...) [37].
Contrary to monolayer-graphene, bilayer-graphene presents parabolic bands [38,39]. In addition,
it was found, both theoretically [37-39] and experimentally [40—42], that applying an external bias
voltage across the two layers will induce an opening in the gap between the valence band and the
conduction band, thus making bilayer-graphene insulating see Fig. 1.4 (bottom panel), taken from
reference [37]. It is worth mentioning that few studies have reported that multilayers of graphene
with rotational stacking disorder will act as decoupled layers i.e. the linear dispersion relation
characteristic of monolayer-graphene is still maintained even for several layers [43,44].
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Figure 1.4: Upper plane displaying the band structure for unbiased one to four layers of
graphene with two stacking sequence: Bernal stacking (solid line) and rhombohedral (dashed
lines). Bottom plane showing the band structure of unbiased bilayers and biased with 200 meV
potential difference across the films [37].

Owing to its exceptional electrical properties, graphene can be attractive for a lot of
electronic and optoelectronic applications. Its unique properties also include an excellent
transmittance of ~98% of white light for a single graphene layer [45] and a low sheet resistance
down to 30 /o for multilayers stacked together [10], making it an interesting substitute for indium
tin oxide (ITO), and a great candidate for optoelectronics such as touch screens and organic light
emitting diodes (OLED) [10,46,47]. It is worth noting that the conventional ITO still presents
slightly better characteristics than graphene in some cases, but graphene surpasses ITO when it
comes to mechanical flexibility and chemical durability. In fact, we already find some studies that
have invested in these latter properties of graphene for flexible electronic devices [46,48]. In
addition for the electronics, graphene can be of great interest for photonic applications. Graphene
is capable of absorbing white light: absorption of 2.3% per layer, which means that the absorption
increases when adding more graphene layers [45]. The optical absorption is not only limited to
white light, it also ranges from ultraviolet to THz, unlike semiconductor photodetectors who are
limited in their spectral-width detection, but without exceeding 3% of absorption per graphene
layer [45,49-51]. It also surpasses other semiconductors in high-speed data communication, due
to its high carrier mobility enabling a fast extraction of photo-generated carriers, thus allowing a
photo-response up to 40 GHz and a high bandwidth reaching 640 GHz [52], which is comparable
to traditional photodetectors [53]. Due to this fast response and wide spectral range, the progress
in graphene did not stop here. It was extended to other photonic applications such as Mode-lock
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lasers [34,49], optical modulator [54,55], solar cells [56,57] etc... We show in Fig. 1.5 some of
the applications for graphene.

MilAu coated
GaN micro-rod LEDs {ﬂ

Figure 1.5: Graphene applications. (a) Graphene for touch screens [10]. (b) Schematic
representation of graphene in a photodetector [47]. (c¢) Wafer-scale graphene on SiC for field
effect transistors [6]. (d) Graphene FET with BN as the dielectric [58]. (e) Schematic illustration
of Graphene on Si waveguide as optical modulator [55]. (f) Graphene combined with GaN rods
for flexible LEDs [48].

Another remarkable use for graphene is the development of the universal resistance
standards based on the quantum Hall Effect. The precision of Hall Effect quantization for graphene
grown on the Si-terminated SiC substrates has by far outperformed the traditionally used GaAs
heterostructures [20,21,59] and is today employed by several metrology facilities. Graphene had
also been used for high-frequency transistors [6], presenting interesting features like a cut-off
frequency as high as 300 GHz [60], with the ability of increasing it to 1 THz at a channel length
of 100 nm [61]. Still, it has failed to surpass existing technologies based on III-V materials or
silicon high-frequency transistors. But instead of competing with an already established market, a
wiser approach would be to combine graphene with III-V materials in an attempt to enhance the
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device’s performance. Efforts have targeted the introduction of graphene to III-V materials, for
example gallium or aluminum nitride-based devices (GaN or AIN) [22,23] or boron nitride (BN)
[58,62,63]. Other studies considered opening a band gap in graphene, by patterning graphene
nanoribbons [64,65] or chemically modifying graphene [66,67]. Although, results seem promising,
they still need to be improved. Besides, graphene can always be used for thermal dissipation in
integrated circuits owing to its impressive thermal properties [68]. Finally, one can find other
applications for graphene in different domains, even in conductive paints and ink, depending on
the elaboration process.
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1.2. Graphene elaboration techniques

Now that we have shed the light on the basic properties of graphene, and its outstanding
performances in many major fields, it seems essential to discuss the different graphene elaboration
techniques since its quality and performance is strongly related to the production process. We will
consider in the next part main elaboration techniques allowing to obtain graphene with good
electronic properties, focusing also on their benefits and limitations.

1.2.1. Mechanical exfoliation and other related techniques

This method is considered a milestone in the history of elaborating graphene, as it is today
the most known technique owing to the work of K. Novoselov, A. Geim et al. [3] reported in
2004, which unraveled an innovative approach to prepare few-layer graphene (FLG). The method
is not only groundbreaking in its simplicity but also in unveiling the exceptional electrical
properties of graphene. They were able to demonstrate that an FLG film can host either an electron
gas or a hole gas by changing the gate voltage.

One of the procedures to prepare graphene films is described by Novoselov et al. [69]
starting with platelets of highly-oriented pyrolytic graphite (HOPG). To better visualize this
process, a schematic view is presented in Fig. 1.6. The HOPG is etched with Oz plasma to create
squared mesas of different sizes, 20 um to 2 mm wide and 5 um deep. It is then pressed against a
photoresist on a glass substrate, followed by a bake to well attach the mesas to the photoresist
layer. Subsequently, the mesas are cleaved-off from the rest of the HOPG sample. After that, using
scotch tape, flakes of graphite are repeatedly peeled-off from the mesas, to leave few thin flakes
trapped in the photoresist. The photoresist is then removed in acetone, releasing the graphite flakes
in the solution. Silicon (Si) wafers covered with 300 nm of SiO: are then dipped in the solution,
then washed in water and propanol. By simply dipping the Si wafers in the solution, the thin
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Figure 1.6: Schematic representation of the graphene mechanical exfoliation process.
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graphite flakes get attached to the wafer’s surface, first due to capillary forces then to Van der
Waals forces after drying-out the sample.

To detect the graphitic films, an optical microscope can be used, even if they are transparent
to visible light, it is possible to detect them on a SiO:2 substrate because of color interferences. A
300 nm SiO2 wafer appears violet-blue (depending on the microscope), but when adding graphite
films, it will shift to blue (see Fig. 1.7(a) taken form reference [69]). However, the interference
shift is no longer noticeable for films thinner than 1.5 nm. In this case, scanning electron
microscopy (SEM) is very useful to evaluate single and few layers of graphene. As we can see in
Fig. 1.7(b), a single layer gives a different contrast than for thicker films. Therefore, Noveselov et
al. [3] were able to separate single-layer graphene from few-layer graphene using SEM and atomic
force microscopy (AFM). However, they were unable to evaluate exactly the number of graphene
layers for the prepared devices since the AFM tip can damage the films. Nevertheless, other
techniques can be used today to evaluate the number of layers such as Raman spectroscopy.

" Optical image

-

Single-layer
graphene

Figure 1.7: (a) Optical image of the graphene films on the SiO: substrate. (b) Left image: SEM
view of a single-layer graphene among thicker layers. Right image: the corresponding optical
image [69].

The mechanical exfoliation technique seems very attractive, allowing the production of
suspended graphene, unspoiled by the elaboration process. But for obvious reasons, this technique
cannot be employed for industrial purposes and it remains for research only, allowing the access
to the fundamental properties of graphene and other 2D materials in a simple way. Unless research
finds a new technique to exfoliate graphene, the sample size remains around few mm. Despite this
drawback, this technique has revealed the amazing 2D electron (or hole) gas behavior within a
graphene sheet [3,4], with the ability to tune this behavior similar to field-effect transistors, which
was an unprecedented demonstration in atomically-thin 2D materials. This simple technique is still
widely used today, and even extended to other 2D materials to explore new territories and new
innovative devices, such as boron nitride (BN), molybdenum sulfide (MoS:), tungsten diselenide
(WSez2), tungsten sulfide (WS2), etc...[70]. Many studies suggested original devices based on 2D
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materials mechanically exfoliated and assembled together [70,71]. We show an example in Fig.
1.8 of a light emitting diode heterostructure consisting of mechanically exfoliated BN, graphene
and WSa, taken from reference [71]. Encapsulating graphene can be very appealing, for example
encapsulated graphene with BN layers revealed substantial carrier mobility (all layers created by
the exfoliation technique), where Hall bars of few tens of nanometers in width and few microns in
length were prepared, giving rise to carrier mobility exceeding 1x10° cm?/V.s at 300 K for both
electron- and hole-doping [62].

(b) hBN

hBN

Figure 1.8: (a) Schematic illustration of the BN/Gr/WS2/Gr/BN heterostructure. (b) Cross-
sectional bright-field Scanning-TEM image of this type of structure. Grrand Grs refer to the
top and bottom graphene layer respectively [71].

Two related methods have been developed: liquid-phase chemical exfoliation [72,73] and
graphite oxide exfoliation [74,75]. We will discuss briefly these two techniques, starting with the
first one. Powder graphite is poured into solvents such as N-methylpyrrolidone (NMP), known to
have Van der Waals interactions with graphite. The solution is placed in an ultrasonic bath and
centrifuged for 90 minutes. This process separates the graphite platelets into few- and mono-layer
graphene flakes. For characterization, the graphene flakes can be deposited onto other substrates
by spray-coating or by dropping small quantities with a pipette. After deposition, sample drying
can be carried out in vacuum or in gas atmosphere at room temperature or at 400°C for 4 hours to
remove any traces of solvents. Combined investigations with Raman spectroscopy, X-ray
photoemission spectroscopy (XPS) and transmission electron microscopy (TEM) reveal the
presence of multilayers and monolayers [73]. Traces of residual solvent can be identified, but the
overall structural quality of graphene is good.

The second exfoliation technique starts by oxidizing graphite with oxidizing agents such
as sulfuric acid, nitric acid and potassium chlorate for more than 90 hours. This step will introduce
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oxygen into the graphite structure, creating bonds such as C-O-C, C-OH and -COOH which will
increase the separation between the graphite layers [74,75]. After that, the oxidized graphite is
placed in an aqueous solution and exposed to ultrasounds in order to separate the oxidized
graphene layers. The solution can be processed by centrifugation and deposited on any substrate,
then treated chemically or thermally to remove the oxygen. Another approach can be used to
exfoliate and remove the oxygen simultaneously by rapidly heating the graphite oxide [75]. The
heating process will separate the graphite into individual graphene sheets by releasing CO: gas.
The flakes can be then dispersed in NMP for characterization. These two techniques can be very
appealing for certain applications, allowing the production of important quantities of graphene in
solutions. However, the size and number of graphene layers does not seem well controlled, in
addition to contamination or unintentional doping from the solvents used. These setbacks limit the
application of this technique but still it can be very attractive for emerging markets e.g. for
graphene ink or paint, or also for conductive coatings and layers [15].

In summary, in 2004 Novoselov and Geim reported an innovative technique to prepare few
layers of graphene starting with graphite. The procedure starts first with a preparation of the
graphite substrate with Oz plasma etching, then with simple scotch tape one can peel-off many
layers, leaving behind few graphene layers embedded in a polymer. The graphene layers can then
be transferred to a Si02/Si wafer followed by investigations with optical microscopy, SEM and
AFM to determine the number of layers. Transistors made with the as-grown graphene revealed
its exceptional electrical properties of ballistic transport and the possibility of tuning the charge
carrier concentration with an external gate voltage. Although this approach is very innovative,
allowing to produce suspended pristine graphene, it is limited to research due to the small sample
size. However, it has inspired new devices based on 2D-material heterostructures. It also led to
related techniques such as liquid phase exfoliation and graphite oxide exfoliation, which support
a different but interesting market: graphene ink and conductive coatings.

1.2.2. Graphene growth by Si sublimation from SiC

Among the known techniques to obtain graphene, the SiC thermal decomposition
technique is also very common today. It relies on the fact that silicon atoms are more volatile than
carbon atoms. By heating the substrate under proper conditions, it will release silicon atoms,
leaving behind carbon atoms, which will form the graphene layer. The work of Berger et al. [4] in
2004 can also be considered today a landmark in graphene history, even though the graphitization
of SiC by Si sublimation was already known since the 1970s.

Early studies [2,76,77], between 1975 and 2002, have shown that annealing an SiC
substrate for 10 to 20 minutes under ultra-high vacuum (UHV) conditions results in the formation
of graphite layers. The evaporation of silicon even starts at 800°C [2]. Thorough investigations
were reported by the same team between 1998 and 2002 [76-78], on the basis of low-energy
electron diffraction (LEED), concerning the SiC surface reconstructions as a function of the
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sublimation temperature. It was found that the Si-face of hexagonal SiC (also named SiC (0001))
[76] undergoes two reconstructions between 1050 and 1250°C under UHV: (V3xV3)-R30° and
(6N3x6V3)-R30°, which is a C-rich phase. Increasing the temperature to 1400°C activates the
formation of graphite. In contrast, the growth mechanism is not the same on the C-face or SiC
(000-1) [78], where no signs of the (V3x13)-R30° surface reconstruction appear, but instead a
(2x2) reconstruction takes place and the graphite signature is detected at 1100°C. The formation
of graphite is confirmed with angle-resolved inverse photoemission spectroscopy (KRIPES). In
addition, as identified by LEED and photoemission spectroscopy (KRIPES and Auger
spectroscopy) [2,76], the number of graphite layers can be controlled with the temperature. Also,
the graphite layer was found to be monocrystalline on the Si-face and polycrystalline on the C-
face associated with diffraction rings observed in LEED patterns. These studies were later
completed with scanning tunneling microscopy (STM) and grazing-incidence X-ray diffraction
(GIXRD) investigations of the first stages of the graphite formation [77].

Although these achievements seem complete and original, they lack information
concerning the electrical properties of the graphite layers, which would have emphasized their
work at that time. It was not before 2004, when C. Berger et al. [4] adopted this technique of Si
sublimation to prepare thin graphite films on 6H-SiC (0001), and detected the 2D electron gas
behavior by processing a field-effect transistor with the grown graphite layers. This behavior was
confirmed the same year by Novoselov et al. [3]. After that, these breakthroughs initiated many
studies concentrated on the growth of graphene on SiC by Si sublimation, either on the Si-face
[79,80] or the C-face of SiC [5,81,82]. We present topographic images of graphene on the Si-face
and the C-face of SiC in Fig. 1.9(a) and Fig. 1.9(b, c) respectively, taken from references
[79,81,82]. The growth on the C-face seems associated with wrinkles up to 10 nm-high and 40
nm-wide [81,82], depending on the growth temperature.

20.2 nm

0.0 nm

Figure 1.9: STM topographic images of graphene on SiC. (a) 370%350 nm*-area of graphene
on 4H-SiC (0001) [79]. (b) 150x150 nm?-region of graphene on 6H-SiC (000-1) presenting
wrinkles 0.5 to 2 nm-high (sample grown at 1150°C) [81]. (¢c) 5x5um?-region of graphene on
4H-SiC (000-1) showing wrinkles 5 to 10 nm high (sample grown at 1500°C) [82].
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So far we discussed results of graphene growth on SiC by Si sublimation under UHV.
Other studies suggested that graphene growth by Si sublimation produces better quality graphene
under an argon atmosphere, instead of UHV [80]. In this case, the growth needs to be done under
higher temperatures (1650°C) compared to UHV temperature (1280°C) for the same growth time.
In Fig. 1.10, we present AFM images comparing the two different growths, and Raman
spectroscopy evaluating the quality of each graphene layer [80]. The difference in contrast in Fig.
1.10(a) is due to a local non-uniformity in the layer thickness. Raman spectroscopy in Fig. 1.10(c)
reveals an important D peak for the sample grown under UHV. The D peak is a defect-induced
peak, attesting for the lower graphene quality of the UHV-grown sample.
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Figure 1.10: AFM images of graphene grown for 15 min under (a) UHV at 1280°C and (b)
900 mbars of argon at 1650°C. (c) Raman spectra of argon-grown graphene (red curve) and
UHV-grown graphene (blue curve) [80)].

The Si sublimation approach not only provides a full wafer graphene growth with
promising electrical properties, it also precludes the need for transferring the graphene layer, since
SiC is a semiconductor and already integrated in many electronic applications, mainly high-power
electronics and as a substrate for GaN-based high frequency electronics. First studies by Berger et
al. in 2004 [4] succeeded on gating multi-layer graphene, even though the resistance modulation
was poor (2%). The graphene layers were found to be n-doped with a carrier mobility of 1100
cm?/V.s, as measured at 4 K. Further studies by the same team, have shown that nano-patterned
structures of graphene exhibit charge carrier confinement [5]. They employed e-beam lithography
to create Hall bars on single-layer graphene ribbons, 500 nm wide and 6pum long, previously grown
on the C-face of a 4H-SiC substrate. The nanostructure leads to the confinement of the charge
carriers, resulting in a mobility of 27 000 cm?*/V.s at 4 K. Despite these few advantages, some
downsides appear as well, the carrier mobility for graphene grown on SiC (0001) by this technique
seems not so important, around 900 cm?/V.s at 300 K [80]. This drawback has led to concentrated
efforts on finding ways to enhance the mobility, such as a post-growth annealing under Hz [83,84]
or creating patterned nanoribbons out of the grown graphene layer on SiC (0001) [85], which adds
an extra step to the whole graphene production process. The post-growth annealing under H> aims
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to introduce hydrogen at the interface between graphene and the substrate to achieve “quasi free-
standing” graphene [84,86]. We will describe in details this process in part 1.3.1. This approach
has been proven to be reliable, since it has led to the achievement of a carrier mobility reaching 11
000 cm?/V.s at 0.3 K for graphene grown on the Si-face of SiC by Si sublimation [84].

Another disadvantage rises from the fact that graphene grows from the substrate itself,
which makes this method limited to SiC substrates, and to our knowledge only few studies have
been developed to detach graphene from the SiC substrate [87,88]. In addition, it was found
difficult to achieve a single layer of graphene on both the Si-face and the C-face. For SiC (0001)
multilayers seem to appear at step edges as we can see in the low-energy electron microscopy
(LEEM) image in Fig. 1.11(a), taken from reference [80]. The difference in contrast we see attests
for the deposition of extra layers at step edges. Concerning the growth on SiC (000-1) it was found
that it is challenging to achieve less than 3 to 4 monolayers (MLs) [89,90].

Figure 1.11: (a) LEEM image of graphene grown under argon at 1650°C, the darkest regions
correspond to bilayers and trilayers of graphene. (b) Corresponding AFM image [80].

To conclude, the Si sublimation technique goes back to the 1970s, when SiC annealing led
to the formation of graphite layers, detected on the basis of LEED and photoemission
spectroscopy. Studies made just before 2004 have investigated in details the growth stages of
graphite by looking at the SiC surface reconstructions. This elaboration technique was later
adopted to demonstrate the 2D electron behavior in graphene grown on SiC, the same year of the
discovery of Novoselov and Geim. After that, research concentrated on developing and enhancing
this technique, by considering other approaches such as Si sublimation under atmospheric pressure
of argon instead of UHV, which seemed better but required higher annealing temperatures. This
technique seems promising allowing full scale growth, yet few drawbacks appear such as the
limitation to SiC substrates, low carrier mobility compared to the exfoliation technique and
difficulty to grow a single graphene layer.
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1.2.3. Graphene elaboration on metal

Graphene elaboration on metal is today a large scientific community. Also started to
surface around the year 2004, after which advancements happened very quickly, where major
developments came to light in 2007 and 2008. By 2010, graphene elaboration on metal took a
major leap towards large-surface graphene samples where 30-inch graphene roll was produced,
after being initially grown on metal by CVD [10]. Despite this fast advancement in this area, the
idea behind graphite/graphene formation on metal goes way back before the mechanical
exfoliation to the 1970s. However, back then the main objective was not to grow or form graphite
on metal, but rather study the impurity segregation (in this case carbon impurity) from the metallic
substrate to the surface, upon annealing. Their main concern was the contamination of the surface
when annealing at sufficiently high temperatures due to the diffusion of impurities from the
substrate itself. Yet, we cannot pass by these discoveries without giving them credit, especially
since this segregation technique was later adopted to grow graphene on metal.

Among these first studies, we will discuss briefly some segregation studies published in
1970 [91] and 1974 [92] on nickel Ni (100) and Ni (111) respectively. The experiments were
carried out under UHV in standard LEED chambers equipped with heating filaments at the back
of the sample holder. After annealing, Auger spectroscopy was used to detect impurities, and
LEED to examine any structural changes at the surface. In the case of the Ni (111) [92], Auger
peak analysis and LEED observations led to the following conclusion: an annealing up to 907°C,
will lead to what is believed to be a “single layer of graphite”. But this process is reversible, after
an annealing above 907°C, the carbon will be dissolved back into the nickel substrate. For
information, the Auger observations were taken at the annealing temperature and at room
temperature, followed by LEED measurements at room temperature. LEED observations reveal
ring-like patterns, which are attributed to a graphitic phase. Another interesting work of graphite
formation on platinum (Pt) was reported in 1975 [93]. In this case, carbon was deliberately
deposited on the Pt surface, in an attempt to study the carbon/metal interface. The growth chamber
is again a LEED chamber maintained under UHV. The samples are heated between 300 and 8§10°C
under 5 to 600 Langmuir (L) of ethylene and a total pressure of 10 mbar. They are monitored
with LEED during the growth. Graphitic rings are detected and the deposition is estimated to be
around 0.6 nm. This study is later completed with STM investigations in 1992 [94], which
uncovered the morphology of the deposited graphite, and correlates to previous findings by
presenting the honeycomb lattice of graphite. In this study, the growth chamber is saturated with
5 L of ethylene at room temperature, which subsequently decomposes when heating up to 500°C.
This approach led to the appearance of graphitic islands at 627°C, and more continuous films at
797 and 957°C, see Fig. 1.12, taken from reference [94]. At 627°C, islands appear on the step
terraces, with diameters between 2 and 3 nm. Increasing the annealing temperature, leads to the
accumulation of graphite, leaving some large islands at the terraces, but also complete layers at
step edges. Finally, STM observations have allowed them to conclude that a “single layer of
graphite” has formed.
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Figure 1.12: 100x100 nm? STM images of graphite on Pt steps at different annealing
temperatures, taken at room temperature. From left to right, annealing temperatures: 627, 797
and 957°C respectively [94].

It seems only fair to consider these studies as the foundation to future growth of graphene
on metal. Yet, the influence of their contributions was not emphasized before the breakthrough of
Novoselov and Geim in 2004 [3]. After this date, research began to target a more controlled
deposition of uniform graphene films on metallic substrates, not to mention the transfer from
metallic surface to an insulating surface for applications.

We will not mention all the studies done, the procedure is more or less the same, consisting
in exposing the metal to a hydrocarbon under UHV with temperatures around 1000°C. Around and
after 2004, studies were extended to different metallic surfaces in attempts to enhance the graphene
quality, for example on iridium Ir (111) [95], platinum Pt (111) [96] and ruthenium Ru(0001) [97].
This latter study on Ru (0001) done in 2007 [97] is particularly interesting, since it relies only on
the segregation of carbon from the substrate itself, without any external carbon source. The
annealing is done under UHV at temperatures ranging from 730 to 1500°C, from 90 to 120
seconds. In Fig. 1.13, we display STM images of the as-grown graphene for two different
annealing temperatures [97]. Fig. 1.13(a) exhibits incomplete graphene layer, but Fig. 1.13(b)
presents a continuous graphene layer across the steps. What is more interesting is that in this case,
LEED patterns presented well-ordered graphene spots, instead of the usual graphitic rings. Other
promising results appeared on Ir (111) [98] in 2008, but this time in a low-pressure CVD reactor,
which is a more user-friendly technique different from the UHV systems used before 2004. The
substrate was exposed to ethylene at different temperatures ranging from 850 to 1050°C, which
was the best temperature for the growth where a continuous graphene layer was deposited, as we
can see in Fig. 1.13(c), taken from reference [98].
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(a) Graphene/Ru(0001) (¢ Graphene/ir(111)

Figure 1.13: STM images recorded after annealing at different temperatures. (a) 100100 nm’
STM view of the annealed ruthenium at 730°C for 120 s. (b) 50%x50 nm2 view of the annealed
ruthenium at 1200°C for 90 s [97]. (¢) 125%250 nm? image of the grown graphene on iridium
at 1050°C [98].

So far the growth of graphene on metal seems promising, yet of little interest in the
electronic industry. However, progress spread quickly and different studies emerged proposing
innovative methods to detach the graphene from the metal substrate [8—10,46]. They rely mainly
on the segregation technique, by exposing polycrystalline nickel or copper substrates to a
hydrocarbon (CH4). The process is carried out in CVD reactors, under atmospheric pressures of
argon and H> and at high temperature (usually around 1000°C), sufficient to instigate the carbon
diffusion into the metallic substrate. This step is then followed by a medium-rate cooling (~10°C/s)
leading to the formation of a thin graphene layer at the metallic surface. It is crucial to control the
cooling rate, in order to control the graphene thickness and quality [9]. The growth process is
summarized in Fig. 1.14.

Ethylene or other hydrocarbons

o e
o (1] o 1000°C; 20 min 25°C
S Y L L L L XL LT
..o :. : ..0 ., 10°C/s
Metal (Nickel, copper etc...) = 7 ... 0o .. & ® . e ® L] =

® Carbon atoms

Figure 1.14: Growth procedure of graphene on metal.

After the graphene formation, a PMMA layer is spin-coated on the graphene/metal
structure, or in some other cases polymerized siloxanes are used, followed by a chemical etching
of the metallic substrate (FeCls, HNO3 or other acids). The PMMA/graphene can then be deposited
on any substrate suitable for applications and then the PMMA is removed by proper means. We
present this procedure in Fig. 1.15.
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Figure 1.15: Transfer process of the grown graphene on metal to another substrate.

Now that we have described this technique we will discuss its advantages and limitations.
The main advantage of this technique is the ability to transfer the graphene layers to any arbitrary
substrate with different sizes, since the size of the graphene sample is limited by the size of the
growth chamber. Some studies considered iridium as a host for the graphene deposition, however
other studies proved that it can be possible to use polycrystalline nickel or copper, which is a lot
cheaper, and can be prepared by simple physical vapor deposition. Bae et al. [10] considered
copper for their study and demonstrated the possibility to produce large area graphene films with
widths up to 30 inches. Both Bae et al. [10] and Kim et al. [46] reported impressive results of sheet
resistance and charge carrier mobility of graphene films, initially grown on copper [10] and nickel
[46], then transferred to SiO2/Si substrates or Polyethylene terephthalate (PET) substrates. Their
main objective was to create graphene electrodes consisting of multilayers stacked together. The
lowest sheet resistance for assembled films of graphene, initially grown on copper (resp. nickel)
was found to be around 30 Q/o (resp. 280 /o). Charge mobility recorded on a single layer of
graphene at 295 K is around 5100 cm?/V.s for graphene films grown on copper, and 3700 cm?/V.s
for graphene films grown on nickel. Further investigations revealed that the sheet resistance
decreases for an increasing number of graphene films, but in this case the optical transmittance is
reduced. A fair compromise between the transmittance and sheet resistance has to be done,
depending on the application. This technique is widely used today and is being developed to
produce graphene as a substitute for ITO [10]. Even though multilayer graphene is required to
achieve low sheet resistance compared to ITO, the transmittance of the visible spectrum is thought
to be better in graphene than in ITO [10,22]. In addition, graphene can withstand a lot more strain
than ITO [10]. The carrier mobility in the as-grown graphene is variable across the literature,
studies report a carrier mobility between 3000 and 5000 cm?/V.s at 300 K [10,46,99].

A recent study [100], considered a new approach to detach the graphene from the metal.
Graphene flakes with width up to 500 um were grown by CVD on copper, then instead of covering
graphene directly with a polymer, exfoliated h-BN was brought into mechanical contact with the
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graphene flake. The heterostructure polymer/h-BN/graphene was then peeled-off from the metal,
due to the strong BN-graphene interactions. After that, the structure was transferred on SiO2/Si
substrate. The carrier mobility measured for the encapsulated graphene reaches 1x10° cm?/V.s at
300 K for both holes and electrons. Although this approach seems innovative, it is still limited to
the size of the exfoliated BN flake.

Despite these promising achievements, few drawbacks can arise. The process can be more
or less expensive depending on the metal used, especially since the metal needs to be sacrificed
each time. The quality and the number of layers seem very dependent on the roughness and initial
state of the metallic substrate as some studies have mentioned [8,9]. The initial substrate is a
polycrystalline metal, for example Reina et al. [8] used polycrystalline nickel deposited on Si02/Si
substrates. The substrate is annealed before the CVD growth of graphene, revealing grain sizes
ranging between 1 and 20 pm. Consequently, as it has been reported, 1 to 2 graphene layers are
detected on the nickel grain, but more graphene layers are found at the grain boundaries.
Fig. 1.16(a) presents an optical image of graphene reported to a SiO2/Si substrate, taken from
reference [8]. The color fluctuations emanate from the variation in the number of graphene layers
due to light interferences on the SiO2 layer. Overall, between 1 and 12 layers are detected by
correlating this optical image with AFM and TEM. Same for the study presented by Kim et al.
[46] different graphene layers were detected (see Fig. 1.16(b)). The uniformity of the graphene
layers can be more or less controlled by changing few growth parameters, such as the growth time
and the nickel thickness, but it is not completely optimized. As previously mentioned, the optical
transmittance and sheet resistance depend immensely on the number of graphene layers. Non-
uniformity of this parameter will lead to other non-uniformities in any prepared device. Bae et al.
[10] also mentioned this issue, but in their case, copper films were heated enough to increase the
grain sizes up to 100 um, resolving to some extent the problem, but still some non-uniformities
can be detected as we can see in the TEM and AFM images in Fig. 16(c, d), taken from reference
[10]. We can also see some cracks and ripples in the AFM image. But this is not the end, as some
studies failed to mention, early studies identified with LEED the polycrystalline nature of graphene
grown on metal [91,95,96]. The polycrystalline nature and the un-controlled uniformity can be
major drawbacks for this technique.

To summarize, graphene growth on metal is also as old as the Si sublimation technique,
but first objectives were concerning the impurity segregation upon metal annealing under UHV.
These first studies are very important since they later inspired the growth of graphene on metal in
UHYV but also in CVD systems. Different metallic substrates were considered, such as expensive
iridium or cheap polycrystalline nickel. After 2004, efforts concentrated and succeeded on finding
ways to detach the graphene layer from the metallic substrate, by sacrificing the metal. Many
achievements were reported in this area, such as large scale graphene production, high carrier
mobility and low sheet resistance. In contrast, few points need to be improved, such as the
crystallinity of the graphene layer and the non-uniform thickness, depending on the metallic
substrate.
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Figure 1.16: (a) Optical image of graphene transferred on SiO2/Si substrate. Arrows indicate
large grains, where the number of graphene layers is assumed to be 1 and 2 [8]. (b) Cross-
section TEM image showing the variety of the number of layers [46]. (c) and (d) AFM and
cross-section TEM images presenting different layers of graphene, in addition to ripples and
cracks on the AFM image [10)].

1.2.4. Growth of graphene on SiC from an external carbon source in UHV or
in argon atmosphere

Initially, SiC was employed for the growth of graphene by Si sublimation, a technique
known before 2004. While some studies tried to improve the Si sublimation method, especially
after 2004, others proposed a new approach to grow graphene on SiC. Instead of considering the
SiC substrate as the source of carbon, one can rely on an external carbon source to grow graphene,
a method we name direct growth. These studies started to appear around 2009, claiming that this
approach would help in reducing the growth temperature under UHV [11,16] compared to the Si
sublimation technique. The growth can be carried out by MBE i.e. under UHV conditions, while
the source of carbon can be the thermal decomposition of graphite filaments. The growth
temperature can be reduced to 950°C, but the growth time is around 30 minutes [16]. For a slightly
higher temperature (1050°C) the growth can be achieved within 3 to 4 minutes [11]. We present
in Fig. 1.17(a) an AFM image of graphene grown on SiC (0001) by MBE taken from reference

[11].
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Figure 1.17: (a) AFM image of graphene grown on 6H-SiC(0001) at 1050°C under UHV for
3 min [11]. (b) and (c) graphene grown at 1300°C for 30 min under argon atmosphere of (b)
100 mbars and (c) 700 mbars [101].

Other approaches can be considered such as the growth by CVD, which relies on higher
growth pressures of argon, with propane (C3Hs) as the carbon source [12,13,101]. The direct
growth under argon was first suggested in 2010 by Hwang et al. [12], who succeeded on growing
graphene on sapphire and on SiC (000-1) at 800 mbars and temperatures between 1350 and
1650°C. For temperatures around 1350 and 1450°C, the process requires a longer growth time (5-
15 minutes). For a temperature as low as 1300°C, a 45-minute growth is required to achieve a
continuous graphene layer [101]. We can notice one of the advantages of this technique compared
to the Si sublimation process i.e. the lower growth temperature which is around 1350°C for CVD
instead of 1650°C for 15 minutes of annealing under 1 bar of argon [80]. Other growth parameters
need to be well controlled for good quality graphene. A CVD growth of graphene on SiC under
argon demonstrated that the quality of the graphene presents a strong dependence on the growth
pressure, with higher pressures promoting smoother surfaces and smaller sheet resistances [101].
We show in Fig. 1.17(b) and (c), the morphology dependence on the growth pressure [101]. At
100 mbars (Fig. 1.17(b)) clusters appear on the surface, but the morphology becomes smoother
and more uniform at 700 mbars (Fig. 1.17(c)). Further investigations done by Strupinski et al. [13]
revealed that the Si sublimation can be inhibited even under pressures as low as 20 mbars and
temperatures as high as 1600°C in a CVD system. This is achieved by controlling the partial
pressure of argon in a way to control the thickness of the boundary layer of the gas phase in the
vicinity of the surface. For example with the right growth conditions, one can have an argon
boundary layer thick enough to stop the silicon atoms from evaporating to the gas phase, but thin
enough to allow the diffusion of propane to the substrate. This way the graphene layer is grown
from the external carbon source and not from the substrate.

In summary, we have shown the wide range of growth parameters employed to obtain
epitaxial graphene on SiC with an external carbon source. Such direct growth can be achieved
under UHV systems such as MBE reactors or under argon in CVD reactors, at temperatures as low
as 1300°C. However, some growth parameters are improved at the expense of other parameters.
For example, reducing the growth temperature, or increasing the total pressure requires a longer
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growth process reaching 45 minutes. It was also reported that a higher growth pressure is better
for the graphene quality in terms of morphology and electrical properties. This technique was also
proven capable on achieving wafer-scale deposition [102] similar to the Si sublimation technique.
But unlike the Si sublimation method, direct growth is not limited to the SiC substrate, since it was
extended to sapphire and aluminum nitride (AIN) as we will see in the following paragraphs. In
addition electrical measurements revealed carrier mobility as high as 1800 cm?/V.s at 300 K [13].

1.2.5. Discussion and conclusion

We have discussed previously the most common techniques used today to elaborate
graphene. One can find other techniques in the literature, which are less known or less effective.
In this paragraph we will discuss the interest of each technique despite its limitations, as presented
in table 1.1 at the end of this part. We also summarize in table 1.2 the typical graphene elaboration
parameters or growth conditions for the different techniques that we presented so far.

Although the mechanical exfoliation technique has been a landmark in the history of
graphene, it is limited to research due to the small sample size, even though we cannot disregard
what this approach brought to the science community. It unveiled the exceptional properties of
graphene and allowed the detection of ballistic transport in graphene layers by achieving a carrier
mobility of 100 000 cm?/V.s at 300 K [62]. This carrier mobility was recorded for encapsulated
graphene in BN layers, also achieved by exfoliation. This method has inspired new assemblies of
2D materials and a new vision for electronic devices, based on 2D-material heterostructures. We
also believe that this technique was the spark which unleashed advancements in other areas such
as graphene growth by Si sublimation and graphene growth on metal.

Many achievements were reported for graphene on metal, which relies mainly on CVD
systems. Polycrystalline nickel or copper were found to be the best hosts for graphene deposition,
since they can be easily prepared and etched in order to release the graphene layer. Studies have
developed exhaustive procedures for the production of graphene layers starting with the deposition
step and achieving the preparation of 30-inch rolls of graphene [10]. With this process, many layers
can be stacked together on any arbitrary substrate for any application. Even electronic devices
were demonstrated based on the as-grown graphene with carrier mobility ranging between 3000
and 5000 cm?/V.s at 300 K [10,46]. Despite these promising results, some parameters need to be
improved, such as the quality of the graphene consisting of ripples, cracks, non-uniform thickness
and even polycrystalline deposition in some cases.

Concerning the Si sublimation method, it was also a milestone in graphene history, since
it contributed to the knowledge of the graphene electronic behavior, even if it is not suspended but
on SiC. In fact, a study was published in the same year as the work of Novoselov in 2004 [3],
attesting for a 2D electron gas behavior in graphene grown on SiC by Si sublimation [4]. This
technique allows a wafer-scale deposition on SiC, which is a material already integrated in power
electronics with rather large wafers (4” and soon 6”). It has also revealed ballistic transport in
nano-patterned graphene, on the Si-face and on the C-face [5,85]. On the other hand, the

43



Chapter 1: Fundamentals and techniques

sublimation method is still limited to SiC and the carrier mobility in a continuous graphene layer
on the Si-face is not so important (around 900 cm?/V.s at 300 K [80]). A post-growth annealing
under Ha is needed to enhance the mobility (11 000 cm?/V.s at 0.3 K) [84].

This technique is overall very promising but whether it is better than the direct growth from
an external carbon source or not is still questionable. Strupinski et al. [13] have demonstrated that
graphene prepared by Si-sublimation is under more compressive strain than graphene prepared by
CVD on SiC. The reason they proposed is the different growth mechanism in the two cases: for
the Si sublimation the growth starts in an arbitrary way at step edges and at defects such as
dislocations, but for CVD graphene, the nucleation seems correlated with the atomic steps of SiC,
allowing “step-flow” epitaxy. They also claim that the number of layers can be better controlled
with direct growth CVD. They also reported higher carrier mobility on SiC (0001) reaching 1800
cm?/V.s at 300 K, reflecting the better quality of CVD graphene. Regardless of these observations,
the direct growth techniques still holds few advantages compared to the Si sublimation, such as
the lower growth temperature around 1300°C [12,101] instead of 1650°C [80] at atmospheric
argon pressures. In addition, since it depends mainly on the external carbon source, it was extended
to other substrates. For example sapphire [12], AIN/Si(111) templates [103], bulk AIN and
AIN/SiC templates [104], creating new opportunities and new markets for graphene in
optoelectronics. Finally, it has also inspired a new approach for CVD which is CVD under Hz,
leading to enhanced carrier mobility ranging between 1200 and 4400 cm?/V.s at 300 K [13,19].
This new approach will be the main subject of part 1.4.

We present in table 1.1 the highest values of carrier mobility we found in the literature for
each graphene elaboration technique. We also present the main drawbacks but not all of them.
Note that the sample size for the CVD methods depends on the reactors size. One can notice that
the different elaboration techniques demonstrated promising results, but also some disadvantages.
Our intention is not to derogate the growth techniques, but simply to point out their characteristics
and limitations.
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Table 1. 1: Graphene elaborations techniques and there characteristics

Charge Carrier mobility
Method Sample size Drawbacks Applications
(cm?/V.s)
Exfoliation ~1 mm ~1x10°at 300 K Limited in size Research
Pol talli All ki f
CVD (metal)  ~1000mm  Mostly 5x10%at 300 K o> crysanmne inds o
and non-uniform electronics
Si ~2.7x10*at 4 K (C-face)
o Wafer-scale  and 1.1x10*at 0.3 K (Si- High High-
sublimation
face) temperature, frequency and
non-uniform power
CVD (SiC)  Wafer-scale ~5x10%at 300 K thickness electronics
Table 1. 2: General graphene elaboration parameters for the different techniques.
Process Special
Method Temperature Atmosphere duration/Growth p
) requirements
time
R 1
Exfoliation oot Room atmosphere >60 min Clean room
temperature procedures
HV or at heri 1 ;
CVD (metal) 1000°C UHV or atmospheric 20 min Clean room;
pressure of argon + Hz metal solvents
Si ~1200°C or UHYV or atmospheric ~15 min High-temperature
sublimation 1750°C pressure of argon systems
CVD (SiC) 1350°C Atmospheric pressure 15 to 45 min External carbon

of argon

source
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1.3. Graphene on SiC: Structure and polarity

We have mentioned previously in part 1.2.2 some of the different observations made for
graphene grown on the Si-face and the C-face of SiC, in terms of morphology, crystallinity and
electrical properties. These differences emanate from the different graphene growth mechanisms
on the two SiC polarities. We will discuss in this part, the graphene’s growth mechanism on both
of the SiC faces and its influence on the graphene properties.

1.3.1. Graphene growth on the Si-face of SiC

Regardless of the growth technique, whether it is by Si sublimation or from an external
carbon source in UHV or argon atmosphere, the graphene formation on SiC (0001) was found to
be associated with the growth of a buffer layer. Early studies [2,76] have identified this layer as a
C-rich surface reconstruction of the SiC substrate when annealed at sufficiently high temperatures.
Annealing at 1050°C under UHV resulted in a SiC (V3x/3) surface reconstruction oriented at a
30°-angle with respect to the substrate [76]. Increasing the temperature to 1150 and 1250°C led to
a (6\3x6V3)-R30° SiC surface reconstruction (hereafter referred to as “6V3”), also known as the
buffer layer.

Many studies have since concentrated efforts on this surface reconstruction to identify its
nature because it was believed that it has an important effect on the graphene properties
[16,27,105,106]. In particular, Emtsev et al. [105] were able to define the structural and electrical
properties of this buffer layer on the basis of angle-resolved photoemission (ARPES) and X-ray
photoemission spectroscopy (XPS) in addition to LEED measurements. The valence band of the
6V3 structure was found to exhibit graphene-like o-bands which implies that the atomic
arrangement and the C-C bond length within the 6V3 buffer layer are identical to those in graphene.
On the other hand the 6V3 structure failed to present graphene-like m-bands, revealing the
nonmetallic nature of the buffer layer, which can be ascribed to strong covalent coupling to the
substrate. This deduction is confirmed with XPS by examining the Cls spectrum of the buffer
layer [105].

As we present in Fig. 1.18(a) (from reference [105]), the XPS spectrum can be fitted with
three peaks, one at lower energies (~283 eV) attributed to the SiC substrate and two components
at higher energies, S1 at ~ 284.75 eV and S2 at ~ 285.55 eV, with an area ratio S1/S2 of 0.5. The
presence of two peaks for the buffer layer reflects the presence of two types of atomic bonds i.e.
some C atoms of the buffer layer bond to the substrate. By considering that the area density of C
atoms in graphene is three times the area density of Si atoms on the SiC (0001) surface, and the
ratio S1/S2 to be 0.5, it is possible to conclude that the S1 component ensues from one-third of C
atoms, within the buffer layer, interacting with the Si dangling bonds of the substrate. The two-
thirds which are left are bound together and give rise to the S2 component. In other words, the
buffer layer is a mix of sp?- hybridized C atoms (similar to graphene) and 33% of sp*-hybridized
C atoms, each one of them bound to other three C atoms from the buffer layer and one Si atom
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Figure 1.18: Cls core-level of (a) the 6N3 structure and [105] (b) graphene on the 6N3
structure grown on SiC(0001) [80]. (¢) TEM image of three layers and the 6\3 structure grown
on SiC(0001) [110].

belonging to the substrate. However this does not mean that each C atom from the buffer layer has
a Si atom directly beneath it, but because of the flexibility in bond angle and bond length of the Si
atoms, the Si-C bonds can be achieved [107—109]. On a side note, the graphene peak is shown in
another study to be close to the S1 component, see Fig. 1.18(b) taken from reference [80]. Finally,
Emtsev et al. were able to conclude that the 63 structure corresponds to a graphene (13x13) unit
cell [105]. In addition, the buffer layer and the subsequent graphene layer are rotated by a 30°-
angle with respect to the substrate. TEM observations further confirm the presence of bonds
between the buffer layer and the substrate. As we present in Fig. 1.18(c), taken from reference
[110], the distance between the buffer layer and the substrate is 0.2 nm, which is close to the Si-C
bond length (0.189 nm) in SiC, whereas the distance between the buffer layer and the first graphene
sheet is 0.33 nm.

Few studies have attempted to reduce the effects of the buffer layer, mainly by a post-
growth annealing with H2 as we have previously mentioned. The post-growth annealing with Ha
aims to intercalate hydrogen at the interface between graphene and the substrate [84,86]. We
illustrate in Fig. 1.19 the hydrogen intercalation process. At first, before the graphene growth, the
topmost SiC (0001) layer is silicon-terminated where few or all of the silicon atoms have dangling
bonds. When growing graphene by Si sublimation or by other means on the Si-face of SiC, first a
buffer layer is grown, which shares covalent bonds with the substrate by bonding with few of the
Si dangling bonds as we show in Fig. 1.19(a). Annealing this latter sample under Hz at atmospheric
pressures and temperatures around 700°C will introduce hydrogen at the interface, which will bond
with the silicon atoms of the substrate and replace any bonds between the substrate and the buffer
layer, thus transforming the buffer layer into a quasi “free-standing” graphene layer, see
Fig. 1.19(b). However, this hydrogen intercalation process is reversible: if we anneal a
hydrogenated sample at temperatures around 700°C under UHV[111], Si-H bonds will break and
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hydrogen will desorb, which will allow the graphene layer to bond back with the substrate and
form again a buffer layer [86,111].

(b) o-eceo-oo-ce—oo-ce-oe
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Figure 1.19: Side view model of the Si-face of SiC, showing in (a) the 6\3 buffer layer with
few Si dangling bonds and (b) the hydrogenated interface.

1.3.2. Graphene growth on the C-face of SiC

On the other hand, the growth on the C-face of SiC (SiC (000-1) is completely different.
The process starts with an annealing at temperatures around 900°C under a silicon flow to remove
surface oxides, leading to a (3x3) reconstructed Si-rich surface. Increasing the temperature to 1050
and 1100°C leads to a (2x2) reconstruction and smeared elongated shapes [78]. For higher
temperatures, the (2x2) reconstruction is weakened and the elongated shapes are more intense and
form diffraction rings [2,78]. No (\/3 ><\/3)-R30° reconstruction was observed [2,78,105]. In
addition, ARPES measurements [105] show no changes to the o- and n-bands similar to those
observed in the 63 case, which suggests a weak coupling with the substrate. Furthermore, ARPES
and LEED observations reveal the presence of highly disoriented domains with respect to each
other, even for a coverage of 0.3 monolayer. This means that from the beginning of the growth,
graphene domains are rotated. The absence of the strong interaction between the first graphene
layer and the substrate is confirmed with XPS. By examining the Cls core-level, only two
components appear, one for the SiC substrate around 282 eV, and another for the graphene sheets
around 284 eV (see Fig. 1.20(a) taken from reference [105]). The reason behind this weak bonding
with the substrate could be related to the C atoms dangling bonds. In fact, the C-face presents a
stronger inward relaxation of the outermost C atoms compared to the Si-face, along with shorter
dangling bonds and a maximum of dangling bonds within the surface plane [109]. Other studies
also corroborate the absence of bonds at the interface, but instead they report an amorphous mix
of Si and C atoms on the basis of TEM observations and fast Fourrier transform (FFT) analysis
[90]. TEM measurements even show an increase in the interface layer thickness with the
sublimation temperature (see Fig. 1.20(b-d) taken from reference [90]). Presumably, this weak
coupling with the substrate can be accounted for the rotational disorder within the nucleating
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Figure 1.20: (a) Cls core-level of graphene on SiC (000-1) [105]. (b) to (d): Graphene grown
under argon atmosphere on SiC (000-1) at different temperatures: (b) 1800°C (c) 1900°C (d)
2000°C [90].

graphene layer. Extensive investigations [27,43,112] reveal that also stacking faults occur between
the graphene films, which means that adjacent graphene layers can be rotated with respect to each
other, and fail to follow a Bernal AB stacking, typical for graphite. These stacking faults will cause
an interference between the n*-states of two graphene planes, inducing an expansion in the inter-
layer spacing, larger than that for the expected AB stacking [112]. Accordingly, the graphene
layers will act as electrically decoupled graphene sheets. For this same reason studies claim that
multilayer-graphene grown on SiC (000-1) behave as a single layer [43], since their band structure
is nearly identical to isolated graphene. Another characteristic of the C-face is the observation of
surface wrinkles (see Fig. 1.19). In most cases, these features are only observed on the C-face and
attributed to a strain relaxation mechanism. We will come back to this point in chapter 3 in which
the strain in the epitaxial graphene layer will be more discussed. However it is worth noting that
few studies have also reported wrinkles on the Si-face under special hydrogenated elaboration
conditions [17,18], but also under UHV at relatively high temperatures (1300-1400°C) [113].

So far we have discussed the growth of graphene on both of the SiC faces, but we cannot
say whether the Si-face or the C-face is better for the growth because this subject is still debatable
today. Some consider that the C-face is more promising, since high electron mobility was
demonstrated (27 000 cm?/V.s at 4 K) [5] compared to the lower carrier mobility on the Si-face
(11 000 cm?/V.s at 0.3 K after a post-growth treatment) [84]. However, both polarities present
different disadvantages: the C-face exhibits graphene with in-plane rotational disorder and up to
10 nm high wrinkles [78,82], which could affect the electrical properties for devices at the
micrometer scale, or also cause non-uniformities in the electrical properties on the wafer-scale. In
addition, the growth rate on the C-face is known to be faster than on the Si-face, since the
nucleation process on the C-face is believed to start at screw dislocations by forming thick
graphene islands (up to 5 MLs), leading to different thicknesses across the substrate [89,114] and
making it challenging to achieve 1 to 2 graphene layers on the C-face, whether by Si sublimation
[90] or CVD [12]. On the other hand, the growth on the Si-face is associated with a buffer layer,
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not exhibiting graphene-like properties, which some scholars blame for the reduced carrier
mobility in graphene grown on the Si-face. In addition, the growth on the Si-face is usually
accompanied with multi-layer deposition at the step edges, under Si sublimation conditions
[80,115], yet we believe that this lack of uniformity can be better mastered in CVD direct growth.

In summary, in order to understand the difference between graphene grown on the Si-face
and on the C-face of SiC we had to emphasize the role of the interface between the graphene layer
and the SiC substrate, which has a substantial effect on the graphene’s properties. The growth on
the Si-face of SiC is associated with the presence of a buffer layer sharing covalent bonds with the
substrate. This buffer layer is a surface reconstruction of (6\3x6V3)-R30° with respect to the
substrate which undergoes further coverage with graphene sheets. It can be detected with LEED,
XPS and TEM. ARPES measurements [105] have shown that this layer does not present a
graphene-like electronic structure, uncovering its nonmetallic nature. On the other hand, no
covalent bonds with the substrate were attested for in the case of the C-face, but instead an
amorphous mix of Si and C atoms was detected at the interface [110]. The growth on this latter
face is associated with in-plane rotational disorder and rotational stacking faults, which give rise
to electrically decoupled adjacent graphene layers. However, charge transfer is suspected to occur
from the substrate to the graphene layers, even in the case of the C-face growth [43,105], which
can be detrimental for the charge carrier mobility if the charge transfer becomes important,
possibly because of interactions between the charge carriers. On the other hand, the 6V3 buffer
layer is expected to have even a worst effect on the carrier mobility. Varchon et al. [36] assume
that in this latter case, interface electronic states interact with the graphene states, thus explaining
the reduced mobility for the Si-face compared to the C-face. Consequently, some studies attempted
to inhibit the effects of the buffer layer with a post-growth treatment by annealing the graphene
sample under Hz. This will lead to hydrogen intercalation at the interface and decouple the buffer
layer from the substrate, making it a graphene layer [84,86]. Other approaches can be considered,
instead of a post-growth hydrogen-treatment, the same effects can be achieved by conducting the
growth under hydrogen atmospheres in a CVD reactor. This approach has been developed starting
from 2010 before this present work and it was found to be very reliable. We will present the state
of the art of this technique in the next paragraph, along with all the achievements it added to the
growth of graphene on SiC.
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1.4. State of the art CVD of graphene on SiC under H>

Even though the popular technique to grow graphene on SiC was Si sublimation after 2004,
other approaches emerged considering epitaxy from an external carbon source. Some studies
considered MBE under UHV [11,16], others relied on CVD with a carbon source under
atmospheric pressures of argon [12,13]. At the same time around 2010, it was demonstrated in our
laboratory that graphene can be grown in a propane-hydrogen atmosphere on the Si-face of SiC.
In particular, the growth was carried out on 6H-SiC (0001) and on 3C-SiC/Si (111) templates [17].
This approach allowed to reduce the growth time to 5 minutes at 1350°C and 200 mbars. However,
an unexpected observation was made: the as-grown graphene on the Si-face under the mentioned
conditions exhibited in-plane rotational disorder (IRD) observed with LEED, along with wrinkles
appearing at the surface (see Fig. 1.21 taken from reference [17]). These observations (the IRD
and the wrinkles) are usually associated to the growth of graphene on the C-face [81,82].

Figure 1.21: Graphene grown on SiC (0001) at 1350°C and 200 mbars of H> + C3Hs, for 5
min. (@) LEED pattern showing IRD and (b) AFM image (650%650 nm?) presenting wrinkles

[17].

The reason behind this behavior was attributed to the saturation of the surface dangling
bonds with hydrogen, inhibiting the first deposited carbon layer to bond with the substrate. In
addition, unlike the growth on the C-face, the propane-hydrogen growth permits a better control
of the graphene thickness by changing the propane flow. As a result, it is possible to achieve FLG
thicknesses ranging between 1.5 and 6.4 monolayers (MLs). We show in Fig. 1.22(a) the C1s core-
level intensity as a function of the propane flow rate [17]. The sp? peak (graphene peak) intensity
reflects the thickness of the epitaxial graphene. Therefore, increasing the propane flow rate induces
an increase in the graphene thickness.

At the same time, our research group attempted to grow graphene under propane-argon
atmosphere without any hydrogen, again on 6H-SiC (0001) and 3C-SiC/Si (111) [101,102]. The
process is slower requiring at least 30 minutes of growth and in this case the (6V3x6v3) buffer
layer is detected with LEED and XPS. The quality of the graphene presents a strong dependence
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on the growth pressure, where higher pressures promote smoother surfaces and smaller electrical
sheet resistance. In addition, it allows a wafer-scale growth with noticeable uniformity over the 2”°
substrate, as we present in Fig. 1.22(b) [102]. The C1s(sp?)/C1s(SiC) ratio is linked directly to the
thickness of the graphene layer [79]. As we can see, the thickness is more or the less the same
across the wafer.
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Figure 1.22: (a) Cls core-level spectra for different propane flows, grown under 200 mbars
H>at 1350°C for 5 min on 6H-SiC (0001) [17]. (b) sp*/SiC intensity ratio taken from different
positions on the 2’ 3C-SiC wafer after graphene growth at 600 mbars of Ar at 1300°C for 30
min [102].

The propane-argon growth seems promising, but the propane-hydrogen approach holds the
advantage of shorter growth times i.e. 5 minutes [17]. Further investigations revealed the
dependence of this latter technique on the growth temperature and pressure, unveiling another
interest of this approach [18,116,117]. For the same mixture of propane and hydrogen, changing
the pressure and temperature will yield the exact control of the graphene structure. In other words,
graphene can be grown with IRD or with the 6V3 structure on the Si-face depending on the
temperature-pressure conditions. Fig. 1.23 displays the wide range of the growth conditions with
the different graphene structures [18]. We also show two examples of growth with the IRD or 6V3
structure in Fig. 1.24.

As we can see in Fig. 1.23, the IRD structure expands for a wide range of conditions:
between 200 and 800 mbars, and between 1100 and 1550°C, whereas the 63 structure appears
for high temperatures between 1350 and 1650°C with pressures below 200 mbars. Fig. 1.24 (a) of
the sample grown at 1550°C and 100 mbars displays no wrinkles at the surface, and the
corresponding LEED image (Fig. 1.24(c)) exhibits the 6V3 structure indicated by blue circles,
taken from reference [18]. Fig. 1.24(b) of the sample grown at 1350°C and 800 mbars presents
wrinkles with IRD in the corresponding LEED pattern (Fig 1.24(d)), indicated with red arrows.
We believe that the ability of controlling the structure rises from the influence of the pressure and
temperature on the intercalation of hydrogen at the interface between graphene and SiC. Despite
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the appeal of this aspect, we are limited to 200 mbars to obtain the 6\3 structure and we know that
the graphene quality is better at higher pressures, but with these Hz-rich growth conditions, the
price to pay is in-plane rotational disorder and wrinkles at high pressures. Besides, the mobility
recorded for such samples is below 500 cm?/V.s at 2 K [117], whether for samples grown at 800
mbars but with IRD, or at 100 mbars with the 63 structure. Therefore, modifying the conditions
seems crucial to grow graphene at a high pressures but without the IRD.
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Figure 1.24: Graphene structure deduced from LEED for the different pressures and growth
temperatures, with 20 slm of Hz, 5 sccm of propane for 5 minutes [18].

i s

Figure 1.23: 1 %1 um? AFM images (z-scale = 2.5 nm) of graphene grown at (a) 1550°C, 100
mbars, (b) 1350°C, 800 mbars and their corresponding LEED images in (c) and (d) [18].
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So far we have mentioned studies on 6H-SiC and 3C-SiC. We will focus in the following
on 6H-SiC (0001). We have also distinguished the growth under argon and the growth under
hydrogen. However, it was demonstrated that combining both gases could lead to good results,
with the same effects as those observed in Fig. 1.23. In fact, instead of changing the pressure and
temperature, one can fix these parameters and only change the hydrogen amount in the hydrogen-
argon mixture. This will also allow to alternate between the two structures of IRD and 6V3 [118],
but also to increase the pressure to 800 mbars for the 613 case. An exhaustive study was conducted
on the as-grown graphene uncovering the enhanced electrical properties of the graphene sheets
produced by this method [19]. Controlling the hydrogen amount and the temperature will not only
influence the structure but it will also allow the tuning of the electrical properties of graphene.
Jabakhanji et al. [19] reported that a high temperature growth (1550°C) under 23% of H2 in the gas
mixture is very likely to produce n-type graphene. In contrast, a reduced temperature (1450°C) is
more likely to produce p-type graphene. They were able to achieve “quasi-freestanding” single
layer of graphene at 1450°C, 28% of Hz and a growth time of only 1 minutes. The as-grown
graphene recorded a hole mobility of 4400 cm?/V.s at 300 K, which is far more important than the
usual carrier mobility reported on the Si-face [4,80]. Graphene is referred to as ‘“quasi-
freestanding” because it is believed that for a particular amount of hydrogen, some of the dangling
bonds will be saturated, but at the same time the buffer layer will still be present forcing graphene
to be ordered, leading to enhanced carrier mobility. Finally, graphene obtained by this same
technique achieved remarkable results in quantum hall resistance standards owing to its novel
electrical properties [20,21]. The resistance precision attained by the graphene sample surpassed
that of the conventionally used GaAs devices in terms of cryomagnetic conditions. This was
demonstrated on graphene grown on SiC by CVD and covered with a photoresist just after the
metallic contacts deposition [20].

In conclusion, CVD direct growth under hydrogen atmospheres seems to be more
promising than the Si sublimation technique or the growth under argon. It promotes a shorter
growth time, around 5 minutes, and a better control of the graphene thickness. It also influences
directly the interface between the graphene layer and the substrate, allowing to control the
graphene structure on the Si-face. Therefore, instead of growing graphene by Si sublimation and
then doing a post-growth annealing under H2, one can directly grow graphene in a hydrogen
atmosphere and have the same outcome, which is a hydrogenated interface. However, it presents
some limitations in the growth pressure and the electrical properties. Adding argon to the hydrogen
mixture allows to increase the growth pressure and successfully leads to enhanced results,
especially in the electrical properties, opening new ways to tune the graphene doping and carrier
mobility. It also leads to new achievements in the metrology of the resistance. Despite the attractive
results of this latter approach, detailed studies of the growth mechanism and the graphene quality
are still deficient. This will be the main subject of chapter 3.

The growth of graphene was not limited to SiC but it was also extended to AIN/Si (111)
templates [103], in order to create new opportunities for graphene devices within the III-nitrides
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market. The growth of graphene was carried out in the CVD reactor at 800 mbars, under 50% of
H2 and 50% of N2, at temperatures ranging between 1150 and 1350°C i.e. below the melting point
of silicon. The samples were exposed to 6 minutes of 17 sccm of propane for the graphene epitaxy.
First results were successful and graphene deposition was identified with LEED, AFM and Raman
spectroscopy. LEED patterns showed diffraction rings associated with a graphitic deposition, in
addition to wrinkles observed with AFM, as we can see in Fig. 1.25(a, b), taken from reference
[103]. Raman spectroscopy revealed the graphene signature i.e. the G and 2D modes for all the
grown samples [119], see Fig. 1.25(c). We also see defect-induced peaks, such as the D, D’ and
D+D’ peaks [120,121]. Raman spectroscopy attests that the best sample is the one grown at
1350°C, with crystallites size of 30 nm, probably limited by those of AIN. These fruitful first
results are very encouraging, but further studies are required to establish a good integration
between graphene and Ill-nitrides electronics. Chapter 4 will cover recent achievements in this
field.
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Figure 1.25: (a) LEED pattern of the as-grown graphene on AIN templates. The red arrow
indicates the [1120] direction. (b) Corresponding AFM image showing wrinkles with small
domains. (¢) Raman spectra for the three growth temperatures presenting the graphene
signature for all the samples [103].
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1.5. General conclusion

Graphene is a two-dimensional gapless material with very distinctive electrical properties
due to its honeycomb lattice structure. Electrons in graphene obey the Dirac equation for massless
fermions, mainly because of its unique hexagonal structure. Therefore, the energy dispersion near
the Dirac points is linear for a single isolated graphene layer. On the other hand, studies have
shown that the band structure is subjected to changes with increasing number of layers, which
allows to open a bandgap in bilayer graphene. Graphene allows also the tuning of its charge carrier
density with an external voltage. All these exceptional qualities along with excellent optical
transparency, chemical stability and pronounced thermal conductivity have made graphene very
attractive for different applications in electronics, optoelectronics and photonics.

We also presented the most recognized graphene elaboration techniques, starting with
mechanical exfoliation. This technique is very interesting allowing the production of high quality
graphene, unspoiled by the elaboration process and preserving a high carrier mobility. However,
its drawback is the graphene size which limits it for research purposes only. Large scale production
is possible with CVD on metal and very promising, despite few issues in the graphene quality
regarding the crystallinity and the uniformity. Nevertheless, very low sheet resistance and high
carrier mobility were recorded for graphene produced by this technique. Wafer-scale graphene
growth can be achieved with thermal decomposition of SiC substrates or by CVD under argon (or
MBE under UHV) with an external carbon source. We believe that this latter approach can be more
interesting as it allows to grow graphene at lower temperatures compared to the Si sublimation
technique. And since it relies on the external carbon source it can be extended to other substrates
than SiC. In addition, some studies argue that CVD graphene is better than Si sublimation
graphene, in terms of strain, electrical properties and homogeneity. Graphene on SiC is today
widely used, the graphene/SiC heterostructure can be very promising for high-power and high-
frequency transistors, in addition to a great interest for the metrology community. Yet, some
imperfections still remain related to the structure of graphene and the SiC polarity.

Extensive studies have shown that graphene growth on both the SiC polarities is completely
different. The growth on the Si-face of SiC is associated with a (6V3%x6V3)-R30° surface
reconstruction known as a buffer layer, which shares covalent bonds with the substrate. This buffer
layer was found to behave in a different way than graphene and was considered to be the number
one suspect for the reduced carrier mobility, compared to what is reported for the C-face. However,
studies suggested few solutions to this problem such as a post-growth annealing under Hz, which
will hydrogenate the interface by replacing the shared covalent bonds between the substrate and
the buffer layer with Si-H bonds, resulting in quasi free-standing graphene. In contrast, the C-face
does not seem to instigate a buffer layer, but instead rotational stacking disorder is observed. Not
necessarily a down point, since it is believed to be the reason why multilayer-graphene acts as a
stack of isolated graphene layers.
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Last but not least, we have presented a new approach of graphene growth under H:
atmosphere in CVD systems, which was developed in the last few years before this present work.
This technique allows to control the graphene structure on the Si-face and to switch between the
63 buffer layer and the IRD structure, by controlling the temperature and pressure and influencing
the hydrogen intercalation at the interface. We believe that this technique can be an alternative to
the post-growth annealing after the growth of graphene by Si sublimation, since the hydrogenation
of the interface occurs during growth. Further investigations revealed that adding argon to the
hydrogen atmosphere modifies the growth conditions and enhances the electrical properties. It also
led to new achievements in the metrology of the resistance by producing graphene devices
outperforming the conventionally used devices. Despite these recent achievements, little is known
about this approach, hence it will be a major part of this present work. Finally, it has also been
demonstrated that graphene can be grown on AIN on Si templates by CVD with propane. First
results are very promising, but more investigations are required for a better graphene quality and
a better integration of graphene with nitrides. This will be the second major part of this work.
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Chapter 2

Experimental methods

In this chapter we will present our chemical vapor deposition (CVD) experimental set and
the experimental details of graphene growth on SiC. We will also show how to characterize a
graphene sample on the basis of different structural techniques (AFM, SEM, and LEED),
spectroscopy methods (XPS and Raman spectroscopy) and electrical measurements (Van der Pauw
and Hall Effect).

2.1. Chemical vapor deposition (CVD)

In the present study, all the growth-related procedures were carried out in a hot wall
horizontal CVD reactor, presented in Fig. 2.1. The reactor is a home-made furnace initially
designed for the homoepitaxy of 4H-SiC and the heteroepitaxy of 3C-SiC templates on Si [122].
It was later extended to other uses, such as the growth of graphene and less frequently for high
temperature annealing of III-V materials [123]. A horizontal, double-wall, water cooled cylinder
forms the external part of the furnace, but the growth takes place in a rectangular graphite tube
designed for two-inch wafers, known as the liner. The heating is performed using two graphite
resistors placed above and below the graphite tube, as we can see in Fig. 2.1. The internal parts of
the tube can be changed depending on the growth to avoid any contamination from the different
materials used such as SiC or III-V materials. All the parts inside the reactor are made of pure
refractory and inert materials, in principle having very low vapor pressure at the working
temperatures. For this reason, the reactor can sustain temperatures as high as 2000°C for low
pressure conditions. It is also equipped with a standard primary pump, in addition to a pressure
gauge and a butterfly valve, which allows the control of the pressure within the reactor. The
operating pressure ranges between 10 mbars and 1 bar, and can be reduced to 102 mbars if no
gases are introduced. The sample undergoes a laminar flow of gases introduced by a gas line
directly connected to the inner part of the liner. This line is for the carrier gases and the precursor,
while another line is installed between the tube and the external parts of the reactor, for the
secondary gases to cool down the resistors, mainly neutral gases but also hydrogen.
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Figure 2.1: Schematic illustration of the reactor seen from the side.

The temperature is monitored with a pyrometer focused on the substrate holder, directly
beneath the sample, with an estimated error of the order of = 20°C. Note that the pyrometer cannot
monitor temperatures below 800°C. In addition to the water cooling, cooling fans are added at the
opening point of the reactor and where the conductive wires are placed. The sample can be placed
on a rotating holder, however in this particular study no rotation was applied. The sample holder
we employed was inclined with respect to the horizontal to ensure a uniform deposition over the
sample. It is fixed with a fixing arm, which also allows to control the position inside the reactor.
However, we rarely change this parameter as it is already optimized. The operating conditions
tolerated by this system are summarized in table 2.1.

Table 2. 1: Operating conditions of the CVD reactor

Temperature Pressure Primary gas line Secondary gas line

H2, Argon, N2, Cs3Hs,

o o -2 -
800°C-1700°C 10~ mbars - 1 bar SiH4, HC1

H2, Argon
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2.2. Experimental details

The starting point of the present work was the growth of graphene on SiC, but we also
extended our work to the growth of graphene on I1I-V materials. However, our focus in this part
will only be on SiC since our objective at this point is to show the operating conditions that we
have adopted for the growth of graphene and the performance of the reactor. We will also present
the characterization methods we employed for evaluating the growth, along with a brief description
of the theoretical background behind each technique we used. For reasons of simplicity and
clearness, our approach will be wide-ranging in this part, as more details concerning the outcome
of each implemented recipe are presented in the corresponding chapter: Chapter 3 for graphene
on SiC and Chapter 4 for III-nitrides.

The silicon carbide substrates of choice were mainly 6H-SiC but also 4H-SiC, provided by
Tankeblue [124] and Xiamen [125]. However, most of our work was done on Tankeblue,
consequently, the SiC substrate in the following is by default from Tankeblue unless when we
mention that it is from Xiamen. The substrates are 2 to 4’’ in diameter with a preferred thickness
around 350 um to ease the cleaving into pieces. They are n-doped with a resistivity smaller than
0.2 Q.cm, or Semi-insulating with a resistivity greater than 10° Q.cm, depending on the application.
The miscut angle is usually around 0.2° or smaller than 1°, but in few cases 4°-off substrates were
used. Unfortunately, the manufacturers specify an inaccuracy on the miscut angle around 0.5°,
which makes it difficult to have the same miscut angle on different substrates or between orders.
They are chemo-mechanically polished and exhibit a full width at half maximum (FWHM) smaller
than 30 arc sec verified with X-ray diffraction. All the work presented in this study was performed
on the Si-face of the SiC substrates. The samples are overall cleaved into 5x5 mm? but
occasionally we do the growth on 10x10 mm? or Y of a 2’ substrate for uniformity check and
other applications.

Graphene epitaxy is usually carried out at temperatures extending between 1350 and
1650°C and pressures ranging between 200 and 900 mbars. A mixture of hydrogen and argon is
used as the carrier gas and propane as the precursor. The total carrier gas pressure is fixed to 12
slm (standard liters per minute). The samples are in general exposed to 5 sccm (standard cubic
centimeters per minute) of propane for 1 to 20 minutes. Since we are using a mixture of hydrogen
and argon throughout this whole study, whenever we mention that we have x% of Hz, we imply
that 100-x% is of argon. The secondary gases are introduced with a flow around 2 slm, either argon
or a mixture of argon and hydrogen.

In this part, we introduce a wide range of growth conditions as the choice depends on the
application and the desired outcome. We present in table 2.2 two of our most used and typical
growth conditions, but we will discuss in more details the outcome behind each recipe in chapter
3. We illustrate in Fig. 2.2 the growth process: first the temperature is increased under the carrier
gas, after having reached the growth pressure. When the growth temperature is reached, the sample
is kept under the carrier gas without propane for 2 to 5 minutes. This step, is referred to as the pre-

61



Chapter 2. Experimental methods

growth annealing, allows to stabilize the growth temperature while preparing the surface for the
growth. After the annealing step, propane is added to the carrier gas for a certain growth time,
before it is cut-off, leaving the sample under the carrier gases to cool down for 20 minutes, with

an initial cooling rate about 4°C/s. The whole process takes between 35 and 50 minutes depending
on the growth time.

Table 2. 2: Two standard recipes for graphene growth on SiC depending on the application.

T t P
Recipe n° em?oeg;l ure (::;Z::; H2(%) Cs;Hs(scem) Time (min)

| 1450 800 100 5 5
II 1550 800 17-25 5 5

i I H; or H,/Ar

) 2-5 min T

o H

[ P A

«. C. 2~

2 CHg =0 A A

E 3718 (P\\ A._.‘.'

2 o

.. Time

T: Growth time

Figure 2.2: Schematic representation of the growth process of graphene on SiC.
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2.3. General observations an characterization

We will now consider few graphene samples grown on SiC, in order to summarize the
characterization techniques employed to identify and assess graphene quality. Our goal is not to
show results but to describe each technique and how to analyze the observations.

2.3.1. Topographic characterization

After the growth of graphene, the sample is investigated with atomic force microscopy
(AFM) in order to observe its morphology. The AFM system we use is a Veeco dimension III
setup, employed in tapping mode, equipped with a silicon tip. The data are then processed with
the analysis software WSxM [126]. The topographic image is very useful to observe the
morphological aspects of the graphene, but also the phase image can be very helpful as well. The
phase image represents the shift between the free oscillating cantilever and when it comes in
contact with the sample’s surface. The phase is sensitive to the elastic properties of the surface that
emanate from the crystallinity and the stiffness. Hard and more crystalline regions will lead to
elastic interactions between the tip and the sample, which is translated into a less negative or zero
phase shift, and will appear as brighter regions in the corresponding phase image [127-129]. In
contrast, amorphous or softer regions will lead to inelastic interactions between the tip and the
sample due to energy dissipation, and thus a more negative phase shift, which then appears as
darker regions in the phase image [127]. In the case of graphene, a difference in the number of
graphene layers will also give rise to such phase shift [130].

We will distinguish in the following between two graphene morphologies corresponding
to the two recipes we have mentioned in table 2.2. In Fig. 2. 3%, we present a typical AFM view of
graphene grown on SiC (0001) with 17% of Hz in the gas mixture (recipe II from table 2.2 but at
1450°C). The morphology exhibits terraces with widths ranging between 150 and 250 nm. The
height of each step is around 0.75 nm, which corresponds to three SiC bilayers. Since we know by
other means that the surface is covered with graphene, this indicates that the number of graphene
layers doesn’t change from a step terrace to the next. However, we notice irregular shapes
appearing between two adjacent steps in some areas, indicated by the red arrows in Fig. 2.3(a).
The height of these steps is around 0.35 nm, equivalent to an extra graphene layer. We can also
make this assumption by analyzing the phase image: as we can see in Fig. 2.3(b), we can notice in
some areas a difference in contrast due to a phase shift that we attribute to an extra graphene layer.
Other studies have reported the presence of extra graphene layers at step edges or between steps
[80,115]. In our case, based on height measurements, we only detect one extra layer each time,
and not more. In some cases, the phase image doesn’t reveal any difference in contrast (Fig. 2.3(c)),
probably an instrumental issue or a worn out tip.

1In Fig. 2.3, we have placed the full height scale of image Fig. 2.3(a), but in the rest of the
manuscript we will only note the maximum value of the scale as the z-scale, even for the phase images.
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Figure 2.4: (a) Typical AFM image of graphene grown on SiC (0001) at 1450°C, 800 mbars,
5 min and 17% of H. (b) The corresponding phase image (Maximum scale 15°). (¢) Phase
image (Max scale 5°) of another sample but same growth conditions.

In Fig. 2.4, we present a typical AFM image of graphene grown on the SiC (0001) at 100%
of Hz (recipe 1 from table 2.2), for 5 minutes. The morphology seems different from that of
Fig. 2.3(a), mainly due to the presence of wrinkle-like shapes, 1 nm-high, indicated by red arrows
in Fig. 2.4(a). The origin of these wrinkles will be discussed in Chapter 3. We can also discern
the SiC steps presenting widths ranging between 200 and 500 nm, and heights between 0.75 and
0.80 nm. In addition, we notice a lot of irregular shapes which can be attributed to multiple layers
deposition. The extra layers deposition in this case seem a lot more important than what we observe
in Fig. 2.3(a). The extra layers do not seem very evident in the phase image, but we were able to
point out few of them after enhancing a bit the contrast. The extra layers are indicated with white
arrows in Fig. 2.4(b).

Figure 2.3: (a) AFM image of graphene grown on SiC (0001) at 100% H>, 1450°C and 800
mbars with the corresponding phase image in (b). The z-scale is 3 nm and 15° in (a) and (b)
respectively.
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2.3.2. Scanning electron microscopy (SEM)

For a larger scale of imaging we use a field effect scanning electron microscopy (SEM -
Zeiss Supra 40), but it lacks the height information that the AFM offers. SEM can be helpful to
image different areas of the sample and check the uniformity. It can be faster than AFM for large
scale imaging. But interestingly it can have other uses such as exposing areas with extra layers. In
fact, the mechanical properties of the different number of graphene layers seem to give a different
contrast with SEM as we can see in Fig. 2.5(a). Therefore, it can complete the AFM whenever the
phase image fails to uncover areas with different thicknesses. Fig. 2.5(a) resembles a lot to the
LEEM image presented in reference [80] which evidences multilayers of graphene at step edges.

EHT = 5,00 kv Signal A = InLens Date 4 Déc 2015
H WO = 4.8 mm Grand. = 2000 K X

C5D0nm |
Frr

Figure 2.5: (a) SEM image of graphene grown on SiC (0001) at 1450°C, 800 mbars, 5 min
and 17% of Hz. (b) and (c) corresponding topographic and phase AFM images respectively.
The z-scale is 2 nm in (b) and 5° for the phase image in (c).
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2.3.3. X-ray photoemission spectroscopy (XPS)

Topographic analysis is followed by chemical characterization such as X-ray
photoemission spectroscopy (XPS) and Raman spectroscopy. X-ray photoemission spectroscopy
is a surface analysis technique based on the photoelectric effect consisting of exciting electrons
with a photon source. In order for the electrons to escape into vacuum, the energy needs to be
larger than the binding energy of the electron (£5), added to the work function of the sample (¢s).
In the case of XPS, the incident photons energy is sufficient to excite atomic core-level electrons.
The photoemission process is illustrated in Fig. 2.6(a). Another mechanism occurs when the
photoelectron is emitted: an electron from a higher state takes the place of the emitted
photoelectron and the extra quantum of energy is acquired by a third electron which is called the
Auger electron.

The excited photoelectrons are detected and analyzed as a function of their kinetic energy,
calculated as follows:

Exin =hv — Eg — ¢4 (2.1)

Where Ep is the binding energy of the electrons, hv the excitation energy and ¢, the analyzer’s
work function. Note that this expression is independent of the sample’s work function and that the
binding energy in equation (2.1) is referenced to the Fermi level (EFr). The Fermi level is common
for the analyzer and the sample since they are both in electrical contact. A simplified energy
diagram of the photoemission process is shown in Fig. 2.6(b), inspired from reference [131]. Since
core-level electrons energies are well-known for a particular atom, the photoemission spectrum
can be presented as a function of the binding energy to provide a first level of information
concerning the chemical composition of the sample’s surface. We present a spectrum of the whole
energy range in Fig. 2.7 known as the survey. The low intensity background we see in this figure
is due to secondary electrons generated when photoelectrons interact with other electrons on their
way out of the sample. In addition, next to every intense line we see a less intense one, which is
due to photoelectrons of the parent line interacting with other electrons in the surface region. They
are known as the energy loss lines, because they have lost part of their kinetic energy and thus
appear at a higher binding energy with respect to the parent line.

The binding energy of core-level electrons in an atom is also altered by its environment
and the bonding configuration in which this atom exists. In other words, if an atom exists in
different bonding configurations in a solid, different peaks with different binding energies will
appear in the corresponding core-level spectrum. For example, if we take the Cls core-level of
graphene on SiC, the carbon atom will give rise to two energy states, one corresponding to the sp*-
bond configuration with silicon in the SiC substrate and the other corresponding to the sp>-bond
configuration in graphene. This is what we call the core-level chemical shift. The chemical shift
rises from the transfer of valence charges that occurs when one atom bonds with a more
electronegative atom. The core-level electrons in the former atom will experience an increase in
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the coulomb attraction due to the partial loss of valence charge and thus an increase in their binding
energy compared to the elemental isolated atom
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Figure 2.7: (a) Photoemission process upon excitation with X-rays, with the energy diagram
represented in (b), inspired from [131]. (c¢) Inelastic mean free path of electrons as a function
of their kinetic energy for different materials, taken from [132].
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Figure 2. 6: Survey of a SiC substrate recorded with an X-ray source Al Ko 1486.6 V.
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Another shift can occur for non-conductive samples, due to insufficient charge-
compensation. When photoelectrons leave the sample, this latter will become positively charged,
but if the sample is conductive, the accumulated charges can be compensated with a charge transfer
from the substrate or from the metallic substrate holder. On the other hand, when the sample is not
conductive, we use a Flood Gun that fires electrons on the sample’s surface, to partially
compensate the charge accumulation. Thanks to this type of shift, it is possible with XPS to known
when the sample’s conductivity has changed or is effected in anyway. For example, Emtsev et al.
[105] have demonstrated on the basis of XPS and ARPES that when the deposited graphene
thickness increases, the graphene peak shifts towards higher binding energies. They attribute this
upshift to a difference in carrier density between the bottom graphene layer and the topmost
graphene layer. In fact, they argue that when graphene is grown on a buffer layer a negative charge
transfer can occur from the substrate to the graphene layer. However, these charges remain close
to the interface. Therefore, there will be less charges transferred to the topmost graphene layer
when the thickness is increasing. In this case, the XPS will be probing a more neutral graphene
layer.

The key characteristic of the photoemission techniques is their sensitivity to the surface. It
emanates from the short inelastic mean free path (IMFP) A of electrons in solids, due to the inelastic
scattering between electrons. The values of A as a function of the electrons kinetic energy is shown
in Fig. 2.6(c), taken from reference [132]. This curve is known as the universal curve since it is
weakly dependent on the material properties. Then, for a fixed excitation energy, the photoelectron
signal rises from a depth of the order of A i.e. few atomic layers. Hence, by changing the excitation
energy, ergo the kinetic energy, the probing depth can be controlled. The intensity of the electron
flux from a depth d is given by:

I = I, exp(— %) (2.2)

d, . o : : : :
Where exp(— E) is the probability for an electron to travel a distance d without any inelastic

scattering. If the photoelectrons are emitted with a certain angle @ the depth of analysis will
become AcosO (6=0 means normal to the surface). The IMFP in graphite or FLG ranges between
20 and 30 A for electrons with a kinetic energy of 1200 eV, i.e. Cls core level electrons [133].
Additional calibrations pinpointed the IMFP in FLG to be 26 A [131], i.e. 7 layers of graphene.
Furthermore, a quantitative analysis of the XPS spectra permits to determine the surface
composition and to calculate the deposited graphene thickness. Th. Seyller and K. Emtsev [79,131]
proposed two models to calculate the graphene thickness. The first is based on the attenuation of

the Si2p core-level peak intensity of SiC before and after the graphene growth d = —Aln(IL)
0

derived from equation (2.2), but in this case /o and / represent the peak intensity before and after
growth. The second model is described by the following equation:

IgNgi
D= Aln(ﬁ +1) (2.3)
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I¢/Isicrepresents the integrated intensity ratio of the graphene peak to that of the SiC peak in the
Cls core-level spectrum; Nsic and Ng are the densities of carbon atoms in SiC and graphite
respectively. This formula explains why in previous discussions we mentioned that the intensity
ratio represents the thickness. Compared to the method based on Si signal attenuation, this method
appears more reliable since the graphene signal and the reference are contained in the same
spectrum (the Cls spectrum). The estimated error is considered to be 0.1 ML by Th. Seyller and
co-workers, obtained by comparing thickness results from different techniques such as LEEM,
ARPES and Raman spectroscopy. Nevertheless, from our experience, by comparing our XPS
results to Raman results, we suspect that the error is more important, around 0.5 ML and increasing
with the number of layers.

For this current study we used an XPS Thermo Scientific Ka system equipped with an Al
Ko monochromatized source. Hence, the samples are excited with a photon energy of 1486.6 eV,
focalized in a spot size of 400 microns in diameter, under UHV conditions. Photoelectron are
collected by a multi-channel detector placed after a hemispherical analyzer. We present in Fig. 2.8
a typical Cls core-level spectrum of graphene grown on SiC (0001), at 1600°C, 800 mbars, 25%
H2 and 15 minutes of 5 sccm C3Hs. The carbon signal coming from the SiC substrate gives rise to
the peak at the lowest energy (283.86 eV). It represents the carbon in the sp? configuration, bonding
with silicon atoms in the SiC bulk. The graphene peak is represented by the asymmetric peak at
284.66 eV, consisting of carbon atoms in the hybridized sp? configuration. The S1 and S2 peaks
at 285.05 eV and 285.60 eV respectively, represent the buffer layer. This latter exhibits two peaks
since the carbon atoms forming the interface exist in two bonding configurations. Part of the carbon
atoms in the buffer layer are bound together with sp? bonds, others share covalent bonds with the
substrate. ARPES measurements done by Emtsev et al. [105] revealed that the valence o-states of
the buffer layer are down shifted with respect to graphite, hence the corresponding electrons
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Figure 2.8: (a) Typical CI core-level spectrum of graphene grown on SiC (0001) in conditions
promoting the formation of a buffer layer. (b) The corresponding AFM image.
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binding energy will be more important. Accordingly, we attribute the higher binding energy to the
S2 component emanating from sp>-bonded carbon atoms in the buffer layer, and since other atoms
share covalent bonds with the substrate, their corresponding peak (S1) should be somewhere
between the S2 peak and the SiC substrate.

We add that in this work, when comparing different spectra, we sometimes modify the
binding energy to align the SiC peaks of the different samples together. The reason we do this is
to avoid congestion and to see better the graphene peak. We also normalize in some cases the
whole spectra to the SiC peak, which allows us to compare the graphene peak intensity of different
spectra measured in different sessions. In fact, the XPS we use allows us to study up to twenty
samples each time, hence it is possible that the vacuum conditions are not always the same for the
different sessions. Also, another parameter which can change between sessions is the focus of the
X-ray gun on the sample. For these reasons, the entire recorded spectra might be more or less
intense, this is why we sometimes normalize the Cls spectra to the SiC peak. Another way to get
around this issue is to calculate the ratio sp*/sp® when studying the thickness. We will indicate
whenever we do a treatment to the spectra we present.

To summarize, XPS can be an important tool to identify the deposition of sp>-bound
carbon, it can even reveal the presence of the 6V3 buffer layer. It is a surface sensitive probing
technique, perfect for FLG and thin layers, allowing to identify the number of deposited layers. It
can even allow to detect any change in the sample’s conductivity. Therefore, it is essential to
complete our AFM observation with XPS. However, to further study graphene, other techniques
can be applied such as Raman spectroscopy.

2.3.4. Raman spectroscopy

Raman spectroscopy is a characterization technique based on the excitation of the sample
with monochromatic light and the detection of photons after their interaction with vibrational,
rotational and other low-frequency modes in the studied material. The photon source is usually a
laser in the visible, near infrared or near ultraviolet region. The laser radiation undergoes inelastic
scattering by molecular vibrations, phonons or other types of excitations [134]. The wavenumber
of the emitted photons is then analyzed and subtracted from that of the incident light to obtain what
we call the Raman shift in cm™'. The Raman shift corresponds to discrete energy levels particular
to each molecule and crystal. It is therefore dependent on the chemical composition of the material,
and brings a great deal of information concerning not only the nature of the material, but also
concerning the material’s electrical and mechanical properties, since they have a direct effect on
its band structure. We present in Fig. 2.9, the different light scattering mechanisms which can
occur upon exposing the sample to a laser radiation. The Rayleigh scattering represents the laser
line and is usually filtered out. In addition, Anti-Stokes scattering lines are known to be less intense
than Stokes lines.
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Figure 2.10: Scattering mechanisms when exciting the sample with a laser source. In this
case we considered the molecule in vibrational energy states.

Many studies have adopted this technique for the identification and analysis of graphene.
We present in Fig. 2.10(a) Raman spectra of graphite and graphene produced by mechanical
exfoliation, taken from reference [119]. The two most intense features in Fig. 2.10 are the G peak
at 1580 cm™ and the 2D peak at 2700 cm™'. These peaks can be also observed in graphite [135,136].
The G peak rises from the doubly degenerate E2; mode, due to the bond stretching of all pairs of
sp? atoms in the graphene honeycomb structure [135,137]. The six sp? atoms forming rings can
also undergo what is called “breathing modes” and give rise to the D peak at 1350 cm™!, which is
only activated by defects [138,139], see Fig 2.10(b) for defected graphene, taken from reference
[140]. It originates from zone boundary phonons, i.e. around the Brillouin zone corners K (or K”),
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Figure 2.9: (a) Graphite and graphene Raman spectra taken at a laser wavelength of 514 nm.
They are both rescaled to have the same 2D peak intensity. Figure in inset shows the
displacement of atoms giving rise to the in-plane doubly degenerate optical mode E2g [119].
(b) Raman spectrum of defected graphene [140]. Figure in inset showing the breathing modes

of the six-atom ring.
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activated by double resonance [139,141] and is strongly influenced by the excitation energy
[141,142], as it is also the case for the 2D peak. The same process can occur intra-valley i.e. double
resonance within the same cone K (or K”), resulting in a peak at ~1620 cm™, noted as the D’ peak,
appearing for defected graphite/graphene [143,144]. We present the double resonance mechanism
in more details in Appendix A.

Raman spectroscopy can be useful to calculate the number of graphene layers deposited on
SiC by examining the G-peak and using a highly oriented pyrolytic graphite (HOPG) as a reference
as follows [90,145]:

N = _A¢

Aforc

X @ (2.4)

This is an empirical relationship corresponding to the experimental configuration of the
Raman measurements. Where NV is the number of layers, A the integrated intensity of the sample’s
G-peak and Anopg the integrated intensity of the HOPG’s G-peak. ¢ is a constant that depends on
the experimental configuration of the Raman measurements, in our case it is 1/0.03 [146]. We
mainly use this equation in our study, but there are other means to confirm this calculation e.g. by
examining the 2D-peak. In fact, the 2D-peak broadens and shifts towards higher wavenumbers
when the number of graphene layers is increasing [119,141] (More details in Appendix A).

The interest in Raman spectroscopy does not stop here, some studies claim that the 63
buffer layer for graphene grown on SiC (0001) can be detected with Raman spectroscopy [147—
149]. It presents two broad bands around 1200 and 1660 cm™, i.e. just beneath the D and G bands
as we show in Fig. 2.11(a), taken from reference [149].

Further studies have shown that the G and 2D modes are also sensitive to charge doping in
graphene [150-153]. This feature can be anticipated since doping will change the Fermi surface
and will affect phonons probed by the Raman mechanism, in particular phonons responsible for
the D, G and 2D bands. The G peak was found to blue shift for both electron and hole doping,
accompanied with a decrease in the peak’s width. The 2D peak broadens for important doping,
especially for hole doping, added to an upshift in frequency, but for electron doping it is more or
less stable for small charge density, however it downshifts for electron density larger than 3.2x10"3
cm™>. We show this behavior in Fig. 2.11(b, ¢), taken from reference [150]. Another important
parameter is the 1(2D)/I(G) intensity ratio, it is also affected by doping, for example a sample
slightly doped will have a 2D peak three times more intense than the G peak.
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Figure 2.11: (a) Raman spectrum recorded for a monolayer and a buffer layer grown on SiC
(0001). The buffer layer contribution is presented by the green line and the monolayer
contribution by the blue line [149]. (b) and (c) represent the G and 2D peak frequencies as a
function of the electrically-induced charge carrier concentration. The negative electron
concentration is the hole concentration [150].

Moreover, the G and 2D modes are affected by strain and stress, since these latter are
known to influence the band structure [154—157]. Strain modifies the crystal’s lattice, which will
influence its vibrational properties, or in other words the crystal’s phonons. The shift in phonon
frequencies with strain is proportional to what is called the Gruneisen parameters, which were
initially developed to describe the thermo-mechanical properties of crystals [158]. For example
the Gruneisen parameter for the doubly degenerated E2¢ phonon is defined as [155,158]:

dwh
1 Ezg
14 = — X 2.
EZQ (‘)%ZQ a&'h ( 5)

& = & + & 1s the hydrostatic component of the applied uniaxial strain, / is the longitudinal
component, parallel to the strain, and ¢ is the transverse component. For biaxial strain £;; = & =

E; wgzg is the G-peak frequency at zero strain while wgzg is the position at strain &,. The

Gruneisen parameters can differ for uniaxial and biaxial strain, but even for uniaxial strain there is
a large discrepancy in the reported values in the literature, especially between simulations and
experiments [156,159]. The main reason could be the difficulty in calculating these parameters in
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the case of uniaxial strain which depends on Poisson’s ratio and on the degree of adhesion between
the graphene and the substrate [155]. Regarding the G and the 2D peaks, they are known to
downshift for tensile strain and upshift for compressive strain. It was also found that the 2D peak
shifts twice the shift of the G peak. This can allow to distinguish between the effects of the strain
and the doping on the Raman spectrum [90,154]. We add that usually studies consider the case of
biaxial strain since it cannot be excluded, therefore the strain is calculated with the following
equation deduced from equation (2.5):
2y =2 i=G,2D 2.6)
Woj

To conclude, Raman spectroscopy, a technique based on electron scattering by molecular
vibration and phonons, brings a wealth of information concerning the graphene properties. The
unique phonon dispersion diagram of graphene gives rise to different peaks, mainly around 1350,
1580 and 2700 cm’!, known as the D, G and 2D modes. Other peaks may also appear due to defects,
but they are less intense. The intensity, FWHM and frequency of the three main bands reveal a lot
of information, related to doping, strain, the presence of a buffer layer or not and the number of
graphene layers, which is completely expected since these parameters will influence the phonon
dispersion in graphene. Pristine single-layer graphene, defect-free is expected to have a 2D-peak
with a Lorentzian shape and a FWHM of 25 cm™!, and a symmetric G peak with a FWHM around
20 cm’!. However, it is rarely the case: the number of layers upshifts the 2D peak and soften it.
Doping upshifts both the G and 2D peaks, but especially the G-peak, and influences their width
and their intensity. Defects will also influence the peaks frequency and width. And finally, strain
impacts both G and 2D peaks, but has a larger effect on the 2D peak.

Since our lab is not equipped with this technique, Raman spectra presented in this
manuscript were recorded in two different labs: mostly in L2C in Montpellier with the help of
Matthieu Paillet and Benoit Jouault; and LMP Leti with the help of Timotée Journot. The Raman
setup in the lab L2C is a home-made setup in which an Acton spectrometer was fitted with a Pylon
CCD detector and a 600 grooves/mm grating, whereas in LMP Leti the Raman setup is a
commercial setup: Raman Renishaw Invia. All the samples were excited with a 532 nm (2.33 V)
continuous wave frequency doubled Nd:Yag laser through a x100 objective (numerical aperture
0.9). The width of the focused laser spot was ~ 400 nm. The spectra were corrected by subtraction
of the SiC substrate Raman fingerprint. Acquisition time was 60 s and the power impinging on the
samples was ~1mW. We show in Fig. 2.12 a Raman spectrum of graphene grown on SiC (0001).
The G-peak appears at 1589 cm! and the 2D-peak at 2708 cm’!, slightly upshifted compared to
exfoliated graphene (1582 and 2700 cm™) [90,155,160]. They seem quite symmetric with FWHM
equal to 3.5 cm™ and 31 cm! for the G and 2D peaks respectively. We use exfoliated graphene as
a reference since it is usually considered strain free and slightly doped. It is worth noting that one
can find different 2D frequencies in the literature for exfoliated graphene, since the 2D-band
depends on the excitation energy [119,141]. However, we will settle for the values considered in
reference [90] i.e. 1582 and 2670 cm! for exfoliated graphene, since the Raman setup we used is
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similar to the one presented in this paper. The number of layers is calculated with equation (2.4)
to be 1.2 MLs, which could mean one monolayer with patches of bilayers at step edges. Defect-
activated peaks also appear but they are not so intense. The reason behind the blue shift could be
compressive strain, doping or both as we will discuss in chapter 3.
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Figure 2.12: Raman spectrum taken at 532 nm for graphene grown on SiC (0001) at 1550°C,
800 mbars, 17% Ho.

2.3.5. Low-energy electron diffraction (LEED)

In chapter 1, we have mentioned many works based on low-energy electron diffraction
(LEED), in particular to detect graphene, the 673 buffer layer and disorder. This technique is based
on bombarding the sample with electrons, which will interact with the crystal by backscattering
and diffraction, giving us a direct idea on the symmetry of the surface structure and the orientation
of the deposited layer compared to the substrate. Therefore, it is a perfect method to monitor all
the surface or interface reconstructions present after the growth process. We will start by
explaining briefly the theoretical aspects behind the technique. Then we will apply it to graphene
and show how to properly analyze diffraction patterns.

LEED is a surface probing technique since it relies on low-energy electrons, in the range
of 20 to 500 eV, which only interact with surface atoms (about one or two nanometers for
carbon/silicon materials). In the range of low-energy electrons (20-500 eV) the IMFP is between
4 and 10 A in graphite [133], but we rarely use energies higher than 200 eV, which limits the IMFP
to 6 A for 200 eV. Considering our thin deposition of graphene, we can already see the structure
of the overlayer and that of the substrate with an electron energy of 120 eV, this is why there is no
need to go higher than 200 eV. The idea behind the experimental set is simple: the crystal is
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maintained at UHV and subjected to collimated mono-energetic electrons, as we show in
Fig. 2.13(a), which will interact with surface atoms and diffract, to be later detected if they follow
the constructive interference rule:

dsinf =ni 2.7)

This equation is similar to Bragg’s law for X-ray diffraction: d being the spacing between atoms,
n is the order of the diffraction beam, 4 is the incident electrons wavelength and @ is the angle of
the diffracted beam with respect to the surface. Hence, dsin@ is the path difference between two
neighboring scattered waves, see Fig. 2.13(b).
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Figure 2.13: (a) Conventional (normal incidence) LEED setup. (b) Diffraction of an electron
beam with a normal incidence by a periodic set of atoms.

Electrons will undergo multiple, elastic and inelastic scattering, but we are only interested
in elastically scattered electrons. Therefore, the diffracted electrons will pass through two grids,
the first at the same potential as the sample, the second at a potential necessary to reject all scattered
electrons with energies different from the incident beam. After the two grids, there is a collector
coated with phosphorus and biased with a positive potential in the order of several kV. The
elastically scattered electrons are accelerated after passing through the repellent grids and hit the
fluorescent screen with several keV energies, giving a visual display of the diffraction pattern
[161,162]. The projection of the diffraction spots on the hemispherical screen gives a direct image
of the reciprocal surface lattice. This allows a semi-quantitative analysis of the diffraction pattern
where the ratio of lattice parameters can be estimated. It is also possible to do a more quantitative
analysis by recording the intensity of the spots as a function of the electron beam energy to generate
I-V curves, which will provide accurate information concerning the position of the atoms in the
surface unit cell. However, our experimental set used in this work doesn’t have this option.

Since we are using low-energy electrons, they will be scattered by surface atoms i.e. the
first layers of the surface. Hence, the diffraction patterns will be two-dimensional. The so-called
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Ewald construction allows to illustrate the diffraction process. The Ewald sphere has a radius equal
to the length of the incident wavevector £, and its circumference is touching the 00 spot. Contrary
to X-ray diffraction, LEED diffraction is limited to few atomic planes and almost two-dimensional,
therefore the reciprocal lattice points are replaced with rods. The intersection of the sphere with
the reciprocal lattice rods will give a diffracted beam in the direction indicated by a wavevector &’
drawn from the center of the sphere to the intersection point, see Fig. 2.14. For example the 10 rod
is intersected if A < dio. It is worth noting that the diffraction is not strictly limited to the first
atomic layer, but can also arise from other slightly deeper surface layers, particularly when
increasing the energy of the incident electrons. The intensity ratio of the diffraction spots of surface
and subsurface materials can therefore change when increasing the electrons energy, but also the
diffraction spots will move closer to each other when increasing the electrons energy, in a way to
keep the equality of equation (2.7) [161,163].
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Figure 2.14: Ewald construction for the case of normal incidence (a) and non-normal
incidence (b).

In the present work, we use a LEED setup with a 45° electron beam incidence and a spot
size about 1 mm?, with electron energies between 60 and 200 eV. Two differences arise compared
to conventional LEED patterns (obtained with normal incidence): first the position of the electron
gun and the (0,0) spot will not be in the center of the diffraction pattern, as it is the case for normal-
incidence LEED. Second, the probing depth will be multiplied by sin45° and the path of the
electrons will be multiplied by 2 xsin45°, therefore it will be more surface sensitive. For example
for 200 eV, the penetration depth will be 4.2 A. The fluorescent screen is still placed facing the
sample as in Fig. 2.13(a) and behind it we place a camera to record the diffraction patterns.

We present in Fig. 2.15(a) a LEED image of graphene grown on SiC (0001) with conditions
promoting the development of a buffer layer (1600°C, 800 mbars, 15 min, 17% H2); we show in
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the inset a LEED image of SiC showing the (1x1) SiC symmetry. At the bottom of the image in
Fig. 2.15(a), we can see the electron gun and usually we consider the highest spot as the zero spot
by default, but for now for the sake of clarity we will pick a random spot and consider it the (0,0)
diffraction spot. The SiC substrate’s reciprocal lattice vectors are S7(12,6) and S2 (6,6), which
correspond to SiC (1,0) and (0,1) respectively. The graphene’s reciprocal lattice vectors are C;
(13,0) and C:(0,13), which correspond to graphite (1,0) and (0,1) respectively [2,76]. We notice
that the graphene spots are at a 30° angle with respect to the SiC spots. The other spots correspond
to different order of diffraction or in some cases they correspond to a double or multiple diffraction.
In fact, as the incident beam is backscattered from the substrate, it can meet other atoms of the
overlayer on the way out and get diffracted another time, or multiple times [164]. These
diffractions can sometimes be detected, but they are less intense than other spots. It is possible to
determine their coordinates by adding the unit vectors S, 82, Crand C2[76]. It is worth noting that
the SiC spots are sometimes considered part of a (¥3xV3)-R30° surface reconstruction, since this
surface reconstruction appears just before the (6V3x6V3) reconstruction [76,106].

SiC-reference '

Figure 2.15: (a) LEED pattern of graphene grown on SiC (0001) with the corresponding AFM
image in (b). Inset of (a) SiC reference without any graphene deposition. (c¢) LEED pattern of
another sample grown under different growth conditions and different substrate. Electron
energy: 140 eV.
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In addition, in Fig. 2.15(a) we also see around each spot six more spots forming a hexagon.
These spots can be attributed to the (6\3x6V3) surface reconstruction [106]. The interesting part
is that we also see this reconstruction around the graphene spots, which proves what different
studies suggested that the (6V3x6v3) SiC reconstruction coincides with the (13x13) graphene
super lattice [2,105,165]. Therefore, if we try to calculate the lattice constant using the (13,0) spot
as follows: (6/13)V3x3.08 A i.e. 3.081 being the SiC lattice constant [166], we will obtain 2.46 A,
which is in the vicinity of the graphite’s lattice constant [25,26,167].

Another way to prove that it is really graphene is by calculating the ratio of the distance
between the (0,0) spot and that of the graphene to the distance between the (0,0) spot and that of
the SiC; we will obtain the ratio of the lattice constant of SiC to that of graphene. Finally, it is
important to add that sometimes we do not detect all these diffraction spots, and especially the
hexagon-forming spots, we only detect part of this hexagon as we can see in Fig. 2.15(c). We can
only see two spots of the hexagon and the center point. Note that we have considered another spot
as the (0,0) point. Different reasons can be behind the faint diffraction spots and the fluctuation in
intensity such as multiple diffraction or the experimental setup, since we are recording these
images with a camera, but mainly the fluorescent screen which is old and stained in some areas.
Also, the growth conditions could be affecting the diffraction pattern since this latter sample was
grown with different growth conditions and on a different SiC substrate. However, we can still
identify the diffraction spots.

In another set of growth conditions, this time rich in hydrogen, the diffraction pattern can

be completely different. We present in Fig. 2.16 graphene grown on SiC (0001) under 100% H: at
1450°C. As we can see no surface reconstructions associated to (6¥3x6V3) or (V3xV3) can be

sic(1,0)
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Figure 2.16: (a) AFM image and LEED pattern (b) of graphene grown with 100% H:on SiC
(0001). Electron energy: 140 eV.
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detected, but instead diffraction rings are observed, indicated by red arrows. This behavior is
comparable to the growth on the C-face of SiC [78,105] and ascribed to in-plane rotational
disorder. The graphene layer grows in domains with different orientations which are detectable
with LEED leading to a ring-like diffraction pattern. We can still detect the 30°-angle spot of the
overlayer along with other orientations.

In summary, LEED is a surface sensitive technique based on electron diffraction, allowing
the detection of the surface symmetry and the alignment of the overlayer with respect to the
substrate. It is also sensitive to surface reconstruction and disorder making it a useful tool to
identify the presence of a buffer layer or disorder within the graphene sheet.

2.3.6. Device processing and electrical measurements

To assess the electrical properties of the graphene sheets we considered the Van der Pauw
method [168,169] at 300 K. Not all samples were studied electrically, mainly because the substrate
needs to be semi-insulating for explicit electrical measurements. Therefore, we chose to work with
n-doped SiC, which is cheaper, to optimize the growth and the structural aspects of the graphene.
Besides, processing every sample we grow can be time consuming and not necessary. For this
reason, we only considered optimized growth recipes to grow graphene on semi-insulating SiC
substrates for the electrical measurements.

To estimate the graphene’s sheet resistance, charge carrier type and density, and carrier
mobility we employed the four-probe Van der Pauw technique on two configurations suggested
by L.J. Van der Pauw: clover-shaped patterns and Hall bars, as presented in Fig. 2.17. The Hall
bars are 700 um-long and 70 um-wide. These patterns are defined with photolithography and
plasma etching. First, before the processing, the sample is annealed under UHV at 300°C for 1 hour
to desorb any contamination and moisture. Second, the technological steps start by cleaning the
sample with three different solvents: Biosane, Acetone and Isopropanol. The sample is placed 15
minutes in each solvent under ultra-sounds. Then a 1 pm-thick film of reversible photoresist AZ
5214E is spin coated on the sample. After that, the sample is exposed to ultra-violet (UV) light for
few seconds with the right mask for the contacts. Then, the sample is placed in a solvent to remove
the un-polymerized patterns in the photoresist. The openings in the photoresist are checked with a
profilometer, just before placing the sample in the reactive ion etching reactor. In fact, we do a
short Hz etching (20 seconds) of the sample just before the metal deposition to increase the
adherence of the metal to the graphene layer. This step will create defects within the graphene in
the mask opening, but it will not completely remove the graphene layer as evidenced with XPS.
On a side note, few samples were processed without this step, but did not show any difference in
the electrical properties of the graphene layer. After the Hz etching, 300 A and 2000 A of titanium
and gold are deposited respectively, by electron beam physical vapor deposition. Then, the
photoresist is removed with lift-off technique. The second stage of the processing is similar, but
now the mask allows to define the Hall bars and the clover-shaped patterns and electrically isolate
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the different devices. After the successive steps of spin coating, exposing to UV and removing the
un-polymerized photoresist, the patterns are defined with Oz plasma etching followed by the
removal of the photoresist with Acetone. The sample is now ready for electrical measurements.

For the clover-shaped pattern the method consists on making four ohmic contacts on the
four extremities of the pattern, then we measure the potential difference between points 2 and 3
when a current is injected between 1 and 4 to obtain the resistance R23(Q2). The measurement is
repeated for two other points e.g. between 3 and 4, we inject a current between 1 and 2, to obtain
R34. We repeat the same process four times to find R23, R34, R4 and R;2.
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Figure 2.17: Optical images of (a) clover-shaped Van der Pauw pattern,; (b) and (c) Hall bars,
with the four-probe configuration. The blue lines were manually added to show the etched
mesas of graphene.

The resistivity is then calculated in Q.cm as follows:

mwe R23+ R34+R41+R12

p=— X " f (29)

n2

Where e is the film thickness, and f a correction factor [168,169]. We will also obtain the sheet
resistance Ro in /sq (or /0) by ignoring the thickness e. For the measurements of the charge
carrier concentration and mobility we need to apply a magnetic field (in our case B = 0.35 T) to
induce a Hall Effect. Applying a magnetic field normal to the plane will generate a Lorentz force
perpendicular to the lines of the magnetic field and carrier current and deviates the carrier charges,
hence giving rise to a potential difference known as the Hall voltage with a sign depending on the
carrier type (electrons or holes). For example, if we apply a current between points 1 and 3
(Fig. 2.17(a)) without a magnetic field we will measure zero voltage between points 2 and 4. In
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contrast, when we apply a magnetic field normal to the plane, we can measure between points 2
and 4 the Hall voltage. After measuring the Hall voltage Vu we are able to calculate the Hall
resistance Ry (€2/T) with the following equation:

_ Vu
Ry = — (2.10)

This will allow us to deduce the sheet carrier concentration and the carrier mobility with the
following equations:

1 1
ng = D U= (2.11)

- qXRy - qXNgXRy

Where n is the sheet carrier density, generally given in cm™; ¢ is the elementary charge; us is the
sheet carrier mobility generally expressed in cm?/V.s.

A similar study can be done with the Hall bars presented in Fig. 2.17(b) by considering
another four-probe approach. This time we will inject the current along the Hall bar between point
1 and 4 (see Fig. 2.17(b)) and measure at first the voltage between 2 and 3 or between 5 and 6.

This will give us the resistance in Q, then by multiplying by @ and dividing by I we obtain the
sheet resistance in €/sq. The Hall voltage is measured between contacts 2 and 6 or contacts 3 and
5 while injecting a current between contacts 1 and 4 and applying a magnetic field. In addition,
the mask we use for the lithography allows us to define Hall bars with different in-plane
orientations with respect to the substrate’s offcut direction (see Fig. 2.17(c)). This way we can
check the symmetry of the sample and measure the mobility in different directions to see if it is
influenced by the substrate’s steps. To summarize, this techniques is simple and basic, allowing
us to gain insights into the electrical quality of our graphene sheets and calculate the charge density
and carrier mobility.
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2.4. General conclusion

We have reported in this chapter the experimental methods behind this work. In a first part,
we presented the experimental setup we used for the growth of graphene and sample preparation.
The system we used is a horizontal hot-wall CVD reactor, initially built for 3C-SiC, silicon and
other SiC polytypes growth. The inner part of the reactor is entirely made of graphite which allows
the growth of graphene on SiC at high temperatures. We also presented the different experimental
details for the growth of graphene on SiC.

In a second part, we described all the characterization techniques employed for the
identification and analysis of the as-grown graphene. AFM is very useful when it comes to
information concerning the topography, while SEM can bring additional images of the surface,
with the ability to explore uniformity at a large scale. The AFM phase image and SEM can also
give us a qualitative idea on the number of layers, due to their sensitivity to the mechanical
properties of the surface. XPS can be a great analysis technique to identify graphene and the
presence of the 633 buffer layer. It is based on exciting core-level electrons with X-rays, which
gives an idea on the surface energy states, once detected and analyzed. It is sensitive to the IMFP
of electrons within graphene making it a surface analysis technique. Raman spectroscopy is also a
very appealing technique for graphene, based on the phonon dispersion within graphene. It aims
to excite vibrational states and other types of low-frequency modes with a laser beam. Analyzing
the energy shift between the incident and emitted electrons can bring a lot of information
concerning the phonon modes in play which is influenced by the graphene quality, crystallinity,
doping level, strain and number of layers. We also considered LEED for analyzing the structure
of the graphene layers. It is also a surface sensitive technique, based on the diffraction of low-
energy electrons by surface atoms. This technique allows to detect the 6\3 buffer layer or disorder
within the graphene sheets. And finally, we used the four-probe Van der Pauw method to assess
the electrical properties of graphene at 300 K.

In conclusion, the different characterization techniques complete each other. We
systematically do AFM on all samples then XPS. These two techniques, combined together,
already bring a lot of information: first concerning whether we have deposited graphene or not and
second concerning the structure of graphene, whether it is associated with a buffer layer or not.
LEED is used to confirm this last observation, but it is not systematically done on all samples,
since it takes more time considering that we can only put three samples at a time and wait to reach
vacuum conditions. SEM is used occasionally to check the uniformity of the growth whenever the
sample is large i.e. around 2x2 cm?. For further and advanced investigations, the best samples are
studied with Raman spectroscopy with an external collaboration. This takes more time depending
on the availability of the Raman setup, but allows a deeper understanding of the graphene
properties. In addition, it allows to uncover anomalies on a small scale since the spot size is 400
nm, which is relatively small compared to XPS where the spot size is 400 microns. Finally, to
complete the work, few samples are processed for the evaluation of the electrical properties of the
epitaxial graphene.

83



84



Chapter 3

Graphene CVD on silicon carbide

In this chapter we will discuss the growth on silicon carbide of graphene by CVD from an
external carbon source. First, we will present a thermodynamic study which will give us insights
into the growth process, while comparing our approach to the Si sublimation technique. In a second
part, we will reveal the influence of each of the growth parameters on the graphene epitaxy, to
finish by focusing on the graphene’s quality and electrical performance. It is important to keep in
mind that we only study the Si-face of SiC substrates.

3.1. Direct growth under H2: A Thermodynamic approach

In chapter 1 we have presented two approaches to grow graphene on SiC: the thermal
decomposition of SiC, also known as the Si sublimation technique, and the growth from an external
carbon source denoted as direct growth. The Si sublimation technique is known to be carried out
either under UHV [2,4,76] with temperatures between 1200 and 1400°C or under argon [80] at
higher temperatures, generally between 1650 and 2000°C, depending on the pressure. In addition,
some studies have investigated graphene grown from an external carbon source [11,13,16]. Since
the Si sublimation requires specific conditions of low pressure and high temperature, it can be
inhibited or minimized by reducing the growth temperature, as these previous studies did [11,16],
or it can be minimized due to well controlled gas flow mixtures [13]. In our research group three
approaches were developed to grow graphene: the first was developed under a pure argon
atmosphere [101] where long growth times were required (starting from 15 minutes) and the
temperature was kept around 1300°C to avoid Si sublimation, but its contribution to the growth
was not completely ruled out. The second approach was carried out in a pure hydrogen atmosphere
[17,18], which has allowed a wider range of growth conditions with temperatures varying between
1100 and 1650°C and pressures between 100 and 800 mbars. Finally, the third approach considers
a mixture of argon and hydrogen and is the main focus of this chapter.

The question that we will try to answer here is: should we expect a contribution to the
growth from the substrate itself by Si sublimation in a hydrogen atmosphere? Or only in a pure
argon atmosphere? To address this problem we have conducted a set of experiments under our
standard growth conditions with hydrogen and argon. We even attempted deliberately to grow
graphene by Si sublimation in our CVD reactor.
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In order to really understand what happens in our H2-Ar-C3Hs-SiC system we had to do
some thermodynamic calculations, performed in the frame of a collaboration with Christian
Chatillon and Elisabeth Blanquet from the laboratory SIMaP in Grenoble. Therefore, this part will
be a combination of experimental results and thermodynamic calculations. First, we will start with
some Si sublimation experimental attempts, then we will present the software FactSage™ and the
model used for the calculations. Finally, we will discuss the calculation results and compare our
growth technique to the Si sublimation technique.

3.1.1. Si sublimation attempts under H; or argon

Most of our graphene growths are carried out with 17% of H2 and 83% of argon in the
total gas mixture flow rate of 12 slm, at temperatures around 1450 or 1550°C; at a pressure of 800
mbars and for a growth time of 5 minutes. We will apply these conditions without any propane to
evaluate the contribution of the substrate to the growth of graphene. Please note that in this entire
chapter whenever we write x% of Hz the remaining percentage is argon. We present in Fig. 3.1
SiC annealing experiments under a H2-Ar mixture. Fig. 3.1(a, b) shows AFM images after SiC
annealing for 5 minutes without any propane, under 800 mbars of a 17% H2 (2 slm) + 83% argon
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Figure 3. 1: (a) and (b) 5%5 um?> AFM images of SiC annealing for 5 minutes under 17% of
H> at 1450°C and 1550°C respectively, with the corresponding Cls core-level spectra in (c).
Figure in inset: SiC reference before any annealing. (d) and (e) AFM images of SiC annealing
under 100% of H2 at 1450°C for 5 minutes and 1550°C for 15 minutes respectively. (c¢) The
corresponding Cls core-level spectra. (AFM z-scale is 5 nm).
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(10 slm) carrier gas mixture at 1450°C (Fig. 3.1(a)) and 1550°C (Fig. 3.1(b)). Note that the two
substrates do not have the same miscut angle, but this parameter is not so important for this
particular study. As we can see, the annealing results in straight steps, 1.5 nm-high, separated by
small terraces with lower steps (0.75 nm-high). The height and shape of the steps suggest a bare
SiC surface with a step-height corresponding to %¢ (out-of-plane lattice constant of 6H-SiC). The
Cls core-level peaks in Fig. 3.1(c) only show the carbon peak corresponding to SiC with a small
bump at higher binding energy which corresponds probably to carbon contamination from our
graphitic reactor. We show for comparison in the inset of Fig. 3.1(c) the Cls core-level spectrum
of bare SiC as a reference. In this spectrum, we can detect the SiC peak at 283.8 eV and a small
bump at 286 eV attributed to contamination from the atmosphere or from the plastic container.

In the XPS spectra presented here, the SiC peaks were taken as energy references and
normalized, since for this analysis the binding energy and intensity do not interest us as we are
only looking for the manifestation of the graphene peak; but we will mention the binding energy
when necessary. We can deduce that for this particular annealing condition that no graphene was
formed. We have then increased the amount of H2 to 100% (12 slm) at 1450°C for 5 minutes,
without any propane. The corresponding AFM image in Fig. 3.1(d) presents 1.5 nm-high steps,
consistent with 6H-SiC steps, with some triangular shapes frequently observed after hydrogen
etching. Increasing the temperature to 1550°C and the annealing time to 15 minutes results in a
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Figure 3. 2: (a) to (c) Cls core-level spectra of graphene growths at (a) 1450°C, 17% H:>and
2.5 scem C3Hs; (b) 1550°C, 17% H2and 0.5 sccm C3Hs; (¢) 1450°C, 100% H> and 2.5-5 sccm
C3Hs. (d) to (f) The corresponding 5x5 um? AFM images with a 5 nm-z scale. Inset in (d) is a
1x1 um? image. Inset in (f) is a 5x5 um’ AFM image of the growth under 2.5 sccm of C3Hs.

87



Chapter 3. CVD graphene on silicon carbide

similar morphology with the addition of some droplets indicated by the white arrows, which we
will later ascribe to silicon droplets. The corresponding C1s core-level spectra again shows no sign
of graphene since we only see the SiC peak. To summarize, annealing SiC with H2 whether at
1450°C or at 1550°C, for 5 minutes or 15 minutes, for a small or an important amount of Hz, the
SiC substrate does not form any graphene.

To complete our investigations, we added a small amount of propane to see what happens.
For the first growth condition (17% H2 at 1450°C), adding 2.5 sccm of propane leads to the
manifestation of a carbon peak in Fig. 3.2(a) at 284.4 eV, in the vicinity of sp? carbon, which
suggests the presence of graphene. The corresponding AFM image in Fig. 3.2(d) shows a different
morphology from Fig. 3.1(a). We can see in the inset of Fig. 3.2(d) (compared to Fig. 3.1(a)) that
the steps are no longer straight, the terraces seem rougher, and crooked patterns appear between
steps. All these observations suggest that graphene growth has taken place. Fig. 3.2(b) also
presents a graphene peak at 284.8 eV, with an obvious change in morphology in the corresponding
AFM image in Fig. 3.2(e) compared to Fig. 3.1(b) for 17% Hzat 1550°C. Under these conditions,
only 0.5 sccm of propane were enough to form graphene. On a side note, we still notice etching
effects on the surface, either in the pre-growth high temperature plateau or during the growth, as a
hollow line appears in the AFM image, which could be a polishing scratch etched by Hz. Finally,
for an excess of H2 (12 slm of Hz) at 1450°C without any argon in the gas mixture, the graphene
peak (at 284.6 eV) in Fig. 3.2(c) appears only when adding 5 sccm of propane. The corresponding
AFM image in Fig. 3.2(f) exhibits wrinkles associated with a graphitic deposition [17,18]. Note
that the graphene peak is not always at the same position for the different samples (284.4 eV, 284.8
and 284.6 eV), which could rise from the different thicknesses of the deposited graphene [105].
For 2.5 sccm of propane no graphene peak appears, and if we compare the corresponding AFM
image (inset of Fig. 3.2(f)) to Fig. 3.1(d), we only see straight steps without any triangular shapes
associated with etching. We believe that etching is still present but not as aggressive as in Fig.
3.1(d), since adding a small amount of propane can slightly reduce the etching of SiC by Ha, as
already demonstrated by other studies [170,171].

So far we have conducted SiC annealing with Hz in the range of our graphene growth
conditions. Without adding propane to the gas mixture, there is no chance to form graphene on the
surface. In contrast, in some conditions a very small amount of propane (0.5 sccm) is enough to
deposit graphene (Fig. 3.2(b)). Therefore, a first conclusion can be that the main source of carbon
for the graphene growth in our H2/Ar system is propane, without any contribution from Si
sublimation, but at this point we cannot rule out other contributions from the substrate due to Hz
etching. However, if we compare our work to the literature, the Si sublimation process is carried
out under UHV or argon. Since we cannot achieve UHV conditions, we have tested SiC annealing
under only argon without any hydrogen, in the range of our graphene growth conditions i.e.
1550°C, 800 mbars, 5 minutes. The first attempt was done without any propane for 5 minutes with
10 slm of argon, presented in Fig. 3.3(a). The SiC steps are straight and 0.75 nm-high,
corresponding to 6H-SiC. Even when adding 5 sccm of propane (Fig. 3.3(b)) the morphology does
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Figure 3. 3: (a) and (b) 5x5 um?> AFM images of Growth attempts under argon without any
H>: (a) without C3Hs and (b) with 5 sccm of C3Hs. (¢c) AFM image of graphene growth under
9% of H2and 5 sccm of C3Hs. All the growths are carried out at 1550°C, 800 mbars and for 5
minutes. (d) The corresponding Cls core-level spectra. (AFM z-scale is 3 nm).

not change. The corresponding Cls core-level spectra show no sign of a graphene deposition for
the growth under argon, with or without propane, see Fig. 3.3(d). Adding just 1 slm of Hz (Fig.
3.3(c)) to the gas mixture led to the formation of graphene confirmed by the manifestation of a
graphene peak at 284.8 eV and the attenuation of the SiC peak in Fig. 3.3(d), associated with an
important change in the morphology. A previous study [101] has demonstrated that the growth of
graphene under argon on SiC requires specific conditions, mainly longer growth time. Hence, it is
not surprising that no graphene is detected with only 5 minutes. However, adding just a small
amount of H2 (9% in the gas mixture) allows to grow graphene within 5 minutes. This confirms
that the growths under H: or argon are two different approaches, mainly related to the different
thermodynamics of the two systems. In addition, the study [101] did not rule out the possibility of
Si sublimation under Ar + C3Hs. Therefore, there is no reason for the growth not to take place
without any propane under argon.

For this reason, we tried to grow graphene by Si sublimation under argon without any
propane, but to achieve this objective we had to change completely our growth conditions. We
present in Fig. 3.4 our graphene growth with Si sublimation confirmed with AFM and XPS. The
growth was done during 10 minutes, but we had to reduce the pressure to 100 mbars of argon and
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increase the temperature to 1600°C while no propane was added. The Cls core-level in Fig. 3.4(a)
presents a graphene peak at 284.9 and 285 eV for the 1600°C-growth and the 1650°C-growth
respectively. The SiC peaks were already aligned, so we did not have to shift them for further
analysis. The 1650°C-graphene peak seems slightly more intense than the other peak, suggesting
a more important growth rate at the higher temperature, which is reasonable considering that
increasing the temperature will increase the Si sublimation. In the corresponding AFM image in
Fig. 3.4(b) of the 1650°C-growth, we notice irregular shapes, step-bunching, different contrasts
and also wrinkles indicated by white arrows. All these features suggest an epitaxy on the SiC
substrate. We also detect different contrasts in the phase image (Fig. 3.4(c)), which also suggest
an epitaxy of incomplete layers. Our aim was not to optimize this growth, but only to show that Si
sublimation is possible for the right growth conditions under argon.
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Figure 3. 4: Si sublimation attempt under 100 mbars of argon, for 10 minutes, without any
C3Hs. (a) Cls core-level spectra of the growth attempts at 1600 and 1650°C. (b) and (c) the
corresponding 10%10 um?> AFM topographic and phase images of the 1650°C-growth.

To summarize this part, we have demonstrated on the basis of AFM and XPS that annealing
SiC with Hz or Ho+Ar is not likely to result in graphene formation, regardless of the amount of Hz
we add, or the temperature, or the annealing time. To achieve graphene growth, it is necessary to
add propane to the H2-Ar mixture; even a small amount of propane is sufficient to grow graphene
in some cases. This leads us to the impression that under Hz, propane is the main source of carbon
in the graphene growth on SiC and not the substrate, compared to the Si sublimation technique.
We also demonstrated that growth attempts with argon only, with or without propane, cannot be
achieved within 5 minutes in contrast to the growth with Ha2-Ar, even if the H2 amount is not
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important in the gas mixture. We believe that the reason behind this behavior is related to the
different thermodynamics in the two systems. For these reasons thermodynamic calculations seem
necessary. Finally, we have observed that Si sublimation is only possible under argon, but we had
to change drastically the growth conditions, by reducing the pressure to 100 mbars and increasing
the temperature and the growth time to 1600°C and 10 minutes respectively. By doing so, we have
proven that we cannot rule out the Si sublimation in a growth under argon, but we can do that
without any doubt in a hydrogen atmosphere, even if the hydrogen is mixed with argon. To confirm
these deductions, we carried out thermodynamic simulations, which will reveal to us the physics
behind the growth under H2 (or H2 + Ar). But first, before we present the thermodynamic
calculations, we will describe in the following paragraph the software we used for this study.

3.1.2. Thermodynamics and FactSage

The thermodynamic approach allows to study a chemical system at equilibrium and to
determine its composition at a given temperature and pressure. In other words, it allows to calculate
the concentration of species after having reacted together and reached equilibrium.
Thermodynamic equilibrium is defined when the Gibbs free energy G of the system is minimal
i.e. when dG = 0 and d°G > 0. Consequently, when introducing different constituents into a reactor
under a fixed temperature and pressure, some transformations will occur such as chemical
reactions and heat transfer in a way that the Gibbs free energy of each constituent decreases until
reaching a minimum. G is correlated to the system’s parameters with the following equation:

Where V is the volume, P the pressure, T the temperature, S the entropy, #; and n; the chemical
potential and the number of moles of the specie i. For a constant pressure and temperature, G (P, T)
will be equal to Y; u;dn,;.

Accordingly, to be able to define a thermodynamic equilibrium, one needs to know the
variation of G of the species reacting together and that of the species created. To this end, an
international work allowed to create different databases for such calculations. For example, we
mention the Scientific Group Thermodata Europe (SGTE) [172], which considers that the
reference of G is the one at 298 K and 1 bar. Additional studies were done to complete these
databases, such as the work of Allendorf on Si-C-H-Cl systems [173,174] and the work of
Rocabois [175] which was compiled to form the SIMaP private database ROCA for
thermodynamic simulations. In this particular study we use the software FactSage™ [176] which
is a fusion of FACT-Win of the research center in computational thermochemistry of the
polytechnic school of Montréal and ChemSage of GTT-technologies. It has different calculation
modules, but the one we use allows to calculate the activities and the concentrations of species
created upon chemical reactions in a closed system, while achieving the minimal Gibbs free
energy. Therefore, we can introduce the species we want to react together and set the temperature
and the pressure. In our case, since we are working in a H2-Ar-SiC system, we add Hz, argon and
CsHs (when necessary) as gases, and SiC as a solid, all quantified in moles. Then FactSage will
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generate all the possible species which can be created at equilibrium, with their activities and
concentrations. Note that the activity for gases represents their partial pressure. Also, note that we
cannot add the introduced gases in laminar flow i.e. in liters/min (slm), but to stay consistent with
our experimental conditions we will keep the gases in the same composition, for example for the
growth under 2 slm H2, 10 slm Ar and 5 sccm C3Hs, we will consider 2000 moles of Hz, 10 000
moles of Ar and 5 mole of C3Hs.

It is important to keep in mind that we cannot simulate with these thermodynamic
calculations the exact deposition of graphene since there are a lot of parameters that we cannot
consider, such as the size of the reactor, the deposition kinetics, the substrate’s miscut angle, the
speed of the gases which are in a continuous flow etc... Nevertheless, this approach is still very
helpful to understand the evolution of our chemical system H2-Ar-C3Hs-SiC, and will allow us to
compare our growth technique to the Si sublimation technique.

3.1.3. Graphene on SiC through Thermodynamic calculations
3.1.3.1. Hydrogen-argon atmosphere

After presenting the calculation method, we show the results starting with what happens
when we anneal SiC under H2 and argon since most of our growths were carried out in a Ha-Ar
mixture. In the first simulation we added 2x10° moles of H2 and 10x103 moles of argon, i.e. 17%
of H2+ 83% of Ar, to 100 moles of solid SiC. Hydrogen reacts strongly with SiC and creates over
60 different molecules, including isomers, containing C-H and Si-H bonds. The calculation
involves 51 carbon-based species (either C(g) or with C-H, C-Si and C-Si-H bonds) and 43 silicon-
based molecules, consisting of Si-H, C-Si and C-Si-H bonds, for example such as CSi(g), CHSi(g),
C2H:2Si(g) etc.... The isomers are referred to as (g), (g2) and (g3) and so on for the first, the second
and the third isomer.

We present in Fig. 3.5 the partial pressure of all the created species as a function of the
temperature ranged between 1000 K and 2200 K at 800 mbars, with the exception of few weak
partial pressures who do not reach 107 bars for better clarity, such as: C2(g), C3(g), C4(g), C2Hs(g),
C2Hs(g), CsHs(g), C2Si2(g),CHsSi(g), C2HsSi(g), HeSiz(g), etc... in total 35 species were omitted.
We also removed the H2 and argon partial pressures, which appear at higher pressure values. We
will abstain in the following from adding the notation (g) since all of the species presented here
are in the gas phase.

We first notice in the graph in Fig. 3.5 the increasing pressure of H with the temperature
due to H2 decomposition. Second, for temperatures lower than 1800 K the dominant gas is CHa,
but actually the CHa partial pressure is decreasing between 1000 and 1600 K, then slightly
increasing. After 1800 K, CHa is stable but other gases start to increase in pressure such as Si, CH3,
C2Hz2, HSi, CSi2, etc... mostly species containing Si and H. For a clearer discernment we illustrate
in Fig. 3.6 the sum of all the partial pressures of gases containing carbon and all the gases
containing silicon, by taking into consideration the atomic concentration as well. These parameters
will be referred to as FluxC and FluxSi for the gases containing carbon and silicon respectively.
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Figure 3. 5: Partial pressure of the C- and Si-gaseous species as a function of the temperature
produced by the reactions of H2+SiC+Ar.

As we can see in Fig. 3.6(a), FluxC is much more important than FluxSi at 1000 K. This
latter increases with the temperature while the former slightly decreases, until the two curves cross
at 1600 K. This means that Hz is etching the SiC substrate and creating in the gas phase a lot more
carbon species than silicon species between 1000 and 1600 K. Then, when increasing the
temperature, the etching continues to increase but this time both gaseous species containing Si and
C atoms are being created with an equal amount.

This behavior is mainly due to the CH4 gas, as we can see in Fig. 3.6(b). The vapor pressure
of CHa alone is higher than all the partial pressures of the silicon species combined together for
temperatures lower than 1600 K. After that, the CH4 pressure becomes stable while other vapor
pressures continue to increase. This phenomenon is very likely to lead to a silicon residue at the
surface of SiC in the temperature range 1000 - 1600 K. Indeed, this was observed in a study in the
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year 2000 by Neyret et al. [171] who conducted similar calculations and demonstrated
experimentally the formation of silicon droplets when annealing SiC under only Hzat 1700 K and
1 bar. For this reason, we believe that the droplets observed in Fig. 3.1(e) are silicon droplets.
Increasing the H2 amount in the gas mixture will displace the intersection of the two curves FluxC
and FluxSi. As we can see in Fig. 3.6(c), we have increased the H> amount to 100%, which shifted
the intersection to 1800 K instead of 1600 K. Also, notice that the whole graph shifted up to higher
vapor pressures, due to the increase of etching when increasing H>. These last two observations
suggest that increasing Hz increases the etching of SiC, mainly into C-H species. Therefore, a
higher temperature (1800 K) is required to increase the formation of Si-H species.
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Figure 3. 6: (a) FluxC and FuxSi as a function of the temperature. (b) FluxSi vs. the partial
pressure of CHa. (¢) FluxC and FluxSi as a function of the temperature for 100% of H>.

To limit the formation of silicon residues at the surface, propane can be added to the gas
mixture [171], as we present in Fig. 3.7. This time we are doing the same calculations but with
0.04% of propane, consistent with our experimental conditions. Similar effects will occur: Hz will
etch the substrate, which will release carbon- and silicon-based gases into the atmosphere.
However, this time we also have the decomposition of propane. We show in Fig. 3.7 the most
dominant species in the gas phase. Compared to the previous calculations (Fig. 3.5), we notice that
the vapor pressure of CHa4is more important than before, but it drops rapidly with the temperature
while the CoHz2, CHs and the other gases vapor pressures are increasing while that of the silicon-
based gases remain under the level of C2H2. We also notice a lower vapor pressure of the Si-H
species, such as H4S1, H3Siand other silicon-based gases, compared to the previous case (Fig. 3.5).
In general, the C-H species have higher vapor pressures than the previous case, whereas the Si-H
species have lower vapor pressures. All vapor pressures are increasing with the temperature
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(except for that of CH4) in a way that the Si-H species vapor pressures remain below those of the
C-H species. These major changes are due to the decomposition of propane, which is presented in
Fig. 3.8(a).
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Figure 3. 7: Partial pressure of the C- and Si-gaseous species as a function of the temperature
in the H>-Ar-SiC-C3Hs system.

The decomposition of propane can be estimated by doing simulations with H>+Ar+CsHs
without any solid SiC, while keeping the same gas ratios, i.e. 17% H2 + 83% Ar + 0.04% C3Hs.
The decomposition of C3Hsis shown in Fig. 3.8(a). This figure reveals the decrease of the C3Hs
pressure while it is being decomposed into other gases, mostly CH4 and C2H2. However, the CHa
vapor pressure is decreasing with the temperature increase, which means that for higher
temperatures the propane decomposes less into CH4 and more into other gases. Note that we
omitted gases with vapor pressures lower than that of C(g) to avoid congestion such as C; gases
(1=2to 5). As we can see, the decrease of CHsin Fig. 3.8(a) is exactly the same as in Fig. 3.7,
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with matching values of vapor pressure. Likewise, for the gases C2H2, C2Ha, CH3 and all the C-H
gases, the curve evolution appearing in Fig. 3.8(a) is similar to Fig. 3.7 (even for the Ci gases (i =
1 to 5) and the C-H gases that we omitted in Fig. 3.7 to avoid congestion such as C2Hs, C2Hs and
C2He). In view of these results, we can conclude that the C-H-species vapor pressures that we
observe in Fig. 3.7 emanate from the decomposition of propane and not from the etching of the
substrate, as if the etching is reduced. In fact, different studies have attested that adding propane
to an Hz-annealing of SiC reduces the etching of the SiC [170,171]; in particular, it reduces the
etching into C-H species by adding C-H gases from the decomposition of propane. We assume
that this is what is happening in our case, because we still see Si-based species in Fig. 3.7, which
means that the etching is occurring by forming Si-H, Si-C and Si-C-H gases, while the Ci(i=1 to
5) and C-H gases formation (from the substrate) is inhibited. With this in mind, if we only consider
the gases coming from the substrate, the vapor pressures of the gases Si and Si-H are dominant in
Fig. 4.7 compared to the Si-C and Si-C-H gases.
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Figure 3. 8: (a) Partial pressure of C-gases from the decomposition of C3Hsin a H>-Ar-C3Hs
system (without SiC(s)). (b) FluxC and FluxSi as a function of the temperature in the H>-Ar-
SiC-C3Hs system under 17% H:.

We also show in Fig. 3.8(b) the FluxC and FluxSi parameters, which reveal a higher vapor
pressure for the carbon-curve compared to the Si-curve in the whole temperature range. The two
curves never cross, yet this does not mean that we will have a silicon residue, because as we have
proven previously that when adding propane to the gas mixture the formation of C-H species by
etching decreases. Therefore, the substrate is releasing less CHa to create the material loss required
to form a silicon-rich surface. We can also notice the decrease in substrate etching in this same
graph (Fig. 3.8(b)) since the FluxSi curve is at lower pressures compared to the previous case. At
some point, the atmosphere can be saturated with carbon from the propane leading to a carbon
deposition, which will result in graphene formation. To conclude, it is possible to say that when
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adding propane to the gas mixture, we are able to reduce and inhibit completely the formation of
C-H species generated by SiC etching, but at the same time the SiC etching is still present, resulting
in Si-H, Si-C and Si-C-H gases with lower vapor pressures than in the case of H2>-Ar annealing
without propane.

As a conclusion for this part, we can deduce from the thermodynamic analysis that
annealing SiC under H2 or H2 + Ar will etch the SiC substrate, which will release carbon- and
silicon-based molecules consisting of C-H and Si-H bonds. Over 60 species can be created, mostly
carbon-based molecules with vapor pressures much more important than those for silicon-gases at
low temperatures, depending on the amount of H»z. This difference rises from the significant
formation of CHa4, leading to silicon condensation at the right conditions. However, increasing the
temperature will reduce this vapor pressure difference, and prevent any silicon residue from
forming. Adding propane to the calculations increases the carbon-gases vapor pressures due to the
propane’s thermal decomposition and at the same time decreases the etching of the substrate into
Si-based species while inhibiting completely the formation of Ci (i = 1 to 5) and C-H species by
SiC etching. This will reduce the risk of having condensed silicon droplets. The extra carbon in
the gas phase may condensate at some point to form graphene.

3.1.3.2. Argon atmosphere

We have studied so far the annealing of SiC under an Hz-Ar atmosphere with and without
propane. The case with propane corresponds to the CVD growth of graphene on SiC. We show
now another simulation with FactSage of the annealing of SiC under a pure argon atmosphere,
which is also employed to grow graphene by thermally decomposing the SiC substrate, known as
the Si sublimation technique. For these thermodynamic calculations, no propane was added nor
hydrogen, but only 10 000 moles of argon with 100 moles of solid SiC. The temperature was varied
between 1000 and 2500 K, and the total pressure set at 0.8 bars.

We present in Fig. 3.9, the vapor pressures of the created gases from the thermal
decomposition of SiC under argon. 19 species are created, either Si-gases, C-gases or Si-C gases.
The vapor pressures of all the gases are increasing with the temperature, confirming the increase
of the thermal decomposition of SiC for higher temperatures. As we notice, the Si-gases have
vapor pressures higher than the C-gases for the whole temperature range. The Si(g) remains
dominant with a vapor pressure at least 10 000 times more important than any of the Ci-gases (i =
1 to 5). Other species appear at high vapor pressures with Si-C bonds such as Si2C, SiCz, Si2Ca
etc... but they have vapor pressures below that of Si(g) and higher than the Ci-gases. These
important differences in vapor pressure are what makes the growth of graphene by Si sublimation
possible: by thermally decomposing SiC, we are evaporating more Si-species than C-species,
which will lead to an excess of carbon at the surface of the substrate and form graphene under the
right conditions.

We also show in Fig. 3.10, FluxC, FluxSi and the partial pressure of Si(g) as a function of
the temperature. FluxC is the sum of all the partial pressures of the gases containing carbon such
as the Ci-gases (i = 1 to 5), SiC(g), SiCz, Si2Cz etc... Whereas FluxSi is the sum of all the partial
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pressures of the gases containing silicon such as the Sij-gases (j = 1 to 6), SiCz, Si2C2, Si3Cz etc...
As we can see in Fig. 3.10, FluxSi remains dominant throughout the whole temperature range. In
fact, it depends on the partial pressure of Si(g), which is aligned with FluxSi between 1000 K and
2300 K where the partial pressures of other gases becomes important. This figure confirms our
previous deduction that the SiC is decomposing into Si-species more than C-species.
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Figure 3. 9: Partial pressure of the C- and Si-gaseous species as a function of the temperature
produced by the thermal decomposition of SiC(s) under argon atmosphere.
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Figure 3. 10: FluxC and FluxSi and the partial pressure of Si(g) and as a function of the
temperature in the Ar-SiC system.

3.1.4. Discussion and conclusion

In a first part, we have demonstrated experimentally on the basis of XPS and AFM that
graphene cannot grow from the SiC substrate when this latter is being annealed under hydrogen or
hydrogen-argon. We attempted to grow graphene with different amounts of hydrogen in the gas
mixture, two temperatures of 1450 and 1550°C and annealing times between 5 and 15 minutes,
but the corresponding XPS Cl1s core-level showed no signs of a graphitic deposition. The absence
of the graphene formation is not related to the growth time nor the temperature, but it is due to the
presence of hydrogen, which changes the thermodynamics of the growth, preventing the
graphitization of SiC. Unless we add propane to the Hz, no graphene will be deposited, in contrast
to the Si sublimation technique that does not require propane.

The Si sublimation from SiC under argon (or UHV) is a completely different
thermodynamic system. Under the effect of the temperature, SiC will decompose into silicon-
containing gases and carbon-containing gases. However, the silicon gases have a higher vapor
pressure than carbon gases, especially Si(g) which is dominant in the gas phase, having a vapor
pressure 10 000 times more important than C-gases (without C-Si bonds). Even when increasing
the sublimation temperature, all the vapor pressures increase but the Si(g) remains dominant. This
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means that the sublimation of silicon from SiC is much more important than the sublimation of
carbon, leading to an excess of carbon at the surface of SiC, which under the right conditions will
form graphene. In this work, we were able to sublimate silicon and graphitize the SiC substrate by
modifying our usual growth conditions, i.e. by decreasing the pressure to 100 mbars and increasing
the temperature and the annealing time to 1600°C and 10 minutes respectively.

Adding hydrogen to the gas mixture changes the thermodynamic system, since Ha etches
the SiC and creates new species with C-H and Si-H bonds, species that did not exist in the previous
system under argon only. With the help of FactSage, we were able to find all the released gaseous
species at equilibrium and calculate their vapor pressures. First calculations without any propane
have shown that indeed the carbon-based gases have higher vapor pressures than the silicon-based
gases, especially CHs, which is dominating almost through all the temperature range reaching
2200 K. The difference in vapor pressures induces a contrary effect than in the previous system by
creating an excess of silicon at the surface of the substrate rather than an excess of carbon. Indeed,
a study has shown that silicon droplets will form under the right conditions when exposing SiC to
H: at high temperatures [171]. To avoid the formation of silicon droplets, Neyret et al. [171]
suggested to add propane to the gas mixture, which will saturate the atmosphere with carbon and
reduce the formation of CH4 from SiC etching, therefore reducing the large difference in vapor
pressure between the C-species and the Si-species.

We were able to confirm this behavior by doing calculations with propane in the gas phase.
Adding propane to the H2-Ar mixture raises the total vapor pressure of the carbon-species since
propane also decomposes into carbon-gases, mostly into CH4 and C2Hoz. For clarity we will note
these gases as C-H(propane), i.e. coming from the decomposition of propane. At the same time,
adding propane reduces the SiC etching: by reducing the formation of the Si-species and by
completely inhibiting the formation of Ci(i =1 to 5) and C-H species coming from the substrate,
which we will refer to as C-H(substrate). Therefore, the Ci and C-H species in the gas phase are
only emanating from the decomposition of propane and not from the substrate. We can then deduce
that in the H2-Ar-C3Hs-SiC system the main source for the graphene growth is the propane. The
SiC etching into Si-H species can also be a contributor to the growth, only in the case with propane.
In fact, propane will inhibit the formation of the C-H(substrate) species, but the Si-based species
will continue to form, which can lead to some kind of carbon residue at the surface, since the Si
and Si-H gases have vapor pressures higher than the other species emanating from the substrate.
Hence, we deduce that in the presence of propane two factors contribute to the growth, the thermal
decomposition of propane and the SiC etching into Si-based species. However, it is difficult to
quantify the Si-H contribution, since the propane is the major source of carbon. In the absence of
propane, the SiC etching will produce C-H(substrate) species a lot more than the Si-species,
preventing any carbon excess from occurring at the surface. We summarize the different
thermodynamic systems in table 3.1.

Finally, it is important to go beyond pure thermodynamic calculations: even though
propane decomposes mostly into CHa, yet this gas is less likely to be the main source of carbon
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for graphene. In fact, the surface reactivity of CHa is very low compared to the other gases, with a
reactive sticking coefficient (or sticking probability) in the order of 10~ while C2Hs and C2Hz have
sticking probabilities 100 times more important [177,178]. Other gases such as CH2 and CH3 are
even more reactive with sticking coefficients higher than 0.1 [177,178]. As a consequence, even
though some gases such as CHs are not dominant in the gas phase, they still participate in the
deposition due to their high sticking coefficient. It is also important to be aware of the limitations
of our calculation model since there are different parameters that we cannot take into consideration,
such as the growth kinetics, the continuous flow of gases (H2, Ar and C3Hs) and the contamination
from the reactor’s walls, which may introduce other species.

To summarize, annealing SiC under Hz is not likely to produce graphene in contrast to the
annealing under argon. We were able to demonstrate this experimentally and prove theoretically
with thermodynamic calculations that talking about Si sublimation under hydrogen is irrelevant.
The main reason behind this is the high vapor pressure of the carbon-gases created upon etching
of SiC by Haz. Therefore, propane is essential to grow graphene on SiC in a hydrogen atmosphere.
The etching of the substrate can also be a source of carbon in the presence of propane, but since
propane reduces the etching it is difficult to evaluate the magnitude of this effect.

Table 3. 1: Summary of the outcomes of the different thermodynamic systems with solid SiC.

Gas mixture Partial pressures Outcome Graphene?

Possibly silicon

0 + o +
17% Ha + 83% Ar FluxC > FluxSi residue from SiC Not likely
0% C3Hs '
substrate etching
7% Ha+83% Art b O > FluxSi Ca;ziz dfg o:rllt;on Probabl
X X
0.04% CsHs ! : " ’
decomposition

Carbon residue from
FluxSi > FluxC SiC substrate Probably
decomposition

0% H2 + 100% Ar +
0% CsHs
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3.2. Influence of the growth parameters

In this part, we have studied the effects of the different growth parameters in order to
understand the growth mechanisms to be able to prepare state-of-the-art graphene on SiC.
Therefore, it is preferable to go through the different growth parameters to evaluate their influence
on the growth and on the graphene characteristics. In this part we explore different growth
parameters, such as the growth time, the propane flow, the hydrogen percentage in the gas mixture,
the growth temperature and other parameters which could influence the graphene properties such
as the substrate’s miscut angle (or offcut).

3.2.1. Growth time and propane flow rate

Growth time variation:

We now discuss the effects of the growth time and the propane flow rate on the growth.
For the growth time study, the SiC substrates were from Xiamen and usually have miscut angles
around 0.4°. Fig. 3.11 displays AFM images for different growth times carried out at 1550°C and
17% of H2. We can see in Fig. 3.11(a, b) and in the inset of Fig. 3.11(a) for 1.25, 2.5 and 5 minutes
of growth that the morphology is very similar, presenting straight steps with rough edges. In
Fig. 3.11(c) for 10 minutes of growth, the terraces become a bit wider as some irregular step-
bunching occurs. And finally Fig. 3.11(d) for 20 minutes of growth, we can still see that the SiC
steps and the terraces seem smaller and increased in number along with rough edges indicated by

3 L L_1.25min

1.25 min

Binding energy (eV)

Figure 3. 11: 2x2 um? AFM images of graphene grown with 17% of H2at 1550°C for different
growth times: (a) 2.5 min, (b) 5 min, (c) 10 min, (d) 20 min. AFM z-scale is 5 nm. Inset of (a)
is the 1.25 min-growth (z-scale: 2 nm) (e) Corresponding Cls core-level spectra for the
different samples.
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arrows. Surprisingly, the roughness is more or less the same for the different growths (RMS around
0.4 nm), while steps remain around 1.5 nm-high, except for the 10 minutes growth were some
steps are 2 nm-high.

All samples present a graphene peak in the corresponding Cls core-level spectrum in
Fig. 3.11(e) around 284.5 eV, even for 1.25 minutes of growth i.e. 75 seconds. We did not shift
the peaks nor normalize the spectra, since interesting observations can be made in the untreated
spectra. Analyzing the integrated peak’s intensities allows us to calculate the number of graphene
layers [79]. To estimate the number of graphene monolayers (MLs) we have fitted the SiC and
graphene peaks of the set presented in Fig. 3.11, then using equation (2.3) from part 2.3.3 XPS
we calculated the number of deposited layers, presented in table 3.2. For reasons of simplicity we
have considered the buffer layer peaks within the graphene peak, but it can be corrected by
subtracting the thickness of the buffer layer from the calculated thickness. We estimated an error
value around 0.2 MLs from the choice of the graphene lattice parameter and the buffer layer
thickness (2 A as measured with TEM [110] or equal to the distance between two graphene layers
i.e. 3.3 A). However, from our experience by comparing thickness values with Raman data we
suspect a larger error of 0.4 MLs and more for thicker depositions.

Table 3. 2: Calculated number of layers as a function of the growth time

Growth time (min) Number of layers (MLs)
1.25 1.6
2.5 1.9
5 2.4
10 4.8
20 53

The number of layers is between 1 and 2 for the growth times 1.25 and 2.5 minutes. We
attribute the extra layers to patches of bilayers at step edges or between two steps. The number of
layers increases to 4.8 for 10 minutes and 5.3 for 20 minutes of growth. What is interesting is that
for 1.25 minutes we already have a monolayer of graphene. These calculations are in agreement
with Fig. 3.11(e), where we notice an increase in the intensity of the graphene peak when
increasing the growth time: a noticeable increase is detected between the growth of 2.5 and 5
minutes, then a small increase is added for the 10 and 20 min-growth. However, it is strange that
the graphene peak of the 20 min-growth is not more intense than that of the 10 min-growth,
especially since the SiC peak of the 20-min growth is more attenuated than that of the 10 min-
growth. In addition, in the AFM image of the 20 min-growth in Fig. 3.11(d), the steps seem
narrower and more compact compared to Fig. 3.11(c) for 10 minutes, possibly due to overgrowth
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taking place between steps. Therefore, we cannot rule out that there is more graphene for the 20
min-growth, but regarding the graphene peak intensity, it remains unclear why it is as intense as
the 10 min-growth graphene peak.

Now concerning the peak’s positions, the SiC peak of the 2.5- and 5-min growth are
aligned at 282.6 eV, but the peak of the 1.25 min-growth is slightly upshifted towards higher
binding energy. For the 10 and 20 min-growth, the SiC peak is shifted to 283.9 eV, i.e. 1.3 eV
more compared to the 2.5 and 5 min-growth. The corresponding graphene peak is also shifted to
284.7 eV, i.e. a shift of 0.2 eV compared to the 2.5- and 5-min growth. We suspect that this shift
is related to the thickness of the deposited graphene as Emtsev et al. have suggested in their work
in reference [105]. Emtsev et al. have demonstrated on the basis of XPS and ARPES that when the
deposited graphene thickness increases the graphene peak shifts towards higher binding energies.
The reason rises from charge transfer from the substrate to the graphene layer when a buffer layer
is present. However, they argue that these charges remain close to the interface, resulting in less
charge transfer to the topmost graphene layer when the thickness is increasing. Therefore, the XPS
will be probing a more neutral graphene layer. This explains the upshift of the green and orange
peaks in Fig. 3.11(e), which correspond to the 10 and 20 minutes of growth respectively. Regarding
the upshift of the 1.25 min-sample, it can be due to the presence of incomplete graphene layers for
such a short growth time, even if the surface resembles a lot that of the 2.5 min-growth, see
Fig. 3.11(a) and its inset. Although we calculate 1.6 MLs for 1.25 minutes, the XPS spot diameter
is 400 microns, which means that we cannot rule out the presence of incomplete layers, hence a
less conductive sample leading to the upshift in binding energy.

To better visualize the evolution of the deposited thickness as a function of the growth
time, we show in Fig. 3.12 the sp*/sp® intensity ratios of the different growths i.e. the maximum
intensity ratio of the graphene peak to that of the SiC peak. We also illustrate the estimated number
of layers as a function of the growth time, previously presented in table 3.2. We can see in
Fig. 3.12(a) three sets grown at 1550°C, 800 mbars, 17% of H2 and 5 sccm of propane, on three
different substrates. The red curves correspond to the set of samples we have discussed so far. The
three sets show similar trends, the increase in the growth duration induces an increase in the
deposited thickness, except between the 10- and the 20-min growth were the thickness seems
stable. We show in Fig. 3.12(b) two other time sets, grown in the same growth conditions as before
but at 1450°C and 100% H> for the orange curve. In this case, the intensity ratio reaches higher
values compared to the previous sets. On the other hand, we notice that all the 17% H: curves
increase with a small slope, whereas the 100% Ha curve is straighter, reflecting a more dependent
relation between the growth time and the thickness. Hence, we can deduce that the 100% H2
conditions allow to achieve a thicker deposition and a better control of the thickness with the
growth time. One possible explanation for this behavior can be related to the etching contribution
to the growth, which is more important in the case of the 100% of Ha. In this latter case, increasing
the growth duration is associated with an increase in the etching contribution, not to mention the
contribution of the decomposition of propane, leading to a linear evolution between the deposited
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thickness and the growth time. On the other hand, in the case of the 17% Haz-growth, the Hz etching
contribution to the growth is less important and probably minimal. In addition, the presence of
propane in the gas mixture reduces the etching contribution, based on our previous thermodynamic
calculations. To this end, we can consider a certain equilibrium between the propane contribution

25 —— 6.0 25

— T T T T T T T T T T — T T T T T T —T T — T T
\ | '17% H,;1550°C | | , | 0.56°0ff; 1450°C !
(a) 02 .-55 (b} ‘ . ., , .
2.0 - / 45.0 .
8 |varett e T L1 F 220
D 15]—A=025%fF /i i i 4o g 2 15| *100% H2 |
® : 5 : . ® , . :
g ..435 8 =
- = 5 £
£ 1.0- boo43.0 @ £ 1.0-
“ - : e
g w7 425 ¢ ]
@ / —_
N 051 g 420 8 & 054
o Va : ! : : : : : - o
] & b 15 B @
0.0 1 1 1 1 1 1 1 1 1.0 0.0 i i l: |: |: E |: 1:
0.0 25 50 75 10.0 12.5 15.0 17.5 20.0 22.5 0.0 25 50 7.5 10.0 125 15.0 17.5 20.0 22
Time (min) Time (min)

Figure 3. 12: sp’/sp’ intensity ratio for different sets and different conditions of hydrogen and
temperature: (a) 17% H> at 1550°C. (b) Same substrate at 1450°C but two growths under 17 and
100% of H>.

and the etching contribution, which can explain the less linear evolution in the case of the 17% Ha
growth.

To conclude, we can say on the basis of XPS data that the number of layers increases with
the growth time, without affecting substantially the morphology of the surface, as we have seen
with AFM. This increase in thickness is accompanied with a change in the sample’s conductivity,
due to less charge transfer from the substrate to the topmost graphene layer. In addition, we noticed
that the growth at 1450°C possibly leads to thicker depositions. Also, the growth with 100% of Ha
seems to allow a better control of the deposited thickness compared to the growth under 17% of
Hz, where the number of layers seems more stable or slowly varying with the time. We attributed
these differences to the role of the SiC etching and its contribution to the growth, which is more
important in the case of the 100% Ha2-growth.

Propane flow rate variation:

We will now discuss the effects of the propane flow rate on the growth by considering
different growth sets at 1450 and 1550°C. The first set was prepared on 0.15°-off SiC substrates,
under 17% Hzand 5 sccm of propane at 1550°C and 800 mbars, for 5 minutes. The corresponding
AFM images are displayed in Fig. 3.13(a-d) for propane flows of 0.5, 2.5, 10 and 40 sccm. Apart
the remnants of polishing scratch in Fig. 3.13(a) and (d), no particular changes in the morphology
are detected; we only notice that the step terraces for 0.5 sccm (Fig. 3.13(a)) seem to be the largest
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among the other samples. The corresponding Cls core-level spectra are presented in Fig. 3.13(e)
for the growths between 0 sccm and 40 sccm of propane. All spectra reveal a graphene peak with
a changing intensity, except for the 0 sccm-spectrum where we only detect the SiC peak at
283.9 ¢V and a small bump at 286 eV, attributed to carbon contamination. Adding 0.5 sccm of
propane to the growth results in the manifestation of a graphene peak at 284.9 eV and a shift of
the whole spectrum to lower binding energies compared to the 0 sccm-spectrum. Increasing the
propane flow rate led to an increase in the graphene peak intensity and a down shift of the spectra
to lower binding energies. We attribute the downshift to an increase in the sample’s conductivity
associated with the deposition of graphene. However, adding 20 and 40 sccm of propane induces
an important upshift associated with the increase in the number of layers. We also notice for these
last two curves that the SiC peak intensity decreases a bit while the graphene peak intensity
increases even more, which confirms the more important deposition.
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Figure 3. 13: 5x5 um? AFM images of graphene grown with 17% of Hz at 1550°C for different
propane flows: (a) 0.5 sccm, (b) 2.5 sccm, (¢) 10 sccm, (d) 40 sccm. AFM z-scale is 3 nm. (e)
Corresponding Cls core-level spectra for the different samples.

The second set is prepared with 100% of Hz at 1450°C while the other growth parameters
are kept the same. Similarly to before, we present AFM images and XPS measurements in
Fig. 3.14. The AFM images reveal a change in morphology when increasing the propane flow. In
Fig. 3.14(a) for 5 sccm of propane we can see clearly the steps covered with wrinkles in contrast
to the growth with 2.5 sccm of propane (figure in inset of Fig. 3.14(a)), where only straight steps
appear. When increasing the propane flow rate to 10 sccm (Fig. 3.14(b)), irregular shapes start to
appear across the steps. The same observation can be made for 20 scem (Fig. 3.14(c)) and 40 sccm
(Fig. 3.14(d)): irregular patterns appear with brighter areas indicated by black arrows, along with
smaller wrinkles. All these observations suggest a more important deposition for higher propane
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flow rates. Indeed, XPS measurements (Fig. 3.14(e)) reveal an increase in the graphene peak
intensity with the propane flow rate. Interestingly, the spectra which exhibit a graphene peak are
aligned together at lower binding energies compared to the spectra without any signs of graphene
(for 0 and 2.5 sccm). In this case, even though the increase in the deposited thickness with the
propane is clear, the spectra remain aligned together which is the opposite of the previous
observations. However, for this propane set the growth was carried out under 100% Ha2, which
usually leads to a hydrogenated interface and no shared bonds with the first graphene layer and the
substrate. For this reason, we presume that no or little charge transfer occur from the substrate to
the graphene layers, hence little charge difference will occur between the bottom and top graphene
layer for important depositions. Therefore, the different samples with different graphene
thicknesses are most likely to be similar in terms of conductivity and thus present aligned spectra
in XPS.
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Figure 3. 14: 5x5 um? AFM images of graphene grown with 100% of Hz at 1450°C for different
propane flow rates: (a) 5 sccm, (b) 10 sccm, (¢) 20 sccm, (d) 40 sccm. AFM z-scale: 5 nm. Inset
of (a) 5 sccm of propane. (e) Corresponding Cls core-level spectra for the different samples.

To evaluate the deposited thickness we show in Fig. 3.15(a) the sp?/sp’ intensity ratio as
a function of the propane flow rate for the two sets and a third set carried out at 17% of Ha at
1450°C. We can deduce from these curves and the previous observations that indeed increasing
the propane flow rate increases the deposited thickness. For the growth under 17% of Hz at 1550°C
only 0.5 sccm of propane is enough to instigate a graphene deposition. In contrast, under 100% of
Hz at 1450°C, 5 scem of propane is required to achieve graphene deposition. In fact, as we have
demonstrated in the previous part with thermodynamic calculations, in the case of high hydrogen
amount, the SiC etching by H2 is prevailing, releasing mainly carbon-based species in the gas
phase, but adding propane will reduce the etching. Therefore, a sufficient amount of propane is
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required to decrease the etching and promote graphene growth. In this present case 5 sccm of
propane is needed for the growth to take place. In addition, the set grown with 17% of Hzat 1450°C
shows a similar behavior as in Fig. 3.13(a-d). However, AFM images presented in Fig. 3.15(b, ¢)
show areas of over deposition for the 40 sccm-growth (Fig. 3.15(c) compared to the 20 sccm-
growth in Fig. 3.15(b)).
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Figure 3. 15: (a) sp’/sp’ intensity ratio for different sets and different conditions of Hz and
temperature. (b) and (c) 5x5 um?> AFM images of the growth under 17% of Hzat 1450°C. (b)
20 sccm of propane, AFM z-scale: 3 nm. (c) 40 sccm of propane, AFM z-scale: 20 nm.

As a summary, we have demonstrated that the graphene thickness can be controlled with
the growth time and the propane flow rate, based on AFM and XPS measurements. The ideal
growth conditions, regarding the morphology, seem to be around 2.5 sccm of propane and 5 to 10
minutes for 17% of Hz at 1550°C, whereas for 100% of H2 5 sccm of propane is required with a
growth time around 5 minutes at 1450°C. The growth under 17% of Hz at 1450°C presents areas
of over deposition for 40 sccm of propane, therefore a higher temperature seems to be necessary
for a uniform growth when using important amounts of propane. In addition, we believe that the
100% Hz-growth allows a better control of the thickness when changing the growth time. In fact,
we notice that in this latter case, the thickness seems more dependent on the growth time compared
to the growth under 17% of Hz, where the deposition rate appears to be more or less stable or
slightly increasing with the growth time. We also noticed an energy shift in XPS with the growth
time and the propane flow rate for the growth under 17% of Hz. The samples grown with 20 and
40 sccm, or for 10 and 20 minutes seem to have the most upshifted peaks probably due the increase
in the number of layers, which will result in a topmost graphene layer with less charge transfer
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compared to the graphene layer close to the interface. On the other hand, the samples grown with
100% H> for different propane amounts present aligned peaks without any shift in the binding
energy, which we attributed to comparable charge density in the different samples regardless of
the graphene thickness. This is due to a minimum charge transfer from the substrate to the graphene
layer because of the absence of bonds with the substrate and the presence of a hydrogenated
interface under these hydrogen-rich conditions.

3.2.2. Growth temperature

It is important and necessary to understand the influence of the temperature on the graphene
growth on SiC. In graphene growth by Si sublimation, the temperature plays a crucial role in
controlling the uniformity of the growth and the thickness of the graphene layer [76,90,105]. It is
thought that the growth is more uniform when the temperature is sufficiently high: around 1650°C
in an argon atmosphere. In addition, some studies aim for higher temperatures reaching 2000°C,
to obtain thicker graphene layers [90], but of course this depends on the experimental setup and its
ability to support high temperatures. In CVD of graphene on SiC, it was also demonstrated that
the growth temperature has a direct influence on the quality and morphology of the graphene layer
[12,18,103]. In this part, we will discuss the influence of the growth temperature on the
morphology, the number of layers and the structure of graphene grown on SiC by CVD.

Figure 3. 16: 5x5 um? AFM images of graphene grown with 100% of Hz at (a) 1450°C and (b)
1550°C. AFM z-scale: 5 nm. 5x5 um?> AFM images of graphene grown with 17% of H: at (c)
1450°C and (d) 1550°C. AFM z-scale: 3 nm.
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In Fig. 3.16(a, b), we compare the growths at 1450 and 1550°C under 12 slm of H2 (100%
of H2) at 800 mbars and 5 sccm of propane for 5 minutes. In Fig. 3.16(a) for the growth at 1450°C
we can discern the SiC steps covered with wrinkled graphene. In contrast, in Fig. 3.16(b) for the
growth at 1550°C, we still see the wrinkles and few steps, but we also see irregular shapes and
etching pits. We attribute these etching pits to the high reactivity of Hz with the substrate at this
temperature. For this reason, it seems that the growth under 100% of Hz should be carried out at
1450°C and not 1550°C to avoid any excessive etching of the SiC substrate or the graphene layer.

In Fig. 3.16(c, d), we show the growth under the same conditions but with less hydrogen
in the gas mixture, i.e. 2 slm of Hz2 + 10 slm of argon (17% of Hz). In Fig. 3.16(c), we can see
straight steps of SiC with few crooked edges, along with narrower terraces growing between two
adjacent larger ones. We can also see patches of brighter contrasts on terraces and step edges, with
heights between 0.35 and 0.45 nm. These two observations can rise from the growth mechanism
of graphene which can occur at step edges or/and between two adjacent terraces, and also possibly
on the terrace. Therefore, we attribute the brighter patches to extra graphene layers or graphene
islands. On the other hand, the surface looks more uniform in Fig. 3.16(d) since first we do not see
any extra patches and second the terraces appear to be of the same width, with the exception of
few larger terraces probably due to step-bunching under the effect of the higher temperature.
Therefore, the higher growth temperature seems to accelerate the growth and promote a more
uniform deposition in this case. The reason behind this can be due to the influence of the
temperature on the diffusion of carbon atoms on the surface. Hence, the higher is the temperature,
the higher is the chance of having uniform growth with identical terrace-width instead of graphene
patches. To this end, we rarely grow graphene with 17% of Hz at temperatures lower than 1450°C.

In a second part, we present the influence of the temperature on the deposited thickness in
Fig. 3.17(a, b), estimated with Raman spectroscopy, for two H2 amounts (17% and 100%). For
each graph we present two substrates with different miscut angles. The growths are done at 800
mbars, 5 minutes of 5 sccm of propane. In Fig. 3.17(a) (for 17% of H2) the number of layers is
between 3 and 4 MLs at 1350°C, then it decreases when increasing the temperature to 1450°C and
it remains stable between 1450 and 1550°C. On the contrary, in Fig. 3.17(b) we notice an opposite
behavior since the number of layers is increasing with the temperature. However, this effect seems
more evident on the 1°off substrate (black curve), whereas the other curve (red curve) is less
dependent on the temperature. We will come back later to the effect of the substrate’s miscut angle
on the growth. For now, for a given offcut, we correlate the variation in the number of layers with
the temperature to the Hz etching of the substrate. As we previously discussed, the Hz etching of
the substrate can be a source of carbon which can contribute to the growth of graphene. In
Fig. 3.17(a) the etching contribution is minimal since the amount of Hz is only at 17%, and the
main contributor to the growth in this case is propane. When increasing the temperature the
propane will decompose even more (see Fig. 3.8(a)), which will reduce the substrate etching
contribution to the growth (based on our previous thermodynamic calculations). This phenomenon
also occurs for the 100% Hz-growth in Fig. 3.17(b), but the etching in this case is significant
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enough to compensate the effects of the propane. In this case, when increasing the temperature
under 100% of Ha, the etching will rise and therefore will increase its contribution to the growth
along with the number of deposited layers.
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Figure 3. 17: (a) and (b) Estimated number of layers, calculated with Raman spectroscopy, as
a function of the temperature for two different H> amounts: (a) 17% of H2 and (d) 100% of H>.
(c) and (d) 5x5 um? AFM images of graphene grown with 100% of H: at (c) 1350°C and (d)
1450°C. AFM z-scale: 3 nm. Figure in the inset of (c) is a 2x2 um’ AFM image.

We show for comparison in Fig. 3.17(c, d), the growth under 100% of Hz at 1350°C (Fig.
3.17(c)) and at 1450°C (Fig. 3.17(d)). The two morphologies are alike, with the exception of larger
terraces at 1450°C, probably due to the higher growth temperature, which promotes step-bunching.
We did not present the 1350°C-growth in Fig. 3.16 because it is a different substrate.

To conclude this part, we have shown that with 100% of Hz it is better to grow graphene at
1450°C rather than 1550°C to avoid any etching effects on the morphology. In contrast, with 17%
of Ha, a higher growth temperature is required to obtain a uniform graphene deposition with
complete layers and no small graphene patches or islands. We correlate this behavior to the
influence of the temperature on the growth mechanism of graphene and on the diffusion of carbon
atoms at the surface. We also discussed the influence of the temperature on the number of graphene
layers. The latter decreases when the temperature is increased under 17% of Hz due to the decrease
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of the etching contribution upon propane decomposition. In contrast, the etching contribution
remains dominant while the temperature is increased under 100% of Ha, leading to an increase in
the deposited number of graphene layers.

In a third part, we will show the influence of the growth temperature on the graphene
morphology and structure. We present in Fig. 3.18 three growths under 33% of Hz, 800 mbars, and
5 minutes of 5 sccm of propane. In Fig. 3.18(a), for graphene grown at 1350°C, we can detect
some wrinkles all over the surface with the manifestation of few irregular shapes which we
attribute to incomplete graphene layers. The corresponding LEED pattern in Fig. 3.18(d) exhibits
elongated rings, indicated by red arrows, suggesting the presence of IRD. The growth at 1450°C
Fig. 3.18(b) seems more uniform with a complete coverage of wrinkles all over the surface. The
corresponding LEED pattern in Fig. 3.18(e) also shows the manifestation of elongated rings and
therefore IRD. On the other hand, the growth at 1550°C in Fig. 3.18(c) shows no signs of wrinkles
at the surface and no signs of IRD in the corresponding LEED pattern in Fig. 3.18(f), but instead
we can detect some diffraction spots of the (6V3x6V3) surface reconstruction indicated by blue
circles. We presume that these observations are related to the presence of hydrogen at the interface
and the influence of the temperature on the hydrogen intercalation. In fact, some studies have
shown that annealing a graphene sample under H2 will lead to the intercalation of hydrogen at the
interface [84,86]. However, few studies [86,111] have demonstrated that this effect is reversible
under a sufficiently high temperature annealing. We think that a similar effect can happen when

Figure 3. 18: 5x5 um’ AFM images of graphene grown with 33% of Hzat (a) 1350°C, (b)
1450°C and (c) 1550°C. AFM z-scale is 3 nm. (d) to (f) The corresponding LEED images taken
at an electron energy of 140 eV.
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changing the growth temperature in our growth conditions. At 1350 and 1450°C, hydrogen is
expected to be bonding with silicon atoms of the substrate, whereas at 1550°C, even if hydrogen
can bond with the silicon atoms during the temperature ramp, it is very likely that these bonds will
break and release hydrogen at 1550°C. Therefore, to achieve an important hydrogenation of the
interface at this temperature more hydrogen is required, at least more than 33%. Regarding the
structure observed with LEED and the differences in AFM, graphene appears to be disordered and
wrinkled when the H-Si bonds are supposed to exist. In contrast, graphene seems to be associated
with a (6V3x6V3) surface reconstruction when the substrate is expected to be sharing bonds with
the first carbon layer. These observations are related to the hydrogenation of the interface but will
not be discussed here as they are the main subject of the next paragraph where we will discuss in
details this matter based on AFM, LEED, Raman spectroscopy and XPS measurements.

For now, we conclude that 33% of Hz are enough to hydrogenate the interface at 1350 and
1450°C, manifested by wrinkles and IRD detected with AFM and LEED respectively. In contrast,
the same amount of Hz is not enough to hydrogenate the interface at 1550°C since no wrinkles nor
IRD were detected in AFM and LEED, but instead we detected the 6V3 structure. We cannot rule
out the possibility of hydrogen bonding with silicon under the temperature ramp, but at 1550°C
there is a big chance that these bonds will break and release the hydrogen. We believe that to
achieve a significant hydrogenation at this temperature more hydrogen is required.

3.2.3. Hydrogen amount in the gas mixture
3.2.3.1. First observations

In chapter 2 we have presented two different growth conditions for graphene on
SiC (0001) (see table 2.2): high amount of H2 (100%) in the gas mixture and low amounts of H>
(17-25%). In this part, we will discuss in details the influence of H2 on the growth of graphene by
changing the H2 % in the gas mixture. In a first part, we will conduct a study based on AFM,
Raman spectroscopy and LEED. In a second part, a similar study will be carried out based on XPS
measurements. The growth conditions for the first set of samples is presented in table 3.3.

Table 3. 3: Growth conditions for the different samples

Samples Hydrogen-argon Referred to as
Sample 1 1 slm H2+ 10 slm argon 9% Ha
Sample 2 2 slm H2+ 10 slm argon 17% H2
Sample 3 3 slm H2+ 9 slm argon 25% Ha
Sample 4 4 slm Hz+ 8 slm argon 33% Ha
Sample 5 6 slm H2+ 6 slm argon 50% H2
Sample 6 9 slm H2+ 3 slm argon 75% Ha
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All the samples were grown at 1550°C, 800 mbars and 5 minutes of 5 sccm of propane.
The substrate’s miscut angle for this study was 0.09°. Also note that the total gas mixture is 12 slm
of hydrogen and argon, but since the argon controller is limited to 10 slm, the total gas mixture is
11 slm for the first sample in table 3.3.

AFM observations:

We first present the AFM observations in Fig. 3.19 of the full set. For the first sample
grown with 9% of Hz (Fig. 3.19(a)), the surface presents terraces with widths between 200 and 300
nm and step heights between 0.35 and 0.50 nm. Most of the terraces defined by steps are atomically
flat, but few terraces edges are decorated by rougher ribbons indicated by white arrows in
Fig. 3.19(a) (height around 0.22 nm). This is no longer observed in Fig. 3.19(b), grown with a
higher Hz percentage (17%). However, when investigating the phase image, we notice a difference
in contrast (image in inset of Fig. 3.19(b)), which suggests a non-uniform deposition. The terraces
are now a bit larger, reaching a width of 380 nm. Steps with the same phase contrast present heights
around 0.8 nm, whereas steps with different phase contrast have heights around 0.35 nm. Note that
the two regions with different contrasts seem equal in terms of surface coverage. Fig. 3.19(c) with
25% of Hz presents terraces with widths between 300 and 350 nm and open pits with widths
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Figure 3. 19: 5x5 um? AFM images of the grown graphene samples at 1550°C, 800 mbars, 5
sccm of propane for 5 minutes, with different H: percentage in the gas mixture. The figures in
the inset of (b) and (e) are the corresponding phase images. The AFM topographic z-scale is
2.5 nm.
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reaching 120 nm. Again the heights range between 0.3 and 0.8 nm similar to the previous samples.
Increasing the Hz to 33% (Fig. 3.19(d)) leads to a more uniform surface, both in topography and
phase contrast, with terraces between 300 and 450 nm-wide and a uniform step-height around 0.8
nm, with the exception of few very small features with heights around 0.4 nm and widths of 60 nm,
indicated by blue circles. When the Hz reaches 50% (Fig. 3.19(e)) wrinkles start to appear, with
heights of ~1.5 nm and widths of ~50 nm. A phase contrast is observed in some regions (inset of
Fig. 3.19(e)), attesting for non-uniform thicknesses. Same phase contrast steps are ~0.8 nm-high
and different phase contrast steps are ~0.4 nm-high. Note that the difference in phase contrast is
only important for the sample of 17% Ha. For the rest of the samples the brighter regions are
dominant (see inset of Fig. 3.19(e)). The more we add hydrogen, the more wrinkles will appear
(Fig. 3.19(f)), with sizes similar to the previous sample, but the growth seems to be no longer
homogenous since we notice different contrasts and irregular shapes on the steps. The deposition
seems to be more important in this last case.

The step-height measurements and the differences in phase contrast suggest a graphitic
deposition, but to understand these observations we have to mention that graphene deposition will
be later confirmed with Raman spectroscopy. Therefore, knowing that we have graphene, AFM
observations reveal a non-uniform deposition in some cases. In fact, if we only consider the SiC
steps, their height should be equal to half a lattice or a complete lattice (7 ¢ or ¢; ¢ being the out-
of-plane lattice parameter of SiC), i.e. around 0.75 or 1.5 nm for 6H-SiC. Then if we consider that
graphene grows in a step-flow manner, as many studies suggested, one would expect to maintain
the SiC step-height. However, the heights we measure in Fig. 3.19(a) for 9% of Hz, around 0.35
and 0.5, suggest that an extra graphene layer has been deposited between two neighboring SiC
steps. In addition, extra ribbons 0.2 nm-high appear at step edges, which we also attribute to extra
graphene layers. In the case of 17% of Ha, the phase image (inset of Fig. 3.19(b)) presents areas
with different contrasts: steps with the same phase contrast are 0.8 nm-high, which can be ascribed
to SiC covered with graphene. In contrast, steps with different phase contrast have heights around
0.35 nm, which can be attributed to an extra graphene layer. Similar observations can be made for
the 25% Ha-growth in Fig. 3.19(c), along with open pits suggesting incomplete graphene layers.
The most uniform sample seems to be the one grown at 33% of Hz, presented in Fig. 3.19(d),
where the surface is dominated by 0.8 nm-high steps, attributed to SiC covered with graphene and
confirming the step-flow growth of graphene for the right conditions. Finally, for the 50% Ha-
growth (Fig. 3.19(c)), the phase image uncovers different phase contrasts attesting for the growth
of extra graphene layers in some areas, mostly between two adjacent steps.

Raman spectroscopy measurements:

Raman spectroscopy confirms the presence of graphene as we present in Fig. 3.20(a). All
samples present the graphene fingerprint i.e. the D, G and 2D modes around 1350-1370 cm™,
1590-1615 cm™ and 2700-2730 cm™', respectively. The defect-induced D-peak appears in some
samples around 1350 cm’, but we do not notice any particular evolution from one sample to
another. The D-peak appears clearly on the 9% and 75% Hz samples, but more intensely on the
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25% Hz sample, which seems in good agreement with the poor morphology. We suppose that the
D-peak is induced by the rough ribbons at the step edges in Fig. 3.19(a), by the open pits and
incomplete layers in Fig. 3.19(c) and by the irregular shapes in Fig. 3.19(f). In this latter case
another factor contributes to the rise of the D-peak as we will add next in the LEED investigation.
We also show in Fig. 3.20(c-h) the estimated number of layers for each sample calculated by
normalizing the G-peak integrated intensity to that of a HOPG reference (please refer to equation
(2.4) in chapter2, part 2.3.4 for more details). To be able to do this type of statistics, Raman maps
were recorded with different sizes for the different samples: for samples 9% Hz, 17% Hz, 25% Ha
and 75% H> the map size is 10x10 um? with a step of 1 um. For the sample 33% of Hz, the map
size is 7x15 pm? with a step of 0.25 um. And finally for the sample 50% H>, the map size is 15x15
um? with a step of 0.3 pm.
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Figure 3. 20: (a) Raman spectra of the different samples. The red lines show the reference peaks
of exfoliated graphene at 1582 and 2670 cm™. (b) A closer look on the 2D-peak. (c) to (h)
Statistical charts of each sample showing the estimated number of layers on the X-axis.

It seems that the estimated number of layers is consistent with the AFM observations in
Fig. 3.19. In fact, all the calculated number of layers present a decimal number which is due to the
extra layer we have previously detected either with the topographic AFM image or with the phase
image. The Raman laser spot diameter being 400 nm, each Raman spectrum rises from areas with
different thicknesses, which explains the asymmetric shape of the 2D-peak presented in
Fig. 3.20(b). The most uniform sample seems to be the one grown with 33% of Hz (Fig. 3.20(f)),
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since the number of layers is around one single graphene layer, which confirms our AFM
observations. In addition, Fig. 3.20(c, e) presents 1 to 1.7 layers of graphene for the different
samples, which means a single-layer deposition with patches of multilayers. However, we
measured with AFM step-heights of 0.8 nm along with areas 0.35 nm-high, we deduce that the
difference between different areas does not exceed one monolayer. Therefore, the values we
extract from Raman spectroscopy attest for a single graphene layer with areas or patches of
bilayers. For the 17% H2-growth, the statistical chart in Fig. 3.20(d) reveal a bimodal distribution,
one showing a number of layers less than one and the other showing a number of layers more than
one. The laser spot must be detecting at the same time areas without any graphene and areas with
graphene, which explains the detection of 0.5 layers. We also suspect areas without any graphene
for the sample grown with 50% since the statistical chart in Fig. 3.20(g) shows important data
around 0.5 layers. Finally, the sample grown with 75% of Hz presents a number of layers reaching
2 (Fig. 3.20(h)), which explains the large 2D-peak in Fig. 3.20(b), since this latter’s FWHM is
sensitive to the number of graphene layers as well [141]. This last observation confirms our
previous assumption that the deposition is more important for the 75% Hz sample. Finally, we add
that the 2D peaks in Fig. 3.20(b) seem shifted from one another, especially the 50% Hz sample,
which is shifted towards higher wavenumbers. Different parameters can lead to a shift in Raman
peaks, but we will discuss this later on in part 3.3.

We also attempted to estimate the number of graphene layers with XPS, by calculating the
ratio of the integrated intensity of the graphene peak to that of the SiC peak. However, the values
seem to be overestimated with XPS compared to Raman spectroscopy by at least 0.6 MLs. This
inconsistency could be due to the two different approaches for the estimation of the number of
graphene layers and/or related to the spot width of each technique, which is 400 microns for the
XPS gun but 400 nm for Raman spectroscopy.

LEED investigations:

In order to have better insights into the influence of the hydrogen on the structure of
graphene we have conducted LEED measurements, as we show in Fig. 3.21. We show only four
LEED patterns with their corresponding AFM images. Fig. 3.21(b) corresponds to the growth with
the lowest H2 amount. It is possible to detect graphene and SiC diffraction spots, but also we notice
the manifestation of an interface reconstruction, indicated by white circles and arrows in
Fig. 3.21(b). To be specific, a (6N3x6V3) SiC interface reconstruction, rotated 30° with respect to
the substrate. This interface reconstruction appears in Fig. 3.21(b, d) and less intensely in
Fig. 3.21(f). In this latter case we had to zoom in and change the contrast to be able to see the 6v3
structure. Also, we detect in this same figure some elongated shapes and satellites next to the
diffraction spots of graphene, indicated with yellow arrows. These shapes are identified as a
graphitic phase with in-plane rotational disorder (or IRD). Therefore, for this sample grown with
50% H> (Fig. 3.21(f)) it is possible to see the 6V3 interface reconstruction and IRD. Finally, in the
Fig. 3.21(h) for 75% Hz, no signs of the 633 are present, we only see elongated shapes revealing
IRD. Combining LEED with AFM observations, the IRD phase exposed by LEED is correlated to
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the presence of wrinkles in AFM images. We believe that the IRD also contributes to the D-peak
observed in the corresponding Raman spectrum in Fig. 3.20(a), but somehow this peak is not
detected for the 50% Ha2 sample even though we do observe IRD in the corresponding LEED image
(Fig. 3.21(f)). We do not present the LEED patterns of the samples grown with 25 and 33% of Ha,
because they show similar features to the 9% and 17% Hz samples.

Figure 3. 21: 5x5 um? AFM topographic views of the different grown samples: (a) under 9%
H>, (¢) under 17% H:, (e) under 50% H: and (g) under 75% H>. Images in (b), (d), (e) and (h)
represent the corresponding LEED images taken at an electron energy of 140 eV.

3.2.3.2. Interface control: discussion and conclusion

Combining AFM and Raman observations, we can deduce that the hydrogen amount in the
gas mixture has a direct influence on the deposited thickness. Based on the Raman histograms for
the number of layers in Fig. 3.20(c-h), the graphene thickness seems more or less stable but slightly
decreasing when increasing the H2 amount from 9% to 33%, regardless of the areas with 0.5 MLs
for 17% of Hz. The number of layers then reaches a minimum for 50% of Hz (Fig. 3.20(g)), but
increases when increasing the H2 amount to 75% (Fig. 3.20(h)). These observations are in good
agreement with AFM topographic changes, where we first see extra layers at step edges for the
9% Hz-sample in Fig. 3.19(a). These aspects are no longer observed in Fig. 3.19(b) for 17% Hoa,
but we do detect a difference in phase contrast suggesting a difference in the deposited thickness.
Fig. 3.19(c) presents incomplete layers, but Raman is not very sensitive to the small open pits,
since we estimate a number of layers mostly around 1.15 and 1.25 graphene layers. Increasing the
Hzamount to 33% limits the number of layers to one single graphene layer, with few discrepancies.
Finally, with H2 amount equal and greater than 50%, other features such as wrinkles start to appear
as we can see in Fig. 3.19(e, 1), along with irregular patterns for 75% of Hz, suggesting a thicker
deposition. These observations seem difficult to interpret, since each sample appears to be
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particular with its own anomalies, but we believe that the influence of Hz on the thickness of
graphene is related to the etching of SiC, since we consider that the latter is also a source of carbon
in the presence of propane as we previously discussed. The variation of Hz should change the
etching contribution to the growth, but quantifying these effects seems complicated. In spite of
that, the growth with 33% of Hz appears to be the most homogeneous and uniform for these growth
conditions.

According to AFM and LEED observations, graphene grown with low hydrogen
percentage in the gas mixture seems associated with a (6V3x6V3) surface reconstruction as
evidenced by LEED patterns. We have previously correlated this interface reconstruction in
chapter 1 to a buffer layer, or a zero™ graphene layer, which shares covalent bonds with the
substrate. Increasing the Hz amount to 50% (Fig. 3.19(e)) has initiated the emergence of few
wrinkles at the surface and in-plane rotational disorder (IRD) in the corresponding LEED image
(Fig. 3.21(f)). We also see in Fig. 3.21(f) diffraction spots corresponding to the 63 structure,
which means that both structures, the IRD and the 6V3 structure, coexist. In Fig. 3.21(h),
corresponding to the highest percentage of H2, we only see IRD without any signs of a buffer layer
in the LEED pattern along with a surface covered by wrinkles in Fig. 3.19(f) and Fig. 3.21(g).
These observations are related to what is happening at the interface between the graphene layer
and the substrate. Without the presence of hydrogen such as in the case of Si sublimation under
UHV or argon, the first carbon layer can bond with the substrate and form the buffer layer.
However, few studies have shown that a post-growth annealing under Hz can introduce hydrogen
at the interface, which will bond with the silicon of the substrate, replacing the bonds with the
buffer layer [84,86]. In other words, the hydrogen can passivate the Si dangling bonds, preventing
them from bonding with the first carbon layer to create a buffer layer.

In our case, for small amounts of H2 (9%-33%) during the growth, we still observe the
buffer layer’s features. This could be due to the insufficient amount of hydrogen to passivate all
of the silicon dangling bonds, allowing them to bond with the first carbon layer and form a buffer
layer. An important amount of hydrogen is required to passivate the silicon dangling bonds (more
than 50% of H2), inhibiting the formation of the buffer layer. In the absence of the buffer layer,
i.e. when the interface is hydrogenated, graphene seems to grow in domains with different
orientations, see the LEED pattern in Fig. 3.21(h) where we detect elongated shapes attributed to
IRD. We also detect wrinkles on the surface for the cases with 50 and 75% of Hzin Fig. 3.19(e, f).
We suspect that because of the absence of the buffer layer, the graphene sheet will be freestanding.
As a response to important amount of thermal strain when cooling down, wrinkles will appear at
the surface to relieve the strain. We will talk more about this later on when we discuss strain in the
epitaxial graphene layer (part 3.3). We usually associate wrinkles to the presence of IRD, but it is
important to note that the observation of wrinkles does not always mean that we have IRD without
the confirmation of LEED. Some studies were able to detect wrinkles on graphene grown under
UHV on SiC (0001) [113]. Therefore, wrinkles are mainly a strain-relief process, but it is necessary
to complete their detection with LEED measurements to associate them with IRD.
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We add that, IRD or disorder can also be translated into the emergence of the D-peak in
the corresponding Raman spectrum. In the presence of the buffer layer, for low amount of Ha, the
graphene sheets seem well ordered with LEED, all oriented with a 30° angle with respect to the
substrate, but we detect a D-peak for 9% and 25% Ha for reasons related to the morphology and
not to the presence of disorder. We also do not detect any wrinkles with AFM for this case, either
because graphene on a buffer layer does not present significant strain, or because the buffer layer
prohibits strain relaxation. At this point we cannot add more before discussing the strain. On the
other hand, in the intermediate case, with 50% of H2, we can see in the LEED measurements
(Fig. 3.21(f)) that IRD coexist with the 633 structure. In this case, the hydrogen is enough to create
some bonds with silicon, and thus a bit of disorder, yet it does not seem enough to avoid completely
the presence of the buffer layer. Hence, no D-peak is observed in the corresponding Raman
spectrum and only few wrinkles appear at the surface, probably because the buffer layer is
prohibiting enough strain relief and the manifestation of significant disorder.

As a conclusion, we can deduce from the AFM and LEED observations that a transition
occurs when increasing the H2 amount in the gas mixture for the growth of graphene, similarly to
what has been observed in a previous study when varying pressure and temperature under pure
hydrogen [18]. In our work, we can distinguish among three different cases: at low H2 percentages
(9%-33%), the 63 structure is dominant; with a high Hz percentage (75%) the IRD structure is
dominant; for intermediate amount of Hz (in this case at 50% Hb2) it is possible to have both
structures coexisting together. This can also explain the reason why we have more than two layers
for 75% of Hz even though the propane flow rate and the growth time are the same: in fact, for low
H2 amount the first carbon layer is a buffer layer, whereas for 75% of Ha the first carbon layer is a
graphene layer due to the sufficient passivation of the Si dangling bonds. Therefore, for the same
propane flow rate and growth time we will obtain a buffer layer and a graphene layer for the low
H> amount case, but instead two graphene layers for 75% of Hz. This means that the number of
layers is also related to the hydrogenation of the interface and not only to the etching contribution
to the growth as we previously suggested. Finally, the best choice of hydrogen amount seems to
be around 33%, resulting in a uniform deposition and morphology.

3.2.3.3. XPS study: sample-set 2

To check the credibility of our observations, the same growth conditions were applied to
another set of samples of a different substrate with a slightly larger offcut. The growth conditions
are the same, similar to what is presented in table 3.3, with the exception of few changes in the
hydrogen percentage. For example we added two samples grown with 67 and 100% of Hz. We
present in Fig. 3.22(a-c) three AFM images and not for all the samples, because the topographic
observations have not changed. Similarly to before, we start detecting wrinkles at the surface for
a growth under 50% of Hz, indicated by white arrows in Fig. 3.22(b). Fig. 3.22(c) for 100% of H2
displays a lot of wrinkles and open pits, possibly due to important hydrogen etching at 1550°C,
which can probably be reduced by adding more propane to the growth. To evaluate the hydrogen
effect in this study we performed XPS measurements. We present the Cls core-level for the
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different samples in Fig. 3.22(d). All the samples present the graphene sp’-peak except for the
growth attempt conducted with 100% of argon (the black curve in Fig. 3.22(d)). Note that the
100% Hz-sample presents a graphene peak with reduced intensity and a very asymmetric shape
(purple curve). We attribute these features to the important etching we see in Fig. 3.22(c). All the
spectra were normalized to the SiC peak and aligned to the 100% H2-SiC peak for clarity purposes.
It is worth noting that the spectra corresponding to 0% H2 and 9% H:z had the highest binding
energy and had to be shifted by -0.8 and -0.9 eV respectively, to be aligned with the 100% H2-SiC
peak. As to the other spectra, the shift is reduced for samples with higher H2 amounts, for example
the spectra corresponding to 17%, 33% and 50% of Hz had to be shifted by -0.4, -0.2 and -0.1 eV,
respectively. Two reasons can explain this shift: the sample’s conductivity and the changing
number of layers. First, the sample grown with 0% of Hz presents no graphene peak, which makes
it a bare SiC substrate and hence less conductive than graphene. Since XPS is sensitive to the
conductivity of the sample, a less conductive sample will exhibit peaks at higher binding energies,
see part 2.3.3. XPS. Note that the flood gun was not used while recording these spectra. Secondly,
Emtsev et al. [105] have attributed the XPS shift to a change in graphene thickness and charge
transfer. In fact, they believe that a charge transfer always takes place from the substrate to the
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Figure 3. 22: (a) to (c) 5x5 um?> AFM topographic views of the different grown samples: (a)
with 17% H>2, (b) with 50% H> and (c¢) with 100% H>. AFM z-scale: 3 nm. In (d) the
corresponding Cls core-level spectra of all the grown samples under different H2 amount. (e)
and (f) Fitting of the 9% Hz-sample in (e) and of the 67% Hz-sample in (f).
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graphene layer, but resides mainly close to the interface [37,41,179]. Therefore when the thickness
is increasing, the XPS will be probing more neutral graphene with a Cls peak shifted towards
higher binding energies. We assume that a similar phenomenon is occurring in our case, especially
since we have previously seen that Hz influences also the thickness of the graphene, but also since
the buffer layer is getting more hydrogenated with the increasing amount of Hz, the charge transfer
is reduced as well for higher H2 amounts.

Finally, since we know that the buffer layer is detectable with XPS, we considered two
extreme samples: the 9% Hz and the 67% H2 samples, see Fig. 3.22(e, f). In Fig. 3.22(e), for the
9% Haz sample, it was necessary to use four peaks to fit correctly the recorded spectrum: the SiC
peak appears at 284 eV and is fitted with a Gaussian function; the asymmetric graphene peak
appears at 284.9 eV, fitted with the Doniach-Sunjic function for asymmetric peaks [180]; and two
peaks (S1 and S2) fitted with a Gaussian function (for S1) and a Lorentzian (for S2). The S1 and
S2 peaks correspond to the buffer layer, appearing at 285.1 and 286 eV respectively, with an area
ratio S1/S2 of 0.5, as expected for the buffer layer peaks [105]. Note that the S1 peak corresponds
to carbon atoms within the buffer layer sharing covalent bonds with the substrate, whereas the S2
peak represents sp>-carbon atoms within the buffer layer. In Fig. 3.22(f), for the 67% Ha, there was
no need for four peaks to fit the spectrum correctly. Only two peaks were used: the SiC peak
appears at 283.1 eV (fitted with a Gaussian) and the asymmetric graphene peak at 284.5 eV (fitted
with the Doniach-Sunjic function). These observations confirm our previous conclusion that the
buffer layer only appears for samples grown with low hydrogen amount, whereas for samples
grown with a high hydrogen percentage in the gas mixture, no buffer layer is detected. The reason
behind this behavior, as we explained before, ensues from the intercalation of hydrogen at the
interface.

In summary, we have demonstrated the effects of the hydrogen amount in the gas mixture
on the growth of graphene. The H2 % has a direct influence on the morphology and on the deposited
graphene thickness as evidenced by AFM and Raman spectroscopy. In addition, based on LEED
investigations, the hydrogen appears to have an influence on the graphene structure as well. Low
hydrogen-ratio growths are associated with a (6Y3x6V3)-R30° interface reconstruction, while high
hydrogen-ratio growths (equal and more than 50%) are associated with in-plane rotational disorder
and wrinkles at the surface detected with AFM. We believe that it is all connected to the amount
of hydrogen at the interface, since hydrogen is able to bond with the silicon from the substrate and
prohibit the formation of the buffer layer. On the contrary, insufficient amounts of hydrogen at the
interface will leave free dangling bonds able to bond with the first deposited carbon layer to form
the buffer layer. Finally, we were able to confirm these deductions with XPS measurements, by
looking in details into the Cls core-level spectra of the different samples. Low hydrogen samples
exhibit extra peaks attributed to the buffer, whereas high hydrogen samples do not. We also suspect
a reduced charge transfer from the substrate to the graphene layer when the interface is
hydrogenated. In general, we find that it would be preferable to do growth with Hz less than 50%,
to avoid any disorder. Therefore, the growths with 17% to 33% seem to be the most promising,
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but the most uniform sample in this study is the one grown with 33% of H2. However, the growth
with 9% or 25% of Hz can be optimized by changing other growth parameters, such as the growth
time or the propane flow rate to make the surface more uniform.

3.2.4. Substrate’s miscut angle

In the previous paragraphs, while studying the effects of the growth conditions, we
mentioned in some cases the substrate’s miscut angle. This parameter is rarely mentioned in the
literature and neglected in some studies where “on-axis” substrates with very small residual offcut
(<0.1°) are mainly used[12,13,86][12,13,87][12,14,87]. However, when we order on-axis SiC
substrates, the residual offcut is not always the same, ranging from 0.05° to 0.8°. This parameter
can have a direct influence on the growth of graphene and is as important as any of the other
growth parameters. For this reason, we will discuss in this part the effects of the substrate’s miscut
angle on the graphene growth by considering four substrates with different miscut angles: 0.05°,
0.2° and 1°-off 6H-SiC substrates and 4°-off 4H-SiC substrate, prepared with two different growth
conditions: 17% of Hz and 100% of H2. This study was conducted on what was available as
substrates, this is why we used a 4H-SiC polytype for the 4°-off. The 4H polytype will have smaller
step-heights than the 6H polytype: 1 nm or 0.5 nm for 4H and 1.5 or 0.75 nm for 6H. Therefore,
for a given offcut the 4H-SiC will have more steps than the 6H polytype, but as we will reveal in
our discussion, the effects of the substrate’s miscut are not related to the step-height, therefore it
is not very problematic if we use 4H as the last substrate.

3.2.4.1. 17% Hzat 1550°C

First, we will start with the growth with 17% of H2, 1550°C, 800 mbars, 5 sccm of propane
and a growth time of 5 minutes. Fig. 3.23 presents the AFM images of the four substrates with
their respective LEED images. The first substrate (0.05°-off) in Fig. 3.23(a) stands out from the
other three: it presents triangular clusters, up to 16 nm-high, along with important step-bunching
of over 7 microns in width and 1.6 nm in height. At this stage, further investigations are required
to identify the nature of the triangles whether they are graphene or SiC. The second substrate (0.2°-
off) in Fig. 3.23(b) seems more uniform, no triangular shapes are observed, and the steps are
smaller with widths varying between 150 and 350 nm and typical heights of 0.35 or 0.8 nm. The
steps even get smaller and smaller as the offcut increases from 0.2° to 4° in Fig. 3.23(b-d), but the
overall morphology remains unchanged, see inset in Fig. 3.23(b, c). The step-height is 1.5 nm for
the 1°-off substrate and around 3 nm for the 4°-off substrate. If we analyze now the corresponding
LEED images (Fig. 3.23(e-h)), it is possible to see the graphene and SiC diffraction spots, indicated
by black and blue arrows respectively, but also the (6V3x613) reconstruction coming from the
buffer layer, indicated by the red arrows. The spots representing the buffer layer and SiC appear
clearly in Fig. 3.23(e, f), but we can barely detect them in Fig. 3.23(g) and even not at all in
Fig. 3.23(h), where only diffraction spots of graphene appear. The fact that we only see graphene
diffraction spots in this latter image and no SiC spots, suggests that the deposited thickness is more
important than the inelastic mean free path of electrons, i.e. more than 3 or 4 graphene layers.
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Figure 3. 23: 5x5 um? AFM images of graphene grown with 17% of Hz2at 1550°C on different
substrates with different offcuts: (a) 0.05°, (b) 0.2°, (c) 1° and (d) 4°. Inset of (c¢) and (d) are
1x1 um? images. AFM z-scale is 5 nm. (e) to (h) Corresponding LEED images taken at an
electron energy of 140 eV.

The corresponding Raman spectra are presented in Fig. 3.24(a). All Raman spectra for the
different samples present G peaks ranging between 1588 and 1598 cm! and 2D peaks ranging
between 2690 and 2733 cm™!, hence confirming the presence of graphene, even for the 0.05° off
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substrate. We also detect D peaks around 1360 cm™ for the 0.05 and 4°-off samples attesting for
the presence of defects and/or disorder, but no specific evolution appears from one sample to
another. Raman measurements reveal an increase in the deposited number of layers: 1.4, 1.2, 1.8
and 3 MLs for the 0.05, 0.2, 1 and 4°-off substrates respectively. The increase in thickness can
also be investigated by examining the 2D-peak width: a single-layer graphene should have a
narrow 2D-peak, which can be fitted with a single Lorentzian, whereas bilayer- and multilayer-
graphene presents a wide 2D-peak, which can be fitted into four components [141]. Indeed, a
closer look at the 2D-band (Fig. 3.24(c)) confirms the increase in the number of layers, since we
notice that the FWHM is increasing with the offcut. In addition, we notice first in Fig. 3.24(b, c)
that both the G and 2D peaks are upshifted compared to exfoliated graphene (dashed red lines),
and second the bigger is the offcut the more they are upshifted, especially the 2D-peak. The blue
shift is induced by different parameters, such as the number of layers, the doping and the strain
(compressive strain for an upshift) [140,141]. We also notice in Fig. 3.24(b, c) that the peaks are
becoming broader when the offcut is larger. This broadening is affecting both the G and 2D peaks,
which means that it is emanating from a certain non-uniformity in the parameter that is influencing
the G- and 2D-peak upshift. We will discuss these Raman observations in details in part 3.3.
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Figure 3. 24: Raman spectra of the different growth samples, prepared with 17% of H: at
1550°C, presented in (a), with a zoom-in on the G and the 2D peaks in (b) and (c) respectively.
The red line in (b) and (c) represents the reference for exfoliated graphene around 1582 cm™
and 2670 cm™ for the G- and 2D-peak respectively.
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3.2.4.2. 100% H;at 1450°C

We have considered previously the case of graphene growth under conditions promoting
the formation of a buffer layer. Now we will consider the case of growths promoting the
hydrogenation of the interface between graphene and SiC. To do so, we kept the previous growth
conditions while increasing the hydrogen amount to 100% in the gas mixture and decreasing the
temperature to 1450°C. The rest of the parameters are the same as before: 800 mbars and 5 minutes
of 5 sccm of propane. AFM images presented in Fig. 3.25(a-d) show the morphology of the as-
grown graphene. As expected, the terrace’s size is shrinking with the increase of the offcut and
becoming almost indiscernible for the 4°-off substrate (Fig. 3.25(d)), even after zooming-in. Note
the smaller scale for the 4°-off substrate (Fig. 3.25(d)). We do not perceive any triangular shapes
on the 0.05°-off sample (Fig. 3.25(a)) as we did in the previous case, but instead we can detect
wrinkles in the first two images (Fig. 3.25(a, b)) and in the third image after zooming-in
(Fig. 3.25(c)), indicated by red arrows, for the 0.05, 0.2 and 1°-off substrates respectively.
However, in Fig. 3.25(d) it is difficult to discern any wrinkles, probably because of the very small
terraces and not because of their absence. LEED patterns for all the samples in Fig. 3.25(e-f) reveal
graphitic rings, indicated by red arrows, suggesting in-plane rotational disorder (IRD) associated
with graphene growth on hydrogenated interfaces. Therefore, even if we cannot see any wrinkles
for the 4°-off substrate, we know that the interface is hydrogenated from the LEED pattern.

As we can see in the LEED patterns, the diffraction rings appear around the graphene spots
whereas the SiC spots are well defined. In addition, we can detect hexagonal features indicated by
green arrows in the LEED patterns. One can attribute them to the (6\3x6V3) buffer layer, but if
we compare them to the diffraction spots of the buffer layer in Fig. 3.23(e-g) we notice that the
distance to the central point is not the same. In the previous case, the diffraction spots of the buffer
layer are closer to the central point compared to the hydrogenated case. Hence, even though we
cannot rule out the existence of a buffer layer in this case or at least the presence of some covalent
bonds between the graphene layer and the substrate, we can presume that the buffer layer
configuration is not the same. The buffer layer diffraction spots should be well defined and not
elongated and faint as we see in Fig. 3.25(f, g). For this reason, we believe that these diffraction
patterns might be emanating from a (6V3x6V3) surface reconstruction accompanied with
hydrogenated areas resulting in adjacent graphene domains with different orientations, and
therefore in elongated shapes appearing as hexagons around few diffraction spots. More
investigations such as TEM are required for confirmation.
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Figure 3. 25: 5x5 um? AFM images of graphene grown with 100% of H2at 1450°C on different
substrates with different offcuts: (a) 0.05°, (b) 0.2°, (¢) 1° and (d) 4° (2x2 um?). Inset of (¢) and
(d) are 1.5x1.5 um’ images. AFM z-scale is 5 nm. (e) to (h) Corresponding LEED images taken
at an electron energy of 140 eV.
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Raman measurements in Fig. 3.26 show that all samples present the G, 2D and D peaks,
confirming the growth of graphene. The D-peak appears around 1340 and reaches 1370 cm! for
the different samples; the G-peak ranges between 1580 and 1613 cm™'; and the 2D-peak ranges
between 2690 and 2740 cm™'. However, different measurements with Raman spectroscopy on the
0.05°-off substrate reveal areas without any graphene. Therefore, even though we do not see any
triangular clusters in this case, achieving a uniform graphene growth on the 0.05°-off sample seems
challenging for the different growth conditions. The estimated number of layers for the different
samples ranges between 0.8, 1.4, 2.2 and 2.6 monolayers for the 0.05, 0.2, 1 and 4°-off samples,
respectively. In Fig. 3.26(a), we notice that the D-peak is rising in size and intensity for larger
offcuts, suggesting an increase in the disorder for substrates that are more off-axis. Zooming-in on
the G-peak in Fig. 3.26(b) and the 2D-peak in Fig. 3.26(c), we reveal an important upshift towards
higher wavenumbers as a function of the increase in the offcut. We also identify the broadening of
the two peaks when the offcut is increasing.
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Figure 3. 26: Raman spectra of the different growth samples, prepared with 100% of H: at
1450°C, presented in (a), with a zoom-in on the G and the 2D peaks in (b) and (c¢) respectively.
The red line in (b) and (c) represents the reference for exfoliated graphene around 1582 cm’’
and 2670 cm™ for the G- and 2D-peak respectively.

3.2.4.3. Discussion and conclusion

We have shown first observations with AFM, LEED and Raman spectroscopy of the
influence of the substrate’s miscut angle on the morphology, structure and number of layers of the
graphene grown on SiC under two different growth conditions: 17% of Hz at 1550°C and 100% of
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Ha at 1450°C. In the first case, AFM images reveal that the morphology of the as-grown graphene
is barely influenced by the substrate’s miscut angle for offcuts between 0.2 and 4°. The difference
we notice is a change in the terrace width and a thicker deposition for larger offcuts (1 and 4°),
confirmed with Raman spectroscopy. For the substrate with the lowest offcut (0.05°-off), a
uniform two-dimensional growth seems more challenging as triangular shapes appear on the large
terraces formed by step-bunching. LEED measurements revealed the presence of a buffer layer in
addition to the graphene and SiC diffraction spots. However, the diffraction spots of the buffer
layer fade away for larger offcuts and completely disappear for the 4°-off sample. We have
attributed this behavior to the increase in the deposited thickness since LEED is a surface-sensitive
technique. The presence of graphene was confirmed with Raman spectroscopy, which also allowed
us to estimate the number of graphene layers. Indeed, the number of layers is slightly increasing
for offcuts between 0.05 and 1°0ff, and a more important increase for the 4°off-substrate (1.5 times
more compared to the 1°off-substrate). We also detected an upshift and broadening of the G- and
2D-peak compared to exfoliated graphene. Both the upshift and broadening increase for the two
peaks for larger offcuts.

In the second case, for the growth under 100% of H: at 1450°C, as expected the
morphology and structure of graphene are not similar to the less hydrogenated growths. Graphene
presents a two-dimensional growth without the manifestation of triangular clusters for the 0.05°-
off sample; instead, wrinkles are detected with AFM and in-plane rotational disorder with LEED.
Such observations are associated with a hydrogenated interface and freestanding graphene.
However, we suspect the presence of few covalent bonds between graphene and the substrate, but
more investigations are required for confirmation. In any case the hydrogenation of the interface
is dominating under these growth conditions. Raman spectroscopy uncover some areas without
any graphene on the 0.05°-off sample, confirming the challenging growth on this sample.
Nevertheless, all samples exhibited G, 2D and D peaks attesting for graphene deposition with
disorder. The number of layers estimated with Raman spectroscopy is increasing with the offcut
but not exceeding 2.6 MLs for the 4°-off substrate. In addition, same as before, the G and 2D peaks
are upshifting towards higher wavenumbers and broadening for substrates with larger offcuts.

In conclusion, both the growth sets for the two amounts of H: present different
morphologies and different structures, but this is expected based on the previous H2-Ar study. In
addition, both sets show a similar behavior in Raman spectroscopy where the corresponding G and
2D bands seem to upshift for substrates with larger offcuts, associated with a broadening of both
peaks in both cases. We will discuss in details these upshifts in part 3.3.
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3.3. Strain in graphene on SiC: a Raman spectroscopy study

We have studied so far the influence of different parameters on the growth of graphene on
SiC by CVD, such as the propane flow, the growth time, the growth temperature, the H> amount
in the gas mixture and the substrate’s miscut angle. The H2 amount and the miscut angle seem to
influence the graphene’s properties, since we noticed with Raman spectroscopy a shift occurring
for graphene peaks depending on these growth parameters. This shift can rise from different
factors, such as a variation of the number of graphene layers and/or the doping concentration and/or
the strain within graphene.

Previous studies [118,181] have investigated the influence of the H2 amount in the gas
mixture on the strain in graphene grown on SiC by CVD under Hz. In particular, the work in
reference [181] has concluded on the basis of GIXRD that graphene on a hydrogenated interface
is more strained than graphene on a buffer layer. In addition, the work in reference [118] allowed
to conclude that the sample for which the wrinkles start to appear, when increasing the H2 amount,
is the most strained. Therefore, we suspect in our study a variation of the strain distribution when
changing the H> amount in the gas mixture.

We will discuss in this part how to assess the strain in graphene with Raman spectroscopy
and how to separate the effects of strain from other parameters (doping and graphene thickness)
on Raman spectra. Before we examine in details our Raman spectra we will explain the origins of
the strain in graphene based on the literature.

3.3.1. Origins of strain in graphene

Different studies attempted to evaluate the strain in graphene grown on the Si-face of SiC
[165,181-183]. Yet, the origin of the strain is still a matter of debate, not to mention the
inconsistency of the reported lattice parameters of graphene and their evolution with the
temperature, which makes the task of estimating the strain even harder.

Nietal. [165] attribute the strain in the graphene layer to the difference in lattice parameters
between the (6V3x6V3) super cell of SiC (31.935 A, considering asic to be 3.073 A) and the
graphene (13x13) super cell (31.928 A, assuming acrto be 2.456 A). This lattice mismatch is
expected to result in a tensile strain. However, the authors add that STM observations revealed
that the SiC interface reconstruction does not always maintain its 6x6 periodicity, thus leading to
a lattice parameter for the SiC super cell less than 30 A, and therefore the strain in graphene will
be compressive. On the contrary, J. Rohrl et al. [183] excluded completely the strain emanating
from the difference in lattice parameters, by considering it negligible. They propose that a
compressive strain rises from the difference in thermal expansion coefficients (TEC) between SiC
and graphene when cooling down the sample from the growth temperature to room temperature.
They also assume that graphene is strain free at the growth temperature. N. Ferralis et al. [159,182]
argue that graphene can be either strain free or under tensile strain at the growth temperature,
depending on the growth duration. They explain that longer growths will lead to a mechanical
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equilibrium between the graphene and the substrate. The resulting strain at room temperature is
the difference between the strain at the growth temperature and the compressive strain due to the
difference in TEC after cooling down. In these studies, graphene was grown by Si sublimation of
the Si-face of SiC under UHV, meaning that graphene is always expected to be associated with
the (6V3x6V3) buffer layer. On the other hand, our growth technique, carried out under hydrogen-
argon near atmospheric pressures, allows to control the interface properties with the H2 amount in
the gas mixture. In other words, high H2 amount leads to a hydrogenated interface and disordered
graphene, while low H> amount results in well-ordered graphene grown on a (6V3x6V3) buffer
layer. We believe that this influence on the interface properties will lead to different strain
distribution in the two cases. Even though our growth mechanism is not the same as the Si
sublimation technique, we can still easily adopt the reasoning considered in the literature
[159,165,182,183] for the origin of strain in in graphene.

In our growth conditions, graphene with a buffer layer can be achieved with low H2 amount
in the range of 9% and 33% under 1550°C. In this range, SiC undergoes a surface reconstruction,
i.e. the (6V3x6V3) reconstruction evidenced by LEED measurements, which should coincide with
the graphene (13x13) super cell as already attested in many studies in the literature [105,165]. If
we assume that graphene stretches or contracts to perfectly fit both super cells, strain should
depend on the difference in lattice parameter. For this very simple calculation, the difficulty lies
in the choice of the lattices parameters. Different values of the graphene relaxed lattice parameter
can be found in the literature. Some studies adopt the in-plane lattice parameter of graphite which
ranges from 2.456 A or 2.4589 A to 2.464 A [24-26]. For instance, Ni et al. considered 2.456 A
[165] to predict the lattice mismatch. To complete the picture, another factor contributes to the
strain in graphene, other than the lattice mismatch: the difference in TEC between SiC and
graphene. SiC will undergo a contraction of -0.85%, if we consider 3.107 A [184,185] and 3.081 A
[166] to be the in-plane lattice parameters at 1823 K (our growth temperature) and 300 K
respectively. While for graphene, we will consider the values of graphite, ergo a contraction
of -0.1% [183,186,187] when cooling down to room temperature. As a result, upon cooling down,
the graphene layer should suffer a contraction of -0.75% due to the difference in TEC. This result
matches the work of N. Ferallis et al.[182] and J. Rohrl et al.[183], who estimated a contraction of
-0.8% of the graphene layer. Even though their growth temperature is lower than ours, the TECs
of SiC and graphite seem steady between high temperatures [186,187]. To summarize, two factors
contribute to the development of strain in graphene grown on SiC: the lattice mismatch and the
TEC mismatch. As a result, at room temperature the residual strain is the sum of these two
mismatches. If we consider the reasoning of N. Ferralis et al. [159,182], graphene can be strained
at the growth temperature because of the lattice mismatch with the 6\3-SiC structure, then when
cooling down the graphene layer will undergo a contraction due to the TEC mismatch.

To estimate the strain at the growth temperature we have to consider the lattice parameters
at the growth temperature. The 6H-SiC lattice expands from 3.081 A at room temperature [166] to
3.107 A at 1550°C [184,185] i.e. our growth temperature. For graphene, we will consider the
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parameters of graphite, which expands at 1550°C, resulting in a lattice parameter of 2.470 A [187].
Accordingly, the lattice mismatch at our growth temperature between the (6V3x6V3)-SiC and the
(13x13)-graphene is +0.575% (“+” for tensile strain), and not zero as J. Rohrl et al. [183] have
considered. For information, all these parameters are summarized in table 3.4. Accordingly, it is
possible to anticipate the strain at room temperature as the sum of the tensile strain (+0.575%) at
the growth temperature due to lattice mismatch between the (6V3x6v3)-SiC and (13x13)-graphene
and the compressive strain (-0.75%) due to the thermal mismatch, resulting in a compressive strain
of -0.18% at room temperature. Note that few discrepancies can rise from these predictions, for
instance the tensile strain that we predicted at the growth temperature (+0.575%), can be smaller
depending on the growth time, as N. Ferralis et al. [182] suggested. Likewise, it is also possible to
predict a contraction of -0.38% for graphite instead of -0.1% when cooling down from reference
[187], which will lead to a graphene layer under tensile strain at room temperature.

Table 3. 4: Literature parameters for SiC and graphene/graphite used in the theoretical
predication of the strain.

Parameters Lattice parameters References TEC mismatch References
at Tg=1550°C between T and 300°K
SiC 3.107 A [184,185] -0.85% [166,184,185]
Graphene/
2.470 A 187 -0.1% 183,186,187
Graphite [187] ° [183,186,187]

These strain predictions can be affected by different parameters, mainly the values of lattice
parameters and TEC, but also it can be influenced indirectly by the growth parameters, such as the
growth temperature, the growth time and the hydrogen amount in the gas mixture [118,181]. For
instance, N. Ferralis et al. [159,188] argue that the strain at the growth temperature can be reduced
for longer growths by creating a mechanical equilibrium between the SiC and the graphene super
cells. Secondly, the growth temperature and the hydrogen amount influence the graphene’s
structure and the hydrogenation of the interface, which is expected to affect the strain in the
following way: when the graphene is grown on a 633 structure, for relatively low Hz % (9% to
33% in our current study), the buffer layer is sharing covalent bonds with the substrate, forcing the
graphene layer to be well ordered and under substantial tensile strain at the growth temperature,
and thus leading to a minimum value of residual strain at room temperature. When increasing the
hydrogen in the gas mixture, hydrogen will replace the covalent bonds of the buffer layer with the
substrate and thus hydrogenating the interface and decreasing the influence of the buffer layer on
the graphene layer. As a consequence, at high hydrogen amount (75% to 100%), the interface
should be hydrogenated and the graphene layer is supposed to grow without a buffer layer and
strain free at the growth temperature with different orientations, because it is not bound to the
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substrate. Therefore, the only contributor to the strain is the TEC mismatch, which should be equal
to -0.75%. This amount of strain cannot stay accumulated and needs to be relieved, this is why for
these type of growths (Hz-rich) we observe wrinkles at the surface, which we attribute to a strain
relief mechanism [82,113,189]. Other studies attribute strain relaxation to the roughening of step
edges [159,188]. For the intermediate case, around 50% of Hz in the previous set of samples grown
at 1550°C (or 32% of Hz in reference [118] grown at 1450°C), the interface is partially
hydrogenated and the buffer layer still exists along with disorder. We believe that in this case the
presence of the buffer layer will prevent the graphene layer to relieve strain. This is why the strain
is supposed to be at its maximum for the intermediate case.

To conclude, different studies have attempted to estimate the strain in graphene grown on
SiC. However, the origins of the strain are still debatable and difficult to predict, mainly because
of the different lattice parameters and thermal expansion coefficients reported in the literature for
graphene, graphite and SiC. Regardless of these discrepancies, we believe that the best approach
is to consider the lattice mismatch between the (6V3x6V3)-SiC and the (13x13)-graphene super
cell, and the TEC mismatch which adds up when cooling down to room temperature. Different
growth parameters can influence the strain in graphene, such as the H> amount in the gas mixture.
In fact, hydrogen has a direct influence on the interface between SiC and graphene, which affects
the strain. Graphene grown with low H2 % in the gas mixture is more likely to be associated with
a buffer layer sharing covalent bonds with the substrate. The strain in this case originates from the
difference in lattice parameters between the SiC and graphene super cells, added to the difference
in TEC when cooling down the sample. For high H2 % the interface will be hydrogenated, hence
we assume that graphene will grow relaxed at the growth temperature since it is poorly bound to
the substrate. At room temperature, due to the difference in TEC the graphene layer will be under
tremendous amount of thermoelastic strain. This strain can be slightly relieved with the formation
of wrinkles at the surface and/or surface roughening. In the intermediate case of H2 %, we assume
that the graphene layer is under the maximum amount of strain, because the buffer layer is still
present and thus preventing any strain relaxation, even though it can be partially hydrogenated.

3.3.2. H; influence on strain

In part 3.2.3, we have investigated the influence of the H2 amount in the gas mixture on
the growth of graphene on the basis of AFM, LEED and Raman spectroscopy. We came to the
conclusion that H2 influences directly the graphene properties, mainly the morphology, the
thickness and the structure. When Hz is mixed with argon, at low Hz percentages (9%-33%), a
(6V3x6V3) interface reconstruction is manifested, known as the buffer layer, whereas for a high
Ha percentage (75%), graphene is grown with disorder and a hydrogenated interface. For an
intermediate amount of H2 (50%) both structures coexist together. We also detect a shift in the
graphene spectra with Raman spectroscopy for the different samples grown with different Ha
amounts. In fact, we suspect that the hydrogenation of the interface can influence the electrical
properties of graphene and the strain within the graphene layer, based on our previous discussion
on the origins of strain.
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We will investigate in this part the reasons behind the Raman shift for the different samples
grown with different H> amounts. We present in Fig. 3.27 the 2D-frequency as a function of the
G-frequency for the different samples. As we previously mentioned, Raman maps with different
sizes were carried out for the different samples, therefore for the samples of 9, 17, 25 and 75% of
H2 121 spectra were measured, whereas for the samples 33% and 50% of H2 905 and 1541 spectra
were recorded, respectively. The solid orange line in Fig. 3.27 corresponds to the expected
behavior of the 2D-frequency as a function of the G-frequency when a monolayer graphene is
under biaxial strain only [90]. The solid magenta line represents the expected behavior of the 2D-
frequency as a function of the G-frequency for strain-free graphene with varying density of holes
[154]. In this particular study, the dark green ring in Fig. 3.27 represents the reference frequencies
at 1582 cm™! and 2688.5 cm™'. These values were recorded experimentally on strain free and
undoped graphene on SiC in the same Raman setup for the same laser wavelength as our graphene
samples.
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Figure 3. 27: 2D-frequency as a function of the G-frequency for the different samples grown
with different H> amounts at 1550°C. The solid orange line is the ratio 2D over G when a
monolayer of graphene is under strain only. The solid magenta line is the expected behavior
for strain-free graphene with varying hole density. The green ring represents the reference
position.

Compared to the reference frequencies (1582 and 2688.5 cm™) all the samples present
upshifted G and 2D peaks, probably because the graphene layer is thicker, more doped and more
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strained. It is not easy to quantify the Raman shift due to the different parameters affecting this
shift, but we will go through each parameter that can contribute to the shift in order to understand
its effects on the Raman spectra. First, the number of layers affects only the 2D-band frequency
[141], hence an increase in the number of layers should lead to an upshift of the 2D-band only. On
the other hand, two other parameters can influence the shift as well: the carrier density and the
strain. To investigate the doping and strain effect we will base our reasoning on the work of Das
et al. and Ji. Eun Lee et al. [150,154]. Das et al. [150] have studied the behavior of Raman spectra
for doped graphene while controlling the doping concentration by applying a top-gate voltage. In
these two mentioned studies, it was found that increasing the carrier density is translated into a
more important upshift in the G-band compared to the 2D-band. Accordingly, doping of the
graphene film should lead to a horizontal shift in the f(G, 2D) curve. Finally, Ji. Eun Lee et al.
[154] demonstrated that a compressive strain will result in a 2D-upshift two times more important
than the G-upshift.

We have previously presented the number of graphene layers for the different samples
estimated with Raman spectroscopy: for the growths with 9, 25, 33 and 75% of Hz the number of
layers is around 1.4, 1.2, 1 and 2 MLs, respectively. For the growth with 17% of Hz, the calculated
number of layers presented a bimodal distribution around 0.5 and 1.3 MLs. Finally, for the 50%
Haz-growth the thickness is around 0.5 MLs. We suspect that the non-uniform distribution we detect
in Fig. 3.27 rises from the non-uniform distribution of the number of layers for each sample. For
example, if we take the 17% Ha-sample (red dots), we see that we have indeed two groups of dots
in Fig. 3.27 which correspond to the bimodal distribution of the number of layers. For the 50% Hz
sample (magenta dots), the dots indicated by the red circle correspond to 0.5 MLs, whereas the
ones around the blue dots correspond to 1 ML. We can already notice the complicated task of
evaluating the shift due to the non-uniform growth on the different samples, but we will attempt
to comment the general trends we observe in Fig. 3.27. First, we detect a horizontal shift between
the 9%-sample (black dots) and the 33%-sample (blue dots). For this reason, we suspect a variation
of the carrier density between these samples. Second, the magenta dots with 0.5 MLs are upshifted
both for the G-peak and the 2D-peak. The shift is both vertical and horizontal at the same time
suggesting regions under more strain. The 75% Ha-sample appears slightly vertically upshift
compared to the other samples, except the 50% Hz-sample. This could be due to the thickness of
the graphene layer, since the 75% Ha-sample results mostly in 2 graphene MLs, while the other
growths lead to thicknesses less than 1.5 MLs. We also detect a horizontal upshift for the 75% Ha-
sample compared to the 9 and 25% Haz-samples, which could be due to a difference in carrier
density. Finally, the 33% Hz-sample presents a non-uniform distribution in Fig. 3.27 (blue dots),
even though the thickness is mainly around 1 ML, this could rise of a non-uniform distribution of
strain across the sample.

In conclusion, it seems difficult to assess the effects of the different parameters on the
Raman shift, since we suspect that the different parameters are changing at the same time: the
samples are not uniform, with different thicknesses across each sample, in addition to varying
carrier density and varying strain distribution. Besides, they are not uniform among each other,
where each sample has a number of layers different than the other. For this reason, we cannot
suppose any change in strain between the different samples, at least not before we optimize these
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growths to enhance the uniformity and second it seems important to have information concerning
the carrier density of each sample to correlate with Raman spectroscopy. The 50% Hz-sample
seems to have areas under more strain compared to the other samples, but these areas present
incomplete layers of graphene (0.5 MLs) and cannot be compared with the others. In addition,
because of this non uniformity, we were not able to make the same conclusions as in the references
[118,181] that a hydrogenated sample is under more strain than a sample with a buffer layer and
that the sample with both structures (the 6\3 and IRD) should be the most strained.

3.3.3. Substrate’s miscut angle influence on strain

We have discussed in part 3.2.4 on the basis of AFM, LEED and Raman spectroscopy the
influence of the substrate’s miscut angle on the growth of graphene; in particular, on the
morphology, the structure and the thickness of the deposited graphene layer. We also noticed with
Raman spectroscopy a shift in the graphene spectra dependent on the substrate’s miscut angle. We
will discuss in the following the origins of this shift for the two growth conditions we employed
for the offcut study: 17% of Hz at 1550°C and 100% of Hz at 1450°C. Note that in the offcut study
we have not done any map scanning with Raman spectroscopy as it was the case for the hydrogen-
argon study, but instead for each sample different spectra were recorded at different regions. The
reference frequencies considered for this study are the same as before with G and 2D peaks around
1582 cm™ and 2688.5 cm™ respectively.

3.3.3.1. Growth with 17% of H»

To better visualize the Raman shift, we present in Fig. 3.28 the 2D-frequency as a function
of the G-frequency for the different samples. The solid orange line corresponds to a monolayer
graphene under biaxial strain only [90]. The solid magenta line represents strain-free graphene
with varying density of holes [154]. The samples seem to present uniform data except for the 1°-
off sample (green dots), which presents data points between the red and blue dots but outspread
among each other. All the samples present G and 2D peaks upshifted compared to the reference
frequencies, probably due to a difference in thickness, carrier density and strain within the
graphene layer.

To quantify the Raman shift we will attempt to exclude the least of the causes to find the
main contributor to the shift. First, an increase in the number of layers should lead to an upshift of
the 2D-band only [141]. If this is the case, we expect to see a vertical evolution of the data in
Fig. 3.28 but instead we see both vertical and horizontal evolution due to the simultaneous upshift
of the G-band. Besides, the number of layers is only slightly changing for the first three offcuts
(0.05, 0.2 and 1°-off). This minor increase in the number of layers is not enough to induce the
average 20 cm™'-shift that we detect between the 0.05 and the 1°-off sample, there has to be another
parameter contributing to the upshift, either doping or strain. On the other hand, the upshift seems
to be more vertical than horizontal between the 1°- and 4°-off samples, which is consistent with
the increase in the number of layers from 1.8 MLs to 3 MLs respectively. Therefore, for the 4°-off
sample the upshift could be mainly caused by the increase in thickness.
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Figure 3. 28: 2D-frequency as a function of the G-frequency for the different samples grown
with 17% of H2at 1550°C. The solid orange line is the ratio 2D over G when a monolayer of
graphene is under strain only. The solid magenta line is the expected behavior for strain-free
graphene with varying hole density. The green ring represents the reference position.

To investigate the doping and strain effect we consider the work of Das et al. and Ji. Eun
Lee et al. [150,154]. An increase in the carrier density should lead to a more important upshift in
the G-band compared to the 2D-band, hence a more horizontal evolution of the f(G, 2D) curve. In
Fig. 3.28, the average G-frequency shifts ~6 cm™ (resp. 10 cm™) between the 0.05°-off sample and
the 1°-off sample (resp. 4°-off sample). Based on the data of Das et al. [150] and if we consider
that the G-peak shift originates from doping, for the 6 cm™'-shift of the G-peak, the 2D-peak should
barely move, and for the 10 cm™!-shift of the G-peak, the 2D-peak should shift about 8 cm™!, which
is not consistent with our results since the 2D-peak shifts 20 cm™ (resp. 43 cm™!) between the 0.05°-
off sample and the 1°-off sample (resp. 4°-off sample). We can conclude that the doping effect is
small or at least negligible compared to other effects such as the number of layers and compressive
strain. Indeed, Ji. Eun Lee et al. [154] have demonstrated that a compressive strain will result in a
2D-upshift two times more important than the G-upshift, which agrees with our observations.
Therefore, we can deduce that the upshift we detect is mainly due to an increase in compressive
strain with the substrate’s offcut. However, since the 4°-off sample is more vertically shifted, the
effect of the number of layers on the shift is also important in this last case, probably more
important than the strain effect.

Finally, now that we have narrowed down the cause of the upshift to the strain, we can
assess the broadening of the peaks in Fig. 3.24(b, c) when the offcut is larger. As we mentioned
before, the number of graphene layers is known to influence the 2D-peak width, but not the G-
peak width. However, the presence of a non-uniform strain on the same sample, could broaden
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both G and 2D peaks. Therefore, it is possible to attribute the broadening of the G and 2D peaks
on the high wavenumber side to non-uniform strain distribution when increasing offcuts.

In conclusion, we have attributed the upshift of the G and 2D bands with the offcut to
mainly compressive strain, but we cannot rule out completely the effects of doping and the number
of layers. Instead, we suspect that the main contributor to the upshift is an increase in compressive
strain for the first three samples (0.05, 0.2 and 1°-off), but for the 4°-off sample the increase in
thickness appears to be the dominating factor. The carrier density effect is supposed to be minimal
compared to the strain and the thickness effects. Further observations related to the peaks FWHM
reveal that the strain distribution might not be uniform in the graphene layer and this non-
uniformity is increasing with the offcut.

3.3.3.2. Growth with 100% H:

For the growth with 100% of Hz at 1450°C, we conducted a similar study as before: to
better visualize the upshift we present in Fig. 3.29 the 2D-frequency as a function of the G-
frequency for the different samples. The orange solid line corresponds to a monolayer graphene

under only strain [90], whereas the solid magenta line represents strain-free graphene with varying
density of holes [154].

The 0.05°-off sample data in Fig. 3.29 seem scattered attesting for non-uniform deposition.
It is therefore difficult to include this sample in our discussion, but still it cannot be completely
excluded. In the following, we will consider the same reasoning as before to explain the upshift of
the G and 2D peaks. The upshift in this case is neither horizontal nor vertical, but instead parallel
to the solid orange line. As we alluded before, three parameters can influence the upshift of these
Raman peaks: the increase in the number of graphene layers, in the doping and the increase in
compressive strain. The 2D-peak is shifting 45 cm™' between the 0.2°-off sample and the 4°-off
sample. It is not possible for doping to cause this amount of shift, since the 2D-peak barely shifts
with doping [150]. It is also not possible to attribute this shift to the increase in number of layers,
since in our case we have one extra layer between the 0.2°-off sample and the 4°-off sample.
Therefore, we can conclude that while we cannot completely rule out the influence of the increase
in number of layers or doping, it is safe to say that the upshift is mainly caused by an increase in
compressive strain. Finally, if we consider the broadening of the peaks in Fig. 3.26(b, c), and since
the broadening affects both peaks, we can make the same conclusion as before that there is a non-
uniformity in the strain distribution along the sample.
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Figure 3. 29: 2D-frequency as a function of the G-frequency for the different samples grown
with 100% of H2at 1450°C. The solid orange line is the ratio 2D over G when a monolayer of
graphene is under strain only. The solid magenta line is the expected behavior for strain-free
graphene with varying hole density. The green ring represents the reference position.

3.3.4. Discussion and conclusion

We have attempted to study the origin of the Raman shift for different samples grown with
different H2 amounts in the gas mixture. However, we believe that the different parameters
contributing to the shift such as the carrier density, the thickness and the strain, are changing at the
same time, which makes the task of evaluating each parameter nearly impossible. In addition, the
samples are not uniform in terms of thickness, where each sample presents different number of
layers compared to the others, along with a non-uniform distribution of the thickness across its
surface. This non-uniformity will certainly influence the strain, for example the 50% Hz-sample is
more strained compared to the other samples, probably because it presents incomplete graphene
layers. Tiberj et al. [145] suggested that incomplete graphene layers can be strained because they
are bound to the SiC substrate and unable to relieve strain, based on STM measurements.

For all these reasons, it is complicated to compare the samples to one another and
understand the Raman shift. Further studies are required to enhance the uniformity of such samples
and electrical measurements are necessary to deduce the carrier density of each sample. At this
point, we cannot make any affirmative conclusions for this set of samples. Nevertheless, we were
able to point out few observations, such as a possible variation in the carrier density among the
samples with the different H2 amount. If we assume that a negative charge transfer can occur from
the substrate to the graphene layers when a buffer layer is grown [105], hydrogenating the interface
will definitely have an influence on this charge transfer. In fact, when we are increasing the
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hydrogen amount in the gas mixture for the growth of graphene, we are introducing more hydrogen
at the interface and replacing the buffer layer’s shared bonds with the substrate, hence probably
reducing the charge transfer. In addition, we expect a hole doping from the atmosphere [19,154],
which is usually compensated by the negative charge transfer from the substrate. Now if we are
considering that the negative charge transfer is being reduced when increasing the H2 amount, we
therefore expect an increase in the hole density, associated with an upshift of the corresponding
Raman G-peak.

Regarding the substrate’s miscut angle, we have also discussed the influence of this
parameter on the growth of graphene. To do so, we have considered different SiC substrates with
different miscut angles ranging between 0.05, 0.2, 1 and 4°. We also considered two sets of
samples grown for the same duration and with the same propane flow rate, but under different
amounts of H2 and different temperatures to influence the hydrogenation of the interface. In other
words, the first set was grown with 17% of Hz at 1550°C to promote the formation of a buffer
layer, whereas the second set was grown with 100% of Hzat 1450°C, to instigate the hydrogenation
of the interface and minimize the effects of the buffer layer. Our goal was to remove completely
the buffer layer and replace it with Si-H bonds at the interface to create two extreme cases between
the two grown sets. We were able to achieve that and the Si-H bonds are dominant in the second
case, since we observed wrinkles and disorder with AFM, LEED and Raman, associated with a
hydrogenated interface. Further Raman investigations revealed an upshift of the G and 2D peaks
for substrates with larger offcuts, which we attributed to an increase in compressive strain with the
offcut. Even though this upshift can also be emanating from an increase in the number of layers
and doping, we demonstrated that their contribution is minor compared to the strain contribution.
We summarize these results in Fig. 3.30 for the two graphene sets.

In Fig. 3.30, besides the 0.05°-off sample, the 100% Hz-samples seem to have G and 2D
peaks more upshifted compared to those of the 17% Hz-samples. This upshift is less likely to be
caused by the variation in the number of layers because the thickness is more or less the same for
the two set of samples. For example, the 0.2°-off sample presents 1.2 MLs for the 17% Hz-growth
and 1.4 MLs for the 100% Hz-growth. In addition, the 4°-off sample presents 3 MLs for the 17%
Haz-growth, but 2.6 MLs for the 100% Hz-growth. One would expect higher 2D values for the 4°-
off sample grown with 17% of Hz, but this is not the case in Fig. 3.30. Therefore, we believe that
the reason behind the more important upshift for the 100% Hz-samples is mainly due to more
important compressive strain. This difference in compressive could be rising from the two different
origins of strain, either from the difference in lattice parameters for the 17% Haz-case or from the
thermal mismatch for the 100% Hz-case. As we have discussed in part 3.3.1, the samples grown
with low H2 amount are expected to be associated with a buffer layer. The presence of a buffer
layer leads to an intrinsic strain due to the lattice mismatch between the (63%63) SiC super cell
and the (13x13) graphene super cell, in addition to the thermoelastic strain due to the thermal
expansion mismatch between SiC and graphene. The addition of both of these strains will lead to
a weaker strain compared to the case dominated by the thermoelastic strain only when the sample
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Figure 3. 30: 2D-frequency as a function of the G-frequency for the different samples grown
with 17% of H2at 1550°C (blue zone) and with 100% of H>at 1450°C (pink zone).

is grown with important H> amounts. In fact, when the sample is grown with high H2 %, the
graphene is supposed to grow relaxed at the growth temperature since it is poorly bound to the
substrate. Then, when cooling down, thermal strain will accumulate and lead to important
compressive strain at room temperature.

The second important observation we made previously was that both the G and 2D peaks
become wider for larger offcuts in both growth conditions. Since this behavior is occurring for
both peaks, we attributed it to a non-uniform strain distribution across the sample, which is
increasing when the offcut is larger. We will attempt in the following to explain why the
compressive strain is increasing with the offcut for the same growth conditions and why the strain
is supposed to be non-uniform. The reasonable approach is to ascribe this behavior to the varying
parameters when the substrate’s offcut is changing, which is the step density. In fact, larger offcuts
imply smaller and more frequent steps. For example, the 0.2°-off substrate (Fig. 3.23(b)) exhibits
a step edge every ~200 nm, whereas the 4°-off substrate (Fig. 3.23(d)) presents a step edge
every ~ 50 nm. We believe that this increase in step density is behind the increase in compressive
strain in the graphene sheet. In addition, if we distinguish between two areas on the surface of the
sample: the step terrace and the proximity of the step edge, we can attribute the non-uniform strain
distribution to the presence of these two different areas. Indeed, a Raman study have shown that
graphene on SiC is under a lot more strain at step edges than on the terraces [190]. Therefore,
increasing the step density for larger offcuts increases the step edge density i.e. the area under
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Figure 3. 31: Schematic illustration showing the step density for on-axis and off-axis SiC
substrates, and the strain distribution.

more strain, resulting in a more strained sample. We illustrate the strain distribution in Fig. 3.31
and the difference between substrates with two different offcuts, for the case of graphene on a
buffer layer. This behavior seems to be the opposite of what is usually expected for heteroepitaxies
where the relaxation of the strain is supposed to happen at the step edges.

So far, we have correlated the increase in compressive strain to the increase in step density
with the offcut, but we have not discussed the reason behind the presence of more strain at the step
edges. In a previous study [191] we assessed this issue for the growth under 17% Hz, i.e. graphene
with a buffer layer. We assumed that the buffer layer encounters some difficulties to bond to the
substrate around the step edges, therefore around these areas the strain coming from the lattice
mismatch does not exist and the dominating strain is thermoelastic strain. This could be the reason
behind more important strain at the step edges. However, investigating the second graphene set
grown with 100% H2, in conditions promoting the hydrogenation of the buffer layer and
minimizing its effects, the thermoelastic strain is dominating along the whole surface, therefore
our previous reasoning is not valid in this case. There must be another reason for the increase in
strain and the non-uniform strain distribution. If we go back to the Raman estimation of the
graphene thickness, we notice that each sample presents a decimal number of layers, probably due
to the presence of extra layers or patches of multilayers of graphene. The AFM topographic images
do not reveal the presence of such patches but if we examine the phase image we can uncover such
areas.

We show in Fig. 3.32, AFM phase images of the 0.2 and 1°-off samples prepared with 17%
of Hz at 1550°C. As we can see in Fig. 3.32(a), there are regions with darker contrast between two
142



Chapter 3. CVD graphene on silicon carbide

adjacent steps, indicated by red arrows, attesting for extra graphene patches in these areas. Same
for the 1°-off samples, presented in Fig. 3.32(b), we can discern areas with different contrasts. The
difference is not as obvious as the previous sample but we suspect a non-uniform distribution of
the number of layers. Concerning the samples grown with 100% of H2 at 1450°C, we show an
example in Fig. 3.32(c) of the phase image of the 0.2°-off sample. We can see in the phase image
few areas with darker contrast, indicated by white arrows, which we attribute to extra graphene
patches. We correlate this non-uniform thickness distribution, due to extra graphene patches at
step edges or between steps, to the non-uniform strain distribution. It is possible that the areas with
extra patches (in the step edge region) are more strained than the areas with less graphene layers
(at the step terrace). The higher strain for thicker graphene areas could be due to an increase of the
strain with the increase in the number of layers. This could explain the broadening of both of the
G and 2D peaks in the Raman spectra. If it was only the 2D-peak that was broadening, we would
have attributed it to the non-uniform thickness, but in fact the G-peak is broadening as well,
meaning that the non-uniform thickness is leading to a non-uniform strain distribution and
affecting both G and 2D peaks. Now when the offcut is increasing, the morphology is not changing
with the offcut, only the terraces are getting smaller and the density of step edges is increasing.
Therefore, we assume that the density of the areas under more strain will increase as well with the

100 % H,; 1450°C

0.2°-off
Z=30°

17

Figure 3. 32: (a) and (c) 5 %5 um’ and (b) 2 <2 um? AFM phase images of the different growths:
(a) 17% H> at 1550°C on the 0.2°-off substrate, (b) 17% H:> at 1550°C on the 1°-off substrate
and (c¢) 100% H> at 1450°C on the 0.2°-off substrate. (d) to (f) the corresponding topographic
images.
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offcut, which explains the higher compressive strain for larger offcuts detected with Raman
spectroscopy.

As a conclusion, we have studied the influence of the substrate’s miscut angle on the
growth of graphene under two different growth conditions: 17% and 100% Ha. In terms of
morphology, the growth seems more challenging on the on-axis substrates, regardless of the H
amount in the gas mixture. From these two offcut sets we noticed that the 100% Hz-samples are
more strained than the 17% Haz-samples, which we attributed to the dominating thermoelastic strain
in the case of the 100% Haz-growths. In addition, we detected an increase in compressive strain for
larger offcuts, which we attributed to the increase of the step-edge density with the offcut. In fact,
the non-uniform strain distribution made us distinguish between two areas of different strain
amounts along the surface: the step-terrace and the step-edge. We noticed that in the area of the
step-edge we are very likely to have extra graphene patches, regardless of the H2 amount, leading
to non-uniform thickness distribution and affecting the strain distribution. This non-uniformity
becomes more important for larger offcuts, since the step-edge density is increasing. We first
assumed that this non-uniformity rises from different origins of strain (lattice mismatch and
thermal expansion mismatch) for the buffer layer case. However, this non-uniformity exists as well
in the case of the hydrogenated interface, when the thermoelastic strain is dominating across the
whole surface, which led us to consider the step edges as areas where graphene is under more
strain because it is thicker. In all cases, regardless of the origin of the strain, the ideal offcut for
the growth of graphene on SiC seems to be around 0.2° for the 17% and 100% H2 growth
conditions. In this case the strain is minimal, which does not jeopardize the mobility of charge
carriers, the growth is two dimensional and uniform; and the number of layers is close to a single
layer of graphene.
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3.4. Optimized growths and performances

Graphene is known for its remarkable electrical properties, especially its improved charge
carrier mobility, yet so far we have not mentioned the electrical properties of our graphene since
we were focusing on the growth parameters. It was important to discuss the role of each of the
growth parameters, because once we understand which parameter will affect what, it will be
possible to better control the growth and produce uniform graphene, since we suppose that the
non-uniformity has a bad influence on the electrical properties of graphene. We present in this part
our attempts to make the graphene growth more uniform.

First, we believe that the substrate’s miscut angle has a direct influence on the charge
carrier mobility. A study done by C. Dimitrakopoulos et al. [192] on graphene grown by Si
sublimation of SiC (0001), revealed that the mobility is reduced for substrates with larger offcuts.
The carrier mobility was recorded on Hall bars in the direction perpendicular to the step edges.
They also illustrated the decreasing mobility with the decreasing width of the SiC terraces (i.e. for
larger offcuts). This seems reasonable since the charge carriers are less likely to be scattered by
any defects on flat surfaces with large terraces. Besides, as we have demonstrated before,
substrates with larger offcuts induce a more important strain to graphene, which could also reduce
the mobility. Therefore, it is better to aim for substrates with lower offcuts for applications
requiring important carrier mobility. However, other issues rise when considering on-axis
substrates. As we have seen previously, it can be challenging to achieve two-dimensional and
uniform growth on low offcut substrates, whether under 17% H2 or 100% Ha. In fact, the growth
on the 0.05°off-substrate under 17% H: led to the manifestation of triangular clusters, whereas the
growth under 100% H2 was not uniform as some areas presented no signs of graphene deposition
with Raman spectroscopy. Even for the 0.09°0ff substrate presented in part 3.2.3, the growth was
not uniform. AFM and Raman spectroscopy revealed areas without any graphene, see Fig. 3.19(c)
for the 25% Hz-growth or Fig. 3.20(d) for the 17% H2-growth.

For all the previous reasons, we slightly modified our growth conditions to optimize the
growth on on-axis substrates. We mainly increased the growth time to 15 minutes instead of 5
minutes, but we also changed the temperature between 1550 and 1600°C, and the H> amount
between 17% and 25%. The propane flow rate was kept at 5 sccm, and the pressure at 800 mbars.
We compare in Fig. 3.33 the 5-minute growth and the 15-minute growth on the 0.05°-off substrate.
Fig. 3.33(a) was previously commented: it presents graphene grown with 17% of Hz at 1550°C for
5 minutes. Triangular shapes were detected and identified with Raman spectroscopy as graphene.
In contrast, Fig. 3.33(b) presents a uniform growth, smaller steps and less triangular features (we
can still detect one or two triangular patterns with AFM). This latter was grown with 25% of H> at
1600°C for 15 minutes. We assume that the longer growth time has allowed graphene to cover the
whole surface and not just nucleate at the terraces. The terraces are narrower in Fig. 3.33(b),
probably due to the two-dimensional graphene deposition, but still they reach 1.5 microns in width,
which is not bad for transport measurements. XPS measurements, shown in Fig. 3.33(c), reveal a
graphene peak for both of the samples, slightly shifted in binding energy. We had to normalize the
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spectra to the corresponding SiC peak, to be in the same intensity range, since they were recorded
in different sessions. Nevertheless, the ratio sp?/sp’ is more or less the same for both spectra: 0.99
for the black curve and 0.98 for the red one, which means that the number of deposited graphene
layers is the same for both samples. Therefore, since we estimated 1.4 MLs with Raman
spectroscopy for the 5-minute growth, we assume that we also have something around one layer
of graphene for the 15-minute growth. This result contradicts what we previously presented in
part 3.2.1, which is that the deposition should increase with the growth time. However, it is
important to keep in mind that for the growth time study we used substrates with larger offcuts
(around 0.45°), which promote faster and more important deposition. In this case, for a lower offcut
(0.05°) the longer growth has increased the coverage of the surface and not the number of layers.
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Figure 3. 33: 10x10 um?> AFM images of graphene grown on SiC (0001) 0.05°-off under two
different conditions: (a) 1550°C, 5 min and 17% of Hz, (b) 1450°C, 15 min and 25% of H>. (c)
Corresponding Cls core-level spectra.
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We also demonstrate a uniform graphene growth on a 0.07°-off substrate with AFM and
Raman spectroscopy. The Raman measurements were carried out by Timotée Journot in the lab
LMP Leti. The graphene growth was carried out with 25% of Hz at 1600°C, 5 sccm of propane for
15 minutes on a % of 2”’-substrate, 0.07°-off. We show AFM images of different areas of the
substrate in Fig. 3.34(a-c), which appear to be homogeneous, attesting for the uniform graphene
growth. We also recorded Raman spectra in different areas, confirming the presence of graphene
and a uniform coverage, see Fig. 3.34(d). The spectra in Fig. 3.34(d) were recorded at different
positions, as we can see in the inset of Fig. 3.34(d), then the number of layers was calculated by
dividing the G-peak area to that of a HOPG reference. The estimated number of layers is around
0.9 and 1 ML, except for few positions with 0.7 and 0.8 MLs, mainly at the edges of the substrate.
In addition, the 2D peaks of the different spectra can be fitted with a single Lorentzian suggesting
the presence of a graphene monolayer across the substrate [119]. This proves that for substrates
with a small offcut, the deposition is more likely to remain around one graphene layer for 15
minutes of growth.
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Figure 3. 34: (a) to (¢) 10x10 um? AFM images taken from different areas of graphene grown
on Y of 27°-SiC, 0.07%-off at 1600°C, for 15 minutes and under 25% of H>. (d) The estimated
number of layers calculated from Raman spectra recorded at different areas of the sample.
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Electrical measurements

The growth on on-axis substrates under these modified conditions (i.e. 25% Hz, 15 minutes,
1600°C) seems promising, allowing a uniform coverage of graphene with a thickness around one
layer. Hall Effect and resistivity measurements were conducted with the four-probe Van der Pauw
technique on graphene grown on semi-insulating SiC substrate (0.08°-off) under these growth
conditions, uncovering interesting electrical properties. An AFM image of the grown sample is
shown in Fig. 3.35(a). The sample presents straight steps 600 nm-wide, with few steps exhibiting
rough edges indicated by a white arrow, which we believe is a strain relaxation mechanism
[159,188]. The phase image shows few areas of different contrasts, which can be extra layers, but
they are not dominant. Van der Pauw patterns were processed on a 1x1 cm?-sample to measure
the carrier mobility and sheet resistance (see part 2.3.6 in chapter 2 for details on the processing).
The average sheet resistance is 3387 /o, the graphene is n-doped with an average sheet carrier
density of 1.1x10'> cm™? and a mobility of 1708 ¢cm?/V.s measured at 300 K. The electrical
measurements are summarized at the end in table 3.5.

For comparison, Hall Effect measurements were also carried out on the sample presented
in Fig. 3.35(b), grown with 17% of Hz, for 5 minutes and at 1550°C.

1600°C, 25%H,,15 min 1550°C, 17%H,,5 min

C))

: 0.08 ;-oiff }

Figure 3. 35: 5x5 um? AFM topographic and phase images of two different samples grown
with two different growth conditions: (a) 0.08°-off sample prepared with 25% of H> at 1600°C
for 15 minutes. (b) 0.09°-off sample prepared with 17% of H2at 1550°C for 5 minutes. (¢) and
(d) The corresponding LEED images taken at an electron energy of 140 eV.
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The measurements revealed different results: p-doped graphene with an average carrier
density of 4.7x10'? cm™, a mobility of 1707 cm?/V.s and a sheet resistance of 771 /o measured
at 300 K. The p-doping is expected to be caused by moisture from the atmosphere [19,154].
Despite the obvious non-uniform thickness in the phase image (inset of Fig. 3.35(b)) the mobility
does not seem to be affected and the sheet resistance is relatively low, compared to the 15-minute
sample, which appears to be more uniform in thickness (see phase image in inset of Fig. 3.35(a)).
However, we believe that the higher sheet resistance is not related to the surface uniformity but
rather to the buffer layer. In fact, if we look at the corresponding LEED patterns in Fig. 35(c, d),
we notice that the buffer layer diffraction spots (indicated by red arrows and circles) are more
manifested in Fig. 3.35(d) for the 15-minute growth.

Similar observations can be made by examining the XPS Cls core-level presented in Fig.
3.36 for the two samples. The buffer layer peaks seem to be more intense for the 15-minute growth
sample (red curve), creating the extra shoulder at the higher binding energy side. We suspect that
the buffer layer is not the same in two cases: for the 5- and 15-minute growths. It might be possible
that even if we detect signs of the buffer in the case of 5-minute growths, and because of the
presence of hydrogen in the gas mixture, Si-H bonds exist at the same time with the buffer layer,
creating a “hydrogenated” buffer layer. In other words, the buffer layer exists and shares bonds
with the silicon from the substrate, but at the same time hydrogen bonds as well with the silicon
from the substrate. When we increase the temperature and the growth time, it is probable that under
the influence of the longer times at high temperature, hydrogen will desorb from the interface
allowing new bonds between the buffer layer and the substrate. This is why signs of the buffer
layer are more noticeable for the longer growths with XPS and LEED. This could be the reason
for the higher sheet resistance and the shift towards higher binding energy in XPS, since the buffer
layer was always thought to be detrimental for the graphene’s electrical properties.
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Figure 3. 36: Cls core-level spectra of the two growth prepared with 17% of H2at 1550°C for
5 minutes (black curve) and under 25% of Hz at 1600°C for 15 minutes (red curve).
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Also, it explains the electron doping, since more bonds with the substrate will lead to more
electron transfer from the substrate to the graphene layer. Yet we suppose along with other studies
[37,41,105,179] that the charges will be trapped at the interface, explaining the reduced charge
carrier density on the 15-minute growth samples.

Before we summarize, Hall Effect measurements were also carried out on growths under
100% of Hz for 5 minutes at 1450°C. Although the sheet resistance is low (~ 600 €/0), the graphene
is strongly p-doped (~8x10'?) and the mobility around 1000 ¢cm?/V.s. This structure does not
present any buffer layer and the graphene is expected to be freestanding. However, this could be
the reason of the excessive p-doping, since no electrons can migrate from the substrate to
compensate the effect of the hole doping. To summarize, in attempts to have good carrier mobility
we considered low-offcut substrates for their wide terraces, which we believe promotes good
transport properties. However, the growth on low-offcut substrates is challenging, since graphene
seems to nucleate on the terraces or grows in a non-uniform way. We attempted to increase the
growth time and temperature to assess this problem, which seemed promising at first, allowing to
grow uniform graphene on a % of a 2’ substrate, with a homogeneous deposition around 1 ML.
However, we suspect that for longer growth times, hydrogen tend to desorb from the interface and
more bonds will form with the substrate, leading to n-doped graphene and high sheet resistance in
the order of 3000 Q/o. This result can be problematic if we want to use graphene as a contact or
an electrode, which requires low sheet resistance. On the bright side, even though the 5-minute
growth under 17% H: seems not so homogenous in terms of graphene thickness, the carrier
mobility is around 1700 cm?/V.s at 300 K for p-doping. The transport could be occurring on the
terraces with complete graphene layers. We attribute the enhanced mobility to the presence of Ha
at the interface along with the buffer layer. In fact, we believe that this is one of the advantages of
our technique compared to Si sublimation, since we are able to introduce Hz at the interface during
the growth and control the electrical properties of the graphene layer, leading to enhanced mobility
compared to the Si sublimation technique [80]. To this end, although the results seem dispersed,
the wide range of observations allows us to control the doping of the graphene layer, the sheet
resistance and the carrier density. Therefore, depending on the application, whether for metrology
or electronic uses (as an electrode or channel) we can adapt our growth conditions to fit the
required need.

In conclusion, if we compare the results in table 3.5, we can deduce that the carrier mobility
depends strongly on the carrier density as well as the sheet resistance. The first sample (S1)
presents high sheet resistance compared to the others, but because of the reduced electron density,
the mobility is around 1700 cm?/V.s at 300 K. The second sample (S2) in table 3.5 has a lower
sheet resistance but higher carrier density (p-type), which leads to a similar mobility as the first
sample. And finally, the third sample (S3) is highly p-doped with lower sheet resistance and
mobility. We attribute the difference in doping type and levels of the graphene layer to the
hydrogenation of the buffer layer: for a less hydrogenated buffer layer, electrons will migrate from
the substrate to the graphene layer (S1), whereas for a hydrogenated interface (S2 and S3), the
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electrons migration is reduced and the graphene layer is more affected by the hole doping coming
from the surrounding atmosphere (moisture or other).

Table 3. 5: Electrical measurement recorded at 300 K on different graphene samples

Growth Carrier density Dobin e Sheet resistance Mobility
conditions (cm??) ping typ (Q/D) (cm?/V.s)
S1: 25% Hoz; 15
’ ~1.1x10" Elect ~ ~1
minutes; 1600°C x10 ectrons 3000 708
S2:17% Hz; 5 1
minutes: 1550°C 4.7x10 Holes 770 1707
S3: 100% Ha; 5
Yo H; ~8x10"2 Holes ~600 ~1000

minutes; 1450°C
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3.5. General conclusion

In this chapter we presented a wide range of results starting with thermodynamic
calculations, then going through the different growth parameters and their influence on the
graphene growth, to reach finally optimized graphene growths with different characteristics. First,
we started by attempting to understand the different parameters contributing to the graphene
growth on SiC. We were able to confirm experimentally that propane is the main source for carbon
in our growth conditions, by conducting a set of annealing experiments of SiC under H2 or Ho+Ar.
The annealing without any propane did not result in the formation of graphene. On the other hand,
the annealing of SiC under pure argon has led to the formation of graphene by Si sublimation, but
to make this possible, we had to completely change our usual growth conditions, by decreasing
the total pressure and increasing the temperature and the growth duration. In order to understand
the reason behind the inability to sublimate silicon under H2 we had to do some thermodynamic
calculations with the help of a software known as FactSage, which consists of calculating the
concentration of species reacting together, while minimizing the Gibbs free energy of the system.
These calculations revealed that considering Si sublimation under Hz is not relevant. In fact, H>
reacts with SiC and creates molecules containing C-H bonds, Si-H bonds or both C-Si bonds.
However, the C-gases have vapor pressures much more important than the Si-gases, which is not
likely to lead to any excess of carbon at the surface to form graphene. In contrast, the annealing
under only argon creates an opposite effect, leading to Si-species with vapor pressures higher than
the C-species, which will lead to a carbon residue at the surface and form graphene. This led us to
the conclusion that under our growth conditions of Ha+Ar, the propane is the main contributor to
the growth. The SiC etching can also be a contributor, but quantifying its contribution seems a
difficult task.

In a second part, we concentrated on the different growth parameters, to understand their
influence on the growth. We believe that understanding the role of each of the growth parameters
will lead to an optimized graphene sample. Different parameters influence the growth of graphene,
such as the growth duration and the propane flow. The growth duration allows to control the
deposited thickness of graphene, especially under 100% of Hz, because under 17% of H> the
variation of the number of layers with the time seems less important. This is not the case for the
propane flow, which seems to influence the number of graphene layers regardless of the H>
amount. In addition to these parameters, the growth temperature seems to also have an influence
on the morphology, the thickness and the structure of graphene.

We also investigated the effect of the hydrogen amount in our H2 + Ar gas mixture on the
growth. The hydrogen amount influences the graphene morphology, thickness and structure. Low
hydrogen amount leads to the formation of a (6\3x63) buffer layer. In contrast, high hydrogen
amount leads to graphene with wrinkles at the surface and disorder due to the absence of the buffer
layer. In fact, we expect that hydrogen bonds with the silicon from the substrate and prevents the
buffer layer from forming. Yet this effect can be reduced with the temperature, which has a direct
influence on the hydrogenation of the interface. A high temperature will provoke the desorption
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of the hydrogen from the interface and promote the formation of the buffer layer. Therefore it is
important to introduce the right amount of Hz for the right temperature. In addition, we discussed
the strain in our graphene layers depending on the growth conditions. We suspected from previous
studies that when the graphene is grown with a buffer layer, the strain at room temperature will be
at its minimum. In this case, the strain is the sum of a tensile strain developed at the growth
temperature and a compressive strain occurring upon cooling doing. The tensile strain is due to the
lattice mismatch between the (6V3x6v3) SiC and the (13x13) graphene super cells, whereas the
compressive strain is a thermoelastic strain due to the difference in thermal expansion coefficients
between SiC and graphene. In the case of high H2 amount in the gas mixture, only the thermal
strain is present, leading to a maximum strain at room temperature. However, we investigated the
set of samples grown with different H> amounts with Raman spectroscopy to examine any strain
variation, but the study seemed complicated. The different samples presented different thicknesses
among each other, along with a non-uniform thickness for each sample. In addition, we noticed
that the carrier density might be changing as well from one sample to another. These observations
made the study difficult and almost impossible.

We also studies the influence of the substrate’s miscut angle on the growth of graphene.
Substrates with a very small offcut (0.05°0ff) seem challenging for the growth of graphene during
5 minutes since they do not allow a homogeneous growth, whether it was performed with 17% of
H2 or 100%. The growth becomes more uniform for offcuts starting from 0.2°-off, and no
important morphological and structural differences rise for larger offcuts, mainly the terrace widths
decrease when the offcut is larger. On the other hand, Raman spectroscopy investigations revealed
that substrates with larger offcuts induce an important strain to the graphene layer, with a non-
uniform strain distribution across the sample, whether they were grown with 17% of H2 or 100%.
In addition, for these set of growths we noticed that the samples grown with 100% of Hz appear to
be more strained than the samples grown with 17% of Ha. We attribute this behavior to the
hydrogenation of the interface in the case of 100% of Hz, which will lead to strain-free graphene
at the growth temperature since it is poorly bound to the substrate. As a result, important
thermoelastic strain will accumulate when cooling down. Further investigations have led us to
propose that the presence of extra patches of graphene at step edges or between steps could be
areas with more strain than the step-terrace area. This explains the non-uniform strain distribution
and the increase in strain for larger offcuts. In fact, when the offcut is larger the step-edge density
will be larger as well, leading to more areas with more strain and thus increasing the total strain of
the sample. In conclusion, the ideal offcut seems to be around 0.2°-off, resulting in a minimum
strain and uniform growth.

Finally, we were able to improve the growth on on-axis substrates by increasing the growth
duration to 15 minutes and the temperature to 1600°C. This led to good electron mobility
(~1700 cm?/V.s) but high sheet resistance (around 3000 Q/o) which is not ideal for electronic
applications. Nevertheless, we realized that even though the growth is not uniform for the 5-minute
growth carried out with 17% of Hz, the mobility is also good and in the same range as before, but
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this time the sheet resistance is smaller and the type of doping is hole-doping. This can be enhanced
by other means with post-growth treatments to reduce the hole-doping. Overall, we were able to
produce both n-doped and p-doped graphene, which allows us to invest our graphene in different
applications. To conclude, we believe that our approach allows a better control of the buffer layer
with mainly the hydrogen amount and the temperature. With the right amount of Hz in the gas
mixture we can minimize the effects of the buffer layer by having a partially hydrogenated buffer
layer, which we believe has a good influence on the mobility of our graphene samples.
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Graphene and IlI-nitrides

In chapter 4, we will study materials other than SiC, mainly II-nitrides. Combining
graphene with Ill-nitrides is very appealing for different applications in the electronics and
optoelectronics markets. Indeed, according to the literature, some studies have already employed
graphene as transparent electrodes for GaN and other materials [10,22], and also as a contact for
AlGaN based electron devices [23]. It could be also beneficial to combine graphene with AIN-
based devices, which allows us to integrate graphene with the developed markets of UV and visible
LEDs as well as laser diodes [193—195], but also for power electronics [196,197]. In addition, this
can also create new applications for graphene devices with AIN as an insulator on a back-gate.

In a previous study, graphene direct growth on nitrides was proven to be possible [103],
where graphene layers were grown on AIN templates on Si (111). However, the graphene quality
was not optimized since the growth temperature of graphene was limited to the melting point of
silicon (1414°C), whereas the optimal growth temperature of graphene on SiC is generally around
1550°C. In this chapter, we present our attempts of growing graphene on bulk AIN, AIN templates
on SiC and sapphire and AlGaN templates on sapphire, with a similar approach than on SiC. Prior
to the growth of graphene, we investigate the effects of high temperature annealing on different
nitride materials. The goal of this pre-growth step is to assess the behavior of such substrates under
high temperatures, which was found to be both beneficial and destructive for the nitride substrates,
having a direct influence on the morphology and the crystalline quality. Finally, we present first
results of AIN growth on graphene on SiC. Our study is based on AFM, XPS, LEED observations
and in some cases Raman spectroscopy.

4.1. Experimental details
In the following paragraphs we will present the experimental details employed for the

annealing of the nitride substrates and the graphene growth conditions, along with the different
substrates used for the different studies.
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4.1.1. Nitrides templates and substrates

The III-nitrides materials used here were mainly AIN: bulk AIN and AIN templates grown
on SiC and sapphire, but also AlGaN templates on sapphire. The bulk AIN substrate was a
1°’ substrate, which we cleaved into ~5x5 mm? samples for the annealing and graphene growth
studies. The templates were grown in CRHEA by Julien Brault and Yvon Cordier in MBE systems
equipped with ammonia (NH3) as the nitrogen source. Prior to the growth on SiC, the SiC surface
was annealed in Hz in order to prepare the surface with a step-like morphology. Different AIN
thicknesses were considered, ranging between 100 and 240 nm for SiC, and around 120 nm for
sapphire. For more details on the AIN growth on sapphire please refer to reference [123]. The AIN
layers grown on SiC and sapphire had the Al-polarity, as observed with reflection high-energy
electron diffraction (RHEED) at the end of the growth process. AlGaN layers were also prepared
in a MBE reactor: first a GaN buffer layer was grown on a sapphire substrate, followed by an AIN
layer growth, 100 to 200 nm-thick, then AlGaN layers were deposited with a thickness of 500 nm
and different aluminum contents, for more information please refer to reference [198,199]. Here
as well, the samples are cleaved into 5x5 mm? pieces. The substrates and templates used are shown
in Fig. 4.1 and listed in table 4.1. Few defects appear at the surface of the different templates such
as polishing scratches (Fig. 4.1(a)), etching pits (inset of Fig. 4.1(e)), aggregates as white objects
(Fig. 4.1(b, d-g)) and no signs of the atomic steps in Fig. 4.1(a, d-g).

Bulk AIN - Al-face AIN/SIiC Il — 100 nm

AIN/SIiC1-240 nm AlN/sapphirel - 120 nm

.
.

1.0um

Figure 4. 1: 5x5 um? AFM topographic images (except for (c) 2x2 um?) of the different templates used in
this chapter. Inset of (c) and (e) are 1 <1 um’ and 22 um? images respectively.
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4.1.2. Nitrides annealing and graphene growth

The annealing process had different purposes: it can be considered as a preliminary study
before the growth of graphene, but also as an approach to prepare the surface for III-V regrowth
and in our case for graphene growth (epi-ready surface), especially in the case of bulk AIN. The
annealing can also be helpful to highlight and understand the defects in the AIN templates and
enhance the crystalline quality of AIN grown on SiC and sapphire. In fact, important lattice and
thermal expansion coefficients mismatches (TEC) exist between the different materials. The in-
plane mismatches are: AIN/sapphire lattice mismatch of 13% and TEC mismatch of 44%; AIN/6H-
SiC lattice mismatch 0.9% and TEC mismatch of 0% [200,201]. These important mismatches
between AIN and sapphire are the reason behind the important density of threading dislocations
[123], hence a high-temperature annealing study seems interesting, even independently of the
graphene growth study. As low-temperature annealing (1150-1250°C) had little effect, we aimed
for higher temperatures between 1350 and 1650°, at pressures between 50 and 800 mbars,
depending on the substrate (bulk AIN or AIN templates). The annealing was carried out under a
mixture of H2 and N2, with different percentages, at a total gas flow rate changing between 6 slm
and 16 slm [104]. The argon in the gas mixture was replaced by N2, because we believe that N2
helps to stabilize the surface, based on preliminary annealing tests, even if the decomposition of
N2 is low [202]. The annealing and graphene growth conditions are summarized in table 4.1 for
the different AIN substrates.

Table 4. 1: Summary of the substrates and the annealing/growth conditions.

AIN/AlGaN

Sample thickness Annealing Graphene growth attempts
1000-1400°C; 50-200 mbars; N2 1350°C; 800 mbars; No;
Bulk AN + H> 17 scem C3Hs
AIN/SIC T 240nm  1450°C; 800 mbars; Na+ Hy 110 71390°C: 800 mbars; No;
2-10 sccm CsHs
1350-1450°C; ; No;
AIN/SiC 1T 100 nm 1350°C; 800 mbars; N 350-1450°C; 800 mbars; N2;
10-17 sccm C3Hg
AlN/sapphire I o 1450°C; 800 mbars; N2;
. . + 9 b 2
I 120 nm 1450°C; 800 mbars; N2>+ H» 9-10 scem CsHs
AlN/sapphire o6 1350-1650°C: 800 mbars; N, o attempts/just annealing for

I +1v* the crystalline quality
1350°C; 800 mbars; No;

2-10 sccm C3Hs

*Note that we only presented an AFM image of the template III in Fig. 4.1, because both templates have
similar morphologies.

AlGaN/sapphire 500 nm 1250-1450°C; 800 mbars; N2
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The graphene epitaxy doesn’t differ much from that on SiC, but instead of a hydrogen-
argon mixture, we applied a hydrogen-nitrogen mixture with a 6 to 16 slm flow rate, depending on
the study, but in most cases only nitrogen was used as the carrier gas. Hydrogen can be very
reactive at high temperatures, this is why we avoided using it for the growth. The growth process
is presented in Fig. 4.2. As we can see, the annealing step was not employed in this case, mainly
because the AIN surfaces already presented steps resulting from the morphology of SiC, or to
avoid any major effects to the surface with the high temperature annealing. Therefore, only in the
case of bulk AIN, the previously annealed samples were used for the graphene growth, whereas
for the AIN templates the annealing and graphene growth studies were carried out on two different
set of samples. The IlI-nitride sample is exposed to the carrier gas during the temperature ramp.
Then propane with a flow rate of 2 to 17 sccm is introduced for 5 minutes when the growth
temperature is reached. After the deposition, the propane flow rate is cut-off and the sample is
cooled down under the carrier gas. The growth temperatures range between 1350 and 1550°C, at
800 or 900 mbars.

} N, or N,/H,
i
5 . & ,
o H 4
R ] -,
Sl peewmenonn . %,
E 2o 4
] C.-. %
= Wy 8
= *a 0
g :
Time

T: Growth time

Figure 4. 2: Schematic representation of the growth process of graphene on Ill-nitrides.
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4.2. Bulk AIN: annealing and graphene growth
4.2.1. Annealing of the Al-face of bulk AIN

First, we started by annealing the Al-face of bulk AIN at different temperatures, in order to
find the right temperature to enhance the morphology of the surface. The annealing temperatures
ranged between 1100 and 1500°C, at 200 mbars, for 5 minutes, with a gas mixture of 50% H2
(8 slm) and 50% N2 (8 slm). For the study on bulk AIN, the total gas mixture was 16 slm for the
annealing and 10 slm for the growth of graphene. The surface before any treatment is shown in
Fig. 4.3(a), where we can see polishing scratches and no atomic steps. The annealing at 1100°C
(Fig. 4.3(b)) does not seem to have any effect on the morphology. We start seeing some changes
at 1300°C (Fig. 4.3(c)) where the polishing scratches seem to be reduced and etching pits start to
appear. The pits seem to be aligned together, which is why we attribute them to polishing scratches
etched during the annealing process. A more obvious change in morphology appears at 1400°C
(Fig. 4.3(d)) where atomic steps appear on the surface. In this latter image, we can still detect a
polishing scratch appearing as a brighter line. However, the surface is mostly dominated by atomic
steps with rough edges. The roughness of the surface has slightly increased compared to the
reference image in Fig. 4.3(a). Increasing the temperature to 1500°C (Fig. 4.3(e)) results in a
rougher surface (RMS of 3.1 nm) but with straighter steps compared to Fig. 4.3(d).

Before annealing (b) % 1100°C 1300°C
RMS = 1.1 nm RMS =1.3 nm RMS = 0.6 nm

1400°C 1500°C

RMS =1.8 nm

B

Figure 4. 3: 5x5 um? AFM images of the Al-face of bulk AIN presenting the reference surface
before annealing in (a) and the annealed samples at different temperatures: (b) 1100°C, (c)
1300°C, (d) 1400°C and (e) 1500°C. Inset of (d) is a 0.75%0.75 um’. The annealing conditions
are: 200 mbars, 5 minutes and 50% H: (8 slm) + 50% Nz (8 slm). The AFM z-scale is 10 nm.
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Therefore, temperatures of 1400 and 1500°C appear interesting for surface-preparation and
graphene growth, allowing the manifestation of atomic steps without too much roughening the
surface. However, we will consider 1400°C in the following while changing other annealing
parameters.

We show in Fig. 4.4 the optimization of the annealing conditions on the Al-face, by
decreasing the total pressure and increasing the hydrogen amount, for 5 minutes of annealing. The
first two AFM images in Fig. 4.4(a, b) are the reference image and the annealing at 1400°C and
200 mbars, which we previously presented in Fig. 4.3(d). Reducing the annealing pressure to 50
mbars (Fig. 4.4(c)), under a gas mixture of 50% H2 + 50% N2, enhances the morphology compared
to Fig. 4.4(b), since the steps in the former case appear straighter. The morphology even gets better
and more regular when the Ha percentage is increased to 75% (Fig. 4.4(d)), accompanied with an
increase in roughness to 4 nm. After this step, no scratches can be detected but instead well-defined
atomic steps dominate the surface. The change of the morphology is ascribed to an increase of the
etching rate when decreasing the annealing pressure and increasing the hydrogen amount in the
gas mixture. Note that the annealing under the same conditions but at 1300°C gives similar results,
but with steps slightly narrower. In Fig. 4.4(d), the AIN surface morphology is similar to AIN
layers grown on chemico-mechanically polished bulk AIN (see fig. 11(c) in reference [203]). This
leads us to the conclusion that our optimized annealing conditions can be an interesting surface

1400°C
RMS =1.8 nm

Before annealing
RMS =1.1 nm

1.1)1.m__ . s
: Py
i

Pressure
RMS = 2.5 nm

Figure 4. 4: 5x5 um? AFM images of the reference surface in (a) and the annealed samples at
(b) 1400°C, 200 mbars and 50% H>, (c) 1400°C, 50 mbars and 50% H>, (d) 1400°C, 50 mbars
and 75% H>. Figures in Inset are 2 %2 um?’ images. The AFM z-scale is 25 nm.
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preparation process and a complement for mechanical and chemico-mechanical polishing of bulk
AIN substrates.

For the growth of graphene, since we suspect that the growth gives better results at 800
mbars from our previous experience on SiC [101], we had to anneal AIN substrates with different
gas mixtures at 800 mbars to choose the right combination for the growth of graphene. We show
in Fig. 4.5 the different gas combinations that we applied at 800 mbars, 1400°C, for 5 minutes.
Note that these samples were not previously annealed. Fig. 4.5(b) for the annealing with 50% H>
+ 50% N2, displays important etching pits at the surface, which led us to decrease the hydrogen
amount and increase the N2 in the gas mixture. As we can see in Fig. 4.5(c, d) no important changes
occur. Therefore, for the growth of graphene we will apply a gas flow of 100% Nz instead of the
50% Hz + 50% N2 combination.

Before annealing
RMS = 1.1 nm

50% H, + 50% N,
RMS = 6.2 nm

AN . ws

1 0% H, +100% N,

23% H, + 77% N,
RMS = 1.4 nm

Figure 4. 5: 5x5 um?> AFM images of the Al-face of bulk AIN presenting the reference surface
before annealing in (a) and the annealed samples at 1400°C and 800 mbars with different H>
amounts: (b) 50% H: + 50% N>, (c) 23% H> + 77% N2, (d) 0% H> + 100% N>. AFM z-scale is
25 nm.

4.2.2. Annealing of the N-face of bulk AIN

A similar study was carried out on the N-face of bulk AIN, but the surface preparation step
of this face was more challenging since the N-face presented a lot of defects such as open pits and
polishing scratches before any annealing treatment, see Fig. 4.6(a). Nevertheless, we attempted
different annealing conditions on this particular face. At first, we applied the optimized conditions
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of annealing that we previously employed on the Al-face, i.e. 1400°C, 50 mbars, 5 minutes, and
75% Haz + 25% N2, see Fig. 4.6(b). With these conditions, the scratching pits seem to disappear,
but the surface seems to get rougher and the open pits wider. For this reason, we attempted to
reduce the hydrogen amount to reduce the etching. But even with 23% of H> in the gas mixture
(Fig. 4.6(c)) the etching effect on the morphology is important. The best solution is an annealing
with 100% of N2 without any Hz in the gas mixture (Fig. 4.6(d)), but we can still see marks of the
polishing scratches and no signs of the atomic steps. We also tried to manipulate the pressure and
the temperature, but without any success of enhancing the morphology. We can deduce that for
the N-face, the initial state of the surface dominated by defects and open pits limits any
improvements of the morphology.

75% H, + 25% N,
RMS = 2.9 nm

Before annealing
RMS = 3.0 nm

23% H, +77% N,
RMS =5.6 nm

Figure 4. 6: 5x5 um? AFM images of the N-face of bulk AIN presenting the reference surface
before annealing in (a) and the annealed samples at 1400°C and 50 mbars with different H>
amounts. (b) 75% H> + 25% N>, (c) 23% H: + 77% N>, (d) 0% H2 + 100% N>. AFM z-scale is
25 nm.

To summarize, we have tried to anneal both the Al- and N-face of bulk AIN, in an attempt
of reducing the polishing scratches and enhancing the morphology of the sample. The annealing
of the Al-face with 75% of H2and 25% of N2 at 50 mbars has led to the appearance of well-defined
atomic steps without any polishing scratches, due to the etching effect of hydrogen at high
temperatures (1300-1400°C). However, the attempts of enhancing the N-face of bulk AIN have
failed, due to the poor initial state of the surface before any treatment. Now that we have studied
the effect of high temperature annealing under H2 + N2 of bulk AIN, we can investigate the growth
of graphene on such substrates.
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4.2.3. Graphene growth on bulk AIN

Graphene growth on nitrides was first attempted on bulk AIN, which can be used as a
model for the growth of graphene on nitrides. For this part, we have used AIN substrates already
annealed and prepared with the optimized annealing conditions, because of the limited availability
of bulk AIN samples. We adopted the growth conditions employed for the growth of graphene on
AIN templates on Si(111) from reference [103], i.e. 1350°C, 800 mbars, 6 minutes of 17 sccm of
propane, but 100% N2 instead of 50% Hz + 50% N2. We present in Fig. 4.7(a) the graphene growth
attempt on the Al-face. However, no pronounced changes in the morphology are detected
compared to the annealed sample (Fig. 4.4(d)), but the atomic steps seem less defined after the
graphene growth attempt in Fig. 4.7(a). Interestingly, we can observe the formation of wrinkles on
the back face of the same sample (N-face in Fig. 4.7(b)) similar to those found on graphene on
SiC. These wrinkles suggest the possibility of having graphene on the nitrogen face, even though
this face was facing the sample holder. For this reason, another sample was placed upside down,
having the N-face exposed to the incoming gas and the Al-face towards the sample holder. While
no difference is observed on the Al-face (Fig. 4.7(c)) compared to Fig. 4.7(a), we can clearly see
the wrinkles who appear to be more stretched out among each other in Fig. 4.7(d) compared to
Fig. 4.7(b). This structure with wrinkles is usually found on the C-face SiC [81,189] and on the
Si-face under special conditions [17,18]. It is known that this kind of morphology is usually

Aluminum face

Figure 4. 7: 2x2 um? AFM images of different growth attempts at 1350°C and 800 mbars with
17 sccm of C3Hs: (a, b) when the Al-face is up and (c, d) when the N-face is up. Inset of (b) is a
0.5%0.5 um? AFM image. AFM z-scale is 15 nm for (a) and (c), and 10 nm for (b) and (d).
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associated with in-plane rotational disorder within the graphene sheet, as we have previously
discussed in the previous chapter [81,82].

For confirmation of graphene deposition, we examined these samples with XPS and Raman
spectroscopy. The corresponding Cls core-level is presented in Fig. 4.8 for the graphene growth
attempt when the N-face was exposed to the coming gas (“N-face up”). The spectra in the inset
represent the growth attempt when the Al-face was exposed to the gas (“Al-face up”). Regardless
of the orientation of the sample during the growth, the black curves represent the spectra recorded
on the Al-face, whereas the red curves represent the spectra measured on the N-face. We also show
the XPS spectra of the N-and Al-face before any treatment (green and blue curves) and the spectra
of the annealed samples before the growth of graphene (orange and pink). The orange and magenta
curves correspond to the annealed sample from Fig. 4.4(d). Note that since in this chapter were are
dealing with AIN, i.e. an insulating material, the flood gun (electron gun) was used during the XPS
measurements, to eliminate or reduce any charging effects of the sample’s surface.

N-face up
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Figure 4. 8: Cls core-level spectra of the Al-face and the N-face before and after the graphene
growth attempts at 1350°C and 800 mbars with 17 sccm of C3Hs, when the N-face was up (or
Al-face up in inset).

In Fig. 4.8, we can detect a large carbon signature on the AIN substrate (reference samples),
which is attributed to a contamination on the surface. After the annealing, the carbon peaks of the
annealed samples (orange and magenta) are shifted towards lower binding energies with respect
to those of the references. In addition, the carbon peak on the N-face is more intense and narrower
after the annealing and appears to be shifted towards the sp>-carbon peak, indicating the beginning
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of a carbon/graphene deposition, possibly from the CVD chamber (which is made of graphite).
For the black and red curves, we detect peaks at 284.5 eV, on both N and Al faces after the growth
attempt of graphene, in both cases when the N-face is up or when the Al-face is up during growth.
We attribute these peaks to a graphitic phase deposition since they are at the vicinity of the sp?
carbon-carbon binding energy observed for graphene on SiC [86,101,105]. However, no matter
which face was up during the growth, the sp>-peak is always more intense on the N-face than on
the Al-face.

To further complete our investigations, we carried out Raman measurements. Fig. 4.9
displays Raman spectra for the two samples presented in Fig. 4.7. The first sample had the Al-face
exposed to the incoming gas flow while the N-face was facing the sample holder (presented in
Fig. 4.7(a, b)), which corresponds to Fig. 4.9(a). The second sample had the N-face up during the
graphene growth attempt (Fig. 4.7(c, d)) and is presented in Fig. 4.9(b). In both cases, both of the
AIN polarities have been analyzed by Raman spectroscopy. The spectra measured on the Al-face
are represented by the black curves in Fig. 4.9(a, b), whereas the N-face spectra are represented by
the red curves. All spectra display the signature of graphene/graphite, i.e. the D, G and 2D modes,
but also the D’ and D+D’ modes, around 1350, 1582, 2700, 1625 and 2900 cm™ respectively
[119,160]. The presence of the D and D’ peaks implies the presence of defects, for more details on
these peaks please refer to Appendix A. The same features were detected on FLG grown on AIN
on Si(111) templates [103]. For samples grown on the Al-face, the G-peak FWHM ranges between
50 and 55 cm™!, while the 2D-band is barely detected since it presents a low-intensity peak. These
observations for the Al-face are usually detected on amorphous or highly disordered sp*-carbon
[141]. In contrast, for graphene grown on the N-face, the G-peak is narrower with FWHM ranging
between 21 and 28 cm™!, attesting for the better graphene quality on the N-face compared to the
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Figure 4. 9: Raman spectra of the Al-face and N-face of the graphene growth attempts at
1350°C and 800 mbars with 17 sccm of C3Hs, when the Al-face was up in (a) and when the N-
face was up in (b). Figures in the inset are a zoom-in on the G-band.
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Al-face. We also detect the 2D-peak on the N-face with FWHM ranging between 43 and 60 cm™.
In addition, the G-peak seems to be more intense on the N-face when the N-face is up during the
growth, which is reasonable since it is facing the gas flow of propane.

The G peak integrated intensity normalized to the one of a reference HOPG sample
ranges from 0.1 up to 0.6 on the N-face and is around 0.2 on the Al-face, regardless of which face
was exposed to the gas flow during the graphene growth attempt. As a first approximation, we can
compare these values to those calculated for graphene on SiC, where a single graphene layer
corresponds to a G/HOPG ratio around 0.03. Hence, these values imply that few layers and/or
multilayers of graphene (FLG/MLG) have been grown. However, we cannot estimate the number
of layers with the same formula used for graphene on SiC, since AIN is a different material. In
fact, the formula for the calculation of the number of graphene layers was developed for graphene
on SiC by combining p-Raman spectroscopy with pi-transmission measurements in the following
way: a low-noise photodiode was placed behind the SiC substrate (on which graphene ribbons
were grown) in the same Raman spectroscopy setup, then by doing optical transmission maps and
point by point measurements along with the Raman measurements, one can deduce the optical
extinction of the bare SiC substrate and of single- and bi-layer graphene and correlate them to the
corresponding Raman spectra [146]. Therefore, a similar study should be done on graphene on
AIN to precisely calculate the number of deposited graphene layers. Until then, we can deduce that
when the G/HOPG ratio is important, more graphene layers have been deposited on the AIN
substrate. To this end, even if more statistics are needed to conclude for sure, these observations
seem to be compatible with the XPS analysis suggesting that the growth is favored on the N-face
more than on the Al-face, even if the N-face is against the substrate holder. We suspect in this
latter case, that the propane is able to reach the N-face placed on the sample holder, or it is possible
that the sample holder is also a source of carbon.
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Figure 4. 10: (a) Al2p and (b) Nls core-level spectra of the N-face when this latter was up
during the graphene growth attempt.
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To pinpoint the number of deposited graphene layers we investigated in more details XPS
spectra. For example, we examined the Al2p and N1s core-level spectra measured on the N-face
after the graphene growth attempt, when the N-face was up (sample in Fig. 4.7(d)). We show these
spectra in Fig. 4.10. As we can see after the growth attempt, the AI2p and N1s peaks are almost
50% attenuated but not extinguished. For an excitation energy Al Ko of 1486 eV, N1s and Al2p
electrons have kinetic energies around 1100 and 1400 eV respectively, which leads to electrons
with IMFP in graphite of ~19 A (for N1s electrons) and ~24 A (for Al2p electrons) [133], i.e.
corresponding to 5 and 6 graphene layers. Therefore, since we can still detect the AIN signal
through the deposited graphene with XPS and knowing the IMFP of the electrons in graphite, we
assume that the number of graphene layers is around 5 monolayers or less, but we cannot rule out
the presence of thicker layers in some regions. Now concerning the binding energies in Fig. 4.10,
we notice that the peaks are upshifted after the growth attempt. This could be because the electrons
are being slowed down by the graphene overlayer on their way out of the sample, but more
investigations are required to confirm this assumption.

Further investigations reveal that the ratio of peak intensities D/G, which is inversely
proportional to the domain size of graphene (see Appendix A), is found to be 0.2-0.6 on the N-
face and 1.6-1.9 on the Al-face. Thus, using I(D)/I(G) we can deduce that the crystallite size is
between 10 and 14 nm on the Al-face, whereas on the N-face it is at least two times larger [204].
In addition, in the case of the Al-face, the I(D')/I(D) is found to be close to 3.5, which points
towards boundary defects [121]. On the other hand, on the N-face, the I(D')/I(D) ratio is found to
be higher, between 4 and 6. This suggests that there are two types of defects: boundary and vacancy
defects [121].

4.2.4. Conclusion

In summary, we have presented in this part the graphene growth attempts on bulk AIN.
Starting with already annealed bulk AIN samples, the growth was carried out at 1350°C, 800
mbars, under 100% of N2 and 17 sccm of propane. AFM images reveal no substantial changes of
the Al-face when attempting to grow graphene compared to the annealed sample. On the other
hand, the deposition is characterized by the manifestation of wrinkles on the N-face, even when
this face is placed against the sample holder. We suspect that propane is able to reach the N-face,
or that carbon is coming from the graphite substrate holder. XPS measurements confirm the
presence of sp? graphene on both faces. However, further investigations with Raman spectroscopy
revealed the presence of defects, especially on the Al-face where the deposition is supposed to be
amorphous and/or with small disordered sp?-carbon domains. Compared to our previous study
[103], the graphene grown with the same conditions at 1350°C seems better in terms of quality on
AIN templates on Si (111), than on the Al-face of bulk AIN. On the other hand, the graphene grown
on the N-face of bulk AIN is more developed with larger domains and important deposition, with
Raman spectra and domain sizes similar to those in reference [103] for graphene grown at 1350°C.
Comparing the growth on the N-face and the Al-face of bulk AIN, the graphene signatures in both
XPS and Raman are more intense on the N-face than on the Al-face, attesting for a more favored
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growth on the N-face. In all cases, we suspect important deposition of few or multilayers of
graphene, which we suspect to be around 5 MLs based on XPS measurements, but we cannot rule
out the possibility of having thicker graphene areas. This is not necessarily a drawback if we want
to use graphene as a low-resistivity electrode since Bae et al. [10] have demonstrated that
increasing the thickness of the deposited graphene will reduce its sheet resistance.

We assume that the favored growth on the N-face is due to rougher surfaces on the N-face
(RMS = 3 nm) compared to the Al-face (RMS = 1.1 nm) prior to any treatment. This difference in
roughness and also the presence of defects may partly explain the more efficient growth on the N-
face, but more investigations are required to understand this difference in growth. In addition, by
combining the observations of AFM, XPS and Raman spectroscopy, we point out certain
similarities in the growth mechanism on the C-face of SiC and on the N-face of AIN. On the C-
face of SiC, FLG films are characterized by a large number of layers with rotational disorder and
by the presence of wrinkles on the surface [81,90,189]. Similarly, in this work, we observed
wrinkles and a more important carbon deposition on the N-face of AIN, and even though we have
not done any LEED measurements, Raman spectroscopy reveals an important D peak which
implies the presence of disorder within the FLG layers on both N and Al faces. Finally, the results
seem promising but future work should concentrate on enhancing the graphene quality by
investigating other growth parameters, or considering other surface preparation methods for the
Al-face. In addition, electrical measurements are necessary to assess the graphene electrical
properties, especially since in the present study the samples were not big enough to process Van
der Pauw patterns for the electrical measurements. However, we did detect a current flow when
placing two electrical probes on the samples surface after graphene growth attempt, which
confirms the deposition of conductive graphene layers on AIN.
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4.3. AIN templates on SiC (0001)
4.3.1. AIN/SiC templates annealing

In this part, we will discuss the annealing of AIN layers grown by MBE on SiC templates.
The AIN is 240 nm-thick with aluminum as the polarity. We show in Fig. 4.11 AFM images of the
AIN/SiC template (template I) prior to any annealing. In the 5x5 um?> AFM image (Fig. 4.11(a))
we can detect some 3D clusters, which appear in some areas of the sample. The origin of these
clusters could be either from the annealing of the SiC prior to the AIN growth and/or from the
growth of AIN itself. In Fig. 4.11(b) we can discern a step-like morphology, probably due to the
initial morphology of SiC prior to the AIN growth. The goal of the annealing is to test whether the
AIN layers can withstand the high temperature required for the graphene growth, but also to see if
we can enhance the sample’s surface.

Figure 4. 11: (a) 5%5 um? AFM image of the 240 nm-thick AIN layer grown on SiC (AFM z-
scale: 3 nm). (b) 2x2 um?> AFM image (AFM z-scale: 1.5 nm)

The AIN/SiC template was exposed to different gas mixtures at 1450°C and 800 mbars, for
5 minutes, as we present in Fig. 4.12. Unlike the previous part, the total gas mixture was set to 6
slm in this part, instead of 16 slm as it was in the case of bulk AIN. We also changed another
parameter for this particular study: the position of the sample in the reactor. The sample was placed
towards the back of the reactor, precisely 1.5 cm more than the usual position. We do not usually
change this position as it is already optimized, we only changed it for the study on AIN templates
since it seemed to be giving better results. This parameter will be referred to as X in the following;
here X is set at 40 mm instead of the usual position at 25 mm.

The annealing under 0% H2+ 100% N21in Fig. 4.12(b) does not seem to have any effect on
the surface compared to the reference surface in Fig. 4.12(a). In addition, we can still detect few
3D clusters when doing a larger scale image (inset of Fig. 4.12(b)). Similarly, for the annealing
under 50% H2+ 50% N2 (Fig. 4.12(c)), the surface remains unchanged, where atomic steps still
appear and few 3D objects can be detected when scanning large areas with AFM. However,
increasing the hydrogen to 100% (Fig. 4.12(d)) leads to the formation of open etching pits as well
as 3D objects. This can be explained by considering that Hz is etching the surface and the etched
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material is being re-deposited on the surface to form 3D aggregates. These first results show that
the surface of the AIN layers on SiC is quite stable under N2 + Hz at 1450°C as long as we avoid
putting too much hydrogen in the gas mixture. Therefore, this AIN on SiC substrate can be a good
candidate for the growth of graphene at high temperatures.

‘ Before annealing
| RMS=0.18 nm

0% H, + 100% N,

50% H, + 50% N,
RMS = 0.17 nm

100% H, + 0% N,
RMS =1.44 nm

-

400nm
| i "%

Figure 4. 12: 2x2 um?> AFM images of (a) the reference image before any annealing, (b) to (d)
the annealed AIN/SiC samples at 1450°C, 800 mbars, 5 minutes with different gas mixtures: (b)
0% H> + 100% N2, (¢) 50% Hz + 50% N2, (d) 100% H> + 0% N>. Inset of (b) 5*x5um?. AFM z-
scale is 1.5 nm, except for (d) z = 3 nm.

With these annealing attempts we showed that the AIN morphology is stable at 1450°C
under specific conditions, but we did not enhance the surface quality in any way. In fact, the
objective of the annealing is to remove the 3D objects while leading to the formation of well-
defined atomic steps with wide terraces, without creating etching pits. For this reason, we tried to
increase the temperature to 1550°C under 50% H2 + 50% N2, see Fig. 4.13(b). The annealing at
1550°C reveals small etching pits, see Fig. 4.13(c). The increase in temperature has increased the
etching but did not enhance the surface quality. It seems that our objective is complicated to reach
with this AIN template. We will have to settle for the annealing at 1450°C under 100% of N2 or
with low amount of H2. Now that we have examined the different AIN layer morphologies at high
temperatures and with different gas mixtures, it is possible to study the growth conditions of
graphene since the AIN layer seems to be stable at 1450°C under 100% of N2and 50% Hz + 50%
Noa.
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Figure 4. 13: 5x5 um? AFM images of the annealing with 50% H> + 50% N: at (a) 1450°C
and (b) 1550°C. (c¢) The corresponding 22 um? AFM image of (b). AFM z-scale is 3 nm.

4.3.2. Graphene growth on AIN/SiC templates

For the growth of graphene, we first considered the 240 nm-thick AIN on SiC template
(template I). The substrate was found to be stable at 1450°C, 800 mbars with 100% of No.
Therefore, we applied these conditions while adding propane for 5 minutes for the growth of
graphene. Our first attempts were done at X =25 mm, which is the usual position of the sample in
the reactor. However, as we can see in Fig. 4.14(a), the growth with 2 sccm of propane revealed
small pits across the surface, probably due to etching or AIN decomposition. Adding 5 sccm of

RMS = 0.35 nm

Intensity (arb. units)

RMS =11.23 nm

282 283 284 285 286 287 288

Binding energy (eV)

Figure 4. 14: 5x5 um? AFM images of graphene grown at 1450°C with (a) 2 sccm (z = 3 nm)
and (b) 5 sccm of propane (z = 50 nm). (¢) The corresponding Cls core-level spectra of the
different growth with different propane amounts.
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propane leads to areas with over deposition as we can see in Fig. 4.14(b). It could be either that
5 scem of propane is already too much for the growth of graphene on AIN templates, or an issue
related to the growth kinetics, which can be solved by increasing the temperature or the total
pressure. It is probably the latter reason, since the growth is accumulated in certain regions and
not uniformly distributed on the surface.

Investigating the Cls core-level of the samples grown with different propane flow rates,
presented in Fig. 4.14(c) adds interesting information. The black curve represents the reference
sample before any annealing or growth attempt, while the red one is a regular annealing without
any propane. These two spectra are in the vicinity of amorphous carbon, but the red curve is
slightly shifted towards lower binding energies. Adding only 0.5 sccm of propane to the gas
mixture (blue curve) results also in a small shift towards lower binding energies, without any
noticeable increase in the peak’s intensity. These shifts could be a beginning of carbon/graphene
deposition, making the sample slightly more conductive than the reference sample, with less
charging effects. When increasing the propane flow rate to 2 sccm, the corresponding peak (orange
curve) is more intense than the previous one and appears at 284.3 eV in the vicinity of sp*-
graphene. Increasing the amount of propane to 5 sccm and 10 sccm leads to an increase in the
intensity of the corresponding peak, especially for the 10 sccm-sample. We can conclude from
these observations that 2 sccm of propane is enough to deposit carbon/graphene and that increasing
the propane flow rate increases the deposition but in a non-uniform way since the 5 sccm-growth
AFM image reveals areas of over deposition. Since we are limited in terms of temperature we
considered only 2 sccm of propane for the growth of graphene and placed the sample at X =40 mm
in an attempt to avoid or minimize the formation of open pits on the surface.

Interestingly the growth seems better at X = 40 mm as we can see in Fig. 4.15(a), always
at 1450°C and 100% Na. The growth in Fig. 4.15(a) shows no marks of open pits compared to the
AFM image in Fig. 4.14(a). Note that the scan area is not the same for both images, but still open
pits should be detectable in a 2x2 um?-area, if they are present. We also tried different pressures:
800 mbars (Fig. 4.15(a)) and 900 mbars (Fig. 4.15(b)) as the total pressure in an attempt to enhance
the uniformity of the deposition. The growth at 900 mbars in Fig. 4.15(b) presents the same
morphology as in Fig. 4.15(a) without any difference detected. We compare the Cls core-level
spectra of these two growths and the growth at X =25 mm in Fig. 4.15(c). No noticeable difference
is detected between the peak of the growth at X = 40 mm (red curve) and that of the growth at
X =25 mm (orange curve) at 800 mbars, whereas the peak corresponding to the 900 mbars-growth
(blue curve) seems slightly upshifted in intensity. These observations confirm that it is possible to
place the sample at X = 40 mm without compromising the deposition while enhancing the
morphology. We assume that when we place the sample towards the back of the reactor the
thermodynamics and hydrodynamics of the growth change. It is complicated to really assess these
parameters, but it is possible to attribute the change to a reduced exposure to the incoming gases.
In fact, the gases have to undergo a longer distance at the high temperature before they reach the
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sample, which could initiate chemical reactions and the decomposition of propane before arriving
to the sample.
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Figure 4. 15: 2x2 um? AFM images of graphene grown at 1450°C with 2 sccm of propane at
(a) 800 mbars and (b) 900 mbars. AFM z-scale is 1.5 nm. (¢) The corresponding Cls core-level
spectra of the different growths.

We also did LEED measurements to uncover the structure of the grown graphene on AIN.
The graphene growth was done at 900 mbars, 100% of N2, for 5 minutes under 2 sccm of propane,
at 1450°C presented in Fig. 4.16(a) and at 1550°C presented in Fig. 4.16(b). The growth at 1550°C
seems stable but we notice the appearance of an open pit, indicated by a white arrow in Fig. 4.16(b).
The corresponding LEED images are presented in Fig. 4.16(c, d). We notice the presence of
graphitic rings which suggests that the graphene is disordered. We also perceive the diffraction
spots of AIN, which we can identify when comparing the diffraction patterns to a reference
AIN/SiC shown in the inset of Fig. 4.16(c). We can make the same observations in Fig. 4.16(d)
for the growth at 1550°C, but in this case the elongated shapes appear to be shorter. It could be a
sign that graphene starts to become more ordered at the higher temperature. We also notice that
the graphene lattice is oriented at a 30°-angle with respect to the AIN lattice, which is similar to
the growth of graphene on SiC (0001).
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Figure 4. 16: 2x2 um’ AFM images of graphene grown at (a) 1450°C and (b) 1550°C, with 2
sccm of propane at 900 mbars. AFM z-scale is 1.5 nm. (¢) and (d) the corresponding LEED
diffraction patterns taken at an electron energy of 160 eV. AIN/SiC reference presented in the

inset of (c).

To complete our study, we attempted to do Raman measurements on each of the samples
in two different regions. However, Raman investigations revealed areas without any graphene for
both samples, as we can see in Fig. 4.17, without the subtraction of the AIN/SiC template signal.
Even with the SiC background signal, we should be able to see the 2D-peak or at least a low
intensity peak around 2700 cm! (similar to the case of the Al-face on bulk AIN), but no signs of
the 2D-band can be detected. These observations are not in agreement with XPS, but the spot
widths of the two techniques are not the same: the spot width of the laser for Raman measurements
is around 400 nm, whereas the spot width of the X-ray gun in XPS is around 400 microns.
Therefore, it might be possible that graphene does not cover the whole surface.

To summarize this part, we were able to deposit a graphitic phase on the AIN/SiC
templates. We tested different growth parameters such as the propane flow rate, the sample’s
position in the reactor, the temperature and the total pressure. Based on AFM and XPS
observations, our first deduction was that the best position to conserve the sample’s surface quality
is at X = 40 mm, i.e. 15 mm more than the usual position. The ideal propane flow rate for the
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Figure 4. 17: Raman spectra of the graphene growth attempts at 1450 and 1550°C. The spectra
were vertically shifted for clarity.

growth of graphene is 2 sccm, since at 5 sccm the growth is not uniform and over deposition
features appear on the surface. No important differences appear when increasing the total pressure
to 900 mbars, nor when increasing the temperature to 1550°C. However, at 1550°C some open
pits start to appear, therefore it is possible to consider this temperature as the limit for the growth
of graphene on AIN. LEED measurements revealed that the graphene is disordered, but we suspect
that it is less disordered at 1550°C compared to 1450°C. It also seems to have a favored orientation
at a 30°-angle with respect to the AIN lattice at 1550°C, which is similar to the growth of graphene
on SiC (0001). Nevertheless, Raman measurements revealed areas without any graphene, for both
of the samples grown at 1450 and 1550°C. We suspect that these areas are not dominant, since
Raman is a more local technique with a laser spot width of 400 nm. In contrast, XPS and LEED,
which have a larger spot size, confirm the presence of a graphene or a graphitic phase, based on
the presence of a sp>-carbon peak in XPS spectra and graphitic rings in LEED patterns, along with
diffraction spots for the 1550°C-growth corresponding to graphene. In conclusion, it is important
to do wider scans with Raman spectroscopy, but so far it seems that the graphene deposition is not
uniform and not covering the whole sample’s surface.

So far we have shown that the growth of graphene on AIN is possible, but the growth is
not optimized. The disorder and the possibility of having incomplete graphene layers can be very
detrimental for the electrical properties of graphene. Therefore, we attempted to grow graphene on
another AIN/SiC template (template II), but this time the AIN layer is thinner (about 100 nm) and
the SiC substrate was annealed under Hz prior to the growth of AIN [205]. In addition, the SiC
substrate is 4°-off axis in this case, whereas the previous SiC substrate was 0.2°-off. We show an
AFM image of the AIN surface before any annealing or graphene attempts in Fig. 4.18(a). The

175



Chapter 4. Graphene and Ill-nitrides

surface presents well-defined steps and a higher RMS of 1.1 nm compared to the previous template
(cf. Fig. 4.11(b)). In addition, a smaller scale AFM image (inset of Fig. 4.18(a)) reveals rough step
edges. The higher RMS in this case could be due to the off-axis SiC substrate and to the fact that
the AIN layer is not as thick as in the previous case, thus making it more influenced by the
morphology of the SiC substrate. In addition, the crystalline quality of the AIN film, examined
with XRD, seems better on the AIN/SiC template I, having a lower w-scan FWHM of the (0004)
reflection (~0.17°) compared to that of the AIN/SiC template I (~0.38°).

Reference
RMS =1.10 nm

17 sccm, 1450°
RMS = 1.24 nm

17 sccm, 1350°C
RMS =3.48 nm

10 sccm, 1350°C
RMS =1.42 nm

Figure 4. 18: 2x2 um? AFM images of (a) 100 nm AIN on SiC, (b) 5-min annealing at 1350°C,
(c) graphene growth attempt at 1350°C with 17 sccm of propane, (d) graphene growth at
1350°C with 10 sccm of propane and (e) graphene growth at 1450°C with 17 sccm of propane.
Inset of (a) and (e) are 1 <1 um? AFM images. AFM z-scale: 15 nm.

The first annealing and graphene growth attempts were carried out in similar conditions
than before: 1350°C, 100% N2 (10 slm), 800 mbars, X =25 mm. The 5-minute annealing is shown
in Fig. 4.18(b), where no clear changes appear with respect to the reference image, we only notice
an increase in the RMS. For the growth of graphene, similarly to bulk AIN, 17 sccm of propane
and 6 minutes of growth were required to deposit graphene, see Fig. 4.18(c). As we can see in this
AFM image, brighter regions appear, which we suspect to be graphene over deposition areas. We
also detect few wrinkles in these areas, indicated by white arrows in Fig. 4.18(c), which we
attribute to a graphitic phase deposition. To make the deposition more uniform, we considered two
solutions: reducing the propane flow rate to 10 sccm at 1350°C (Fig. 4.18(d)) and increasing the
growth temperature to 1450°C for 17 sccm of propane (Fig. 4.18(e)). In Fig. 4.18(d) we do not see
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the over deposition areas nor the wrinkles. The surface resembles the reference morphology in
Fig. 4.18(a), therefore it is hard to say if we have a graphitic deposition or not. Also in Fig. 4.18(e)
for the growth at 1450°C, no over deposition nor wrinkles can be detected, but instead the
morphology looks slightly better since the step edges seem to be smooth and not rough as in the
reference image in Fig. 4.18(a). This could be a sign of graphene deposition, which covers the AIN
steps. We also detect some point-like defects indicated by black circles in the 2x2 um* AFM image
shown in the inset of Fig. 4.18(e). These points are very small and barely discernable, they could
be either dislocations or from the high temperature growth of graphene. However, from first
observations the higher temperature seems to have improved the uniformity of the growth
compared to Fig. 4.18(c).

We examined the Cls core-level spectra of the annealed sample and the growth samples,
as presented in Fig. 4.19. The annealed sample (red curve) presents an intense carbon peak at
286.9 eV, probably due to carbon contamination from the reactor, but surprisingly the peak did
not shift towards lower binding energy compared to the reference peak, as it was the case for the
previous substrate and the bulk AIN. It might be possible that for this substrate a higher
temperature is required to obtain a graphitic deposition by just annealing. The peak corresponding
to the growth at 1350°C with 10 sccm of propane (blue curve) is more intense than the reference
peak and appears in the vicinity of sp>-graphene at 284.9 eV, whereas the 17 sccm growth at
1350°C (orange curve) results in a peak even more intense and at 284.6 eV. These observations
suggest that increasing the propane flow rate increases the graphene deposition and makes the
sample more conductive, resulting in a sp>-peak at lower binding energies. Finally, our attempt to
make the growth more uniform by increasing the temperature to 1450°C for 17 sccm of propane
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Figure 4. 19: Cls core-level spectra of the annealed sample and the graphene growth samples,
prepared at 1350 and 1450°C at 800 mbars and 100% of N-.
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is represented by the green curve appearing at 284.7 eV. Unfortunately, the peak is reduced in
intensity compared to the orange and the blue peaks, leading us to the conclusion that this could
be not the best approach to make the deposition more uniform if we want to achieve a thick
graphene deposition.

We completed the study with Raman spectroscopy, presented in Fig. 4.20. All the spectra
reveal the signature of graphene with defects, i.e. the D, G, D’, 2D and D+D’ modes around 1350,
1582, 1625, 2700 and 2900 cm™ respectively [119,160]. The sample grown at 1350°C presented
in Fig. 4.20(a) displays Raman spectra which are similar, but a difference in intensities rises when
scanning different regions of the sample. The reason behind this difference in intensity can be due
to the presence of regions with a thicker deposition, as already observed with AFM (see
Fig. 4.18(c)). The I(D)/I(D'") ratio is found to be close to 3.5 which again points towards boundary
defects [121]. And by using I(D)/I(G) [204], the crystallite size is found to be between 12 and
30 nm. On the other hand, for the sample grown at 1450°C, Raman measurements presented in
Fig. 4.20(b) reveal that the sample is mainly covered by poor quality graphene, represented by the
blue spectrum, similar to that observed on the aluminum face of bulk AIN. Other areas present a
better graphene quality, represented by the green spectrum in Fig. 4.20(b), but unfortunately, the
poor quality areas are dominant. No Raman measurements were done on the 10 sccm-growth. We
can conclude that even though AFM first observations suggest that the growth is more uniform at
1450°C, where no over deposition features appear, Raman spectroscopy reveal areas with poor
quality graphene. In contrast, the growth at 1350°C presents uniform graphene in terms of quality
but some areas of different thicknesses. This leads us to the conclusion that increasing the
temperature is probably not the best solution for a good uniform growth. Perhaps the growth time
should be increased as well when increasing the temperature.
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Figure 4. 20: Raman measurements of different areas of the (a) 1350°C-growth and (b) 1450°C-
growth. The two figures have the same vertical scale. Figures in the inset are a zoom-in on the G-
peak.
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4.3.3. Conclusion

As a conclusion, we have attempted to grow graphene on AIN grown on SiC templates.
Prior to the growth of graphene, annealing tests were done at 1350 and 1450°C to see if the AIN
surface can withstand the high temperature required for the graphene growth and to try to enhance
the AIN morphology. A first substrate was studied with a 240 nm-thick AIN layer. The AIN was
found to be stable under a gas mixture with low hydrogen amount at 1450°C (less or equal to 50%
of the total gas mixture). For the growth of graphene we explored different growth parameters to
optimize the growth conditions, such as the propane flow, the total pressure and the sample’s
position in the reactor. The best growth conditions were found to be with 2 sccm of propane for 5
minutes at 1450°C, 800 or 900 mbars and at a position X =40 mm, i.e. 15 mm more than the usual
position. XPS and LEED revealed the deposition of a graphitic phase, by exhibiting the sp?>-carbon
peak with XPS and graphitic rings with LEED. This latter observation with LEED suggests that
the graphene consists of disordered domains, but we suspect that the growth at 1550°C slightly
reduces the disorder amount. Despite this promising observations, Raman spectroscopy, which is
more local, uncovered areas without any graphene. Therefore, we conclude that the growth is not
uniform and that graphene does not cover the whole surface of the sample, but we suspect that the
areas with graphene present a better quality when grown at 1550°C instead of 1450°C.

For this reason, the growth of graphene was studied on another template with a 100 nm-
thick AIN layer grown on an off-axis SiC substrate and a special Hz2-annealing of the SiC substrate
prior to the growth of AIN. This substrate can be more promising for applications using the AIN
as a back-gate since it is thinner than the previous case. The growth of graphene on this substrate
seemed different, requiring more propane as high as 17 sccm at 1350°C, similar to the growth on
bulk AIN. This latter growth presented areas of over deposition but Raman spectroscopy revealed
a uniform graphene growth in terms of quality with the presence of boundary defects. Our attempts
of having a more uniform growth in terms of thickness were not very successful. We attempted to
reduce the propane flow rate to 10 sccm at 1350°C, which resulted in a less intense sp?-graphene
peak in XPS. We also attempted to increase the temperature to 1450°C for 17 sccm of propane.
Even though the morphology seems uniform with AFM, Raman spectroscopy unveiled areas with
poor quality graphene. We also attempted to study the influence of the growth duration, but we do
not present any results here since the effects are similar to the increase in the propane flow rate. In
fact, when we do a growth longer than 5 minutes (e.g. 8 minutes) we will obtain areas with over
deposition similar to what we observed for a growth with too much propane.

So far the growth of graphene on AIN/SiC templates seems promising but challenging,
requiring a more thorough study of the different growth parameters to enhance the graphene’s
uniformity and quality. In addition, the growth of graphene seems very dependent on the substrate
itself, since different substrates required different propane amounts for the growth to take place.
We believe that this rises from the different preparation of the AIN layers and mainly from the
different morphology. The first AIN/SiC template presented a lower RMS but a higher step
density, thus requiring only 2 sccm of propane to grow graphene, whereas the second template
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presented a higher RMS but lower step density and required 10 to 17 sccm of propane to grow
graphene. Therefore, the growth appears to be dependent on the step density, which seems normal
since a higher step density presents more nucleation sites for the graphene growth.
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4.4. AIN templates on sapphire (0001)
4.4.1. AIN/sapphire templates annealing

The most common substrate for the growth of AIN is sapphire owing to its low cost,
therefore our study would be incomplete if we do not consider such substrates for the growth of
graphene. Similarly to before, it is important to monitor the behavior of the AIN layer at high
temperatures in the range of the graphene growth. Hence, our first approach would be to investigate
the effects of high temperature annealing on the morphology of AIN layers grown on sapphire.

Our second approach revolves around the high temperature annealing effect on the
crystalline quality of the epitaxial AIN layers. In fact, since sapphire is a low cost substrate it is
attractive for the growth of AIN, but on the other hand, due to important difference in lattice
parameters, high density of threading dislocations emerge within the AIN epitaxial layer. We
conducted a study to improve the structure of AIN and reduce the dislocations density [123].

For the following studies different templates of AIN on sapphire were used, but the
thickness of the AIN layer is always 120 nm. The difference between the substrates is in the growth
conditions of the epitaxial AIN layer, mainly in the growth temperature.

4.4.1.1. Annealing effect on the morphology

The first annealing attempts were carried out at 1450°C and 800 mbars, for 5 minutes with
a gas mixture of 6 slm (N2 + H2); the sample is placed at X = 40 mm. The AIN layer was grown
by MBE at 900°C, with a nucleation layer grown at 500°C. The reference morphology before any
annealing is shown in Fig. 4.21(a). As we can see, the initial surface before any annealing is already
rough (RMS = 3.5 nm). Annealing the sample with 100% of N2 (Fig. 4.21(b)) in the gas mixture
results in a small decrease in the roughness, but no obvious improvements in the morphology. We
also detect some aggregates (white features on AFM images) at the surface, either from the growth
of AIN before any annealing or from the re-deposition of etched AIN. Adding hydrogen to the gas
mixture even degrades the morphology as we can see in Fig. 4.21(c), more aggregates appear and
the RMS increases to 6 nm. As to the 100% Hz-annealing presented in Fig. 4.21(d), no white
objects appear and the RMS is about 3 nm.

We attempted to study another AIN template on sapphire (template II), prepared with
slightly different conditions: the AIN layer was grown at 1000°C and the nucleation layer at 400°C.
XRD measurements reveal that the crystalline quality of the AIN/sapphire template I is better with
a o-scan FWHM of the (0002) reflection around 0.036°, whereas the AIN/sapphire template II
presents a m-scan FWHM of the (0002) reflection around 0.17°. The initial morphology seems
slightly better than before, see Fig. 4.22(a). The surface is less rough (RMS = 0.93 nm) than the
previous template, but aggregates still appear from the growth of AIN. We can also detect some
very small open pits in the 2x2 um?-AFM image (figure in inset). The annealing at 100% N2 shown
in Fig. 4.22(b) seems to enlarge the open pits, but the RMS has slightly decreased. The expansion
of the open pits is not very encouraging and represents a limitation for the growth of graphene.
Adding hydrogen to the gas mixture leads to wider pits and rougher surfaces with a higher RMS,
see Fig. 4.22(c, d).
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Figure 4. 22: 5x5 um?’-AFM images of the different annealing at 1450°C for different gas
mixtures: (a) the reference AIN/sapphire template I, (b) 0% H> + 100% N>, (c¢) 50% H> + 50%
Nz and (d) 100% H: + 0% Nz. The AFM z-scale is 30 nm for all the samples.
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Figure 4. 21: 5x5 um?-AFM images of the different annealing at 1450°C for different gas
mixtures: (a) the reference AIN/sapphire template 11, (b) 0% H> + 100% N2, (c) 25% H> + 75%
Nz and (d) 50% H> + 50% N:. Inset of (a) is a 2x2 um’-AFM image.
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The annealing of the AIN/sapphire templates does not seem to enhance the morphology
and the surface quality of the AIN film, but the surface is more or less stable when annealing with
100% of N2 at 1450°C. Therefore, it is better to use N2 when attempting to grow graphene or for
other annealing purposes. We will present in the following the annealing effects on the crystalline
structure of AIN grown on sapphire.

4.4.1.2. Annealing effect on the crystallinity

For this particular study [123] two AlN/sapphire templates were prepared with two
different growth conditions: templates I1I and IV, but we will refer to them as S1 and S2 as they
are presented in reference [123]. The difference between the two templates is the temperature of
the nitridation step: 940°C for S1 and 900°C for S2. Then the nucleation layer growth step is the
same for both samples, carried out at 400°C and finally the 120 nm-AIN layer was deposited at
940°C for S1 and 900°C for S2. The annealing of the samples was conducted in the CVD reactor
and the XRD study was carried out by Maud Nemoz at CRHEA.

The annealing temperatures ranged between 1350 and 1650°C for 6 minutes at 800 mbars
with 6 slm of N2 in the gas mixture. The annealing time effect was also studied, by annealing one
sample for 5 minutes at first then annealing it again for extra 15 minutes. We also attempted flash
annealing, meaning that the temperature was increased to reach the annealing temperature

A =7

Figure 4. 23: 2 %2 um?-AFM images of the annealed samples of the S2 template at (a) 1350°C,
(b) 1550°C and (c) 1650°C. (d) to (f) annealing at 1550°C for different annealing times: (d) 1
temperature ramp (no plateau), (e) 3 temperature ramps and (f) two-step annealing, the first
for 5 min then for 15 min. The AFM z-scale is 10 nm, except for (a) and (d) where it is 5 nm.
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(1550°C), followed by an immediate decrease to the room temperature. We did this for one sample
and for another sample we did three successive ramps from room temperature to 1550°C and back
to room temperature each time. We show AFM images of some of the annealed samples of the S2
template in Fig. 4.23. Even for the annealing at 1350°C (Fig. 4.23(a)), the surface is covered with
open pits due to the decomposition of AIN. Increasing the annealing temperature increases the
width of these pits with the addition of aggregates appearing as well, as we can see in Fig. 4.23(b)
at 1550°C. In this latter AFM image, the surface is covered with aggregates, probably due to the
re-deposition of AIN. The aggregates and the open pits become even bigger at 1650°C, presented
in Fig. 4.23(c). This behavior is normal, since for higher temperatures the AIN is expected to
decompose even more.

We have also investigated the effects of successive temperature ramps to 1550°C followed
instantly by cooling down to room temperature, without any temperature plateau. We show AFM
images of these annealing experiments in Fig. 4.23(d, e). This technique has led to less aggregates
at the surface compared to the annealing at 1550°C for 5 minutes in Fig. 4.23(b), but the
morphology does not seem to be better as we still observe important amount of open pits. In
addition, the surface appears rougher after the 3-ramp annealing compared to the 1-ramp
annealing. Finally, we tried to do two successive annealing at 1550°C, first for 5 minutes and
second for 15 minutes to investigate the annealing time effect on the crystalline structure. The
morphology resembles slightly the annealing in Fig. 4.23(b), but with less aggregates at the
surface. The RMS of the annealed samples as a function of the temperature are summarize in
Fig. 4.24. The RMS trend is the same for both prepared templates S1 and S2: it slightly decreases
for the annealing at 1350°C compared to the as-grown sample, then it starts to increase when
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Figure 4. 24: RMS data collected from AFM images as a function of the annealing temperature
and annealing time for the two different AIN/sapphire templates.
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increasing the temperature, reaching a maximum for 1650°C. Both of the ramp-annealing have
RMS around that of the 1450°C-annealing, with the 3-ramp annealing having a slightly higher
RMS than the 1-ramp annealing, which seems normal. Interestingly the RMS of the two-time
annealing (5+15 minutes) is close to that of the one-time annealing for 5 minutes at 1550°C.

Now that we have examined the influence of the high temperature annealing on the
morphology, we can investigate its influence on the crystalline quality, which is the true goal of
this study. Thorough investigations were done with XRD to reveal any changes in the structural
quality of the AIN layer. We present the m-scan FWHM of the 0002 symmetric reflection and the
10-11 skew symmetric reflection as a function of the annealing temperature in Fig. 4.25(a, b), for
the two set of samples. These parameters reflect the tilt and twist angles of the AIN crystals, in
other words the structural quality of the AIN film. For both the 0002 and the 10-11 reflections, the
o-scan FWHM decreases when the annealing temperature increases. For the substrate S1, the -
scan FWHM of both reflections decreases as well when the annealing time is increasing. For
example, the FWHM is smaller for the 3-ramp annealing compared to the 1-ramp annealing at
1550°C. Whereas the two-step annealing (5 + 15 minutes) at 1550°C seems to be as efficient as
the 5-minute annealing at 1650°C. The decrease of the ®w-scan FWHM of the 0002 symmetric
reflection and the 10-11 skew symmetric reflection with the increase in the annealing temperature
suggests that the annealing has a positive influence on the structural quality of the AIN layer, which
improves for higher annealing temperatures.
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Figure 4. 25: w-scan FWHM as a function of the annealing temperature for the (a) 0002
symmetric reflection and the (b) 10-11 skew reflection. The disconnected points in these two
graphs represent the as-grown S1 and S2 templates.

Further investigations revealed that the annealing also affects the threading dislocation
density, which decreases when increasing the annealing temperature as confirmed with TEM, see
reference [123]. Therefore, we can deduce from Fig. 4.23 that the best sample is the one annealed
at 1650°C for 5 minutes, but the two-time annealing (5 + 15 minutes) has a similar influence on
the structural quality. In addition, if we combine these observations with the previous AFM and
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RMS-trend observations, we can add that the best tradeoff is to consider the two-step annealing at
1550°C instead of the 5-minute annealing at 1650°C. Because as we can see, the two-step
annealing at 1550°C is less destructive to the surface than the 5-minute annealing at 1650°C, while
having the same influence on the structural quality.

We can compare this work to the literature where we can find studies that also attempted
to enhance the crystalline quality of AIN grown on sapphire by doing high temperature annealing
[206,207]. However, in these studies the authors adopted other techniques to grow their AIN layer,
for example in reference [206] they grew a nucleation layer with MOVPE, 100 to 1000-nm thick
at 1150 and 1200°C, whereas in our case the nucleation layer is 5 nm-thick grown at a temperature
around 400°C. In the second reference [207] 170 to 340 nm-thick AIN layers were grown by
sputtering at 650°C. The AIN layers prepared in these studies presented better crystalline quality
than the templates with a 5 nm-thick buffer layer that we show here. Two annealing approaches
were considered, the first: annealing under N2 + CO at 1500-1750°C for 2 hours [206]; the second:
annealing under N2 atmosphere at 1600-1700°C for 1 hour while placing two AIN templates face-
to-face to suppress the thermal decomposition of AIN [207]. If we compare our XRD data [123]
to theirs [206,207] for similar AIN thicknesses and regardless of the initial crystalline quality of
the AIN layer, our annealing at 1650°C for 5 minutes seems to have positive effects on the
crystalline quality in the same order of magnitude as in these studies [206,207]. In contrast, their
approaches have led to an enhanced morphology associated with the manifestation of steps and
terraces, which we failed to achieve. But in fact, their annealing is done for longer times and higher
temperatures than in our case, hence it seems that longer annealing times are crucial to observe
any enhancements of the morphology. In our study we did try to do face-to-face annealing for
shorter times (5 to 15 minutes) but did not succeed to enhance the surface’s quality. In conclusion,
our annealing conditions enhanced the crystalline quality with effects as important as the annealing
methods we find in the literature, but we failed in enhancing the morphology. Therefore, for future
attempts we can try to optimize our annealing conditions based on these studies, possibly by using
propane with small amounts along with N2, since carbon seems to have a positive effect on the
morphology or by optimizing the face-to-face annealing by increasing the annealing time.

4.4.2. Conclusion on the annealing of AIN/sapphire templates

To summarize, we have attempted to anneal epitaxial AIN layers on sapphire (0001).
Regardless of the annealing conditions, the AIN morphology does not seem to be stable at
temperatures as high as 1350°C and more, whether under a mixture of N2 + H2 or under a pure N2
gas mixture. The annealing seems to initiate the decomposition of AIN, where pits appear at the
surface along with aggregates, which we attribute to the decomposition and re-deposition of the
AIN. This decomposition increases with the temperature as the pits get wider and the aggregates
larger. We attempted to reduce the morphology deterioration by doing a shorter annealing with
only the temperature ramp without any annealing plateau. The temperature-ramp annealing at
1550°C appears to be less destructive than the continuous 5-minute annealing at 1550°C, but still
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pits dominate the surface. This inability of the AIN layer to withstand high temperature makes it a
bad candidate for the growth of graphene, which can lead to poor quality graphene in terms of
structural and electrical properties. However, the annealing has other benefits, such as enhancing
the structural quality, i.e reducing the threading dislocation density. In fact, an XRD study
completed with TEM has shown that the annealing of AIN layers grown on sapphire has a direct
and positive influence on the structural quality. The w-scan FWHM of the 0002 symmetric
reflection and the 10-11 skew symmetric reflection, which is related to the tilt and twist of the AIN
crystals and due to threading dislocations, decreases when increasing the annealing temperature
and the annealing time, thus suggesting an improvement in the structural quality. By comparing
the XRD data, we came to the conclusion that a longer annealing at 1550°C has similar effects to
a shorter annealing at 1650°C, but at the same time the lower-temperature annealing is less
damaging to the surface, which seems a good tradeoff.

4.4.3. Graphene growth on AIN/sapphire templates

As we have demonstrated previously, the AIN templates on sapphire are not the best
candidates for the growth of graphene, because of the important decomposition of AIN at 1350
and 1450°C. Nevertheless, we carried out few growth attempts to see how the templates behave
under propane and if the deposition of graphene is possible.

The growth was conducted on the AIN/sapphire template I previously presented in
Fig. 4.21(a), at 1450°C, 800 mbars, for 5 minutes with 6 slm of N2 and varying propane flows; the
sample was placed at X = 25 mm, the usual position. We show the AFM image of the growth with
2 scem of propane in Fig. 4.26(a), with the corresponding C1s core-level spectrum in Fig. 4.26(b),
along with other spectra for different propane flow rates. The morphology of the sample is very
rough as expected, but the XPS spectra follow the same trend we observed on AIN/SiC when
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Figure 4. 26: (a) 5x5 um? AFM image of the growth attempt of graphene with 2 sccm of

propane at 1450°C. (b) Cls core-level spectra of the different growth attempts with different
propane flow rates. AFM z-scale is 30 nm.
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changing the propane flow rate. The reference peak (black curve) appears at 286.4 eV, while the
annealed sample’s peak (red curve) appears at 284.8 eV, i.e. shifted towards a lower binding
energy suggesting the beginning of a graphitic deposition. Increasing the propane flow rate results
in a larger shift towards lower binding energies and an increase in the peaks intensities. For
example, the 2 sccm-growth peak is at 284.2 eV in the vicinity of sp>-graphene. Adding 5 sccm of
propane (green spectrum) leads to the manifestation of a peak at 284.4 eV, with a noticeable
increase in intensity, suggesting an increase in the graphitic deposition. Same for the 10 sccm-
growth, the peak is intense but not as intense as the 5 sccm-growth peak. We presume that it should
be more intense, but the signal might be saturated due the increase in deposition compared to the
short probing depth of the XPS technique.

If we go back to the 5 sccm-growth peak, it seems more upshifted compared to the 2 sccm-
growth peak. We assume that this is related to the increase in the graphitic layer thickness, which
could create a difference in the transferred charge density (from the substrate) between the lowest
graphene layer and the topmost layer, resulting in a less significant charge transfer to the topmost
layer and leading to an upshift in XPS, as suggested in reference [105]. The second interesting
observation for this peak, is that if we compare it to the 5 sccm-growth on the AIN/SiC in
Fig. 4.14(b), we notice that the peak is more intense in the case of the growth on AIN/sapphire,
which suggests a more important deposition in this latter case for the same propane amount. We
attribute this observation to a rougher surface of the AIN grown on sapphire compared to AIN
grown on SiC, which could be the main factor influencing the deposition of graphene/graphite.
Other factors might rise, such as the presence of defects and dislocations in the case of AIN on
sapphire.

Our second attempt of growing graphene was on the AlN/sapphire template II previously
presented in Fig. 4.22(a), which initially seemed better than the previous template, but exhibited
small pits prior to any annealing or growth attempt. We present in Fig. 4.27 AFM images of the
annealing and graphene growth attempt with similar conditions as before but for X = 40 mm. As
we can see in Fig. 4.27(b) the morphology becomes very rough after the growth attempt with
2 sccm of propane, compared to the annealed sample image in Fig. 4.27(a). Also, important
amount of pits appear at the surface along with aggregates in Fig. 4.27(b). The surface gets even
rougher with 5 sccm of propane (Fig. 4.27(c)). The increase of the roughness and of the density of
pits can be ascribed to different reasons: it could be due to a non-uniform graphitic deposition, or
to etching and/or surface reconstruction under the influence of hydrogen emanating from the
propane. Regardless of the reason, the growth of graphene seems very challenging, since by adding
propane we inflict a lot of damage on the morphology of the AIN film. Even though the surface is
too much damaged, XPS spectra presented in Fig. 4.27(d) attest for a graphitic deposition with
2 sccm of propane and more importantly with 5 sccm of propane. Surprisingly the reference peak
seems also in the vicinity of sp?>-carbon for reasons that are not clear to us.
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Figure 4. 27: 5x5 um? AFM images of the annealed sample at 1450°C in (a) and the growth
attempts of graphene with (b) 2 sccm of propane and (c) 5 sccm of propane. (d) Cls core-level
spectra of the different growth attempts. AFM z-scale: 10 nm for (a) and (b), but 50 nm for (c).

4.4.4. Conclusion on the graphene growth on AIN/sapphire templates

We have studied in this part the possibility of growing graphene on epitaxial AIN on
sapphire. The initial state of the surface, either very rough or covered with defects and open pits,
made the task very difficult. The AIN cannot withstand the high temperature required for the
growth of graphene, nor the exposure to propane, even though we detect a graphitic deposition
when adding propane to the gas mixture. Therefore, it seems important to first optimize the growth
of the AIN layer on sapphire before attempting to grow graphene. Another solution would be to
adopt other methods for the annealing of the AIN film similar to those found in the literature
[206,207], since these studies have demonstrated that it is possible to obtain a step-like
morphology for AIN on sapphire for the right annealing conditions. On the other hand, the
annealing study of such templates has revealed that even though the annealing is destructive to the
surface, it can be very beneficial for the structural quality of the AIN layer and to reduce the
threading dislocations densities. This opens a new path for our objective, one can do homoepitaxy
of AIN on the annealed AIN samples, possibly enhancing the morphology of the AIN film, which
will be helpful for the growth of better quality graphene.

189



Chapter 4. Graphene and Ill-nitrides

4.5. Graphene growth on AlGaN templates

Another interesting material to combine with graphene is AlGaN, which will open new
markets and applications for graphene as a thin transparent and/or low-resistivity electrode.
However, growing graphene directly on AlGaN with CVD is not an easy task because gallium in
the AlGaN film is very likely to evaporate at the growth temperature of graphene. For this reason,
we did few tests to find the maximum temperature that we can reach for this particular study. In
Fig. 4.28, we present two annealing attempts without any propane to study the effect of the
temperature on the AlGaN film.

Note that we studied three different AlGaN on sapphire templates, with different aluminum
composition: 50% Al, 65% Al and 75% Al. The results were the same for all the substrates with
similar observations with AFM and XPS, hence we will only present the study done on the 50%
Al-template with a 500 nm-thick AlGaN layer. The initial morphology of this substrate shown in
Fig. 4.28(a), does not seem to be smooth, with a lot of aggregates appearing at the surface, probably
from the growth of the AlGaN film. The first annealing was done at 1250°C with 10 slm of N2 at
800 mbars for 5 minutes, presented in Fig. 4.28(b). The annealing seems to slightly enhance the
morphology by reducing the RMS and removing the aggregates from the surface.

1250°C
RMS =0.3 nm

Figure 4. 28: 5x5 um’ AFM images of the reference sample in (a) and the annealed samples
at (b) 1250°C and (c) 1450°C. Figures in inset are 2 %2 um? AFM images. AFM z-scale is 3 nm
except for (c) where the z-scale is 50 nm.
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The second annealing was carried out at 1450°C, but as we can see in Fig. 4.28(c) the
morphology is severely damaged: important pits appear at the surface and the RMS rises to 14 nm.
We attributed this behavior to the thermal decomposition of the AlGaN film. To this end, we
cannot attempt to grow graphene at 1450°C as we did in the previous studies. For this reason, we
attempted the graphene growth at a lower temperature, i.e. 1350°C.

For the growth of graphene we employed the annealing conditions at 1350°C, but by adding
propane to the gas mixture, always for 5 minutes with 100% of N2 at 800 mbars. We considered
different propane flow rates as we present in Fig. 4.29. We show in Fig. 4.29(a) the growth attempt
with 2 sccm of propane, where important open pits appear across the surface. The roughness has
increased compared to the reference AFM image in Fig. 4.28(a), but the surface seems less
damaged than with the annealing at 1450°C in Fig. 4.28(c). Since the propane flow rate is low, the
surface resembles a regular annealing without any propane. We then increased the propane flow
rate to 5 sccm (Fig. 4.29(¢c)), which resulted in a completely different morphology. We do not see
the open pits, but instead we see a surface covered with wrinkles forming very small domains
along with regions with brighter contrast indicated by white arrows. The presence of wrinkles can
be a sign of graphene deposition, and the bright regions suggest over deposition in some areas,
similarly to what we observed previously on the AIN/SiC template II. To limit this non-uniform
deposition we can try to increase the temperature, but this did not work so well for the AIN/SiC
template; this is why we lowered slightly the propane flow rate to 3.5 sccm. As we can see in
Fig. 4.29(b), the morphology remains the same but with less brighter regions, which still appear
but less frequently and are smaller in size. What is interesting for these three samples with the
different propane flow rates is that we only see a damaged surface for the 2 sccm of propane, while
for the other two growth attempts, no open pits can be detected as if increasing the propane amount
has led to the reduction of the AlGaN film decomposition/etching. The reason for this behavior is
not clear to us, but a recent study has shown that annealing AIN on sapphire under N2 + CO helps

Figure 4. 29: 5%5 um’ AFM images of the growth attempts at 1350°C with 100% of N> and
different propane flow rates: (a) 2 sccm, (b) 3.5 sccm and (c) 5 sccm. Figures in inset are 2 %2
um? AFM images. AFM z-scale is 10 nm except for the figures in the inset.
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to improve the morphology of the AIN film [206]. We do not know the exact role of carbon in the
surface enhancing process, but this could be a reason why we don’t see a damaged surface for 3.5
and 5 sccm of propane. However, this approach did not work when we attempted to grow graphene
on AIN on sapphire templates as we have seen before, possibly because the N2 + propane mixture
has to be optimized depending on the quality of the AIN film.

The graphitic phase deposition, was confirmed with XPS by examining the Cls core-level
measured on the different samples, presented in Fig. 4.30. The reference peak i.e. the sample before
any annealing, appears at 284.7 eV. The growth with 2 sccm of propane presents a peak at
284.4 eV, slightly downshifted compared to the reference peak, suggesting the beginning of a
graphitic phase deposition. Increasing the propane flow rate to 3.5, 5 and 10 sccm, results in an
increase of the carbon peak intensity as expected. Surprisingly, the growth at 5 sccm of propane
exhibits a peak aligned with the reference peak and less intense than that of the 3.5 sccm-growth.
It is possible that for 5 sccm of propane, the X-ray gun has excited areas with a less graphitic
deposition. Or another possibility could be that the AlGaN samples are not uniform: since we work
with cleaved samples, it is very possible that one sample comes from the center of the AlGaN
template and the other from the edge of the template. On the other hand, the peaks of the 3.5 and
10 sccm-growths are at 284.5 eV, which is in the vicinity of sp>-graphene. Therefore, it is
reasonable to conclude that 3.5 sccm seems a good amount of propane to deposit a graphitic phase
in the sp*-configuration.
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Figure 4. 30: Cls core-level spectra of the different growth attempts with different propane
flow rates. The spectra are aligned at the same baseline.
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We also examined other core-level peaks with XPS for the 3.5 sccm-growth such as Ga3d,
Al2p, Nl1sand Ols, see Fig. 4.31. After the graphene growth attempt, all the peaks are downshifted
compared to the reference peak, suggesting an increase in the sample’s conductivity, probably due
to the deposition of graphene. We notice a decrease in the intensity of the Ga3d peak (Fig. 4.31(a))
accompanied with an increase in the intensity of the other peaks. This decrease can be attributed
to the deposition of graphene and/or to the sublimation of gallium. In fact, if gallium is evaporating
faster than aluminum, an excess of aluminum will form at the surface, which explains the increase
in the peak intensity in Fig. 4.31(b) after the graphene growth attempt. In addition, the Al2p peak
of the as-grown sample seems to be different than the reference peak, where an asymmetric shape
appears towards higher binding energy suggesting the manifestation of a new component, possibly
due to new bonds with the aluminum of the sample. The asymmetric shape is in the vicinity of the
binding energy of Al2O3 (around 74.5 eV) [208-210], associated with an increase in the intensity
of the Ols peak. It seems that aluminum oxide has formed beneath the carbon layer, possibly
oxygen migrating from the sapphire substrate through defects and cavities under the influence of
the high temperature, or from the residual oxygen doping of the as-grown AlGaN layer (usually
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Figure 4. 31: Different core-levels for the 3.5 sccm-grown sample at 1350°C with 100 % of N-.
(a) Ga3d core-level, (b) Al2p core-level, (¢c) Nis core-level and (d) Ols core-level.
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several 10'¥/cm? according to secondary ion mass spectrometry measurements). However, XPS is
not enough to make affirmative conclusions at this stage, other techniques such as TEM are
necessary to look into the structure beneath the carbon layer.

Finally, before we conclude, we show in Fig. 4.32, AFM and XPS observations carried out
on the 65% Al-composition template, on which the same study was conducted. In fact, for each
growth or annealing two samples were placed in the reactor, one of the 50% Al-composition
template and the other of the 65% Al-composition template. AFM and XPS measurements reveal
the same observations made on the previous template.
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Figure 4. 32: 5x5 um’ AFM images of the reference sample with 65% Al-composition in (a)
and the growth attempts at 1350°C with 100% of N: and different propane flow rates: (b)
2 ssecm and (¢) 3.5 sccm. (d) Cls core-level spectra of the different growth attempts with
different propane flow rates. The spectra are aligned at the same baseline.

To summarize, we have presented preliminary results on the growth of graphene on AlGaN
templates on sapphire. The AlGaN film is not very stable at high temperatures in the range of 1350
and 1450°C, even under 100% of N2. However, the morphology does not appear to be damaged
when attempting to grow graphene with 3.5 sccm of propane. We suspect the deposition of
graphene or of a graphitic phase since wrinkles appear at the surface, which we usually attribute
to disordered graphene. In addition, a sp>-carbon peak appears in the Cls core-level spectrum of
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the as-grown sample. On the other hand, we suspect some changes occurring to the AlGaN layer,
since the corresponding core-levels reveal a decrease in the gallium concentration accompanied
with an increase of the nitrogen, oxygen and aluminum contents, along with the manifestation of
an asymmetric shape in the Al2p core-level spectrum compared to the reference sample. However,
XPS is not enough to truly understand these phenomena, other techniques are needed such as TEM,
XRD or GIXRD.

So far we have shown that it is possible to deposit a graphitic phase on AlGaN grown on
sapphire, but to confirm that this phase is really graphene Raman spectroscopy is required, along
with electrical measurements to assess the graphene’s electrical properties. In addition, it is
important to investigate the properties of the AlGaN layer, because of we intend to use it later in a
HEMT device, we cannot risk deteriorating its quality. Therefore, these first results seem
promising, but more investigations are required. On a side note, we attempted to do some LEED
measurements, but we were not able to detect any diffraction patterns at all. The reason behind
this behavior is very likely to be related to the electrical properties of the template. In fact, we
usually don’t detect any diffraction patterns with LEED when the substrate is an insulator.

195



Chapter 4. Graphene and Ill-nitrides

4.6. AIN growth attempt on graphene/SiC

The growth of graphene on AIN, whether bulk or template, is promising but challenging
and very dependent on the initial surface quality and morphology of the AIN template or substrate,
which adds more difficulties to our objective. An alternative route would be to grow AIN on the
optimized graphene on SiC. We present in this part preliminary results of AIN growth attempts by
MBE on graphene/SiC. This work is complementary to a study carried out by Timotée Journot at
the lab LMP Leti on the growth of GaN on graphene on SiC by MOVPE, where the graphene
samples are provided by us.

The graphene was grown by CVD on SiC (0001) 1°-off at 1550°C and 800 mbars, with
33% of H2 + 67% of Ar and 5 sccm of propane, for 5 minutes. We show in Fig. 4.33 AFM images
of the graphene layer grown on SiC. The morphology is typical of a graphene growth on SiC under
low Hz-amount in the gas mixture. The terraces are 60 to 120 nm-wide with heights between 0.6
and 2 nm characteristic of graphene on SiC and step-bunching. We also notice some extra features
between adjacent steps, indicated by a red arrow in Fig. 4.33(b), associated with different contrasts
in the corresponding phase image in Fig. 4.33(c) and attributed to extra graphene layers.

Figure 4. 33: AFM images of the graphene growth on SiC: (a) 5x5 um?, (b) 2x2 um? and (c)
the corresponding phase image. Z-scale = 3 nm and 10° for the topographic and phase images
respectively.

The AIN growth was carried out in an MBE system with 200 sccm of NH3 as the nitrogen
source (total pressure less than 10 Torrs) and an aluminum flow resulting in a growth rate of
100 nm/h. The growth was monitored with RHEED; a 4.6 nm nominal thickness AIN layer was
grown on three samples: the first at 700°C on a graphene sample, the second at 900°C on another
graphene sample and the third at 900°C on a bare SiC sample for comparison. It is our intention
to grow such a thin AIN layer to assess the early stages of the deposition and to be able to
characterize the graphene after the AIN growth.
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SiC (3x1)

AIN/SiC

AIN/Gr/SiC

Figure 4. 34: (a, b) RHEED patterns recorded on the two main azimuths of (3x1) reconstructed
surface of SiC before growth of AIN and after in (c, d). (¢) RHEED pattern of Graphene on SiC
along one azimuth before the growth of 4.6 nm of AIN and after in (f).
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As shown in the RHEED patterns in Fig.4.34(a-d), the growth of AIN on SiC is smooth
(streaky patterns with sharp lines) and the distance between the main diffraction lines is kept
unchanged due to tiny lattice mismatch between both crystal lattices. Note that RHEED and LEED
are two similar surface techniques based on electron diffraction with few differences. LEED relies
on low-energy electrons, usually with a normal incidence, to probe the surface, whereas RHEED
consists of high-energy electrons but at a grazing incidence with respect to the sample. The grazing
incidence leads to diffraction patterns in the form of streaks, but when the surface is rough
diffraction spots may appear as well. Fig. 4.34(e) shows the diffraction pattern for graphene grown
on SiC. The growth of AIN (Fig. 4.34(f)) results in the apparition of new diffraction lines indicate
by arrows. The intensity of the lines is modulated, indicating a rougher surface. Also, the brighter
lines indicated by white arrows do not align with the ones of AIN grown on SiC; only weak lines
appear at such a location indicated by the grey arrows. This indicates that AIN with different lattice
parameters and/or different in-plane orientations has been grown on graphene.

We present in Fig. 4.35 AFM images of the corresponding three AIN growth attempts.
Fig. 4.35(a) represents the growth on the bare SiC substrate, where we can still distinguish the
direction of the SiC steps. We also notice in the 1x1 um? AFM image (figure in inset) the grain
structure of the AIN, which suggests that the growth is columnar at the early stages. In
Fig. 4.35(b, c), for the growth on graphene, the structure is not the same as in Fig. 4.35(a), we can
no longer discern the SiC steps nor the columnar growth of AIN. No noticeable difference is
detected between the two graphene samples: we can detect on both samples aggregates (white
features) and dendrite-shape features, which we can attribute to the AIN deposition.

Figure 4. 35: 2x2 um? AFM images of the AIN growth attempts: (a) at 900°C on bare SiC
(z = 3 nm), (b) at 700°C on graphene (z = 25 nm) and (c) at 900°C on graphene (z = 25 nm).
Inset of (a) is a 1 <1 um’AFM image.

To evaluate the state of the graphene after the growth of AIN, Raman spectroscopy
measurements were carried out by Timotée Journot at LMP Leti before and after the growth. We
present in Fig. 4.36 the graphene/SiC substrate before the AIN growth (black curve), and the
spectra recorded on the two graphene samples after the AIN growth at 700°C (red and blue curves)
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and at 900°C (orange and magenta curves). The two curves for each AIN/Gr/SiC sample represent
two spectra recorded in two different regions of the sample. All the spectra present D, G and 2D
peaks around 1360, 1590 and 2730 cm™! respectively. Regardless of the peaks positions, they seem
aligned with the reference peak before the AIN growth, which confirms that graphene is still
present after the growth of AIN, without any changes regarding its properties. This result is
encouraging since it demonstrates that the graphene layer is able to withstand the growth
conditions of the AIN layer, without undergoing any changes in strain or doping.
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Figure 4. 36: Raman spectra of the graphene/SiC substrates before and after the AIN growth
attempts. The spectra are vertically shifted for clarity.

In addition, we carried out LEED measurements on the three samples after the AIN growth
attempts, presented in Fig. 4.37. We can see in Fig. 4.37(a) the diffractions spots of AIN and SiC
that are aligned together due to the close lattice constants of the two materials. In contrast, in
Fig. 4.37(b, c) the diffraction patterns are very weak, but we detect large diffraction spots and
elongated rings for the two samples, indicated by white arrows. The large diffractions spots
indicate the presence of different lattice parameters while the diffractions rings suggest that the
grains of AIN are probably disordered, which is consistent with the RHEED observations made
previously.

The presence of dendrite-shape patterns on graphene indicates that the latter AIN growth
is much more efficient than on bare SiC. However, the AIN nucleates and grows with no particular
in-plane orientation on the graphene; even if the RHEED pattern indicates the presence of lines in
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Fig. 4.34(f), their intensity is modulated. This can be an advantage as well as a drawback, since
AIN is supposed to be growing without any shared bonds with the graphene layer, which prevents
the formation of defects due to the difference of lattice constants. On the other hand, the AIN is
found to be disordered, which we can attribute to the AIN nucleation at step edges where we
suppose to have extra graphene layers. A question can arise from this observation: will the AIN
growth be better in the absence of extra graphene layers?

AINSIiC | (D) 700°C | (c) 900°C

Figure 4. 37: LEED patterns of the AIN growth attempts on (a) SiC and on graphene at (b)
700°C and (c) 900°C, taken at an electron energy of 120 eV.

In summary, we were able to grow a thin layer of AIN on graphene previously grown on
SiC, without compromising the graphene layer as confirmed with Raman spectroscopy. AFM
images reveal dendrite-shape features, which we can attribute to the deposition of AIN. On the
other hand, RHEED and LEED patterns suggest that the AIN layer is very likely to be disordered
with different in-plane orientations. We suspect that this behavior is related to the initial
morphology of graphene, which presents extra layers at the step edges. We should consider in the
future to optimize the graphene growth, for example by increasing the growth time as we have
shown in chapter 3. It is also important to grow thicker AIN layers to see if the AIN quality is
enhanced or not.
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4.7. General conclusion

In this chapter we have considered the growth of graphene on Ill-nitrides. It seems
interesting to combine graphene with nitrides such as AIN and AlGaN devices, as both materials
have a lot of potential and can lead to interesting applications. We first studied bulk AIN for the
growth of graphene. Before any growth attempt, it was important to prepare the surface of AIN
since it presented polishing scratches and no atomic steps. The annealing of the Al-face was
successful, resulting in a smooth surface with atomic steps and no signs of the polishing scratches.
In contrast, the annealing of the N-face of bulk AIN was not very successful because of the initial
state of the N-face. Before any annealing, the N-face presented a rough surface with open pits,
defects and scratches, whereas the Al-face was much smoother, with only scratches appearing at
the surface. This could explain why the annealing had a positive effect on the Al-face but a
destructive effect on the N-face. After having prepared an epi-ready AIN surface, the growth
attempts of graphene were carried out on the Al-face at 1350°C. Surprisingly, AFM images
uncovered wrinkles on the N-face after the growth of graphene, even though this face was placed
against the sample holder. Further investigations with XPS and Raman spectroscopy revealed that
the growth of graphene seems more favored on the N-face than on the Al-face, with a deposition
around 5 MLs of graphene on the N-face, even if the Al-face is exposed to the incoming gases. In
addition, Raman spectroscopy unveiled the presence of defects on both faces, along with poor
graphene quality on the Al-face, which is suspected to be highly disordered or amorphous. We
attributed the favored graphene growth on the N-face to the surface roughness and to the presence
of defects, but it is also probably related to the chemical and surface energy properties of the N-
face. In fact, the growth on bulk AIN can be compared to the growth on bulk SiC, since graphene
grows faster on the N- and C-face, with the presence of wrinkles and disorder, compared to the
Al- and Si-face of AIN and SiC respectively.

The growth seems promising, but the AIN market today is more based on AIN templates
since it is cheaper and easier to grow AIN on SiC, Si and sapphire instead of growing bulk AIN.
Therefore, it seems reasonable to attempt to grow graphene on AIN templates if we want to
integrate graphene into the AIN market. For this reason, we considered also for our study AIN on
SiC and sapphire templates. First, 240 nm-AIN layers were grown on 0.2°0ff-SiC, then annealed
at temperatures as high as 1450 and 1550°C, and with different gas mixtures of N2 + Hz, in order
to assess the stability of the AIN in the range of the graphene growth conditions. The AIN was
found to withstand high temperatures but under N2 atmosphere or with H2 not exceeding 50% of
the gas mixture. In addition, for the growth of graphene, we tested different growth parameters
such as the propane flow rate, the total pressure and the sample’s position in the reactor. We were
able to confirm the presence of a graphitic phase with XPS and LEED, by detecting the sp*>-carbon
peak in XPS and elongated shapes with LEED usually associated with disordered graphene.
Unfortunately, Raman spectroscopy revealed areas without any graphitic deposition, which led us
to study another template with a different AIN thickness. The second template consisted of a
100 nm-AIN layer grown on a 4°-off SiC substrate. Growth attempts were successful at 1350°C
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and 1450°C, but it was necessary to increase the propane flow rate to 10 and 17 sccm, whereas for
the previous template only 2 sccm of propane were enough. Graphene deposition was confirmed
with XPS and Raman spectroscopy. However, the growth at 1450°C presented areas of poor
graphene quality. On the other hand, the growth at 1350°C with 17 sccm seemed more uniform in
terms of graphene quality, but presented defects and different deposited thicknesses as it was
observed with Raman spectroscopy and AFM. Therefore, we should explore in the future other
growth parameters as more optimization is required to enhance the uniformity of the graphene
growth. On the other hand, we can also focus on optimizing first the AIN templates before the
growth of graphene since this latter seems very dependent on the AIN template: for example, the
second template required more propane to initiate a graphitic deposition. We believe that this can
be attributed to the step density, which was more important on the first AIN template.

Sapphire is also a commonly used substrate for the growth of AIN, therefore we studied
AlN/sapphire templates with a 120 nm-thick AIN layer. We studied two templates, but neither of
them was stable under the annealing conditions, due to their initial morphology dominated by
defects and open pits. The surface becomes even worse when adding propane to the gas mixture.
It seems that it is important to first optimize the growth of AIN on sapphire before the growth of
graphene, or consider AIN layers prepared by other methods such as MOVPE. Other alternatives
can be to optimize the annealing process, since it is possible to find in the literature studies who
succeeded on enhancing the AIN surface quality by adding a carbon source with the N2 or by doing
a face-to-face annealing. On the other hand, we also did an XRD study which revealed that
annealing such templates under different temperatures and annealing time has a positive and direct
influence on the structural quality of the AIN epitaxial film.

In conclusion, graphene growth on bulk AIN was not very successful on the Al-face where
amorphous or highly disordered graphene was detected, but it is a lot better on the N-face with
crystallite sizes reaching 30 nm. We also demonstrated that it is possible to grow graphene on
AIN/SiC templates, but the growth was very dependent on the AIN layer requiring different
propane flow rates for the different templates. Nevertheless, for the right growth conditions we
were able to grow graphene with grain sizes reaching 30 nm, similar to the N-face of bulk AIN. In
addition, Raman spectroscopy revealed that all the graphene films presented defects, either
boundary defects or vacancy defects (or both). On the other hand, the graphene growth on
AlN/sapphire templates was found to be limited by the surface quality of the AIN layer. Even
though the crystalline quality of the sapphire templates is comparable to the SiC templates, the
initial morphology is not the same. AIN on SiC presented a step-like morphology, whereas AIN
on sapphire presented a columnar-structure with the presence of open pits (for the template 1I). We
believe that this difference is related to the large mismatches between AIN and sapphire compared
to AIN and SiC, which have almost the same structure and the same in-plane lattice parameters.

Last but not least, we investigated the growth of graphene on AlGaN templates prepared
on sapphire, with different aluminum composition ranging between 50% and 75%. The growth of
graphene was done at 1350°C with a propane flow rate of 3.5 sccm, associated with the
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manifestation of wrinkles detected with AFM and the sp?-carbon peak recorded with XPS. The
growth of graphene seems possible, but further investigations with XPS led us to suspect the
oxidation of the aluminum beneath the graphene layer, possibly by oxygen migration from the
substrate or oxygen diffusion from the residual doping of the AlGaN layer under the influence of
the high temperature. Further examinations with other techniques are required to confirm this
hypothesis.

Finally, we considered another approach to combine graphene and AIN by growing AIN
on graphene/SiC substrates. A very recent study has shown that it is possible to deposit a thin layer
of AIN on graphene by MBE without deteriorating the graphene layer nor changing its properties.
In contrast, the AIN layer appears to be disordered as observed with RHEED and LEED. These
first results of this alternative approach are encouraging and worth exploring even more.

To conclude, we have demonstrated the direct growth of graphene or a graphitic phase
from an external carbon source on different III-V nitride templates. The task is challenging since
the growth of graphene requires a relatively high temperature, which is not ideal for the nitride
films. But this is not the only issue to tackle, since the deposited graphene is not of high quality,
with defects and disorder. Hence, different topics need to be assessed and new approaches to be
considered if the graphene is required for electronic applications. Work is still in progress to
evaluate the properties of the graphene layer, in addition to growth attempts on AlGaN templates
for HEMT applications.
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Summary & perspectives

The interest in graphene has been growing since the Eureka of Noveselov and Geim in
2004 after uncovering its exceptional electrical properties. Since then, different elaboration
techniques were developed to synthesize graphene such as exfoliation from graphite, Si
sublimation from SiC substrates, CVD on metal and direct growth on SiC with an external carbon
source. Some of these methods date as far back as the 1970s, but continued to be developed, while
other approaches such as the direct growth emerged more recently, around 2010, inspired from the
CVD growth on metal.

Our research group at CRHEA was also intrigued by graphene and motivated to develop a
personalized elaboration technique for graphene in a homemade CVD reactor. They considered
the direct growth by CVD with an external carbon source to obtain graphene layers on SiC (0001)
under different atmospheres: pure hydrogen or pure argon or a combination of both gases. In
particular, the growth with a mixture of hydrogen and argon produced high quality graphene on
SiC, which was invested in the metrology of the electrical resistance since it outperformed the
existing quantum Hall effect devices. In addition, this latter approach allowed the tuning of the
electrical properties of graphene by modifying the growth conditions. Despite these appealing
results, a thorough exploration of this technique was still needed, which was the main trigger for
the work of this thesis.

The major part of this work revolves around the growth of graphene on SiC (0001) by
CVD. Our objective was in a first place to shed the light on this growth technique and second to
optimize the growth of graphene while assessing some of the unsolved and unclear issues of the
growth, starting with understanding the thermodynamics of our growth method compared to the
Si sublimation approach. For this reason, we conducted annealing attempts of SiC under H2 and
H2 + Ar, completed with thermodynamic simulations. These studies have led us to the conclusion
that it is not possible to consider Si sublimation under Hz, since the SiC substrate in this case
produces carbon-species in the gas phase a lot more than silicon-species. On the contrary, when
annealing SiC under argon, SiC decomposes to generate mainly silicon-species in the gas phase,
which leads to an excess of carbon at the surface and forms graphene. Therefore, for the case with
Ha, propane is necessary as the main source of carbon for the growth of graphene.
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After the thermodynamic study, we were motivated to explore the different growth
parameters to understand their role in the graphene growth and how they influence the graphene
properties. For instance, we investigated the effects of the growth duration, the propane flow rate
and the growth temperature on the deposition of graphene.

Another interesting parameter is the hydrogen amount in the gas mixture, having important
effects on the growth of graphene regarding the morphology and the structure. To understand the
role of H:z in the growth, we conducted a thorough study based on AFM, LEED, Raman
spectroscopy and XPS. Depending on the hydrogen amount in the gas mixture, the structure of
graphene can be modified between graphene associated with a buffer layer and free-standing
graphene with in-plane rotational disorder. The reason behind this behavior is related to the
intercalation of hydrogen at the interface between the graphene layer and the SiC as we have
discussed in the manuscript. Based on previous studies and the literature, we expected that these
two graphene structures have an influence on the strain within the graphene layer. For this reason,
we carried out a Raman study to emphasize the role of H2 on the strain, but unfortunately, the
strain variation was mainly due to non-uniformities in thickness, which made the study
complicated. Nevertheless, this study has revealed a carrier density variation with the H2 amount.

We were also interested in investigating the influence of the substrate’s miscut angle on
the graphene growth, since it is usually neglected in the literature, but has a direct influence on the
growth as we have demonstrated in the manuscript. For this study, we considered the growth of
graphene on substrates having different miscut angles. The graphene growth on the 0.05°-off
substrate seemed challenging and not uniform. On the other hand, the growth appears to be easier
on the 0.2, 1 and 4°-off substrates, resulting in uniform graphene. The only difference we noticed
was a thicker deposition for off-axis substrates. Raman spectroscopy also revealed an increase in
the strain for larger offcuts, which can be attributed to an increase in the step density with the
offcut, but also to the increase in thickness.

Finally, we combined the different growth parameters to produce uniform graphene on a
large scale on SiC with high carrier mobility, around 1700 cm?/V.s at 300 K. We also demonstrated
the possibility of having different carrier types (electrons or holes) depending on the growth
parameters, which gives us a wide range of applications where we can invest our graphene.

Since the growth of graphene depends mainly on the external carbon source, we extended
the graphene growth to Ill-nitrides semiconductors, which may allow us to integrated graphene
into new markets with new applications. Our objective was to adapt our growth technique to grow
graphene on bulk AIN and AIN templates on SiC and sapphire prepared with MBE. Prior to the
graphene growth, we conducted annealing studies on the different substrates and templates to
enhance the AIN surface quality and to assess its behavior under high temperatures required for
the growth of graphene. We were successful in improving the surface quality in most cases, except
for the AIN films on sapphire which were not stable at high temperatures. On the other hand, the
high temperature annealing was found to have a positive effect on the crystalline quality of the

206



Summary & perspectives

AIN films. The growth of graphene was evidenced on all the AIN templates based on AFM, XPS,
LEED and Raman spectroscopy. However, the graphene layer presented defects and disorder in
some cases and was found to be favored on the N-face of bulk AIN compared to the Al-face of the
same sample and on thinner AIN layers grown on previously prepared SiC substrates. We also
attempted to grow graphene on AlGaN templates prepared on sapphire with MBE. The deposition
of a graphitic phase was identified with AFM and XPS, but we suspect that the AIGaN film has
been altered by the graphene growth attempts as evidenced with XPS. Finally, we considered an
alternative route to combine graphene with AIN, by growing AIN with MBE on graphene on SiC.
First results seem promising, since the AIN growth was proven to be possible, but it might be
consisting of disordered domains based on RHEED and LEED measurements. In addition, the
graphene layer was found keep its properties after the AIN growth as evidenced with Raman
spectroscopy.

In conclusion, our growth approach has been proven to be reliable, allowing to produce
uniform graphene on a large scale (1/4 of 2°” SiC substrate). We were able to assess few issues
such as the reduced carrier mobility for graphene on SiC (0001) and the growth of extra graphene
layers on step edges. Our results can be enhanced even more, but compared to the Si sublimation
technique of the Si-face of SiC, we were able to reduce the formation of extra layers and enhance
the charge carrier mobility by increasing the growth time and slightly modifying the gas mixture
and the growth temperature. In addition, since we have demonstrated that it is possible to
intercalate hydrogen at the interface during the growth, we can try to find the right H> amount for
the right growth conditions to produce “quasi-freestanding graphene” which will probably have a
positive effect on the carrier mobility. At the same time, we should focus our efforts on preparing
uniform samples for the Hz-set study, to complete this work and understand the Hz effect on the
strain. We were also able to uncover unclear matters regarding the substrate’s miscut angle. In
fact, at the beginning we used to optimize the growth on a certain substrate and then apply the
same growth conditions to another substrate, only to find that the results are not the same due to
the variation of the miscut angle between the two different substrates. After studying the influence
of the substrate’s miscut angle, we now understand how to optimize the growth on the different
substrates and which growth parameter should be modified to adapt to the different offcut.

This work has explored in details different aspects of the growth of graphene and has
brought a wealth of information concerning the growth process. Now that we understand the role
of the different growth parameters we can anticipate the behavior of the growth and improve even
more the uniformity and the charge carrier mobility. The benefit of this technique is that it relies
on an external carbon source, allowing to grow graphene directly on the substrate of interest for
different applications, for example on SiC or AIN for electronics with field effect transistors and
AIN as a gate insulator. We were also interested in combining graphene with AlGaN for HEMT
applications, but the task seems challenging since the AlGaN layer is not stable at high
temperatures. Work is still in progress to improve this and to complete it with electrical
measurements to evaluate the properties of graphene grown on nitrides. On the other hand, we can
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also try to optimize the growth of AIN on graphene on SiC for similar applications such as
transistors with a top gate.

Finally, I just like to add that this work not only contributed to the progress of research on
the direct growth technique but also contributed to the advancements of research in different areas
through different projects and collaborations, where we provided graphene samples for many
objectives such as metrology studies, the growth of GaN on graphene, the study of graphene
nanometric islands, the study of graphene thermal properties, the growth of silicene on graphene
and other projects.
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Appendix A
Double resonance, D, D’ and disorder

As we have mentioned in chapter 2, the defect-induced D-peak originates from zone
boundary phonons, around the Brillouin zone corners K (or K’), activated by double resonance
[139,141]. The same process can occur intra-valley i.e. double resonance within the same cone K
(or K’), resulting in the D’-peak, appearing for defected graphite/graphene [143,144]. The double
resonance involves four virtual transitions: 1) a laser induced transition of an electron-hole pair. ii)
electron-phonon scattering with an exchanged momentum gq. iii) defect scattering or electron-
phonon scattering with an exchanged momentum —q. iv) electron-hole recombination [139], see
Fig. C1(a, b). The 2D (~2700 cm™) and 2D’ (3240 cm™) peaks are the second order of the D and
D’ peaks respectively [140,141]. Other peaks might appear due to defects in graphene around
2450 cm™! noted as D+D’’ and around 2940 cm™! noted as D+D’, due to a combination between the
D phonon and other phonons [120,121,144]. The intensity ratio I[(D’)/I(D) can give an idea on the
type of defects, whether they are boundary defects, vacancy defects or both [121,144]. It is worth
noting that not all defects give rise to the D peak, it is therefore important to try to find other peak
alterations, such as an increase in FWHM or decrease in intensity. In addition, The integrated
intensity A(D)/A(G) ratio was found to be proportional to the crystallite size L. for a laser line
wavelength A1 in nanometers, although it is preferred to be calculated with I(D)/I(G) for highly
disorder samples, in order to decouple the intensity from the FWHM. The following relationship
expresses Lq for lightly disordered samples [204]:

Lo(nm) = (2.4 x 107102} x 22
D

(C.1)

The I(D)/I(G) relation combined with other observations can be used to assess the disorder within
the graphene sheet [141,144]. However, it can be complicated, for example I(D)/I(G) will increase
for increasing disorder, the D’ peak will appear and all the peaks broaden. For high disorder, the
broadening of the G and D’ peaks will appear as one line. It is then better to consider one G peak
at ~1600 cm™ instead of ~1580 cm™'. On the other hand, in the case of amorphous sp? carbon, the
I(D)/I(G) ratio will decrease, the G-peak will downshift to 1510 cm™!, and the second-order bands
will be replaced with a small bump. In this case, the presence of the D-peak will indicate order.
Other observations can be made: when changing the laser’s wavelength the G-peak position will
be affected for disordered graphene [141,144].
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Figure C.1: Double resonance scheme occurring (a) intra-valley for the D -peak and (b) inter-
valley for the D-peak [141]. Double resonance for the 2D-peak (c) in a monolayer and (d) in
a bilayer [120].

2D-peak and thickness

Investigating the 2D-peak can also be fruitful, especially for information regarding the
graphene thickness. The 2D-peak in bulk graphite presents two components D1 and D2 [143], 1/4
and 1/2 the intensity of the G-peak. In contrast, the 2D-peak of a single layer of graphene can be
fitted with a single Lorentzian. This is not the case for bilayer-graphene and thicker, where the 2D-
peak will split into four components as a response to the splitting of the band structure for bilayer-
graphene [37,38]. The 2D-peak for bilayers is also upshifted compared to single-layer graphene
and will increase even more with the number of layers [119]. This upshift only occurs to the 2D-
peak, while the G peak’s frequency is barely influenced by the increase in the number of layers.
The reason behind the splitting of the 2D peak is explained by Ferrari et al. [119] and presented in
Fig. Cl(c, d), taken from reference [119]. The incident radiation induces two most probable
transitions, then due to electron-phonon scattering all electron bands are coupled amongst them,
resulting in four processes consisting of phonons with momenta g4, gis ¢g24 and g25. The
corresponding processes for holes and for the less intense optical transitions are not presented, but
they are associated with momenta similar to g4, gi8 g24 and g2p. These four wave-vectors
correspond to phonons with different frequencies, leading to four different peaks in the Raman
spectrum for bilayer-graphene. Therefore the upshift and the splitting of the 2D-peak can be
employed to determine the number of layers.
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