
 

 1 

Broadband absorption engineering to enhance light 

absorption in monolayer MoS2 

Shah Mohammad Bahauddin†∥⊥, Hossein Robatjazi†∥⊥ and Isabell Thomann*†,‡,§,∥,⊥ 

†Department of Electrical and Computer Engineering, ‡Department of Materials Science and 

NanoEngineering, §Department of Chemistry, ∥Laboratory for Nanophotonics, and ⊥Rice 

Quantum Institute, Rice University, 6100 Main Street, Houston, Texas 77005, United States. 

 

Corresponding Author 

* Email: isabell.thomann@rice.edu 

 

 

 

 

 

 

 

 

 

mailto:isabell.thomann@rice.edu


 

 2 

Abstract 

Here we take a first step towards 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 in 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 5.9x enhanced absorption compared to that of MoS2 on a sapphire (Al2O3) 

substrate. Experimentally, a 3.9x 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. 
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Monolayer MoS2 is a promising material for several classes of optoelectronic devices1-9 and 

photocatalytic applications10-12. In contrast to multilayer MoS2, monolayer MoS2 has a direct band 

gap around 1.8 eV (690 nm). This band gap is ideal for a photoelectrode for solar water splitting 

based on a single semiconductor11 and enables broadband light absorption in the visible and 

ultraviolet regions. Furthermore, the bandgap of monolayer MoS2 is ideal for tandem cells which 

achieve highest power conversion efficiencies if two materials with band gaps of 1.1 eV and 1.8 

eV are combined5,11,13-15. The electronic structure and the conduction and valence band edge 

positions of monolayer MoS2, in contrast to multilayer MoS2, are also near-ideal for driving the 

water splitting reactions11,16,17. Furthermore, MoS2 is currently extensively explored as a 

nonprecious hydrogen evolution reaction catalyst 10,11,18-21 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 devices22,23. Therefore, intensive research efforts worldwide are directed at 

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

architectures24-27.  

Monolayer MoS2 absorbs less than 8%13 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 that was sandwiched within a 

sophisticated chirped distributed Bragg cavity design, intended for a photodetector application24.  

Another approach to enhance light absorption within nanoscale regions is the utilization of 

plasmonic nanoantennas28,29,30 . A first demonstration of plasmon-enhanced light absorption within 

monolayer MoS2 was reported by Britnell et al. 31 who spattered gold nanoparticles on top of MoS2 
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and observed a 10-fold increase in the photocurrent at 633 nm. Sobhani et al. 32 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 conversion 

devices, since the interband transitions in gold tend to suppress light absorption at short 

wavelengths.  

In this article, we explore novel photoelectrode architectures based on single-layer molybdenum 

disulfide (MoS2) that employ broadband absorption engineering strategies from 400 to 700 nm, 

while simultaneously incorporating an efficient charge carrier separation mechanism. First, we 

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

Optical impedance matching is achieved when reflection from the architecture can be completely 

suppressed, i.e. the amplitude and phase of the first reflection coefficient are perfectly canceled by 

all the other reflections. 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 are correlated with absorption measurements, and 

show that absorption indeed occurs within the monolayer rather than elsewhere in the 

photoelectrode architecture. These measurements also confirm 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 
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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.  

 

Results and Discussion 

Figure 1a shows the measured and simulated absorbed fraction as a function of wavelength for 

MoS2/40 nm NiOx/Al where a 40 nm NiOx spacer thickness provides the best optical impedance 

matching as predicted by three-dimensional FDTD simulations. As a control, we also fabricated 

MoS2/45 nm Al2O3/Al (Figure 1b), 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. Figures 

1a and 1b show the experimental and simulated absorption spectra in these structures. From 

simulations we find that approximately 74% of the incident light is absorbed within MoS2 (88% 

in total structure) at 425 nm (Supporting Information S1), 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 1). The good agreement between simulations and experimental results in these 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.  
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To get a more direct experimental assessment of the increased absorbed fraction within the 

monolayer MoS2  alone , 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.    

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 2 

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 MoS2 
33-

35. For the MoS2/40 nm Al2O3/Al architecture, we find that the PL signal strength increases 3.2 x 

compared to MoS2/Al2O3 (Figure 2). The close correspondence of this PL enhancement, arising 

from MoS2 alone, to the above-mentioned measured 3.9 x absorption enhancement in the total 

structure (Supporting Information S2) demonstrates that the improved light absorption occurred 

largely within the monolayer of MoS2. We note that no strong additional enhancement due to 

emission outcoupling 36 is anticipated because the electric field has no antinode in the MoS2 at the 

photoluminescence wavelength of 670 nm (Figure 5a). This attribution is furthermore supported 

by numerical simulations that predict an increase of absorption within the monolayer from 6.3% 
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for MoS2/Al2O3 to 25.1% for MoS2/40 nm Al2O3/Al (i.e. an enhancement of 4x) (Supporting 

Information S3). 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. 

When instead PL is measured from MoS2 on the NiOx spacer/Al layer, the PL strength of 

monolayer MoS2 is reduced by 2.5x (Figure 2) or even more (Supporting Information S4) 

compared to that of MoS2/Al2O3 (sapphire substrate), 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 (Supporting Information S5): 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 nm36 (Figure 5). The Raman signal was about 4x stronger for 

MoS2/NiOx/Al than that for MoS2/ SiO2 (Supporting Information S5), and we assume here that 

hole transfer from MoS2 to p-type NiOx upon photoexcitation of MoS2 populates the electronic 

ground state and reduces outcoupling.  

To explain this hole scavenging effect, we draw an energy band schematic for the MoS2/NiOx 

and MoS2/Al2O3 interface (Figure 3). The Fermi levels of a single layer of MoS2 and NiOx were 

previously reported at 4.7 eV 37-39 and 5.0 eV 40-42 resulting in a 0.3 eV energy level offset (Figure 
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3a), 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) heterojunctions 43-45. Upon illumination, the photogenerated holes of MoS2 drift 

to the energetically more favorable valence band of NiOx, leaving the electron behind; this spatial 

separation of charge carriers leads to the observed PL quenching in the MoS2/NiOx/Al structure 

(Figure 2). We performed Mott-Schottky (M-S) measurements 46-50 in a three-electrode 

electrochemical cell setup to verify the p-type properties 40,42,50,51 of our 40 nm thick NiOx thin 

films on an Al back electrode. When instead Al2O3 
52 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 3b). 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 

reflector 53 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 

(Supporting Information S6). 

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 gap 

54, 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 further improve absorption within the monolayer of 

MoS2 to a final value of 37% for Ag NPs/45nm Al2O3/Al (Figure 4a,b, and Supporting Information 

Figure S7) and 35% for Ag NPs/40nm NiOx/Al in the wavelength region from 400 to 700 nm. We 
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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 

(Supporting Information S7).  

Hence, in all our experimental plasmonic structures, plasmonic Ag nanoparticles were 

incorporated underneath the monolayer MoS2 (Figures 1 and 4). 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 (Supporting Information S8). The FDTD 

simulations were performed on structures with Ag nanodisks. 

Experimentally we found that e-beam deposition of a thicker silver layer formed a thin film 

rather than Ag nanoislands. 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 1) and the absorbed fraction within different layers 

and within the Ag nanoparticles (Figure 4) of the structure from the E-field distributions predicted 

by FDTD simulations 28,55 (Supporting Information S9). Figure 4a 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 4b, 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 

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


 

 11 

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 (Supporting Information S18, S19). 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 (Figure 1). The measured absorption in the total plasmonic photoelectrode structure is 

larger than that predicted by the simulations in the wavelength region above 450 nm, likely due to 

imperfections and nonuniform coalescence of CVD-grown MoS2 triangles into a monolayer, as a 

result exposing some of the Ag NPs: In regions not covered with the MoS2 top layer the Ag NPs 

are strongly absorbing (Supporting Information 18). Furthermore, the experimentally measured 

spectrum is broadband due to the superposition of plasmon oscillations of different sizes, shapes, 

densities and couplings of Ag particles (see Supporting Information S10). Further experimental 

imperfections may arise from the thickness uniformity of the spacer layer and the uniformity of its 

optical properties, and the roughness of the aluminum substrate. 

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 5a. A strong standing-wave electric field can be observed, indicating significant 

reflection from both architectures 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 
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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 4, Figure 5) (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 5b 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. 

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 condition 55,56 leading to perfect 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 region 56, resulting in large E-field 

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

nanostructures have been developed including electron beam evaporation 57, colloidal self-

assembly 58, nanosphere lithography 59 and block copolymer lithography 60. 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. 
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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. First we 

employed the Bruggeman effective medium approximation in two dimensions 61 to find the 

effective dielectric constant for a two-component system of Ag nanoparticles and air. In our case, 

this material behaves semiconductor-like (Supporting Information S11 B). 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 6). The integrated 

absorption from 400 to 700 nm in the total plasmonic photoelectrode structure is maximized for a 

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

Since the FDTD simulations contain the precise information on the size and shape of the 

nanoparticles in contrast to the effective medium approximations (EMA), and therefore take into 

account the local plasmonic field enhancements there is still a finite discrepancy between FDTD 

and EMA results for the geometries containing nanoparticles. 

In past work 55,56 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
). 
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Here ni is the refractive index for the incident medium, ns the refractive index for 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 condition (red dash-dotted line, Figure 7) 55,56. For our chosen 3-component 

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

coupling condition55,56 around 450 nm but not over the full range from 400 to 700 nm.  

We plotted the mismatch (Supporting Information S13, S14) 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 condition55 (Supporting Information 

S12). We used the Ag NPs fill fraction of 0.36 predicted by our Bruggeman effective medium 

analytical model and in our transfer 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 (Supporting Information S13, S14). 

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 (Supporting Information S12-S14). 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 
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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 7). 

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 is numerically predicted to achieve 

broadband light absorption of 35% within a single layer of MoS2, while simultaneously facilitating 

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 architecture 24 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 catalytic11,16 properties of monolayer MoS2 – a 

known nonprecious and efficient hydrogen evolution catalyst11, 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 
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here may serve as a starting point for future studies of optical metamaterials 62 created from 2D 

materials.  

Methods 

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 recipe 50,63. We measured the complex refractive index of both dielectric 

spacer layers (Supporting Information S15). 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 (Supporting Information 

S10) 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%. The transfer process 

of MoS2 onto the Ag NP/Spacer/Al substrate is described in the Supporting Information S23. 

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 gas64-66. We synthesized 

millimeter scale monolayer MoS2 (Supporting Information S16). 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 modes 67. We also determined a thickness of 0.8 nm by atomic force microscopy 

(AFM) measurements 67 further supporting monolayer growth. We determined the complex 

dielectric function of monolayer MoS2 by measuring the reflectance and transmittance as a 

function of wavelength 68. Photoluminescence and Raman measurements were carried out on a 

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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confocal Raman microscope. To avoid local heating and thermal etching in this experiment 69, we 

followed a careful alignment with a laser power of 1.25 mW 70. 

Our optical characterization measurements were performed with an integrating sphere that takes 

into account both specular reflection and diffuse scattering. Hence, our inferred absorption values 

are accurate even in the presence of rough, scattering samples. 

‘Supporting Information Available: Reflection microscope images of MoS2 on different 

substrates, thin film SEM characterization of the plasmonic nanoparticles, Raman spectroscopy 

and photoluminescence of MoS2 on different substrates, optical characterization of Al2O3 and 

NiOx, electromagnetic simulations/ absorbed fraction in monolayer MoS2 and in total 

photoelectrode with and without plasmonic nanoparticles of varying material, size, size 

distributions, shape and location with respect to monolayer MoS2, results and comparisons of 

simulations and analytical models, discussion of possible mechanisms of photoluminescence 

quenching. This material is available free of charge via the Internet at http://pubs.acs.org/.’ 
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Figure 1. Absorption engineering in planar MoS2 architectures: Experimental results (solid lines) 

and electromagnetic simulations (dashed lines) used to predict structural parameters. (a) (i) 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 photoholes generated 

in MoS2 in addition to providing suitable optical properties for optical impedance matching. (iii) 

Yellow: 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. 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. 
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Figure 2. 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 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. 
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Figure 3. 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. 
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Figure 4. 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. 

 

 

 



 

 22 

 

Figure 5. 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, yellow 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. 
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Figure 6. Top left: Absorbed fraction of the incident light in the total plasmonic photoelectrode 

structure MoS2/Ag NPs/45 nm Al2O3/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/Ag NPs/45 nm Al2O3/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/Ag NPs/45 nm Al2O3/Al as a function of wavelength 

and Ag nanoparticle fill fraction determined by FDTD simulations. Bottom Right: Absorbed 
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fraction of the incident light only within the monolayer of MoS2 for the plasmonic photoelectrode 

structure MoS2/Ag NPs/45 nm Al2O3/Al determined by FDTD simulations. 

 

 

Figure 7. Comparison of the absorption by the total structure predicted by numerical simulations 

and the analytical model based on 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. 
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