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Abstract

Semiconducting transition metal dichalcogenides (TMDs) such as MoSz, WSez or WS: have attracted a lot of interest in
recent years because of their outstanding optoelectronic properties including tunable bandgap or strong light absorp-
tion in the visible range, even at sub-micrometer thickness. Furthermore, doping these materials with transition metal
atoms is an approach which can additionally modify a TMDs’ optoelectronic properties and therefore could enable these

TMDs to take part in new applications.

Indeed, one method to exfoliate TMD materials is the electrochemical intercalation of TMDs with THA* molecules. Re-
cently this method was altered to make it more scalable, using annealed pellets made from commercially available
powder. This method is readily adaptable such that bulk TMDs are doped in the annealing phase before being exfoliated
into doped 2D TMD nanoflakes.

In this work we present an extensive study regarding p-type doping of MoSz with Niobium (Nb) for different atomic
concentrations. We confirm the incorporation of the dopant agent to the TMD crystal lattice and observe consequential
changes in the optoelectronic properties of the resulting nanoflakes. Besides, from 0.75% Nb doping the intrinsic n-type
MoS: displays ambipolar due to the p-type behavior added by Nb atoms. Consequently, NoMoS2 shows promise as a

building block of ultra-thin ambipolar field effect transistors (FETs).

We follow up with the incorporation of n-type dopant agent Rhenium (Re) as preliminary story. Here, Re is also con-
firmed to enter at MoS: crystal structure. However, as it stands 0.5% and 1% Re doping to MoS: are not beneficial for

PEC performance of this material.

Finally, we show that this method can also be used for other TMDs such as p-type WSez and n-type WS>, showcasing
the universality of this method. Here, dopant agent incorporation to the TMDs crystal lattices is also confirmed and

therefore optoelectronic properties of WSez and WS; are also demonstrated to change because of Nb addition.

In summary, we successfully dope 2D TMD materials using a scalable, solution-processable method and we show that

these doped materials have potential in future ultrathin optoelectronic devices.
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Chapter 1 Introduction

Two-dimensional (2D) materials have aroused a lot of interest in recent years since unique optical and electronical
properties have been reported on them*. Among them, transition metal dichalcogenides (TMDs) stand out because
they are earth abundant, nontoxic and exhibit unique and tunable optoelectronic properties®. All these properties make
TMDs suitable for electronic and optoelectronic devices as transistors®, sensors’”?, batteries® and also make them prom-

ising photocatalysts'®!12 or photoelectrodes in photoelectrochemical (PEC) cells for water splitting®3.

1.1 Overview of TMDs

TMDs consist of a MXa structure, where M is a transition element (Mo, W...) and X is a chalcogen atom (S, Se...)!*. The
metal atom is located between the two chalcogenide atoms held together by covalent bonding®®. These individual layers
are held together by weak Van der Vaals forces (Figure 1b), which gives the material a bulk shape and layered struc-
ture’®. Regarding structural phases of TMDs, they can be mostly found in trigonal prismatic structure (2H) or octahedral
(1T) and less commonly in dimerized (1T’) phase®* (Figure 1a). The thermodynamically stable phase will be defined de-
pending on the combination of transition metal and chalcogen atoms, so for TMDs formed by a Group VI transition

metal (Mo or W) and a chalcogen (S, Se or Te) 2H structure has been found as the most stable except for WTex*.

Their layered structure weakly bonded by vdW forces facilitates the fabrication of TMDs nanosheets by reducing the
number of layers via exfoliation. For thicknesses of 10 nm or less TMDs experience the quantum confinement effect,
which is the change and even enhancement of electronic, optical structural and mechanical properties when the mate-
rial is reduced to this smaller size?”*°, Some of the changes experienced can be increased bandgap?°, indirect to direct
bandgap transition?!, semi metallic to semiconductor behavior?? or improved catalytic activity?3. For that reason, 2D
TMDs with 2H layered structure as MoSz, MoSe2, WSez and WS; stand out due to their semiconductor nature, narrow

and tunable bandgap (around 1-2eV) and high light absorption coefficients (10> — 10% cm™)?,
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van der Waal forces

v

MX,
& X=S5,Se
® M=Mo, W

Figure 1. (a) Common structural phases of TMDs**. (b) Atomic structure of TMDs in 2H semiconducting form. Figure adapted from Liu et al.

Furthermore, among the mentioned semiconducting TMDs different properties and behaviour are found depending on
the combination of atoms. For instance, the electronic bandgap is different for each TMD (Figure 2a), making them more
suitable for hydrogen evolution reaction (HER) or oxygen evolution reaction (OER) depending on the proximity of their
bandgaps to redox potentials of these reactions. For instance, MoS:z experiences changes in its bandgap depending on
the number of layers, as it goes from 1.29 eV (indirect) in bulk material to 1.9eV (direct) at a monolayer thickness?>25%7,
The tunability of the bandgap is an interesting property as it can allow the same material to take part in different appli-

cations where specific bandgap requirements are needed.
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Figure 2 (a) Overview of G6-TMDs bandgaps®. (b) MoS; bandgap dependance on number of layers?®,

Indeed, both MoSz and WSez have been a focus of research in recent years due to their optoelectronic properties,

photoelectrochemical performance and strong absorption in the visible range?.

First of all, MoS: is robust, earth abundant and naturally shows a strong n-type behavior. Besides, MoSz also stands out

for its strong photoluminescence and environmental stability?°.

On the other hand, WSe: is unique for its intrinsic p-type behavior, high absorption coefficient and strong photolumi-
nescence®. Furthermore, the WSez bandgap is suitable for the water reduction reaction3! (Figure 2a) and is therefore a
good candidate to act as a photocathode for photoelectrochemical water splitting. Indeed, Lewis et al. followed this
approach and obtained a >7% efficiency for HER by using in acidic conditions a single WSe: crystal coated with a Pt-Ru

catalyst®?,

Finally, another popular TMD is WS, which naturally shows a n-type behavior®® and exhibits a sizable bandgap as well
as good optoelectronic properties3#%. Indeed, its high emission quantum yield and large exciton/trion binding energy
among other interesting features make WSz promising candidate for next-generation nanoelectronics and optoelec-

tronics3®.

For the above-mentioned reasons, MoSz, WSe2 and WSz were chosen as exemplorary materials for this examining dop-

ing in 2D TMDs.

1.2 Obtaining 2D TMDs

As previously mentioned, TMDs should be thinned to a 2D dimensions to take advantage of their unique optoelectronic
properties that arise a result of quantum confinement. Therefore, several methods have been developed for this pur-
pose. Among them, mechanical exfoliation, chemical vapor deposition (CVD) and solution-phase methods have been

widely used in recent years¥.
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Mechanical exfoliation and CVD allow the obtention of high quality 2D TMDs but strict temperature and vacuum re-
quirements as well as direct deposition of the nanosheets into the substrates are the main drawbacks for these methods
to be applied at large scale3®. Therefore, solution-phase methods like liquid-assisted exfoliation, chemical and electro-

chemical intercalation stand out because of their scalability and low cost3%%,

In liquid-assisted exfoliation, a layered TMD crystal is paired with a solvent which should have a surface energy close to
that of the TMD basal plane. Then, due to the interaction between the solvent molecules and the surface of the layered
material the TMD can be exfoliated by means of an ultrasonication (Figure 3). This exfoliation method leads to a flake
dispersion and maintains the 2H crystal structure and therefore the semiconducting properties of the material*!. How-
ever, the obtained nanoflakes are likely to present defects as a result to the harsh nature of ultrasonication. This has a

negative effect on the TMDs’ optoelectronic properties and performance®.

Sonication

Time
-—
Poor solvent

Figure 3. Solvent-assisted exfoliation*?

On the other hand, chemical intercalation (Figure 4a) introduces little alkali metal ions such as Li* or Na* between the
TMD layers and agitation or sonication is applied afterwards in order to separate them. However, the main drawback
of this method is the transition of the TMD structure from the semiconducting 2H phase to the semi metallic 1T phase
(Figure 4c) due to electron injection into MoS; crystals by the intercalation of Li* atoms*. The 2H phase can be recovered

but this requires an additional step of high temperature annealing of high-powered lasers, limiting scalability**.

= A

Intercalation$

Agitation

2H-MoS, >  1T-MosS,

=5

Semiconductor Semimetal

Figure 4a. Chemical intercalation and exfoliation. Figure 4b. Phase transition to 2H to 1T in MoS: after chemical intercalation and exfoliation.
Nicolosi et al. Science, 2013
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Conversely, a method that follows a similar principle as chemical intercalation but avoids the mentioned phase transi-
tion from 2H to 1T can be found in electrochemical intercalation of large cations. Here, non-metallic species namely
qguaternary ammonium molecules (e.g. THAB) are electrochemically intercalated between a single crystal TMD layers
and a sonication is applied afterwards to separate these layers (Figure 5). The big size of THAB (d = 20 A in contrast to d
= 2 A of Li* atoms) limits the number of intercalated molecules and as the process is electrochemically controlled the

number of electrons injected into the TMD crystal is limited, avoiding undesired phase transitions*.

9= (CoHy )N

b
® =Br- intercalation
D —
ammonium salt

MoS, crystal

Figure 5. (a) THA* electrochemical intercalation setup*® (b) THA* intercalation and exfoliation process scheme.

Indeed, Lin, Z. et al* show that MoSz nanosheets exfoliated by THA* intercalation were found to be larger, thinner and
with less defects compared to those exfoliated by Li* intercalation. They also show strong photoluminescence and sem-
iconducting behavior (Figure 6d), light absorption at the visible range (Figure 6b) and promising performance as a field

effect transistor (Figure 6e) unlike Li* intercalated MoS; nanosheets.
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Figure 6. (a) Li-exfoliated and THAB-exfoliated MoS; vs Li* intercalation nanosheets solutions. (b) UV-VIS spectroscopy analysis of exfoliated
nanosheets. (c) RAMAN spectroscopy analysis of exfoliated nanosheets. (d) Photoluminescence spectroscopy analysis of exfoliated nanosheets. (e)
Transfer curves of FET generated with MoS; Li and THAB exfoliated nanosheets. (f) Size of Li and THAB molecules*®
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However, the main drawback of electrochemical intercalation of modules is that a single TMD crystal is needed as an

initial material, so the process becomes expensive and limits its scalability.

Therefore, in order to make this method scalable an approach consisting of an electrochemical intercalation of modules
starting from a TMD pellet made from commercial powder instead of a TMD single crystal has been developed by EPFL’s
LIMNO research group. However, as crystal growth is needed at pellet’s surface to allow THA* intercalation, an annealing
process has to be applied to the pellet before starting with intercalation. Moreover, this annealing process helps to
terminate chalcogen vacancies of TMDs and other impurities present in the material®’. As expected, vertical crystal
growth is reached at pellet’s surface after 48h of annealing (Figure 7). This annealing step improves the conductivity of

the pellet by providing electron percolation pathways, crucial for electrochemical intercalation.

No annealing Annealed for 8 hours Annealed for 48 hours

I

" Signal A= InLens EHT = 200KV Signal A= InLens

WD = 28mm 1Probe = 100pA | 0= WD = 27 IProbe= 100 pA StgeatT= 00°
Mag= 5007 KX Date :16 Oct 2019 L} Ce Ds 9 Mag= 198KX Column Date :16 Oct 2019

Figure 7. Effect of annealing process in TMD pellet crystal growth

Indeed, MoS2 nanosheets obtained using THA* intercalation and exfoliation from a pellet exhibit larger and thinner
flakes compared to MoS2 nanosheets obtained by solvent-assisted exfoliation, confirmed by size analysis (Figure 8a) and
UV-VIS spectroscopy analysis (Figure 8b). Therefore, they show improved optoelectronic properties such as higher pho-

toluminescence (Figure 8c) and higher photocurrent (Figure 8d).
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Figure 8. (a) SEM images of ultrasonicated and THA+ intercalated MoS: films. (b) PL spectroscopy analysis. (c) Photoelectrochemi-
cal performance analysis. (d) UV-VIS spectroscopy analysis

1.3 Doping in TMDs

As seen in Sections 1.1. and 1.2. bandgaps of TMDs can be tuned depending on several factors including their composi-
tion, number of layers or flake size, enabling them to take part in a wide range of applications. Moreover, in semicon-
ducting TMDs the structural, physical, chemical and optoelectronic properties can also be easily modified by doping
with, for instance, metallic atoms*. This allows to additional fine tuning of optoelectronic properties and further ex-

pands the range of possible applications®%>.

Indeed, the most common doping strategy is substitutional doping with transition metal elements, as it has been
demonstrated to be suitable for changing the material properties and behavior?®. As shown in Figure 9, the dopant

element (represented by a blue sphere) occupies the place of the metal (black sphere) in the TMD structure.
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Figure 9. Substitutional doping in TMDs*”

This process is favored because the electronic structure of both atoms is similar. Indeed, Molybdenium (Mo) has a 4d°
5s! structure in the last orbital, Tungsten (W) has 6s2 4f14 5d* while Niobium’s (Nb) last orbital structure is 4d* 5s%, so
that the occupation in d-orbital is similar (Figure 10). Furthermore, lattice structures of MoSz and NbS; present 2H con-
figuration and their lattice parameters are also similar ([a, b, c] = [3.16, 3.16, 12.29] for MoS2and [3.32, 3.32, 11.94] for
NbS2)%6. Therefore, Nb has been demonstrated to be a suitable p-type substitutional dopant for either n-type TMDs (as

MoS: or WS;) or p-type ones (as WSez) among other transition metals?®,

42: Molybdenum 74: Tungsten

[Kr] 4d5 551 [2,8,18,13,1] [Xe] 414 5d4 6s2 [2,8,18,32,12,2]

41: Niobium

[Kr] 4d4 551 12,8,18,12,1]

Figure 10. Electronic structure of Mo, W and Nb
https.//www.schoolmykids.com/learn/interactive-periodic-table/mo-molybdenum
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In recent years, several approaches about doping in TMDs have been developed depending on which properties want

to be modified or which behavior wants to be achieved in the material.

For instance, the incorporation of a p-type dopant (which gives excess holes) to a n-type TMD MoS: has been demon-
strated to give the material an ambipolar (p-type and n-type) behavior. For instance, Mengge Li et al. obtained an am-
bipolar behavior for Nb-doped MoS,*, p-type behavior after Nb doping of MoS: was also confirmed by Masihhur R. et
al.*%getting a high hole concentration of 3.1 x 102° cm and a high hole mobility of 8.5 cm?/V-s. Consequently, Nb-doped

MoS: has been used as a building block of ambipolar transistors>52,

Indeed, p-type dopants can also be incorporated to p-type TMDs as WSez to modify and enhance its optoelectronic
properties such as bandgap width, photoresponsivity®® or charge carrier transport>*, which are key factors in photoe-
lectrochemical devices. Therefore, Nb-doping has been shown to enhance the performance of WSe2 compared to the
undoped material in FETs>>°¢, This has potential advantages for optical devices like photodetectors due to enhanced

photoresponsivity.

Following the same idea, the addition of n-type dopants to n-type TMDs is an interesting approach to enhance intrinsic
behaviors. In a theoretical study by Dolui et al.>” Rhenium (Re) was suggested to be the most appropriate n-type dopant
for MoSz among other n-type transition metals. Furthermore, several experimental reports %950 showed the feasibility

of Re incorporation to MoS:2 via physical vapor transport.

However, nowadays the number of reports which study Re-doped MoS: optoelectronic properties and feasible applica-
tions is still limited. Among them, L. Yuanyuan et al. found a decay of photocarrier lifetime when doping the material,
which could be useful for high-speed emitters or detectors®! and Re doping has been proven to enhance catalytic activity

of 1T phase MoS;%2.

Also, Zn dopants have been included successfully to MoS: in order to improve its photoresponsivity in optoelectronic

devices as photodetectors®*%4 or to enhance MoS: catalytic activity for HER®®.

Additionally, we note that physical vapor transport methods experience the same limitations as previously stated. Thus,

in order to envision large scale fabrication of devices using doped 2D materials, a scalable approach must be developed.
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1.4  Objectives and scope of the project

According to the introductory section, doping TMDs to tune and improve its optoelectronic properties can potentially
make these materials even more promising. However, it is still not clear what is the effect of the different dopant atoms
concentrations in the TMD on its optoelectronic properties and crystal structure, as the dopant atomic percentages in

published reports are variable®®->,

Thus, having the knowledge about how TMD properties evolve as a function of dopant concentrations would be useful
to optimize the material depending on the desired properties. Considering the interest aroused by this TMD in recent
years (Section 1.1.), the analysis will be mainly focused on MoS; with Nb-doping because of their mutual suitability

(Section 1.3.).

Moreover, as commented in Section 1.2. 2D TMDs will be obtained by electrochemical intercalation with THA* but start-
ing from a pellet made from commercial TMD powder instead of a single TMD crystal, which is a unique method devel-
oped by LIMNO research group that can make electrochemical intercalation easily scalable. The experiments performed
in this project will help to add more evidence about the suitability of this method as well as to determine if it is possible

to produce doped TMDs.

More concretely, the first goal of this project will be to characterize and identify Nb-presence in the MoS: crystal lattice

of the pellets and in the thin films obtained by solution-processable methods.

Then, optoelectronic properties including absorbance, photoluminescence, photocurrent density and charge mobility

will be analyzed for a range of dopant concentrations.

Finally, if a change or even an improvement is seen on these properties, the next goal will be to test the doped TMDs in

potential applications such as FETs and photoelectrodes in PECs.

In addition, an initial approach about n-type doping in MoS:z and an overview of Nb doping in other TMDs as WS> or
WSe2 will be provided. This serves to support the ability to dope a variety of TMD materials with different dopants,

showcasing the adaptability of the pellet-THA* intercalation exfoliation method.
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Chapter 2 Nb-doped MoS; production and
characterization

In this Chapter the incorporation of Nb to MoS: is studied by characterizing the doped annealed pellets, followed by the

exfoliated doped nanoflakes.

First of all, MoSz2and Nb powders are thoroughly mixed and then pressed at 10kPa using a hydraulic pellet press so that
a compact, round disk is formed. Then, the pellets are sealed in quartz tubes with excess S powder and heated to 1100°C
for 48h in vacuum to avoid oxidation®. The pellets are then intercalated with THA* molecules and exfoliated in 1-Methyl-
2-pyrrolidone (NMP) by means of a low-power bath sonication. Because of its surface tension of 40 mJm2, which is close
to the surface energy of layered materials®”, NMP has been demonstrated to be the most efficient solvent for TMDs as
MoS2%8. After centrifugation, nanosheet dispersions are obtained by extracting the supernatant, discarding the precipi-

tate as it contains the remaining undesirable bulk material.

Once the Nb-doped MoS: nanoflake solution is ready, these flakes are deposited onto a substrate (FTO) by liquid-liquid
interfacial self-assembly (LLISA, see Methods). This film deposition method is continuously scalable and avoids the main
drawbacks (i.e. aggregation and precipitation) of other popular solution-based film deposition techniques like spin coat-
ing or drop casting, ®7°. Finally, the films deposited onto the substrates are introduced in a vacuum oven for 2h at 200°C
to get rid of possible remaining solvent and increase substrate-nanoflake adhesion. A flowchart of the explained proce-

dure is shown in Figure 11 and extended information about it can be found in Methods.

; Bath sonication in NMP
THA?* Intercalation 5 ) LLISA
+ Centrifugation

Bulk pellet
(Annealed)

Exfoliated pellet Nanoflakes solution 2D TMD large-area

thin films

Figure 11. Flowchart of exfoliated TMD pellets and 2D thin films fabrication
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Regarding the tested Nb atomic percentages in MoSz, they have been defined according to what has been done in
previous research. For instance, Suh, J. & co. tried 1% and 5% atomic Nb doped MoS: for catalysis in hydrogen and
oxygen evolution reactions’®. Besides, lower concentrations as 0.8% have been demonstrated to be sufficient for exper-
imenting changes in the TMD properties and the resulting material can be suitable for FET devices*. Thus, a range from
0.25% Nb to 6% Nb atomic ratio respect to Mo has been tested, focusing more on the lower side of the range as high

dopant agent concentrations can be harmful to device’s optoelectronic properties.

2.1  Nb-doped MoS: pellet characterization

First of all, several characterization techniques were used to explore Nb-doped MoS; annealed pellets with the aim of

identify Nb presence in MoSz crystal structure and see how is it modified because of the dopant agent incorporation.

2.1.1 Elemental analysis of Nb-doped MoS: pellets (ICP-MS)

An elemental analysis of Nb-doped and undoped MoS: pellets by means of inductively coupled plasma mass spectrom-
etry (ICP-MS) is carried out in order to determine Nb presence in these pellets and to have an estimation about the

actual Nb atomic percentage respect to Mo atoms.

Figure 12 results show Nb presence in all doped samples and compares the expected Nb atomic percentage with the
atomic Nb percentage calculated by ICP-MS, where differences regarding exact concentrations are seen but %Nb in-
creases as desired. In addition, a slight Nb signal corresponding to 0.18% atomic is obtained for the undoped MoS:

sample, probably due to impurities present in the undoped commercial powder.
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Figure 12. ICP-MS of undoped and Nb-doped MoS. powders results

2.1.2 Scanning electron microscopy (SEM) analysis

Scanning electron microscopy analysis was used to visually observe what effect, if any, Nb inclusion in the pellet had on

the resulting crystal growth in pellets.

Therefore, undoped and Nb-doped MoS: pellets have been analyzed by SEM and the images obtained are presented in
Figure 13. Here, the main change between undoped and Nb-doped pellets’ surface topography is the crystal growth and
growth ratio, that is flat compared to perpendicular growth. While undoped MoS: exhibits lots of vertical crystal growth,
in Nb-doped samples the crystal growth is noticeably lower in consonance with higher amounts of Nb. Additionally,
crystal size from edge to edge also becomes lower when the Nb percentage is higher, and the surface becomes more
irregular and fragile from 1% Nb doping. In addition, zooming in on the 6% Nb doped pellet shows a new crystal shape

(marked with a green circle) which did not appear in any of the other samples.
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Figure 13. SEM images of undoped and Nb-doped MoS; pellets

2.1.3 X-Ray Diffraction (XRD) analysis

SEM analysis suggested that Nb-doping leads to changes in MoS: crystal domains and even structure. Thus, it can be
expected that the incorporation of Nb atoms was successful and has an effect on the crystal structure of MoS,. There-
fore, lattice parameters and crystallinity of undoped and Nb-doped MoS: samples have been analyzed by means of X-

Ray Diffraction (XRD).

Fine powders of Nb-doped and undoped MoS: were prepared by grinding the pellets and studied using transmission
XRD, obtaining the spectra in Figure 14. Here, an intensity decrease and peak widening is seen when Nb concentration
is increased. As XRD peaks are more intense and sharper when the sample is more crystalline, this gives a sign that Nb
atoms are present in MoS: lattice and they are decreasing its crystallinity. Additionally, peak broadening is a sign of
smaller crystal domains, supporting observations made in SEM. Differences in peak intensities are also observed, agree-

ing with the difference in pellet morphology observed in SEM.

Furthermore, some new peaks (marked with red circles) start to be visible in 6% Nb doped sample, which suggests the

existence of new crystal shapes as those seen in SEM images.
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Figure 14. XRD spectrums Nb-doped MoS,

Furthermore, from the positions identified in XRD, the d-spacings can be calculated according to Brags law, allowing for
the calculation of the lattice parameters of MoS.. Figure 15 shows the evolution of lattice constants a and c as a function
of Nb percentage. Changes observed could be caused by different stacking configurations of Nb:MoSz and or by the
slight difference of size between MoS; (a=3.17 A, c=12.31 A) and NbS: (a=3.32 A, c=11.97 A)?2 structures. Initially, lattice
parameters decrease as a function of Nb addition probably due to the smaller size of the incorporated Nb atom com-
pared to Mo atom. However, after a certain point lattice parameters increase so that it suggests an expansion of the
crystal lattice, possibly related to the larger parameters of NbS: which will be more likely to be found with increasing

amounts of NbS.. However, additional data points would be needed to draw more concrete conclusions.
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Figure 15. MoS:; lattice parameters (a and c) evolution with Nb addition

2.1.4 Resistivity and sheet resistance analysis

Reaching the point where it has been proved that Nb is successfully incorporated to MoS: crystal lattice and leads to
changes on it, changes in material’s electronic properties as conductivity or resistivity can be expected. Therefore, edge-

to-edge resistivity and sheet resistance of undoped and Nb-doped MoS: pellets were measured.

First, MoS: has a sheet resistance of 9319 Q/sq. and a resistivity of 3320 kQ so it behaves as an insulator. However, even
with a small %Nb added both properties experience a decay of around 4 orders of magnitude as seen in 0.25% Nb-
doped MoS: sheet resistance (1.23 Q/sq.) and resistivity (0.0424 kQ). The addition of delocalized charges and impurities
on MoS: structure due to Nb doping increase the material’s conductivity. Moreover, as expected Nb-doped samples
become more conductive with higher Nb concentrations even though the change is less noticeable from 0.75% Nb on-

wards (Figure 16). This is likely because a %Nb saturation point is reached around this concentration.
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Figure 16. Resistivity and sheet resistance of Nb-doped MoS; pellets at different dopant concentrations
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2.2 Nb-doped MoS: nanoflakes solution and 2D large-area thin films charac-
terization

After proving Nb incorporation to MoS: pellets and its effects on the TMD crystal structure and electronic properties,
the next step is to check if these changes are maintained when the resulting material is thinned and transferred into 2D
large-area thin films by means of exfoliation via THA* intercalation followed by LLISA film deposition (Figure 11 and

Methods).

First of all, undoped and Nb-doped MoS: nanoflakes solutions were analyzed by ICP-MS. Expected and measured values
are compared in Figure 17. Though differences are seen, the concentration reliably increases as desired, showing that
Nb atoms are indeed present in the final nanoflake dispersions. Notably, possible impurities detected in undoped MoS2
powder are low enough to be undetectable in undoped films. However, we note that the same is true for the 0.25% Nb-

doped sample where the Nb signal is below detection limit.
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Figure 17. Expected %Nb and ICP-MS measured %Nb in Nb-doped MoS: flakes

Then, undoped and Nb-doped MoS: nanoflakes solutions were characterized by Zeta Potential analysis. To do this meas-
urement, 2ul of each solution were diluted in 20ml of miliQ water and introduced into the instrument’s measuring
chamber. The results obtained are shown and Figure 18, where all samples have negative values of zeta potential as
they are negatively charged due to sulfur atoms in MoS.. Initially, Nb doping up to 0.75% Nb makes zeta potential less

negative by reducing the intrinsic n-type behavior of MoS2. However, from 0.5% Nb to 1% Nb the zeta potential
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magnitude starts to increase probably because of the high concentration of defects in MoSa. This leads to higher stability

of the colloidal system as the particles have more surface charges and therefore higher magnitude of zeta potential.
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Figure 18. Zeta potential evolution of Nb-doped MoS: nanoflakes solutions

The previous characterization of the nanoflake dispersions suggest that Nb atoms are still present in MoS2 nanoflakes
after exfoliation, so the next step is to characterize thin films made from these solutions by LLISA film deposition

method.

First of all, as Raman spectroscopy gives a unique spectrum for each different sample composition this characterization

technique has been used to analyze undoped MoS: and Nb-doped MoS: films.

Looking at Figure 19, undoped MoS:2 shows two clear peaks at 379 cm™ and 405 cm™. Once the percentage of Nb in-
creases a progressive right shifting of the main peaks occurs. This behavior is also observed in literature* an occurs as
a result of distortion experienced in MoS: crystal lattice when Nb is added, which lead to different vibration modes for

doped and undoped samples.
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Figure 19. RAMAN spectra of undoped and Nb-doped MoS: films

Besides, qualitative nanoflakes analysis was carried out using SEM images from the generated films (Figure 20). Here, it
can be observed that the flakes become smaller and thicker when Nb concentration is higher. Probably, the yield of
THA* intercalation molecules decreases with Nb-doped MoS: pellets as their surface do not contain as much vertical
crystal growth as undoped MoS2 so THA* molecules are less likely to be intercalated. Consequently, the exfoliation of
Nb-doped MoS: will be also worse, leading to thicker flakes. Lastly, smaller starting crystal domains in the pellet lead to

nanoflakes with smaller lateral dimensions.
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Finally, the films are also characterized by UV-Vis spectroscopy as it gives information about sample composition, thick-

ness and also it can give qualitative information about the semiconductor’s bandgaps.

In Figure 21, as expected in literature*, the spectrum for the undoped MoS; shows the main absorption peak at 664
nm. Then, doping the material leads to a progressive red shifting of this absorption peak up to 675 nm in 6% Nb doped
sample, which means a smaller bandgap of Nb-doped MoS2 compared to undoped. Besides, after normalizing absorb-
ances of all spectrums it is seen that Nb doping (specially at higher concentrations) leads to thicker flakes as the doped
samples absorb more light; thicker flakes possess smaller bandgaps as discussed in the introduction section. Finally, as
Nb concentration increases there is a red shifting in the absorption peak around 400nm which implies that the lateral
dimension of the flakes becomes smaller when MoS: is doped. This is supported by the previous SEM images showing

smaller dimensions on average as doping increases.
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Figure 21. UV-VIS spectroscopy of undoped and Nb-doped MoS: films

In summary, ICP-MS confirms that Nb atoms are present in MoS: pellets while SEM images show the effects of Nb on
MoS: crystal domains and growth ratio and XRD analysis gives evidence about MoS2’s crystal structure distortion due
to Nb incorporation. Therefore, we conclude that Nb-doping in MoS: pellets has been successfully achieved and as a

result they show improved conductivity as a function of %Nb.

Moreover, the analysis of the nanoflakes solution made from these exfoliated pellets using electrochemical THA* inter-
calation method gives evidence about Nb presence in the nanoflakes, confirmed by ICP-MS and by changes in the zeta

potential of the solution. Finally, shiftings in Raman and UV-Vis spectroscopies from undoped to Nb-doped MoS2 2D

large-area thin films also suggest that Nb atoms are present on them.
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Chapter 3 Nb-doped MoS; optoelectronic
properties and potential applications

As characterization techniques clearly show the presence of Nb atoms in MoS: structure both in pellets and films, it is
likely to have an effect in the material’s optoelectronic properties. Therefore, Nb-doped and undoped MoS: films opto-

electronic properties have been evaluated along different Nb concentrations.

3.1 Photoluminescence spectroscopy analysis

First of all, photoluminescence (PL) of each sample has been analyzed by means of PL spectroscopy. In Figure 22, PL
spectrums of undoped MoSzand Nb doped samples are represented. A sharp peak at 668 nm is observed for undoped
MoS:, which indicates strong photoluminescence. Then, photoluminescence is maintained from 0.25% Nb to 0.75% Nb
even though PL intensity diminishes. Indeed, for these samples a red shifting in the main PL peak is observed, which
means a shrinking of the bandgap, consistent with UV-VIS results. However, increasing Nb atomic concentration more
than 0.75% is detrimental to the photoluminescence, as from 1% Nb onwards the materials do not show a clear PL peak
and experience a loss in PL intensity. The reason of this decay could be the recombination of the excited charges faster
than they can be detected. In this case the Nb sites act as recombination centers, therefore as Nb concentration in-

creases, recombination increases and PL decreases.
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Figure 22. PL spectra of Nb-doped MoSz films
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3.2 Photoresponsivity and charge carrier analysis (PEC tests)

The photoresponsivity and carrier transport of, for instance, TMDs can be measured by means of testing the material
as a photoelectrode in a photoelectrochemical (PEC) cell at a laboratory scale. According to the scheme in Figure 23,
the TMD-based photoelectrode harvests incident light (in this case from a Xe lamp) and creates excited electrons which
enter into an electric field generated on the TMD-electrolyte solution interface, being attracted or repelled depending
on their sign and producing a directional current flow through the cell. Applying a bias modifies this electric field within
the material to help of hinder the flow of charges. Then, this electrical energy enables the oxidation or reduction reac-

tion of the electroactive specie to take part at the TMD-based photoelectrode’s surface’74.

.
E
o
o

H*

)

electrolyte

Figure 23. Scheme of a PEC cell. Catalysts 2(4), 490-516 (2012)

Therefore, undoped and Nb-doped MoS: thin films have been tested as a photoelectrode in non-aqueous (50mM Lil
and 25mM TBAFP in Acetonitrile) and aqueous (H2504 1M) electrolytes. Here, Lil is used to show the n-type behavior of

the photoelectrode’s material while H2SO4 is used to show its p-type behavior.

Linear sweep voltammetry (LSVs) has been applied, which records the current evolution at the working electrode when
voltage is applied and therefore gives information about the photoactivity of the working electrode when chopped light

is applied.

Additionally, another test applied to examine the photoactivity of a material is an open circuit voltammetry (OCV). In
the cell, no current flows and the voltage measured is the voltage necessary to prevent this current flow when the
working electrode is in contact with the electrolyte. When light is shined on a photoactive material photogenerated
charges are formed and will try to flow. Thus, the difference in voltage measured in the dark and under illumination,

also referred to as photovoltage, can therefore be correlated to a material’s ability to generate and separate charges.
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Figure 24a shows LSV results in non-aqueous conditions, from 0 to 0.6V with light chopping (2 seconds ON, 1 second
OFF), where MoS: performs the iodide to triiodide oxidation reaction. Here, undoped MoSz shows strong photoactivity
and charge carrier at positive voltages, which is due to its strong intrinsic n-type behavior. However, Nb-doping of MoS.
is not beneficial for its photoactivity at non-aqueous conditions (Figure 24b), probably because Nb addition is progres-
sively turning the material to a p-type behavior specially from 0.75% Nb onwards. Furthermore, an increase in dark
current (Figure 24c) is seen among doped samples when %Nb is higher. The reason of this trend could be an increase in
number of catalytically active sites in MoSa structure when more Nb is added, also confirmed by several published stud-
ies’>’® where doping MoS: at high concentrations such as 10% improves its catalytical activity for HER due to increased
defect concentration. Moreover, in Figure 24d thanks to the OCVs applied it is seen that all doped samples keep the n-
type behavior of undoped MoS: at non-aqueous conditions and 0.25% and 0.5% Nb slightly enhance MoS: ability to

separate charges as the photo potential increases for these samples compared to the undoped TMD. However, aligned

with the decay in photoactivity, from 0.75% Nb onwards MoS: practically loses the capacity to separate charges when

light is applied.
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Figure 24. (a) LSV of undoped and Nb-doped MoS: films in non-aqueous solution. (b) Photocurrent evolution during LSV along %Nb. (c) Dark current
evolution along %Nb during LSV. (d) Potential change evolution during OCP along %Nb.

Furthermore, Figure 25a shows LSV results from -0.5V to OV with light chopping (2 seconds ON, 1 second OFF) in aqueous

conditions suitable for HER reaction. Here, undoped MoS: is not able to perform HER evolution in these conditions due
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to its strong n-type behavior. 0.25% and 0.5% Nb are not enough to give the material a p-type behavior and therefore
perform in aqueous conditions. However, from 0.75% Nb MoS: films start to show photoactivity under reductive condi-
tions which is a sign that from this Nb atomic percentage MoS: can also exhibit p-type behaviour. Indeed, as seen in
Figure 25b the best results regarding photocurrent are found with 1% Nb doped sample and above this concentration
photoactivity decays as well as dark current increases (Figure 25c), turning into a more catalytic behaviour. Actually, this
change from n-type to p-type behaviour at 0.75% Nb is confirmed by OCV results (Figure 25d), as from this concentration

the voltage change when light is applied turns from negative (oxidative, n-type) to positive (reductive, p-type).
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Figure 25. (a) LSV of undoped and Nb-doped MoS: films in aqueous solution. (b) Photocurrent evolution during LSV along %Nb. (c) Dark
current evolution along %Nb during LSV. (d) Potential change evolution during OCP along %Nb.

Finally, to ensure that the differences seen between undoped and doped MoS: in PEC performance can be only at-
tributed to Nb effects and not to different flake sizes effects, an OCV has been carried out with undoped MoS; films
which nanoflakes solutions’ centrifugation process was done at 1000 and 11000 rpm (lower centrifugation speeds lead

to bigger flake size). As seen in Supplementary Information (Figure 1), no significant changes are seen between different

flake size films’ performances.
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3.3 Nb-doped MoS; applications: Field Effect Transistors (FETSs)

As previously mentioned, TMDs like MoSz can be used to make thin and high-performance n-type FETs, as several re-
ports have reached high field effect mobility and on/off ratio in MoSz-based n-type FETs manufactured using solution
processable methods®t77787%, Furthermore, MoS: can also perform as an ambipolar (n-type and p-type) FET and Nb-

doping can be a way to enhance hole mobility in ambipolar FETs>2.

Thus, we synthetized undoped and Nb-doped MoSz-based FETs using the solution phase methods described in Figure

11, using gold patterned silicon-SiO2 substrates.

First of all, output and transfer curves of an undoped MoS: based n-type FET (Figure 26) confirm the n-type FET behavior
of the device and enable the calculation of electron mobility respectively. An electron mobility of 0.08102 cm?/(V-s) is
obtained for these devices, which is in the same order of magnitude (107!) as mobilities reported with solution-processa-

ble FETs808182,
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Figure 26. Output and transfer curves of a MoS; based n-type FET

Then, to see the effect of the dopant agent in this devices, Nb-doped MoSz-based FETs have been tested as n-type and
p-type devices. First, output curves of n-type FETs at different Nb concentrations (Figure 27) show that n-type FET be-
havior is maintained at 0.25% and 0.5% Nb atomic concentration but the electron mobility decreases compared to un-
doped MoS: (Figure 28). However, from 0.75% Nb onwards the n-type FET behavior of MoS: is lost probably due to the
progressive conversion to a p-type material, consistent with PEC results. Therefore, electron mobility of these samples

could not be reliably obtained.
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Figure 28. Electron mobility of undoped and Nb-doped MoS: based n-type FETs

Then, p-type FETs output curves were obtained by testing the same devices at negative voltages (Figure 29). Here, un-
doped MoS: is able to conduct current at p-type conditions but it does not show a perfect field effect and the same
occurs for 0.25% Nb sample. Interestingly, 0.5% Nb-doped MoS: output curve improves and shows a behavior close to
a p-type FET. However, from 0.75% Nb onwards the possible p-type FET behavior of MoS: is lost, which may suggest
that flake thickness of these samples is too high for this application or the negative effect of degenerated p-type doping.
The hole mobilities of undoped, 0.25% and 0.5% Nb doped MoS: FETs have been calculated (Figure 30) but they may

not be considered completely reliables due to the shape of the output curves.
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Figure 29. Output curves of Nb-doped MoS: based p-type FETs.
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In summary, notable changes in MoS:z optoelectronic properties are experienced with Nb doping. Red shiftings of doped
samples in PL spectra suggest a reduction of MoSz’s bandgap, aligned with UV-Vis spectroscopy results. Then, from
0.75% Nb onwards MoS: is given an ambipolar behavior so that the doped material becomes promising as a photoelec-
trode for water splitting in a PEC cell. Here, the highest photoactivity is reached at 1% Nb.
Finally, 0.5% Nb doped MoS: could be promising for ambipolar FETs, as it maintains the field effect of MoS: at n-type

conditions and shows and seems to show this field effect also at p-type conditions.

47






Chapter4 Nb-doping in other TMDs (WSe.,
WS;)

Once it has been proven that Nb addition to MoS2 modifies its structural and optoelectronic properties, an initial over-
view about Nb effects to other highlighted TMDs (WSe2 and WSz) was demonstrated. Same as with MoSz, Nb-doped

WSe2 and WS: pellets and thin films have been characterized and their optoelectronic properties tested.

Regarding dopant agent atomic concentrations, for WSe2 Nb-doping at 0.2% and 0.5% atomic has been demonstrated
to enhance its optoelectronic properties such as photoresponsivity®>**. For WS;, low Nb concentrations around 0.5%

have been reported to be sufficient to see changes in the material’s bandgap and therefore in photoluminescence® 8,

Considering these references and the promising results seen in MoSz around 1% Nb doping, Nb atomic concentrations

of 1% and 6% (to see the effect at higher dopant agent concentrations) were tested in WSez and WS,.

4.1  Nb-doped WSe; and WS: pellets and thin films characterization

The described scalable methods used to obtain undoped and Nb-doped MoS: can also be applied to WSe; and WS; as
they also possess a layered structure. However, for WSez the pellet’s annealing process should be performed with Se

powder inside the tubes instead of S powder as in MoS2or WS,.

First of all, the crystal structure of the WSez and WS pellets before and after Nb-doping was analyzed by XRD. Figure
31a shows a decrease in intensity between WSez undoped and Nb doped samples due to Nb effects in crystallinity and

a new emergent phase in WSez crystal structure when it is doped with 6% Nb as the new peak at 400 indicates.

On the other hand, XRD spectra of undoped and Nb-doped WSz powders in Figure 31b also show an intensity decrease

between undoped and doped samples due to crystallinity loss but no new crystal phases are found in Nb-doped WS.
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Figure 31. (a) XRD spectra of undoped and Nb-doped WSe, powders. (b) XRD spectra of undoped and Nb-doped WS, powders.

Furthermore, the lattice parameters of undoped and Nb-doped WSez and WSez (a, c) have been calculated from XRD
analysis (Figure 32). For WSez there seems to exist a clear trend between the expansion of lattice constants of WSez and
Nb atomic concentration (but more intermediate concentrations should be analysed) while for WSz an expansion of
lattice parameters occurs at 1% Nb but then it goes down at 6% Nb. Same to MoS;, these changes could be attributed
to the incorporation of Nb atoms to the lattice which lead to new structures such as NbS; or other stacking configura-

tions.

We note that, lattice constants of undoped WSz were extracted from literature as the measurement was inconclusive.
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Figure 32. (a) Evolution of WSe; lattice parameters at different Nb doping concentrations. (b) Evolution of WS, lattice parameters at different
Nb doping concentrations:

Then, as Nb incorporation also affects the WSez and WS: crystal structures, changes in their conductivity are expected
due to impurities and delocalized charges introduced. Similar to MoS., a decrease in this parameter is expected due to

the addition of delocalized charges in WSe2 structure due to Nb addition.

Resistivity and sheet resistance of WSez and WSz undoped and doped pellets were measured (WS2 6% Nb pellet did not
resist the annealing process due to its fragility so both pellet and films measurements could not be done) and the ob-
tained results are shown in Figure 33. Here, conductivity of both TMDs strongly increases between undoped and Nb-
doped samples. For WSe: the behaviour observed in MoS: is reproduced as higher Nb concentrations do not enhance

drastically pellet’s conductivity.
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Figure 33. (a) Resistivity of undoped and Nb-doped WSe; and WSe: pellets. (b) Sheet resistance of undoped and Nb-doped WSe; and
WSe; pellets

After demonstrating the successful incorporation of Nb atoms into the WSez and WS; crystal lattices, THA* intercalation
and exfoliation process was performed. The resulting nanoflake dispersions were then processed into thin films using

LLISA deposition as previously described.

First, Raman spectra of undoped WSe: films (Figure 34a) display a sharp peak at 254 cm™, while Nb-doped samples
peaks seem to be slightly right-shifted even though it cannot be clearly confirmed because of peak broadening. Indeed,
these peaks broadening is caused by an increase in the distribution of photon energy states due to a disruption of WSe»
crystal lattice®® as a result of Nb-doping, confirmed by XRD analysis. On the other hand, for WS;, the main change be-
tween undoped and Nb-doped samples (Figure 34b) is the increase in the intensity ratio of the A’z vibrational mode
(422 cm) with respect to the Ezs. becomes more intense. According to a study by Priyanshu R. et al.8 this could be
attributed to the reduction of sulfur vacancies thanks to the Nb-S binding or to the increased thickness of the doped

WS nanoflakes®’.
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Figure 34. (a) RAMAN spectra of undoped and Nb-doped WSe; films. (b) RAMAN spectra of undoped and Nb-doped WS: films

Additionally, UV-Vis spectra show the main absorption peak of undoped WSe;at 762 nm (Figure 35a). Then, a progres-
sive blue shifting is observed for 1% Nb-doped WSe2 (759nm) and for 6% Nb-doped WSe2 (752nm) which gives a sign

that WSe2 bandgap is getting bigger due to the addition of Nb. Furthermore, undoped WSe: peak looks sharper than

doped samples ones (specially at 6% Nb) so it could be a sign that doped flakes are thicker.

Regarding WSz, 1% Nb doped spectrum (Figure 35b) shows a clear red-shifting of both absorption peaks, suggesting that

the flakes may have larger lateral dimensions (according to the red shifting at 400 nm) and they are thicker (according

to the red shifting at 700 nm).
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Figure 35. (a) UV-VIS spectrums of undoped and Nb-doped WSe: films. (b) UV-VIS spectrums of undoped and Nb-doped WS; films

4.2 Nb-doped Wse; and WS films optoelectronic properties

Considering the existing differences between undoped and Nb-doped WSe2 and WS, changes in other optoelectronic
properties are expected. Therefore, PL spectroscopy and PEC tests have been applied in order to verify changing behav-

ior in TMDs photoactivity and charge separation.

First, undoped and Nb-doped WSe; PL spectra (Figure 36a) demonstrate strong photoluminescence in all samples. Here,
the main difference between undoped and doped samples is an increase in PL intensity in 6% Nb doped WSe:, which
could be attributed to the existence of more recombination centers created by the defects formed by doping. On the
other hand, undoped WS: exhibits a sharp PL peak at around 625nm (Figure 36b) while 1% Nb-doped sample PL peak is

broadened with respect to the undoped sample’s peak, suggesting weaker PL.
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Figure 36. (a) PL spectroscopy of undoped and Nb-doped WSe; films. (b) PL spectroscopy of undoped and Nb-doped WS; films

Finally, undoped and Nb-doped WSe2 and WS: films were also tested as photoelectrodes inside PEC cells. As Wse> has
a strong intrinsic p-type behavior and Nb is also a p-type dopant, these TMD based films have only been tested at
aqueous conditions. By contrast, WSz has intrinsic a n-type behavior but the addition of a p-type dopant as Nb could
turn its behavior to p-type taking as a reference the results obtained with MoS; in Chapter 3. Therefore, undoped and
Nb-doped WS: films have been tested in both non-aqueous and aqueous electrolytes to test the n-type and p-type

behavior, respectively.

In agueous conditions, undoped WSz is able to carry perform HER under illumination, as a current change and photoac-
tivity are seen at negative voltages (Figure 37a). However, the addition of 1% Nb and specially 6% Nb causes a decay in
photoactivity, which could be because of the rise of defect sites after Nb incorporation. Moreover, neither undoped nor

Nb-doped WS; samples display photoactivity (Figure 37b).

However, LSV applied at non-aqueous conditions to undoped and Nb-doped WS: films (Figure 38) confirms the natural
n-type behaviour of undoped WS: as it shows photoactivity at positive voltages. However, Nb-doping is not beneficial

for WSz performance in non-aqueous conditions as the sample shows reduced photoactivity.
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Figure 38. LSV in non-aqueous conditions of undoped and Nb-doped WS; films

In summary, Nb-doping in WSe2 and WS has been confirmed in pellets (according to distortions on the TMDs’ crystal
structures) and thin films (according to shiftings in Raman and UV-Vis spectroscopies). Additionally, the electronic
bandgap of these TMDs is tuned, getting bigger for WSe2 and smaller for WS, according to red-shiftings in UV-Vis and
PL spectroscopies. Consequently, the optoelectronic properties of WSe2 and WSz are modified, obtaining enhanced pho-
toluminescence intensity for Nbo.osWSe2. However, as it stands no improvements have been found in PEC performance
of these TMDs after Nb-doping. Finally, THA* intercalation method is demonstrated to be suitable for undoped and Nb-

doped WSez and WS; exfoliation.
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Chapter 5 Rhenium (Re) doping in MoS;: An
initial study.

In Chapter 3 it was demonstrated that the addition of a p-type dopant Nb to MoS: crystal lattice gives an additional p-
type behaviour to the TMD. Furthermore, the addition of a n-type dopant to MoS: could enhance the n-type behaviour

of the TMD and potentially improve its photoelectrochemical performance in non-aqueous conditions.

Among the transition metals which act as n-type dopants, Rhenium (Re) has been suggested theoretically®® to be the

most suitable for MoS: as the activation energy needed is the lowest with this dopant agent.

Then, Re-doped MoS: pellets and films have been synthetized using the same methods as with Nb-doped MoS.. Taking
as a reference the study reported by Yuanyuan Li et al.?1, where 0.6% Re doping was enough to modulate optoelectronic

properties of MoSz, samples with 0.5%, 1% and 5% Re:Mo atomic content were tested.

An initial study regarding characterization and optoelectronic properties testing of these samples is shown in the fol-

lowing sections.

5.1 Characterization of Re-doped pellets and films

First of all, resistivity of all Re-doped pellets was tested as an indirect way of seeing the initial effects of Re on the MoS>
crystal structure. As expected, there is a drastic increase in conductivity from undoped MoS; to Re-doped MoS:; pellets
even at low dopant agent percentages. Besides, conductivity keeps increasing as long as higher Re concentrations are
added to the TMD crystal structure (Figure 39). In contrast, more conductive pellets are obtained with Nb doping at the
same theoretical concentrations. This could be expected because Nb’s electrical conductivity (6.7x10°% S/m) is greater

than Re’s conductivity (5.6x10% S/m), both values at 293K.

57



Doping of solution-processable two-dimensional transition metal dichalcogenides

0,9
0,8

0,7

—=— Re

0,6
T —e— Nb

Resistivity (kOhm)
2
1

-0.1 T T T
0 1 2 3 4 5

% Dopant atom

Figure 39. Resistivity of MoS: pellets doped with Nb or Re

Due to increased pellet fragility with the addition of Re, only 0.5% and 1% Re-doped samples were able to resist THA*

intercalation while the 5% Re-doped MoS: pellet quickly dissolved.

Moving on to thin film characterization, Raman spectra of undoped and Re-doped MoS; are shown in Figure 40. As
expected from literature®®, Re-doped samples display red-shifted peaks compared to undoped samples and this shifting

seems to increase at higher dopant agent concentrations due to more distortion in MoS; crystal structure.
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Figure 40. RAMAN spectrums Re-doped MoS: films
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UV-Vis spectra show red-shifted excitonic A and B peaks for 0.5% Re-doped MoS: (Figure 41) compared to undoped
MoS., suggesting a larger bandgap for the doped samples. However, excitonic peaks C and D at low wavelengths are
blue-shifted compared to the undoped sample, suggesting smaller lateral sizes. As seen in Chapter 2, MoS: also experi-
ences similar changes when it is doped with Nb. Furthermore, the intensity of the excitonic peaks at high wavelengths
decreases when Re concentration increases. Possibly this is due to a phase change of MoS2 from semiconducting 2H to
semi-metallic 1T caused by electron injection into MoS: crystal lattice by Re atoms. This phase transition was reported
by Guoping Gao et al.?° after an electrochemical electron injection into MoS: and also occurs during Li* electrochemical

intercalation*®. However, this statement should be confirmed by XRD analysis.
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Figure 41. UV-Vis spectra of undoped and Re-doped MoS:

Shifting between undoped and Re-doped MoS: thin films were observed in both Raman and UV-VIS spectra, suggesting
successful incorporation of the Re atom into the MoS: crystal lattice. As such, additional differences in optoelectronic
properties can also be expected. Therefore, photoluminescence and photoelectrochemical performance in non-aque-

ous conditions were tested.

Looking at Figure 42, the 0.5% Re-doped MoS: spectrum shows a similarly intense photoluminescence as undoped MoS:
and a main PL peak (713 nm) red-shifted compared to undoped one (668 nm). Furthermore, the 0.5% Re-doped sample
shows an additional PL peak at around 625 nm corresponding to the B exciton, suggesting thicker nanoflakes®?, together

with the peak shifting implies a widening of the bandgap. Moreover, 1% Re-doped MoS, shows two PL peaks but they
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are broadened and their intensity decreased compared to 0.5% Re-doped and undoped MoS: films, probably because

of too quick charge recombination.
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Figure 42. PL spectra of undoped and Re-doped MoS:

Finally, Re-doped films were tested as photoelectrodes in a PEC cell at non-aqueous conditions to examine their n-type
behaviour, as described in Chapter 3. Figure 43 shows the results of LSV and OCV applied to all samples, where n-type
doping of MoS2 does not enhance undoped sample PEC performance in non-aqueous conditions as photoactivity is

clearly reduced.

Moreover, OCP tests confirm that Re-doped samples perform the oxidation reaction under illumination, however the
photo potential is hindered compared to undoped MoS, probably because of the previously mentioned phase transition

to semi-metallic 1T.
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Figure 43. (a) LSV in non-aqueous of undoped and Re-doped MoSo. films. (b) Zoom of LSV results of 0.5% Re doped MoS: film. (c) Zoom of
LSV results of 1% Re doped MoS; film. (d) Potential change evolution during OCV along %Re

In summary, Re-doped MoS: pellets are more conductive than undoped MoS: suggesting that Re is present in MoS2
structure. Furthermore, shifting in Raman and UV-VIS spectroscopy of Re-doped MoS: thin films suggest the presence
of Re atoms in the TMD. This statement is supported by the modification of the MoSz bandgap, which gets smaller
according to a red-shifting in the PL peak compared to undoped MoSz. Therefore, MoS2’s optoelectronic properties are

modified due to Re-doping but not enhanced for PEC applications.
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Chapter 6 Conclusions and future work

6.1 Conclusions

In conclusion we demonstrate a unique and scalable, solution processable approach for producing doped 2D TMDs.

We show that his approach is applicable for a range of TMDs including MoS2, WSe2 or WS.. Furthermore, this approach
can be used to introduce different dopant atoms depending on the desired properties. Finally, we presented detailed
characterization of the materials, showing the evolution of optoelectronic properties as a function of dopant atom con-

centration.

6.1.1 Nb doping of MoS:2

The study of Nb-doped MoS: pellets confirms Nb incorporation to MoS: structure thanks to ICP-MS and XRD analysis.
Indeed, Nb doping makes MoS2 more conductive, less crystalline and modifies its lattice parameters. Furthermore, a

new crystal phase is detected at 6% Nb atomic concentration.

Nb presence in MoS: thin films is confirmed by Raman and UV-Vis spectroscopy, where clear trends between peak
shifting and dopant atom concentration are observed. Consequently, the optoelectronic properties of MoS; are modi-
fied by Nb incorporation. Red shiftings in PL spectra from 0.25% Nb to 0.75% Nb and red-shiftings in UV-VIS spectroscopy

peaks of all Nb-doped samples suggest that the bandgap of MoS: is decreased with increasing amounts of Nb.

Regarding PEC performance in non-aqueous conditions, Nb doping is not beneficial for MoS: as it reduces the material’s
photoresponsivity at these conditions by diminishing its intrinsic n-type behavior. By contrast, Nb doping from 0.75%
onwards enables MoS: to perform in acid conditions by giving p-type behavior to the material, becoming ambipolar

depending on the conditions. The highest photoactivities in acid conditions are found with 1% and 1.5% Nb doping.

Finally, ultra-thin MoS: based n-type field effect transistors by solution processable methods were successfully obtained
with an electron mobility of 0.08102 cm?/V:s.
At n-type conditions, Nb doping at 0.25% and 0.5% Nb maintain the behavior of the undoped device but decreases the
electron mobility due to increased p-type behavior. Indeed, doping at 0.75% Nb onwards affects negatively to the n-
type FET behavior of MoS.. Interestingly, 0.5% Nb doping seems to enable MoS: to perform as a p-type FET, so that this
doping percentage becomes promising to reach ambipolar (n-type and p-type) FETs. Finally, 0.75% and higher Nb per-
centages affect negatively to p-type FET behavior of MoS: due to the negative effects of degenerative doping and flake

thickness.
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6.1.2 Nb-doping of WSez and WSz

The XRD analysis of Nb-doped WSe: pellets reveals Nb incorporation into the TMD crystal lattice, which expands its
lattice parameters and also enhances its conductivity. Regarding Nb-doped thin WSe: films, shiftings in Raman and UV-

Vis peaks confirm the presence of the dopant agent in the nanoflakes.

Furthermore, Nb doping of WSe: did not appear to have detrimental effects on the PL response. Regarding bandgap
tuning, UV-Vis spectroscopy shows a blue shifting of the excitonic peak which suggests an increase of the bandgap of
WSe:. Finally, WSe2 PEC performance in acid conditions is not improved after Nb addition as there is a decrease in

photoactivity.

Regarding Nb doping in WS;, the dopant agent can be detected in the TMD crystal structure via XRD, showing modifica-
tions in lattice parameters. Increased conductivity is also noted. Nb-doped (1%) WS: thin films also show shiftings in
Raman and UV-VIS spectroscopy peaks compared to undoped WSz. Red shifting of the main excitonic peaks peak sug-
gests a bandgap shrinking as a result of doping WSz with Nb. Finally, Nb doping does not improve n-type PEC properties
of WSy, nor did it give sufficient p-type behavior to perform the HER reaction in acidic conditions. We note that only one
Nb atomic percentage could be tested and that additional tuning could allow for similar behavior observed when doping

MoSa.

6.1.3 Re-doping of MoS:

The initial study about n-type doping with Re to MoS: gives evidence that the dopant agent is incorporated to the TMD.
First, analysis of the pellet resistivity shows enhanced conductivity in doped samples. Then, Re is also detected in doped
MoS: films as a left shifting in Raman spectroscopy and a red shifting in UV-Vis spectroscopy is seen in doped samples.
Besides, red-shifting of 0.5% Re-doped MoS: PL peak together with the UV-Vis shifthing suggests a shrinking of the MoS:
bandgap, similar to behavior observed with Nb doping. Additionally, the intensity of excitonic peaks decreases with
increased Re concentrations. This may suggest the disappearance of the semiconducting 2H behavior and the emer-
gence of the semi-metallic 1T phase. Finally, Re-doping in MoS: at 0.5% and 1% atomic does not improve performance
in PEC cells at non-aqueous conditions. This would agree with the previous statement that Re may be injecting electrons

thus inducing a phase change in the MoS: crystal structure.
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6.2 Future work

This thesis has provided an intensive study about Nb doping in MoSz and how different dopant concentrations affect
this TMD’s structure and properties. However, this study could be further improved with an accurate and direct analysis
about the evolution of MoS2 bandgap along different dopant concentrations, as this is a key property for optoelectronic
applications. Tools such as XPS and UPS would be invaluable. We note that initial experiments were conducted but
required intensive analysis which were not able to be completed within the time frame of this thesis. Future work will

complete these analyses.

Additionally, now that it has been demonstrated that Nb-doped MoS2 ambipolar ultra-thin FETs by solution processable
methods can be achieved it will be interesting to work on enhancing its mobility. For example, adding a protective layer
of SiO2 or PMMA could help to increase electron and hole mobility according to what is reported in literature. Indeed,
enhancing hole mobility would make way for ultra-thin MoS: to be incorporated into ultra-thin, flexible devices in new

ways. One example of this is a hole transport layer in the perovskite solar cell®2.

Regarding WSe2 and WS, the initial approach made could be continued by testing new Nb atomic percentages according
to the behavior seen previously, giving a thorough review about how the dopant agent concentration affects these
TMDs properties. Also, the initial study of Re doping in MoS:2 could be extended to these materials, particularly for
testing in high-mobility field effect transistors due to their high conductivity. This could provide a broader range of

ambipolar materials.

Furthermore, this project gives more evidence of the suitability of THA* intercalation and exfoliation method to reduce
TMDs number of layers. From this point, a study about the influence of several parameters such as intercalation time
or voltage applied in the morphology or properties of the obtained films will be necessary to better understand the

process and therefore adapt it to a broader range of layered materials.
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7. SUPPLMENTARY INFORMATION

7.1. METHODS

ELECTROCHEMICAL INTERCALATION WITH THA* AND EXFOLIATION

The TMD pellet and a graphite electrode, which work as a cathode and as an anode respectively, are submerged in an
electrolyte solution (40mL ACN + 200mg THAB). Then, voltage (10V) is applied and the intercalation of THA* occurs at
the TMD electrode while an oxidation reaction (Br™ to Brz) is produced at the graphite electrode, as each atom of THA*

intercalated requires one electron from the external circuit to balance the charge (Equation 1).

MoS, + xTHA" — (THA")xMoS,*~
xBr,+ — (;) Br, + xe”

Equation 1. Intercalation and oxidation reactions

These reactions are confirmed by the yellow color that the solution around the graphite electrode acquires and also by
the progressive expansion of the pellet to finally reach a fluffy shape when intercalation process comes to an end (nor-
mally in 24-48h). Then, the exfoliated pellet is gathered and dissolved in 10mL of NMP to be bath-sonicated at low
power for minimum 30 minutes, until the solution looks exfoliated. Afterwards, a centrifugation at 120 rcf for 30 minutes
is applied to make precipitate the remaining bulk material and impurities, keeping the supernatant which contains the

TMD nanoflakes distribution.

LIQUID-LIQUID INTERFACIAL SOLVENT ASSISTED FILM DEPOSITION

In this film deposition method, the TMD nanoflakes solution is dispersed into the liquid junction layer between two
solvents that have to be immiscible between them and with the TMD solution, need to have different densities and a

low boiling point.

First, the substrates are put in a vacuum filter and the two layers of solvents (e.g. water and hexane) are put upon them.
Then, the nanoflakes solution is carefully injected between the two layers until a uniform film is formed. After the in-
jection, the upper layer is vacuumed and afterwards the lower layer too, allowing the nanoflakes to lay down and stick

uniformly upon the FTO substrates avoiding aggregation.
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7.2. TECHNIQUES

SHEET RESISTANCE AND RESISTIVITY MEASUREMENTS

Pellet’s edge-to-edge resistivity was measured with a multimeter in resistance mode. Sheet resistance was measured

by the four probes method, where 2 probes measure a DC current applied through the sample while the 2 others meas-

T AV

@) 1

ure the voltage drop. Then, sheet resistance is calculated by the formula Rs =

RAMAN AND PHOTOLUMINESCENCE SPECTROSCOPIES

Raman and photoluminescence spectroscopies were developed on a LabRAM HR Raman spectrometer (HORIBA) at

532nm excitation wavelength.

UV-VIS

UV-VIS spectroscopy was carried out by a UV-VIS-NIR UV-3600 (Shimadzu) spectrophotometer.

SEM

SEM images were acquired using a Zeiss Merlin microscope

ICP-MS

ICP-MS analysis was carried out with Agilent Technologies LC Infinity Il ICP-MS Triple Quad 8900

XRD ANALYSIS

Dried powders of the samples were examined using a Bruker D8 Discover diffractometer from 0-75° 26.

ZETA POTENTIAL ANALYSIS

Zeta potential measurements were carried out by a nanoparticle tracking analysis instrument (ZetaView).

PHOTOELECTROCHEMICAL MEASUREMENTS

TMD films deposited on FTO substrates were used as photocathodes (working electrode) in the three-electrode PEC
measurement. In aqueous electrolyte (1M H2S04) with a Pt counter electrode and a Ag/Ag+ reference electrode and in
non-aqueous electrolyte (25mM Lil and 50Mm TBAFP in acetonitrile) with a glassy-carbon counter electrode and a Pt
reference electrode. Linear scan voltammetry (LSV) measurements were carried out with a BioLogic SP-50 potentiostat
with an electrode active area of 0.25 cm?, applying voltage with a scan rate of 10 mV s™%. Intermittent illumination

simulating sunlight was provided by a filtered 450W Xenon lamp.
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FET MEASUREMENTS

Output curves of synthetized FETs were obtained by plotting the drain current as a function of drain voltage for different
gate voltages. Transfer curves were obtained by plotting the drain current as a function of gate voltage for different

drain voltages.

7.3. SUPPLEMENTARY FIGURES AND TABLES

Table 1. ICP-MS undoped and Nb-doped MoS; powder

Sample Mo (ppm)  Nb (ppm) % Nb
Undoped Powder 23,6 0,04 0,178
0.25% Nb 28,94 0,06 0,197
0.5% Nb 29,68 0,09 0,296

1% Nb 29,55 0,41 1,391

6% Nb 30,91 1,63 5,284

Table 2. ICP-MS of undoped and Nb-doped MoS; flakes

Sample Mo (ppm) Nb (ppm) % Nb
Undoped Flakes 1,04 - (<LOD) 0
0.25% Nb (F) 1,75 - (<LOD) 0
0.5% Nb (F) 1,39 0,01 0,391
1% Nb (F) 9,65 0,11 1,127
6% Nb (F) 9,96 0,76 7,657

Table 3. Resistivity and sheet resistance values of undoped and Nb-doped MoS; pellets

Sample Sheet resistivity (Ohm/sq)  Resistivity (kOhm)
MoS: 9319,44 3320
MoS2 0.25% Nb 1,2984 0,0424
MoS2 0.5% Nb 1,2282 0,0282
MoS2 0.75% Nb 0,2276 0,0126
MoS2 1% Nb 0,2177 0,0096
MoS2 1.5% Nb 0,2169 0,0080
MoS2 6% Nb 0,2043 0,00678
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Table 4. Zeta potential and particle mobility analysis of undoped and Nb-doped MoS; nanoflakes solutions

Sample ZP (mV) (mur';/l/(;::%’/cm)
MoS; -21,36 -1,62
MoS2 0.25% Nb -15,42 -1,18
MoS2 0.5% Nb -7,18 -0,55
MoS2 0.75% Nb -19,14 -2,70
MoS2 1% Nb -35,26 -2,68
MoS2 1.5% Nb -35,58 -2,70
MoS2 6% Nb -35,94 -2,73
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Supplementary Figure 1. OCVs of MoS; films from nanoflakes solutions obtained with different centrifugation speed
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Table 5. Charge mobilities of undoped and Nb-doped MoS; based FETs

Nb content (%)  n-type mobility (cm?/V*s)  p-type mobility (cm?/V*s)

0 0,08102 0,02674
0.25 0,01545 0,01882
0.5 0,03191 0,01887

Table 6. Undoped and Nb-doped WSe; resistivity and sheet resistance

Sample Resistivity (kOhm) Sheet resistance (Ohm/sq)
WSe; 27,4 383,18
WSe21% Nb 3,22 41,59
WSe2 6% Nb 0,96 7,69

Table 7. Resistivity and sheet resistance of undoped and Nb-doped WS; pellets

Sample Resistivity (kOhm) Sheet resistance (Ohm/sq)
WS; 58,40 500,20
WS> 1% Nb 0,0484 1,26

Table 8. MoS; Re doped pellets resistivity analysis

Sample Resistivity (kOhm)
MoS: 3320
Mo0S20.5% Re 0,860
MoS2 1% Re 0,452
MoS25% Re 0,0921
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