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Abstract

In this work, the optimization of an atmospheric pressure cheméqalurdeposition system was carried out in

order to grow atomicallghin MoSe, a prominent semiconductbelonging tothe family of two-dimensional
transition metal dichalcogenisléThe gravth was carried outusingasoa | | edoWwd o r out eo, wher
precursorgthe transitionmetal and the chalcogenaje supplied in powder form. Sevedapositionparameters

where probedand an extensive characterizatig®aman spectroscopy, plbbaiminescence, scanning electron
microscopy, xray diffraction, xray photoelectron spectroscopy and atomic force microsamiptfje produced

samples was conductefis a final result, a reliable experimental procedure has been established which leads to
the growth ofatomicallythin MoSe films with a lateral size of 1 ctnFurthermorethe grown samples were used

as photoactive material in test photodetectors. Such devices were designed with a suitable architecture and
fabricated in clean room with staté-the-art equipment. The electrical characterization provided insights into the
optical properties of 2D MoS& terms of photoresponse and photoconductivity.

Keywords: transition metal dichalcogenides, MaeSehemical vapor deposition, 2D materials, photodetectors.



Resumo

Neste trabalho foi levada @bo a otimizacdo de um sistema de deposigdmica devapores em presséo
atmosférica pr forma a cresceMoSe monoatémico um proeminente semiconductor damilia dos
dicalcogenetos de metais de transibiimensionaisO crescimentseguiua ¢ h a ma d aoisfpés) ean d 0 s
que ambos os precursor@s metal de transicdo e o calcogenetéd fornecidos sob a forma de pé. Varios
parédmetros de deposicdo foranvestigadose uma caracterizacdo extensiva das amostras foi levada a cabo
(espectroscopia Raman, fotoluminescéncia, difracdo deXramspectroscopia fotoelectronica de fXioe
microscopia de forga atémica). Como resultado, obsexen procedimento expanental confiavel que permite

o crescimento de filmes de MoS®onoatémico com um tamanho lateral de 4ohdicionalmente, as amostras
produzidasoram utilizadas como material fotoactivo em fotodetectores de teste. Estes foram desenhados com
uma arquitaira adequada e fabricados em sala limpa com equipamento de estado da arte. A caracterizacao elétrica
dos mesmo permitiu tirar conclusdes acerca das propriedades 6ticas debida8ensional em termos de

fotoresposta e fotocondutividade.

Palavraschave: dicalcogenetos de etais de transicdo, MoSeleposicdo quimica de vapores, materiais 2D,

fotodetectores.
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1. Introduction

Nowadays, with the rise in global population and the requirement for resoitifeesme increasingly urgent to
uncover renewable energy sources that can supply clean energy and replace foSiidtgpisonsumptiorand
productiontends towards discretization, or decentralizgtiand in thiscontext, thereis a drive towards
decentralizd energy sources able to powewices which ari physicalproximity in order to avoid losseturing
transportand the costs which are associateth it. In addition, geographical regions which are isolated and of
difficult access require dedicated egye source. And, at a smaller scale, the technology that we use would also
benefit from dedicated energy sources; think laptops, cell phones, our houses andfritaaspartation, which

will soon be all connected in the internet of things (1oT). Bedtigjin mind, two of the most promising solutions

for this energetic challenge are solar energy harvesting and hydrogen production and storage. 2D maderials are
class of exotic materials itheir infancy which are beginning to be considered for thesesembeir range of
applications promise, among others, resistant, flejiH2] and electrically conductive devices. By definition,

they are one atom thick, which follows that devices fabricated from these would be small and possible to
incorporate in all types of structuresnd off course, there ihe importance of exploring new matesidor its

own. Cataloguingand characterizing thgroperties oD materials ismowadaysan importantgoal of research.

The advancement of thield will enable further research towards these promising applications

At this point experimental work is necessary and commendable for the advancement of tecihetegy.
dimensional transition metal dichalcogenides (TMD&s)a prominently group of semiauctor materials within
de 2D materials class that may be useful in this regetaimically-thin molybdenum diselenideMoSe) in
particular isa prominent semiconductor from tR&DC family with a direct bandgap of 1.5 eWhich makes it
useful for appliations such aghotovoltaic celland photodetectors. It has also been usehlyfdrogen evolution
reaction(HER). However, thisversatile and interesting materlll lacks areliable synthesis method which can

produce high quality, large area, and dimaized samples of this material has yet to surface.

In this thesis, relying on the wetistablished technique of chemical vapor depositiom,goal of growingand
charactering monolayers of this materialas pursued Thin MoSe films were synthesized usirggmospheric
pressureCVD (APCVD) system The systenis thenoptimized to achieveontroloverthe number of layer as

well as area of coverag@he selected synthesis method was ambient pressure chemical vapor deposition
(APCVD). The result is a set of CVD parameters that consistently produce-randdewlayer samples on
Si/SiG; substrateswhich are common substraieghe micro and nano fabrication industfjne sample films are
photoluminescent and exhibit photorespoitgivCharacterization of the grown film samples was carried out under
Raman spectroscopyphotoluminescence (PLgmission,scanning electron microscopy (SEM), atomic force
microscopy AFM), X-ray diffraction (XRD)and Xray photoelectron spectroscopy (XPByrthermore, devices

were fabricated in the cleanroom using the grown samplesrief insight irto the hstory, properties and

applications oD materiasis given in the following section



1.1. 2D materials. properties, production and applications

Research on 2D materials began with the isolation of graphene and exploratory studies on its electronic properties,
which spurred an extraordinary interest in the scientific commuBitgphene is the 2D form of carbon: a single

layer of a hgagonal lattice of spbonded carbon atonf3].

Considering that a small piece of graphite is usually made of several billion layers of graphene held together by
van der Waals forcegraphene can be defined asaduralmaterial Atomically-thin layers of materialyere long

thought to be unstable when isolatedtheesy would not withstanthermal fluctuationsin fact, several efforts to

create 2D materials failed as they becamealmstand tended to separgsg. In 2005, howevera groupof
scientists were able tisolate, and study atomically thirgrapheneflakes obtained bythrough mechanical
exfoliation of graphig[4]. Theimpactof this featin the scientific communityvas enormousn the last 15 years,
research on graphene gained a prominent position in matari@hce and technolod]. This has been primarily
motivated by the fact that graphepessessso ut st andi ng mechani cal and el ectror
of 1 TPa and an electron mobility 062 1G cn? V- s'at room temperatu)fg]. Importantly, graphenkas also

inspired the search and study of other 2D materials, wihi@n analogous wayossess properties which are
superior tatheir bulk counterpartsGraphene is a semietaland can work aa goodelectricalconductor, buby
definition has noelectronicbandgap, which limits its application {opto)electroniaevicessuch adield-effect
transistors (FETSs), solar cells, photodetectors lagid emitting diodegLEDSs). This has led to gubfield of
research dedicated to developegproaches (such as dopig and nanestructuring8]) aimed at introducing a
bandgap in grapheneltAoughstimulating such approaches woduildcrease the complexity amdimberof steps
required for the preparatiasf the material, \th adverse effectsroits exceptional carrier mobility-ortunately,

other 2D materials thatudied after graphene have electronic properties are complementary tthose of
graphene. In particular, the largely group of semicondutk®DCs, with bandgapeanging from 1 t® eV [9],

and hexagonal boron nitridb-BN), an insulatof10], can be used in lieu of and/or in combination with graphene

to cover an extensive range of (opto)electronic applicgdtidhg he techniques developed to synthesize, transfer

and characterize grapheaemost of the timeompatible withthese material®o[6].
1.2. Properties of transition metal dichalcogenides

TMDCs are a class of materials that, like graphene, are natural ogddr?in They are defined by their MX
structure, where the M stands for transition mefaids) such as Mo, W, etc, and X for a chalcogiegroup 16
elements such as sulphur, selenium or tellurjilj. The elements that make up this family of compounds are
highlighted in the Periodic Table Kig. 1.1.



The TMDC family consists of mordan 40 materialthatexhibit a wide variety of propertigseported inTable
1.1), depending on their composition and structdémeong them is the semiconductor molgmdim disulphide
(MoS,) isthe one that has been more extensively studi¢ffi15].
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Te | Monolayer| 1.1-1.3 | ~1.3 | ~0.1 | ~0.4 | ~0.3 | metal | metal | metal | metal | ~0.3 | ~0.8
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Tablel.1 Within the TMDC family different compounds are different electdbakacter. Additionally, thickness scaling

also results in armndirect to direct bandgap transformatioAdapted fronProgress in fabrication of transition metal
dichalcogenides heterostructure systgifig

The electronic properties of TMDCs can be grouped in the following way::M&%;, and most of the materials
with Hf, Zr, Re and Pt as the transition metal are semiconductors;, NlaX,, VX2 and others are metall&].
bandgap that varies from 0 (B)Sto 2.1 eV (W9), Interestingly,some have exhibitegroperties such as
superconductivity17] and charge density waves (CD\B)]. They reason for this variability iexplained by

chemstry and structurahrrangemeniasintroducedn the sectiorbelow.

1.2.1. Chemical

The electron configuration of chalcogelementsn the valence shell is ## or n€p,!py'p,2, meaning thathe x

and y orbitals are filled after the z orbitsflthe three prbitals possess unpaired electrons while the third one is

occupied by a pair of electrons tlygnerallyd o

not

t a

k e

part

of electronqFig. 1.2). The selectrons are also generally chemically inacfih&].

n the

C epvaailreon t
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Tetrahedrally bonded semiconduclors (e.g. Si, Ge) Lone-pair semiconductors (S, Se, Te}

— | oo [] B v [
sp
4@‘: VB p— -+ Lp ] /B
T o [

Fig. 1.2 Chalcogenides have a lone pair of electrons that do not participate in boficihg

Transitonme t al s (a-Ebement 6ddfad t o-shellhngts geetronicicanfigurdtion). The d d s u
electronic structure of the a TMDCtdemineghe coordination of the transitiemetal and the number of electrons

filling the its dorbital (Fig. 1.3). If this orbital is only partially filled, thdM adopts an octahedral coordination

and the resulting TMDCis a sentimetal. If the dorbital is fully occupiedthe TM has trigonal prismatic
coordination,makingthe resulting TMDC a semiconductor. A case of the laiteMoSe and Mo$, which are

semiconductors.

group 4 (IVB) group5(VB)  group6(VIB)  group7 (VIIB)  group 10 (VIIB)
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v () v —

Energy

Octahedral (D)

Fig. 1.3 Schematic BS for TMDCs from different groups of the Periodic Table. Partially fillexttdtals areindicator of a

metallicTMDC, while TMDCs withfully filled orbitals are semiconductors. The symbols below represent the symmetry of the
structures. eband splitting[18]

By interpretation of theensity of statedJoS) schematics fronkig. 1.3, one can observe thaMDCs with a TM

from group4, 6 and10 are semiconductors, whiteith those fronb and7, semimetals Thus, it is the electrons

countof the M atomthat determineshemat er i al 6s most stable phase and col

explaining thewide diversity of propertiesvithin the TMDC family[13].

1.2.2. Structural

TMDCs exhibit a layered structure with consecutive layers being bonded by van der Waalsaffardesic

covalent bonds as intlayer bondg19]. The weaker forces at the intialyer gap dictate thereferential cleaving

direction for bulk TMDC crystalsEachindividual layer is around @ A thick (0.6- 0.7 nm). However, unlike
graphene or hBN, where a monol ayer consists solely on
i.e.a TMDC monolayer is actually 3 atoms thick: 1 transiinatal atom in the middle of 2 chalcogen atoAss.

already mentined in the sectioabove thetransitionmetalatomin a TMDC compoundan befound in one of



two coordinatiors with thesurroundingchalcogeratoms trigonal prismatic and octahedral, also called trigonal
antiprismati¢ consequence of itselectron countThis in turn will give risd¢o different phases or polytypes, with
different lattice arrangement§&i@. 1.4): trigonal antiprismatic coordination gives rise to the 1T phase, while

trigonal prismatic gives rise to the 2H and && are the most common polytypes for these materials.

1T 2H 3R

Fig. 1.4 1T, 2H and 3Rolymorphs

For each transitiometal/chalcogen element combination, one of the two coordination modes is
thermodynamically preferref0], although phase transformations are possibéging been reported when
temperature and pressure are apdli&d]. These are the basic units of the 2H and 1T phases, respectively, as seen
in Fig. 1.4. The mineral molybdenite (natural Mg®ccurs mainly as 2H, while synthetic Ma8ay exhibit either

2H and 3R polytypd20]. The 1Tphase(1 layer per unit cell, trigonal anpirismatic coordination) is metallic,
shows no bandgap and therefore no photoluminescence, as well as metallic copdycttan typically found

on metallic TMDCs, such as TaSTaSe, NbS, NbSe and VSe. While the trigonal prismatic coordination
belongs to the k) point group (honeycomb motif), the octalnal/trigonal antiprismatic belongs to thesppoint

group g€entrechoneycomb motif). These two phases can be identified by characterization techniques sueh as high

resolution transmission electron microsc@p\RTEM) [20].

Also interesting is the relation between the bandgaps of these materials and the sizes of their Tatile®is



MoS: MoSe2 MoTe:

a(A) 3.16 3.299 3.522
c 12.294 12.938 13.968
2z 3.172 3.338 3.604
w 2.975 3.131 3.380
c/a 3.891 3.922 3.966
Indirect 1.29 1.10 1
bandgap (eV)
Direct 1.78 142 il
bandgap (eV)

Tablel.2 Relation between cell parameters in TMDCs and their bandgaps. AdapteMbiyimdenum Dichalcogenides for
Environmental Chemical Sensif2f].

InterpretingTable 1.2, there seems to be an inverse relationship between the size of the unit cell and the bandgap
of the material.

The versatile bandgap of these materels also been shown to tmableby application of mechanical strain,

electrical field perpendicular to the layer, or tempergiie

1.3. Applications

Given the wide variety of properties shown in the above secticonies aso surprise that the materials from

the TMDC family have a wide range of applicatioMoS, and MoSe havetraditionally used as solidtate
lubricant$24][25], catalystf26][27] and electrodd28]. Recently, with the exploration of materials at 2D
thickness, it has been uncovered thsingle monolayer of MoSdnas a bandgap of ~1.5 @], while MoS has

a broader ~1.8 €0]. The narrower bandgap of MoSmakes itmore interesting for harvesting solar energy in
single junction solar cell81][32] by coveringboththe visible and IR parts of the solar spectrimfact, its use

on photoelectrochemicf?], CIGY33][34] and dye sensitized solar celB5] has been reportebot only are the

optical properties of MoSe2 interesting for solar cells, but they make it an interesting material to be used for
photodetectof29][36][2][37], [29], [32], [37]i [39]. These are usually fabricated through metal contact on a film

surface using lithographgs depicted iffrig. 1.5.



532nm laser

Fig. 1.5 Schematic of MoSe-basedphotodetectowith gold contact$29].

In relation to Mo, MoSe hasa higher carrier mobilityand narrower bandgdg0]. Additionally, photocurrent
measurements have shown response tifiess[41]. SemiconductomMDCs can be used to builfleld effect
transistors (FETHR7][42][43][44][45][46][47][48], including applicationshemical sensing devices, such as gas
sensors for pollutant concentration monitof). The fabrication of a MoSe=ET will be the ultimate goal of

this thesis work, which shaathat the grown material can be successfully used as a semiconductor layer. In
addition to this, it is worth mention other interesting and promising applicatatsle the scope of this work,
such ashydrogen evolution reaction (HER#9][50], computer memory pplication$51], the possibility of
incorporating these materials in space bound def2esand the rijg fields spintronic$s3], [54],
valleytronic$55] and polaritonic456]. For these materials to be used in future technological applications, their
production methods must be optimized and scaled to industrial level. This thesis focus will be put aralloSe
interesting semiconductn material from the TMDC familyand its adequacy as an active layer in test
photodetectors evaluate@ihe next chapter illustrates sevezatablished techniquésr TMDC synthesis, which

pose as possibilitie® synthesize MoSe



2.  MX2 production methods

2D TMDCs can besynthesizedby either one of twaadically different approachesop-down or bottoraup
[13].Top-down approachegield 2D layers of material by taking the bulk materiafted thinning them down to
atomicallythin layersby taking advantage of the wealbinding forces at the intdayer gap. These include
mechanical2], electrochemical antiquid exfoliation [57] andion intercalation On the other handyottomup
approachesire methods which grow or deposit the material layer by layer (rather than reducing the size of an
existing solid) and thus allow to contithle thickness/number of layers of timaterial They are methods such as

Van de Waals epitaxy[58], molecular beam epitaxy (MBE[}59], atomic layer deposition (ALD§O],
sulfurization/selenization/tellurization of nadlic films [36][61], [62][63][64] and chemical vapor deposition
(CVD)[63][65]. Some of these approaches are described in greater details in the course of this chapter, with greater

emphasis beingut on the CVD procedures and its variants.
2.1. Top-down approaches

2.1.1. Mechanical exfoliation

The approach by which graphene was firstly isolated: by using an adhesive Scotobsegqrehera/ere able to

peel of single graphene layers from graphitee mechaical action will preferentially break down the weaker van

der Waals bonds, thus resulting in the separation of thinner layers of material. The thinner flakes will then stay
adheredo the tape and can be transferred to a target substrate, in a proaedsdeg deterministic. This became
known as the Scotch tape method and is currently one of the most efficient ways to obtain highly crystalline and
atomicallythin TMDC layer$13], allowing their studyHowever, mechanical exfoliation acts solely on the
principle of exploiting the weaker intdgyer bonds, and thus is not limited to the usage ettotch tape. Other
approaches have been used that act on this principle as well, such as coating a TMDC sample with a Ni layer and
peeling with tape, which can then be transferred to a target sulféhtdhe single layers that result from
exfoliation are stabilized by the development of a ripple structure, similarly to what happens in defjhene
Despite its simplicity and good results, this method is not adequate for large scale production due to the non

controllable size and thickness of the flakes, as well as lack of scalability.
2.1.2. Liquid exfoliation

Liquid exfoliation is performed through ultrasonication and allows to reduce the exfoliate TMDCs and obtain
monolayers dispersed in liquid solution. It consists on the sonication of commercial powders in a solvent (which
can vary in surface tension) anchtr@ugation. Reports suggest that the most promising solvents-arethy/}
pyrrolidone and isopropanol. This method requires that the resulting exfoliated nanosheets are stabilized to avoid
re-aggregation after sonication. This can be achieved throughtiwi, steric of electrostatic repulsion. Posterior
vacuum filtration and spraying allows the preparation of films of various thickifiessnm i hundreds of
micrometrey Exfoliation can be performed in water, followed by ultrasonication in an aqudatissof sodium

cholate, a surfactant that coats the sheets and prevents thggresgyation. The choice of solvent should be one



that has surface energies comparable to those of the exfoliated crystals. The main challenges of this method are

the increas in the monolayer yields and avoid reduction inltétheral size of th@anosheets.
2.1.3. lon Intercalation

lon-intercalation, such as lithium intercalation, is another method to obtain TMDC monolayer. The bulk material
in powder form is submerged in a solutmontaining the lithium ionic species (such asutyllithium) fora period
of days, allowing the lithium to intercalate. The intercalated material is then submerged infb thatemater will

react with the lithium, between the layers, which will resuthe formation of Hgas, separating the layers

This method yields monolayenanosheets with lateral size in the suteron rangemoreorer, the Li intercalation

will causea phase chandgeom 2H (trigonal prismatic) to 1T (octahedral), altering not only its structure, but its
electronic properties from semiconductor to metallic as well. Annealing at 300°C, however, restores the trigonal
prismatic coordination and the semiconductor progedf the 2H phase. This method has been demonstrated for

several TMDCs, including MoSe
2.1.4. Electrochemical exfoliation

Bulk TMDC is submerged in a N8O, electrolyte. An increasing DC bias is applied between the TMDC and a Pt
wire. The resulting lowethickness layers become dispersed in soluBynapplying a positive bias to the TMDC
electrode, S&, anions gather around the crystal and insert themselves in théaiygemgap, weakening than
derWaalsbond. Further oxidation of these anions causeg&@ase, which expands the interlayer gap to expand
and single layers to be released from the bulk and become suspended in solut®is &gk of oxidizing the

resulting nanoshee(d the process is not optimizid
2.2. Bottomup approaches

2.2.1. Molecular beam epitaxy

Molecular beam epitaxy (MBE) allows for precise deposition of atomically thick films, with \sefeuniformity

and high throughput. In addition, it allows doping of the films and precise control over the composition profile
(which can be made abrupt or continuous), making it a versatile tecfi@fju®BE is an epitaxial process in

which the growth takes place in ukiniggh vacuum (UHV) 10 °® mbar) conditions on a heated crystalline substrate.
Epitaxy (or epitaxial growth) is the growth of a single crystal film on top ofyatalline substrate. The single
crystal film lattice will growth to match the lattice of the underlying substtgfgcally sapphireThe deposited

layers have the same crystalline structure of the substrate or a structure with similar symmetigttzoed a
parametethat differs no more than ~10% from that of the substfidte molecularbeams generally have thermal
energy and are produced by evaporation/sublimation of suitable materials contained in ultrapure crucibles. An
electron gun is usually addé¢o study electron diffractioon the surface in real time, allowing to study composition

and growth mechanics. MBE has not only been used for research and obtainment of new materials, but also for

industrial scale mass production of electronic, optaedeic and photonic based devicédthough MBE is a



potentialmethod to grow largarea and thickness controlled Me$kns, it has a high cog9] and reqires ultra

high vacuum.
2.2.2. Metal chalcogenization

A metallic foil (Mo) is placed inside a furnace chamber together with a chalcogen pre@asargdowder form.
The X precursorzone is heatd to its evaporation poirr higher leading to thdransition to vapor phase. The
vapor phase precursor will then be carried to the metal foil through the aisarakr gaslow (an inertgas such
as Ar), where it will react with the native oxide layer of the foil. The thickness of the obtained T&yBCid
usually in the order of the tensmiicrometresas it depends on the thicknessafive oxide layer ithe metallic

foil.

Although metal chalcogenization is considered to be a batimmethod, it yields typically thicker films than the
other batom-up methods here descrihaglith less control over the thickness of the resulting.fliy using the

Mo foil as Mo precursor, the amount of Mp@vailable for reaction is that of the native oxide layer of the metal
i which makes the initial conditionsnknown, unless a controlled annealing or deliberate of oxidation is done.

MoO; should be reduced to Me@ order to react with the vapor phase Se and deposit.

Note that the sublimation temperature of the oxides is significantly less than that fdy deksetsing Mo atom

from the foilés | attice (t hymakmrgltheiwholgprgeess mutchmbreenerggol y b d
efficient. However, it is worth mentioning that through the-ttgvn methods above described it is possible to

reduce these films to the desired thickness through adequate optimization of the process. The metal
chalcogenization may happen during a CVD process, where the metal precursor reacts with the vapor phase

chalcogen in situ rather than in the surface of a substrate.
2.2.3. Chemical vapor deposition

Chemical vapor deposition (CVD) is a technique for depositing films based on the chemical reaction between
vapor phase reactants. It is a bottamtechnique, and, for graphene, it was the breakthrough technique that
allowed for tle fabrication of large sized nanosheets. Similarly, it is seen as one of the most proooitgaipr

the growth of large area TMDC nanosheets. The precursors to the vapor phases are placed inside the furnace
together with the substrate to be coated. All species, with the exception of the deposited film, should be volatile at

growth temperatufé8]. The general growth mechanism by CVD is illustrateBigq 2.1.
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Fig. 2.1 Adapted from Materials Science of Thin Filmeposition and Structurig9]
Film growth on a target substrate can be summarized in the following steps:

Carrier gases transport the gas phase precursors to the reaction zone;
The gas phase precursors react, creating new species-anadoigts;
The new species and {pyoducts travel tthe substrate surface;

N

The species become chemically and physically adsorbed on the substrate surface and travel on it through

surface diffusion;
Heterogeneous reactionatalysedy the surface lead to nucleation, followed by island and step growth;

o

Volatile by-products of the surface reactions desorb;
Convective or diffusive transport takes the surface reactiepréayucts away from the reaction zone and

back to the main flow zone.
2.2.3.1. CVD of MoX2

Most materials used in the semiconductor industry caobiteined through CV[B9], includng MoSe. This is

the productionmethod that will be explored in thikesiswork. In particular, these a|l | edoWwd &@p r out eo
was selected as the CVD growttethod. In this approach the M and X components are supplied in powder for in

two zones of th furnace held at different temperatur@sher approaches include the usevifCls complexes

[70], thatwere not considered for this thesimd the use of Mo metallic foi[$1] as M precursors.
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Fig. 2.2 CVD system schematic and crucible position example. In this image the crucibles are spaced

Notable examples of this approach to synthesize Ma&8etheworks of Fremes et §7.2] and Campbell et al
[73], having achieved 0.5 mm singles crystals and a polycrystalline film of a few square millimetres, respectively.
Give the current status of the methodology concerning the CVD growth of veeSeral CVD parameters need

to be optimized to produce atomically thin Me84th the desired propertieshe main challengds this context

are twafold: the suppression of vertical growth (by thermodynamic favouring of horizontal crystal diijxh
that gives rise tanultilayer samples and the control wer the nucleation density as grow monocrystalline
sampleswhich would have better electrical propertibanto polycrystallineonesdue tothe absencefayrain
boundarieg75]. Mono-crystallinesampleshouldalsobe in principle easier to transfer to target substrates, since
the sample would break at the graioubdariesIn the following chapter, some ofthe mostrelevant CVD
procedures that have been used to produce May8eMoS samplesare outlinedThe literature analysis provided
the grounds for the present thesis wdfloSe is regarded as more challenging to synthesize, in relation te,MoS
due to the lower reactivity of Se, when comparing §0@. Because of this lower reactivity of the chalcogen
species, a flow His used commnly during synthesis as a reducing agent of the Mp@vdef77], [78],
commonly used as a Mo precur§®], thus allowing it to react with Se. Typically, the reaction takes place by
introducing arhydrogen Hy) flow in the chamber, which redusthe MoG to MoG,. MoO; in turn sublimate

(at 550 °C) and reastvith vapor phase Sé&ot only does thél, flow promote growth, but it has been shown to
control the crystal shape through theiation of its conter{B0], as well as avoiding defects at the grain boundaries
[81].
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Fig. 2.3 Control over crystal shape was achieved through variation of theohtent in the gas flow mjg0]

Thereason behind the Hlow shape dependence, the authors propose, is datetat which the Seand Mo
terminated edgesow during thedeposition: by increasing the: How, the Seterminated edges growth rate would
match that of the Materminated edges, through theieased supply of intermediate Mo{recursor resulting

from theincreasd Hz flow, which in thissense acts as a reducing agent

Zheng et al. for example reports the results of using different pressures, temperatures and growth times when
following a twopowder route to obtain Me®nd MoSe crystals. Notably, their work resulted in the obtainment

of different shaped crystals with micraange lateral sizf82]. It hasalsobeen shown that theze and shapef

MoS; single crystalgan be controlled through regulation of the supglgach precursf7][83]. Fig. 2.4 shows
schematically a CVD setup similar to the one used in this thesis.

r— 18 cm | 10 dm I
argon gas
10 scom - o 1 —
sulfur powder

(150°C)

Fig. 2.4 Evolution of crystaligewith regard to Mosupply[77]
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As illustrated, different regions in the substrate show crystals farelift sizes and shapes, according to their
distance to the Mo precursdn.a similar sense, the Mo supply can be tuned by raising the distance of the substrate

to the powderFig. 2.5 shows antherexample of an experimental setup shmythis effect.

PTAS Substrate

{

~

100 pm

Fig. 2.5 Experimental stupused to produceioSe flakes with different morphologies: vertical alignment,
pyramids, flat triangles and hexagoj&3]
Fig. 2.5 shows that a variation in theeightbetween the Mo precursor and the substrate yields crystals with
different norphologieslt also introduces the usage of PTAS, one of the many growth promoters that have been

used to grow MoXcompounds. These are discussed below.

The already mentioned work Byremes et al. showed the positive effect on Na in the gronwdbwafralTMDCs

by mixing NaCl in the precursor pool, allowing to lower the reaction temper&tansity functional theory (DFT)
has been used to study the positive role of Na in TMDC growthreTheeve beenepors of Na asreducing the
energy needed for adsorption of the Edrtom[71], thereforeacting as aatalyst. Soddime glass has typically
12-16 w¥ of N&O in itscomposition and has been used as substiaie.also worth mentioning the usage of
growth promoters, although this did not translate into the experimental work in this @resisic and inrganic
seeding promoters such gold nanoparticles and tetrapotassium p&yléh&Gtetracarboxylate (PTAS3],
[84][74] and catalysts (NaCl powder spin coafifly, etc) have been used to this end with vagyilegrees of
success, alloimg for patteringas wel[71], [72]. In addifon to this, pe-treatmentssuch as subjecting the substrate
to oxygen plasmdyave been used successfgrowthpromoters, allowing to obtain control over the thickness

of the film thought the duration of the exposure to pld8&ia
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Fig. 2.6 Relation between plasma treatment duration and the thickness aéposited MoSayer[85]

Having laid out the methodology that will serve as grounds for the growth methods in this thesis, it is important to
take into account #hreports that indicate th&VD grown TMDCs are prone to oxidatigib][86]. This is a
concern that relates to the lotgym stability of any device that is fabricated using these materials, not only in
terms of physical stability, but also degradation of tipiotoluminescence. As a means of quantifying their
stability, he authors have performed XPS measurements in frestnayearold samplegFig. 2.7).
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watgy [\ W 72
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2 —f\ 2 /i Mo:S
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Binding Energy (eV) Binding Energy (eV)

|

Fig. 2.7 XPS measurements from (a) ¥48d (b) MoS. The XPS spectra on top were taken on fresh samples, while the ones
on bottom refer to the same samples aftery@ma, revealing the presence of peaks relative to oxggn.

The XPS measurements performed on fresh ayeaeold samples revealed the rise of new peaksdnetspond
to the presence of oxygen bonded to the transitietal. Having in mind the stability concerns in C\gbown
TMDCs, the stability inthe samplesggrown throughout the course of this thesis waaluated through X® and
Ramanspectroscopy
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3.  Characterization techniques

In this chapter the technigues used for characterization of the resulting materid¢scribedas well as to assess

the quality of each fabrication steps. Through material characterization it will be possible to relate the CVD growth
conditions with the resulting properties of the film. Characterizations techniques will serve to ascertaimlstructur
optical, and electrical properties of tli&/D grown MoSe. Each of the selected characterization techniques
provide insight on thalifferent properties of the synthesized MgSas well as its morphologgt different
dimensional scales. The basic wardiprinciples of each of thebovementionedtechniques are summarized in

the following sections.

3.1. Raman spectroscopy

When monochromatic radiation reaches a system with a certain angular freqogrcpdrt of it is transmitted,

while the other is scatted (rq). The scattered light has two components: elastisx;) and inelastic¥q i ¥i),

known asStokes €4 < ¥ or antiStokes ¢4 >¥;). The shift in frequency in inelastic scattering is attributed to
energy transfer between the incident radiation and the scattering system: the shift in frequency is related to the
energy necessary for the creation of annihilation of phonons in the lattie inelastic component of scattering

is around 1000x less intense than the elastic component. The Stokes component is typically much more intense
than the antBtokes componenGcattering is a change of light direction due to its interaction wittemat 1928,

C. Raman discovered the inelastic scattering of photons, now known as Raman scattering and since then, the
technique known as Raman Spectroscopy relying on this discovery became increasingly used in material

characterization, due to advandesaser technology and spectrometry techniques.

Itis known as Raman Spectroscopy, and relies on the low frequency vibration modes that allowed by the molecular
structure of a particular solid material, thus allowing of its identification and study. &tharReffect has its origin

in the virtual electronic transition that occur during light scattering. The study of Raman scattering in materials
provides information about the lattice vibrations, which are consequence of structure, making it suitable and fo
and routinely used to study many materials: thin films, polymers, alloys, and, more recently, 2D materials, offering
results that are complementary teray diffraction or photoluminescence (PL) emission. Raman spectroscopy
offers the advantage of beiaghondestructive technique, although the power of the excitation laser beam should

be kept below a certain threshold in order to avoid thermal evolutions in the material.

Here, the vibrational modes of MoSeere studied using a laser power of 27mW, 532 nm of wavelength, a
grating of 1800 ghovegmm gratingand a magnification of 100xThe number of acquisitions was 10 with 2
seconds of integration time. The equipment used wasTac Alpha300R, operatedby the ControlFIVE

software Due to the grating of the equipment being insufficient to obgeea&splitting at ~240cm?, a fitting of

the curves with Lorentzian functions was performed, allowing to ascertain the contribution of the peaks described

in literature to théroadening bthe experimentally observed peak.

For 2HMoSe, there are 12 vibration modes at ttentreof the Brillouin zone which can be expressed as:
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1 = A+ 2A0+ B+ 2Byg+ E1g+ 1 Ery+ 2Exg + Eoy 1)

Where A! and B! are acoustic modes & and B.2are infrared active modes;fAE:q, Exgt, and k2 are Raman
active modes, and the rest are inacfB4]. TheB,y mode is activevhen the MoSgfew-layer, and inactive when
it is monolayer and buls4]. In that sensehe Raman spectrum of MoSeflects its thickne$8]. There are two
main peaks in the spectrum: a sharp peak at low wavenumber corresponding tg rttedlé\ (out of plane
vibration) and another, broader peak, at higtvenumber corresponding to thg, Ehode (in plane vibrationgs

shown inFig. 3.1.
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Fig. 3.1 Allowed vibration modes and Raman spe¢f4] obtained with a 2400 grating.

The position of these peaks can be used to identify the thickness/number of layers in the Amtagahickness
of the material increases, thaegpeak is blueshifted, whie the kg is redshifted9]. There are alsoepors Bag
modeas being active when the material is flayered, and inactive when it is only one layer thick or f5dy.

The work reported by Nam et al. describes the wavelength dependency of the intensity of each vibratzfj. mode

3.5

3.0 '
2.5
2.0 -
1.5

1.0F

Intensity (normalized)

100 200 300 400 500 600

Raman shift (cm ™)

Fig. 3.2 MoSe Raman spectra with regard to laser inten$&#]
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A paper by He et al. repis the existence of a defect mode at ~252 [8i]. Se vacancies can be considered
defects.

Raman spectroscopy was the main tool used to characterigartiges and have a feedback on the effect of the
CVD parametersas it allove quick identification of the deposition results; in addition, it is versatile, as it allows
not only for the identiftation of thestructural properties of the materialsit also of the thickness (number of
layers) anctrystallinephase

3.2. Photoluminescence spectroscopy

PhotoluminescencdP() is the light emission from a material after absorption of photons i.e. aftekdfation

of electrons from the valence to the conduction band, elebtwtpairs. Following excitation, various relaxation
(energy and momentum) processes typically occur towards the band minimum. Finally, the electrons recombine
with holes emitting aohoton with the energy corresponding to the bandgap of the material when returning to its
nonexcited state. The luminescence signal is then collected by a monochromator. The higher the intensity of the
laser, the more PL signal will be collected by thenmchromator. The photoluminescence of the grown samples
was measured by exciting the materials with a 532 nm wavelength laser at room temperature. The intensity of the
laser source is controlled by the shutter and was set to 2Ph@loluminescence (PLygssion was used to
investigate theptical properties of the samples, such asbidfred@p. Both Raman and PL measurements were
carried out in the same equipmeWiTec Alpha300R. Fig. 3.3 showsPL measurement¥ aMoSe thin film.
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Fig. 3.3 Photoluminescence peak shift as a functioMoSe film thicknesg54]

As shown inFig. 3.3, photoluminescence is quenched when in bulk. This transition from indirect to direct enables
strong photoluminescen{@8] at the wavelength corresponding to thectbandgapf the material. This enables

not only a quick identification of the thickness of the sample (since strong PL signifies an atomically thin film)
and identifiation of the optical bandgap as well, making photoluminescence spectroscopy a very useful technique

in the scope of this work.
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3.3. Scanningelectron microscopy

Scanning electron microscopy, or SEM, is a-destructive technique that uses an electron beaath@ve
greater magnification than that that can be achieved through optical microscopy. SEM is typically used for

morphological characterization of samples as its magnification can go to more tha®0x00

During a SEM measurement a beam of electrofteissed on a target spot on the sample. These electrons bombard
the sample and are known as primary electrons (PE). Primary electrons remove electrons from theé sample
secondary electrons (SE) (< 50 eV), which once released from the sample will beeddileat positively biased
grid/detector. The beam is swept across the sample, generating a signal which is converted into images of the
topography. Aside from secondary electrons, the primary electron beam results in the emission of backscattered
electrongBSE) from the sample. These are more energetic than the secondary electrons (BSE > 50 eV) and have
a definite directiori due to this, they cannot be collected by the detector unless the detector is in thfio path.
summarize, the volume of analysis encSEM is proportional to the amount of energy used to accelerate the
electrons, as shown Hig. 3.4. Due to the thickness of the films under study, all the SEM images shown were

obtained bythesecondary electron detector.

VA

Auger electrons (~1 nm)
Secondary electrons (~100 nm)

Inelastically
backscattered electrons(~1um)

Characteristic X-rays (~10 um)

Continuum X-rays (~10 u m)
Fluorescent X-rays (~10 um)

Fig. 3.4 SEM: electron acceleration vs volume of interac{i®@)]

To collect sigmal from a sample of subanometrahickness, such as the expected films, Auger electrons should

be collected. For that, the electron acceleration should be kept low (3kV?).

SEM has been used to characterize CVD grown Mao8eosheefg8]. It allows to know the morphology of the
surface in greater detail than with an opticetroscope, as well as better contrast between the substrate and the
grown film. Under SEM, defects in the film such as clustering and secondary nucleation should be iddntifiable
brighter spots in the image can be connected to abrupt changes of tdyottawever, since the thin films here
under study are ohanometrethickness (sometimes below 1 nm, in the case of monolayers), the electron
acceleration should be very low to avoid collecting information from the electrons of the region below the film
(substrate).The same equipment alstiowsto performenergydispersive Xray spectroscopy (EDX), which is

used to for elemental identification. This is@mplementaryechnique in this experimental work, as it allows for
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the identification of the composition of any contaminants or particles resulting from the deposition, namely the
presence of oxide$Scanning electron microscopy (SEM)Yal Beam FIBSEM) with a maximun acceleration

voltage of5 kV and optical microscope (OM) were used to obtain images of the morphology of the film surface.
Scanning electron microscopy was used to obtain detailed images of the surface of the films, which provided
important insight on & presence of defects and impurities which is crucial for the continuous optimization of the
growth process and substrate treatment. EDX analysis, performed on the same equipment, is also of use to ascertain
the composition, identify impurities and interdigte precursors (molybdenum oxides) and clustering (secondary

nucleation points and material accumulation).
3.4. Atomic force microscopy

A single monolayer of MoSéias a thickness of 0.7 N@0]. Atomic force microscopy (AFM) is a vital technique

in nanotechnology and nanofabrication. In systems with 10 nm or less, AFM and related spavimeng
microscopy (SPMjechniques are used to make dimensional, electrical, magnetic and mechanical measurements.
Additionally, it can be used to modify the surface and even build nanostry@tréishas averticalresolution of

0.1 nm, while the lateral resolution is 10 nit.does not require sample preparation nor vac{ftfy although

vacuum can be used to enhance the resolution of the measurékémus for the observation of strures with
unprecedented small sizes and thus has been routinely used to measure the thickness of TMDC films, including
MoSe[92], whose monolayer thickness is known to be ~0.7 nm. In this experimental work AFM was used to
know the thickness of the obtained CVD grown films. AFM height measurements are made by scanning a
probeltippiezoelectric scanner over the sample surface and building a map of heights or topography as it goes
along. This is the simplest mode of measuring and is known as contact mode; this mode, however, might cause
damage to the sample due to contact from fheQther mode$ non-contact and tapping mode. In the first, the
cantilever oscillates near its resonance frequency. As the tip approaches the sample surface the oscillation
amplitude decreases as a consequence of the electrostatic/ van der Waals dorttessueface. This difference

in amplitude is used to determine the roughness of the surface and consequently the height of the deposited films.
In tapping mode, the tip touches the sample but does not drag on the surface. AFM measurements in this
experimental work were made under tapping mode as to avoid damage to the film. Firstly, a region with a scratch
(where the substrate was visible underneath) was selected to make the thickness measurements. Gwydion, open
source software, was useddpalysethe cathered data and make an adequate fitidigmic force microscopy

(AFM) (Bruker Dimension Icon) was used to determine the thickness of the Ahteactson the measurement,

make it necessary to complement the height measurements with other techsughess(Raman, where a peak

shift is expected when there is an increasing number of Maggers).
3.5. X-ray diffraction

X-ray diffraction (XRD) is a nomestructive technique that gives information abitwetcrystal structureof a
sample (sch adattice parameterspace grou@nd crystal orientation)n this technique, a crystal is irradiated
with X-rays, which are then diffracted and create a pattern. Different spots on the diffraction pattern are

representative of the crystafructure Interaction between the material and thera¢s is possible due to the
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wavelength of this type of radiation, which is dimensionally comparable to the distance between the atoms in the

|l attice arrangement. XRD i s des crthebesultinghliffracton magegnd® s | a w,
1 ¢ ®EI )

where n is the order of diffraction, & is the wavel er

pl anes, and d the angle of incidence relative to the

Grazing incidence Xay diffraction (GIXRD) is a variant of RD that has been developedatoalysesamples of
thicknesses imanometre ange. The small i nc i waeeledhy the frays te incease a u s e s
significantly, allowing to collect more information about the structure of the sample. GIXRRAdeated to obtain
information about the synthesized MoSe?2 thin fill@&XRD, however, changes the location of the peaks in the
spectrum in relation to those obtained in regular XRD. As such, results from this technique cannot be directly
compared with th majority of the data found indatabaseAn alternative is to use a software such as xray utilities
(open source]93] which allows to calculate the GIXRD and XRD peaks from the crystallographic data of the
material (in .cif format) Grain size and other relevant dimensions ia fitm can be deduced from the peaks
measured in XRD through the use of the Scherrer equafioay diffraction (XRD) was used to study the
crystallography of the materials, such as lattice parameters)agtardistance and grain sizddoSe2belongs to

the P&/mmc space group94], which must be taken into account when analysing XRD data. XRD

measurements have been performed on @5¢
3.6. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a widely used method for measuring the chemical composition of solid
surfaces. The sample is irradiated withays with enegy between 1 and 3 keV. Theatedelectrons are analysed

to obtain a spectrum which corresponds to the ionization energy from the core electron orbitals of atoms at the
surface. In the scope of this experimental work, XPS was utilized to obtain a mefth@etoichiometry of the

grown MoSe. XPS measurements were carried otnfeSCALAB 250Xi system.
3.7. Electrical measurements

Photocurrent is related with the separation of charge carriers due to the absorption of lightatetied/crystal

lattice. The photoresponsivity of a semiconductor material is a factor to evaluate the performance of a
photodetector in which it is acts as an active layer. Current is measured by placing probes on metallic contact on
opposite ends of thmaterial, applying a certain amount of voltage (V). The measurements are performed in dark
and under illumination. The photocurrent is then calculated by comparing the current in a dark room (dark current),
and then taking a second measurement of themruwith a light source of known intensity and wavelength (light
current). The intensity of the current is expected to be proportional to the intensity of the applied ligH2Sburce

as well as its wavelength.

O 0Qa a6 & QOB IQ 3
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Dueto havingexhibited intense and fast photoresponse, semicomdl®tDCs have been regarded as important
materials for light harvesting and sensibging optimal materials for solar cells and photodetector fabrication.

The material can be tested for photoresponse by depositing electrodes on top of the film. Then, using two probes
it is possible to applying a bias voltage and to measure the curtéetdark and comparing to the current in when

a light reaches the sample. If the intensity of the light is entugdise an electron from the conduction band to
valence band, then an electrbale pair is generated. These are charge carriers andniitlilsute to the electrical

current. These are referred to as dark and light current, and the diffes¢hephotocurrenpf the materialThe

currentwas measured using a Keithley 6487 Picoammeter/Voltage source.

The measurements are typically donangs light source of known wavelength and intensity. The intensity of the
light source is measured using a photodiode with a known responsivity. The photoresponse of the material Is tied
to its bandgap: the incident radiation will only be able to creadegehcarriers if it is energy enough tcexcite
electrons from the valence to the conduction band. In the case -¢dyfewMoSe, the bandgap is 1.5 eV. The

energy(E) required to rise an electron from the valence to the conduction band is given by

E=h.v (4)
Where h is Planckds constant and v is the frequency.
v = ¢ | o (5)

where ¢ is the s pvawlengtiodfthd radigtion,gvingd o i s t he

> = h. (c 6)

Another important parameter in the characterization of TMDCs and photosensitive material in general is the

photoresponse time.
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4. Growth of 2D MoSe

The analysis of the production methods currently available to produce atomically thin TMDCs (presented in
Chapter 2) gave insight into the various production methods, allowing to weight their pros and cons. As an
example, MBE seems to yield excellent résin terms ofloping profiles and material throughput, but it requires
ultra-high vacuum (UHV) and expensive instrumentation. Mechanical exfoliation, also known as thetagetch

method, produces very good quality samples but has dire restrictionsigrdésize and throughput.

Differently from these techniques, CVD can be performed at atmospheric pressure and over large areas. It is a
reliable and cosgffective techniquemaking it viable tdo produce large area samples. As such, CVD appears as

one of the most promising approaches for the growth of mangd fewlayer MoSe. The experimental workn

this thesidgs thusfocused on the optimization of ti&d/D growth process for atomically thiMoSe. This chapter

begins with the description of the methods used for the preparation of the $a0gsdes and will then move the
presentation and discussion of the results. A continuous optimization of the process steps was conducted in an
attempttom ni mi ze the filmdés thickness and mahgharystalneng subs

quality in the grown MoSe
4.1. Materials and methods

Thegrowthexperiments in this work were carried out in a CVD setup featuring a 1 m quartz tube furnace with 60

mm of internal diameteshown inFig. 4.1.

Fig. 4.1 CVD furnaceat INL

The furnace has 3 separate heating zones. In each heating zone there is a therthatayipéstemperature
readings. The flanges are watmoled to lever the temperature at boémdsof the tubeto ease the sample

handling.
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The sibstratesused for MoSgin CVD experimentscan be inert $i/SiQ,[73], quartz), or active (SLG[71],
[96],[97]), i.e.theycancatalyse the reaction and promaticleation. Substrates can be chosen for their dielectric
properties, optical transparendtgttice parameters (e.they carfavour aligned growthas eplanesapphiredoes,

or flexibility (e.g.polymers, such as PHT1], although these have a low melting range and thus cannot be used

directly as a substrate during depositidviica has leen used as wg®8].

In the present experimentbe selectedsubstratesised weref Si/Si0; (L00nm and 300 nnof oxide thickness

with the substrates with thinner oxide layer presenting advantages when fabricating devices with a pack gate
They werecleaved using a diamond tip pen in sqsare~2 cnt. After cutting he substratewere cleaned by
ultrasonicaton in acetone, IPA and DI water, 5 minutes eaktter ultrasonication, the substrates were subjected

to an Q plasma treament (vith a PVA TEPLA Plasma Ash@rin order to increase the reactivity of the surface

and promote growth. The parameterable4.1 werein used

Gas flow (sccm) 250 02, 25 N2
Power (W) 150
Time (minutes) 1

Table4.1 Plasma pretreatment: parameters

Powder Se (99,99%, Alfa Aesaalhd powder Mo@(99,99%, Alfa Aesar) were used as precursiorgach run
~300 mgof Seand ~® mg of MoOs were placed in alumina crucibles with a depth of 70 While the placement
of the Se crucible is variable, the Mgi® placed always in the third zoriEhe Si/SiQ substratesvere placedn

theMoOs crucible with the polished side facitige powder.

Vapor phasé&e condensasghelower temperature regions of the tuber this reason, a tube cleaning step prior
to each deposition waslopted 5 hours, under #iow of 150 sccmof Ar and 30 sccm dfl; with a temperature of
1050°C in all 3 zonedPuring the cleaning process, the introdu¢edeacts with the solid seleniuan the tube

walls to form hydrogen selenide {&&).

Se + HA H:Se (7)

H.S is produced at ~450°C and can then be carried downst#é@mleaving the 3 zones at 1050°C fbhours,

the system is let to cooldowAt this point H flux is turned off and Ar 220 sccm is introduced to flush the contents
of the tubeWhen the tube is at a temperature below 60°C it is safe to unscrew anéipjggrites in oxygen at
550°C Prior to cleaning and deposition, vacuum flushing is in oreermove all oxygen from the chamber. In

this case, aotary pumpgenerates the vacuum for the flushing of the chamber

Before each ruand after tube cleaninghe chambewasvacuumpumped at room temperature (Rigllowing
the procedureescribedn Appendix.After this purging thegrowth zone waset to 750°Qvith a heating ramp of
50°0min. Se evaporates a220°C, while MoO3 sublimates at 550°C, contributing to the vapor phbigsen
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reaching 750°0n the thirdzone (T3) the temperatureiaskept for 12 minutesand then the heating wasrned
off and a flow of 220 sccrof Ar wasset The upstream distance of tB& precursor boat determines its lower

temperature, accordinglfhe cooldownstep (to a temperateibelow 70°C) took arourD minutes.
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Fig. 4.2 Precursor boat and substrate configuration (left) and temperature profile during procedure (right)

Thegrowthexperiments in this thesis used Ar anglgdses in different proportion& mass flow controllewith
connection to Ar, H2, Ar/kEimix and N lines,wasused to control the gas flow inside the tube during all operations.
The control over the gas floduring the proceswas crucial and strongly influencethe final quality ofthe
deposits

4.2. MoSe film growth by CVD: parameters andoptimization

The MoSe films were deposited followinthe fitwo-powder route, as descrikieth section4.1 A specific goal

was pursuedmaximizing theMoSe deposition- area of coverage in the substrated its homogeneity, while
minimizing its thicknesqup to fewlayer). To this end, a wide set of parameters was investigated and optimized:
the cleaning cyclethe gas flow, the position of the crucibles, and growth time. To test the influence of these
parameters, several experimental depositions were carried tng fitto the categories that are shown below.

Relevant samples were characterized ufiegechniqueglescribed in the Characterization techniques chapter

The relationship between the Mo concentration and the growth zone of the deposits shign24matchegshe

obtainedexperimental resulisvith the produced samplebowing higher nucleation density in the region above
the MoO3 powder.
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4.2.1. Role of hydrogen

The H flow is regarded as being vital for the growth of Me8g avoiding the formation of intermediate
precursorf9]. As an initial test on the role dfl;, two experiments were carried out with the same CVD conditions
except for the carrier gas flows. The common conditions were as follows: growth tempatrabiP€, Sepowder

at 570C (16 cmupstream fronthe third heatingone)and12 minutes of growth.

Sample Ar/ H 2 flow (sccm)

MO1 150/0

MO02 150/10

Table4.2 ExperimentaH2 flow parameters

The results from each deposition were characternzaitly by optical microscopy arfdaman spectroscoplig.

4.3 shows representative regicinem each sample.

Fig. 4.3 Comparison ofmorphologyand Raman spectraf sampls M01 and M02

The process conducted without ¢dample MOl)andthe Se precursor &70°Cresulted in an uneven deposit
which is not homogenously dispersed throughout the subsimdtysing the deposit under Raman spectroscopy
reveals a spectrum that corresponds to that of M&#ading to the conclusion that withdds the MoQ vapor
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