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ABSTRACT 

Active Control of Surface Plasmons in MXenes for Advanced Optoelectronics 

Jehad K. El-Demellawi 

 

MXenes, a new class of two-dimensional (2D) materials, have recently demonstrated 

impressive optoelectronic properties associated with its ultrathin layered structure. 

Particularly, Ti3C2Tx, the most studied MXene by far, was shown to exhibit intense surface 

plasmons (SPs), i.e. collective oscillations of free charge carriers, when excited by 

electromagnetic waves. However, due to the lack of information about the spatial and 

energy variation of those SPs over individual MXene flakes, the potential use of MXenes 

in photonics and plasmonics is still marginally explored. Hence, the main objective of this 

dissertation is to shed the light upon the plasmonic behavior of MXenes at the nanoscale 

and extend their use beyond their typical electrochemical applications.  

To fulfill our objective, we first elucidated the underlying characteristics governing the 

plasmonic behavior of MXenes. Then, we revealed the existence of various tunable SP 

modes supported by different MXenes, i.e. Ti3C2Tx and Mo2CTx, and investigated their 

energy and spatial distribution over individual flakes. Further, we fabricated an array of 

MXene-based flexible photodetectors that only operate at the resonant frequency of the 

SPs supported by MXenes. 
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We also unveiled the existence of tunable SPs supported by another 2D nanomaterial (i.e. 

MoO2) and juxtaposed its plasmonic behavior with that of MXenes, to underline the 

uniqueness of the latter. Noteworthy, as in the case of MXenes, this was the first progress 

made on studying specific SP modes supported by MoO2 nanostructures. In this part of the 

dissertation, we were able to identify and tailor multipolar SPs supported by MoO2 and 

illustrate their dependence on their bulk band structure. 

In the end, we show that, on the contrary, SPs in MXenes are mainly controlled by the 

surface band structure. To confirm this, we selectively altered the subsurface band structure 

of Ti3C2Tx and modulated its work function (from 4.37 to 4.81 eV) via charge transfer 

doping. Interestingly, thanks to the unchanged surface stoichiometry of Ti3C2Tx, the 

plasmonic behavior of Ti3C2Tx was not affected by its largely tuned electronic structure. 

Notably, the ability to attain MXenes with tunable work functions, yet without disrupting 

their plasmonic behavior, is appealing to many application fields.  
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CHAPTER 1. Introduction 

1.1. Background 

Light-matter interactions at the nanoscale have been greatly enriched by the collective 

oscillations of free charge carriers, known as surface plasmons (SPs). The ability to 

manipulate light at nanometer scales through coupling with resonating SPs is known to 

enhance the performance of numerous optoelectronic and plasmonic applications. 

Nonetheless, most of the plasmonic applications are predominated by costly ‘classical’ 

metals such as gold, silver, copper, and aluminum. However, SP excitations are not 

necessarily limited to metals and can be evidenced in other materials if they have a 

substantial density of free charge carriers. For that, it is highly imperative to develop stable 

plasmonic materials featuring low-cost earth-abundant compositions with continuous band 

structures, similar to those of classical metals. In this regard, two-dimensional (2D) 

nanomaterials with high free carrier concentrations, standout as potential non-classical 

candidates for the plasmonic platform, owing to their exceptional light confinement at their 

interface. 

The interactions between electromagnetic fields (e.g. light) and matter at the nanoscale 

have been greatly enriched by surface plasmons (SPs), i.e., the quantum of elementary 

excitation involving the collective oscillations of delocalized electrons (free charge 

carriers).1-13 The ability to manipulate light at nanometer scales through coupling with 

resonating SPs, is known to enhance the performance of numerous applications ranging 

from biological, chemical, and optical sensors to photovoltaic devices, and surface-

enhanced Raman spectroscopy (SERS).1-5,14-17 Nonetheless, most of the plasmonic 
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applications are predominated by ‘classical’ metallic nanostructures e.g., gold, silver, 

copper, and aluminum.3,5,7 However, SP excitations are not necessarily limited to metals 

and can be evidenced in other materials if they have a substantial density of free charge 

carriers.3,5 For that, the development of new and superior plasmonic materials featuring 

low cost and high free carrier density has garnered a lot of interest.11,18,19 

In this regard, highly doped semiconductors, perovskites, transparent metal oxides, and 

metal nitrides have been demonstrated as promising alternatives with strong SP resonance 

(SPR) effect,20–23 though the existence of energy gaps in these newly designed materials 

prohibits the continuous adjustment of plasmon polaritons. Several strategies including 

defective engineering and dimensional tuning have, however, been exploited to regulate 

their electronic band structures.24–27 For example, oxygen vacancies in transition metal 

oxides can deliver abundant outer d-orbital free electrons, leading to an improved SPR 

effect that can even compete with noble metals.26,27 However, unfortunately, the easy 

removal of oxygen vacancies upon exposure to air under ambient conditions or light 

excitation in optical spectrometers can drastically lessen the SPR effect.27,28 

On the other hand, owing to their reduced dimensionality, intrinsic quantum-confined 

electrons, and coexistence of quasi-2D surfaces and nanometer-scale edges, two 

dimensional (2D) nanomaterials stand out for their unique electronic and photonic 

properties.17,29,30 The excellent light-confinement at their surfaces makes them excellent 

candidates for the plasmonic platform.11,31-33 Thus far, several 2D nanomaterials such as 

graphene,12,11,32 black phosphorous,34 hexagonal boron nitride,33 transition metal 
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chalcogenides e.g., MoS2
22,31 and TiS2,

5 and topological insulators,35 have been already 

exploited in plasmonic applications. 

Furthermore, analogous to classical metals, these 2D nanostructures can potentially support 

a rich set of SP modes. Nonetheless, there is a huge lack of information about the nature of 

such plasmon modes in most of the 2D nanomaterials. That said, it is worth mentioning 

that harvesting the full potential of SPs is highly limited to the ability to probe and 

controlling their specific propagating and localized modes at the interface of single 

plasmonic nanostructures (e.g., nanoribbons, nanoflakes, and nanospheres).36-38 Therefore, 

a detailed investigation of all the possible SP modes supported by 2D nanostructures is of 

both theoretical and practical importance. Another important aspect of those SP modes is 

that their spectral and spatial characteristics can be further tuned by tailoring their 

nanostructural morphology, i.e., geometry, size, and thickness.40 However, in view of the 

rapid development of nanotechnology, the sizes of such functional 2D nanostructures are 

getting further smaller than the typical wavelengths of the incident light. As a result, direct 

access to subwavelength spatial and spectral information about SPs in 2D materials has 

also become essential. 

In this context, electron energy loss spectroscopy (EELS) in conjunction with scanning 

transmission electron microscopy (STEM) stands out for its technical capability to 

investigate local SP modes with high spatial resolution,7,15,40,41 where the incident fast 

electrons couples to the SPs, resulting in inelastic kinetic energy losses.1,6,8,42 In stark 

contrast to conventional light-based techniques with very reduced spatial resolution due to 

light diffraction-limit (e.g. optical near-field microscopy),8,43 electron beams allow for the 
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excitation of both optically-active (bright) and -forbidden (dark, i.e. cannot be excited with 

incident light) SP modes, at a uniquely high spectral and spatial resolution.2,4,16,39,44-46 This 

technical superiority relates to the atomic-level spatial resolution of STEM and the 

confined electromagnetic field induced by the swift electrons, where the electromagnetic 

field is spatially localized and spectrally broadband. To date, such bright and dark modes 

have been extensively analyzed in conventional metal nanostructures e.g., gold and silver, 

using STEM-EELS.3,4,8,47 In more detail, these SP modes are classified into longitudinal 

(could be bright and/or dark) and transversal (only bright) SP modes. It follows the general 

pattern that longitudinal SP modes arise from the collective free electron oscillation along 

the main axes of the 2D nanosheets. Generally, they are much stronger, lower in energy, 

and highly geometrically-dependent (i.e., shape, size, and thickness).48-52 Analogous 

multipolar longitudinal modes have been observed in other metallic nanostructures.1,40,52-

54 Contrarily, a transversal SP mode, which is excited when the incident electric field is 

perpendicular to the main axes of the 2D nanosheets, is higher in energy and geometrically-

independent.49 However, to our knowledge, no progress has been made on specific 

longitudinal or transversal SP modes sustained by any 2D material neither their 

geometrical-dependence. Not to mention their spatial localization and energy distribution 

over single 2D nanosheets. 

Among the existing 2D nanomaterials, the thriving family of early transition metal 

carbides, nitrides, and carbonitrides (MXenes) stand out for their unique combination of 

metallic-like conductivity, solution processability, hydrophilicity, high-aspect-ratio, and 

widely tunable properties,55-58 making them appealing for plasmonic and optoelectronic 

applications. 
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1.2. Overview of MXenes 

As a new member of the 2D nanomaterials family, MXenes have garnered significant 

interest due to their intriguing electrochemical, electronic, optical, and mechanical 

properties (Figure 1.1), and thus have shown great promise in a gamut of applications 

including energy storage, electronics, optoelectronics, biomedicine, sensors, and 

catalysis.55,59-69 Research on MXenes dates back to 2011 when single-layered titanium 

carbide was synthesized and separated for the first time,59 and has since evolved into a 

worldwide joint effort dealing with a material family of almost 30+ members. The general 

formula of MXenes is Mn+1XnTx (n = 1, 2, 3, or 4), where M is an early transition metal 

(e.g., Ti, V, Nb, Mo, etc.), X represents carbon and/or nitrogen, and T refers to different 

populations (x) of surface-terminated species such as fluorine, hydroxyl, and/or oxygen 

atoms. The large density of free charge carriers (i.e. electrons) associated with their 

abundant surface functional groups have endowed MXenes with a unique metallic-like 

conductivity. 
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Figure 1.1 Schematic representations of the key fundamental properties of MXenes (e.g., 

Ti3C2Tx), which is mainly associated with its rich surface stoichiometry. 

Unlike other 2D nanomaterials, where their synthesis mainly rely on mechanical 

exfoliation or bottom-up methods such as chemical vapor deposition (CVD) to obtain high-

quality nanosheets, MXenes are mostly synthesized by selectively removing the “A” layers 

(i.e. mostly elements of groups IIIA to VIA, such as Al, Ga, Si, etc) from their parent 

layered MAX three-dimensional (3D) phases, using different top-down fluoride-containing 

etching methods.70 MAX phases can be described as alternately stacked “MX” layers and 
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close-packed “A” atomic layers, with a general formula of Mn+1AXn, where the M-X 

ionic/covalent bonds are chemically more stable than the M-A metallic bonds. The 

exfoliation of those stacked layers is attained by the selective etching of the “A” layers, 

forming stacks of multilayered MXenes terminated with different functional groups (i.e., 

Tx). For single and few-layered MXenes, a subsequent delamination process is essential to 

open up the interlayer spacing by intercalating different cations (e.g., Li+) between the A-

depleted multilayered MXenes. As an example, the general synthesis pathway of M2C 

MXenes is schematically represented in Figure 1.1. Generally, “A” atomic layer/s in 

layered MAX phase powders (Figure 1.2a) could be selectively removed by hydrofluoric 

acid (HF), bifluoride-based etchants (NH4HF2), or HF-containing salt, leading to the 

formation of multilayered MXene powders (Figure 1.2b). Afterward, further intercalation 

of metal cations, dimethyl sulphoxide (DMSO), or TBAOH, that could be followed by 

sonication, result in delaminated freestanding single-flake to few-layered MXene 

suspensions (Figure 1.2c). 

 

Figure 1.2. A schematic of the general synthesis pathway of M2C MXenes using top-down 

etching methods.  
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Thus far, owing to their promising electrochemical characteristics, this new class of 2D 

materials has been predominantly used in energy conversion and storage applications.54-56 

Nonetheless, they have also endowed fascinating prospects for a variety of emerging 

applications in electronics, sensing, and photonics.54,69 In this regard, MXenes have 

recently exhibited impressive optical properties, e.g. tunable broadband absorption17,71,72 

and intense surface plasmon excitations,53,73 underlining their potential for optoelectronic 

and plasmonic applications. However, theoretical73 and experimental investigations17,74,75 

in this context remain sparse and mainly limited to the most studied member of the MXene 

family, i.e. Ti3C2Tx (Tx denotes surface-terminated moieties such as O, OH, or F). In 

this regard, Mauchamp et al. had shown that, unlike other 2D nanomaterials, Ti3C2Tx 

exhibits a thickness-dependent SP band, featured at infrared (IR) frequencies, along with a 

thickness-independent bulk plasmon energy due to the weak coupling between the layers.73 

Furthermore, they also computed the dependence of such SP band on the functional groups 

tethered to the MXene sheets. Nevertheless, the specific modes of the SP were not 

investigated. 

1.3. General Synthesis Pathways 

As will be discussed in the following chapters of this dissertation, the plasmonic behavior 

of MXenes highly is found to be depending on the quality of their fabricated suspensions; 

i.e. flake size and thickness, oxidation resistance, concentration. Such quality parameters, 

if well-controlled, will lead to MXenes with enough free carrier density that would allow 

for the evolution of intense SP modes within the visible and NIR spectral regimes. For that, 
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since its discovery, several synthesis recipes have been implemented in hopes of obtaining 

the best-quality MXenes, particularly Ti3C2Tx. 

In the first successful production of MXene,59 Ti3AlC2 powders were immersed in 

hydrofluoric acid (HF), and the Al layer was extracted from the MAX phases (Figures 1.2 

and 1.3), by breaking the hydrogen bonds between the MXene flakes. The as-obtained 

multilayer MXene powders have been further converted to multilayered stacks of MXenes 

after sonication in methanol (Figure 1.2b). Since then, the wet-chemical etching method 

has been widely used to produce MXenes. The same HF etching method has been used to 

exfoliate Ti2AlC, Ta4AlC3, (Ti0.5Nb0.5)2AlC, (V0.5Cr0.5)3AlC2, Ti3AlCN76, and Nb4AlC3.
77 

The optimal etching conditions for different MAX phases depend on the atomic bonding 

strength, particle size, and crystal structures. Generally, larger atomic number transition 

metal (M) requires longer etching time and stronger etchant.55 Later on, the intercalation 

and delamination of MXene were first reported in 2013 when single-flake and few-layered 

Ti3C2Tx MXene sheets were separated by DMSO intercalation followed by sonication 

(Figure 1.2c),67 resulting in well-dispersed MXene suspensions. To date, various etching 

and delamination methods have been reported to produce more than 30 different MXenes, 

and dozens are predicted to exist.69  
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Figure 1.3. Typical synthesis pathway of Ti3C2Tx MXene nanosheets, using fluorine-based 

top-down etching methods. (Left) Parent layered Ti3AlC2 MAX phase, (middle) exfoliated 

(etched), and (right) delaminated MXene nanosheets. 

To decrease the usage of the hazardous HF solution, researchers have tried the acid mixture 

of HF and HCl with lower HF concentration for etching MAX phases. For example, by 

etching with a low concentration (5 wt%), HF for 24 h can produce MXene with similar 

quality as compared to the products obtained using 10 wt% HF for 18 h and 30 wt% HF 

for 18 h.69 Ammonium bifluoride (NH4HF2) salt is another etchant for Ti3AlC2,
78 however, 

the intercalation of NH4
+ also introduces more H2O molecules into the MXene layers, 

which makes the drying of the product more difficult. Alternatively, in-situ HF formation 

from fluoride-containing salts and strong acids can also be used to synthesize MXenes. A 

mixture of lithium fluoride and hydrochloric acid has proven to be an effective etchant for 

Ti3AlC2.
60 Due to the presence of Li+, intercalation of cations happens during the etching 

process, which leads to the formation of MXene “clay”. The ratio of LiF to MAX plays a 

critical role in the quality of the final product. Lipatov et al. showed that larger MXene 

flakes with fewer defects could be obtained by changing the ratio of LiF to MAX from 5:1 

to 7.5:1, which results in a lower resistivity and better field-effect electron mobility.79 Since 
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no sonication is required in the LiF-HCl etching process, it is also known as the “minimally 

intensive layer delamination (MILD)” method. Molten salt is another type of fluoride-free 

etchant for the synthesis of MXenes. The use of molten salt as etchant dates back to 1999, 

when molten cryolite was used to etch the Si atoms from the basal planes of Ti3SiC2,
80 

Urbankowski et al. first showed the successful etching of Al from Ti4AlN3 powders by 

heating it with fluoride salt (A mixture of potassium fluoride (KF), lithium fluoride (LiF), 

and sodium fluoride (NaF)), the product can be further delaminated to produce Ti4N3 

MXene. It is worth noting that some approaches that completely avoid the use of fluorine, 

e.g., an alkali treatment method, was developed, where a hydrothermal treatment of 

Ti3AlC2 in concentrated sodium hydroxide resulted in Ti3C2 with high purity.81 

Furthermore, the surface chemistry of materials greatly influences the attractive forces 

within dispersion and between liquid and the substrate. Thus it is critically important to 

understand MXene surface chemistry for the chemical stability of their suspensions. Based 

on first-principles calculations, all MXenes with surface terminations are predicted to have 

negative formation energy with significant thermodynamic stability as compared with bare 

MXene surfaces.82 Thus, MXenes that are synthesized from wet chemistry methods are 

typically terminated with -OH, -O and -F functional groups, which were proposed to 

originate from the following etching stages:59 

Ti3AlC2 + 3HF = AlF3 + 3/2H2 + Ti3C2      

Ti3C2 + 2H2O = Ti3C2(OH)2 + H2      

Ti3C2 + 2HF = Ti3C2F2 + H2      
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While the -O terminations are proposed to originate from the decomposition of -OH into 

H2O and -O. The introduction of surface terminations is predicted to transform MXenes 

(Sc2CF2, Sc2C(OH)2, Sc2CO2, Ti2CO2, Zr2CO2, and Hf2CO2) from metallic to narrow-

bandgap semiconductors.83 To further improve the electronic properties of MXenes, 

vacuum annealing process was reported to be an effective method to partially remove the 

surface terminations and improve the electronic conductivity of the MXenes.84 The 

concentration of the surface terminations is largely dependent on the etching conditions, 

while the delamination process and post-synthesis treatment also play a vital role in the 

oxidation of the MXene flakes. Generally, when etched with a higher concentration of HF, 

more fluorine and less oxygen functional groups were observed.55 Such functional groups 

have led to negative zeta potentials and a hydrophilic surface of MXenes. These 

characteristics lead to a stable suspension of MXene flakes without adding any surfactant 

and rheology modifier, which is crucial for the direct printing of MXene inks. 

Another vital parameter is the size of the MXene nanosheets. For example, Emre et al. 

have demonstrated improved electrochemical performance by controlling the size 

distribution of MXene flakes.85 MXene flakes produced after delamination have a diverse 

lateral size distribution ranging from nanometers to micrometers. To obtain uniform size 

distribution, centrifugation is commonly used.86 For example, Kathleen et al. investigated 

the correlation between flake size and properties of MXene flakes by developing a density 

gradient centrifugation to precisely sort MXenes into different flake sizes.87 After 

centrifuging MXene suspension with a layered sucrose density gradient, small flakes were 

located on the top part of the dispersion, and large flakes settled to the bottom. It was found 

that smaller flakes exhibited lower conductivity as compared to lager flakes, which can be 
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attributed to the contact resistance between the flakes and the defects on the edges. 

Similarly, MXenes with different flake sizes also showed different optoelectronics 

properties, i.e., the UV-visible absorption spectra showed that smaller flakes exhibit 

decreased absorption in the visible wavelength range.  

In terms of the stability of their suspensions, MXene suspensions are known to exhibit very 

good dispersion quality in many solvents, especially in water.66,70,88,89 However, previous 

reports have shown that the oxygen dissolved in water plays a vital role in the chemical 

degradation process of delaminated MXene flakes dispersed in aqueous solutions.89,90 

Typically, this degradation process is further aggravated for colloidal suspensions of 

single/few-layered MXenes, owing to their higher surface-area-to-volume ratio, making 

them highly prone to oxidation. This, in turn, would lead to the structural breakdown and 

the reduction of the shelf life of the formulated MXene inks as a result of the unconstrained 

formation of transition metal oxides on the surface of MXenes, e.g., TiO2 on the surface of 

Ti3C2Tx. Such phase transformation and structural deformation get even worse at elevated 

temperatures or when the MXene dispersions are exposed to light.70,88 In principle, the 

oxidation begins on the edges of the MXene flakes and grows towards the whole basal 

plane, thus smaller flakes with more active sites are more prone to oxidation. Oxidation 

occurs in all forms of media including air, liquid, and solid media, with the fastest rate 

being in liquid media while the slowest is in solid media.88 Thus, eliminating the dissolved 

oxygen in water by saturating it with nitrogen or argon is an effective way to suppress 

oxidation. Nonetheless, apart from the dissolved oxygen, water itself remains to be another 

mild oxidant of MXenes. In this regard, the degradation rate caused by the H2O-induced 

oxidation was found to be significantly slowed down by refrigeration.70 For instance, it was 
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found that MXene suspensions stored under Ar, at low temperature, only degraded by 1.2% 

after 25 days, where the possible oxidation was explained as:89  

Ti3C2O2 + 4H2O = 3TiO2 + 2C + 4H2 

Accordingly, for prolonged storage of stable MXene inks, it is now common to store them 

inside Ar-sealed vials, away from light and below the refrigeration temperature (< 4 oC).87 

However, regardless of the aforementioned exerted efforts to hinder the degradation rate 

of MXenes in water, still, they are not perfectly sufficient for long-term storage. Hence, 

storing MXenes in organic solvents seems to be a better choice owing to the stabilization 

solvation effect offered by organic solvents.66,70 It was shown that well-suspended MXene 

dispersions in organic solvents remained stable for several months.66  

Another practice was suggested to completely prevent the oxidation of MXenes by 

filtrating the suspensions and storing the obtained dried films under vacuum. In such a case, 

MXene inks can be obtained when needed by redispersing the stored MXene films in the 

desired solvent.70,89 However, it is worth mentioning that the drying process can cause the 

restacking of the delaminated nanosheets, similar to other two-dimensional materials, 

especially if dried at high temperatures. Thus, to extend the shelf life of MXene 

suspensions, while avoiding the restacking issue, Zhao et al. found that antioxidants such 

as sodium L-ascorbate can prevent the oxidation of Ti3C2Tx even in the presence of oxygen 

and water.49 Sodium L-ascorbate was found to be associated with the positively charged 

edges of the MXene flakes, restricting reactions between edge sites and water molecules. 

Following the treatment with antioxidants, the chemical stability, colloidal stability, 

chemical compositions, and conductivity were all well preserved after 21 days of 
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continuous exposure to water and oxygen. The active edge sites of MXene flakes can also 

be capped by polyanionic salts such as polyphosphates, polyborates, and polysilicates,56,91 

which can suppress the oxidation of MXene flakes for more than three weeks in water. The 

ease of washing and low cost of these polyanionic salts also make the large-scale 

production and long-term storage of MXene suspensions possible.  

1.4. Towards MXenes with Better Plasmonic Behavior 

Based on the aforementioned exerted efforts, it is clear that the behavior of the produced 

MXenes is prominently affected by the characteristics of the parent MXene suspensions, 

e.g., concentration, size, and thickness of the nanosheets. Nonetheless, hydrogels made of 

thinner and larger MXene nanosheets (obtained by less intense etchants) have revealed a 

remarkable tunability and better stability along with enhanced electrical conductivity and 

absorption cross-section. In this regard, during the early stage of this work, we have 

extensively worked on optimizing the synthesis protocols for the sake of obtaining the 

highest-quality MXene, Ti3C2Tx in particular. As a result of our thorough experimental 

investigations we succeeded in obtaining the most optimized Ti3C2Tx nanosheets with 

nearly-metallic free carrier concentrations (ca. 1023 cm-2) starting from semi-metallic 

Ti3C2Tx (ca. 1017 cm-2). In our optimized synthesis route, we developed an etchant made of 

HF, HCl, and deionized water followed by a well-controlled delamination process using 

LiCl for intercalating the exfoliated MXene nanosheets (Figure 1.4). The boosted 

enhancement in the metallic character has led to highly-absorbing MXenes with the highest 

mass extinction coefficient ever reported for MXenes, i.e. 96.8 L/g.cm, for the peak at ca. 

750 nm (Figure 1.5a,b), and an average flake size of more than 4 m (see chapter 6 for 
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more details). The corresponding UV-Vis-NIR absorption spectrum of the best-quality 

Ti3C2Tx MXene is depicted in Figure 1.6, with its two characteristic interband transitions 

(IBT) and localized surface plasmon resonance (LSPR) bands.  

 

Figure 1.4. A schematic representation of the optimized synthesis protocol for making 

high-quality Ti3C2Tx flakes. 

 

Figure 1.5. (a) UV-Vis-NIR absorption spectra of Ti3C2Tx synthesized using different 

protocols. (b) Mass extinction coefficients, calculated using the Beer-Lambert method, at 

the LSPR peak (ca. 750 nm) for the Ti3C2Tx MXenes displayed in (a). 
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Figure 1.6. UV-Vis-NIR absorption spectrum of the Ti3C2Tx with its exceptional mass 

extinction coefficient at 96.8 L/g.cm at the LSPR peak. 

1.5 Objectives and Contributions 

The contributions of this dissertation fold in the following streams: 

 In section 1.4, we will discuss in detail our utilized methodology to enhance the quality 

of fabricated MXene 2D nanosheets. We will also show how the optimized synthesis 

conditions have improved the optoelectronic and plasmonic behavior of our MXenes. 

 In chapter 2, using scanning transmission electron microscopy (STEM) combined 

with ultra-high resolution electron energy loss spectroscopy (EELS), we investigated 

the spatial and energy distribution of SPs (both optically-active and -forbidden modes) 

in mono- and multi-layered Ti3C2Tx flakes. With STEM-EELS mapping, the inherent 

inter-band transitions in addition to a variety of transversal and longitudinal SP modes 

(ranging from visible down to 0.1 eV in MIR) are directly visualized and correlated 
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with the shape, size, and thickness of Ti3C2Tx flakes. The independent polarizability 

of Ti3C2Tx monolayers is unambiguously demonstrated and attributed to their unusual 

weak interlayer coupling. This characteristic allows for engineering a class of 

nanoscale systems, where each monolayer in the multi-layered structure of Ti3C2Tx 

has its own set of SPs with distinctive multipolar characters. Moreover, the tunability 

of the SP energies is highlighted by conducting in-situ heating STEM to monitor the 

change of the surface-functionalization of Ti3C2Tx through annealing at temperatures 

up to 900 oC. At temperatures above 500 oC, the observed fluorine (F) desorption 

multiplies the metal-like free electron density of Ti3C2Tx flakes resulting in a 

monotonic blue-shift in the SP energy of all modes. These results underline the great 

potential for the development of Ti3C2Tx-based applications, spanning the visible-MIR 

spectrum, relying on the excitation and detection of single SPs. 

 In chapter 3, we discuss the fabrication of photodetectors made of five different 

MXenes among which molybdenum carbide MXene (Mo2CTx) exhibits the best 

performance. Mo2CTx MXene thin films deposited on paper substrates exhibit broad 

photoresponse in the range of 400-800 nm with high responsivity (up to 9 A W-1), 

detectivity (ca. 5x1011 Jones), and reliable photoswitching characteristics at a 

wavelength of 660 nm. Spatially resolved electron energy loss spectroscopy and 

ultrafast femtosecond transient absorption spectroscopy of MXene nanosheets have 

revealed that the photoresponse of Mo2CTx is strongly dependent on its surface 

plasmon-assisted hot carriers. Besides, Mo2CTx thin film devices are shown to be 

relatively stable under ambient conditions, continuous illumination, and mechanical 

stresses, illustrating their durable photodetection operation in the visible spectral 
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range. The specific ability to detect and excite individual surface plasmon modes, 

provide a viable platform for various MXene-based optoelectronic applications. 

 In chapter 4, we uncover the mystery shrouding the origin of SPs in Mo2CTx MXene 

by using a combination of micro-Raman spectroscopy and extensive ellipsometric 

measurements. The micro-Raman spectroscopy was conducted on bare Mo2CTx film 

and on gold electrode allowing for surface-enhanced Raman scattering that 

demonstrates surface chemistry and the specific low-frequency band that we relate to 

the vibrational modes of the single nanosheets. 

 In chapter 5, we juxtapose MXenes with another 2D material, i.e. MoO2, to manifestly 

highlight the uniqueness of MXenes against all other classes of 2D nanomaterials. For 

that, Monoclinic MoO2 nanostructures have been studied as promising substrates with 

a strong surface plasmon effect, along with controllable plasmonic energies through 

tuning nanostructures both chemically and in-situ. Theoretical simulation and 

experimental measurements reveal that the surface plasmon is from the abundant free 

electrons in Mo d orbitals. We designed various MoO2 nanostructures via 

polydopamine chemistry and managed to visualize multiple longitudinal and 

transversal SP modes supported by the monoclinic MoO2, along with intrinsic 

interband transitions, using scanning transmission electron microscopy coupled with 

ultrahigh-resolution electron energy loss spectroscopy. The identified geometry-

depending SP energies are tuned by either controlling the shape and thickness of 

MoO2 nanostructures through their well-designed chemical synthesis or by altering 

their length using a developed electron-beam patterning technique. Theoretical 
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calculations reveal that the strong plasmonic behavior of the monoclinic MoO2 is 

associated with the abundant delocalized electrons in the Mo d orbitals. This work not 

only provides a significant improvement in imaging and tailoring SPs of non-

conventional metallic nanostructures but also highlights the potential of MoO2 

nanostructures for micro-nano optical and optoelectronic applications.  

 In chapter 6, we further highlight the distinctiveness of the plasmonic behavior of 

MXenes, we designed a well-controlled molecular charger transfer doping process, 

we selectively altered the bulk band structure of Ti3C2Tx leading to a 450-meV 

modulation in its work function. Nonetheless, MXene’s surface stoichiometry 

remained intact throughout the doping process, and hence the LSPR band was not 

affected. Aside from the ability to obtain MXenes with tunable work functions without 

sacrificing their plasmonic behavior, this work provides a clear indication that the 

LSPR effect in MXenes predominately depends on its surface band structure governed 

by the surface-terminated species. 
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Chapter 2. Tunable Multipolar Surface Plasmons in MXene 

Nanostructures 

2.1. Overview and Scope 

In this chapter, we employ STEM and ultra-high resolution EELS,50,41 particularly low-

loss, to conduct a comprehensive study of SPs sustained by mono- and multi-layered 

Ti3C2Tx flakes. We address a variety of SP modes spanning the near-infrared (NIR) and 

mid-infrared (MIR) wavelengths, which is a crucial spectral range for optical 

communication, biological imaging, chemical sensing, and heat management.73,14,71 We 

visualize a set of edge and central longitudinal modes with distinctive multipolar 

characters, in addition to a transversal mode and the inherent inter-band transition (IBT) 

supported by Ti3C2Tx flakes. We investigate the independent nature of monolayers 

constituting multi-layered Ti3C2Tx flakes and demonstrate the correlation of the 

longitudinal SP modes (both optically-active and -forbidden) with the shape, size, and 

thickness of the flakes. Eventually, we use in-situ heating (from room temperature to 900 

oC) combined with STEM-EELS to follow the evolution of the longitudinal and transversal 

modes as well as the inherent IBT sustained by the Ti3C2Tx flakes. Consequently, by 

annealing the flakes at elevated temperatures, we demonstrate that the SP energy can be 

tuned by controlling the population of Tx, hence, the free electron density of Ti3C2Tx.  

2.2. Results and Discussion 

In the current study, mono- and multi-layered flakes of Ti3C2Tx were synthesized following 

a previously reported method92 as described in section 2.3.1. Afterward, we conducted X-
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ray diffraction (XRD) and Raman spectroscopy to confirm the structural characteristic 

peaks of Ti3C2Tx as shown in Figure 2.1a-b.  

 

Figure 2.1. (a) X-ray diffraction spectra of the parent MAX phase (black) and the 

corresponding MXene (red). (b) Raman spectra of Ti3AlC2 (black) and Ti3C2Tx (red). 

Next, to perform STEM imaging in combination with EELS (both core-loss and low-loss 

regions), a large cluster of Ti3C2Tx flakes was randomly deposited on ultrathin 5 nm-thick 

silicon nitride (Si3N4) TEM grids. Core-loss EELS revealed the C-K, Ti-L, and O-K edges 

which are typical features for Ti3C2Tx (see Figure 2.2).93,94 It has also allowed us to trace 

the change of relative oxygen/fluorine concentration vs. temperature during in-situ heating 

experiments. Additionally, the low-loss EELS spectra were used to estimate the thickness 

of various Ti3C2Tx flakes (see section 2.3.3). 
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Figure 2.2.  Core-loss EELS of Ti3C2Tx averaged over a large area (310 x 110 nm2). The 

dashed lines are guides for the characteristic C-K, Ti-L3,2, O-K, and Ti-L1 edges at 283.5, 

460.3, 535, and 567 eV, respectively. 

In a typical Ti3C2Tx sample, a large assembly of nano- and micro-sized 2D flakes with 

regular and complex geometries was obtained. The inset of Figure 1a shows the high-angle 

annular dark field (HAADF) STEM micrograph of a 7.5 nm-thick truncated triangular 

Ti3C2Tx flake. The ZLP-subtracted EEL spectra (Figure 2.3a) considerably varied as the 

probe was scanned from one position to another over the Ti3C2Tx flake. Six distinct features 

were identified at 0.44, 0.66, 0.8, 0.95, 1.7 and 3.5 eV, respectively. By tracing the spatial 

distribution of the intensity maxima of these features, we obtained the EELS intensity maps 

(Figure 2.3b-g) corresponding to each peak. 
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Figure 2.3. (a) ZLP-subtracted EELS acquired on a truncated triangular flake of 

Ti3C2Tx (7.5 nm ± 0.04). The spectra are normalized to the peak at 1.7 eV (yellow shading) 

and magnified by a factor of 10 above 2.5 eV. Inset: STEM-HAADF micrograph of the 

Ti3C2Tx flake on a Si3N4 supporting membrane (black area). The red circle and green ellipse 

mark the most intense excitation positions for the dipole and quadrupole modes, 

respectively. Blue and purple regions denote the strongest excitation areas for the central 

modes. White dotted contour defines the perimeter within which the transversal mode (1.7 

eV) and IBT (3.5 eV) could be excited. (b-g) EELS fitted intensity maps of the 

corresponding SP modes and IBT sustained by the flake at the energy losses plotted in (a). 

The dotted lines are added to define the flake boundaries. 

Considering the wavelike nature demonstrated by the images in Figure 1b-e, together with 

their highly dissipative EELS signals (full width at half maximum (FWHM) is ca. few 

hundreds of meV), we interpret the excitations at 0.44, 0.66, 0.8, and 0.95 eV as the 

multipolar longitudinal modes of the stationary SP wave sustained by the Ti3C2Tx flake.4,48 
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The first two modes will be referred to as edge modes as their EEL probability is localized 

at the lateral edges of the triangular flake. Each mode has a distinctive multipolar character 

defined by the number of nodes along the edge. 

The first mode at 0.44 eV, with no nodes, corresponds to the fundamental dipole mode 

with its ubiquitous spatial distribution at the corners (red circle in the inset of Figure 

2.3a).4,48,7,45,95 This mode is strongly coupled to the electromagnetic field of incident light 

and is thus considered as the best optically-active SP mode. It is often referred to as the 

super-radiant mode.48,47,51 

The second peak at 0.66 eV, with one node at the middle of the lateral edges (green ellipse 

in the inset), represents the so-called quadrupole mode.48,96,46 In the same manner, more 

nodes at the lateral edges will correspond to higher-order multipolar edge modes as will be 

discussed later in this work. 

High-order SP modes, which are weakly coupled to incident light, are referred to as sub-

radiant modes.7,16,44 Nonetheless, these modes are of particular interest for many 

applications. Owing to their vanishing dipole moments, they can store considerably 

electromagnetic energy more efficiently than super-radiant modes due to their impediment 

of radiative losses.51,16,44 Analogous multipolar modes have been observed in other metallic 

nanostructures.4,47,40,43,97 

As the number of nodes increases, another set of multipolar modes (sub-radiant) starts to 

display strong EEL probability in the central region of the flake, where the free electron 

density oscillates radially.98-100 These modes will be referred to as central modes. The first 

prominent peak localized at the center of the flake at 0.8 eV (blue region in the inset), is 
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assigned to the first-order central mode or so-called breathing mode. A higher-order central 

mode was also detected at 0.95 eV (the purple region in the inset), which arises from a 

combination of dipole and breathing modes.7,99 For simplicity, this higher-order central 

mode will be referred to as ring mode. These central modes are typically excited on both 

the top and bottom surfaces of the flakes.2,15 Thus far, similar modes were only reported 

for metals with various 2D nanostructures including nanotriangles,1,48,98,100,15,101 

nanodisks,99,2 and nanosquares.7 

Furthermore, an additional energy mode was detected at 1.7 eV (yellow shading in Figure 

2.3a), which is relatively intense for excitation at any position on the flake. The 

corresponding EELS intensity map of this mode (Figure 2.3f) supports its attribution to the 

transversal SP mode owing to the uniform distribution over the entire area of the flake 

(dashed white contour in the inset). It follows the general pattern where a transversal mode 

is higher in energy and is size-independent contrary to longitudinal modes, which are much 

stronger, lower in energy, and highly size-dependent.50,48,47,51,6,8,52,102 Transversal modes in 

the same energy range were reported for other 2D materials such as graphene.12 

Apart from the aforementioned longitudinal and transversal SP modes, the EELS peak with 

an onset at ca. 3.5 eV and extending up to ca. 6 eV (grey spectrum in Figure 2.3a) was 

attributed to the IBT of Ti3C2Tx.
73,103 For better visualization, the ZLP-subtracted spectrum 

above 2.5 eV in Figure 1a was magnified by a factor of 10 as the SP modes are much more 

intense than IBTs.73 The EELS map of the IBT (Figure 1g) showed a homogenous intensity 

distribution all over the flake. 
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To investigate the geometrical dependence of SPs sustained by Ti3C2Tx, we studied various 

flakes with different shapes, sizes, and thicknesses. The lateral length of the studied flakes 

ranged from 80 to 1080 nm with a thickness between ca. 1.5 (equivalent to mono-layered 

Ti3C2Tx)
104,79 and 55 nm. The STEM-HAADF micrographs and EELS intensity maps, 

obtained for various shapes e.g., triangular, rectangular, slabs, and polygon-like, with 

different sizes and thicknesses, are depicted below. In all flakes, multipolar edge and 

central modes were evidenced with similar spatial distributions as imaged in Figure 1 but 

different energy maxima. The lowest energy edge modes; i.e., dipole and quadrupole 

modes, are distinguishable as they occupy a special place as illustrated in Figure 2.3. The 

central modes are also conspicuous with their spatial localization on the surface of the 

flakes. Conversely, the size-independent behavior of the transversal SP mode and IBT was 

ubiquitous in all flakes with no change in either their spatial distribution or energy position. 

To this point, we have shown that both energy and spatial distribution of the 

abovementioned longitudinal modes arise from their confinement at the lateral edges and 

surfaces of the flakes. Thus, they are primarily linked to the flakes’ morphology. Table 2.1 

summarizes the energy dependence of the longitudinal SPs (dipole and quadrupole modes) 

on the geometrical features of the studied flakes. For flakes with similar shapes, the energy 

of a given mode is red-shifting with increasing the length and/or reducing the thickness. 

The SP energies do separately depend on the length and the thickness as well as the shape. 

This phenomenon is related to the so-called retardation effect.48,105,106 However, in metallic 

nanostructures, with sizes less than 200-400 nm; i.e., half the typical wavelength of light, 

the energy of longitudinal modes merely depends on the aspect ratio (length/thickness) 
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rather than the actual shape or size.48,44,105 It is worth mentioning that, owing to retardation, 

the coupling of light to sub-radiant modes may become possible.4 

In terms of the biggest red-shift, we address the ultimate case (energy resolution limit, see 

experimental methods) by studying a large (ca. 1µm) triangular flake (Figure 2.4a). The 

thickness of this flake (everywhere except for a small part at the bottom-right corner) was 

estimated to be around 1.5 nm, on par with previously reported thickness for Ti3C2Tx 

monolayers.104,79 Note that other mono-layered flakes are shown in Figures 2.7 and 2.12 in 

section 2.2. The large lateral length of the monolayer Ti3C2Tx flake (Figure 2.4a) not only 

red-shifted the energy of the multipolar longitudinal modes but also allowed for the 

appearance of a higher-order edge mode; i.e., hexapole mode, with two nodes at the 

edges.51,45 Similar hexapole modes were also detected in other flakes (see Figures 2.7-

2.13). The corresponding EELS intensity maps of the dipole, quadrupole, hexapole, 

breathing, and ring modes at 0.11, 0.19, 0.24, 0.28, and 0.47 eV are displayed in images 

(1-5) in Figure 2.4a. Noticeably, we were able to resolve and map spectral features with 

energy losses between 11300 to 2600 nm in the MIR domain, with an energy difference of 

just 40 meV. The distinctive size-independent transversal mode as well as the IBT at 1.7 

and 3.5 eV are depicted respectively in images (6-7) in Figure 2.4a. 
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Figure 2.4. (a) STEM-HAADF micrograph of a monolayer (1.54 nm ± 0.05 thick) 

triangular Ti3C2Tx flake. (1-7) EELS fitted intensity maps of SPs and IBT sustained by the 

flake. Images (1-5) visualize the dipole, quadrupole, hexapole, breathing and ring modes, 

respectively. Images (6-7) correspond to the transversal mode (1.7 eV) and IBT (3.5 eV), 

respectively. The red-dashed rectangle in (a) denotes the region where a second monolayer 

triangular Ti3C2Tx flake is formed on the large flake. (b) Magnified image for the small 

triangular flake shown inside the red rectangle in (a). Images (8-10) show the 

corresponding independent dipole, quadrupole and breathing modes supported by the small 

monolayer triangular flake in (b). 
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What makes the flake in Figure 2.4a special is the evident presence of a second much 

smaller (ca. 200 nm) triangular Ti3C2Tx flake (denoted by the red-dashed rectangle) formed 

on the surface of the large triangular flake. The thickness of the specimen in that area was 

estimated to be 3.08 nm ± 0.04, which indicates an increment of just a monolayer in 

transition to the small triangular sub-part. The doubled thickness explains the augmentation 

of EELS intensity at the bottom right corner of images (6-7) in Figure 2.4. Most 

importantly, specific to this area only, distinct low-loss features, attributed as dipole, 

quadrupole and breathing modes, were detected respectively along the corners, edges and 

the center of the small triangular flake. The corresponding EELS intensity maps are shown 

in Figure 2.4b (8-10) at 0.34, 0.44 and 0.62 eV, respectively. Such results are considered 

as a visual experimental proof that Ti3C2Tx layers act as independent polarizable sheets 

owing to their weak interlayer coupling.73 Another example is depicted in Figure 2.11, 

where two distinct multipolar modes were recorded by EELS mapping at 0.6 eV. The first 

one was attributed to the hexapole mode of the rectangular slab, while the other was 

assigned to the dipole mode sustained by the rectangular sub-part on the right. 

As reported for metals, semi-metals or semi-conductors, the SPs in Ti3C2Tx would strongly 

depend on the free charge carrier (electron) density on the surface Ti3C2Tx.
3,5,73,47,107 In this 

context, Ti3C2Tx is known to exhibit a metal-like free electron density, which is partially 

related to the chemically active surface-terminated moieties (Tx).
61,71 Hence, in addition to 

geometrical dependence, it is also possible to tune the SP resonance in Ti3C2Tx by 

controlling the population of Tx e.g., F, O.73,103,108 Wherefore, Ti3C2Tx flakes were annealed 

at different temperatures under ultra-high vacuum inside the TEM chamber, to alter the 

population of Tx. In-situ heating combined with STEM-EELS was performed to investigate 
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the effect of annealing on the energy of longitudinal and transversal SP modes supported 

by Ti3C2Tx. It is worth mentioning that no phase transformation has taken place during the 

in-situ heating process, which might well happen at such elevated temperatures under 

continuous electron-beam irradiation.109 In our experiments, the flakes were first annealed 

for 30 minutes at each temperature point (300, 500, 700, 900 oC) then cooled down to room 

temperature (Troom) before collecting the EELS spectra and maps; i.e., all the measurements 

were performed at the same Troom. Figure 2.5a shows the STEM-HAADF micrograph of a 

triangular Ti3C2Tx flake along with the corresponding EELS intensity maps of the dipole 

and transversal modes as well as the inherent IBT. The ZLP-subtracted low-loss EEL 

signals for the annealed samples, ranging from Troom to 900 oC, for the dipole and 

transversal SP modes are, respectively, displayed in Figure 2.5b-c. The SP modes showed 

a significant monotonic shift in the peak maximum after annealing at temperatures above 

500 oC. The shift was also observed in other SP modes e.g., quadrupole, sustained by 

different Ti3C2Tx flakes regardless of the shape, size or thickness (Figure 2.13b). 

Conversely, there was no detectable change in the IBT (see Figure 2.5d). 
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Figure 2.5. In-situ heating STEM-EELS of Ti3C2Tx at 300, 500, 700 and 900 oC. (a) 

STEM-HAADF micrograph of a triangular flake (55.4 nm ± 0.04 thick in the center), and 
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its corresponding EELS fitted intensity maps of SPs and IBT supported by the flake (before 

annealing). Dotted lines are added to define the boundaries of the flake. ZLP-subtracted 

temperature-dependent EEL signals (acquired after cooling down to Troom) of the (b) dipole 

and (c) transversal SP modes as well as (d) IBT. (e) Core-loss temperature-dependent 

EELS of Ti3C2Tx averaged over a large area. The dashed lines are guides for the 

characteristic O-K, Ti-L1 and F-K edges at 535, 567 and 685 eV, respectively. Notice the 

gradual desorption of F after annealing at temperatures >500 oC. (f) The estimated [O]/[F] 

ratio at each temperature. Inset shows the decrease in the amount of F relative to O. 

To probe the effect of in-situ heating on the population of Tx, we used the core-loss EELS 

to estimate the relative amounts of [O] and [F] on the MXene surfaces. Figure 2.5e presents 

the characteristic O-K, Ti-L1 and F-K core-loss spectra of Ti3C2Tx,
93,94,108 acquired under 

the same parameters after each annealing cycle. Similarly, for samples annealed at 

temperatures higher than 500 oC, there was also a change in the core-loss EELS, where a 

gradual desorption in F was observed as indicated by the waning F-K peaks in Figure 2.5e. 

This correlates very well with the recently reported F desorption via temperature-dependent 

XPS at temperatures higher than 550 oC.110 In contrast, the integrated intensity of the O-K 

spectrum remained unaltered throughout the in-situ heating process. Figure 3f shows the 

evolution in the estimated [O]/[F] ratio as a result of F desorption during the in-situ heating. 

The ratio ca. 1.75 for the specimen before annealing (i.e. kept at Troom) is in good agreement 

with previous reports.94  

The manifested fluorine desorption in virtue of in-situ heating increased the metal-like free 

electron density (𝑁𝑒) at the surface of the conductive Ti3C2Tx. Consequently, the SP modes 
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were blue-shifted to higher energies as displayed in Figures 2.5 and 2.13. Nonetheless, 

such an increase in 𝑁𝑒 induced an additional screening by the flake’s charged surface 

limiting the mean free path of the fast electrons.5,9,15,111 Hence, a strong damping in the 

SPs, lessening and broadening the corresponding EELS signals, is induced as shown in 

Figures 2.5 and 2.13.5,11,111 

In principle, SPs are highly dissipative excitations,4 where the peak linewidth (𝛾) of their 

EELS signals is directly proportional to the induced damping that affects the quality factor 

of all SP modes.5,4,110 The quality factor of a SP mode is defined by the ratio between the 

resonance energy at peak maximum and 𝛾.3 For the specimen (the flake displayed in Figure 

2.5) before annealing, the quality factors for the dipole and transversal modes were 

estimated to be ca. 2.5 and 3.3, respectively. These values are on par with other plasmonic 

materials e.g., gold nanoparticles and copper sulfide quantum dots.3 However, the upsurge 

in the damping effect after in-situ heating induced an omnipresent drop in the SP quality 

factors of both modes as shown in Figure 2.6a-b. The concurrent increase in 𝑁𝑒 instigating 

the additional screening, was estimated using the bulk-plasmon energy, which comes after 

the IBT. At resonance, the SP energy is described as ω𝑠𝑝 = √
ω𝑝

1+2𝜀𝑚
− 𝛾2, where ω𝑝 =

√
𝑁𝑒 𝑒2

𝜀𝑜 𝑚𝑒
 denotes the bulk-plasmon energy which directly depends on 𝑁𝑒,3,106 𝜀𝑚 is the 

dielectric constant of the medium, 𝛾 (peak linewidth) represents the energy dissipation, 𝜀𝑜 

is the free space permittivity, 𝑒 is the electron charge, and 𝑚𝑒 is the electron effective mass. 

For the triangular Ti3C2Tx flake shown in Figure 2.5a, we used the energy of the dipole 

mode (Figure 2.5b) as the SP energy (sp) to calculate the bulk-plasma energy (p). From 
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the above equations, 𝑁𝑒 of the same flake was estimated to be 1.6 x 1021 cm-3 at Troom before 

annealing, which accords well with previous reports for Ti3C2Tx.
71,113 Correspondingly, 𝑁𝑒 

was also estimated after each annealing cycle. Noteworthy, the effect of thermal expansion 

was neglected because the low-loss and core-loss EEL signals were recorded at Troom after 

cooling down from each annealing temperature. Figure 4c shows the increase in 𝑁𝑒 as the 

used temperature increases, both with (𝛾 ≠ 0) and without (𝛾 = 0) the presence of energy 

dissipation. Figure 2.6d (right axis) displays the dependence of 𝑁𝑒 on the population of 

surface moieties (Tx). The energy variation of the dipole and transversal modes as a 

function of F desorption, which proliferated the free electron density of Ti3C2Tx, is shown 

in Figure 2.6d (red and blue left axes). 
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Figure 2.6. SP energy as a function of the annealing temperature for the (a) dipole and (b) 

transversal modes. All are obtained after cooling down to Troom. The estimated quality 

factors of the (a) dipole and (b) transversal modes are plotted on the right (red-axis). Insets: 

Variation in 𝛾 of the (a) dipole and (b) transversal modes with the annealing temperature. 

(c) The variation in Ne with the annealing temperature in the presence (blue columns) and 

absence (red circles) of dissipation. (d) Effect of F desorption on Ne (black triangles), dipole 

(red circles), and transversal (blue squares) modes. 

2.3. Materials and Methods  

2.3.1. Synthesis of 2D Mono- and Multilayered Flakes of Ti3C2Tx 

Suspensions of Ti3C2Tx were prepared using one of the recently reported synthesis 

methods.92 In a typical experiment, 1 g of the parent MAX Ti3AlC2 powder (< 40 m 

particle size, Carbon-Ukraine ltd.) was slowly added to a 10 ml etching bath composed of 

hydrofluoric acid (HF, 5.8 M, VWR Chemicals), deionized water (DI, Milli-Q) and lithium 

chloride (LiCl, 1.09 g, Sigma-Aldrich). The mixtures were stirred for 24 hr at 25 °C. After 

the selective etching of aluminum, the resulting suspensions were centrifuged (3500 rpm 

for 1 min) to separate the sediment. The supernatant was decanted and replaced with 40 ml 

of hydrochloric acid (HCl, 6 M, Fisher Chemicals). The suspension was washed twice with 

HCl via a centrifugation/decantation process. Subsequently, it was washed with deionized 

water until a pH value of ca. 7 was reached. Afterward, the supernatant solution was 

collected and sonicated under a flow of argon gas. For flakes with various aspect ratios, 

supernatant solutions were collected at different combinations of centrifuging speeds and 

sonication times. 



61 
 

 

2.3.2. STEM-EELS Characterization 

To obtain low-loss and core-loss EELS data in combination with STEM imaging (so-called 

STEM spectrum imaging or SI) Ti3C2Tx flakes were drop-casted on Si3N4 TEM grids 

(SiMPore Inc.) with 5 nm thick windows. Measurements were performed at 80 kV with a 

ThermoFisher USA (former FEI Co) Titan Themis Z (40-300kV) TEM equipped with a 

double Cs (spherical aberration) corrector, a high brightness electron gun (x-FEG), an 

electron beam monochromator, and a Gatan Quantum 966 imaging filter (GIF). Both core-

loss and low-loss spectra were acquired in the so-called microprobe STEM mode with 

about 1 mrad semi convergence angle (4nm probe size). For low-loss EELS the 

monochromator operation was optimized by the method first implemented in50 and 

described in detail in.41 As a result, mapping of the spatial distribution of the SP modes 

was obtained with the energy resolution of about 45-50 meV (defined as the full width at 

half maximum of the zero energy loss peak or ZLP), allowing to resolve spectral features 

(SPs resonant maxima) at energies down to ca. 110 meV (i.e. MIR range) with no need for 

further deconvolution of the data. The background subtraction was performed by the fitting 

of ZLP measured on pristine Si3N4 (without Ti3C2Tx flakes). Figures 2.7-2.13 display the 

STEM-HAADF micrographs of a set of different Ti3C2Tx flakes with different geometrical 

aspects along with their corresponding EELS fitted intensity maps of the sustained SPs and 

IBT. 

In-situ heating of the specimen was performed using the double tilt heating TEM holder 

(Gatan, model 652) for different temperatures (300, 500, 700, and 900 oC) under an ultra-

high vacuum inside the microscope. At each elevated temperature point, the specimen was 
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kept for 30 mins. Then it was cooled down to room temperature to obtain low-loss plasmon 

maps and core-loss averaged spectra. 

To deduce the relative amounts of oxygen and fluorine in the specimen after annealing at 

each temperature, we performed standard EELS quantification routine provided by Digital 

Micrograph software (Gatan). This routine is based on finding the ratio between integrated 

intensities under the O-K and F-K edges. Although it might result in relatively high error 

(10-20%) in the determined absolute concentration, this method is accurate enough to find 

the trend of relative oxygen/fluorine concentration ([O]/[F]) vs. temperature (see Figure 

2.5f) as long as it is applied consistently throughout all the measurements for different 

temperature points. To improve the accuracy, O-K and F-K core-loss spectra were 

averaged (obtained) while scanning over large areas (ca. 300 x 100 nm2) of MXene sheets 

with almost no impurities. 
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Figure 2.7. STEM-HAADF micrograph of a monolayer (1.54 nm thick) triangular flake of 

Ti3C2Tx along with the corresponding EELS fitted intensity maps of the sustained SPs and 

IBT. Quadrupole mode was detected at 0.24 eV. The breathing and ring modes were 

detected at 0.36 and 0.47 eV, respectively. The transversal mode and IBT were detected at 

1.7 and 3.5 eV, respectively. 
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Figure 2.8. STEM-HAADF micrograph of a rectangular flake of Ti3C2Tx (13.7 nm thick 

in the center) along with the corresponding EELS fitted intensity maps of the sustained SPs 

and IBT. Dipole, quadrupole and hexapole modes were detected at 0.35, 0.54 and 0.66 eV, 

respectively. The breathing mode was detected at 0.88 eV. The transversal mode and IBT 

were detected at 1.7 and 3.5 eV, respectively. 
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Figure 2.9. STEM-HAADF micrograph of a rectangular flake of Ti3C2Tx (3.1 nm thick) 

along with the corresponding EELS fitted intensity maps of the sustained SPs and IBT. 

Dipole, quadrupole and hexapole modes were detected at 0.33, 0.45 and 0.55 eV, 

respectively. The breathing and ring modes were detected at 0.64 and 0.8 eV, respectively. 

The transversal mode and IBT were detected at 1.7 and 3.5 eV, respectively. 
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Figure 2.10. STEM-HAADF micrograph of a rectangular slab of Ti3C2Tx (16.8 nm thick) 

along with the corresponding EELS fitted intensity maps of the sustained SPs and IBT. 

Dipole, quadrupole and hexapole modes were detected at 0.3, 0.59 and 0.84 eV, 

respectively. The transversal mode and IBT were detected at 1.7 and 3.5 eV, respectively. 

 

Figure 2.11. STEM-HAADF micrograph of a rectangular slab of Ti3C2Tx (12.2 nm thick) 

along with the corresponding EELS fitted intensity maps of the sustained SPs and IBT. 

Dipole, quadrupole and hexapole modes were detected at 0.2, 0.4 and 0.6 eV, respectively. 

Another dipole mode was detected at 0.6 eV for the rectangular sub-part on the right side 

of the slab. The ring mode was detected at 0.8 eV. The transversal mode and IBT were 

detected at 1.7 and 3.5 eV, respectively. 
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Figure 2.12. STEM-HAADF micrograph of a polygon-like monolayer (1.54 nm thick) of 

Ti3C2Tx. The intensity maps of SPs and the inherent IBT are shown with respect to the 

boundaries of the flake. The dipole, breathing and ring modes were detected at 0.26, 0.36 

and 0.47 eV, respectively. The transversal SP mode and IBT were detected at 1.7 and 3.5 

eV, respectively.  
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Figure 2.13. In situ heating STEM-EELS of Ti3C2Tx at 300, 500, 700 and 900 oC. 

(a) STEM-HAADF micrograph of a rectangular flake (16.8 ± 0.03 nm thick), and its 

corresponding EELS fitted intensity maps of the SPs and IBT sustained by the nm-sized 

flake (before annealing). Dipole, quadrupole, hexapole and transversal SP modes were 

detected at 0.4, 0.67, 0.84 and 1.7 eV, respectively, along with the inherent IBT at 3.5 eV. 

(b) ZLP-subtracted temperature-dependent EEL signals of the quadrupole SP mode. Notice 

the damping accompanying the blue-shift (ca. 0.15 eV) at temperatures > 500 oC. 

2.3.3. Thickness Determination 

To derive the thickness of Ti3C2Tx flakes, the log-ratio method was used.97,59 Following 

this method, the absolute thicknesses (t) can be calculated by knowing the inelastic mean 

free path () of the incident 80 keV electrons in the material. However, in our 

measurements, we used the effective inelastic mean free path (eff). Here “effective” 

implies that it is only valid for our fixed EELS experimental conditions (beam convergence 

angle, spectrometer collection angle, HT and the selection of energy window for ZLP 

integration). To estimate eff in Ti3C2Tx first we evaluated eff in Si3N4 supporting 

membrane, since its absolute thickness is known to be 5 nm. For this we compared the high 

resolution ZLP signal (an integral in -0.1 to 0.1eV energy window) from the Si3N4 to the 

ZLP signal from a nearby hole in the substrate; i.e., vacuum. We took the ZLP from vacuum 

as the total number of electrons in EEL spectrum. The natural log of the ratio between the 

two signals was taken to be the relative thickness (t/eff) of the material.97,59 From our 

measurements, eff in Si3N4 membrane was estimated to be ca. 33 nm. Likewise, we 

reliably assumed the eff in Ti3C2Tx to be ≤ 33 nm owing to the higher average atomic 
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number Z of MXene compared to Si3N4 (Z-0.28).111 Figure 2.14 displays an example of 

the thickness profile obtained at the edge of a trilayer Ti3C2Tx flake. Table 2.1 shows the 

estimated thickness and mean lateral length of all flakes studied in the work. 

 

Figure 2.14. STEM-HAADF micrograph (left) obtained at the edge of a trilayer flake of 

Ti3C2Tx (4.5 nm in thickness). Integrated intensity profile (right) of the area marked by the 

white frame in the STEM-HAADF micrograph. 

Table 2.1. SP energy variation of the dipole and quadrupole modes with the geometry of 

flakes; shape, thickness (t), edge length (represented by the mean lateral length <L>, which 

is estimated by averaging the lateral lengths of the flakes), and aspect ratio R (<L>/t).  

Flake Shape t (nm) <L> (nm) R 
Dipole 

(eV) 

Quadrupole 

(eV) 

Fig. 2.3a 

Triangle 

7.5 236.3 31.5 0.44 0.66 

Fig. 2.4a 1.54 999.7 649.1 0.11 0.19 

Fig. 2.4b 1.54 193.3 125.5 0.34 0.44 

Fig. 2.5a 55.4 173.7 3.1 0.79 / 

Fig. 2.7 1.54 771.3 500.9 / 0.24 

 

Fig. 2.8 
Rectangle 

13.7 329.8 24.1 0.35 0.66 

Fig. 2.9 3.1 213.8 68.9 0.33 0.45 
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Fig. 2.10 16.8 257.3 15.3 0.4 0.67 

 

Fig. 2.11 
Slab 

16.8 278.3 16.6 0.3 0.59 

Fig. 2.12 12.2 285.5 23.45 0.2 0.4 

 

Fig. 2.13 Polygon 1.54 285.6 185.5 0.26 / 

 

2.3.4. XRD and Raman Characterization 

X-ray diffraction (XRD) analysis was conducted using a powder X-ray diffractometer 

(Bruker D8 Advance, Cu Kα radiation) with scanning rate of 0.02/step and 0.5 s/step in 

the range 2 angles of 5- 60. Corresponding Raman spectra were measured by micro-

Raman spectrometer (LabRAM Aramis, Horiba, Japan) equipped with a 473-nm 

wavelength cobalt blue laser and an Olympus ×50 objective lens. The XRD spectra of the 

MAX and MXene phases are shown in Figure 2.1a. It is clear that the crystallinity and 

structural order of Ti3AlC2 decreased after etching. The characteristic (002) peak at 9.5° 

for the MAX phase is broadened and shifted to a much lower value as a result of the 

increased d-spacing, which can be explained by the structural expansion from etching and 

substitution of Al with F and OH/O (Tx) terminating groups. The increase in the c lattice 

parameter (c-LP) for MXene compared to the parent MAX, is ostensibly a result of 

exfoliation followed by intercalation. The waning of the peak at 37° in MXene confirmed 

the removal of Al layers, which correlates well with previous reports.59 This was also 

confirmed by Raman spectroscopy as shown in Figure 2.1b, where the disappearance of 

the Raman peaks featured in the MAX spectrum at around 260 and 660 cm-1 characteristic 

of AlTi vibrations is an indication of the Al etching. Furthermore, the peaks at around 

210, 390, 575, 620 and 720 cm−1 are indicative of Ti3C2Tx.
113  
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Chapter 3. MXenes for Plasmonic Photodetection 

3.1. Overview and Scope 

In this chapter, for the first time, we demonstrate MXene-based thin film photodetectors 

that operate in the visible spectral region. The optoelectronic properties of the mechanically 

flexible arrays of two-terminal, parallel-type photodetectors based on Mo2CTx MXene thin 

films deposited on paper substrates (nylon membrane filters), are thoroughly investigated. 

We show that the responsivity and detectivity of the Mo2CTx photodetectors can reach as 

high as 9 AW-1 and ca. 5x1011 Jones, respectively at a wavelength of 660 nm. It is worth 

mentioning that the responsivity of the Mo2CTx MXene devices we propose is ca. 18000 

and ca. 1200 times higher than the first reported graphene23 and MoS2
24 photodetectors, 

respectively. We found that the photocurrent in Mo2CTx is principally controlled by 

efficient surface plasmon-assisted hot electron generation. The MXene films, composed of 

the disordered superposition of crystalline nanosheets with dimensions about hundreds of 

nanometers, offer a naturally high density of edges and nanometric gaps that can efficiently 

relax plasmonic momentum constraints promoting energized hot electrons generation.25 

The relatively lower electronic density of Mo2CTx (i.e., ca. 3×1020 cm-3),7 with respect to 

conventional plasmonic metals, allows for a longer electronic mean free path, supporting 

a rather long experimental electron-electron scattering relaxation time and the very good 

performances reported here. The existence and the distribution of a variety of surface 

plasmon modes over individual Mo2CTx nanosheets are visualized by the combination of 

scanning transmission electron microscopy (STEM) and ultra-high resolution electron 

energy loss spectroscopy (EELS). The dynamics of the generated plasmon-assisted hot 
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carriers upon excitation is elucidated using femtosecond visible transient absorption 

experiments. We also show that Mo2CTx-based devices have maintained 80%+ of the initial 

photocurrent generation efficiency even after 12000 s of continuous illumination of 660 nm 

light. While the Ion/Ioff ratio remained almost the same over the course of 30+ days of 

storage under vacuum at room temperature. Moreover, the arrays of Mo2CTx thin film 

photodetectors are shown to be readily bendable under multiple and repeated deformations. 

3.2. Results and Discussion 

In this work, five different MXene nanosheets, i.e., Mo2CTx, Ti3C2Tx, Nb2CTx, T2CTx and 

V2CTx, were first exfoliated from their parent MAX phases (Figure 3.1, see section 3.3 for 

more details about the synthesis of MAX and MXenes). Their fundamental structural, 

morphological and steady-state optical characteristics are displayed in Figures 3.2-3.6. 

 

Figure 3.1. Schematic illustration of the typical synthesis process of M2XTx MXenes, 

where M denotes the transition metal (i.e., Mo, Ti, Nb or V), X stands for C, and Tx 

represents different populations of the surface-terminated species (-O, -OH, and -F). 
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Figure 3.2. Secondary electron SEM images for (a) unreacted multilayered Mo2Ga2C 

MAX and (b) exfoliated Mo2CTx. (c) Bright-field TEM image of a representative Mo2CTx 

nanoheet, and (d) its corresponding SAED pattern. (e) XRD patterns of Mo2Ga2C MAX 

(blue) and the corresponding intercalated-Mo2CTx MXene film (green). 

 

Figure 3.3. (a) Secondary electron SEM image for exfoliated multilayered Ti3C2Tx. (b) 

XRD patterns of Ti3AlC2 MAX (blue) and the corresponding Ti3C2Tx MXene film (green). 

(c) UV-Vis-NIR absorption spectrum of Ti3C2Tx nanosheets suspended in water.  
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Figure 3.4. (a) Secondary electron SEM image for exfoliated multilayered Nb2CTx. (b) 

XRD patterns of Nb2AlC2 MAX (blue) and the corresponding Nb2CTx MXene film (green). 

(c) UV-Vis absorption spectrum of Nb2CTx nanosheets suspended in water. 

 

Figure 3.5. (a) Secondary electron SEM image for exfoliated multilayered Ti2CTx. (b) 

XRD patterns of Ti2AlC2 MAX (blue) and the corresponding Ti2CTx MXene film (green). 

(c) UV-Vis absorption spectrum of Ti2CTx nanosheets suspended in water. 
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Figure 3.6. (a) Secondary electron SEM image for exfoliated multilayered V2CTx. (b) XRD 

patterns of V2AlC2 MAX (blue) and the corresponding V2CTx MXene film (green). (c) UV-

Vis absorption spectrum of V2CTx nanosheets suspended in water. 

Amongst the five studied MXenes, Mo2CTx was selected as a model system for its relative 

stability against oxidation, moderately high free carrier density and electrical conductivity,7 

though not as high as Ti3C2Tx.
2,18,19 In this regard, it is worth noting that, in general, for the 

sake of not having high dark currents, materials with metal-like conductivity are not 

preferred for photodetectors. Figure 3.7a shows a schematic representation of a Mo2CTx 

nanosheet, where one layer of carbon is sandwiched between two layers of molybdenum, 

while the surface of the nanosheet is randomly terminated with functional surface moieties, 

i.e., −OH, −O and –F. The transmission electron microscopy (TEM) image and 

corresponding selected area electron diffraction (SAED) pattern of Mo2CTx nanosheets 

show a smooth surface morphology with a high crystal quality (Figure 3.7b). Further, the 

atomic-resolution scanning transmission electron microscopy (STEM) image of Mo2CTx 

nanosheets (Figure 3.7c) indicates the hexagonal structure of the basal planes without 

obvious nanometer-scale defects or carbide amorphization.8 The UV-Vis-NIR absorption 

spectra of as-prepared suspension of Mo2CTx nanosheets in water (0.6 mg/ml, red) and a 

ca. 1.8 m-thick film of Mo2CTx (blue) are depicted in Figure 3.7d. The difference between 

the absorption of film and suspension is attributed to light scattering by the suspended 

colloidal Mo2CTx nanosheets, which is almost negligible for the Mo2CTx film. The inset of 

Figure 3.7d is indicative of the Tyndall scattering effect confirming the colloidal nature 

and the stability of Mo2CTx suspensions in water. The V-shape spectra indicate the 

presence of free-carrier absorption, which typically occurs at longer wavelengths for other 
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materials with low free carrier density.26 However, owing to the higher free carrier 

concentration of Mo2CTx,
7 the whole absorption spectra are featured at shorter wavelengths 

with a minimum (absorption coefficient, , of 57 cm-1) at ca. 250 nm, representing the 

onset of free-carrier absorption. In Figure 3.7d, the left grey-shaded part denotes the 

absorption range dominated by the inter-band transition (IBT) between valence and 

conduction bands. While at wavelengths between ca. 230 and 330 nm, the intraconduction 

band absorption is stronger than the relatively weak free-carrier absorption,26 which 

becomes dominant above ca. 350 nm. The widespread absorption of Mo2CTx nanosheets 

makes it appealing for photodetectors operating in the visible spectral region. 
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Figure 3.7. (a) Schematic illustration of a delaminated Mo2CTx nanosheet: One layer of 

carbon is sandwiched between two layers of Molybdenum and the surface is randomly 

terminated with functional surface moieties, Tx: (−OH, −O, and −F)x. (b) TEM image of 

few-layered Mo2CTx nanosheets. Inset: FFT pattern. (c) High resolution STEM image of 

Mo2CTx. Note the hexagonal structure of the basal planes and high crystallinity of the 

Mo2CTx nanosheet with no obvious nanometer-scale defects. (d) UV-Vis-NIR absorption 

spectra of Mo2CTx film (blue, 1.8 m) and dispersed in water (red, 0.6 mg/ml) with a 

minimum at ca. 250 nm, representing the onset of free-carrier absorption. Inset: A 

photograph showing the Tyndall scattering effect in stable colloidal water-suspension of 

Mo2CTx nanosheets. (e) XRD patterns (vertically displaced for clarity) of Mo2Ga2C 

(green), exfoliated-Mo2CTx (red) and intercalated-Mo2CTx (blue) at low Bragg’s angles. (f) 

SEM micrograph showing the surface morphology of a Mo2CTx thin film. (g) Photograph 

and (h) schematic illustration of an array of two-terminal, parallel-type thin film Mo2CTx-

based flexible photodetectors. (i) High-resolution XPS spectrum of the Mo 3d and j, C 1s 

core levels. (k) Micro-Raman spectroscopy of Mo2CTx at 633 nm. (Blue) Resonant Raman 

scattering spectrum of Mo2CTx (Bulk, obtained by averaging more than 1000 spectra). 

(Green) A surface-enhanced Raman scattering (SERS) spectrum, displayed for 

comparison, obtained at one position on the Au-electrodes. (l) Low-frequency range of the 

Raman spectrum of the bare Mo2CTx film. The spectrum is analyzed by Lorentzian 

functions after subtraction of the broad baseline. 

For further investigations, homogeneous MXene thin films (ca. 2 m thick) were deposited 

on nylon membranes (filter papers) via vacuum-assisted filtration from MXene 

suspensions. The corresponding XRD patterns of films made of intercalated- and 
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exfoliated-Mo2CTx are shown in Figures 3.2 and 3.7e in comparison to XRD of their parent 

MAX phase (Mo2Ga2C powder). The shift in the (002) peak towards lower angles indicates 

an increase in the d-spacing and c-lattice parameter compared to those of their parent MAX 

phase.27 The (002) peak for exfoliated-Mo2CTx, which is partially intercalated with 

water,3,28 is observed at 8.9, but it was shifted to 4.5 for intercalated-Mo2CTx upon further 

intercalation using tetrabutylammonium hydroxide as explained in section 3.4.1.27 The 

scanning electron microscopy (SEM) image (Figure 3.7f) shows that  the fabricated 

Mo2CTx thin film (Figure 3.7g) is composed of few-layer Mo2CTx nanosheets stacked 

together with their surfaces preferentially aligned parallel to the film.  

Furthermore, x-ray photoelectron spectroscopy (XPS) was performed on the fabricated 

MXene thin films to study their chemical compositions and oxidation states. The 

corresponding high-resolution XPS spectra for Mo 3d and C 1s in Mo2CTx are depicted in 

Figures 3.7i and 3.7j. The Mo 3d core level (Mo 3d5/2 - Mo 3d3/2) of the Mo2CTx sample 

was fitted with four doublets (8 components) with a fixed area ratio equal to 3:2 and doublet 

separation of 3.18 eV. The Mo 3d5/2 components were located at 228.2 eV, 229.3 eV, 230.9 

eV, and 232.1 eV, respectively. The Mo 3d5/2 component centered at 228.2 eV is associated 

with unterminated Mo bound to C present in Mo2CTx and with traces of Mo2Ga2C.27,29 

While the Mo 3d5/2 component centered at 229.3 eV is assigned to surface Mo atoms bound 

to C in Mo2CTx nanosheets, where Mo is bound to surface termination species such as O, 

OH and/or F.27,30 Additionally, the Mo 3d5/2 components centered at 230.9 eV and 232.1 

eV are attributed to Mo5+ and Mo6+ oxidized species, respectively, arising from the 

inevitable surface oxidation during air exposure.27,31 The detected Mo6+ specie mainly 

exists in the form of the amorphous MoO3 and possibly in the form of Mo4O11, which is 
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comprised of Mo5+ beside the Mo6+ specie.32,33 Mo5+ may also exist in the form of 

Mo2O5,
34,35 which is known to be unstable in air, and readily oxidizes to MoO3.

34 Likewise, 

other possible phases of Mo5+ hydroxy-oxides (e.g. MoO(OH)3 and MoO2(OH)) are also 

known to spontaneously oxidize in air forming Mo6+ phases.36 Accordingly, by the time 

our devices are measured in air, any possible amount of Mo5+ hydroxy-oxides or oxides, 

other than Mo4O11, would wane in favor of forming more Mo6+ oxides. Anyway, it is 

noteworthy that Mo5+-based phases are expected to be very minimal owing to the low 

content of the Mo5+ specie (ca. 7%) within the sampling depth of XPS (Figure 3.7i). 

Meanwhile, the Mo bound to C in Mo2CTx remain to be the most abundant species with 

more than 50% of the total Mo atoms present in the XPS sampling depth of the MXene 

film. The high-resolution spectrum for C 1s core level of Mo2CTx (Figure 3.7j) was also 

fitted using seven components located at 283.1 eV, 283.8 eV, 284.4 eV, 284.8 eV, 286.2 

eV, 288.1 eV and 290.4 eV corresponding to C-Mo, C-Mo-O, C=C (sp2), C-C/C-H (sp3), 

C-O, C=O and (O-C=O and C-F) bonds, respectively.27 The rest of the high resolution XPS 

spectra of Mo2CTx and the other studied MXenes are discussed in details in section 3.3.5. 

Next, e-beam evaporation was used to deposit gold electrodes (ca. 50 nm thick) on the 

fabricated Mo2CTx films, giving rise to mechanically flexible arrays of two-terminal, 

parallel-type devices with a channel length and width of 70 µm and 1 mm, respectively 

(see Figures 3.7g and 3.7h). Thereupon, these Mo2CTx films were characterized by micro-

Raman spectroscopy imaging in large areas across the two electrodes of single devices. 

The corresponding spectral analysis (Figures 3.7k and 3.7l) unveiled the low-frequency 

fingerprint spectrum of our Mo2CTx MXene and elucidated a significant heterogeneity of 

its surface chemistry. By exploiting the SERS effect, triggered by the Au electrodes, we 
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were able to measure signals arising from nanoscale volumes defined by nanogaps and 

confined on the outer most surface of the nanosheets. The measured signals have evidenced 

a very high spectral variability, at sub-micron scale level, in the high-frequency range, i.e. 

above 600 cm-1. In contrast, bare Mo2CTx scattering results, though of very small intensity, 

were spatially quite uniform. Thus, by averaging hundreds of consecutive spectra, it was 

possible to identify the main molecular vibrational modes within the Mo2CTx network 

including shear and interlayer breathing modes. The Lorentzian shape analysis of the 

Stokes (S) and anti-Stokes (AS) sides of the spectrum (Figure 3.7l) in the (-500-500) cm-1 

range, allowed for the identification of up to ten vibrations with high accuracy. The 

assignment of the identified peaks is summarized in Table 4.1 in chapter 4. We have also 

highlighted a photon-electron-phonon anisotropic resonance process relying on the 

observed anomalously low S/AS intensity ratios; ca.1.3. Interestingly, such a value is rather 

far from what can be estimated (ca. 10) for considered peak couples, S-AS =500 cm-1, 

following the Bose-Einstein statistics, generally used to describe thermally-activated 

phononic excitations. For more details, refer to Figures 4.1 and 4.2 (refer to chapter 4) and 

the corresponding Raman structural characterization. 

Next, to study the broadband visible photoresponse of MXene thin films, we measured 

their spectral sensitivity as a function of wavelength. In particular, we have examined 

Mo2CTx thin films in the 400-800 nm range focusing the tunable radiation of a 

supercontinuum white laser excitation on a spot size of ≤ 25 m at the center between the 

electrodes (70 m apart), partially on one electrode and on a large area covering the whole 

device by simply defocusing the illumination (Figures 3.8a and 3.23). The spectral profile 
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of thin films made of Mo2CTx demonstrated a spectral response in the range of 500 to 800 

nm (Figures 3.8a and 3.23b), highlighting the resonant response of the device in the visible 

region. This spectral response lies within the window of free carrier absorption as 

illustrated in the measured UV-Vis-NIR absorption spectrum of Mo2CTx (Figure 3.7d). 

Furthermore, we performed a fixed bias (0.5V) micro-photocurrent imaging as shown in 

Figure 3.24. The corresponding micro-photocurrent map, obtained at a representative 

wavelength of 633 nm, is in agreement with the spectral sensitivity of Mo2CTx devices. It 

shows a rather homogeneous signal superimposed on a bias dependent current ground 

level. On a side note, it has not escaped our notice to consider any possible photoabsorption 

by the oxidized Mo species (see Figure 3.7i). However, such Mo oxidized species (e.g. 

MoO3 and/or Mo4O11) are known to have wide a band gap of ca. 3.2 eV or even larger,32,37-

41 which rules out the possibility of their contribution in the visible photoresponse of our 

Mo2CTx thin films. 
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Figure 3.8. (a) Photoresponse of a Mo2CTx thin film photodetector as a function of 

wavelength, under 0.7 V bias voltage. Inset: Photograph of the photocurrent setup showing 

one of the investigated samples, illumination objective and the contact electrodes. The spot 

size of the supercontinuum white laser excitation was ≤ 25 m. (b) Linear scale current-

voltage (I–V) characteristics of the Mo2CTx thin-film photodetector in the dark and under 

different light intensities at a wavelength of 660 nm with a bias voltage of ±1 V. (c) Ratios 

of the photocurrent to the dark current of the Mo2CTx thin-film photodetector as a function 

of different light intensities. (d) (Left) Photocurrents of the Mo2CTx thin-film photodetector 

as a function of different light intensities with respect to the dark state of the device. (Right) 

Responsivity of the photodetector as a function of different light intensities. (e) The 

detectivity and EQE (inset) of the photodetector as a function of different light intensities. 

(f) Ratios of the photocurrent of different MXene photodetectors with respect to the dark 

current, measured at wavelengths of 660 nm (red bars) and 532 nm (green bars). All the 

values were obtained at light intensities of 0.39 Wcm−2 and 0.41 Wcm−2 for wavelengths 

of 660 and 532 nm, respectively. Results shown in (c-e) are obtained considering an 

excitation at 660 nm. 

Following the spectral response depicted in Figure 3.8a, we examined the visible light 

detection of Mo2CTx thin films, under ambient conditions, at a representative wavelength 

of 660 nm with various light intensities. The linear and symmetrical behavior of the I–V 

curves of the Mo2CTx (Figure 3.8b) indicates an Ohmic contact has formed between the 

thin film and Au electrodes. The current gradually increases with the light intensity, as a 

result of the incremented number of excited carriers, yielding a maximum Ion/Ioff ratio of 

ca. 2×102 at a light intensity and bias voltage of 0.39 Wcm−2 and 1 V, respectively, as 



83 
 

 

shown in Figure 3.8c. The Ion/Ioff ratio for the Mo2CTx thin film as a function of film 

thickness demonstrates a saturation effect indicating a photocurrent level almost 

independent of the film thickness in the range from 1.5 to 4.0 µm, (Figure 3.25) that 

characterizes the full coverage of the substrate. The photocurrent is obtained at different 

incident light intensities by subtracting the dark current from the current recorded under 

illumination (Figure 3.8d). The photocurrent strongly depends on the incident light 

intensities and increases steeply from 1×10-6 A to 2×10-4 A as the light intensity increases 

from 5×10-4 Wcm-2 to 0.39 Wcm-2. 

To evaluate the performance of the Mo2CTx photodetectors, their responsivity (R), specific 

detectivity (D*), and external quantum efficiency (EQE) were calculated under incident 

light of 660 nm and a bias voltage of -1 V and are presented in Figures 3.8d and 3.8e. R, 

D*, and EQE are calculated based on previous reports with the assumption that the dark 

current is primarily dominated by the shot noise (Table 3.1 in section 3.3.6).42-44  At light 

intensities as low as 5×10-4 Wcm-2, our device reaches a responsivity of 9 AW-1 and 

decreases with increasing light intensity (Figure 3.8d). The drop in responsivity is 

attributed to the filling of the trap states present in the Mo2CTx thin film that might be 

originated from the defects and/or surface-terminated functional groups. Besides, 

increasing the illumination at high level enhances the recombination of generated hot 

carriers while progressively reduces the density of available states in the conduction band, 

resulting in a saturation of the photocurrent and a gradual decrease in the R.45 The 

calculated maximum D* and EQE, under the illumination of 660 nm, are 4.7×1011 Jones 

and 17, respectively, and they gradually decrease with increasing light intensity (Figure 
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3.8d). In addition, our solution-processed Mo2CTx photodetector arrays demonstrate very 

high cell-to-cell and batch-to-batch reliabilities (Figure 3.26). 

We also examined the photodetection performance of Mo2CTx at another visible 

wavelength of 532 nm (Figure 3.27), and it exhibited similar performance to that obtained 

at 660 nm, which correlates with the broadly visible band selectivity shown in Figure 3.8a. 

The visible-light photoresponse of other MXene compositions was also studied and the 

results are summarized in Figures 3.8f, 3.28, and 3.29. All of the photodetectors responded 

to the 660 nm and 532 nm light with little variation in the detection performance, which 

depends on the characteristic optical absorption, electrical conductivity, and free carrier 

concentration of the individual MXenes. In view of the broadband absorption of Mo2CTx 

(Figure 3.7d), we also examined our devices under UV (325 nm) and NIR (1064 nm) 

illumination, near both edges of the visible band. Interestingly, despite being within the 

free carrier absorption regime as indicated by the UV-Vis-NIR absorption spectra in Figure 

3.7d, very weak photoresponse was obtained at both spectral ranges (Figure 3.30). We 

attribute this to the presence of characteristic surface plasmons (SPs), collective 

oscillations of free carriers, supported by Mo2CTx nanosheets. In principle, the possibility 

to excite a SP resonating at the same frequency of incident light is known to enhance the 

device performance of many applications and is the distinctive characteristic of a 

plasmonic device. Hence we believe that our devices have lower performances at non-

visible wavelengths because they do not match any of the resonance frequencies of the SPs 

that are potentially supported by the Mo2CTx nanosheets. A thorough explanation for our 

hypothesis is provided in chapter 4, where we discuss the physical electromechanical 
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properties of a multilayer Mo2CTx cluster in comparison with gold as a typical example of 

conventional plasmonic materials. 

To validate our hypothesis, we implemented a combination of STEM and ultra-high 

resolution EELS to investigate the presence of SPs supported by multilayer Mo2CTx 

nanosheets. Figure 3.9a displays a typical low-loss EEL spectrum (with zero-loss-peak 

(ZLP) subtracted) of Mo2CTx with four distinct features, identified at 0.3, 0.39, 2.45, and 

3.42 eV. The obtained EELS intensity distribution maps at each feature are shown in the 

inset of Figure 3.9a along with the annular dark field (ADF) STEM micrograph of a 

truncated triangular Mo2CTx nanosheet (58 nm thick). We interpret the peaks at 0.3 and 

0.39 eV as the dipole and quadrupole longitudinal modes, respectively, of the SP supported 

by the Mo2CTx nanosheet. Analogous distinct multipolar modes have also been reported 

for Ti3C2Tx nanosheets.19 The peak at 2.45 eV, distinguished with its homogeneous 

distribution, is assigned to the transversal SP mode, which is size-independent and solely 

related to the free electron concentration. The EELS absorption edge with an onset at 3.42 

eV is ascribed to the inter-conduction band transitions as well as the IBT extending up to 

7 eV. EELS-fitted intensity maps of SPs for other Mo2CTx and Ti3C2Tx nanosheets are 

depicted in Figure 3.12-3.17.  

In principle, our EELS results suggest that the Mo2CTx devices would only work at 

wavelengths in resonance with the supported SPs, be it longitudinal or transversal modes. 

However, owing to the low resonance energy levels (mid-IR range) of the longitudinal 

modes, which are beyond the capability of our photoexcitation sources, we directed our 

attention to the transversal SP mode. The energy window of the transversal SP mode is 
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highlighted in red in Figure 3.9a. Once the photoactive Mo2CTx thin film is illuminated at 

wavelengths with matching resonance, plasmon-assisted hot carriers are generated and 

efficiently separated to the Au electrodes maintained under an applied electric field. More 

details about the origin of the plasmonic behavior in Mo2CTx will be discussed in chapter 

4. We believe that the photocurrent generation in Mo2CTx is principally controlled by 

plasmon-assisted hot electrons, with marginal photothermoelectric and bolometric effects 

(Figure 5.31).7,27 The schematic representation in Figure 3.9b illustrates the migration 

process of the plasmon-assisted hot carriers towards the biased gold electrodes. These 

results not only correlate very well with our hypothesis but are also considered as the first 

report evidencing SPs in MXenes other than Ti3C2Tx. 

 

Figure 3.9. (a) ZLP-subtracted EELS acquired on a truncated triangular nanosheet of 

Mo2CTx (ca. 58 nm ± 1 at the center). The spectra are normalized to the transversal SP peak 
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at 2.45 eV (highlighted in red) and magnified by a factor of 5 above 1.7 eV. Insets: ADF-

STEM micrograph of the Mo2CTx nanosheet on a Si3N4 supporting membrane (black area), 

and the EELS fitted intensity maps of the corresponding longitudinal SP modes; namely 

dipole (0.3 eV) and quadrupole (0.39 eV), in addition to the transversal SP mode (2.45 eV) 

and the IBT (starting at 3.42 eV). (b) Schematic representation of the photodetector under 

illumination showing the migration process of the plasmon-assisted hot electrons towards 

the biased gold electrodes. (c) Time-resolved visible transient absorption spectra of 

Mo2CTx at different time slots. (d) Kinetic traces of the GSB recovery and ESA decay of 

Mo2CTx extracted at 475 nm and 590 nm, respectively. These data were collected under an 

excitation wavelength of 330 nm. 

To elucidate the dynamics of the generated plasmon-assisted hot carriers, i.e., electrons, 

upon excitation, we conducted femtosecond visible transient absorption measurements for 

our MXene nanosheets. Figure 3.9c shows the transient absorption spectra of Mo2CTx 

nanosheets obtained under UV-laser excitation of 330 nm. The transient absorption spectra 

are characterized by a strong ground state bleach (GSB), maximized at ca. 450 nm at early 

times. Generally, in 2D sheets, the plasmon peaks are expected to be broad and featureless 

due to the high damping effect from electron-phonon interactions.46,47 In our measurement, 

the GSB underwent an ultrafast process within ca. 200 fs, in which the GSB diminished, 

and simultaneously a positive feature, excited-state absorption (ESA), centralized at ca. 

590 nm, evolved. Such an ultrafast femtosecond process corroborates the existence of SPs 

as evidenced by EELS. Subsequently, both GSB and ESA recovered into zero with time 

scales of ca. 13 ps, and 53 ps, respectively. The lifetimes were extracted by fitting the 

kinetic traces at 475 and 590 nm as shown in Figure 3.9d. The observed dynamics are 
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attributed to the following processes: 1) After photon excitation, SPs were directly 

populated within 120 fs (temporal resolution of our technique), as reflected by the strong 

GSB at early times.48 2) According to the Landau damping model, the plasmon can transfer 

its energy to the formation of an electron-hole pair, with a time scale of ca. 100 fs, for 

metallic materials.48-50 However, in our case, this process took about 200 fs to occur, in 

which the formation of ESA is attributed to the electron features, while the strong 

quenching of GSB is ascribed to the hole features. 3) Following the electron-hole 

formation, the recombination process for the electron was ca. 53 ps, and ca. 13 ps for the 

hole. This variation in lifetimes can be attributed to the presence of active hole-trapping 

sites that are filled afterward by the populated electrons within 53 ps. The relatively slow 

recombination dynamics compared to classical plasmonic metals, can be attributed to the 

absence of metallic structures as previously reported.46 Such slow relaxation is indicative 

of scattering with phonons and few other electrons, which correlates well with unexpected 

S/AS intensity ratios observed in the low-frequency Raman. This finding concurs with the 

relatively low free carrier density ca. 1020 cm-3,7 which is ca. 4 orders lower than metals. 

To the best of our knowledge, this is the first report for ultrafast visible transient absorption 

of any MXene. We also obtained the kinetic traces of Ti3C2Tx along with their extracted 

lifetimes (Figure 3.10), which have also showed an ultrafast process, indicating a strong 

plasmonic behavior.  
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Figure 3.10. Kinetic traces of Ti3C2Tx extracted at 450 nm. The data were performed under 

excitation wavelength of 330 nm. Two lifetime components are needed for the best fit; one 

rising component for the plasmon-excitation process of ca. 50 fs, and another component 

of ca. 70 ps for the recombination process of the plasmon-induced excited carriers. 

Next, we investigated the dynamic performance of Mo2CTx photodetector by measuring 

their response time for the rise and decay of the photocurrent upon switching the light ON 

and OFF. Figure 3.11a shows the photocurrent of the photodetector under alternating ON 

and OFF cycles at a wavelength of 660 nm with a light intensity of 0.22 Wcm−2. The 

photocurrent of the Mo2CTx thin films sharply rose and decayed upon multiple switching 

cycles at the millisecond level, demonstrating good reliability and reversibility of the 

photodetector. To check the stability of the photodetectors, the photocurrent was measured 

under continuous illumination of 660 nm light in ambient conditions, as shown in Figure 
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3.11b. The device maintained over 80% of the initial photocurrent even after 12000 s. In 

addition, our air-exposed Mo2CTx thin-film channel exhibits weak charge-transfer between 

Mo2CTx and the absorbed O2 or H2O molecules, such that only less excited carriers (hot 

electrons) contribute to the charge transfer, and thus a stable photodetection operation was 

achieved.51,52 To verify the charge-transfer effect, we measured the dark current of the 

Mo2CTx in air and under vacuum. The dark current measured in the air for Mo2CTx films 

was not different from that measured under vacuum (Figure 3.32), suggesting that the 

devices have no significant interaction with the ambient H2O or O2 molecules. Besides, the 

high photostability of our Mo2CTx nanosheets can be ascribed to their high crystal quality 

and few nanometer-scale defects (Figures 3.7b and 3.7c), which benefits the structural and 

chemical integrity of the device. On the other hand, the stability of the Ti3C2Tx MXene thin 

film is strongly deteriorated with increasing illumination time (Figure 3.33). The 

spontaneous partial oxidation of Ti3C2Tx MXene14 leads to the formation of titanium oxides 

(e.g. TiO2), on which O2 molecules are generally known to be adsorbed.53 In consequence, 

the air-exposed Ti3C2Tx-TiO2 hybrid channel exhibits strong charge-transfer effect between 

TiO2 and the adsorbed O2, allowing for the contribution of more photo-induced carriers in 

the charge transfer process, and thus decreasing the stability. This analogy was further 

confirmed by obtaining the dark current of Ti3C2Tx films in vacuum and in air. The dark 

current measured in vacuum was significantly higher than that measured in air, confirming 

the strong charge transfer effect between TiO2 and O2 molecules. 
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Figure 3.11. (a) Photoresponse behavior of Mo2CTx thin-film photodetector under 

alternating ON and OFF cycles at a wavelength of 660 nm with a light intensity of 0.22 W 

cm-2. Both the switch-ON and -OFF times of the detector were ca. 500 ms. (b) 

Photostability of the Mo2CTx thin-film photodetectors under continuous illumination of 

660 nm light in ambient conditions. The device maintained ca. 80% of the initial 

photocurrent even after ca. 12000 s. (c) Ratios of the photocurrent, under 660 nm light 

illumination, with respect to the dark current as a function of storage time. (d) Photocurrent 

and dark current ratio as a function of the bending radius. (e) Ratios of the photocurrent to 

the dark current of the photodetectors as a function of the number of bending cycles at a 

bending radius of ca. 3 mm. Devices worked properly after 500 bending cycles at a bending 
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radius of ca. 3 mm, without any significant deterioration of the performance. All of the 

values were obtained at a wavelength of 660 nm with a light intensity of 0.22 Wcm-2. 

Meanwhile, the stability of the fabricated photodetectors was checked as a function of 

storage time, where no obvious deterioration has been observed. The Ion/Ioff ratio remained 

almost the same over more than 30 days of storage inside a vacuum desiccator (Figure 

3.11c). These results suggest that the Mo2CTx thin film devices are stable under vacuum 

storage conditions, highlighting their stable and durable photodetection operation. 

However, their stability in oxygen-containing environments remains to be properly 

investigated. Moreover, knowing that MXenes have demonstrated excellent mechanical 

flexibility,54 we investigated the photodetection properties of Mo2CTx thin films under 

various mechanical deformations (different bending radii). The initial Ion/Ioff ratio values, 

obtained at 660 nm, as a function of the bending radius, remained unaltered even at a 

bending radius of ca. 3 mm (see Figure 3.11d). A similar performance was also obtained 

after 500 bending cycles in the outward direction with a bending radius of ca. 3 mm, 

without any significant deterioration in the performance (Figure 3.11e). The arrays of 

Mo2CTx thin-film photodetectors, fabricated on nylon membranes, are readily bendable 

under multiple and repeated deformations. This illustrates their potential for harsh 

optoelectronics against mechanical stress and other flexible applications. 

3.3. Materials and Methods 

3.3.1. Synthesis of Mo2CTx 
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Powders of Mo2Ga2C MAX phase were synthesized by a solid liquid reaction of Mo2C and 

Ga.56 To synthesize Mo2CTx, 2g of Mo2Ga2C MAX powder was immersed into 20 ml of 

47-51% hydrofluoric acid (HF, Sigma-Aldrich). The precursor carbides were slowly added 

into acidic solutions, which were cooled by an ice-bath to minimize localized heating. The 

mixtures were then stirred with a magnetic Teflon stir bar at room temperature for 168 h 

(7 days). Following the HF treatment, the acidic suspensions of Mo2CTx were washed using 

cold deionized water (ca. 7 oC), in consecutive rounds of centrifugation and decanting, until 

a pH of 6-7 was reached.  After discarding the supernatant solution, the solid sediment was 

kept under vacuum overnight for drying at room temperature. 1g of dried multilayer 

Mo2CTx MXene powder was further re-dispersed into 10 ml of 54-56% 

tetrabutylammonium hydroxide (TBAOH, Sigma-Aldrich) solution for intercalation, and 

stirred for 4 h at room temperature. The resulting mixtures were washed three times, and 

sediments were re-dispersed into cold deionized water followed by ultra-sonication for an 

hour. The mixtures were later centrifuged at 3500 rpm for 10 minutes. The resulting 

supernatants were carefully collected and the dispersions were used for the thin film 

fabrication. 

3.3.2. Synthesis of Ti-, Nb- and V-based MXenes  

The Ti3AlC2 and Ti2AlC MAX powder were commercially procured (from Carbon-

Ukraine ltd. particle size < 40 µm, and from Maxthal 211, Kanthal, Sweden, -325 mesh, 

respectively). V2AlC and Nb2AlC MAX powders were synthesized following previous 

reports.57,58 To synthesize Ti3C2Tx, Nb2CTx, T2CTx and V2CTx MXenes, 2g of Ti3AlC2, 

V2AlC, Nb2AlC and Ti2AlC MAX powders were, respectively, immersed into 20 ml of 47-
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51% hydrofluoric acid (HF, Sigma-Aldrich), and into 20 ml of 10% HF for the latter 

MXene.59 The MAX powders were slowly added into the acidic solutions, which were 

cooled by an ice-bath to minimize the localized heating. The mixtures were then stirred 

with a magnetic Teflon stir bar at room temperature (and 40 oC for Ti3C2Tx) for 20 h, 160 

h, 96 h and 10 h, respectively. As in the case of Mo2CTx, following the HF treatment, the 

resulting suspensions of the other MXenes were washed using cold deionized water, in 

consecutive rounds of centrifugation and decanting, until a pH of 6-7 was reached. After 

discarding the supernatant solution, the solid sediments were kept under vacuum overnight 

for drying at room temperature. The dried multilayer MXene powders were delaminated 

following the same procedure used for Mo2CTx. 

3.3.3. Structural and Optoelectronic Characterization 

Surface morphologies were observed using a field emission scanning electron microscope 

(FE-SEM) (Nova Nano 630, FEI, USA). Steady-state UV-Visible-NIR absorption spectra 

(190-1200 nm) for liquid samples were obtained using a Cary 5000 UV-VIS-NIR 

spectrometer (Varian Inc.). As for films, UV-Vis-NIR diffuse reflectance spectra were 

collected using a JASCO model V-670 spectrometer. The reflectance spectra were 

recorded over the range of 190-1500 nm using halogen and deuterium lamps as the light 

Kubelka-Munk function. A baseline correction was applied before obtaining either of the 

two measurements; absorption and reflectance. X-ray diffraction (XRD) analysis was 

conducted using a powder X-ray diffractometer (Bruker D8 Advance, Cu Kα radiation) 

with scanning rate of 0.02/step and 0.5 s/step in the range 2 angles of 3 - 70. 
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Femtosecond transient absorption (TA) setup is detailed elsewhere.60 Briefly, the white-

light continuum probe pulses were generated in a 200 μm CaF2 nonlinear crystal using 

intense 800 nm fs laser, and spectrally tunable pump femtosecond pulses (330 nm; a few 

μJ pulse energy) were generated in an optical parametric amplifier (Light Conversion). The 

pump and probe pulses were spatially overlapped on the sample, and the transmitted probe 

pulse from the samples was collected on the broad-band UV-visible-NIR detectors. The 

findings of the TA measurements of Mo2CTx and Ti3C2Tx are depicted in Figures 3.9 and 

3.10, respectively. 

3.3.4. STEM-EELS Measurements 

Both atomic-resolution scanning transmission electron microscopy (STEM) imaging and 

electron energy loss spectroscopy (EELS) investigations were carried out at 80 kV with a 

ThermoFisher USA (former FEI Co) Titan Themis Z (40-300kV) TEM equipped with a 

double Cs (spherical aberration) corrector, a high brightness electron gun (x-FEG), an 

electron beam monochromator, and a Gatan Quantum 966 imaging filter (GIF). Low-loss 

EEL spectroscopy was performed in a combination with STEM imaging (so-called STEM 

spectrum imaging or SI) of Mo2CTx and Ti3C2Tx flakes, drop-casted on silicon TEM grids 

(SiMPore Inc.) with 5 nm thick Si3N4 windows. The low-loss spectra were acquired in the 

so-called microprobe STEM mode with about 1 mrad semi convergence angle. For low-

loss EELS the monochromator operation was optimized by the method first implemented 

in, ref. 61 and described in detail in, ref. 62. As a result, mapping of the spatial distribution 

of the SP modes was obtained with the energy resolution of about 45-50 meV (defined as 

the full width at half maximum of the ZLP), allowing to distinguish spectral features (SPs 
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resonant maxima) in the MIR range directly (without deconvolution of the data). The 

background subtraction was performed by the fitting of ZLP measured on pristine Si3N4 

(without MXene flakes). The thickness of the studied flakes was derived using the log-ratio 

method.8 Following this method, the absolute thicknesses (t) was calculated by knowing 

the effective inelastic mean free path as described in detail in, ref. 64. 

Figures 3.9a and 3.12-3.15 demonstrate the EELS fitted intensity maps of various SP 

modes supported by multiple Mo2CTx nanosheets with different shapes, sizes, and 

thicknesses. As illustrated below, each nanosheet is sustaining a distinct set of multipolar 

longitudinal SP modes at different geometrical-dependent resonance energies. In contrast, 

regardless of their geometrical aspects, all the nanosheets exhibit an invariant transversal 

SP mode at 2.45 eV (e.g. Figures 3.9a and 3.12), which is characteristic of the material 

itself and solely depends on its free carrier concentration.9 Likewise, Figures 3.16 and 3.17 

display the EELS fitted intensity maps of the longitudinal and transversal SP modes 

supported by Ti3C2Tx nanosheets. Analogous to Mo2CTx, the Ti-based MXene nanosheets 

are also sustaining a distinct set of multipolar longitudinal SP modes that strongly depend 

on the geometrical aspects of each nanosheet. They also demonstrate an invariant 

transversal SP mode at 1.7 eV, characteristic of Ti3C2Tx.
64  
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Figure 3.12. ADF-STEM micrograph of a rectangular Mo2CTx nanosheet (ca. 46 nm ± 1 

at the bottom-right part) along with the corresponding EELS fitted intensity maps of the 

supported SP modes and IBT. Two longitudinal SP modes were detected at 0.3 and 0.4 eV. 

The transversal mode and IBT were detected at 2.45 and 3.42 eV, respectively.  

 

Figure 3.13. ADF-STEM micrograph of a truncated triangular Mo2CTx nanosheet (ca. 126 

nm ± 1) along with the corresponding EELS fitted intensity maps of two longitudinal SP 

modes detected at 0.44 and 0.55 eV. The geometrical complexity prevented the assignment 

of the detected spatial distributions to specific modes. Transverse mode and IBT were not 

detected because of the large thickness. 
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Figure 3.14. ADF-STEM micrograph of a complex hexagonal Mo2CTx nanosheet (ca. 142 

nm ± 1) along with the corresponding EELS fitted intensity maps of four longitudinal SP 

modes detected at 0.3, 0.4, 0.5 and 1 eV. The geometrical complexity prevented the 

assignment of the detected spatial distributions to specific modes. Transverse mode and 

IBT were not detected because of the large thickness. 
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Figure 3.15. ADF-STEM micrograph of a hexagonal Mo2CTx nanosheet (ca. 148 nm ± 1) 

along with the corresponding EELS fitted intensity maps of five longitudinal SP modes 

detected at 0.25, 0.28, 0.38 and 0.48 eV. The geometrical complexity prevented the 

assignment of the detected spatial distributions to specific modes. Transverse mode and 

IBT were not detected because of the large thickness. 
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Figure 3.16. ADF-STEM micrograph of a square-like Ti3C2Tx nanosheet (ca. 10.5 nm) 

along with the corresponding EELS fitted intensity maps of the supported longitudinal SP 

modes, i.e., dipole, quadrupole and breathing at 0.63, 0.87 and 1.1 eV, respectively. The 

transversal mode and IBT were detected at 1.7 and 3.5 eV, respectively.  

 

Figure 3.17. ADF-STEM micrograph of a triangular Ti3C2Tx nanosheet (ca. 9 nm) along 

with the corresponding EELS fitted intensity maps of the supported longitudinal SP modes, 

i.e., dipole, quadrupole, breathing and a high order central mode at 0.55, 0.77, 0.97 and 1.1 

eV, respectively. The transversal mode and IBT were detected at 1.7 and 3.5 eV, 

respectively. 

3.3.5. High-resolution X-ray Photoemission Spectroscopy (XPS)  

XPS studies were carried out in a Kratos Axis Supra DLD spectrometer equipped with a 

monochromatic Al Kα x-ray source (hν=1486.6 eV) operating at 150 W, a multichannel 

plate and delay line detector under a vacuum of 1×10−9 mbar. The survey and high-

resolution spectra were collected at fixed analyzer pass energies of 160 eV and 20 eV, 
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respectively and quantified using empirically derived relative sensitivity factors provided 

by Kratos analytical. Samples were mounted in floating mode in order to avoid differential 

charging. Charge neutralization was required for all samples. Binding energies were 

referenced to the C 1s peak of (C-C, C-H) bond which was set at 284.8 eV. The data were 

analyzed with commercially available software, CasaXPS. The high-resolution XPS 

spectra of F 1s and O 1s core levels of the Mo2CTx film, are depicted in Figure 3.18. As for 

the other studied MXenes (Ti3C2Tx, Nb2CTx, T2CTx and V2CTx), the high-resolution XPS 

spectra are displayed in Figures 3.19-3.22, respectively. 

 

Figure 3.18. (a) Scan survey spectrum of Mo2CTx. (b) High-resolution XPS spectrum of 

the F 1s core level. (c) High-resolution XPS spectrum of the O 1s core level. 
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Figure 3.19. (a) Scan survey spectrum of Ti3C2Tx. High-resolution XPS spectrum of (b) Ti 

2p, (c) C 1s, (d) F 1s, (e) O 1s core levels. 

The Ti 2p core level from Ti3C2Tx was fitted with six doublets (Ti 2p3/2 – Ti 2p1/2) with a 

fixed area ratio equal to 2:1 and doublet separation of 5.7 eV (except for TiC the doublet 

separation is equal to 6.2 eV). The Ti 2p3/2 components were located at 455.0 eV, 455.7 

eV, 457.0 eV, 458.4 eV, 459.3 eV, and 460.3 eV, respectively. The Ti 2p3/2 component 

centered at 455.0 eV is associated with Ti bound to C.65,66 While the Ti 2p3/2 components 

centered at 455.7 eV and 457.0 eV are associated to Ti ions with valence state 2+ and 3+, 

respectively.65,67 The Ti 2p3/2 component centered at 458.4 eV is associated with TiO2.
67,68 

The Ti 2p3/2 components centered at 459.3 eV and 460.3 eV are associated to Ti from TiO2-

xFx species and to C-Ti-Fx bond, respectively.67 The C 1s core level of Ti3C2Tx was fitted 

using seven components located at 281.8 eV, 282.6 eV, 284.3 eV, 284.8 eV, 286.4 eV, 
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288.1 eV and 290.0 eV corresponding to C-Ti, C-Ti-O, C=C (sp2), C-C/C-H (sp3), C-O, 

C=O,] and (O-C=O and C-F) bonds, respectively.14 

 

Figure 3.20. (a) Scan survey spectrum of Nb2CTx. High-resolution XPS spectrum of (b) 

Nb 3d, (c) C 1s, (d) F 1s, (e) O 1s core levels. 

The Nb 3d core level from Nb2CTx sample was fitted with four doublets (Nb 3d5/2 –Nb 

3d3/2) with a fixed area ratio equal to 3:2 and doublet separation of 2.75 eV. The Nb 3d5/2 

components were located at 202.9 eV, 203.5 eV, 204.6 eV, and 206.5 eV, respectively. The 

Nb 3d5/2 component centered at 202.9 eV is associated with Nb bound to C in 

Nb2CTx,
67,70,71  while the Nb 3d5/2 component centered at 203.5 eV is associated with Nb 

bound to C in Nb2CTx phase where Nb is bound with surface termination species such as 

O, OH and/or F.67,71 The Nb 3d5/2 components centered at 204.6 eV, and 206.5 eV are 

associated to Nb in sub-oxides species and to Nb from Nb2O5, respectively.67,71 
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The C 1s core level from Nb2CTx was fitted using eight components located at 281.7 eV, 

282.3 eV, 282.8 eV, 284.4 eV, 284.8 eV, 286.2 eV, 288.1 eV and 289.1 eV corresponding 

to C-Nb, C-Nb(Vac) (C near a vacancy, or defect), C=C (sp2), C-C/C-H (sp3), C-O, C=O 

and (O-C=O and C-F) bonds, respectively.67 

 

Figure 3.21. (a) Scan survey spectrum of V2CTx. High-resolution XPS spectrum of (b) V 

2p / O 1s, (c) C 1s, (d) F 1s. 

High resolution XPS spectra of V 2p / O 1s and C 1s core levels from V2CTx have been 

obtained. The V 2p3/2 core level was fitted with three components located at 513.3 eV, 

515.2 eV, and 516.2 eV. The V 2p3/2 component centered at 513.3 eV is associated with V 
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bound to C in V2C while the components 515.2 eV, and 516.2 are associated to oxidized 

vanadium with III and IV oxidation states.68,71,72 

The C 1s core level from V2CTx sample was fitted using seven components located at 282.1 

eV, 282.8 eV, 284.3 eV, 284.8 eV, 286.3 eV, 288.1 eV and 290.6 eV corresponding to C-

V, C-V(Vac) ( C near a vacancy, or defect), C=C (sp2), C-C/C-H (sp3), C-O, C=O and (O-

C=O and C-F) bonds, respectively.67 

 

Figure 3.22. (a) Scan survey spectrum of Ti2CTx. High-resolution XPS spectrum of (b) Ti 

2p, (c) C 1s, (d) F 1s, (e) O 1s core levels. 

High-resolution XPS spectra of Ti 2p and C 1s core levels from Ti2CTx have been obtained. 

The Ti 2p core level from Ti2CTx sample was fitted with six doublets (Ti 2p 2p3/2 – Ti 2p1/2) 

with a fixed area ratio equal to 2:1 and doublet separation of 5.7 eV (except for Ti-C the 

doublet separation is equal to 5.9 eV). The Ti 2p3/2 components were located at 454.2 eV, 
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455.7 eV, 457.3 eV, 458.4 eV, 459.2 eV, and 460.3 eV respectively. The Ti 2p3/2 

component centered at 454.4 eV corresponds to Ti-C bond in T2CTx.
72-75 While the Ti 2p3/2 

component centered at 455.7 eV can be assigned to Ti-Cx peak (a combination of a sub-

stoichiometric TiCx (x<1) and to titanium oxycarbides TiCxOy.
76 The Ti 2p3/2 components 

centered at 459.2 eV and 460.3 eV are associated to Ti from TiO2-xFx species and to C-Ti-

Fx bond, respectively.66 The C 1s core level was fitted using six components located at 

281.1 eV, 282.1 eV, 284.2, 284.9 eV, 286.2, 288.1 and 289.6 corresponding to C-Ti,74,77 

C-Ti-O, C=C (sp2), C-C/C-H (sp3), C-O, C=O and (O-C=O and C-F) bonds, 

respectively.69 

3.3.6. Device Fabrication, Spectral Sensitivity, and Device Measurements 

To fabricate the devices, the desired amounts of delaminated 2D Mo2CTx MXene powders 

were dispersed in DI water with gentle bath sonication for 1h, then filtered under vacuum 

onto a nylon membrane filter paper with a pore size of 200 nm and a diameter of 25 mm. 

The resulting film was dried in a vacuum oven at 80 °C for 4 h. Au electrodes with 

thicknesses of 50 nm were deposited onto a Mo2CTx thin film by e-beam evaporation under 

a vacuum of 10−6 torr using a patterned shadow mask. The length and width of the channels 

were 70 μm and 1 mm, respectively.  

The spectral sensitivity measurements were performed by a homemade confocal setup, see 

Figure 3.23a. A supercontinuum white light laser (superK Extreme, NKT Photonics) was 

used for the continuous scanning of the 400-800 nm spectral range. Excitation was 

monochromatized by an acousto-optic resonator filter (NKT SuperK Select multi-line 

tunable filter AOTF) allowing for a 4-8 nm bandwidth delivered by a broadband fiber and 
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focused by a 10x Nikon objective. The spot size, thought wavelength dependent, resulted 

in any condition smaller than 25 µm. Laser intensity was selected in the 1-2 mWatt range, 

and each current measure was normalized to the actual monitored laser power concurrently 

recorded by a calibrated power meter as a function of the wavelength. Sample alignment 

was allowed by a micro stage confocally monitored by a CCD camera. For each spectral 

point, three measurements were repeated for statistical meaning. At each wavelength the 

IV characterization was performed applying a sawtooth signal (4 ramps, 1 s/ramp) to the 

device by a Keithley 2612B SourceMeter® spanning the -1, +1 V bias range, recording the 

current each 0.1V. Data analysis was performed with Matlab® software to obtain the 

spectral current/mW vs. applied bias. The measurement was repeated at three different 

positions on the sample. For the specific wavelength of 633 nm, we have also performed 

micro-photocurrent imaging as reported in Figure 3.24d recording the photocurrent at 0.5V 

bias while scanning the sample below the excitation laser. 

Here we focus on the spectral photocurrent and photocurrent imaging under bias obtained 

for the Mo2CTx device. The experimental setup, shown in Figures 3.23a and 2.24a, allowed 

us to record the current while scanning the 400-800 nm spectral range continuously via a 

supercontinuum white laser excitation focused by a 10x objective. The spot size, though 

wavelength-dependent, is smaller than 25 m under any condition. The used spot size 

allowed to obtain the photoresponse from a well representative excitation area of the 

sample, at a position centered in between the electrodes (apart 70 m), see Figures 3.8a 

and 3.23b. A better understanding of the photoresponse was achieved by comparing the 

result obtained in the previous configuration with those obtained illuminating the electrode 
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partially, or using a large spot size (ca. 300 m in the case of the yellow spectrum shown 

Figure 3.23b) by simply defocusing the illumination. 

 

Figure 3.23. (a) Schematic illustration of the experimental photocurrent setup. Inset: Top-

view of the device with three different illumination spots: blue (between the electrodes), 

red (junction, partially on one electrode), and yellow (large spot covering the whole 

device), considered to determine the spectral photoresponse of the device reported in (b). 

(b) Spectral photocurrents profiles at the three different illumination spots shown in (a). 

For the specific wavelength of 633 nm, we have also performed micro-photocurrent 

imaging, as displayed in Figure 3.24, recording the photocurrent at 0.5V bias while 

scanning an area larger than the inter-electrodes channel (Figure 3.24c). The current profile 

(Figure 3.24e), a vertical section from the image shown in Figure 3.24d, shows a rather 

homogeneous current maximum at the center, in agreement with the spectral data (Figures 

3.8a and 3.23b). The current profile is smoothly reduced toward the electrodes, being 
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superimposed to a current ground level, as determined by the DC-dark signal of the same 

applied bias. 

 

Figure 3.24. (a) Photograph of the photocurrent setup showing one of the investigated 

samples, illumination objective and the contact electrodes. (b) Zoomed image of the device 

under measurement. Note the scattered light from the laser spot shining on the inter-

electrodes channel. (c) Optical image of the sample investigated during the micro-

photocurrent imaging. (d) Photocurrent map, and (e) vertical current profile. 

For device fabrication, the Keithley KE4200-SCS semiconductor characterization system 

was used to measure electrical and photoresponse characteristics of the devices under 

ambient conditions. Continuous-wave semiconductor diode laser sources (CivilLaser) 
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were used to generate light at 660 nm and 532 nm wavelengths. A laser power meter 

(Thorlabs) was used to measure the incident power of the laser pulses. The dark current of 

the photodetectors was re-measured in vacuum at room temperature, using a Lakeshore 

vacuum probe station under a pressure less than 1×10-5 Torr. 

Table 3.1. The equations used in the calculation of photodetector properties. 

Properties Equations Remarks 

Responsivity (R): Ratio of 

the photocurrent generated 

in the detector to the 

incident light power. 

𝑅 = 𝛥𝐼/(𝑃 × 𝐴) 

ΔI = Ilight − Idark 

P = Light intensity 

A = Active area of the 

device 

Specific Detectivity (D*): 

The sensitivity of a 

photodetector. 

D∗ = 𝑅 × A1/2/(2 × q × Id )1/2 

 R = Responsivity 

A = Active area of the 

device  

q = Absolute value of 

electron charge 

Id = Dark current 

External Quantum 

Efficiency (EQE): Ratio of 

the number of 

photogenerated carriers to 

the number of photons 

illuminating the device. 

EQE = (
h × c

e × λ
) ∗ R 

h = Planck's constant  

c = Velocity of light  

e = Electronic charge   

λ = Incident wavelength 
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Figure 3.25. (a) Photograph of the Mo2CTx thin films with different thickness. (b) Dark 

current and photocurrent of the Mo2CTx thin films as a function of different film thickness. 

(c) Ratio of the photocurrent to the dark current of the Mo2CTx thin films as a function of 

different film thickness.  

 

Figure 3.26. Box-whisker plot of the distribution of the Dark and photocurrent values of 

the Mo2CTx thin films at the wavelength of 600 nm with the light intensity of 0.39 W cm−2. 
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15 devices examined from 3 different batches showed very slight variations in dark and 

photocurrent current values. 

 

Figure 3.27. (a) Linear, and (b) semi-log scale current-voltage (I–V) characteristics of the 

Mo2CTx thin-film photodetector in the dark and under different light intensities of visible 

light at a wavelength of 532 nm with a bias voltage of ±1 V. (c) Ratios of the photocurrent 

to the dark current of the Mo2CTx thin-film photodetector as function different light 
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intensities. (d) (Left) Photocurrents of the Mo2CTx thin-film photodetector as a function of 

different light intensities corresponding to the dark state of the device. (Right) Responsivity 

of the photodetector as a function of different light intensities. (e) The detectivity and (f) 

EQE of the photodetector as a function of different light intensities.  

 

Figure 3.28. Photodetectors with various MXene thin films. (a) Ti3C2Tx (b) Nb2CTx (c) 

Ti2CTx (d) V2CTx. Current-voltage (I–V) characteristics of the MXene thin film 

photodetectors measured in the dark and under visible light at a wavelength of 660 nm with 

a bias voltage of ±1 V with 0.39 W cm-2  light intensity.  
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Figure 3.29. Photodetectors with various MXene thin films: (a) Ti3C2Tx, (b) Nb2CTx, (c) 

Ti2CTx, and (d) V2CTx. Current-voltage (I–V) characteristics of the MXene thin film 

photodetectors measured in the dark and under visible light at a wavelength of 532 nm with 

a bias voltage of ±1 V at a light intensity of 0.41 W cm-2.  
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Figure 3.30. Current-voltage (I–V) characteristics of the Mo2CTx MXene thin film 

photodetectors measured at wavelengths of 325 nm and 1064 nm of 0.27 W cm-2 and 0.12 

W cm-2 light intensity, respectively.   

Figure 3.31. Dark current variation of Mo2CTx thin film as a function of device temperature 

with a fixed bias voltage of -1 V. The very small change in current as function of 

temperature shows that both photothermoelectric and bolometric effects are marginal. 
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Figure 3.32. Current-voltage I-V characteristics of a Mo2CTx thin film without light 

illumination measured in air (black), under vacuum (blue) and in air again (red) under a 

bias voltage of 1 V. No obvious difference was observed.  

 

Figure 3.33. (a) Photostability of the Ti3C2Tx thin-film photodetector devices under 

continuous illumination of 660 nm light in ambient conditions. (b) Current-voltage I-V 

characteristics of a Ti3C2Tx thin film without light illumination measured in air (black), 

under vacuum (blue) and in the air again (red) under a bias voltage of 1 V. Notice the 

recovery in the I-V characteristics once the film is re-exposed to air. 

Table 3.2. Comparison of the key parameters of Mo2CTx MXene to the reported 2D 

material based photodetectors. 

Material Process Device 

architecture 

Spectral 

Range 

R 

(A W-1) 

D* 

(Jones) 

Ref 

Mo2CTx 

MXene 

Solution 

Synthesis 

2 terminal 

Photoconductor 
Visible 9 5x1011 

Our 

work55 

Graphene 

Mechanical 

Exfoliation 
3 terminal FET Visible 5x10-4 N.A. 61 

Mechanical 

Exfoliation 
3 terminal FET Visible 1x10-3 N.A. 62 
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CVD 3 terminal FET Visible 5x10-4 N.A. 63 

Graphene-

Plasmonic 

NPs 

CVD 3 terminal FET Visible 6.1x10-3 N.A. 64 

Reduced 

Graphene 

Oxide 

Solution 

Synthesis 

2 terminal 

Photoconductor 
NIR 4x10-3 N.A. 65 

Solution 

Synthesis 

2 terminal 

Photoconductor 
UV 5.6x10-2 N.A. 66 

Graphene 

Nano-

ribbons 

Solution 

Synthesis 

2 terminal 

Photoconductor 
NIR 1 N.A. 65 

MoS2 

Mechanical 

Exfoliation 
3 terminal FET Visible 7.5x10-3 N.A. 67 

Mechanical 

Exfoliation 
3 terminal FET Visible 880 N.A. 68 

CVD 
2 terminal 

Photoconductor 
Visible 0.57 N.A. 69 

Liquid 

Phase 

Exfoliation 

2 terminal 

Photoconductor 
Visible No data 

ca. 

2x1011 
70 

Liquid 

Phase 

Exfoliation 

2 terminal 

Photoconductor 

White 

light 
ca. 10-4 N.A. 71 

Liquid 

Phase 

Exfoliation 

2 terminal 

Photoconductor 
Visible 0.7 

ca. 

2x1011 
72 

WS2 

CVD 
2 terminal 

Photoconductor 
Visible 9.5x10-5 N.A. 73 

Magnetron 

Sputtering 

2 terminal 

Photoconductor 
UV 53.3 1.22x1011 74 
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Liquid 

Phase 

Exfoliation 

2 terminal 

Photoconductor 
Visible 4.5x10-5 N.A. 75 

MoSe2 

CVD 
2 terminal 

Photoconductor 
Visible 1.3x10-2 N.A. 76 

CVD 
3 terminal 

FET 
Visible 93.7 N.A. 77 

Liquid 

Phase 

Exfoliation 

2 terminal 

Photoconductor 
NIR 16 1x1012 70 

Black 

Phosphoro

us 

Mechanical 

Exfoliation 
3 terminal FET Visible 4.8 x10-3 N.A. 78 

Mechanical 

Exfoliation 
3 terminal FET NIR 8.5 N.A. 79 

 

Mechanical 

Exfoliation 

3 terminal FET 
 

UV 

 

ca. 

9x104 

 

ca. 

3x1013 

 

80 

 

Liquid 

Phase 

Exfoliation 

2 terminal 

Photoconductor 
UV 7.1x10-3 

ca. 

1x1011 
72 

GaS 

CVD 
2 terminal 

Photoconductor 
UV 19.2 1x1014 81 

Mechanical 

Exfoliation 

2 terminal 

Photoconductor 
Visible 64.43 N.A. 82 

Solution 

Synthesis 

2 terminal 

Photoconductor 
UV 173 1.74x1013 83 

GaSe 

Mechanical 

Exfoliation 

2 terminal 

Photoconductor 
UV 2.8 N.A. 84 

Solution 

Synthesis 

2 terminal 

Photoconductor 
UV 870 1.12x1013 83 
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SnSe2 

CVD 
2 terminal 

Photoconductor 
Visible 1.3x103 1 x1010 85 

CVD 
2 terminal 

Photoconductor 
NIR 1.9 N.A. 86 

InSe 

Liquid 

Phase 

Exfoliation 

2 terminal 

Photoconductor 

White 

Light 
5x10-6 N.A. 87 

NiPS3 CVD 
2 terminal 

Photoconductor 
UV 

1.26x10-

1 

1.22 

x1012 
88 

Tellurium 

nanosheets 

Solution 

Synthesis 

2 terminal 

Photoconductor 
NIR 13 2 x109 89 

PtSe2 

nanosheet 

thin film 

CVD 
2 terminal 

Photoconductor 
NIR 0.5 N.A. 90 
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Chapter 4. Understanding the Origin of Plasmonic Behavior in Mo2CTx 

MXene  

4.1. Overview and Scope 

In this chapter, we will focus on elucidating the origin of the plasmonic behavior of Mo2CTx 

using micro-Raman spectroscopy and ellipsometric measurements. In contrast to 

‘classical’ plasmonic materials and to the most-studied MXene, i.e., Ti3C2Tx, the dispersion 

of the permittivity of Mo2CTx is showing a positive dielectric constant. This, however, 

might contradict our earlier interpretation of the principle of operation of the fabricated 

Mo2CTx-based photodetectors (discussed in chapter 3). In chapter 3, we discussed in detail 

the photodetection mechanism claiming that it relied on the Mo2CTx-induced surface 

plasmon-assisted hot electron generation. Hence, it is highly imperative to delve into the 

plasmonic behavior of this particular MXene, i.e., Mo2CTx, to unveil the mystery shrouding 

its origin. For that, we conducted a series of extensive measurements including high-

resolution micro-Raman spectroscopy and ellipsometric measurements.  

4.2. Micro-Raman Scattering Investigation 

Micro-Raman spectroscopy exciting the scattering at 633 nm, and collecting the Stokes 

and anti-Stokes sides, was performed by a Wintec Alpha Raman spectrometer (600gr/mm, 

laser power < 200 W, OBJ NA=0.9 mag=100X, volume Bragg grating notch filters 

package) spanning the frequency range from ca. -700 to ca. +2300 cm-1. Several areas of 

the Mo2CTx film surface were imaged obtaining Raman mapping (100x180 m2, 100x100 

points, 2 sec/pt.). The resonant Raman scattering spectrum of the bulk Mo2CTx 
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multilayered structure was obtained averaging >1000 spectra from inside the inter-

electrodes channel, (blue box in Figure 4.2d). While SERS spectra resulting from a single 

point sampling on the area of the electrode constitute and characterize the heterogeneity of 

the surface of the topmost flake. Low-frequency bare Mo2CTx spectrum was analyzed, after 

subtraction of a broad baseline by Lorentzian functions minimization routine retrieving 

position area and width of the sharp peaks.  

We characterized the Mo2CTx samples using micro-Raman spectroscopy in the range of -

700 to +2300 cm-1, exciting the inelastic scattering at 633 nm, and collecting the Stokes 

and anti-Stokes sides. The analysis allowed the identification of distinctive bulk-

polycrystalline and surface-bonded molecular vibrations, as well as their spatial 

distribution and homogeneity by hyperspectral imaging analysis. Various gold-MXene 

junctions as well as different MXene areas were imaged within a window of 100x180 m2 

(100x100 points) at scanning rate of 2 sec/pt. Figures 4.1b and c show the reconstructed 

assignment with relevant intensity maps of the two spectra shown in Figure 4.1a, which 

are obtained from cluster analysis. Based on this analysis, we directly obtained an accurate 

spectrum for the bare MXene film (nanosheets-bulk) dominated by the 2E1g and A1g 

symmetry vibrational modes of Mo2CTx with a minor presence of the parent MAX 

precursor. We have also collected various surface enhanced Raman scattering (SERS) 

spectra, obtained at different positions on the gold electrodes (obtained by sputtering of a 

nominal 50 nm Au-layer on Mo2CTx). The spatially-averaged SERS spectrum (the red one 

in Figure 4.1a) shows a rather small presence of the bulk fingerprint superimposed with a 

broad unstructured band with the expected D, G and D’ bands, which are typical for carbon 

materials, at about 1350, 1580 and 1620 cm-1, respectively.273 
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Figure 4.1. Micro-Raman imaging (a 100x100 pts window) of a Mo2CTx Mxene 

photodetector with an area of 100 x 180 mm2. (a) The two significant components, 

determined by cluster analysis, obtained at the bare Mo2CTx film (bulk, blue spectrum) and 

the electrodes (spatially-averaged SERS, red spectrum). Note the differences between the 

shape and the intensity profile of the two spectra as a result of the SERS-effect induced by 

the Au-electrodes. Inset: the low-frequency fingerprint of Mo2C network. (b) Normalized 

intensity map (black 0%, light blue 100%) of polycrystalline Mo2CTx nanosheets (bulk). 

(c) Normalized intensity map (black 0%, orange 100%) of the SERS spectrum as from 

cluster analysis. Orange areas indicate intense SERS scattering signals and offer a visual 

distribution of active hot spots. 

The low-frequency Raman scattering from bare Mo2CTx (inset of Figure 4.1a), though of 

very small intensity, accesses the molecular vibrational modes of the Mo2C network. It is 

also populated with shear and interlayer breathing modes that contribute to the unstructured 

and intense quasi-elastic scattering signals recorded below ca. 60 cm-1. To note, the Brag 
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diffraction gratings we used to access the low-frequency Raman spectrum allow an elastic-

free Raman spectrum down to 8 cm-1. 

The presence of the sharp peaks, demonstrated in Figure 4.2, confirms the polycrystalline 

structure of Mo2CTx and allows to define its (bulk) fingerprint (obtained by averaging more 

than 1000 spectra collected from an extended area; blue frame in Figure 4.2d). The whole 

spectrum (the blue one in Figure 4.2a) is composed of a fluorescence baseline 

superimposed with the crystal fingerprint and a quasi-elastic peak, which is typically 

observed in glasses and disordered systems. This strong quasi-elastic peak is certainly 

indicative of the residual defects-rich structure constituting the samples. 
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Figure 4.2. Micro-Raman spectroscopy characterization of Mo2CTx at 633 nm. (a) (Blue) 

resonant Raman scattering spectrum of (Bulk) Mo2CTx multilayered structure (50x) 

obtained by averaging more than 1000 spectra. The excited area of the Mo2CTx film lying 

between the inter-electrodes channel (within the blue frame shown in (d)). (Black) One 

SERS spectrum displayed for comparison. (b) Heterogeneous collection of SERS spectra 

obtained at different positions on the Au-electrodes (within the white frame shown in (d)). 

(c) Low-frequency range of the Raman spectrum of the bare Mo2CTx film. The spectrum 

is analyzed by Lorentzian functions after subtraction of the broad baseline. The unexpected 

S/AS ratios for AA’ and BB’ vibrations evidence an active photon-electron-phonon 

anisotropic resonance process that occurs in Mo2CTx. (d) An optical image of the sample. 

The white frame indicates the total mapped area, while the blue frame encircles the area 

considered for the Mo2CTx Raman fingerprint determination.  

Following previous studies,274,275 we have been able to gain a better insight into the 

structural arrangement of our Mo2CTx by identifying most of the Raman shifts (bulk and 

SERS, sampled from different areas), related to Mo carbides and oxides. We did not only 

look for strong, intense peaks of Mo2CTx but also of Mo2GaC and Mo2C as well as Mo-

oxides (e.g. MoO2 and MoO3). In Table 4.1, we show the Raman shifts of 10 vibrations, 

measured with high accuracy, along with their symmetry assignment. The two most intense 

low-frequency peaks, at about 140 (B) and 250 (A) cm-1, are attributed to the in-plane (2Eg) 

and to the out-of-plane (A1g) vibrational modes of the Mo2C layer, respectively, that are 

dominated by the motion of heavy Mo atoms. A schematic representation of the A1g and 

2Eg vibrational modes is displayed in Figure 4.3h. The minor peaks, yet visible, at 175 and 
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233 cm-1 (shown in Figure 4.2c) are ascribed to the vibrational modes of traces of the 

Mo2Ga2C phase. 

It is clear that the characteristic modes of the Mo2C network strongly coupled with those 

of the functionalized surface structures, Mo2CTx (Tx: F, O, and OH), that mainly 

characterizes the surface chemistry of our Mo2CTx film as reflected by the point-to-point 

variation in its corresponding SERS spectra (Figure 4.2b). There are many possible 

structural combinations and thus, possibly, crowded vibrational Raman spectra are 

expected that reflect different masses and bond strengths of the Tx atoms. These complex 

surface structural variations have led to the obvious heterogeneous nature of the Mo2CTx 

surface as demonstrated in Figure 4.2b. 

The DFT models that are introduced in the literature to evaluate the stability of the 

Mo2CTx’s electronic structure (obtained by varying the lattice positions of the functional 

groups (Tx)),
276 have predicted distinct acoustic dispersions and Raman active modes for 

Mo2CTx. The corresponding reported frequency shifts (e.g. 2Eg modes of Mo2CO2 at 63 

cm-1, and of Mo2CF2 at 77 cm-1) are on par with the peaks we identified at ca. 60, 80, 100, 

300, and 330 cm-1, confirming the presence of such modes in our spectrum. Moreover, 

contributions from O-terminated surface vibrations (Mo2CO2), in particular,  are also 

expected at the intermediate- and high-frequency regimes as indicated by the strong bonds 

of Mo-O and Mo=O at ca. 430 and 920 cm-1, respectively (see Figure 4.1a). Our 

experimental results have also shown the presence of other chemical bonds such as C-F at 

ca. 720-800 cm-1, and MoO3 at ca. 830 cm-1, which correlates well with the XPS results 

(Figures 3.7i and 3.7j). The relatively strong intensity of the peak at 830 cm-1 is attributed 
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to the expected resonance Raman enhancement for MoO3 nanoparticles due to their known 

resonant coupling to the electronic absorption at ca. 2 eV (ca. 633 nm). On the other hand, 

we do not see significant traces of bare Mo2C nanoparticles, which are generally 

characterized by three intense peaks at 695, 828, and 1006 cm-1.  

Table 4.1. Low-frequency Raman shifts of Mo2CTx obtained by Lorentzian shape analysis 

of the experimental Raman spectrum shown in Figure 4.2 and described in the above text. 

Peak 1 2 3 
4 

(BB’) 
5 6 

7 

(AA’) 
8 9 10 

Shift [cm-1] 60±2 
80.1±1.

2 

100.2±0

.7 

139.7

±0.4 
175±1.5 233±3 

250.5

±0.3 

299

±3 

331

±3 

42

7 

S/AS (area)    
1.7 ± 

7% 
  

1.3 ± 

6% 
   

Assignmen

t 

Mo2CO2 

2Eg 

Mo2CF2 

2Eg 

Mo2CTx 

2Eg 

Mo2C 

2Eg 

Mo2Ga2C 

2Eg 

Mo2Ga2C 

A1g 

Mo2C 

A1g 

Mo2 

-CTx 

Mo2 

-CTx 

Mo

-O 

 

Furthermore, the sharp peaks in the low-frequency range, distinct from the other broader 

components in the spectrum, have demonstrated anomalously low Stokes and Anti Stokes 

(S/AS) intensity ratios; ca. 1.3. This value is rather far from what can be estimated (ca. 10) 

for considered peaks couple, in the lowest order Raman process approximation (S-AS 

=500 cm-1), following the Bose-Einstein statistics applied to bosonic thermal phonons. 

Such low S/AS intensity ratios underline an interesting phenomenon occurring in the 

MXene. In principle, the Bose-Einstein statistics, in a linear Raman scattering regime, 

allow for the estimation of the S/AS intensity ratios at finite temperature T, considering the 

phonon occupation number. In general, in the lowest order Raman process there is photon 

absorption from the electronic system that generates an electron-hole pair. That pair creates 
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or absorbs a phonon in the atomic system (Stokes or anti-Stokes phonon of energy, ℏω) 

and finally recombines to emit a photon that carries the structural information. In the 

classical field theory, the electron-photon interactions introduce a factor proportional to the 

fourth power of the frequency, so that S/AS intensity ratio expresses as: 

𝐼𝑆

𝐼𝐴𝑆
=

𝜔𝑆
4

𝜔𝐴𝑆
4 𝑒

ℏ𝜔
𝐾𝐵𝑇;      𝐾𝐵𝑇@ 298𝐾 ≈ 207 𝑐𝑚−1 

We propose that such behavior is attributable to the photon-resonance absorption that 

populates excited molecular electronic states. Such resonance affects the typical anisotropy 

of 2D layered materials; a fact evidenced by the significantly different S/AS ratios for the 

indicated peak couples, i.e. AA’ and BB’, in Figure 4.2c. Noticeably, the vibration 

corresponding to the AA’ pair experiences the effect of such resonance more than the one 

of BB’, which can be expected from vibrations representing out- and in-plane atomic 

motions. This experimental observation provides some insights into the lattice dynamics 

and electronic structures of the MXene. In general, the photon-electron-phonon coupling 

is central to the understanding of fundamental properties of condensed-matter systems and 

continues to be an open topic for 2D material research. 

Next, we focused on the high-frequency spectral range (> 600 cm-1), typical for organic 

and carbon structures. It is noteworthy that the vibrations in that spectral range are below 

the sensitivity of this technique, as noticed in the bare Mo2CTx spectrum (Figure 4.2a). 

However, when the laser is shined on the gold electrodes (50 nm thick layer), the plasmonic 

material (gold) allows for local SERS revealing the surface chemistry of the underneath 

Mo2CTx.The corresponding signal is particularly intense at the edges of the nanosheets and 



128 
 

 

in between the metalized nanosheet gaps, as shown in Figure 4.2d, and Figures 4.3b-d, 

where we report the integrated spectral intensity maps of specific energy intervals. The 

comparison between the obtained spectral images and the optical image of the scanned area 

(Figure 4.3a), correlates with the observed SERS phenomenon. In SERS imaging, the 

signal coming from isolated nanometric-sized hot spots characterizes the topmost surface 

of the device highlighting the chemical variability of the Mo2CTx surface. This has been 

illustrated by the distinct SERS spectra shown in Figure 4.2b, which are collected at 

different positions on the electrodes. In the SERS spectra, we have observed a set of strong 

Raman signals attributed to the carbon matrix and MoO3-x nanocrystals277,278 as well as the 

random functionalized surface structures of Mo2CTx (Tx: F, O, and OH). However, due to 

the variable intensity and spatially random nature of the SERS effect from the electrodes, 

it is not possible for us to properly quantify the content of species at the surface. A further 

detailed vibrational assignment along with the observed anomalous behavior will be the 

argument of a forthcoming investigation. 
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Figure 4.3. (a) Optical image of the Mo2CTx sample with a scanned area of 100x1800 m2 

extending over the electrodes. (b) Integrated intensity map of the spectral range indicated 

in (e) around 1500 cm-1. (c) Integrated intensity map of the unstructured fluorescence 

indicated in (f). (d) Combination of the intensity maps in b and c. It shows that only partial 

correlation can be measured between the SERS signals and fluorescence, as quantified by 

the correlation intensity comparison reported in (g). (h) Schematic representation of the 

A1g and 2Eg vibrational modes. 

4.3. Physicoelectromechanical Comparison between Mo2CTx and Gold 

To better explain our hypothesis, we compared the physicoelectromechanical properties of 

a multilayer Mo2CTx cluster, as characterized in Figures 3.7b, 3.7c, and 3.9a, with a typical 

conventional plasmonic material, i.e. gold. Both are good conductors, with an electron 

density > 1020 and 1024 cm-3, respectively, meaning that in principle, both can sustain 

electronic plasmon oscillations. For a few micron-scale thickness slab of gold, we can have 

either bulk or surface plasmon excitations, yet quite different in the physical description. 

One is a bulk unbounded collective wave of electrons, while the other is a confined 

excitation at the interface with a dielectric material, characterized by evanescent fields in 

both media. 

On one hand, gold, a typical example of 3D plasmonic material, is known for its properties 

to locally enhance the electric field by one or more orders of magnitude. When reduced to 

plasmonic nanostructures, either in a 1D, 2D, or 3D nano-confinement, they generate a 

large amount of hot plasmonic carriers exploiting SPs and their dephasing.278,279 On the 

other hand, it is natural to describe a multilayer Mo2CTx cluster as a stratified system of a 
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tightly stacked packet of alternating conductive and dielectric layers, that have inherited 

their electromechanical properties from their fundamental building unit (i.e. single 

monolayer). Accordingly, akin to multilayered MoS2 flakes, it is straightforward to expect 

a stratification of molecular electronic clouds that essentially have a 2D character each, and 

a strong anisotropy in the electronic conduction with a reduction of some orders of 

magnitude in the transversal layer direction. However, owing to their weak interlayer 

coupling, this anisotropy is expected to be much stronger in MXenes. Previous reports have 

already demonstrated that, when isolated properly (i.e. fully intercalated), MXene 

monolayers (specifically Ti3C2Tx) act as independent polarizable sheets. This phenomenon 

precisely reveals the true 2D nature of MXenes, underlining the fundamental difference 

from conventional plasmonic metals.280,281 

In other words, composed of periodically distributed few atomic-thin structures with a size 

and interlayer spacing much smaller than the wavelength of interest, and considering the 

obtained photoresponse, each stack of multilayer Mo2CTx nanosheets can be described to 

some extent as a natural plasmonic metamaterial with a SP character defined by the 

electrons confinement in the ordered layered planes. However, due to the difficulty of 

isolating a single Mo2CTx monolayer, its spectral photoabsorption remains to be unknown. 

Nevertheless, to fit with the scope of this work, we can proceed considering our elemental 

building unit to be a stack of multilayered-Mo2CTx, retrieving its structural and absorption 

information from TEM imaging as well as the collected experimental photoresponse data. 

The dimensional statistical analysis of the stacked nanosheets, as obtained from STEM 

imaging, indicates thicknesses and lateral lengths of values spanning rather broad ranges, 

40-150 nm, and 260-2000 nm, respectively. Meaning that the thinnest nanosheet (ca. 40 
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nm) is composed of a large number of stratified monolayers (monolayer thickness is ca. 1 

nm). Thus, at least for the investigated Mo2CTx photodetectors, we can safely attribute the 

photoresponse to the collective plasmonic behavior of the stratified multilayered 

nanosheets rather than that of mono- or few-layered systems. Moreover, owing to the match 

between the operational spectral range of our devices and the transversal SP mode (size- 

and thickness-independent), our attribution is further validated. With this in mind, 

considering a representative value of ca. 100 nm for the average thickness, we can consider 

that the 2 m thick photodetector (in average and all along its extension) is represented by 

a stratified film of about 20 multilayered nanosheets. 

On other hand, based on the variation of the dark- and photo-currents of the Mo2CTx thin 

films (at 660 nm) as a function of different film thicknesses (Figure 3.25), we know that a 

thickness, ∆𝑥, of 2 m is enough to reach a value larger than 95% of the collectible 

photocurrent. Then by assuming that the nanosheets stratification (like other statistically 

significant ensembles) is characterized by an absorbance proportional to the cross-section 

length subjected to light penetration; i.e. when the intensity 𝐼 = 𝐼0𝑒−𝛼∆𝑥, we can evaluate 

the specific absorption per layer, which is 100 nm in thickness. Note that the increase in 

thickness above 2 m does not correspond to a significant increase in the photocurrent. 

This model gives an absorption length scale, , about 1.5 m, hence an absorption per 

nanosheet (ca. 100 nm thick) of about 14%. It also provides an estimation of the number 

of monolayers involved in the whole photoconversion process; which is about two 

thousand.  
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Owing to the electron confinements and the transversal size (thickness) of each multilayer 

cluster, this descriptive picture supports the idea of cooperative, tightly interacting, 2D 

plasmonic excitations stratified on each nanosheet and extending in the volume. Although 

each nanosheet has its independent surface plasmon character due to its weak interlayer 

coupling,280 they contribute to the SP character of the whole volume (thickness). Coupling 

with light and dephasing of SPs on nanostructured plasmonic devices (composed of 

different thicknesses of stacked nanosheets) has important implications on the energy 

distribution of the generated hot electrons and their lifetime. This leads to a response 

outperforming that of photoelectron-based semiconductor devices. Though Mo2CTx 

certainly cannot be considered as a conventional plasmonic material, the performed studies 

on noble metals platelets and the plasmonic coupling of nearby nanostructures have to 

retain some correspondence and prediction ability.282 

4.4. Ellipsometric Measurements of Mo2CTx 

We conducted spectroscopic ellipsometric measurements to obtain the real and imaginary 

components of the permittivity of Mo2CTx thin films (Figure 4.4). The measurements were 

made using J.A. Woollam M2000 (DI) in the range from 193 to 1690 nm, using multiple 

incident angles of 65, 70, and 75o. Data were collected on Mo2CTx films sprayed on Si 

substrate with a ca. 100 nm thermal oxide layer (i.e. SiO2). The thickness of the thermal 

oxide was accurately determined using ellipsometry measurement on the bare substrate, 

which was subsequently used in the modeling of the Mo2CTx film on SiO2/Si substrate. 

Data fitting was performed to acquire the optical constants using CompleteEASE software 

from J.A. Woollam. The Mo2CTx layer was fitted with a Drude component and a set of 
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harmonic oscillators to acquire the real and imaginary components of the dielectric 

function. The real and imaginary components of the dielectric function of Mo2CTx are 

depicted in Figure 4.4. The fitting parameters are shown in Table 4.2. The ellipsometry 

data were fitted using a Drude model and a set of imaginary harmonic oscillators, as 

summarized in Table 4.2. To our knowledge, such information has not been reported 

before. 

 

Figure 4.4. The experimentally measured permittivity of ca 7.5 nm Mo2CTx film as a 

function of incident photon energy, showing the real component (black) and the imaginary 

component (red) as modeled from spectroscopic ellipsometry data. The shaded part 

highlights the energy window of the transversal SP supported by Mo2CTx nanosheets. 

Table 4.2. The fitting parameters of the optical response of a ca. 7.5 nm thick Mo2CTx film 

as derived from the spectroscopic ellipsometry measurements. 

Drude: 𝜺 =
−ħ𝟐

𝜺𝟎𝝆𝒏(𝝉𝒏 .𝑬𝟐+𝒊ħ𝑬)
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 (Ω.cm) τ (fs) 

0.00021521 0.0935 

Harmonic Oscillators: 𝜺 =
[𝑨𝒎𝒑𝒏+𝒊(𝑨𝒎𝒑𝒏)]𝑩𝒓𝒏

𝟐
(

𝟏

𝑬𝒏−𝑬−𝒊
𝑩𝒓𝒏

𝟐

+
𝟏

𝑬𝒏+𝑬−𝒊
𝑩𝒓𝒏

𝟐

) 

 Ampn i(Ampn) En (eV) Brn (eV) 

1st Harmonic 0.644651 -5.6254 3.979 0.5757 

2nd Harmonic 956.825333 -709.7536 0.343 0.1622 

3rd Harmonic 0.422865 6.0103 0.7836 3.197 

 

4.5. Discussion 

In contrast to conventional plasmonic metals, Figure 4.4 shows that the dielectric constant 

of the Mo2CTx film (ca. 7.5 nm thick) remains to be positive in a wide range, despite the 

plasmonic behavior illustrated by EELS (Figures 3.9a and 3.12-3.15). 

To correlate between this measured positive permittivity dispersion and our explanation of 

the induced photocurrent based on SP-assisted hot electron generation, we introduce two 

concurrent, yet different, arguments. One is about the nature of SPs and the constituting 

equations,283,284 while the second argument relies on previous experimental results of 

“classical” plasmonic nanostructures and thin films as demonstrated in the literature.285,286  

First argument: When we deduced the existence of SPs in Mo2CTx, and thought of relying 

on them to explain our device performance, we had to verify the validity of the hypothesis 

used to derive field equations as well as dispersion relations, to assure their applicability to 

the considered case. The formal well-known relation between frequency, wave vector of 

the surface plasmon polariton (SPP), and the dielectric constants at the interface: 𝐾𝑆𝑃
2 (𝜔) =
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𝜔2

𝑐2

𝜖1𝜖2

𝜖1+𝜖2
 (Eq. 1), allows for the possibility to derive different wave equations for the 

propagating SP modes along with their dispersion relations. Either by simply considering 

the lossy or lossless nature of the SP propagation (or the one of a standing resonance), one 

would have at least three ways to describe the plasmonic material in terms of SPs and 

dispersion relation. 

In the simple and the most common case, i.e. assumption of no losses in the Drude model 

hypothesis, two conditions: 𝜖1𝜖2 < 0 and 𝜖1 + 𝜖2 < 0, are needed to imply the existence 

of SPs characterized by a real KSP, which offers a long propagation character to the 

collective excitation, well beyond the single electron mean free path. This is the standard 

way to model SPPs. It also gives rise to the known dispersion relation associated with SPPs 

in noble metals that opens to the main nanoplasmonic results, the strong nanofocusing 

(field enhancement), and the boost of the local density of states, leading to the energy 

confinement in hot spots.287,288 

In a general case (like ours), SPs can be highly dissipative excitations,281,289 where the peak 

line width of their EELS signal results is directly proportional to the induced 

damping.281,290,291 Thus, the SPs assume a localized character due to the short propagation 

before damping, which mainly occurs during the process of SP-assisted hot-electron 

generation. The propagation distance, however, has to be always compared with the 

nanoscale size of the plasmonic material (i.e. a cluster of nanosheets in our case, where 

every nanosheet is extending for hundreds of nanometers). If the dephasing process of the 

SP happens in the nearby of the edges or at the edges of the nanosheets, the energized 

electrons can then be collected efficiently.279,280 
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In the above dissipative case, the dispersion relation still can be obtained by solving the 

aforementioned Eq. 1, by either using combination of a real frequency and an imaginary 

wave vector, or a combination of a real wave vector and an imaginary frequency. Note that 

the shape of the dispersion relation would straightly depend on the chosen combination. 

As a consequence, the SP wave equations will be different and the previously mentioned 

dielectric constraints will no longer be required. While one dispersion relation has an 

asymptote for very large values of K (obtained by plotting the points from a spectrum at a 

fixed angle in a reflectivity experiment), the other is characterized by a Kmax value and is 

represented by a backbend curve (obtained by plotting the position of the reflectivity dips 

as a function of the angle of incidence at a fixed frequency).292 The first combination (with 

complex wave vectors) is properly used to represent SP as stationary monochromatic fields 

excited in a finite area, while the second (with complex frequencies) is well adapted to 

fields excited by pulses. 

This analogy remarks that, in general, when we have a lossy medium (like in our case), the 

condition for propagating SPs is not implicit in the condition 𝜖1𝜖2 < 0 and 𝜖1 + 𝜖2 < 0. 

Meaning that both of the above dispersion relations deriving the kSP can also 

have 𝜖𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 > 0. 

Second argument: In previously reported experimental results, the effective optical 

properties of conventional plasmonic nanostructures were demonstrated to strongly depend 

on the filling fraction (packing density) of the nanoparticles constituting the film,286 and on 

the thin film thickness.287 In the latter work, for instance, at a thickness of ca. 4.7 nm, the 
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dielectric constant (=n2-k2) of silver thin films behaved differently and stayed positive in 

a wide spectral range.  

Building upon the implications of these two works, it is no longer possible to attribute 

optical properties established with effective medium theories to plasmonic 

nanocomposites. (However, effective medium theories can still describe a plasmonic 

nanostructure with a filling fraction close to the percolation threshold.) Moreover, the 

effective optical constants of ultrathin plasmonic metal films depend on the thickness, 

unlike the bulk optical constants, and thus can be described precisely with the use of an 

effective thickness. Hence, in our case, it is acceptable for Mo2CTx films to demonstrate a 

positive permittivity dispersion at low thicknesses (ca. 7.5 nm) while maintaining its 

plasmonic character. 
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Chapter 5. Unprecedented Surface Plasmons in Other 2D Materials: The 

Case of Monoclinic MoO2 Nanostructures 

5.1. Overview and Scope 

To further underline the individuality of MXenes, we extended our investigations to other 

non-classical plasmonic materials and juxtapose their potential plasmonic behavior with 

that of MXenes. In this regard, monoclinic MoO2 stands out as an unusual transition metal 

oxide due to its metallic conductivity and high chemical stability. Generally, MoO2 

nanostructures hold a great promise for applications in electrochemical energy storage, 

electrocatalysis, sensing, and electrochromic displays.29-31 Because of the existence of a 

large number of free electrons at its surface, MoO2 exhibits a strong SPR effect upon 

excitation, which endows it with improved detectivity when used as a substrate material 

for surface-enhanced Raman spectroscopy (SERS).32,33 Compared to the classical metallic 

nanostructures, monoclinic MoO2 shows many superior properties, such as high chemical 

and thermal stability, increased melting point, and improved electronic conductivity. These 

features make MoO2 a promising candidate for SPR-related practical applications due to 

its strong and stable SPR effect.32,33 Nevertheless, to the best of our knowledge, specific 

SPR modes possibly supported by the 2D MoO2-based nanostructures have not been 

studied before, neither their shape- nor their size-dependence, let alone their spatial 

variability over the nanostructures. 

Thus far, most of the plasmon-related studies have dealt with chemically synthesized 2D 

nanostructures. However, those chemical synthesis strategies do not offer sufficient control 

over the shape, size, or separation of the produced nanostructures.27,28 Beyond classical van 
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der Waals layered materials like graphene and MXenes, the design of new 2D plasmonic 

nanostructures with favorable electronic structures and precisely controlled morphologies 

has been scarcely reported. Hence, in this chapter, we design a series of 2D MoO2 

nanostructures based on rational polydopamine chemistry, followed by altering their size 

using a well-controlled electron beam patterning technique. By employing state-of-the-art 

monochromated aberration-corrected STEM and H low-loss EELS, the fundamental SP 

mode, i.e., dipole, supported by single MoO2 nanostructures (i.e., nanoribbons and 

nanoflakes), along with other higher-order modes spanning the visible-infrared regime, 

were visualized. Well-localized spatial distributions are generated by the STEM-EELS 

method on account of the absence of background blurring of the SP modes and artificial 

extension during the analysis. The dependence of the longitudinal SP modes, both optically 

forbidden and active, on the size and shape of monoclinic MoO2 nanostructures are 

investigated systematically. A combination of DFT calculations and XPS further illustrates 

the origin of SPs in monoclinic MoO2 nanostructures. 

5.2. Results and Discussion 

The typical synthesis of 2D MoO2 nanostructures (e.g., nanoribbons, nanoflakes) generally 

involves tedious chemical methods, for example, the reduction of pre-synthesized 2D 

MoO3 matrixes by high-temperature calcination (> 600 °C) in H2 ambient or hydrothermal 

treatment using massive reductants (e.g., polymers, alcohol), and the direct growth on 

target substrates via chemical vapor deposition (CVD).34-36 These strategies usually result 

in hardly controllable morphologies and large particle sizes. In this work, an alternative 

strategy relying on dopamine chemistry has been developed to prepare 2D MoO2 
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nanoribbons (Figure 5.1). The primary advantage of catechol-containing dopamine is its 

easy attachment to the substrate surfaces.37,38 Besides, the mild oxidation ability of the 

MoO3 nanoribbons (Figure 5.2), synthesized by a hydrothermal process, can initiate the 

deposition of dopamine monomers and their spontaneous self-polymerization at room 

temperature (Figure 5.3).39 The whole reaction is mild without involving harsh reaction 

conditions or additional oxidization catalysts, leaving well-retained nanoribbon 

morphology even after the polydopamine coating process. A subsequent pyrolysis process 

in argon atmosphere can reduce MoO3 to MoO2 through carbothermal reaction,40 finally 

producing well-structured MoO2 nanoribbons (Figures 5.4 and 5.5). Importantly, the 

carbothermal reaction strategy based on polydopamine chemistry can be extended to 

prepare other MoO2 nanostructures, e.g., MoO2 nanoflakes (Figure 5.6), indicating the 

potential versatility of our chemical strategy. 

 

Figure 5.1. Schematic illustration of the synthesis of MoO2 nanoribbons: Dopamine 

monomer (brown ball), MoO3 nanoribbon (cyan), polydopamine nanosheet (brown), 

amorphous carbon nanosheet (grey), and a MoO2 nanoribbon (orange). 
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Figure 5.2. (a) XRD pattern, (b) scheme of crystal structure, and (c,d) SEM images of 

MoO3 nanoribbons. 
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Figure 5.3. (a-d) TEM images of polydopamine-coated MoO3 nanoribbons. Low-

resolution TEM images of MoO3 nanoribbons after the coating of polydopamine 

nanosheets indicate that polydopamine nanosheets cover the partial surface of MoO3 

nanoribbons (a,b). This is further confirmed by the clean surface of MoO3 nanoribbons 

observed by high-resolution TEM images (c,d). 

 

Figure 5.4. (a) Low-resolution TEM image of the as-synthesized MoO2 nanoribbons, 

showing that the carbon nanosheets from the polydopamine pyrolysis are randomly 

distributed between the MoO2 nanoribbons. (b) High-resolution TEM image of the carbon 

nanosheets. (c,d) High-resolution TEM images of the MoO2 nanoribbons, showing the 

clean surface without any traces of carbon nanosheets or carbon layers. 
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Figure 5.5. (a) XPS survey spectrum and (b) C 1s core level of the synthesized composite 

of MoO2 nanoribbons and carbon nanosheets. The absence of Mo−C (283−284 eV) 

indicates that carbon doping or the formation of molybdenum carbide is prohibited due to 

the relatively low synthesis temperature (500 ºC). Typically, C-doped MoO2 and 

molybdenum carbide should be synthesized at temperatures higher than 650 ºC.S9,S10 

 

Figure 5.6. SEM images of the MoO2 nanoflakes synthesized through the carbothermal 

reaction process based on polydopamine chemistry. 
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According to its refined XRD pattern (Figure 5.7a), the as-synthesized MoO2 shows a 

monoclinic structure (space group: P21/c), along with a monoclinic angle of 120.92° and 

lattice constants of a = 5.5305 Å, b =4.8484 Å, and c = 5.6160 Å. In this distorted rutile 

structure (Figure 5.7b, viewed along the a axis), O atoms are packed closely into 

octahedrons with Mo atoms occupying half of the octahedral voids. Noticeably, the Mo 

coordination does not follow a strict octahedral form, and there are two different series of 

Mo–O bond lengths (inset of Figure 5.7a), delivering a local symmetry of D2h.
32 The 

Mo−Mo distances along the a axis of the deformed rutile alternate, giving rise to two Mo–

to–Mo bond lengths of 2.578 and 3.063 Å (Figure 5.7c, viewed along the b axis). This 

atomic configuration leads to two distinct O coordination environments (inset of Figure 

5.7a), similar to the cases found in the metallic phases of TcO2, WO2, and α-ReO2.
41 The 

monoclinic nature of the synthesized MoO2 was further evidenced by the corresponding 

Raman spectrum (Figure 5.8). The two peaks located at 739 and 572 cm−1 are assigned to 

the Mo−O bond vibrational modes (i.e., Mo−O1 and Mo−O2), while other fingerprint peaks 

correspond to the photon vibrational modes of the monoclinic-phase MoO2.
33,40 
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Figure 5.7. (a) Rietveld-refined XRD pattern of the synthesized hybrid of MoO2 and 

carbon nanosheets. Experimental data: orange circle, calculated pattern: blue line, and 

difference profile: gray line. Inset of (a) shows a distorted MoO6 octahedron with the bond 

ordering and bond length highlighted. Crystal structure of monoclinic MoO2 viewed along 

the a-axis (b) and b axis (c). HAADF-STEM (d,e) and  atomic-resolution HAADF-STEM 

(f) images of the MoO2 nanoribbons. (g) Core-loss EELS spectrum and (h) EELS elemental 
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mapping of a single MoO2 nanoribbon with a thickness of ~ 62 nm. The dashed lines in (g) 

are guidelines for the characteristic Mo-M5,4, C-K, Mo-M3,2, O-K, Mo-L3,2, and Mo-L1 

edge onsets at ca. 227, 285, 392, 531, 2526, and 2865 eV, respectively. 

 

Figure 5.8. Raman spectra of (a) MoO3 and (b) MoO2 nanoribbons. The absence of the 

characteristic peaks of MoO3 following the carbothermal reduction through polydopamine 

chemistry indicates the efficiency of our mild chemical synthesis strategy. In (b), the 

signals at 572 and 739 cm–1 correspond to Mo–O bond vibrational modes, while the other 

finger peaks at 126, 203, 226, 360, and 491 cm–1 are assigned to the phonon vibrational 

modes of monoclinic MoO2.
76,77 

Indeed, the octahedral component of the ligand field induced by the molybdenum cations 

make the 4d levels split into eg and t2g (Figure 5.9).42 Nonetheless, the chain structure of 

monoclinic MoO2 phase makes it probable to distinguish between the in-plane single t2g 

orbital (referred to the shared octahedral edges and further denoted as the t‖ orbital) and the 

other two t2g orbitals that are perpendicular to the plane (correspondingly, denoted as the 

t⊥ orbitals).42 In the distorted rutile structure, the t‖ orbital possesses lobes that point along 
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the c axis, while t⊥ orbitals on the neighboring Mo sites can interact in a σ-like manner to 

generate antibonding and bonding states. Notably, the band originating from the in-phase 

t‖ overlap splits away from the remaining bands, which is related to the t2g levels with less 

perturbation. For typical d1 compounds like low-temperature VO2 polymorph,41 the σ-

bonding t‖ band is fully occupied, but the other t2g-derived levels are still empty. This 

electron occupation behavior accounts for the nonmetallic property of these compounds 

and explains the driving force for structural distortion regarding the stabilization of two 

electrons per metal pair through the metal-metal bonding. Differently, for the monoclinic 

d2-type MoO2, one extra electron per Mo cation can partially populate the higher t⊥ bands, 

thereby inducing the Mo–Mo bonding and metallic conductivity. 

 

Figure 5.9. Schematic energy diagram for Mo4+ in monoclinic MoO2, with the electron 

configurations of different elements inserted in the blue-dotted rectangle. 

The high-angle annular dark-field (HAADF) scanning transmission electron microscopy 

(STEM) images show that the nanoribbon morphology can be well retained after the 

reduction from MoO3 to MoO2 (Figures 5.7d and 5.7e). The atomic-resolution STEM 

image reveals the well-defined tunnels when viewed from the (100) direction, along with 
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a lattice spacing of 0.33 nm that can be indexed to the (011) planes of monoclinic MoO2 

(Figure 5.7f). The core-loss EELS spectrum (Figure 5.7g) of a single MoO2 nanoribbon 

shows the characteristic ionization edges of M and O.43,44 The corresponding EELS 

mapping (Figure 5.7h) highlights the homogeneous elemental distribution over the 

nanoribbons. The thickness of either the MoO2 nanoribbons (ca. 60-70 nm) or nanoflakes 

(ca. 15 nm), estimated using the log-ratio method,23,45 was found to be systematically 

uniform. The core-loss EELS and XPS spectra (Figures 5.5 and 5.7g) confirm the presence 

of phase-pure MoO2 without carbon doping or carbon layer coating.  

Remarkably, we were able to detect various distinct low-loss ZLP-subtracted signals 

acquired on our MoO2 nanostructures, at energies as low as 0.1 eV, thanks to the ultrahigh-

resolution EELS technique.46,47 Figure 5.10a displays the low-loss EELS spectra of a ca. 

71 nm-thick MoO2 nanoribbon (inset of Figure 5.10a) with five features identified at 0.14, 

0.24, 0.35, 1.82, and 3.32 eV. The corresponding EELS fitted intensity maps illustrate the 

spatial distribution of the detected spectral feature maxima, respectively (Figure 5.10b). 

The spatial harmonic distribution together with the high energy dissipation of the first three 

EELS signals indicates the multipolar longitudinal modes arising from the free electron gas 

oscillations along the lateral edges of the nanoribbon.3,23 The signals at 0.14, 0.24, and 0.35 

eV are construed as the dipole, quadrupole, and hexapole longitudinal modes, respectively, 

of the stationary SPs delivered by the monoclinic MoO2 nanoribbon. The residual, 

amorphous carbon nanosheets that are randomly distributed between the monoclinic MoO2 

nanoribbons did not contribute to the detected SPR effect as the electron beam was solely 

focused on isolated single nanoribbons. Analogous investigations of specific SP modes 

have been mostly limited to metallic 2D nanostructures.8,48,49 Nonetheless, similar 
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multipolar modes have been recently found for non-classical metallic 2D nanostructures, 

e.g., MXenes, having sufficient free electron density.23,50,51 

 

Figure 5.10. (a) ZLP-subtracted low-loss EELS spectra acquired on a ca. 71 nm-thick 

monoclinic MoO2 nanoribbon. The signals are normalized to the peak at 1.82 eV and 

magnified by a factor of 2 above 3 eV. Inset: HAADF-STEM micrograph of the MoO2 

nanoribbon supported by a Si3N4 membrane. (b) EELS fitted intensity maps of the 

corresponding longitudinal SP modes, i.e., dipole (0.14 eV), quadrupole (0.24 eV), and 

hexapole (0.35 eV), in addition to the transversal SP mode at 1.82 eV and the IBT with an 

onset of 3.32 eV. 

The additional signal at 1.82 eV, with its peculiar homogeneous distribution (Figure 5.10b), 

is attributed to the transversal SP mode, which is excited by the incident electromagnetic 

field perpendicular to the main axis of the nanoribbon. In contrast to transversal SP modes, 

longitudinal multipolar modes are characteristic with their variant energy and spatial 

distributions across each nanostructure. They strongly depend on the geometrical aspects 
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(i.e., shape, size, and thickness) of the studied nanostructures,52,53 which can be confirmed 

by the EELS fitted intensity maps of other MoO2 nanoribbons (Figures 3 and 5.11, 5.12 

and 5.20) and nanoflakes (Figures 5.13-5.17). On the other hand, the transversal SP mode 

is geometrically independent (Figures 5.11-5.17, and 5.20), and is mainly related to the 

inherent free electron gas concentration. Whereas the energy of the longitudinal multipolar 

modes is noticeably red- and blue-shifted for longer and shorter lateral edges, respectively. 

Aside from the detected plasmonic features, the absorption edge onsetting at 3.32 eV is 

attributed to interband transitions (IBT) within the electronic structure of monoclinic 

MoO2. The corresponding EELS map of the IBT (Figure 5.10b) shows a homogeneous 

spatial distribution over the entire nanoribbon. Furthermore, it is worth mentioning that we 

have also conducted in-situ heating in conjunction with STEM-EELS to investigate the 

plasmonic behavior of the MoO2 nanoribbons at elevated temperatures (590 and 900 ºC). 

Strikingly, the plasmonic features of our nanoribbons remained unaltered after annealing 

at both temperatures (Figures 5.11 and 5.20), emphasizing the absence of phase 

transformation throughout the annealing process (Figures 5.18 and 5.19). 
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Figure 5.11. HAADF-STEM micrograph of a ca. 65 nm-thick MoO2 nanoribbon (annealed 

at 900 ºC) along with the corresponding EELS fitted intensity maps of the supported SP 

modes. Dipole and quadrupole modes were detected at 0.23 and 0.33 eV, respectively. The 

transversal SP mode was detected at 1.82 eV. 

 

Figure 5.12. HAADF-STEM micrograph of a ca. 68 nm-thick MoO2 nanoribbon along 

with the corresponding EELS fitted intensity maps of the supported SP modes. Dipole, 

quadrupole, and hexapole modes were detected at 0.44, 0.94 and 1.25 eV, respectively. 

The transversal SP mode and IBT were detected at 1.82 and 3.32 eV, respectively. 

 

Figure 5.13. HAADF-STEM image of a ca. 14.7 nm-thick MoO2 triangular nanoflake, 

along with the corresponding EELS fitted intensity maps of the supported SP modes. 
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Dipole and quadrupole modes were detected at 0.94 and 1.2 eV, respectively. The 

transversal SP mode and IBT were detected at 1.82 and 3.32 eV. 

 

Figure 5.14. HAADF-STEM image of a ca. 14.9 nm-thick MoO2 rectangular nanoflake, 

along with the corresponding EELS fitted intensity maps of the supported SP modes. 

Dipole and breathing modes were detected at 1.0 and 1.5 eV, respectively. The transversal 

SP mode and IBT were detected at 1.82 and 3.32 eV. 

 

Figure 5.15. HAADF-STEM image of a ca. 16.0 nm-thick (at the center) MoO2 complex 

nanoflake, along with the corresponding EELS fitted intensity maps of the supported SP 

modes. Dipole and quadrupole modes were detected at 1.0 and 1.3 eV, respectively. The 

transversal SP mode and IBT were detected at 1.82 and 3.32 eV. 
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Figure 5.16. HAADF-STEM image of a ca. 14.9 nm-thick MoO2 complex nanoflake, 

along with the corresponding EELS fitted intensity maps of the supported SP modes. 

Dipole and quadrupole modes were detected at 1.0 and 1.44 eV, respectively. The 

transversal SP mode and IBT were detected at 1.82 and 3.32 eV. 

 

Figure 5.17. HAADF-STEM image of a ca. 15.3 nm-thick MoO2 L-shape nanoflake, along 

with the corresponding EELS fitted intensity maps of the supported SP modes. Two 

longitudinal SP modes were detected at 0.33 and 1.1 eV, respectively. The transversal SP 

mode and IBT were detected at 1.82 and 3.32 eV. 
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Figure 5.18. Micro-probed SAED patterns for a single nanoribbon before (a) and after (b) 

in-situ annealing at 900 ºC upon focusing on selected areas as denoted by the blue and 

green marks. 

 

Figure 5.19. Micro-probed SAED patterns for a single nanoribbon before (a) and after (b) 

in-situ annealing at 900 oC upon focusing on selected areas as denoted by the blue and 

green marks. 
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Based on the aforementioned discussions, we have demonstrated the spatial and energy 

distributions of various longitudinal modes, which are related to their confinement on the 

surfaces and brinks of the 2D nanoribbons. We have also illustrated the geometry 

dependence of the SP energies of the longitudinal modes supported by the 2D MoO2 

nanostructures (Table 5.1 in section 5.3.3). In the case of the nanoribbons, the increase in 

the length leads to an obvious red shift in the energy of a given longitudinal SP mode, 

which is associated with the retardation effect.23,48 Likewise, the reduction in the thickness 

would also induce a red-shift in the SP energies.48 However, it has not escaped our notice 

that the control of the energy of the specific SP modes sustained by the MoO2 

nanostructures is vastly limited to their random size distribution owing to the nature of their 

chemical synthesis route. Thus, there is a need to exploit new strategies to precisely control 

the energy of the supported SPs, by geometrically manipulating the propagating 

electromagnetic wave along the edges of the nanoribbons. For that, we intended to slit our 

nanoribbons to specific lengths by sputtering particular areas of the nanoribbons using a 

300 kV high-current focused electron beam. Ultimately, we believe that after a certain 

exposure time, the focused electron beam irradiation would be sufficient to completely 

cleave the nanoribbons for the sake of controlling the size of the nanostructures. To validate 

our hypothesis, we irradiated several MoO2 nanoribbons for different periods of time. The 

irradiation was performed in STEM mode with a beam current of 50 nA (ca. 1 nm probe 

size), and an irradiation rate of 0.1 s per pixel (pixel size: 1 nm). Figure 5.20a (i and ii) 

shows the HAADF images of a ca. 63 nm-thick MoO2 nanoribbon, before and after 

irradiation by a high energy focused electron beam for 70 minutes, along with the low-loss 

EELS maps of the supported SP modes and IBT (Figure 5.20a (iii)). A magnified image of 
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the damaged area (ca. 200 × 200 nm2) demonstrates that 70 minutes of electron beam 

irradiation (i.e., electron beam dose) were not long enough to destroy the nanoribbon 

(Figure 5.20a (iv)), but they were enough to induce an obvious crystalline-to-amorphous 

phase transformation. This is clearly indicated by the selected area electron diffraction 

(SAED) patterns obtained at each side of the damaged/undamaged interface (Figures 5.20a 

(v and vi)), as well as the high-resolution STEM image of the interface (Figure 5.21). 

Interestingly, this irradiation-induced damage did not interrupt the propagation of the 

stationary SP wave along the edges of the nanoribbon, which is manifested by the inviolate 

dipole, quadrupole, and hexapole SP modes at 0.11, 0.22, and 0.32 eV, respectively (Figure 

5.20a (iii)). It, however, resulted in strong damping in the SPs as revealed by the waning 

intensity acquired over the damaged area. Nevertheless, the energy of the sustained SPs 

remained unchanged, even for the transversal mode that solely depends on the intrinsic 

characteristics of monoclinic MoO2, i.e., free electron gas density. 
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Figure 5.20. (a) (i and ii) HAADF-STEM micrographs of a ca. 63 nm-thick MoO2 

nanoribbon (annealed at 590 ºC) before and after being irradiated (at the center) by a 300 

kV focused electron beam (50 nA beam current), respectively. (iii) EELS fitted intensity 

maps of the corresponding longitudinal SP modes, i.e., dipole (0.11 eV), quadrupole (0.22 

eV) and hexapole (0.32 eV), transversal SP mode (1.82 eV), and IBT (3.32 eV) supported 

by the nanoribbon in (ii). Note that no shift has been recorded in the SP energies before 

and after annealing. (iv) Magnified image of the damaged area denoted by the yellow-

dashed rectangle in (ii). (v and vi) SAED patterns obtained from the undamaged and 

damaged areas marked by the red and greenish-blue squares in (iii), respectively. (b) (i) 

HAADF-STEM micrograph of a ca. 70 nm-thick MoO2 nanoribbon. The two orange 

stripes mark the area subjected to the irradiation. (ii and iii) HAADF-STEM micrographs 

of the two shorter nanoribbons cut from the nanoribbon in (i), along with the corresponding 

EELS fitted intensity maps of the independent supported longitudinal SPs, i.e., dipole (0.22 

eV) and quadrupole (0.35 eV) for the shorter nanoribbon, and quadrupole (0.26 eV) and 

hexapole (0.3 eV) for the longer nanoribbon. The white dotted boundaries delineate the 

edges of the nanoribbons in panels (a) and (b). 
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Figure 5.21. Low-resolution (a) and high-resolution (b) HAADF-STEM images of the 

interface between crystalline MoO2 and irradiation-induced amorphous region created by 

the focused electron beam. 

To progress with the resizing of the synthesized nanoribbons, we irradiated another 

nanoribbon (Figure 5.20b (i)) for longer exposure time using a slower scanning rate (i.e., 

1 s per pixel) until the material was completely sputtered. In fact, we did not irradiate the 

whole area (ca. 500 × 200 nm2) between the two shorter nanoribbons. Instead, we only 

bombarded the nanoribbon at the sides of the removed part as denoted by the horizontal 

orange stripes in Figure 5.20b (i), essentially employing a highly focused electron beam as 

a 1 nm precision cutting tool. Once the irradiated volume was entirely demolished, the 

isolated intermediate slab (ca. 500 × 200 nm2) instantaneously peeled off the supporting 

Si3N4 membrane, giving rise to two isolated single MoO2 nanoribbons supporting the 

oscillation of two distinct sets of SP modes (Figure 5.20b (ii and iii)). In principle, altering 

the size, i.e., length in our case, of the nanoribbons has induced a change in the oscillation 

frequency of the free electron gas,46,53,54 leading to a change in the SP energy of the 

longitudinal modes supported by the nanoribbons. In particular, the shortening of the lateral 

length has prompted a blue-shift in the SP energy of the supported mode. This is manifested 

in Figure 5.20b (ii and iii), where each of the nanoribbons sustains a quadrupole mode, 

with its ubiquitous localization at the middle of the lateral sides,48 yet at different SP 

energy; the shortest one (Figure 5.20b (ii)) allows for a quadrupole mode at 0.35 eV, while 

that of the longer appears at 0.26 eV. 
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Fundamentally, the gradual irradiation-induced slitting of the MoO2 nanoribbon has been 

attained as follows: the high-energy-focused electron beam irradiation generated a defect 

clustering in the monoclinic structure accompanied by the nucleation of amorphous islands 

within the irradiated volume. The onset of both irradiation-generated defect clustering and 

the solid-state amorphization appears to be stimulated by local energy and the elastic 

instabilities between the amorphous islands and the crystal. Hence, the interaction of the 

electron-beam-generated defects with the interfaces between the crystal and these islands 

could either induce their shrinkage or growth depending on the electron beam flux.55 Such 

a dependence on the electron beam flux is related to the competition between defect 

accretion in the collision cascade and the shrinkage associated with the defect annihilation 

from the damaged volume. Thus, when the nanoribbons are irradiated for a shorter period 

(i.e., 70 minutes using a faster rate of 0.1 s per pixel), the defect clustering in the 

amorphized region has led to an increase in the thickness of the damaged volume (obtained 

at the center) from ca. 63 nm to ca. 75 nm, which explains the blurriness of the HAADF 

image obtained at the unirradiated crystalline areas (Figure 5.20a (ii and iv)). However, 

after longer exposure time (i.e., 1 s per pixel), the balance was tilted in favor of the 

shrinkage of the amorphized volume owing to the gradual annihilation of the defects.56 

5.3 Materials and Methods 

5.3.1. Materials Synthesis 

MoO3 nanoribbons. The typical synthesis of MoO3 nanoribbons was similar to the 

literature but with minor modifications.65 1 g molybdenum foil was firstly dissolved in a 

mixed solution of 10 mL deionized water and 20 mL (30 wt%) H2O2 through mild stirring, 
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followed by transferring into a Teflon-lined stainless steel autoclave and heating at 220 ºC 

for 24 h. The produced white precipitate was collected by centrifugation, washed by water 

and ethanol alternatively, and dried in an electronic vacuum oven. 

MoO3 Nanoflakes. In a typical run, the preparation of MoO3 nanosheets was similar to the 

literature with slight modifications.66 2 mmol of molybdenum foil was dissolved in 3 ml 

H2O2 (30 wt%), followed by adding 20 ml ethanol. The mixed solution was transferred to 

a Teflon-lined autoclave that was held at 160 ºC for 10 h. The final product was collected, 

washed, and dried. 

MoO2 Nanoribbons. Typically, 60 mg of the synthesized MoO3 nanoribbons was 

dispersed into 60 mL distilled H2O through sonication, followed by adding 150 mg of 

dopamine. After stirring 30 min, the pH of this mixed solution was adjusted to 8 by tris-

HCl (50 mM), during which the color gradually changed to brown, a feature of the 

polymerization process of dopamine monomers. The product was collected after reacting 

for 2 h and washed by water and ethanol alternatively, followed by lyophilization. The 

solid brown product was annealed at 500 ºC for 2 h in an argon atmosphere under a high 

vacuum of 500 mTorr. The final black product was collected and stored in a glovebox for 

further analysis. 

MoO2 Nanoflakes. The typical synthesis of MoO2 nanosheets was similar to that of the 

MoO2 nanoribbons, except for the use of 80 mg MoO3 nanoflakes instead of 60 mg. 

5.3.2. Physicochemical Characterization 
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Transmission electron microscope (TEM) images were recorded on the ThermoFisher 

USA (formerly FEI Co.) Titan (80-300 kV) at the accelerating voltage of 300 kV. Scanning 

electron microscopy (SEM) images were recorded on the ThermoFisher USA Teneo under 

high vacuum with an accelerating voltage of 5 kV. X-ray photoelectron spectra (XPS) were 

collected with the use of a Thermo Escalab 250 spectrometer equipped with an Al-Kα X-

ray source (1486.6 eV). X-ray diffraction (XRD) patterns were recorded on a Bruker D8 

Advance powder diffractometer at 40 kV and 40 mA using Co-Kα radiation. Raman spectra 

were collected on a micro-Raman spectrometer (LabRAM ARAMIS, Horiba-Jobin Yvon) 

with notch filters cutting at 100 cm−1 with the use of a Cobalt laser (633 nm, 5 mW at 

source). 

5.3.3. STEM-EELS Characterization 

To obtain low- and core-loss electron energy loss spectroscopy (EELS) signals in 

combination with scanning transmission electron microscopy (STEM) imaging, the MoO2 

nanostructures (i.e., nanoribbons or nanoflakes) were drop-casted onto a silicon nitride 

(Si3N4) grid with 5 nm thick windows. All the EELS and STEM characterizations were 

conducted at 80 kV on a ThermoFisher USA (formerly FEI Co.) Titan Themis Z (40−300 

kV) TEM equipped with a double Cs (spherical aberration) corrector, an electron beam 

monochromator, a high brightness electron gun (x-FEG), and a Gatan Quantum 966 

imaging filter. The core-loss EELS spectra were recorded in STEM mode with ca. 20 mrad 

semi-convergence angle with about 0.1 nm probe size. The low-loss EELS spectra were 

recorded in STEM mode with ca. 1 mrad semi-convergence angle (4 nm probe size). For 

the low-loss EELS spectra, the monochromator operation was optimized according to the 
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method reported elsewhere.67,68 Accordingly, the mapping of the spatial distribution of SP 

modes was obtained with an energy resolution of 45−50 meV, measured as the full width 

at half maximum of zero-loss peak (ZLP). This allows resolving spectral features (SP 

resonant maxima) at energies as low as ca. 100 meV (i.e., mid-infrared range) without 

further deconvolution of the data. The fitting of ZLP measured on the pristine Si3N4 without 

MoO2 nanoribbons was used for background subtraction. The absolute thicknesses of the 

studied nanostructures were calculated using the log-ratio method,69 by estimating the 

effective inelastic mean free path of the incident 80 kV electrons through the material. In-

situ heating of the sample was conducted using a double tilt heating TEM holder (Gatan, 

model 652) at 590 and 900 ºC for 30 minutes under ultrahigh vacuum inside the 

microscope. Then, the low-loss plasmon maps and core-loss averaged spectra were 

collected after cooling down to room temperature. Irradiation-induced damaging and 

slitting of the nanoribbons were performed using high energy (300 kV) focused electron 

beam (50 nA beam current, ca. 1 nm probe size) inside the TEM using scanning mode with 

1 nm pixel size, and exposure time per pixel of 0.1 and 1 s for the nanoribbons in Figure 

3a and 3b, respectively. 

Table 5.1. Summary of the geometrical influence of the studied monoclinic MoO2 

nanostructures on the SP energy. The length stands for the longer lateral side of the 

nanostructure. 
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5.10 

Nanoribbon 

71 ~2120 0.14 0.24 0.35 1.82 

5.11 65 ~1100 - 0.23 0.33 1.82 

5.12 68 ~600 0.44 0.94 1.25 1.82 

5.20a 63 ~2050 0.11 0.22 0.32 1.82 

5.20b 70 ~740 0.22 0.35 - 1.82 

5.20b 70 ~2400 - 0.26 0.30 1.82 

5.13 

N
a
n

o
fl

a
k

e 

Triangular 14.7 ~150 0.94 1.2 - 1.82 

5.14 Rectangular* 14.9 ~100 1.0 - - 1.82 

5.15 Complex 16.0 ~300 1.0 1.3 - 1.82 

5.16 Complex 14.9 ~200 1.0 1.44 - 1.82 

5.17 L-shape** 15.3 ~480 - - - 1.82 

* The SP energy supported by this nanoflake at 1.5 eV is attributed to a breathing SP mode. 

** The two detected longitudinal modes for this nanoflake at 0.33 and 1.1 eV difficult to 

be attributed to the regular dipole or quadrupole modes owing to the complexity of the 

shape. 
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Chapter 6. Charge Transfer Doping of Ti3C2Tx: A New Pathway to 

Tunable Work Function and Enhanced Transport properties 

6.1. Overview and Scope 

To this point, we have shown that the plasmonic behavior of MXenes is predominated by 

its surface band structure which is, in turn, is affected by the surface stoichiometry of 

MXenes. In contrast, the plasmonic behavior of other systems is mainly controlled by the 

bulk band structure as discussed in the case of MoO2 nanostructures in chapter 5. However, 

in this chapter, to verify the uniqueness of MXenes, we selectively altered the subsurface 

electronic structure of Ti3C2Tx through molecular charge-transfer doping and probed the 

effect of doping on the plasmonic behavior of MXene. In principle, molecular charge 

transfer can potentially dope the MXene, without necessarily creating defects, which might 

be useful in increasing the conductivity. Herein, we engineered the work function () of 

Ti3C2Tx via a well-controlled charge transfer doping process using solutions of molecular 

chemical oxidants. In particular, we have chosen one of the strongest available one-electron 

acceptors, i.e. Tris(4-bromophenyl)ammoniumyl hexachloroantimonate; commercially 

known as magic blue (MB) owing to its intense royal blue color. Noteworthy, the electron 

affinity of MB is significantly higher than the  of pristine Ti3C2Tx which shall allow for 

an efficient charge transfer doping process. 

5.2. Results and Discussion 

In this chapter, mono- and few-layered nanosheets of Ti3C2Tx were synthesized using a 

fluoride- and chloride-containing etching solution followed by a well-designed LiCl-based 
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delamination process as described in the supporting information (SI). In general, a typical 

suspension of delaminated Ti3C2Tx is composed of an array of nano- and micro-scale 

nanosheets. However, knowing that smaller Ti3C2Tx nanosheets are more prone to 

oxidation,56 we selectively obtained larger nanosheets (ca. 2-4 mm) using a controlled 

centrifugation/decantation process to allow for better oxidation resistance. Figure 6.1b,c 

depicts atomic force microscopy (AFM) micrographs of stacked and isolated Ti3C2Tx 

nanosheets. The corresponding thickness profiles confirm that our suspensions are 

predominately made of few- and mono-layered nanosheets. The crystallinity of our Ti3C2Tx 

nanosheets is demonstrated in Figure 6.1d showing all the X-ray diffraction (XRD) peaks 

of a typical Ti3C2Tx pattern in the 5-35 range. Following the etching process, the 

characteristic (002) peak of Ti3C2Tx was shifted from 2q=9.5 down to 6.8, indicating an 

increase in the interlayer spacing (d) and the c-lattice parameter (c-LP) as shown in Figure 

6.1d. The broadening and the shift in the characteristic (002) peak are attributed to the 

substitution of the Al layers with the surface-terminating groups (Tx) as a result of the 

exfoliation followed by the LiCl intercalation. 
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Figure 6.1. (a) Schematic representation of a Ti3C2Tx monolayer with surface-terminated 

functional groups (Tx: O, OH, F). (b,c) AFM micrographs of stacked and isolated few-

layer and monolayer Ti3C2Tx nanosheets, respectively. Insets depict the thickness profiles 

along the yellow lines in b,c. (d) XRD patterns (vertically displaced for clarity) of Ti3AlC2 

MAX (bottom) and Ti3C2Tx MXene (top). (e) High-resolution XPS spectra of Ti 2p and (d) 

C 1s core levels. (g) 19F NMR spectrum of Ti3C2Tx nanosheets recorded at room 

temperature using a 600 MHz spectrometer. 

Moreover, to investigate the chemical stability of the fabricated Ti3C2Tx, X-ray 

photoelectron spectroscopy (XPS) was performed on spray-coated Ti3C2Tx to study its 

oxidation states and chemical composition. The corresponding high-resolution XPS spectra 
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of Ti 2p and C 1s core levels are displayed in Figure 6.1e,f. The Ti 2p region (Ti 2p5/2 – Ti 

2p3/2) of the Ti3C2Tx thin-film is fitted with 6 doublets (12 components). Although the 

oxidation of MXene is inevitable, especially in the air, the amount of formed TiO2 species 

in pristine Ti3C2Tx is found to be minimal (the purple spectrum in Figure 6.1e), which is 

indicative of the quality of our synthesized MXene nanosheets. Such high quality was 

further confirmed using 19F nuclear magnetic resonance (NMR) spectroscopy. In the 

corresponding 19F NMR spectrum (Figure 6.1g), an intense and broad signal was detected 

at ca. 245.3 ppm, which is assigned to surface-terminated fluorine. On the other hand, 

only traces of hydrated aluminum fluoride (AlF3.nH2O), i.e. etching residue, were detected 

at ca. 153.1 ppm. Three other signals were detected at 203.2, 120.9, and 89.1 ppm, 

which are attributed to other etching byproducts, i.e., Li-F,  hydrofluorocarbons, and TiF3, 

respectively. It is worth mentioning that in most of the previous reports, the AlF3 signal 

used to be as intense as that of Ti-F or even more.232,233 It is important to note that the 

findings of the abovementioned measurements were crucial to us before proceeding with 

the doping process, to rule out the possible contributions from any constituents in the 

system other than MXene. 

Next, for doping experiments, several Ti3C2Tx thin-films (ca. 20 nm in thickness) 

were spray-coated on indium tin oxide (ITO) coated glass substrates and immersed in MB-

containing dichloroethane solutions (at a concentration of ca. 0.01 mg/ml) for different 

time slots (2.5, 5, 9, and 14 hrs). The corresponding high-resolution XPS spectrum of the 

O 1s and Sb 3d core levels of the MB dopant, depicted in Figure 6.2a, shows the domination 

of the Sb5+ species in the form of SbCl6
−, and with much less amount in the form of SbCl5. 

The molecular structure of MB (inset of Figure 6.2a) displays the three-bladed propeller 
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structure of the triarylaminium radical cation with the octahedral non-coordinating SbCl6
− 

anion. After each doping time slot, Ti3C2Tx thin-films were dried 2 hours under vacuum to 

get rid of any residue. Ultraviolet photoemission spectroscopy (UPS) was then utilized to 

probe the effect of doping on the work function of MXene. Interestingly, a monotonic 

increase in the work function from 4.37 eV for pristine Ti3C2Tx to 4.81 eV for doped (14 

hr) Ti3C2Tx was detected (Figure 6.2b,c). Remarkably, this largely modulated work 

function (ca. 450 meV) was attained without sacrificing the electrical transport properties 

of pristine Ti3C2Tx, as evidenced by corresponding the Hall-effect measurements 

demonstrated in Figure 6.2c. The obtained conductivity of the 20-nm pristine MXene 

increased from ca. 2250 S/cm to ca. 3800 S/cm after 9 hr of doping. Such an increase is 

due to the induced increase in the charge carrier density accompanied by a decrease in the 

charge mobility. This trend is attributed to the increase in the amount of the charged dopant 

species confined to the surface of MXene, which would act as scattering centers leading to 

a consistent decrease in mobility. However, for extended doping times (above 10 hr), this 

regime was reversed where the conductivity suddenly start to drop as a result of the 

decrease in the carrier density along with an increase in the charge mobility (Figure 6.2c). 

This reversed trend can be attributed to the increase in the concentration of the dopant ions 

which would start to lie farther from the MXene surface increasing the dopant-dopant 

interactions. The accumulation of the dopant ions after longer doping times would reduce 

the scattering which could explain the surge in the charge mobility for the doped (14 hr) 

Ti3C2Tx sample.  
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Figure 6.2. (a) High-resolution XPS spectra of O 1s and Sb 3d core levels of the MB 

dopant. Inset: Molecular structure of MB comprising its [(4-BrC6H4)3N]+ radical cation 
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and non-coordinating SbCl6
− anion. (b) UPS secondary electron cut-off (SEC) spectra 

(He−Iα = 21.22 eV) of pristine and doped (2.5, 5, 9, and 14 hr) Ti3C2Tx, along with their 

deduced work functions (=21.22 - SEC). (c) Variation in the work function (black), 

conductivity (red), carrier density (yellow), and Hall mobility (green) of Ti3C2Tx as a 

function of doping time. (d,e,f) High-resolution XPS spectra of O 1s and Sb 3d, Ti 2p, and 

C 1s core levels of doped (2.5 hr) Ti3C2Tx, respectively. (g,h,i) High-resolution XPS spectra 

of O 1s and Sb 3d, Ti 2p, and C 1s core levels of doped (5 hr) Ti3C2Tx, respectively. (j,k,l) 

High-resolution XPS spectra of O 1s and Sb 3d, Ti 2p, and C 1s core levels of doped (9 hr) 

Ti3C2Tx, respectively. 

To this point, we have demonstrated our ability to engineer the work function of MXene 

along with enhanced electrical properties. However, the nature of the interaction between 

the dopant species and Ti3C2Tx and whether the dopant species form a physisorptive or 

chemisorptive bond with the MXene is unclear. For that, we conducted an extensive high-

resolution XPS for doped (2.5, 5, and 9 hr) MXene to compare to that of pristine MXene 

(Figure 6.1e,f). The corresponding XPS spectra of the O 1s, Sb 3d, Ti 2p, and C 1s core 

levels of the doped samples are shown in Figure 6.2d-l. For the Sb 3d core level of all the 

doped samples, only one species of Sb5+, i.e. SbCl6
−, was detected with almost no change 

in its binding energy compared to that present in the parent MB dopant. The amount of 

Sb5+ in the doped samples systematically increased with the doping time. On the other 

hand, no obvious increase in the Br 3d peak (associated with the cation) was detected, 

indicating that the radical cation is going away in the solution and only the SbCl6
− anions 

stay in the system and contribute to the carrier density. Besides, no shift in the binding 
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energies of the Ti and C species was observed, ruling out the presence of any chemisorptive 

bonding between the MXene and the Sb5+ ions. Instead, we believe that the non-

coordinating SbCl6
− anions are physisorbed on the surface of Ti3C2Tx, while the [(4-

BrC6H4)3N]+ radical cations, very strong one-electron oxidants, are turned into neutral 

triphenylamines as a result of a potential charge transfer from the MXene, which explains 

the surge in the carrier density during the molecular doping process. Such an increase in 

the charge density would result in better uptake of the negatively charged Sb5+ species (i.e. 

SbCl6
-). This also justifies the change in the work function of doped MXene which can be 

ascribed to a Fermi level shift due to the change in the band population resulting from the 

charge transfer. Noteworthy, physisorption of SbCl6
− anions onto other 2D materials such 

as MoS2 and graphene have been previously reported.234,235 A schematic illustration of our 

proposed mechanism for the charge transfer doping of Ti3C2Tx is demonstrated in Figure 

6.3.   

 

 



172 
 

 

Figure 6.3. Mechanism of charge transfer doping of Ti3C2Tx MXene. (Left) Schematic of 

a 20-nm sprayed film of Ti3C2Tx dipped in MB-containing dichloroethane solution for 

different time slots. (Right) Atomistic illustration of the charge transfer doping of the 

MXene nanosheets, during which the [(4-BrC6H4)3N]+ radical cations are neutralized back 

to triphenylamines. While the non-coordinating SbCl6
− anions are physisorbed on the 

Ti3C2Tx nanosheets. 

To validate our interpretation and to elucidate the origin of the proposed charge transfer 

doping of MXene, we conducted a combination of electron paramagnetic resonance (EPR) 

spectroscopy and femtosecond visible transient absorption measurements for pristine and 

doped Ti3C2Tx. In principle, the EPR technique is sensitive enough to detect the presence 

of unpaired electrons that may have resulted from the change in the band structure of 

MXene.236,237 The corresponding room-temperature EPR spectra of the MB dopant, 

pristine, and doped MXene are presented in Figure 6.4a. The flat EPR signals for pristine 

Ti3C2Tx is indicative of the absence of unpaired electrons and/or any defects in its band 

structure. However, for the doped (9 hr) MXene, a sharp EPR signal was detected at ca. 

3358 G with a narrow linewidth of 4.26 G. Such a diamagnetic-to-paramagnetic transition 

is attributed to the unpaired electrons induced during the charge transfer doping which is 

following our hypothesis. Besides, the dimensionless magnetic moment, i.e. g-factor, of 

the doped MXene at ca. 2.0032, i.e. close to that of free electrons (at ca. 2.0023), indicating 

that the magnetism is arising from unpaired delocalized electrons that has very little orbital 

contribution to the magnetic moment. Notably, the EPR signal of the parent MB dopant 

was detected at ca. 3326 G with a much wider linewidth of ca. 35.4 G and a g-factor of 

2.00982. However, that signal is not observed in the EPR of the doped MXene, which is 
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another verification that the radical cation is not part of the system after being neutralized 

by charge transfer from MXene. It is worth to mention that no signal was detected in the 

range of 3400-3520 G, which is indicative of the absence of Ti3+ paramagnetic centers.238 

Meaning that, the charge is not transferred from the surface band structure dominated by 

Ti 3d. Otherwise, we may have some chemisorbed species along with the physisorbed ones. 

This interpretation was further confirmed by investigating the UV-vis-NIR absorption of 

MXene before and after doping. Generally, the absorption spectrum of pristine Ti3C2Tx 

would have two characteristic absorption bands at ca. 330 and ca 760 nm, corresponding 

to the interband transitions (IBT) and localized surface plasmon resonance (LSPR),239,240 

respectively. After doping, the absorption spectrum of MXene (Figure 6.4b) has barely 

changed despite the significant changes seen in the EPR data (Figure 6.4a), except for a 

slight decrease in the absorption cross-section of the IBT band. These observations are 

indicative of the stability of the electronic structure of the doped MXene, and the absence 

of chemical bonding between the dopant and the MXene. Furthermore, the decrease in the 

IBT band could be ascribed to the charge transfer solely originating from the subsurface 

band structure of MXene.  
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Figure 6.4. (a) The X-band EPR spectra of the magic blue (MB) dopant, pristine, and 

doped (9 hr) Ti3C2Tx, obtained at room temperature. (b) UV-Vis-NIR absorption spectra of 

pristine and doped (9 hr) Ti3C2Tx. The dashed lines denote the pump wavelengths (pump) 

at which the Ti3C2Tx films were excited during the TA spectroscopy measurements.  

The aforementioned attributions were further verified using fs-TA spectroscopy. In our 

approach, we wanted to investigate the hole transfer process and the influence of such a 

process on the dynamics of the IBT and LSPR bands. To our best of knowledge, there is 

no previous study presented such an influence. To do so, we selectively excited the MXene 

thin-films at three different wavelengths (340, 550, and 720 nm as denoted by the dashed 

lines in Figure 6.4b) to distinguish between the doping effects on IBT and the LSPR bands 

using fs-TA technique.241-243 Upon the excitation of the pristine Ti3C2Tx at 340 nm, the 

corresponding TA response extended from 500 to 900 nm as shown in Figure 6.5a. 

However, upon extracting kinetic trances at different time slots, various lifetime 

components were needed to attain the best fit. For instance, to fit the TA spectrum at ca. 

500 nm during early time slots, i.e. ca. 200 fs (the blue signal in the top of Figure 6.5a), 

short and long lifetime components were needed, while at ca. 1 ps (the red signal in the top 

of Figure 6.5a), only a short lifetime component was needed. In principle, the short lifetime 

component ca. 200-500 fs is attributed to the dynamics of the LSPR that can extend from 

the visible to the near IR region.242 While the long lifetime component at ca. > 3 ns can be 

assigned to the lifetime of the charges generated within the band structure of the MXene, 

i.e. IBT. When it comes to the excitation at 550 nm, at which the oscillator strengths of 

both IBT and SP are minimized, similar behavior was observed, where the TA spectrum at 

early time slots, i.e. ca. 200 fs (the blue signal in the top of Figure 6.5a) is assigned to the 
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tiny fraction of excited IBT with a predominent long component. On the other hand, at ca. 

1 ps (the red signal in the top of Figure 6.5a) is mainly overwhelmed by the LSPR dynamics 

with a fast lifetime of ca. 100 fs. 

 

Figure 6.5. (a,c) fs-TA spectra of pristine (top) and doped (bottom) Ti3C2Tx at different 

time slots upon excitation at 340 and 550 nm, respectively. (b,e) The extracted kinetic 

traces obtained at ca. 500 nm (top), 600 nm (middle), and 875 nm (bottom) of pristine and 

doped Ti3C2Tx at pump of 340 and 550 nm, respectively.  

Remarkaebly, after doping the MXene thn-films, and repeating the same excitation 

measurements at 340 nm, the extracted kinetic traces at 525 nm for doped Ti3C2Tx shows 

a significant change with an ultrafast excited state depopulation followed by the formation 

of a negative signal (Figure 6.5b). The first ultrafast component of ca. 400 fs is assigned to 

the hole transport process. While, the negative signal is assigned to the recombination 

process. However, moving to the red signal (ca. 1 ps) of the TA spectrum (in the bottom 

of Figure 6.5a) , one can see that the ultrafast component of the LSPR is overlapped with 

the hole-transfer and the recombination processes. To confirm that those minimal negative 
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features are only arising from the overlaid signal of the hole-transport process, we 

selectively excited the second band at 550 nm (Figure 6.5c) and probed at almost the same 

wavelengths as in the case of the 340-nm-excitation. At 550 nm, the LSPs seem to be 

absorbing the incident light rather than excitation of the band-gap carriers. Noticably, the 

three extracted kinetics at 525, 600 and 875 nm are also different as in the case of UV 

excitation, yet they do not show any kinetic changes upon doping (Figure 6.5d). These 

results clearly show that LSPR excitation is not affected by the doping process and that the 

hole transfer process only takes place within the first absorption band, i.e. IBT, which is in 

good agreement with the interpretion of the EPR and the UV-vis-NIR spectra. Eventually, 

similar to the excitation at 550 nm, no change was observed in the kinetic traces obtain 

upon the exciation at 720 nm for the pristine and doped MXene (Figures 6.6 and 6.7), 

which further confirms that charge transfer doping is only affecting the bulk band structure 

of MXene leading to a highly modulated work function with no change in the plasmonic 

behavior.  

 

Figure 6.6. fs-TA spectra of (a) pristine and (b) doped (9 hr) Ti3C2Tx at different time slots, 

upon excitation at 720 nm. 
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Figure 6.7. Extracted kinetic traces of pristine and doped (9 hr) Ti3C2Tx at (a) 650 nm, (b) 

700 nm, and (c) 775 nm, upon excitation at 720 nm.  

6.3 Materials and Methods 

6.3.1. Synthesis of 2D Mono- and Few-layered Ti3C2Tx Nanosheets 

Suspensions of Ti3C2Tx were prepared by selectively etching the Al layer from its parent 

MAX Ti3AlC2. In a typical experiment, 1 g of the parent MAX Ti3AlC2 powder (< 40 m 

particle size, Carbon-Ukraine ltd.) was slowly added to a 10 ml etching bath composed of 

hydrofluoric acid (HF, VWR Chemicals), hydrochloric acid (HCL, Sigma Aldrich), and 

deionized water (DI, Milli-Q) at a volume ratio of 3:6:3. The mixture was stirred for 15 hr 

at 40 °C, after which the resulting suspensions were centrifuged (3500 rpm for 2 min) to 

separate the sediment. The supernatant was replaced with 40 ml of DI water, and the 

suspension went through a centrifugation/decantation process until a pH value f of 6-7 was 

reached. Subsequently, the supernatant was replaced with 40 ml of DI water containing 1.2 

g of lithium chloride (LiCl, Sigma-Aldrich). The mixture was gently shaken for a few 

minutes to allow for the intercalation of the LiCl. Afterward, the suspension went through 

another round of centrifugation/decantation process until a pH value f of 6-7 was reached. 
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Eventually, the MXene suspension was centrifuged at 2000 rpm for 10 mins and then the 

collected supernatant containing delaminated Ti3C2Tx nanosheets was stored at ca. 3 oC for 

future use. 

6.3.2. Characterizations 

Structural Characterization. Atomic force microscopy (AFM, Bruker, Dimension 

Icon SPM) was used to obtain the surface morphologies and thickness profiles of the 

fabricated MXene flakes. For AFM sample preparation,  the MXene nanosheets were 

randomly sprayed on glass substrates, dried under a vacuum, and then rinsed with DI water. 

X-ray diffraction (XRD) analysis was conducted using a powder X-ray diffractometer 

(Bruker D8 Advance) with Cu Kα radiation at a wavelength of 1.5418 Å. The scanning 

rate was 0.02/step at 0.5 s/step in the range 2 angles of 5- 60. The calculated SAED 

pattern of Ti3C2Tx (Figure S2) was obtained using PTClab software based on the lattice 

parameters (hexagonal lattice, P63/mmc space group, a=3.088 Å, and c=26.776 Å.) 

deduced from the corresponding XRD pattern depicted in Figure 6.1d. The screw axis is 

along the c-axis. 

X-ray Photoemission Spectroscopy (XPS) measurements were carried out in a Kratos 

Axis Supra DLD spectrometer equipped with a monochromatic Al Kx-ray source 

(=1486.6 eV) operating at 150 W, a multichannel plate, and delay line detector under a 

vacuum of 1×10−9 mbar. The survey and high-resolution spectra were collected at fixed 

analyzer pass energies of 160 eV and 20 eV, respectively, and quantified using empirically 

derived relative sensitivity factors provided by Kratos analytical. Samples were mounted 

in a floating mode to avoid differential charging. Charge neutralization was required for all 
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samples. Binding energies were referenced to the C 1s peak of (C-C, C-H) bond which was 

set at 284.8 eV. The data were analyzed with commercially available software, CasaXPS. 

Nuclear Magnetic Resonance (NMR) Spectroscopy. For comparative studies, all 19F 

experiments were performed under the same instrumental conditions and parameters. To 

be able to spin the conductive sample, the samples were finely ground with KBr then 

packed evenly into a 2.5mm zirconia rotor and sealed at the open end with a Vespel cap. 

All 19F NMR spectra were recorded using Bruker 600 MHz AVANACIII NMR 

spectrometer equipped with a triple resonance 2.5 mm Bruker MAS probe (BrukerBioSpin, 

Rheinstetten, Germany). Each 19F NMR spectrum was recorded by collecting 8 k scans at 

room temperature with a 10 sec recycle delay. The spinning rate for all experiments was 

set to at least 18 kHz using one pulse program (zg) from the Bruker pulse library.  

Hall-effect and Conductivity Measurements were performed at room-temperature 

(Lake Shore 7700) to investigate the electrical transport properties. The conductivity was 

determined by using the van der Pauw method, with Ohmic contacts formed on the corners 

of the samples (1×1 cm). The contacts were formed using a silver paste to attach low-strain 

silver alloy wires (Lake Shore PN 671-260) on the sample from one side, while the other 

side of the wires is soldered to the sample holder. The carrier density was determined from 

Hall-effect measurements, on the same sample, using a reversible sweep magnetic field up 

to 10 kG, with an excitation current of 1 mA. The carrier mobility of each sample was 

calculated from the corresponding carrier density and the conductivity of the sample at 

applied magnetic fields of 5×103 and 1×104 G. 
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Electron Paramagnetic Resonance (EPR) Spectroscopy was performed using 

continuous wave (CW) Bruker EMX PLUS electron paramagnetic resonance spectrometer 

equipped with standard resonator for high sensitivity (Bruker BioSpin, Rheinstetten, 

Germany). All experiments were carried out at room temperature using 20 dB microwave 

attenuation with a 5 G modulation amplitude and 100 kHz modulation frequency. Bruker 

Xenon software was used for both data collection and post-processing analysis. 

Ultraviolet-Visible-near Infrared (UV-vis-NIR) Spectroscopy was conducted to 

obtain the absorption spectra (190-1200 nm) of pristine and doped MXene using a Cary 

5000 UV-VIS-NIR spectrometer (Varian Inc.). A baseline correction was applied before 

obtaining absorption data. 

Femtosecond Visible Transient Absorption (fs-TA) measurements were performed 

under ambient conditions at room temperature. For fs-TA obtained at pump pulses of 340 

and 550 nm, the data were accumulated in transmission mode for thin semitransparent films 

(spray-coated on CaF2 substrates). The 340 and 550 nm excitation wavelengths (few µJ per 

pulse) were generated by coupled TOPAS to a femtosecond amplifier system purchased 

from SpectraPhysics. The transmitted probe white light pulses were detected using 

broadband UV-NIR detectors. More details about the setup can be found elsewhere.54,243,244 

For fs-TA obtained at pump pulses of 720 nm, the measurements were performed on 

timescales of 0.1 ps to 5 ns, based on a regeneratively amplified Ti:Sapphire laser (800 nm 

laser pulses of 35 fs pulse width having 1 kHz repetition rate), and in conjunction with 

Helios spectrometers (Ultrafast Systems). The 720 nm excitation pump pulses were 

generated after passing through a fraction of 800 nm beam into the spectrally tunable 
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(240−2600 nm) optical parametric amplifier (Light conversion). The probe pulses (UV-

visible-NIR wavelength continuum, white light) were generated by passing another 

fraction of the 800 nm pulses through the 2-mm thick sapphire crystal. Before white light 

generation, the 800 nm amplified pulses were passed through a motorized delay stage. 

Based on the movement of the delay stage, the transient species were detected following 

excitation at different time scales. The white light was split into two beams (named as 

signal and reference) and focused on two fiber optics for the improvement of better signal 

to noise ratio. The excitation pump pulses were spatially overlapped with the probe pulses 

on the samples after passing through a synchronized mechanical chopper (500 Hz), which 

blocked alternative pump pulses. The change in absorption (A) was measured with 

respect to the time delay and wavelength. All spectra were averaged over a time of 2 s for 

each time delay.  
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CHAPTER 7. Conclusions and Perspectives 

Conclusions. In summary, for the first time, we have been able to unveil the existence of 

several edge- and central-longitudinal multipolar modes accompanied by material-

dependent transversal SP mode in addition to inherent inter-band transitions sustained by 

Ti3C2Tx and Mo2CTx MXenes, as well as MoO2 nanostructures. As expected, the energy 

and spatial distribution of both the transversal SP mode and the IBT were shown to be 

invariant across the nanostructure of each studied material. On the other hand, the 

longitudinal multipolar modes (both super-radiant and sub-radiant) demonstrated 

substantial energy and spatial variation over mono- and multi-layered MXene flakes and 

MoO2 nanostructures. They are strongly related to the morphological aspects of the flake 

e.g., shape, size, and thickness, and thus allowing for tunable SP energies. Besides, sub-

radiant multipolar modes have never been demonstrated for any other 2D materials. Most 

importantly, we have shown unambiguously that each monolayer in a multi-layered 

Ti3C2Tx flake behaves like an isolated sheet, sustaining a discerned set of longitudinal SP 

modes. This precisely exposes the true 2D nature of Ti3C2Tx and the fundamental difference 

from the “classical” plasmonic metals. Ultimately, we have performed the in-situ heating 

of Ti3C2Tx flakes up to 900 oC to reveal the tunability of their longitudinal and transversal 

SP energy by altering the population of Tx on the surface of the sheets. The induced 

desorption of surface-terminated F has noticeably multiplied the free electron density of 

Ti3C2Tx. In contrast, such tunability was not obtained through annealing MoO2 

nanostructures. Our results show that Ti3C2Tx holds great potential for the development of 
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MXene-based sensing and photonic applications such as biological sensors, broadband 

photodetectors, and plasmonic waveguides.  

Building upon the implication of the discovered plasmonic features, particularly the 

transversal SP one, which lies within the visible spectral band, we fabricated a series of 

flexible MXene thin-film photodetectors operating in the visible spectral region. Their 

photoresponse is dominated by the intrinsic plasmon-assisted hot carrier generation 

without the need for integration with other metallic plasmonic structures, as previously 

demonstrated with several 2D materials. Despite being the first demonstration of plasmonic 

photodetection in MXenes, the performance of Mo2CTx thin films considering their R and 

D* is surpassing the majority of previously reported visible-band photodetectors based on 

solution-processed 2D materials. A comparison of several literature reports was 

summarized in Table 3.2. In addition to their attractive performance and solution 

processability, we have revealed that our MXene-based devices possess an additional set 

of advantages including full visible spectrum coverage, highly stable operation, and 

mechanical flexibility. Further, using femtosecond visible transient absorption 

measurements, we probed the ultrafast dynamics of the photoactive carriers supported by 

Mo2CTx nanosheets. The demonstrated ability of coupling with light and dephasing of SPs 

with a short lifetime, have led to a photoresponse outperforming that of photoelectron-

based semiconductor devices. Eventually, we have been able to uncover the origin of the 

‘non-classical’ plasmonic behavior of the Mo2CTx MXene using a combination of micro-

Raman scattering and ellipsometric investigations. Our findings shed light on the 

knowledge of photocurrent generation mechanisms in MXenes, making them much more 

viable for many photonic and plasmonic device applications. 
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Following the abovementioned, we decided to go the extra mile and extend our plasmonic 

investigations to another 2D material, i.e., MoO2 nanostructures, for the sake of comparing 

their potential plasmonic behavior to that of MXenes. In this regard, we have accomplished 

a rational synthesis protocol of different monoclinic MoO2 nanostructures using a simple 

chemical strategy. More importantly, by using a spatially-resolved low-loss STEM-EELS, 

we managed, for the first time, to the extent of our knowledge, to map several distinctive 

multipolar SP modes supported by single MoO2 nanostructures. Noteworthy, as in the case 

of MXenes, this was the first progress made on specific SP modes sustained by individual 

MoO2 nanostructures. Not only that but we also succeeded in tuning the SP energy of the 

detected longitudinal modes by precisely controlling the length of the MoO2 nanoribbons 

using a potentially promising electron beam patterning technique. The pronounced SPR 

effect was confirmed, both theoretically and experimentally, to be related to the bulk band 

structure and the presence of abundant free electrons in Mo d orbitals. 

On the contrary, the SPR effect in MXenes is known to be mostly dependent on the surface 

band structure that is governed by the existence of the functional species tethered to the 

MXenes’ surface. This was experimentally verified in the last part of this dissertation, 

through a well-designed charge transfer doping of MXene. The doping process has solely 

affected the subsurface band structure leading to a ca. 450 meV modulation in the work 

function of Ti3C2Tx, with no detected change in the plasmonic behavior. The ability to tune 

the work function of MXenes without disrupting their plasmonic behavior is appealing to 

many application fields, especially when band alignment between MXenes and other 

materials is needed. 
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Perspectives. We believe that the findings of this dissertation hold great promise for 

comprehending plasmon physics of readily controllable non-classical metallic 

nanostructures and open a new avenue for developing plasmonic engineering. However, 

given that the MXenes field is still in its infancy, a lot of fundamental challenges still need 

to be addressed. One of these challenges is the ability to synthesize MXenes with 

controllable and uniform surface terminations; which is crucial for optimizing the 

rheological properties and stability of MXene suspensions, as well as for the performance 

of the obtained optoelectronic and plasmonic devices. Moreover, presently, most of the 

reported MXene plasmonic and optoelectronic applications are mostly based on Ti3C2Tx, 

i.e., the most mature member of the MXene family in terms of synthesis and investigated 

properties. Hence, given the available large number of carbide- and nitride-based MXenes 

with vastly different characteristics, there is still great room to further expand MXene-

based plasmonic and optoelectronic applications. To achieve this, however, more efficient 

MXene synthesis processes with better product control in terms of morphology, surface 

functionalization, nanosheet dimensions, etc. are needed. 

On a practical level, although the colloidal stability and anti-oxidation ability of MXenes 

has significantly been improved in the past years, the stability of MXene suspensions is 

still far from being industrially-relevant, with a shelf life of only a few months under 

carefully protected storage conditions. Scalability is another issue facing MXenes, given 

the inherent hazardousness of the used fluorine‐based etchants. Although several 

alternatives have been demonstrated, the highly toxic hydrofluoric acid is still the 

mainstream etching agent to produce MXenes, making the industrialization of MXene-

based applications highly difficult. Thus, it is highly imperative to find less hazardous 
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etchants that can result in the same product quality, yet with a higher yield, which shall be 

the focus of MXene-based future studies. 

Concerning the potential plasmonic applications of MXenes, they remain to be limited to 

our ability to make use of the detected specific SP modes. To this point, we have been 

mainly able to utilize the transversal SP mode, however, the longitudinal SP modes are 

hard to be utilized. In a typical MXene film, one would have a random collection of 

nanosheets with different geometries, where each nanosheet would support a distinctive 

set of longitudinal SP modes. Hence, to employ those modes, only two solutions could be 

thought of: 1) Nanoscale devices based on single MXene nanosheets, and/or 2) Macroscale 

devices made of engineered nanosheets at predetermined geometries to operate at specific 

SP energies. In this regard, we believe that both approaches shall be the focus of future 

research works.  
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