
 

 

RICE UNIVERSITY 

Photon Management Strategies in Two Dimensional 

Molybdenum Disulfide 

by 

Shah Mohammad Bahauddin 

A THESIS SUBMITTED  

IN PARTIAL FULFILLMENT OF THE  

REQUIREMENTS FOR THE DEGREE 

Master of Science 

APPROVED, THESIS COMMITTEE 

 

Isabell Thomann, Chair 
Assistant Professor of Electrical and Computer 

Engineering 

Assistant Professor, Materials Science and 

Nanoengineering 

 

Naomi J. Halas 
Stanley C. Moore Professor in Electrical and 

Computer Engineering  

Professor of Biomedical Engineering, Chemistry, 

Physics & Astronomy Director, Laboratory for 

Nanophotonics 

 

Peter J. Nordlander 
Wiess Chair and Professor of Physics and 

Astronomy  

Professor in Electrical and Computer Engineering  

Professor in Materials Science and Nanoengineering 

HOUSTON, TEXAS 

January 2016 



 
 

ABSTRACT 

Photon Management Strategies in Two Dimensional Molybdenum 

Disulfide 

by 

Shah Mohammad Bahauddin 

Here we take a first step toward tackling the challenge of incomplete optical 

absorption in monolayers of transition metal dichalcogenides for conversion of 

photon energy, including solar, into other forms of energy. We present a monolayer 

MoS2-based photoelectrode architecture that exploits nanophotonic light 

management strategies to enhance absorption within the monolayer of MoS2, while 

simultaneously integrating an efficient charge carrier separation mechanism 

facilitated by a MoS2/NiOx heterojunction. Specifically, we demonstrate two 

extremely thin photoelectrode architectures for solar-fuel generation: (i) a planar 

optical cavity architecture, MoS2/NiOx/Al, that improves optical impedance matching 

and (ii) an architecture employing plasmonic silver nanoparticles (Ag NPs), MoS2/Ag 

NPs/NiOx/Al, that further improves light absorption within the monolayer. We used 

a combination of numerical simulations, analytical models, and experimental optical 

characterizations to gain insights into the contributions of optical impedance 

matching versus plasmonic near-field enhancement effects in our plasmonic 

photoelectrode structures. By performing three-dimensional electromagnetic 

simulations, we predict structures that can absorb 37% of the incident light 

integrated from 400 to 700 nm within a monolayer of MoS2, a 5.9× enhanced 



 
 

absorption compared to that of MoS2 on a sapphire (Al2O3) substrate. Experimentally, 

a 3.9× absorption enhancement is observed in the total structure compared to that of 

MoS2/Al2O3, and photoluminescence measurements suggest this enhancement 

largely arises from absorption enhancements within the MoS2 layer alone. The results 

of these measurements also confirm that our MoS2/NiOx/Al structures do indeed 

facilitate efficient charge separation, as required for a photoelectrode. To rapidly 

explore the parameter space of plasmonic photoelectrode architectures, we also 

developed an analytical model based on an effective medium model that is in 

excellent agreement with results from numerical FDTD simulations. [Bahauddin, S. 

M., Robatjazi, H., and Thomann, I., ACS Photonics 3.5 (2016): 853-862.123] 
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Chapter 1 

Introduction to Plasmonics 

Plasmonics is the study of light-matter interactions where electromagnetic 

radiation interacts with the free electrons in a material (such as a metal) giving rise 

to the excitation of plasmon-polaritons1. Surface plasmons arise from the 

quantization of plasma oscillations. We can say that these plasmons are collective 

oscillations of the free electron gas density and can couple with a photon to create  

quasi-particles called plasmon polaritons. 

Plasmonics, a subfield of nanophotonics, can be exploited for applications that 

require extreme light concentration and field confinements2-10. In 1952 David Pines 

and David Bohm11 published a sequence of papers in Physical Review where they 

aimed to describe the interactions of electrons in an electron gas by a Fourier analysis. 

The Fourier components of the analysis describe the location and momentum of each 

electron in the gas, thus the analysis would provide a theoretical account of the 

collective behavior of electrons in metals. They found electron-electron interactions 
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are important for wavelengths larger than the Debye length resulting in collective 

phenomena, such as plasma oscillations, whereas for wavelengths smaller than the 

Debye wavelength random thermal fluctuations of individual particles dominate. 

However, important contributions to what later was called the field of “Plasmonics” 

can be traced back to the beginning of last century. Gustav Mie published his “Mie 

solution” of Maxwell's equation (also known as the Lorenz-Mie solution, the Lorenz–

Mie–Debye solution or Mie scattering) in 1908 and described the absorption and 

scattering of light in colloidal metals12. Before that, Maxwell Garnett and others 

worked on metal glasses and metallic films which were inherently related to the 

fundamental concepts of plasmonics13,14. Later, during the 1980s and 1990s, there 

were a lot of technological developments in nanofabrication and nano-

characterization that contributed to the modern revival of plasmonics15-19. In 

particular, the realization that coupling of photons to charges allows for sub-

diffraction localization of light at metal/dielectric interfaces has gathered attention in 

the field of surface and localized plasmons. Surface plasmons are specific delocalized 

plasmons that exist at the interface between any two materials where the real part of 

the dielectric function changes sign across the interface. Similarly, a localized surface 

plasmon is a coherent oscillation of carriers that exists at the closed surface of a sub-

wavelength particle. 

The position and intensity profile of plasmon-mediated light absorption and 

emission peaks are controlled by three parameters: (1) geometry of the structure (2) 

dielectric constants of the particle and surrounding material and (3) polarization of 

the incoming field. Interest in these control parameters has recently expanded to 
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realize a broad range of device applications such as sensing20-22, photo-detection23-25, 

spectroscopy26-28 and solar energy harvesting29-31. For example, nanowires, metal 

gratings, and channel grooves can serve as building blocks for information processing 

since they can facilitate plasmon propagation just like an optical fiber can support 

photon propagation through a waveguide geometry32,33. In addition to that, meta-

materials can be realized using a periodic array of sub-wavelength plasmonic 

nanostructures which have potential applications in light bending, electromagnetic 

shielding, and cloaking34-36. Another example can be the use of nanoparticles or an 

periodic array of nanostructures that can support localized plasmon modes and 

provide very high field enhancements for spectroscopic applications26,27. Such 

nanoparticles can also be used in liquid solution for the detection and sensing of 

molecules and other nanocomposites28. Finally, one can realize plasmonic solar 

energy conversion devices including photovoltaic and photocatalytic devices that 

convert light into electricity and chemical fuels by exploiting surface plasmons to 

enhance light absorption29-31. 
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Chapter 2 

Two-dimensional Materials and their 

Properties 

 Introduction 

Two-dimensional (2D) materials are defined as materials where carriers are 

quantum confined in one dimension. In the limit they consist of a single layer of atoms 

or a single layer of molecules, thus called Single layer materials38. In 2004, scientists 

first successfully isolated graphene which is a single layer of carbon atoms arranged 

in an hexagonal array and since then a large amount of research has been directed at 

isolating other 2D materials due to their unique characteristics. A large and growing 

number of applications in nanoelectronics, photovoltaics, and photodetection39-42  

have been demonstrated. 

2D materials can generally be categorized in two classifications: (1) allotropes 

of various elements and (2) compounds consisting of two or more covalently bonding 

elements. 

2D Allotropes: 
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 Graphene: Crystalline allotrope of carbon in the form of one-atom thick sheet, 

with a hexagonal honeycomb structure43 

 Borophene: Crystalline allotrope of boron arranged in a two-dimensional 

sheet44 

 Germanene: Germanene is a two-dimensional allotrope of germanium, with a 

buckled honeycomb structure45 

 Silicene: Silicene is a two-dimensional allotrope of silicon, with a honeycomb 

structure similar to that of graphene46 

Compounds: 

 Graphane: Graphane is a polymer of carbon and hydrogen which is a form of 

fully hydrogenated graphene47 

 Hexagonal Boron Nitride: A hexagonal two-dimensional allotrope formed by 

the crystals of alternating atoms of boron and nitrogen43 

 Transition Metal Di-chalcogenides: Atomically thin semiconductors of the type 

MX2, with M = transition metal atom and X = chalcogen atom43 

 Among these, transition metal dichalcogenide (TMDC) monolayers are of the 

type MX2, where M stands for a transition metal atom such as Molybdenum or 

Tungsten and X stands for a chalcogen atom such as Sulfur, Selenium, or 

Tellurium43. One layer of transition metal atoms is sandwiched between two 

layers of chalcogen atoms. Generally, bulk TMDC crystals are formed of 

monolayers bound to each other by Van-der-Waals attraction and thus there 

exist a thermodynamic condition where one can synthesize a monolayer43. 
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TMDC monolayers can have semiconducting properties with direct band 

gaps43 unlike graphene which has semi-metallic properties. Having a direct 

band gap opens up the possibility of using these materials in electronics as 

transistors and in optics as emitters and absorbers. In addition to that, TMDC 

monolayers have no inversion center, which introduces a new degree of 

freedom for the charge carriers namely valley polarization43. Research is 

actively pursued worldwide to exploit the electronic, photonic and 

valleytronic properties of these TMDC thin films. 

 Fabrication of TMDC Monolayers 

Several fabrication methods have been successfully employed to obtain 

monolayer TMDC films: 

1. Micro-mechanical Exfoliation: Separate the monolayer and few-layer flakes 

from bulk using the scotch tape48 

2. Chemical Exfoliation: Electrochemical exfoliation, Li intercalation by 

immersion of a natural MoS2 crystal49,50 

3. Chemical Vapor Deposition: Low-pressure chemical vapor deposition starting 

from sulfur and molybdenum oxide precursors51,52 

4. Molecular Beam Epitaxy53 
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 Monolayer Molybdenum Disulfide 

Molybdenum disulfide is an inorganic compound of Molybdenum and Sulfur: 

each Molybdenum (IV) atom occupies a trigonal prismatic coordination sphere that 

is bound to six sulfide ligands and each sulfur center is pyramidal and is connected to 

three Mo centers. Because of the Sulfur ligand, the compound is classified as a metal 

dichalcogenide. In its trigonal prismatic form, molybdenum atoms are sandwiched 

between layers of sulfur atoms and each successive sandwich is bonded by the weak 

van der Waals interactions between the sheets of sulfide atoms. In addition to these, 

MoS2 possesses some interesting characteristics that are distinct from its bulk 

counterpart as given below: 

1. Transition from an indirect bandgap of 1.2 eV for multilayer MoS2 to a direct 

bandgap of 1.8 eV for a monolayer55. Because of this direct bandgap, large 

absorption of solar energy is possible in the visible spectrum. 

2. Enhanced field emission56 

3. Position of conduction and valence band edges are favorable for photocatalytic 

applications such as water splitting, hydrocarbon reduction etc55 

4. Coupled spin and valley degrees of freedom in monlayer MoS2 can be utilized 

for dynamic valley polarization by excitation with circularly polarized 

light57,58. 

Applications range from nanoelectronics to sensing and photovoltaics and 

catalysis48,55,59,60. A few examples of the most exciting applications of monolayer MoS2 

are, 
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 Monolayer transistors with high on/off ratios have been demonstrated due to 

the large band gap and relatively high carrier mobility of TMDCs. 

 Novel opto-eletronic devices for quantum computation, solar energy 

harvesting and photodetection afforded by the strong light-matter interaction, 

direct band gap, and unique band structure allowing for the control of valley 

and spin polarization.  

 Flexible (Opto-)Electronic devices by strain-induced modifications of the band 

gap54. 
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Chapter 3 

Photon Management Strategies of 

monolayer MoS2 employing Plasmonic 

Nanoparticles 

This chapter contains material published by Bahauddin, S. M., Robatjazi, H., 

and Thomann, I. in ACS Photonics 3.5 (2016): 853-862.123 

 Introduction 

Monolayer MoS2 is a promising material for several classes of optoelectronic 

devices54,61-64 and photocatalytic applications55,65,66. In contrast to multilayer MoS2, 

monolayer MoS2 has a direct band gap around 1.8 eV (690 nm)67. This band gap 

enables light absorption in the visible and ultraviolet regions and makes MoS2 an 

ideal absorber for single-junction and multi-junction solar energy conversion 

devices55,64,68-70. The electronic structure and the position of the conduction and 

valence band edges of monolayer MoS2, in contrast to multilayer MoS2, are also near-

ideal for driving the water splitting reactions55,71,72. Furthermore, MoS2 is currently 

extensively explored as a non-precious hydrogen evolution reaction catalyst55,65,73-76 

https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
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with a performance potentially rivaling that of expensive platinum. Notwithstanding 

the unique properties that monolayer transition metal dichalcogenides (TMDC) such 

as molybdenum disulfide (MoS2) have to offer, the low light absorption in monolayers 

limits their use in photocatalytic applications and energy-efficient optoelectronic 

devices60,77. Therefore, intensive research efforts worldwide are directed at achieving 

efficient and application-tailored light absorption within two-dimensional monolayer 

architectures78-80.  

Monolayer MoS2 absorbs less than 8%68 of the incident light in the 400 to 700 

nm range when supported on a planar silica substrate. A recent numerical study 

predicted the possibility of broadband absorption of up to 33% in monolayer MoS2 

which was sandwiched within a sophisticated chirped distributed Bragg cavity 

design, intended for a photodetector application78.  Another approach to enhance 

light absorption within nanoscale regions is the utilization of plasmonic 

nanoantennas81-83. A first demonstration of plasmon-enhanced light absorption 

within monolayer MoS2 was reported by Britnell et al.84 who spattered gold 

nanoparticles on top of MoS2 and observed a 10-fold increase in the photocurrent at 

633 nm. Sobhani et al.85 employed silica-core gold-shell nanoparticles with a surface 

coverage of less than 1% and demonstrated a 3-fold increase in the photocurrent and 

a 2-fold increase in the photoluminescence at the excitonic transitions of 630 nm and 

680 nm of MoS2 near the band-edge. While plasmonic gold nanostructures can 

enhance light absorption and photoluminescence near the band gap of MoS2, they are 

not suitable for broadband absorption enhancements required for solar energy 

https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
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conversion devices, since the interband transitions in gold tend to suppress light 

absorption at short wavelengths. 

In this article, we explored broadband absorption engineering strategies from 

400 to 700 nm for novel photoelectrode architectures based on single-layer 

molybdenum disulfide (MoS2), while simultaneously integrating an efficient charge 

carrier separation mechanism into our designed architectures. First, we investigated 

a planar optical cavity MoS2/NiOx/Al that improves optical impedance matching. 

Secondly, to increase light absorption within the monolayer even further, we 

designed an architecture employing plasmonic silver nanoparticles, MoS2/Ag 

NPs/NiOx/Al. The plasmonic structure can absorb up to 37 % of the incident light 

within the monolayer of MoS2 integrated from 400 to 700 nm based on finite 

difference time domain (FDTD) simulations. Photoluminescence measurements from 

MoS2 were correlated with absorption measurements and we showed that absorption 

indeed occured within the monolayer rather than elsewhere in the photoelectrode 

architecture. These measurements also confirmed that MoS2/NiOx/Al structures 

facilitate efficient charge separation, as required for a photoelectrode. Since three-

dimensional electromagnetic simulations can be time-consuming, we explored 

whether analytical models can be used to predict the tuning parameters for enhanced 

light absorption. We found that absorption within our full plasmonic photoelectrode 

architecture can be described in very good agreement with full-field electromagnetic 

simulations. 

https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
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 Absorption Enhancement within Monolayer MoS2 employing 

a Spacer/Al-Reflector Substrate 

 

Figure 3.1 Absorption engineering in planar MoS2 architectures: Experimental 

results (solid lines) and electromagnetic simulations (dashed lines) used to predict 

structural parameters. (a) (i) Light blue: MoS2 / SiO2 as benchmark. (ii) Green: To 

achieve better light absorption within monolayer MoS2 we explore improved optical 

impedance matching in a geometry consisting of MoS2 on top of a wide band gap 

dielectric spacer NiOx and an Al reflector, i.e. MoS2 / 40 nm NiOx / Al. Furthermore, 

NiOx is chosen as a spacer layer because it can serve as a scavenger of the photo-holes 

generated in MoS2 in addition to providing suitable optical properties for optical 

impedance matching. (iii) Orange: Plasmonic silver nanoparticles can further 

enhance the absorption within monolayer MoS2 in a MoS2 monolayer/ Ag 

nanoparticles /NiOx dielectric spacer /Al reflector geometry. (b) Same as in Figure 1a, 

but with an Al2O3 dielectric spacer layer, i.e. MoS2 / 45 nm Al2O3 / Al, and substrate as 

a benchmark, i.e. MoS2 / Al2O3. 

Figure 3.1 shows the measured and simulated absorbed fraction as a function 

of wavelength for monolayer MoS2/40 nm NiOx/Al where a 40 nm NiOx spacer 

thickness gives the best optically impedance matching predicted by three-

https://en.wikipedia.org/wiki/Molybdenum_disulfide
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dimensional FDTD simulations86. As a control, we also fabricated MoS2/45 nm 

Al2O3/Al (Figure 3.1), an optimally impedance-matched structure that does not 

support charge carrier separation since Al2O3 is an insulator but forms a near-

identical photonic cavity since the dielectric constants of Al2O3 are very close to those 

of NiOx. Absorption enhancements were referenced to planar MoS2 on SiO2 (Al2O3) 

substrates, respectively. Figure 3.1 shows the experimental and simulated absorption 

spectra in these structures. From simulations we found that approximately 74% of 

the light is absorbed within MoS2 (88% in total structure) at 425 nm (Appendix A1), 

corresponding to a six times stronger absorption at 425 nm compared to that of MoS2 

on a glass (SiO2) substrate. Experimentally, the absorbed fraction rises to 69% at 450 

nm for MoS2/NiOx/Al compared to 12% for MoS2 on SiO2 (Figure 3.1). The good 

agreement between simulations and experimental results in planar MoS2 

architectures shows that better optically impedance matched architectures can 

strongly enhance light absorption in monolayer MoS2 - a first step towards energy-

efficient optoelectronic and photocatalytic devices that would benefit from the 

unique electronic and catalytic properties of monolayer MoS2.  

To corroborate that absorption indeed occurs within the monolayer rather 

than elsewhere, we carried out a set of absorption and photoluminescence 

measurements in the same sample. We note that these were performed on a slightly 

less optimally impedance matched structure in which the dielectric spacer layer was 

too thin (40 nm Al2O3) to achieve optimum absorption in the monolayer, but the 

conclusions are robust against small variations in device parameters.    

https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
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Figure 3.2 Experimentally measured the absorbed fraction of incident light vs. 

wavelength for MoS2/sapphire and MoS2/40 nm Al2O3/Al structures. These 

structures were subsequently characterized by photoluminescence (PL) 

measurements: The panels at the top show reflection microscopy images of MoS2 

on sapphire (left) and MoS2/40 nm Al2O3/Al (right). Note that the absorption 

spectra calculated by FDTD exhibit slight oscillatory artifacts arising from a 

polynomial fit to the real and imaginary part of the dielectric constant that causes an 

overestimation of the absorption around 440 nm. 

Figure 3.2 shows the measured absorbed fraction for monolayer MoS2/40 nm 

Al2O3/Al compared to that of monolayer MoS2 on a sapphire (Al2O3) substrate. 

Reflection microscopy images of monolayer MoS2/ 40 nm Al2O3/Al also reveal the 

enhanced absorption compared to that of monolayer MoS2/Al2O3. The color contrast 

of the monolayer MoS2 on top of the sapphire substrate shows that the MoS2 flakes 

are reflecting while most of the light is transmitted through the bare sapphire 
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substrate. However, the contrast is reversed when we placed monolayer MoS2 on the 

40 nm Al2O3 spacer/Al substrate. In this case, the light is reflected by the Al2O3 

spacer/ reflector but the MoS2 appears darker in color hinting at the higher 

absorption within the monolayer. The experimentally measured fraction of light 

absorbed in these structures, when integrated from 400 to 700 nm, is 21.1%  for 

MoS2/40 nm Al2O3/Al, compared to 5.5% for MoS2/Al2O3, i.e. there is an absorption 

enhancement of 3.9 x in the total structure (Figure 3.2). (Note that our simulations 

predict an integrated absorbed fraction of up to 33 % for an optimally impedance 

matched architecture that would require a slightly thicker spacer layer of 45 nm 

Al2O3.) 

To get a more direct experimental assessment of the increased absorbed 

fraction within the monolayer MoS2  alone we performed localized photoluminescence 

(PL) measurements of MoS2 on three substrates: (i) Al2O3 (sapphire), (ii) 40 nm 

Al2O3/Al, and (iii) 40 nm NiOx/Al. Figure 3.3 shows the variation of the PL signal 

strength of monolayer MoS2 acquired on sample (i), a triangular flake of single-layer 

MoS2 on Al2O3 and at approximately the same location after transferring the MoS2 to 

40 nm Al2O3/Al (sample (ii)). We also show the PL signal obtained from sample (iii), 

MoS2 on 40 nm NiOx/Al exfoliated from a SiO2 growth substrate. The presence of the 

strong A / A- exciton peak around 670 nm is a clear indication of the direct gap 

transition at the K point of the Brillouin zone in monolayer MoS2 and becomes much 

weaker for multilayer MoS287-89. For the MoS2/40 nm Al2O3/Al architecture, we find 

that the PL signal strength increases 3.2x compared to MoS2/Al2O3 (Figure 3.3). The 

close correspondence of this PL enhancement, arising from MoS2 alone, to the above-

https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
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mentioned measured 3.9 x absorption enhancement in the total structure (Figure 3.2) 

demonstrates that the improved light absorption occurred largely within the 

monolayer of MoS2. We note that no strong additional enhancement due to emission 

outcoupling90 is anticipated because the electric field has no antinode in the MoS2 at 

the photoluminescence wavelength of 670 nm (Figure 3.7a). This attribution is 

furthermore supported by numerical simulations that predict an increase of 

absorption within the monolayer from 6.3% for MoS2/Al2O3 to 25.1% for MoS2/40 nm 

Al2O3/Al (i.e. an enhancement of 4x) (Appendix A2). A similar improvement in light 

absorption within the monolayer of MoS2 is expected for MoS2/40 nm NiOx/Al since 

the dielectric constants of NiOx are close to those of Al2O3. 

 

Figure 3.3 Photoluminescence spectra, excited at 514.5 nm, for (i) MoS2 on 

Al2O3 (blue), (ii) MoS2 on 40 nm Al2O3/Al (red), and (iii) our target structure 

MoS2 on NiOx/Al designed for efficient charge carrier separation (green): The 

https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
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photoluminescence intensity for planar monolayer MoS2 on 40 nm Al2O3  with an Al 

reflector (structure (ii))  is increased three times compared to planar monolayer MoS2 

on Al2O3 (structure (i)) , which supports enhanced absorption in the better optically 

impedance matched structure. In contrast, in MoS2 on NiOx/Al (structure (iii)) the 

photoluminescence spectrum shows luminescence quenching compared to (i), which 

we attribute to hole scavenging by the underlying NiOx substrate (green). Note that 

the difference in luminescence between (ii) and (iii) is unlikely to be due to a 

difference in absorption, since the refractive index for both wide band gap dielectric 

spacer layers NiOx and Al2O3 is approximately n = 1.8, and since simulations predict 

similar absorption over the full wavelength range. 

When instead PL is measured from MoS2 on the NiOx spacer layer, the PL 

strength of monolayer MoS2 decreases by 0.4x (Figure 3.3) or even more (Appendix 

A3) compared to that of MoS2/Al2O3, which is surprising given the apparent 

integrated enhancement of the absorption of three times in the 400 to 700 nm region. 

Since the photonic cavity is the same (the refractive index for both wide band gap 

dielectric spacer layers NiOx and Al2O3 is approximately n = 1.8) we can exclude any 

optics-based explanation for the reduced photoluminescence, and instead attribute 

the reduction of the PL strength to hole scavenging by the underlying NiOx substrate. 

The Raman signal strengths from MoS2 support the conclusions drawn from these PL 

measurements (Appendix A4): We observed a 17x enhancement in the Raman signal 

(area under the peaks at 387 cm-1 and 405 cm-1) for monolayer MoS2 on top of 

Al2O3/Al compared to an Al2O3 substrate when excited by a 514.5 nm laser. We 

attribute the strong Raman signal to the increased absorption in MoS2 and an 

improved outcoupling from our structure at 514 nm90 (Figure 3.7). The Raman signal 

was about 4x stronger for MoS2/NiOx/Al than that for MoS2/ SiO2 (Appendix A4), and 
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we assume here that hole transfer from MoS2 to p-type NiOx upon photoexcitation of 

MoS2 populates the electronic ground state and reduces outcoupling. 

           

Figure 3.4 Energy schematic of our structure: (a) Left: The energy band diagram 

for MoS2 and NiOx shows the relative positions of the Fermi levels with respect to the 

vacuum level before establishing a MoS2-NiOx contact. Right: The energy band 

diagram of MoS2-NiOx showing band bending after establishing the contact between 

NiOx and MoS2. MoS2 on NiOx/Al does not show significant photoluminescence 

consistent with the presence of an efficient charge separation mechanism in MoS2 on 

NiOx/Al. (b) Band diagram of MoS2 on top of Al2O3/ Aluminum. Because of the large 

energy barrier of Al2O3, photogenerated charge carriers cannot be transferred from 

MoS2 to Al2O3, consistent with the observed highly efficient photoluminescence from 

this structure. 

To explain this hole scavenging effect, we draw an energy band schematic for 

the MoS2/NiOx and MoS2/Al2O3 interface (Figure 3.4). The Fermi levels of a single 

layer of MoS2 and NiOx were previously reported at 4.7 eV59,91,92 and 5.0 eV93-95 

resulting in a 0.3 eV energy level offset (Figure 3.4a), which causes an electrostatic 

field at the heterojunction interface that can facilitate charge carrier separation, and 

represents a promising alternative to recently investigated type II two-dimensional 

(2D) heterojunctions96-98. Upon illumination, the photogenerated holes of MoS2 drift 

to the energetically more favorable valence band of NiOx, leaving the electron behind; 
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this spatial separation of charge carriers leads to the observed PL quenching in the 

MoS2/NiOx/Al structure (Figure 3.3). We performed Mott-Schottky (M-S) 

measurements99-103 in a three-electrode electrochemical cell setup to verify the p-

type properties93,95,103,104 of our 40 nm thick NiOx thin films on an Al back electrode. 

When instead Al2O3105 is used as a spacer layer, an enhancement of 

photoluminescence strength is observed, consistent with our expectations, since 

none of the photogenerated carriers in MoS2 can be transferred to Al2O3 (Figure 3.4b). 

We anticipate that the enhanced absorption within monolayer MoS2 and charge 

separation at the MoS2/ NiOx interface can be exploited for improved optoelectronic, 

photovoltaic and photocatalytic devices that require the unique properties of single-

layer MoS2. It should be noted that placing MoS2 directly on an Al reflector106 instead 

of using an optical cavity with a dielectric spacer layer MoS2/NiOx/Al results in a 

significantly reduced absorption within MoS2 even lower than on a sapphire 

substrate (Appendix A5). 

 Absorption Enhancement within MoS2 by adding Plasmonic 

Nanostructures  

To increase the absorption further, and over a broad range extending from 400 

to 700 nm relevant for solar energy conversion devices, as opposed to narrowband 

spectral regions near the band gap67, we also fabricated and investigated plasmonic 

photoelectrode architectures MoS2/Ag NPs/NiOx/Al. Our three-dimensional full-field 

electromagnetic simulations predict that plasmonically active Ag nanoparticles can 
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further improve absorption within the monolayer of MoS2 to a final value of 37% for 

Ag NPs/45nm Al2O3/Al (Figure 3.5a,b, and Figure 3.6) and 35% for Ag NPs/40nm 

NiOx/Al in the wavelength region from 400 to 700 nm. We find that adding silver 

nanoparticles below MoS2 can offer the largest enhancements in light absorption as 

compared to Ag nanoparticles on top of MoS2 or without plasmonic Ag particles. 

 

Figure 3.5 Simulated fraction of light absorbed within a monolayer of MoS2 as a 

function of wavelength: (i) on Al2O3 (blue line), (ii) on 45 nm Al2O3/Al (yellow line), 

and (iii) on Ag nanoparticles/45 nm Al2O3/Al (purple line). These simulation results 

predict absorption enhancements within the 7 Å thick monolayer MoS2 when placed 

on substrates (ii) and (iii). (b) Comparison of the absorbed fraction (integrated from 

400 nm to 700 nm) by individual components in a structure with Ag nanoparticles 

(purple) and without Ag nanoparticles (yellow). The fraction of light reflected is 

shown for comparison. The integrated absorbed fraction within monolayer MoS2 

increases by 16% when Ag nanoparticles are incorporated, whereas the absorbed 

fraction by the spacer and reflector layer and the reflected fraction of light decrease. 
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Figure 3.6 FDTD simulations of the wavelength dependence of the absorbed 

fraction and corresponding integrated absorbed fraction from 400 to 700 nm 

for various configurations. The thickness of the Al2O3 spacer layer is 45 nm, the 

thickness and diameter of the Ag nanodisks are 5 nm and 30 nm, respectively. We 

kept the fill fraction of silver w.r.t. to air fixed at 0.36. As a point of reference, the 

plasmon resonance of gold disks on the Al2O3/Al structure is around 800 nm, and for 

silver disks around 650 nm without MoS2. The maximum absorption enhancement 

can be achieved when the Ag nanodisks are placed below MoS2. For Au nanodisks, a 

small absorption enhancement can be achieved at wavelengths longer than 630 nm, 

however, the integrated absorption is suppressed compared to that without 

plasmonic nanoparticles. 

Hence, in all our experimental plasmonic structures, plasmonic Ag 

nanoparticles were incorporated underneath the monolayer MoS2 (Figure 3.1 and 

Figure 3.5). We achieved the largest broadband absorption enhancement when the 

plasmon resonance of the Ag NPs is located close to 670 nm, near the band gap of 

MoS2. To predict the desired thickness of plasmonic Ag nanoislands embedded in air, 

we performed 3D FDTD simulations and found that a thickness of 5 to 15 nm is 

optimum for maximum energy transfer to MoS2 (Appendix A6). The FDTD simulations 

were performed on structures with Ag nanodisks. 
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Experimentally we found that e-beam deposition of a thicker silver layer 

formed a thin film rather than Ag nano-islands. Hence, we deposited 5 and 7 nm thick 

Ag nanoparticles by e-beam evaporation, which resulted in particle diameters of 

around 30 nm and 100 nm, respectively. We calculated the total absorbed fraction 

(Figure 3.1) and the absorbed fraction within different layers and within the Ag 

nanoparticles (Figure 3.5) of the structure from the E-field distributions predicted by 

FDTD simulations81,107 (Methods: Figure 3.10). Figure 3.5a shows the simulated 

absorbed fraction within monolayer MoS2 for the MoS2/Al2O3/Al architecture with 

and without the Ag nanodisks (30 nm diameter, 5 nm thick) placed on top of the 

spacer layer, and for monolayer MoS2 on top of Al2O3 for comparison. The results with 

a NiOx spacer layer are essentially the same due to the nearly identical refractive 

index. In Figure 3.5b, the simulated absorbed fraction integrated from 400 to 700 nm 

in each layer of the total structure is shown for the photoelectrode architecture with 

and without Ag nanoparticles. As can be seen from the bar chart the integrated 

absorbed fraction within monolayer MoS2 increases from 32 % (a 5x enhanced 

absorption compared to that of MoS2/Al2O3) to 37 % (a 5.9x enhanced absorption 

compared to that of MoS2/Al2O3) by the incorporation of Ag nanoparticles while the 

absorbed fraction by the spacer and reflector layers and also the reflected fraction of 

the incident light decrease. Less than 11% of the incident photons are lost due to 

absorption in the Ag NPs. These results further support our claim of enhanced light 

absorption within monolayer MoS2 and support the high experimentally measured 

absorbed fraction of larger than 80 % around 450 nm for MoS2/Ag NPs/Al2O3/Al and 

MoS2/Ag NPs/NiOx/Al, with the majority of light being absorbed in the monolayer 
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(Figure 3.1). We note that the experimentally measured spectrum is broadened due 

to the superposition of plasmon oscillations of different sizes of Ag particles 

(Appendix A7). 

 

Figure 3.7 Optical impedance matching vs. plasmonic near-field enhancement 

effects for improved absorption within MoS2. (a) Left: Modulus squared of the 

light’s electric field along its axis of propagation for a structure without (MoS2/ Al2O3/ 

Al) and with Ag nanoparticles (MoS2/ AgNPs/ Al2O3/Al), plotted near the wavelength 

of peak absorption of MoS2 at 430 nm (purple line) and near the bandgap of MoS2 at 

670 nm (yellow line). Each component of the structure is shown in a different color: 

Blue as reflector layer, green as spacer layer, gray as Ag nanoparticle layer and red as 

MoS2 absorber layer. (b) The bar chart shows a comparison of the modulus squared 

of the electric field within monolayer MoS2 for the two structures with and without 

Ag NPs at 430 nm and 670 nm. In our structure, the absorption enhancement in MoS2 

in the presence of Ag nanoparticles originates predominantly from near-field 

concentration effects brought about by the Ag nanoparticles. 

In order to distinguish whether the improved absorption within MoS2 in our 

architectures containing Ag NPs is mainly due to optical impedance matching effects 

or plasmonic near-field enhancement effects, we plot the electric field energy profile 

along the direction of normal incident light in Figure 3.7a. A strong standing-wave 

electric field can be observed, indicating significant reflection from both architectures 
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with and without Ag NPs, and showing that there is room left to further improve 

optical impedance matching of the active layer MoS2 to the incident medium. 

Comparing the intensity amplitudes of the near-fields in the presence of Ag NPs to 

those of the standing wave pattern at the position of the MoS2 monolayer, we find that 

at long wavelengths the absorption enhancement within the MoS2 monolayer can be 

attributed mainly to plasmonic near-field concentration effects rather than optical 

impedance matching (Figure 3.5, Figure 3.7) (Note, the plasmon resonance in the 

absence of MoS2 is located around 662 nm for an Al2O3 and around 683 nm for a NiOx 

substrate). Figure 3.7b shows the modulus squared of the light’s electric field, and we 

see most enhancement in the electric field at wavelengths close to the plasmon 

resonance, which is also near the band gap of MoS2. A slight suppression is instead 

observed at 430 nm. 

 Analytical Modeling of Absorption Enhancement 

Three-dimensional electromagnetic simulations can be time-consuming. For 

this reason, we also explored how well simple analytical models can predict the 

parameters for enhanced light absorption within our plasmonic photoelectrode 

structures. To gain an intuition for the optical effects of these metal nanoparticles, 

one may think of the layer of particles and their host medium as an effective medium. 

Plasmonic metals possess a real part of the refractive index η that is much smaller 

than their imaginary part κ whereas for semiconductors and dielectrics η ›› κ. 

Therefore, a composite fabricated from suitable components can be tuned to produce 

an effective medium fulfilling the critical coupling condition107,108 leading to perfect 
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light absorption. To maximize the absorption rate in monolayer MoS2 we combine it 

with plasmonic silver nanoparticles that are known to provide the lowest optical 

damping in the visible region108, resulting in large E-field enhancements. 

Furthermore, a wide range of low-cost techniques for fabricating silver 

nanostructures has been developed including electron beam evaporation109, colloidal 

self-assembly110, nanosphere lithography111 and block copolymer lithography112. 

Among these techniques, ultrathin films (5-10 nm) of silver evaporated by e-beam 

physical vapor deposition present a simple one-step and reproducible way to 

produce nano-islands that exhibit strong local electric field enhancements. 

We tested effective medium theories for our plasmonic metamaterial 

consisting of three components, monolayer MoS2, and Ag nanodisks (30 nm diameter 

by 5 nm thick) embedded in air to find the most suitable one for matching our three-

dimensional electromagnetic simulation results. This configuration closely resembles 

our experimentally realized structure (Methods: Figure 3.11). 
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Figure 3.8 Analytical modeling of absorption: Top left: Absorbed fraction of the 

incident light in the total plasmonic photoelectrode structure MoS2/AgNPs/45 

nmAl2O3/Al as a function of wavelength and Ag nanoparticle fill fraction determined 

by a transfer matrix model employing the Maxwell-Garnett effective medium 

approximation. Top Right: Absorbed fraction of the incident light in the total 

plasmonic photoelectrode structure MoS2/AgNPs/45 nmAl2O3/Al as a function of 

wavelength and Ag nanoparticle fill fraction determined by a transfer matrix model 

employing the Bruggeman effective medium approximation. Bottom Left: Absorbed 

fraction of the incident light in the total plasmonic photoelectrode structure 

MoS2/AgNPs/45 nmAl2O3/Al as a function of wavelength and Ag nanoparticle fill 

fraction determined by FDTD simulations. Bottom Right: Absorbed fraction of the 

incident light only within the monolayer of MoS2 for the plasmonic photoelectrode 

structure MoS2/AgNPs/45 nmAl2O3/Al determined by FDTD simulations. 
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First, we employed the Bruggeman effective medium approximation in two 

dimensions113 to find the effective dielectric constant for a two-component system of 

Ag nanoparticles and air. In our case, this material behaves semiconductor-like 

(Methods: Figure 12). Then we used the generalized effective medium approach to 

combine this Ag/air composite with the MoS2 monolayer. We also tested the Maxwell-

Garnett mixing rule but found the Bruggeman model to yield much better agreement 

with the electromagnetic simulations (Figure 3.8). The integrated absorption from 

400 to 700 nm in the total plasmonic photoelectrode structure is maximized for an 

Ag NPs fill fraction of 0.36 for both, the Bruggeman analytical model and numerical 

FDTD results. 

In past work107,108 an optical analogue of a Salisbury screen, i.e. a structure 

containing a reflector layer combined with a dielectric spacer layer at the proper 

distance from an ultrathin absorber layer made from a plasmonic metamaterial, has 

been employed to achieve near-100% absorption if the active layer fulfills the critical 

coupling condition: 

𝑛𝑒𝑓𝑓 + 𝑖𝜅𝑒𝑓𝑓  ≈  
(1+𝑖)(𝑛𝑖−𝑛𝑠̅̅̅̅ )

1
2

√2
(

𝜆0

2𝜋𝑑𝑒𝑓𝑓
)

1

2
, where  𝑛𝑠(𝜆) = 𝑖𝑛𝑠 cot (

4 𝑛𝑠 ℎ 𝜋

2 𝜆
). 

Here ni is the refractive index of the incident medium, ns the refractive index 

of the underlying spacer layer, deff the thickness of the thin active material, h is the 

spacer layer thickness, and λ0 is the vacuum wavelength. To predict the theoretical 

maximum absorption in the total structure we calculated the real and imaginary 

refractive index for an effective medium layer that fulfills the critical coupling 
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condition (red dash-dotted line, Figure 3.9)107,108. For our chosen 3-component 

materials system, i.e., monolayer MoS2, Ag NPs/air, it is only possible to fulfill the 

critical coupling condition107,108 around 450 nm but not over the full range from 400 

to 700 nm.  

 

Figure 3.9 Comparison of the absorption by the total structure predicted by 

numerical simulations and an analytical model employing the Bruggeman 

effective medium approximation: The results are also compared with respect to 

the theoretical maximum absorption that can be achieved if one can match the 

refractive indices predicted by equation (1), i.e. the analytical model for the critical 

coupling condition. 

We plotted the mismatch (Appendix A9, A10) of the real and imaginary part of 

the refractive index of the effective medium layer as a function of wavelength and 

dielectric spacer layer thickness between the Bruggeman analytical model of our 3-

component metamaterial and the effective medium model fulfilling the critical 

coupling condition107 (Appendix A8). We used the Ag NPs fill fraction of 0.36 

predicted by our Bruggeman effective medium analytical model and in our transfer 
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matrix formalism we used the complex refractive index for the aluminum back 

reflector when sweeping the dielectric spacer layer thickness.  

We find that our 3-component metamaterial can match the real part 𝑛𝑒𝑓𝑓 of 

the critical coupling condition at around 450 nm but the imaginary part  𝜅𝑒𝑓𝑓 is off 

(Appendix A9, A10). Note that for this mismatch calculation the spacer layer 

thickness is too thin by approximately the skin depth since the analytical model for 

the critical coupling condition is based on the assumption of a perfect electric 

conductor reflector (Appendix A8 – A10). We conclude that our Bruggeman effective 

medium model can predict the optimum Ag fill fraction and dielectric spacer layer 

thickness in very good agreement with the numerical simulations, and it predicts that 

the mismatch of the real part 𝑛𝑒𝑓𝑓 w.r.t. the critical coupling condition is zero around 

450 nm but the imaginary part  𝜅𝑒𝑓𝑓 is off at all wavelengths. It predicts a similar total 

absorbed fraction in our plasmonic photoelectrode architecture as the numerical 

simulations (Figure 3.8, Figure 3.9). 

 Discussion 

The detailed analyses and tools developed here will serve as a platform for the 

design of next-generation photonic, optoelectronic and photocatalytic devices 

created from 2D materials. Specifically, we demonstrated a simple plasmonic 

architecture MoS2/AgNPs/NiOx/Al suitable as a photoelectrode to drive 

photochemical reactions that are numerically predicted to achieve broadband light 

absorption of 35% within a single layer of MoS2, while simultaneously facilitating 
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charge separation. This absorption is on par with results of a recent numerical study 

that demonstrated broadband absorption up to 33 % in a more complicated chirped-

planar-dielectric cavity architecture78 for photodetector applications. Our approach 

can be easily extended to achieve improved absorption in other photoelectrodes 

based on two-dimensional metal dichalcogenides. With these results, we have taken 

a first step towards designing a photoelectrode architecture that utilizes the unique 

electronic and catalytic55,71 properties of monolayer MoS2 – a known nonprecious and 

efficient hydrogen evolution catalyst55, while employing photon management 

strategies to turn monolayer MoS2 into a more efficient light absorber. For 

semiconducting MoS2, it is commonly assumed that the hydrogen evolution reaction 

in solar water splitting occurs at the edge sites. Therefore, monolayer-based MoS2 

photoelectrodes may benefit from the introduction of discontinuities, gaps or lateral 

nanostructures to expose the edge sites efficiently. The effects of the inclusion of Ag 

nanoparticles, including size- and shape-dependent effects, on the optical, electronic 

and catalytic properties are beyond the scope of this work. As is commonly done in 

the current literature, we made the assumption that the dielectric constant of MoS2 is 

isotropic in this highly anisotropic material. However, the expected anisotropy of the 

optical properties of monolayer MoS2 warrants further studies. The models and tools 

developed here may serve as a starting point for future studies of optical 

metamaterials114 created from 2D materials. 
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 Methods 

3.6.1. Device Fabrication and Characterization 

We fabricated our structures by first depositing a 200 nm thick aluminum film 

via electron beam evaporation on a p-type silicon substrate. Next, we deposited either 

a ~ 40 nm thick NiOx film by spin-coating, or 40 nm and 45 nm thick Al2O3 films by e-

beam evaporation as the wide band gap dielectric spacer layer. We prepared NiOx via 

a two-step sol-gel method that we adapted following a previously reported 

recipe103,115. We measured the complex refractive index of both dielectric spacer 

layers (Appendix A11). For our second architecture employing plasmonic silver 

nanoparticles MoS2/Ag NPs/NiOx/Al, we deposited 5 nm thick Ag nanoislands as 

determined by a quartz crystal oscillator thickness monitor. SEM images (Appendix 

A7) show elongated Ag hemispheres, with diameters varying from 10 to 50 nm and 

an average inter-particle distance of less than 5 nm at a surface concentration of < 

50%. Monolayer MoS2 films were grown by chemical vapor deposition (CVD) by 

exposing MoO3 powder to sulfur vapor at 700 ⁰C temperature using argon as a carrier 

gas116-118. We synthesized millimeter scale monolayer MoS2 (Appendix A12). To 

verify regions of monolayer growth we utilized Raman spectroscopy and ensured the 

two Raman active modes in a MoS2 exhibit the characteristic wavenumber difference 

of fewer than 21 cm-1 between the in-plane and the out-of-plane modes119. We also 

determined a thickness of 0.8 nm by atomic force microscopy (AFM) 

measurements119 further supporting monolayer growth. We determined the complex 

dielectric function of monolayer MoS2 by measuring the reflectance and 
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transmittance as a function of wavelength120. Photoluminescence and Raman 

measurements were carried out on a confocal Raman microscope. To avoid local 

heating and thermal etching in this experiment121, we followed a careful alignment 

with a laser power of 1.25 mW122. 

3.6.2. FDTD Simulation Details 

 

Figure 3.10 Lumerical FDTD simulation setup: Left: Simulation setup of the 

materials in the XY plane in FDTD simulations (Lumerical commercial software 

package): the green area represents the simulation region. E-field points in X-

direction. Along the boundaries parallel to the E-field, perfect magnetic conductor 

boundary conditions were applied. Along the boundaries perpendicular to the E-field, 

perfect electric conductor boundary conditions were applied. Right: Simulation setup 

in the XZ plane. The coordinate of the MoS2 layer is from (x, y, z = 0) to (x, y, z = 0.7 

nm). The Ag and MoS2 area are meshed by mesh cells of 0.05 nm. All other parts of 

the simulation are meshed by cells of 1 nm. The PML area extends from z = -1000 nm 

to z = +1000 nm. Plane waves are launched from z = 900 nm towards the device. 
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Commercial grade software (Lumerical FDTD Solutions), a 3D Maxwell solver, 

was used to analyze the response of our nanostructure. Using Lumerical, a square 

array of Ag nanodisks was simulated on top of an Al2O3 (or NiOx) spacer layer/Al 

reflector. Monolayer MoS2 was set on top of the structure that has a thickness of 0.7 

nm and we investigated the absorption properties of the MoS2 within a 400 nm to 700 

nm wavelength range. The refractive indices of the MoS2, Al2O3 and NiOx were 

inserted into Lumerical from our measured UV-visible absorption data. In the 

simulation, the polarization of the E-field was set along the X-axis and the polarization 

of  the H-field was set along the Y-axis. Propagation of light was set along the Z-axis. 

To simulate an array of nanodisks, symmetric boundary conditions were applied 

along the X and Y axes. Symmetric boundary conditions are used for our structure 

exhibits multiple planes of symmetry. “Symmetric boundaries are mirrors for the 

electric field, and anti-mirrors for the magnetic field”. By taking advantage of the 

periodic structure and symmetry of our setup, we utilized this boundary condition to 

reduce the simulation volume and time by a factor of 4. Next Perfectly Matched Layer 

(PML) boundary was applied at the Z axes. PML boundaries absorb electromagnetic 

waves incident upon them and thus simulate near reflection-less (10-5 in our case) 

boundaries. The PML boundary at the negative Z-axis was extended through the 

structure (in this case Aluminum) from z = -1000 nm for better absorption of light. A 

plane wave is launched from 100 nm below the upper positive PML where this upper 

PML is placed at 1000 nm above the (x, y, 0) surface. Hence, the total length of the 

simulation region along the Z-axis is 2000 nm. The background refractive index of the 

simulation was set as 1 which is the refractive index of air. Finally, the simulation was 
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run for 2000 femtoseconds (fs) to ensure steady state results. In FDTD, the electric 

field is monitored and stored in a data file which is used to calculate the power 

absorbed as a function of wavelength using the equation, 𝑃𝐴𝑏𝑠(𝜆) =

𝜖0

2
∫ 𝐼𝑚𝑎𝑔[𝜖(𝜆)]𝜔(𝜆)|𝐸(𝑥, 𝑦, 𝑧, 𝜆)|2𝑑𝑉, where 𝜔(𝜆) = 𝑐 2𝜋/𝜆. 

3.6.3. Effective medium model for a plasmonic metamaterial consisting of 

MoS2/Ag/air 

 

Figure 3.11 Schematic of the effective medium of the nanostructure: The 

thickness of the spacer layer is 45 nm for Al2O3 and 40 nm for NiOx. The 2D 

Bruggeman model was applied to the Ag/air semiconducting-like layer and is 

combined with MoS2 employing the generalized effective medium approach. 

We devised a plasmonic metamaterial consisting of three components, 

monolayer MoS2 and Ag nanodisks (30 nm diameter by 5 nm thick) embedded in air, 

that closely resembles our experimentally realized structure (Figure 3.11). First, we 

employed the effective medium theory by Bruggeman in two dimensions to find the 

effective dielectric constant for a two-component system of Ag nanoparticles and air. 

In our case, this material behaves semiconductor-like (see Figure 3.12). We found 

that the Bruggeman model yields better agreement with the electromagnetic 
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simulations than the Maxwell-Garnett mixing rule (Figure 3.8). Then we used the 

generalized effective medium approach to combine this Ag/air composite with the 

thin MoS2 monolayer. We then calculated the real and imaginary refractive index for 

an effective medium layer that fulfills the critical coupling condition108 to predict the 

fill fraction of Ag nanodisks in air that minimizes the mismatch of our 3-component 

plasmonic metamaterial to the effective medium of the critical coupling condition. 

Using this optimum 3-component effective medium, we then used the transfer matrix 

formalism to determine analytically the optimum spacer layer thickness using the 

complex refractive index for the aluminum back reflector. 

 

Figure 3.12 Real and imaginary part of the Ag/air layer calculated by the 2D 

Bruggeman model. Here, η > κ, meaning this combined material behaves 

semiconductor-like. 
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3.6.4. Design criteria for the spacer layer 

We note that the dielectric spacer layer in our structures should be optically 

transparent so that no light is absorbed by the spacer itself. Moreover, since we intend 

to utilize this structure as a photocathode in which MoS2 simultaneously serves as a 

light absorber and catalyst for the hydrogen evolution reaction, we also require the 

dielectric spacer layer to allow for efficient charge separation at the MoS2/ dielectric 

spacer interface and transport of holes to the aluminum back electrode/reflector, in 

addition to forming a photonic cavity. Among wide band gap metal oxides, titanium 

dioxide (TiO2), zinc oxide (ZnO), indium tin oxide (ITO), fluorine-doped tin oxide 

(FTO) and nickel oxide (NiOx) are widely employed transparent conductive 

electrodes. Here, we chose NiOx as the dielectric spacer layer103 since it is a p-type 

semiconductor with a large bandgap of 3.5 eV and high optical transparency, and the  

band edges are favorable for selective hole scavenging from the photoactive 

monolayer of MoS2. To predict the dimension resulting in optimum absorption within 

the monolayer MoS2, we optimized the spacer thickness using finite difference time 

domain (FDTD) simulations. The optimized spacer thickness can alternatively be 

predicted within 5 nm using a transfer matrix formalism. 

https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
https://en.wikipedia.org/wiki/Molybdenum_disulfide
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Appendix 

 

Figure A1: Fraction of incident light absorbed within monolayer MoS2 (top) and in 

the total structure (bottom), as a function of wavelength and thickness of the spacer 

layer, as determined by FDTD simulations. The panels at the left side correspond to 

structures with an Al2O3 spacer layer and the panels at the right side correspond to 

ones with a NiOx spacer layer. The contour plots show that maximum absorption can 

be obtained for 45 nm Al2O3 and 40 nm NiOx thick spacer layers, respectively. 
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Figure A2: Simulated fraction of light absorbed within a monolayer of MoS2, as a 

function of wavelength (i) on Al2O3 (blue line), (ii) on 40 nm Al2O3/ Al (red line), and 

(ii) on Ag nanoparticles/Al2O3/ Al (green line). These simulation results predict 

absorption enhancements within the 7Å thick monolayer MoS2 when placed on 

substrates (ii) and (iii). 
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Figure A3: Photoluminescence quenching spectra, excited at 514.5 nm, for (i) MoS2 

on Al2O3 (blue) and (ii) our target structure MoS2 on NiOx/Al designed for efficient 

charge carrier separation (green). In contrast to similar absorption characteristics 

between Al2O3/Al and NiOx/Al structure, MoS2 on NiOx/Al shows severe quenching of 

the photoluminescence signal which we attribute to hole scavenging by the 

underlying NiOx substrate (green). 
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Figure A4: Measured Raman signals for monolayer MoS2 on sapphire (blue solid 

line), on 40 nm Al2O3/Al (red solid line), and on 40 nm NiOx/Al (green solid line). The 

excitation wavelength was 514.5 nm and the laser power was 1.25 mW.  

 

Figure A5: FDTD simulation of absorbed fraction of incident light within MoS2 vs. 

wavelength for different substrates: MoS2 on Aluminum, Sapphire, Al2O3/Al and 

AgNPs/Al2O3/Al. It should be noted that placing MoS2 directly on an Al reflector 

instead of using an optical cavity such as MoS2/Al2O3/Al or MoS2/NiOx/Al does lead 

to an inferior absorbed fraction within MoS2. 
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Figure A6: FDTD simulations of the absorbed fraction within the MoS2 monolayer vs. 

wavelength for different thicknesses of Ag nanodisks (30 nm diameter) on a 45 nm 

thick Al2O3 spacer /Aluminum reflector substrate.  

 

 

Figure A7: Scanning electron microscope images of 5 nm and 7 nm thick Ag 

nanoparticles on top of a NiOx spacer layer.  
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Figure A8: Theoretical maximum absorption in total structure is calculated by the 

critical coupling model and the dependences of absorption as a function of Al2O3 

spacer thicknesses (Left) and NiOx (Right). The model assumes a perfect electric 

conductor reflector, and therefore the spacer layer thickness is overestimated by the 

skin depth of aluminum which varies from 11.6 nm to 13.15 nm in the 400 to 700 nm 

wavelength region. 
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Figure A9: Top left: Wavelength dependence of the mismatch of the real part of the 

refractive index of our effective medium layer consisting of monolayer MoS2/ 30 nm 

diameter, 5 nm thick Ag nanodisks/ air w.r.t. the critical coupling condition 2 3 for 

different thicknesses of the Al2O3 spacer layer. Theoretically zero mismatch is 

required at all wavelengths to achieve broadband near unity absorption. Top right: 

Wavelength dependence of the mismatch of the imaginary part of the refractive index. 

Bottom left: Absorbed fraction of the incident light in the total structure as a function 

of wavelength and Al2O3 spacer thickness determined by the transfer matrix model 

with an effective medium layer employing a fixed fill fraction of Ag w.r.t air of 0.36. 
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The fill fraction of MoS2 is 0.123. Bottom right: Absorbed fraction of the incident light 

in the total structure as a function of wavelength and Ag nanoparticle fill fraction 

determined by the transfer matrix model with a Bruggeman model effective medium 

layer, and at a fixed 45 nm Al2O3 spacer thickness.  

 

 

Figure A10: Top left: Wavelength dependence of the mismatch of the real part of the 

refractive index of our effective medium layer consisting of monolayer MoS2/ 30 nm 

diameter, 5 nm thick Ag nanodisks/ air w.r.t. the critical coupling condition 2 3 for 

different thicknesses of the NiOx spacer layer. Theoretically zero mismatch is 

required at all wavelengths to achieve broadband near unity absorption. Top right: 
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Wavelength dependence of the mismatch of the imaginary part of the refractive index. 

Bottom left: Absorbed fraction of the incident light in the total structure as a function 

of wavelength and NiOx spacer thickness determined by the transfer matrix model 

with an effective medium layer employing a fixed fill fraction of Ag w.r.t air of 0.36. 

The fill fraction of MoS2 is 0.123. Bottom right: Absorbed fraction of the incident light 

in the total structure as a function of wavelength and Ag nanoparticle fill fraction 

determined by the transfer matrix model with a Bruggeman model effective medium 

layer, and at a fixed 40 nm NiOx spacer thickness. 

 

 

Figure A11: Real and imaginary part of the refractive indices of the spacer layers we 

used for this experiment: aluminum oxide and nickel oxide. The refractive index for 

aluminum oxide was acquired by spectroscopic ellipsometry, whereas the one for 

nickel oxide was calculated from reflection and transmission measurements as a 

function of wavelength with an integrating sphere. 
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Figure A12: Microscope image of millimeter scale as-grown single layer MoS2 (bright 

blue) on top of SiO2/Si substrate. Details of the growth process are described in the 

main text. 


