
ABSTRACT 

HUANG, LUJUN. Engineering Optical and Thermal Properties of Two dimensional 

Transition Metal Dichalcogenide Monolayer. (Under the direction of Linyou Cao.) 

 

The atomically thin metal dimensional transition metal dichalcogenide materials (TMDC) 

have received tremendous attentions due to their distinct electronic and optical properties.  

Although tremendous progress has been made in the area over the past seven years, there are 

still some problems to be solved. We mainly focus two important issues. (1) One is to 

enhance light-mater interactions for TMDC monolayer. For instance, the absorption of 

TMDC material is weak (less than 10%) owning to the atomically thin thickness in the 

visible range. Strong light absorption using atomically thin TMDC materials may promise 

applications in solar cell and photodetector. The light-matter interaction can be significantly 

enhanced by integrating TMDC materials into metallic structure or dielectric metamaterial, 

which support either plasmonic resonance or Mie resonance. We first study the general 

modal properties of optical resonances in subwavelength nonspherical dielectric structures. 

We demonstrate that the optical properties of nonspherical dielectric structures are dictated 

by the eigenvalue of the structure’s leaky modes. Leaky modes are defined as optical modes 

with propagating waves outside the structure. We also elucidate the dependence of the modal 

eigenvalue on physical features of the structure. The eigenvalue shows scale invariance with 

respect to the size of the structure, weak dependence on the refractive index, but linear 

dependence on the size ratio of different sides of the structure. We propose a modified 

Fabry−Perot model to account for the linear dependence. The knowledge of leaky modes, 

including the role in optical responses and the dependence on physical features, can serve as 

a powerful guide for the rational design of devices with superabsorption or superscattering at 

desired resonance. Then, we present a combined theoretical and experimental effort to enable 



strong light absorption (>70%) in atomically thin MoS2 films (≤ 4 layers) for either 

narrowband incidence with arbitrarily pre-specified wavelengths or broadband incidence like 

solar radiation. This is achieved by integrating the films with resonant photonic structures 

that are deterministically designed using a unique reverse design approach based on leaky 

mode coupling. The design starts with identifying the properties of leaky modes necessary 

for the targeted strong absorption, followed by searching for the geometrical features of 

nanostructures to support the desired modes. This process is very intuitive and only involves 

a minimal amount of computation, thanks to the straightforward correlations between optical 

functionality and leaky modes as well as between leaky modes and the geometrical feature of 

nanostructures. (2) The other is to engineering the heat dissipation of TMDC monolayer into 

substrates. The heat dissipation has been the bottleneck in limiting the performance of 

electronic and photonic devices when the devices reduced to nanoscale even atomically scale. 

We demonstrate that the interfacial thermal conductivity of WS2 monolayer can be 

modulated by external gating, similar to the control of electric conductivity by field effect 

transistor, or chemical doping. Specifically, we find that external gating can modulate the 

interfacial thermal conductivity close to 100% while TFSI treatment on the transfer WS2 

monolayer leads to the enhancement of the interfacial thermal conductivity by a factor of two. 

Our results may provide an alternative way to enhance the capability of heat dissipation from 

WS2 monolayer to substrates, and finally improve the performance of electronic and 

optoelectronic devices like field effect transistors.   
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CHAPT 1: Introduction and background 

1.1 Introduction 

Two dimensional (2D) transition metal dichalcogenide(TMDC) materials have triggered 

extensive interests in the past decades due to its extraordinary electronic, optical and thermal 

properties[1-9]. Similar to graphite, the interaction between different layers for TMDC 

materials is van der Waals forces between layers. They can be separated by mechanical 

exfoliation into stable unit of atomic thickness. Fig.1.1 shows the schematic drawing of MX2, 

which is one typical structure for 2D TMDC materials. It is composed of one single atomic 

layer with hexagonal arrangement of atoms crystal structures[10]. Different from graphene 

without bandgap, 2D TMDC evolves from indirect bandgap to direct bandgap 

semiconductors when its thickness reduces from few layers to monolayer limit [11, 12], as 

shown in Fig.1.2. This unique property makes 2D TMDC monolayer an ideal platform for 

both integrated electronic and photonic devices[13-23], such as field effect transistor[13], 

photo-detector[17, 18], light emitting diode[19-21] and laser[22, 23].  

                  

Figure 1.1. MX2 structure with (a) top view[10] and (b) side view.
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Although tremendous progress has been made in this area, there are some questions remained 

unanswered. For example, the light absorption of 2D TMDC monolayer is quite weak due to 

its atomically thin thickness. This may hinder their practical applications in solar cell and 

photodetector. The most typical way of enhancing the absorption of semiconductors is to 

integrate the optical resonance with materials.  In chapter 2, we studied the general modal 

properties of optical resonances of nonspherical dilelectric structures. We found that the 

optical properties of nonspherical dielectric structures are dictated by the eigenvalue of the 

structure’s leaky modes. The eigenvalue shows scale invariance with respect to the size of 

the structure, weak dependence on the refractive index, but linear dependence on the size 

ratio of different sides of the structure. The understanding of optical resonances in dielectric 

structures constitutes the building block of designing atomically thin 2D TMDC absorber. In 

chapter 3, we theoretically designed and experimentally demonstrate the narrowband and 

broadband light superabsorber based on atomically thin MoS2 (≤ 4 layers) by integrating the 

films with the resonant photonic structures. Except the weak absorption, the heat dissipation 

has been the bottleneck in limiting the performance of both the electronic and photonic 

devices based on 2D TMDC materials when the size is reduced to atomically scale. It is 

necessary for 2D materials to efficiently dissipate the heat into three dimensional (3D) 

surrounding architectures in order to fully capitalize their intrinsic transport properties. 

Moreover, it would be ideal to dynamically control the interfacial thermal conductivity by 

electrically gating, similar to the electrical conductivity modulated by the gating. In chapter 4, 

we demonstrated that the interfacial thermal conductivity of WS2 monolayer can be 

engineered by the external gating or chemical doping because of strong electron-phonon 

coupling.  
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 Since absorption, photoluminescence, and Raman spectra of 2D TMDC material are all 

involved in chapter 3 and 4, we first reviewed the optical characterization technique of 2D 

TMDC materials. Secondly, we discussed the gating effect on the absorption, 

photoluminescence and Raman spectra of 2D TMDC monolayer. Thirdly, we review some 

progress on the strong light matter interaction of 2D TMDC monolayer. Because of 

atomically thin thickness, the light matter interaction is very weak. For example, the quantum 

yields of 2D TMCD material are limited. Cavity resonances offered by either photonic 

crystal cavity or whisper gallery mode, are used to realize 2D TMCD monolayer laser. 

Finally, the thermal conductivity of 2D TMDC monolayer are discussed  

 

1.2 Optical Characterization of 2D TMDC Materials 

2D TMDC materials changes from indirect bandgap semiconductor to direct bandgap 

semiconductor when its size decreases to limit of monolayer. This is manifested by the band 

structures of bulk MoS2, quadrilayer MoS2, bilayer MoS2 and monolayer MoS2. Typically,   

the bandgap of 2D TMDC monolayer ranged from near infrared to visible (1.6eV-2.1eV) 

depending on the composition and layer number of TMDC materials.  Since TMDC 

monolayer is direct bandgap semiconductor, the quantum yield is much higher comparing to 

the case of few layers [11, 12]. From Fig.1.3a, we can find that the photoluminescence (PL) 

of MoS2 monolayer is much stronger than that of bi-layers, three layers, four layers, five 

layers and six layers MoS2. The quantum yield of MoS2 monolayer is almost two orders 

larger than that of bi-layers MoS2 and the photonic bandgap decreases from 1.88eV to 

1.38eV.  
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Figure 1.2. Calculated band structures of (a) bulk MoS2, (b) quad- rilayer MoS2, (c) bilayer 

MoS2, and (d) monolayer MoS2. The solid arrows indicate the lowest energy transitions[12].  

 

 

Figure 1.3. PL of few layer MoS2 (a) PL spectra for mono- and bilayer MoS2 samples. Inset: 

PL quantum yield of thin layer with layer number from 1 to 6, (b) Normalized PL spectra by 

the intensity of peak A for MoS2 from 1L to 6L, (c) photonic bandgap energy of 1L-6L 

MoS2, dashed line represent the  bandgap energy of bulk MoS2[11] 

 

Apart from high quantum yield, TMDC monolayer also shows very strong excitonic effects. 

Excitons are coupled electron-hole pairs via coulomb attraction. The distinct optical 
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properties of 2D TMDC are originating from the strong excitonic effect of the material. Since 

it is atomically thin layered materials with very small Bohr radius, the dielectric screening 

effect for exciton is small and can be neglected. It leads to very large exciton binding energy. 

The simplified picture of exciton in monolayer is illustrated in Fig 1.4 

 

Figure 1.4  Exciton in monolayer MX2. The interaction of electron-hole pair can go out of 

the material reduces the dielectric screening effect, generating strong binding energy. 

 

The exciton information of MoS2 monolayer can be reflected from the absorption spectrum. 

Fig. 1.5 shows the absorption spectrum of the suspended monolayer MoS2, the absorption 

can be up to 20% at 430nm(C exciton peak) and 7% of light in range 600nm to 680nm (A 

exciton and B exciton peaks).  

 

Figure 1.5. Absorption efficiency of monolayer suspended MoS2 in visible light range. 
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Another technique used in characterization of 2D TMDC is Raman spectrum[24]. We use 

MoS2 monolayer and few layers as an example to illustrate this. Fig. 1.6 shows the Raman 

spectrum of MoS2 with layer number N=1-6, which is deposited from bulk MoS2 crystal onto 

Si substrate covered with 285nm SiO2 layer.  There are two Raman modes within the range 

from 360 cm
-1

 to 430 cm
-1

. One is in plane vibration mode E2g
1
. Another is out of plane 

vibration mode A1g [25]. From Fig.1.6, we can find that E2g
1
 vibrates soften while A1g vibrate 

stiffen (blue-shift) with the increasing layer number. The rate of frequency change for A1g 

mode is twice of E2g
1
 mode. For MoS2 with layer number N>3, both A1g and E2g

1
 converges 

to the case of bulk MoS2. The stiffened A1g mode can be explained by the stronger 

interaction of van der Waals force with the additional layer. The softened E2g
1
 mode can be 

attributed to the change of intra-layer bonding and lattice due to the surface reconstruction. 
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Figure 1.6. (a) Raman spectra of few layers (N=1-6) and bulk MoS2 films. The solid line for 

the 2L spectrum is a double Voigt fit through data (circles for 2L, solid lines for the rest). (b) 

Frequencies of E2g
1
 and A1g Raman modes (left vertical axis) and their difference (right 

vertical axis) as a function of layer thickness[24].  

 

 

Figure 1.7.  Phonon modes in-plane E2g
1
 and the out-of plane phonon mode A1g, for the bulk 

MoS2[25]  
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E2g
1
 is very sensitive to the strain while A1g can indicate the doping level of MoS2 from 

substrate[26]. E2g shows redshifts (blueshifts) while tensile (compressive) strain is applied to 

MoS2. Fig.1.8 presents the Raman spectra of MoS2 monolayer after tensile is applied. With 

increased strain, A1g shows almost no change while degenerate E2g
1 

peak splits into to two 

subpeaks labeled as E
1+

 and E
1-

 since the symmetry of the crystal is broken by the strain. The 

E
1-

 peak shows redshift by 4.5 cm
-1

/%strain while E
1- 

peak
 
shifts by 1.0 cm

-1
/% strain. This 

can be intuitively understood as follows. When the tensile strain is applied to MoS2 

monolayer, the interspacing of atoms becomes larger, and the interaction between neighbor 

atoms becomes weaker. Since E2g
1
 mode is in plane vibration mode, the vibration frequency 

decreases as the interaction of atoms becomes weaker.   

 

 

 

Figure.1.8. Phonon softening of single layer MoS2. (a) Evolution of the Raman spectrum as 

tensile strain is applied from 0 to 1.6%. (b) The peak position of the E
1+

 and E
1-

 extracted by 

Lorentzian fitting as function of strain. Different colors represent individual devices. Dashed 

lines are the calculation results from first principle calculations after subtraction of 9 cm
-1

 to 

account for underestimating phonon energies[26].   
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Applied tensile strain also affects PL significantly for both monolayer and bilayer MoS2. 

Fig.1.9a shows the evolution of PL spectra as the strain is increases from 0 to 1.8% for 

monolayer MoS2 device, and from 0 to 0.6% for bilayer MoS2. For monolayer MoS2, the 

photon energy of A peak decreases with strain at a rate of 457 meV/% strain.  For bilayer 

MoS2, the photon energy of A peak and I peak shows redshifts by 5310 meV/% and 12920 

meV/% strain, respectively. In addition, the intensity of A peak for monolayer MoS2 for 

strain=1.8% reduces to one third of intensity without applied strain. However, the intensity of 

A1g for bilayer MoS2 shows strain independent.  First principle calculation, as shown in inset 

of Fig.1.9a, Fig1.9b and Fig. 1.9d, indicates that the strain will decrease the bandgap at a rate 

of 59 meV% strain for monolayer while the direct and indirect optical bandgap decrease by 

67 meV/% strain and 94meV/% strain, which shows reasonable good agreement with 

experimental results. Besides, the significant reduction in intensity of A1g peak indicates that 

MoS2 monolayer transits from direct to indirect bang gap materials as applied strain increases 

from 0 to 1%. This is also confirmed by the calculation results based on first principle.  
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Figure.1.9. (a) PL spectra of monolayer MoS2 for applied strain varying from 0 to 1.8%. 

Strain independent PL background was subtracted. (b) A peak position of the PL spectrum 

(Lorentzian fits) as function of applied strain (colors represent different devices) with first 

principle calculations (dashed line) of expected peak position after 25 meV offset. (c) PL 

spectra of bilayer MoS2 while strain increases from 0 to 0.6%. (d) PL peak position versus 

strain for the A and I peaks of bilayer devices (colors represent different devices) with good 

agreement to our first principle calculations (dashed lines). Insets in panels a and b are the 

schematic representations of the band structure for both monolayer and bilayer MoS2 with 

applied strain being 0% (black) ,5% (maroon) and 8% (red)[26]. 
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1.3 Gating Effect on the Absorption, PL and Raman Spectra of 2D TMDC Materials 

Since 2D TMDC monolayer has direct bandgap, it has been used in building field effect 

transistor (FET). For example, FET based on monolayer MoS2 has been demonstrated with 

the room temperature current high on and off ratios as high to 110
8 

[13], and mobility of 

200 cm
2
V

-1
s

-1
, similar to that of graphene nanoribbons. Moreover, both PL and absorption 

spectrum can be modulated by external gating [27, 28]. Fig.1.10a shows the absorption 

spectra of monolayer FET while the gate voltages changes from -100V to 80V, the prominent 

A exciton peak gradually evolves into two resonant peak, one of which is in the lower energy 

resonance (labeled as A
-
). When the gating voltage is positive, the A exciton peak diminished 

rapidly, and then merged into the background. A
-
 peak, however, becomes broad gradually, 

and the spectra weight remains almost unchanged. Similarly, both resonances can be 

observed in PL spectra under negative gate voltages. The intensity of A exciton peak can be 

switched off by doping. Both peaks in absorption spectra can be linked with the A and A
-
 in 

PL spectra. The A
-
 peak is identified as negative charged exciton (named trion). Such 

negative charged exciton is known to have finite bind energy. Using the absorption spectra, 

one can calculate the binding energy of trion as 18.01.5meV. This value is compatible with 

an estimated trion binding energy of EA-0.1EA. The large trion binding energy in monolayer 

MoS2 suggests that trion may play important role at elevated temperatures. This is indeed 

true because both the exicton and trion resonance can be observed in both absorption and PL 

spectra under different gating voltage at room temperature, which is shown in Fig.1.11. The 

only difference from Fig. 1.10 is that the resonance features becomes broadened. The PL 

spectra are quite sensitive to the doping level. Also, the PL intensity contributed from trion 
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shows almost no dependence on the external gating while PL intensity contributed from 

exciton decreases almost one order as the gating voltage changes from -70V to 80V. .    

 

Figure.1.10. Doping dependence of the optical properties of a monolayer MoS2 FET. a, 

Absorption and PL spectra (red lines) under different back-gate voltages. Left: Absorption 

spectra at different back-gate voltages. The green lines are power-law fits to the experimental 

results. Right: The PL spectra of the A and A- features are fitted by Lorentzian formula 

(green lines). The dashed blue line indicates the absorption peak of the A
-
 resonance and the 

arrows show the doping-dependent Stokes shift of the trion photoluminescence. b, Threshold 

energies of the trion A- (black symbols) and the neutral exciton A (red symbols), 

determined from the absorption spectra, as a function of gate voltage (upper axis) and Fermi 

energy EF (lower axis). c, The difference in the exciton and trion energies, A-A- (symbols), 

as a function of Fermi energy EF. The red line, a linear fit to the EF-dependence, has a slope 

of 1.2 and an intercept of 18 meV. The latter determines the trion binding energy. Inset: 

representation of the dissociation of a trion into an exciton and an electron at the Fermi 

level[27]. 
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Figure 1.11. Excitons and trions at room temperature in monolayer MoS2. (a) Absorption 

spectra at different back-gate voltages. (b) PL spectra at different back-gate voltages. c, 

Dependence on gate voltage of the drain–source current (right) and the integrated 

photoluminescence intensity of the A and A
-
 features and their total contribution (left)[27]. 

 

The external gating can also significantly change the Raman spectra of monolayer MoS2 [29].  

Figure 1.12 shows the evolution of Raman spectra at different top gate voltage. The out of 

plane mode A1g shows the redshifts by 4cm-1 while E2g
1
 only decreases 0.6cm

-1
 as the gate 

voltage increases from 0V to 2V (electron concentration n=1.810
13

/cm
2
). This suggests that 

the A1g peak can be viewed as the indicator of doping level of monolayer MoS2.   
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Figure.1.12. Gating effect on the Raman spectra of monolayer MoS2 FET device. (a) Raman 

spectra of MoS2 at different top gate voltage. (b) The peak position of A1g and E2g
1
 extracted 

from Raman spectrum by Lorenzian fitting as functions of top gate voltages. (c)  Full width 

half maximum of A1g and E2g
1
 peak as functions of top gate voltage[29]. 

 

1.4 Strong Light-matter interaction of 2D TMDC 

Typically, the light matter interaction of 2D TMDC involves light absorption or emission. 

Due to atomically thin thickness, the absorption of 2D TMDC monolayer is very weak (less 

than 10%). The emission of 2D TMDC monolayer is limited by the defect assisted non-

radiative recombination of substrates. In order to enhance the light matter interaction, optical 
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resonances are usually applied. In chapter 3, we demonstrated that the absorption of two 

dimensional materials can be significantly enhanced by integrating the films with resonant 

photonic structure at either narrowband or broadband wavelength range. For light emission, 

photonic crystal cavity or whisper gallery mode supporting high quality factor are used to 

dramatically improve the emission of two materials.   

A two dimensional MoS2 monolayer has large exciton binding energy enrgy (0.96eV) and 

small effective exciton Bohr radius (1nm), which make it possible to realize excitonic 

devices operating at room temperature. The interaction between dipole and light strongly 

depends on the surrounding dielectric environment. When the dipole is embedded into 

optical cavity, the spontaneous emission rate and direction of emission can be changed 

because of the increasing photon density of states. These have been applied to enhance the 

emission of monolayer MoS2 and WSe2 by coupling photonic crystal cavities to 2D TMDC 

monolayer. It is worthy of noting that it falls into the weak coupling regime since the 

interaction rate between dipole and cavity is slower than their dissipation rates. In the next 

part, we will discuss the experimental demonstration of 2D TMDC monolayer laser by 

integrating photonic crystal cavity or whispering gallery mode to WSe2 monolayer or WS2 

monolayer[22, 23].  

Photonic crystal cavity with high quality factor has been used in the realization of quantum 

dot laser with ultra low threshold. However, the quantum dots are located at the random 

position and composition is fluctuated from dots to dots. Besides, it is very difficult to inject 

current. One the other hand, it is also not compatible to the electronic circuits. By photonic 

crystal cavity into WSe2 monolayer, Xu et al experimentally demonstrated monolayer WSe2 

laser with an optical pumping threshold as low as 27 nanowatts at 130K[22]. The photonic 
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crystal cavity is carefully designed to support a high quality factor cavity mode around 

740nm, which is the emission peak of PL spectrum for monolayer WSe2. L3 type of photonic 

crystal in which three neighboring holes in a line arrangement are missing, as shown in 

Fig.1.13a, has been successfully demonstrated to realize cavity resonance with ultrahigh 

quality factor. Here, monolayer WSe2 is selected as the gain medium due to its desirable 

bandwidth and relatively high photoluminescence quantum yield. Fig.1.13b-c shows the 

optical image of WSe2 on a poly(methyl methacrylate) (PMMA) before transfer and scanning 

electron microscope image of GaP photonic crystal cavity. The top view and side view of 

electric field distribution calculated by finite difference time domain (FDTD) method are 

shown in Fig.1.13a and Fig.1.13d. The quality factor is high to 10
4
 for the as fabricated 

photonic crystal cavities. The key to obtain high quality factor is to improve the sidewall 

verticality because conical etching of the holes will decreases quality factor by coupling the 

leaky transverse magnetic modes of the slab.  Fig.1.13e shows the emission spectrum of 

WSe2 on photonic crystal cavity, which is optical pumping by a 632nm continuous-wave 

laser at 80 K. There is a very sharp peak located at 739.7 nm. The full width half maximum is 

0.3nm. The peak is polarized in the y direction, consistent with the fundamental mode of the 

cavity. 

Fig. 1.14 shows the output intensity of emission light as a function of pump intensity (Light-

Light curve or L-L curve). A distinct kink indicating the lasing behavior can be observed in 

L-L curve. In order to make a comparison, the spontaneous emission intensity as function of 

pump intensity at location away from photonic crystal cavity is also plotted. There is no kink 

for this position, indicating no lasing behavior. The linewidth of laser is around 0.6nm.  
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Figure.1.13 WSe2 monolayer laser. (a) Schematic of device architecture, where the electric-

field profile (in-plane, x-y) of the fundamental cavity mode. Orange color is monolayer WSe2. 

(b) Optical image of monolayer (ML) WSe2 on PMMA before transfer. (c) Scanning electron 

microscope image of the hybrid device. Q-factor is 8,000 in this cavity before WSe2 transfer. 

Scale bars: 3 mm. (d) Cross-section electric-field intensity ( |E|
2
) profile (x-z) of the 

fundamental mode; the dashed orange line indicates the ideal position for monolayer WSe2, 

the solid white rectangles for air holes, and dashed white lines for the cavity region. (e) 

Polarization-resolved photoluminescence spectrum of our device taken at 80 K, showing a 

completely polarized narrow emission at 740nm. Black (red) line corresponds to detected 

linear polarization in the x (y) direction[22]. 
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Figure.1.14 Lasing behaviors. (a) Light output intensity as a function of the optical pump 

power (L–L curve) at 130 K. Red filled squares correspond to the cavity emission. Violet 

half-filled squares correspond to the spontaneous emission off cavity resonance. Solid lines 

are the simulated curves using the laser rate equation with different -factors. =19 is the 

best fit to the lasing data. Dark grey dashed line corresponds to the defined laser threshold, 

labeled by ‘Thd’.  (b) L-L curve for the same lasing device at 80K (red squares), where the 

solid line is a guide for the eye to the transition region.(c) The photoluminescence spectra 

corresponding to the data points in b indicated by the coloured arrows. The solid lines are 

Lorentzian fits to the photoluminescence spectra. (d) Cavity line width as a function of the 

detected output power at 160 K (open red squares)[22]. 
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Microdisk is another ideal candidate to achieve the ultralow threshold lasing because it has 

low loss and support whispering gallery mode with high quality factor[23]. By integrating 

WS2 monolayer into the photonic cavity, the stimulated emission can eventually exceed the 

lasing threshold. As shown in Fig.1.15a, the monolayer WS2 is sandwiched between two 

dielectric layers (Si3N4 and hydrogen silsesquioxane (HSQ)) to make sure that the optical 

confinement is strong enough to achieve a larger modal gain. Fig.1.15b shows the scanning 

electron microscope image of the undercut Si3N4/WS2/HSQ mirodisk with low sidewall 

roughness, which is essential to achieve a high cavity quality factor.  

The cavity resonance is carefully designed to overlap the emission peak of gain medium WS2 

monolayer, and accompanied by the efficient coupling between the electric field polarized in 

the plane of the TMDC monolayer and in plane dipoles of the excitons. Since the emission 

peak of PL is around 620nm, it would be ideal to design a cavity supporting a high Q 

resonance around 620nm. A Si3N4/HSQ microdisk with a diameter of 3.3µm supports a 

strong transverse electric polarized whispering gallery mode at 612nm. Due to the small 

diameters of microdisk, the resonant modes are widely separated to avoid mode completion. 

Fig.1.15c-d shows the top view and side view of the electric field distribution of the TE1, 24 

resonance (radial mode number l=1, azimuthal mode number m=24). From Fig.1.15e, it can 

be found that he resonant wavelength is located at 612.2nm, indeed very close to the 

emission peak of WS2 monolayer. The quality factor is measured as Q=/2,604. Note 

that the sandwiched structure of WS2 excitonic laser has two advantages. One is the 

enhanced optical mode overlap. The other is better material protection because the WS2 

monolayer is covered by HSQ, which can prevent WS2 from oxidation by air.  Other three 
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whispering gallery modes can be found at 633.7nm, 657.6nm, and 683.7nm in PL spectrum. 

These three modes correspond to the TE1,23, TE1,22, and TE1,21 modes in simulation.  

 

 

Figure.1.15 Design of the monolayer excitonic laser and whispering gallery modes of 

monolayer excitonic laser (a) schematic drawing of a monolayer WS2 microdisk laser. The 

WS2 is sandwiched between Si3N4 and HSQ. (b) Scanning electron microscopy of an 

undercut Si3N4/WS2/HSQ microdisk. The sidewall is very smooth to realize a high cavity 

quality factor. (c) Electric field distribution of the TE1, 24 resonances. (d) Cross section of the 

calculated electric field distribution of the TE1,24 resonances. (e) Measured 

photoluminescence spectrum at 10K when the pump intensity is above lasing threshold. The 

whispering gallery mode are at 612.2nm, 633.7nm, 657.6nm, and 683.7nm, respectively[23].  
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An ultrafast laser (190 fs pulse duration, 80 MHz repletion rate) at 473 nm and 10 K are used 

to study the emission characteristics of WS2 monolayer microdisk laser. The pump source is 

only on for 190 fs time intervals to minimize the heating effect and allow the laser operating 

at higher power density above lasing threshold. The emission spectra are collected as a 

function of pump intensity. The results are shown in Figure. 1.16a. when the power intensity 

of pump laser is 0.85 MW/cm
2
, a very broad emission is observed around 610 nm, which 

corresponds to the emission spectrum of WS2 monolayer. When the power intensity increases 

to 3.14 MW/cm
2
, a shoulder peak appears at 612.2nm. The shoulder peak will continue to 

increase if the power intensity of pumped laser is kept increasing. When the pump intensity is 

larger than 22.4 MW/cm
2
, the intensity of shoulder peak increases tremendously, which 

indicates the behavior of lasing. The large binding energy due to the atomic thin thickness the 

increase the optical gain and narrows the gain spectrum, leading to the several improvement 

of lasing behavior, such as lower threshold, higher modulation bandwidth and smaller 

emission linewidth. Figure.1.16b shows the 10 K PL spectrum at 10 K at pump intensity 65.7 

MW/cm
2
, which is well fitted with WS2 PL spectrum background and cavity resonance 

emission. Following the same fitting strategy, the intensity of background PL and cavity 

emission as function of pump intensity (L-L curve) are extracted and shown in Figure.1.16c.  

When the pump intensity is above 22.4 MW/cm
2
, a distinct kink can be found in the L-L 

curve and the emission at 612.2 nm increases at a rate much faster than the background. It is 

worthy of noting that 633.7 nm whispering gallery mode does not have lasing effect because 

of the insufficient optical gain at a wavelength far away from the excitonic emission peak of 

WS2 monolayer.   
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Figure.1.16 Observation of monolayer WS2 excitonic lasing. (a) Steady-state 

photoluminescence emission spectra at different pump intensity. (b) Photoluminescence 

spectrum for a pump intensity of 65.7 MWcm
−2

 (c) Monolayer WS2 photoluminescence 

background and cavity emissions as a function of pump intensity. (d) Whispering gallery 

mode emission (633.7 nm) as a function of pump intensity[23]. 

 

 

 

 

 



 

23 

When the rate of interaction between dipoles and cavity photons is faster than the average 

dissipation rates of cavity photons and dipoles, the strong coupling occurs. This results in the 

formation of new eigenstates-cavity polaritons, which are half light, half matter bosonic 

quasiparticles. Usually, the cavity polarition can be formed only at cryogenic temperature for 

traditional inorganic semiconductors such as GaAs due to the small binding energy of 

excitons. The binding energy of exciton for monolayer MoS2 is large that it serves as an ideal 

platform to realize cavity polaritonic phenomena at room temperature[30].  

 As shown in Fig.1.17, monolayer MoS2 is sandwiched between two SiO2 spacing layers, 

from which SiO2/Si3N4 distributed Bragg reflector (DBR) mirrors is grown on both sides by 

plasma-enhanced chemical vapor deposition (PECVD). Fig. 1.17d shows the reflectivity of 

microcavity structure with embedded MoS2 at passive and active region. Passive and active 

regions correspond to the cavity area without and with monolayer MoS2. The resonant peak 

of cavity is located at 1.875 eV with a half width at half maximum of 9 meV. The cavity is 

carefully designed to make sure that its resonance overlap with the A exciton peak. The 

presence of two distinct dips from reflectivity in active region, which deviates from both 

exciton peak and cavity resonance, indicate that new hybrid eigenstates are formed because 

of the strong coupling between cavity resonance and exciton of monolayer MoS2. Angle-

resolved reflectivity measurements are performed to confirm the formation of polariton states 

in the active region of the microcavity. Figure 1.18a shows the measurement results for 

transverse magnetic polarization. The results for transverse electric polarization are identical. 

Two prominent peaks are easily observed at small angle, which are identified as the lower 

polariton branch (LPB) and upper polariton branch (UPB). Both LPB and UPB show 

blueshifts with the increasing angle. However, LPB approaches to A exciton energy while 
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UPB shifts away from A exciton energy.  Fig.1.18b shows the dispersion extracted from the 

reflectivity minima and the fitting results using coupled oscillator modes (solid black lines), 

in which the detuning and Rabi splitting are -40 meV and 463 meV. With the experimental 

halfwidth for A exciton (EA=30 meV) and the cavity photon (Ecp=9 meV), the light matter 

interaction potential can be obtained as VA=252 meV. The condition for formation of 

strongly coupled polariton states, VA
2
>EA

2
+Ecp

2
, are satisfied.  

 

 

 

Figure.1.17 Schematic of structure and optical properties of the CVD-grown MoS2 

microcavity (a) Schematic of monolayer MoS2. (b) Scanning electron microscopy image of 

the MoS2 monolayer grown on SiO2 substrate. Dark areas are the monolayer MoS2. (c) 

structure of microcavity. (d) Reflectivity spectra for a passive location (area without MoS2 

monolayer) and for an active location with MoS2 monolayer. The vertical red dashed line 

represents the MoS2 exciton energy[30].  
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Figure 1.18 (a) Angle-resolved reflectivity spectra for transverse magnetic polarization from 

7.5 to 30. Dashed line represents the A exciton energy. Solid red line trace the dispersion of 

microcavity polariton modes (b) Dispersion relation extracted from the angle reflectivity 

spectra. Red spheres represent the polariton energies retrieved from the reflectivity spectra. 

The black solid lines corresponds to the theoretical fits of the polariton branches using a 

coupled oscillator model with a Rabi splitting of 463 meV[30].  
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1.4 Thermal Conductivity of 2D TMDC Monolayer 

Thermal conductivity is an important parameter to evaluate the heat dissipation capability of 

2D TMDC materials. It has widely studied by opto-thermal Raman technique [93], as shown 

in Fig.1.19.  More details are discussed in chapter 4.  

 

Figure 1.19 Schematically drawing of opto-thermal Raman technique for measurement of 

two dimensional materials. The laser is focused by objective lens, and then incidents on the 

two dimensional material.   

 

Yan etal first measured the thermal conductivity of suspended MoS2 as k= 34.5 W/m.K [95].  

Zhang et al measured thermal conductivity of suspended monolayer and bilayer MoS2 with 

k= 84 W/m.K and k= 77 W/m.K, respectively [97]. The discrepancy of these two results is 

attributed to the different temperature coefficient and absorption efficiency. Besides, the 

thermal conductivity of 1L and 2L MoSe2 are found to be k= 59 W/m.K and k= 42 W/m.K, 

respectively. Peymyoo et al reported the measurement of the thermal conductivity of 1L and 

2L WS2 grown by chemical vapor deposition, which are 32 W/m.K and 53 W/m.K, 

respectively [96]. Taube et al experimentally measured the interfacial and later thermal 
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conductivity of monolayer MoS2 on SiO2/Si as 1.94 MW/m
2
.K and 62.2 W/m.K, respectively 

[98]. Both the interfacial and lateral thermal conductivity of TMDC monolayer are much 

lower than the counterpart of graphene [93]. This may degrade the performance of the 

electronic or optoelectronic devices. In real applications, it would be ideal to engineer the 

thermal conductivity of two dimensional materials. How to better dissipate heat into 

substrates still remains unanswered. In chapter 4, we find that the interfacial thermal 

conductivity of 2D TMDC monolayer can be tuned by either electric gating or chemical 

doping.  
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CHAPT 2:  General Modal Properties of Optical Resonances in Subwavelength 

Nonspherical Dielectric Structures 

 

 

Subwavelength dielectric structures offer an attractive low-loss alternative to plasmonic 

materials for the development of resonant optics functionalities such as metamaterials and 

optical antennas. Nonspherical-like rectangular dielectric structures are of the most interest 

from the standpoint of device development due to fabrication convenience. However, no 

intuitive fundamental understanding of the optical resonance in nonspherical dielectric 

structures is available, which has substantially delayed the development of dielectric resonant 

optics devices. Here, we elucidate the general fundamentals of the optical resonance in 

nonspherical subwavelength dielectric structures with different shapes (rectangular or 

triangular) and dimensionalities (1D nanowires or 0D nanoparticles). We demonstrate that 

the optical properties of nonspherical dielectric structures are dictated by the eigenvalue of 

the structure’s leaky modes. Leaky modes are defined as optical modes with propagating 

waves outside the structure. We also elucidate the dependence of the modal eigenvalue on 

physical features of the structure. The eigenvalue shows scale invariance with respect to the 

size of the structure, weak dependence on the refractive index, but linear dependence on the 

size ratio of different sides of the structure. We propose a modified Fabry−Perot model to 

account for the linear dependence. The knowledge of leaky modes, including the role in 

optical responses and the dependence on physical features, can serve as a powerful guide for 

the rational design of devices with desired optical resonances. It may open up a pathway to 

design devices with functionality that has not been explored due to the lack of intuitive 

understanding, for instance, imaging devices able to sense incident angle or superabsorbing 

photodetectors. 
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2.1 Introduction 

The resonant light−matter interaction at subwavelength objects constitutes an important 

cornerstone for modern optics research. Much significance of the resonance has been 

manifested by the spectacular success of localized surface plasmon resonances in metallic 

nanostructures [31-34]. The plasmonic resonance, which results from the collective 

oscillation of free electrons, has enabled a plethora of exotic functionalities, including 

negative refractive index[35-37], superscattering[38], electromagnetic cloaking[39]. 

extraordinary optical transmission[40], plasmonic induced transparency[41, 42], and beam 

control[43]. Significantly, recent studies have demonstrated that subwavelength dielectric 

structures are able to enable similarly strong, tunable resonances [37, 44-50]. The dielectric 

optical resonance provides an attractive low-loss alternative to plasmonic resonances due to 

the less lossy nature of dielectric materials. It also offers a tantalizing prospect of 

monolithically integrating optical functionalities into electric or optoelectronic devices that 

have been overwhelmingly built on dielectric materials like silicon[51-56]. 

From the standpoint of device development, nonspherical such as rectangular dielectric 

structures are of the most interest. Rectangular structures, offering desirable fabrication 

convenience, can be massively fabricated with controlled physical features using the standard 

manufacturing processes in semiconductor industry. However, most of the current 

fundamental studies in dielectric optical resonances focus on circular cylinders or spherical 

particles, whose optical responses can be evaluated with Mie theory [37, 49]. While studies 

of these structures with rotation symmetry provide useful insights, the rectangular structure 

may exhibit substantially different properties due to its faceted, nonsymmetric morphology. 

It is expected that, for small structures with only the lowest resonant mode (i.e., dipole mode) 
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involved, a nonspherical shape may not induce much difference in the optical resonance from 

spherical or circular shapes. This is because the field of dipole modes is very spread, 

typically extending far beyond the physical dimension of the structure, and hence not 

sensitive to fine morphological features [45, 57, 58]. However, many important applications 

such as solar cells, biosensing, wavelength filtering, and Fano resonances would request the 

use of relatively big  structures that involve higher modes to provide stronger and sharper 

resonances[53, 59, 60]. The higher mode has greater field confinements and would be 

sensitive to morphological features. Therefore, substantial differences are expected between 

the optical resonances of spherical (or circular) and rectangular structures with relatively big 

sizes. To better guide the device development, it is necessary to have an intuitive yet 

quantitative understanding of the optical resonance in rectangular dielectric structures. For 

example, how would the optical resonance depend on the size or size ratio of rectangular 

structures? This is, however, not available yet.  

 Here, we elucidate the general fundamentals of the optical resonance in rectangular 

dielectric nanostructures. We demonstrate that the optical response (e.g., light absorption) of 

rectangular structures is dictated by the eigenvalue of leaky modes of the structure. Leaky 

mode is defined as an optical mode with propagating fields outside the structure [44, 61, 62]. 

It is featured with a complex eigenvalue, whose real part dictates the resonant condition and 

imaginary part refers to the radiative decay. We also elucidate the dependence of the 

eigenvalue on the physical feature of rectangular structures. The eigenvalue of leaky modes 

shows scale invariance with respect to the size of rectangular structures, remaining constant 

by multiplying the sides of the structures with a common constant. It is weakly associated 
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with the refractive index of the materials. Most significantly, the eigenvalue linearly depends 

on the size ratio R of different sides of the structure. The linear dependence is related with the 

mode number m and order number l of the leaky mode and can be approximated as (m-

1)R+(l-1). We propose a modified Fabry−Perot model to reasonably account for this linear 

dependence. While focus is on one dimensional (1D) nanowires (NWs), we demonstrate 

similar scale invariances and size-ratio dependences of the eigenvalue in zero-dimensional 

(0D) nanoparticles (NPs) and structures with other shapes such as triangular. 

 

2.2 Leaky mode properties of 1D rectangular NWs 

We start with examining the role of leaky modes in the optical response of rectangular 

dielectric nanostructures. Our previous studies have demonstrated that leaky modes dominate 

the optical response of spherical nanoparticles and circular nanowires, including light 

absorption and scattering[44-46, 61, 62]. Here, we use square silicon nanowires (s-SiNWs) as 

an example and investigate the correlation between the absorption and the eigenvalue of the 

NW’s leaky modes. Different from the leaky mode in spherical or circular structures, whose 

eigenvalue can be calculated using analytical models [61, 63], no rigorous mathematic 

solutions are available for the leaky mode in rectangular structures. Instead, we calculate the 

leaky modes in square NWs using finite element method (FEM). For simplicity, the 

refractive index of the materials is assumed to be a constant of 4 in the calculation. We have 

previously demonstrated that using a constant refractive index of 4 can reasonably (<10% 

error) model the spectral optical response of Si and other semiconductor nanostructures 

whose generic refractive index typically vary between 3.5 and 5[61]. The calculated electric 
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field distribution Ez of typical leaky modes with transverse magnetic (TM) polarization (i.e., 

the electric field is parallel to the NW axis) is given in Fig.2.1a. Each of the leaky modes can 

be labeled using a mode number m and an order number l such as TMml. Physically, m and l 

are defined as the number of maxima in the electric field (|Ez|
2
) distribution along the x and y 

axes of the square NW, respectively. The calculated eigenvalues of typical leaky modes are 

given in Table 2.1 (more results can be seen in Table 2.2−2.3). The eigenvalue is a complex 

normalized parameter nka (nka=Nreal-Nimag*1i). While the eigenvalue is calculated using a 

constant refractive index, it can reasonably apply to arbitrary semiconductor materials with 

wavelength dependent refractive index. This is due to a weak dependence of the eigenvalue 

on refractive index as shown later. The real part of the eigenvalue Nreal dictates the resonant 

condition. Optical resonances occur when the incident parameter nka matches 

                                                      realn k a N  
                                                      (1) 

Where n is the real part of the refractive index of the materials at the incident wavelength , 

k is the wavenumber of the incidence in free space ( = 2/k), and a is the size of the s- 

SiNW. We also simulate the light absorption of the s-SiNW with full field finite difference 

time domain (FDTD) techniques, in which the generic refractive index of silicon materials is 

used. Fig.2.1b shows the simulated absorption spectrum of an s-SiNW in the size of 200 nm 

illuminated by TM-polarized plane waves with different incident angles, 45° (oblique 

incidence) and 0° (normal incidence). By matching the eigenvalue of leaky modes 

(calculated using FEM) and the absorption spectra (calculated using FDTD), we can correlate 

each absorption peak to specific leaky mode (Fig.2.1b). This suggests that the absorption 

peaks originate from resonances with the NW’s leaky modes, similar to the spherical and 

circular structures that we studied previously[44, 61]. 
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Figure 2.1. Role of leaky modes in the absorption of rectangular nanowires. (a) Calculated 

electric field distribution of typical TMpolarized leaky modes (electrical field is polarized 

with the nanowire axis). (b) Calculated absorption spectra of a square silicon nanowire in 

size of 200 nm illuminated by TM-polarized plane waves with incident angles of 0° (upper) 

and 45° (lower). The results calculated using the well-established FDTD technique (solid 

blue lines) and our CLMT model (dash red lines) are both presented. Some of the leaky 

modes involved in the absorption peaks are labeled as shown. Insets illustrate the 

illumination geometry with electric fields polarized parallel to the nanowire axis. 
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Table 2-1 Eigenvalue of TM Leaky Modes in Square Nanowires (n = 4) 

TMml l=1 l=2 l=3 l=4 

m=1 1.51-0.61i 4.07-0.30i 7.10-0.10i 9.91-0.31i 

m=2 4.07-0.30i 6.17-0.096i 8.66-0.15i 11.5-0.0059i 

m=3 6.86-0.52i 8.66-0.15i 10.8-0.10i 13.1-0.12i 

m=4 9.91-0.31i 11.1-0.27i 13.1-0.12i 15.3-0.11i 

 

 

To more quantitatively understand the role of leaky modes, we use a model that we have 

previously developed, coupled leaky mode theory (CLMT)[61], to evaluate light absorption 

of the s-SiNW. The CLMT model considers the absorption of nanostructures as a result from 

the coupling of incident light with leaky modes of the structure. It evaluates the light 

absorption using the eigenvalue of leaky modes, instead of solving Maxwell equations with 

boundary conditions as other. techniques (i.e., FDTD and Mie theory). Assuming a 

singlemode nanostructure with a complex refractive index of n (n = nreal – nimag*1i), its 

absorption efficiency (defined as the ratio of the absorption cross-section with respect to the 

geometrical cross-section) for an arbitrary incident wavelength λ can be written as  

                         
2

2 / ( )
( )

4( 1) (1/ 1/ )

abs rad
abs

abs rad

q q
Q f D

q q


  
                          (2) 

where qabs and qrad are the quality factors of the nanostructure due to absorption loss and 

radiative loss, respectively. qabs can be derived from the complex refractive index n, qabs = 

nreal/2nimag, and qrad is related with the eigenvalue of the leaky mode, qrad = Nreal/2Nimag. α 

indicates the offset of the incident wavelength λ from the resonant wavelength λ0 of the leaky 

mode as α = nλkλ/n0k0, n0 is the real part of the refractive index of the materials at λ0 (λ0 = 

2π/k0). Corr is a correction term that limits the leaky mode to only couple with incident 

wavelengths at the proximity of its resonant wavelength. The correction is particularly 
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important for the absorption in short wavelengths, such as <500 nm, where semiconductor 

materials have substantial intrinsic absorption. Without this correction, the absorption may be 

overestimated. Corr does not have a rigorous expression, but we find that 1/(1 + 4(α − 1)
2
)for 

α > 1 or 1/(1 + 4(1/α − 1))
2
 for α < 1 is a reasonable estimate. f(D) is the expansion 

coefficient of incident waves into characteristic harmonics of the coordinate system of the 

nanostructure. Physically, it is associated with the directivity of the coupling between 

incident light and the leaky mode, similar to the radiation directivity documented in the 

theory of antennas[64, 65]. f(D) can be analytically derived as 1/(kλr) for 1D circular NWs 

with r radius[38, 61]. However, there is no rigorous way to find out f(D) for nonspherical 

structures. Without losing generality, we can set the f(D) for square NWs as C/(kλr) with r = 

a/2 and C an expansion parameter that can be found out through numerical fitting . Dictated 

by its origin as the expansion coefficient of incident waves in the nanostructure coordinate, C 

varies with leaky modes, incident geometry, and the shape (i.e., size ratio) of the 

nanostructure, but is independent of the refractive index of the materials as well as the size of 

the NW. We use square NW as an example to illustrate the fitting process. We first use 

FDTD to calculate the absorption spectra of square NWs with an artificial refractive index 

n=4-0.02i. Dictated by its origin as the expansion coefficient of incident waves in the 

nanostructure coordinate, C is independent of the refractive index of the materials. Using an 

artificially constant refractive index with a small imaginary part can make the process of 

fitting much easier. We fit the value of C by using eq. (2) in the main text and the eigenvalue 

of square NWs (Table 2-4 and Table 2-5) to reproduce the absorption spectra calculated with 

FDTD. For each of the leaky modes, we can fit its corresponding C to match the absorption 

calculated from FDTD. Fig.2.2 shows the absorption spectra of the square NW calculated 
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using FDTD (solid line) and those using eq. (2) with fitted C. The results for both TM- and 

TE- polarized normal incidence are given. The fitting value of C is listed in Table 2-4 and 

Table 2-5.     

 

Table 2-2. Eigenvalue of TM leaky modes in square nanowires ( n =4) 

TMml l=1 l=2 l=3 l=4 l=5 l=6 

m=1 1.51-0.06i 4.07-0.30i 7.10-0.10i 9.91-0.31i 12.9-0.29i 16.0-0.39i 

m=2 4.07-0.30i 6.17-0.096i 8.66-0.15i 11.5-0.006i 14.1-0.11i 17.0-0.056i 

m=3 6.86-0.52i 8.66-0.15i 10.8-0.10i 13.1-0.12i 15.9-0.0023i 18.4-0.06i 

m=4 9.91-0.31i 11.1-0.27i 13.1-0.12i 15.3-0.11i 17.6-0.0098i 20.2-0.002i 

m=5 12.9-0.43i 14.1-0.11i 15.5-0.14i 17.6-0.098i 19.7-0.0064i 22.0-0.071i 

m=6 16.0-0.39i 16.9-0.28i 18.4-0.06i 20.0-0.14i 22.0-0.71i 24.2-0.05i 

 

Table 2-3. Eigenvalue of TE leaky modes in square nanowires ( n =4) 

TEml l=1 l=2 l=3 l=4 l=5 l=6 

m=1 4.23-0.31i 6.67-0.37i 9.77-0.46i 12.7-0.54i 15.9-0.74i 19.0-0.63i 

m=2 6.67-0.37i 8.55-0.073i 11-0.057i 13.7-0.0076i 16.4-0.23i 19.5-0.47i 

m=3 9.31-0.30i 11-0.057i 13.1-0.03i 15.5-0.056i 18.1-0.0011i 20.7-0.053i 

m=4 12.7-0.54i 13.6-0.36i 15.5-0.056i 17.6-0.059i 19.9-0.053i 22.4-0.0032i 

m=5 15.9-0.56i 16.4-0.24i 18.0-0.069i 19.9-0.053i 22.0-0.057i 24.3-0.038i 

m=6 19.0-0.63i 19.2-0.17i 20.7-0.053i 22.4-0.075i 24.3-0.038i --- 
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Table 2-4 Fitted expansion parameter C for of TM leaky modes in square nanowires 

TMml m=1 m=2 m=3 m=4 m=5 m=6 m=7 m=8 

l=1 1.00 0 1.00 0 1.00 0 1.00 0 

l=2 1.80 0 3.05 0 2.65 0 1.10 0 

l=3 1.75 0 1.32 0 3.00 0 2.80 0 

l=4 1.75 0 2.65 0 1.35 0 1.00 0 

l=5 1.00 0 2.80 0 2.53 0 -- 0 

l=6 1.00 0 1.50 0 1.60 0 --- 0 

l=7 1.80 0 2.00 0 --- 0 --- 0 

l=8 1.50 0 1.00 0 --- 0 --- 0 

 

 

Table 2-5 Fitted expansion parameter C for of TM leaky modes in square nanowires 

TEml m=1 m=2 m=3 m=4 m=5 m=6 m=7 

l=1 0.85 0 1.20 0 1.00 0 1.50 

l=2 1.80 0 3.70 0 2.35 0 1.20 

l=3 2.00 0 0.65 0 1.00 0 1.00 

l=4 1.50 0 2.85 0 1.35 0 1.00 

l=5 1.20 0 2.25 0 2.30 0 --- 

l=6 2.10 0 0.45 0 0.60 0 --- 

l=7 1.50 0 3.00 0 --- 0 --- 
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Figure 2.2. The absorption spectra of a square NW calculated using FDTD (solid lines) and 

eq. (2) in the text (dashed lines) for TM-polarized (upper) or TE-polarized (lower) normal 

incidence. The refractive index used in the FDTD calculation is 4-0.02 i. The eigenvalue 

listed in Table S1-2 and the fitted expansion parameter C in Table 2-4 and Table 2-5 are used 

in the calculation with the eq.(2). Inset indicates the corresponding incident geometry. 
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With the eigenvalue (Table 2-1) and the parameter C (Table 2-6), we can use eq.2 to 

calculate the absorption contributed by every single leaky mode in square NWs. The total 

absorption is a simple sum of the contribution from each individual mode[61]. The 

absorption spectra of a 200 nm size s-SiNW calculated using eq.2 is plotted in Fig.2.1b 

(dashed line). We can find that this calculation shows reasonable agreement with the result 

calculated using FDTD (solid line). This agreement confirms the dominant role of leaky 

modes in the absorption of square NWs. It also indicates that eq.2 provides a simple, intuitive, 

yet reasonably accurate approach for the evaluation of light absorption in nonspherical 

dielectric structures. A detailed list of the amplitude of C for various leaky modes, incident 

angles, and shapes of the nanostructure is given in the Appendix I. This list can be used as a 

database for the evaluation of light absorption in rectangular NWs of arbitrary semiconductor 

materials illuminated with arbitrary incident angles from eq.2. 

 The correlation of optical properties with leaky modes can provide intuitive physical insights 

useful for device design. For instance, we can find substantial differences in the absorption 

spectra of the s-SiNW under different incident angles (Fig.2.1b). This is different from 

circular NWs, whose absorption is independent of the change in incident angle along the 

transverse direction due to circular symmetry. Our CLMT analysis indicates that this angle-

dependent absorption is rooted in the expansion parameter C. Unlike circular NWs, in which 

C is always unity [44, 61], the amplitude of C for noncircular NWs is dependent on the 

incident angle (Table 2-6 and Fig.2.3), which subsequently gives rise to angle dependence in 

the absorption. The amplitude of C can be intuitively understood as the capability of incident 

light to excite specific leaky mode. We can find that none of the leaky modes with even 

mode number m (such as TM21, TM22, TM41, and TM42) can be excited by the normal 
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incidence along the y axis, as C is zero for all these leaky modes. This is because the electric 

field distribution of these modes shows anti-symmetric with respect to the y axis. In this case, 

the coupling of these modes with incident wave along the y axis may be canceled out due to 

the eigenfields with the same magnitude yet opposite parity. Knowledge of the angle-

dependent C may be helpful for the development of devices with angle-selective responses, 

for instance, photodetectors with capabilities to identify the angle of incident waves.  

 

Table 2-6. Expansion Parameters C of Plane Waves for the Leak Modes of Square 

Nanowires 

 

 Normal Incidence =45 

TMml l=1 l=2 l=4 l=4 l=1 l=2 l=3 l=4 

m=1 1.00 1.80 1.75 1.75 1.0 0.9 0.05 1.1 

m=2 0 0 0 0 0.9 1.7 0.40 0.15 

m=3 1.00 3.05 1.32 2.65 1 0.4 0.7 0.5 

m=4 0 0 0 0 1.1 2.0 0.5 2.0 
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Figure 2.3. The expansion parameter C for typical TM leaky modes in a rectangular NW 

(with a size ratio of 0.5) with different incident angle θ. 

 

As the eigenvalue of leaky modes plays a dominant role in optical properties, it is important 

to thoroughly understand the fundamentals of the eigenvalue. For instance, how would the 

eigenvalue depend on the physical features (morphology and composition) of rectangular 

structures? Our studies indicate that the eigenvalue shows scale invariance with respect to the 

overall size of rectangular structures. Both the real part Nreal and imaginary part Nimag of the 

eigenvalue do not change if each side of the structure is scaled by a common factor (Fig.2.4a). 

According to eq.1, the scale invariance means that the resonant wavelength of a given leaky 

mode would be linearly dependent on the size of the structure as λ = Ma with M =2πnλ/Nreal. 
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This is confirmed by the calculated absorption spectra of s-SiNWs with different sizes 

(Fig.2.4b). We can find that the wavelength of a given leaky mode (i.e., TM13, TM32, and 

TM33) indeed linearly increases with the size of the NW. The eigenvalue essentially defines 

the ratio of the resonant wavelength and the size, and its size scale invariance generally exists 

in all kinds of dielectric structures with arbitrary shapes.  

 

 

 

Figure 2.4. Scale invariance of the eigenvalue with respect to the size of dielectric structure. 

(a) The real part and (b) imaginary part of calculated eigenvalue for square NWs (n = 4) with 

different sizes. (c) The absorption efficiency Qabs of square silicon NWs plotted as a function 

of incident wavelengths (vertical axis) and size of the NW (horizontal axis). Typical leaky 

modes involved in the absorption are labeled as shown. We can see that generally the 

resonant wavelength linearly depends on the size. The minor deviation from the linear 

dependence is caused by the wavelength dependence of the refractive index of silicon 

materials. 
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Additionally, our calculation indicates that the eigenvalue is not very sensitive to the 

refractive index of the materials n. The real part of the eigenvalue Nreal is essentially 

independent of the refractive index, and the imaginary part Nimag shows mild dependence 

(Fig.2.5a). We can reasonably evaluate the absorption of square NWs of various 

semiconductor materials (Si, GaAs, CuInGaSe, etc.) from eq.2 using the eigenvalue 

calculated with a constant refractive index of 4 (Fig.2.5b and Fig.2.5c), although these 

materials have different wavelength-dependent refractive indexes. This relative insensitivity 

of the eigenvalue on the refractive index can substantially reduce the computation effort in 

the rational design of optical devices.  
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Figure 2.5. Weak dependence of the eigenvalue on the refractive index of materials. (a) The 

real part (upper) and imaginary part (lower) of eigenvalues for leaky modes TMm2 (m = 1, 2, 

3, 4, 5) in square NWs calculated using different refractive indexes (n = 3, 4, and 5). (b,c) 

Calculated absorption spectra of 200 nm size square NWs of CnInGaSe and GaAs for normal 

incidence of TM-polarized plane waves. The calculations using FDTD (solid blue lines) and 

our CLMT model (dash red lines) are both presented. The eigenvalues and expansion 

parameter C listed in Tables 2-1 and 2-6 were used in these CLMT calculations. 
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Very significantly, while the eigenvalue exhibits scale invariance with respect to the overall 

size of rectangular structures, it shows a linear dependence on the size ratio of different sides 

of the structure. The linear dependence is closely related with the mode number m and order 

number l of leaky modes. We use a rectangular NW with a width of a (along x axis) and a 

height of b (along y axis) as an example to illustrate this notion. Because of the size 

difference in the two sides, each leaky mode of the rectangular NW could have two 

equivalent eigenvalues depending on the specific side chosen as reference, nka (a is the 

reference side) or nkb (b is the reference side), for one eigen wavenumber k. Without losing 

generality, we define the size ratio R as R = b/a, and choose b as the reference side for the 

convenience of discussion, which gives the eigenvalue as nkb (the other eigenvalue nka can 

be correlated to nkb as nka =nkb/R). We can find that the real part Nreal of the eigenvalue 

shows a linear dependence on the ratio R (Fig.2.6). The slope substantially increases with the 

mode number m, such as TM11, TM21, TM31, and TM41 (Fig.2.6a), but is more or less 

independent of the order number l, holding similar value for the modes with the same m yet 

different l, for instance, TM11, TM12, TM13, and TM14 (Fig.2.6b). To obtain a more 

quantitative understanding, we can fit the linear dependence as nkb = sR + t, where s is the 

slope and t is the intercept with the vertical axis at R = 0. The fitting value of s and t for 

typical leaky modes are shown in Table 2-7. Interestingly, we find that s and t can be 

reasonably approximated as s ≈ (m −1)π and t ≈ (l−1)π. Note that, while the Nreal may be 

substantially dependent on the size ratio, the radiative quality factor (qrad = Nreal/2Nimag) 

generally shows much milder change with the size ratio (Fig.2.7). Similar linear dependence 

on the size ratio can also be found in TE leaky modes (Fig.2.8). 
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Figure 2.6. Linear dependence of the real part Nreal of the eigvenavlue nkb on the size ratio 

of rectangular NWs b/a. Plotted are the calculated Nreal for (upper) leaky modes with the 

same l yet different m (upper) and (lower) leaky modes with the same m yet different l 

(lower). Inset is a schematic illustration for the rectangular NW. 
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Table 2-7. Fitted Values of s and t 

 

 Slope s() Intercept t() 

TMml l=1 l=2 l=4 l=4 l=1 l=2 l=3 l=4 

m=1 0.277 0.306 0.290 0.264 0.169 1.01 1.93 2.89 

m=2 1.03 1.00 0.923 0.901 0.283 0.975 1.84 2.71 

m=3 1.93 1.85 1.73 1.60 0.287 0.914 1.71 2.62 

m=4 2.86 2.66 2.54 2.45 0.271 0.904 1.65 2.41 
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Figure 2.7. Dependence of the radiative quality factor qrad of typical TM leaky modes on 

the size ratio of rectangular NWs. (Upper) leaky modes with the same order number l but 

different mode number m. (Lower) leaky modes with the same mode number m but different 

order number l. 
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Figure 2.8. Dependence of the eigenvalue of TE leaky modes on the size ratio of rectangular 

NWs. Linear dependence of the real part Nreal of the eigvenavlue nkb on the size ratio R (R = 

b/a) for (a) leaky modes with the same l yet different m and (b) leaky modes with the same l 

yet different m. Also plotted are the dependence of the radiative quality factor qrad on the 

size ratio for (c) leaky modes with the same l yet different m and (d) leaky modes with the 

same l yet different m 

 

 

 

2.3  Physical interpretation of linear dependence of eigenvalue on the ratio of NWs 

This linear dependence on the size ratio can be accounted using a modified Fabry−Perot (FP) 

model. As shown in Fig.2.9a, the rectangular NW can be considered as a two-dimensional 

rectangular resonator with standing waves in both x and y axes. 
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Figure 2.9. Modified Fabry−Perot resonator model for the leaky mode in rectangular 

dielectric NWs. (a) Schematic illustration of the model. The rectangular NW can be 

considered as a two-dimensional Fabry−Perot resonator with standing waves in both x and y 

axes coupling to each other. (b,c) The real part of the eigenvalue nkb of a typical high mode 

TM14, 13 and a typical low mode TM22 as a function of the size ratio b/a. The dot is the result 

calculated using finite element method (FEM), and the solid line is calculated using the 

Fabry−Perot resonator model as {((m − 1)πR)
2
 +((l − 1)π}

2
)

0.5
. (d) The ratio between the 

eigenvalues calculated using the FEM technique (nkb) and the FP model as nkb/{((m − 

1)πR)
2
 + ((l − 1)π)

2
}

0.5
. (e) The phenomenon coupling coefficient β of TM14, 13 and TM22 as a 

function of the size ratio. 
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 To start with, we assume the two standing waves are orthogonal to each other, in another 

word, no coupling between the FP resonances in the x and y axis. The wavevector k of the 

mode in the rectangular resonator can be written as k
2
= kx

2
 + ky

2
, where kx and ky are the 

wavevectors in the x and y axes, respectively. Correspondingly, the eigenvalue nkb can be 

written as (nkb)
2
 = (nkxb)

2
 + (nkyb)

2
 = (nkxa)

2
R

2
 + (nkyb)

2
. When R is infinitely small (R0), 

the rectangular NW essentially evolves into a 1D Fabry−Perot resonator in the y axis, and 

nkb = nkyb. By linking this equation to q, the fitting value of nkb at R = 0, we can derive the 

restriction on the eigenvector ky as nkyb = (l-1)π. Similarly, we may have the restriction on kx 

as nkxa = (m-1 π. As a result, the eigenvalue of an arbitrary leaky mode such as TMml can be 

written as nkb= {((m − 1)πR)
2
 +((l − 1)π)

2
}

0.5
. This simple equation indeed well matches the 

eigenvalue of high leaky modes with large m and/or l (for instance, TM14,13) that is calculated 

using finite element method (FEM) (Fig.2.9b,d), but it shows a substantial deviation from the 

FEM calculation result for low modes such as TM22 (Fig.2.9c,d). This is because the 

electromagnetic field of high modes is more confined, and thus, the assumption that the FP 

resonances in the x and y axis do not couple with each other can reasonably apply. However, 

the FP resonances are expected to have strong coupling for low modes that are more leaky. 

The coupling can be understood as resulting from the nonorthogonality of the fields in the x 

and y axis due to radiative loss at the interfaces. In order to reflect the coupling, we introduce 

a correction term kcorr in the wavevector as k
2
=kx

2
 + ky

2
 + kcorr

2
, where kcorr

2
 is defined as 

kcorr
2
 = 2βkxky. The term of kxky in the correction is to intuitively reflect that the coupling 

involves the wavevectors in both x and y axes. β is a phenomenon coupling coefficient. Its 

amplitude is determined by the integral overlap of the standing waves, and expected to drop 

to zero for high modes, in which the standing waves in the x and y axes are orthogonal. 
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Therefore, the eigenvalue of low leaky modes can be approximately written as 

2 2 2 2 2 2 1/2(( 1) ( 1) 2 ( 1)( 1) )nkb m R l m l R                     (3) 

When the coupling coefficient β is close to be unity, eq 3 can be simplified as nkb≈(m-1)R 

+ (l−1). This indeed predicts a linear correlation between the eigenvalue (Nreal) and the size 

ratio as shown in Fig.2.6. We can calculate the phenomenon coupling coefficient β  from eq 

3 as 

2 2 2 2 2 2

2

( ) ( 1) ( 1)

2( 1)( 1)

nkb m R l

m l R

 




   


                                             (4) 

The calculation result shows that the coupling coefficient decreases with m or l increasing 

and increases with the size ratio (Fig.2.9e). This matches our expectation from an intuitive 

perspective. The linear dependence of Nreal on the size ratio provides great convenience for 

engineering the optical resonance of rectangular nanostuctures with arbitrary size ratios. In 

particular, the different correlation of the linear dependence with m and l offers capabilities 

to selectively tune the resonance of specific leaky modes. Without losing generality, we 

examine the evolution of resonant wavelengths of rectangular NWs by changing b while 

fixing a at 200 nm. We can readily predict the resonant wavelengths for an arbitrary b from 

the linear dependence of the eigenvalue (Fig.2.6) using eq.1 as =2nRa/Nreal. For simplicity, 

we assume the refractive index to be a constant at 4 (n = 4) in this analysis. The predicted 

resonant wavelengths for the modes with lower mode number m (TM12, TM13, and TM14) 

and higher m (TM31, TM32, and TM33) are plotted in Fig.2.10 as a function of the size of b. 

We can see that the resonant wavelengths of low m modes show drastic dependence on the 

size of b, quickly increasing with b, but the high m modes generally show milder a 

dependence. This different dependence of resonant wavelengths on the size b can be 
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confirmed by the absorption spectra of rectangular silicon NWs calculated using FDTD. We 

can find that the resonant wavelengths of TM12, TM13, and TM14 linearly depend on the size 

of b, while the wavelength of TM31, TM32, and TM33 shows milder nonlinear dependence. 

Because of the structural symmetry, we can see similar dependence on the order number l 

when fixing b but changing a; in that case, low order modes (such as TM21, TM31, and TM41) 

show more drastic changes than the modes with high order number (such as TM13, TM23, and 

TM33). This preferential dependence provides a unique capability to selectively engineer the 

resonant wavelengths of different modes. We can tune the resonant wavelengths of different 

leaky modes to be degenerate by controlling the size of a or b. For instance, Figure 6b shows 

that the TM12 and TM31 modes of s-SiNWs can be tuned to have an identical resonant 

wavelength of 600 nm at b = 80 nm. This engineering of mode degeneracy is necessary for 

the design of superscattering or superabsorbing structures. The scattering or absorption for a 

given incident wavelength has been demonstrated fundamentally limited by the number of 

modes that can resonate with the incidence. We can see in Fig.2.10 that the absorption is 

indeed stronger wherever two modes cross.  
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Figure 2.10. Selectively engineering the resonances with leaky modes in rectangular NWs. 

(a) Resonant wavelengths of low m modes (TM12, TM13, and TM14) and high m modes 

(TM31, TM32, and TM33) as a function of the size b with a fixed at 200 nm. These resonant 

wavelengths are derived from the linear dependence of Nreal shown in Figure 4. (b) 

Calculated (using FDTD) absorption efficiency of rectangular SiNWs as a function of the 

size b (a fixed at 200 nm) and incident wavelengths. The leaky modes associated with 

resonant absorption peaks are given in the figure. For visual convenience, the leaky modes 

are only labeled with the subscript numbers.  

 

 

The linear dependence of the eigenvalue of leaky modes on size ratio generally exists in 

subwavelength nonspherical dielectric structures. Except the rectangular NWs, we also find 

similar linear dependence in zero-dimensional (0D) rectangular particles and structures with 

other shapes such as triangular. The leaky mode in rectangular particles can be labeled using 

three subscript numbers m, l, j, which are defined as the number of maxima in the field 
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distribution along x, y, and z axes, respectively. Fig.2.11 shows the electric field distribution 

of z component for leaky modes TEM311, TEM411, TEM511, TEM312, TEM212 and TEM412. It 

is worthwhile to note that, different from 1D NWs that the polarization of leaky modes that 

can be distinguished as TE or TM, we find that there is no welldefined TE or TM modes in 

rectangular nanoparticles. Without losing generality, for a particle with dimension of a, b, c 

as illustrated in the Fig.2.12 inset, we define the eigenvalue as nkc (c is chosen as the 

reference side) and two size ratios R1= c/a and R2 = c/b, and examine the eigenvalue as a 

function of the size ratios. Our analysis indicates that the real part of the eigenvalue can be 

approximated as nkc≈ (m − 1)πR1+(l −1)πR2+(j-1)π. For example, Fig.2.12 shows the 

eigenvalue of typical leaky modes in rectangular particles as a function of the size ratio R1. In 

this calculation, a and b are arbitrarily set to be a fixed ratio of 2, a/b=2. The eigenvalue can 

be seen linearly dependent on the size ratio, and the linear dependence can be fitted as 

nkc=sR1+t. The fitted value of s and t, as shown in Table 2-8, can be approximated as s≈(m−

1)π+2(l −1)π and t≈(j−1)π. This linear dependence can also be accounted by the modified FP 

model, in which the coupling between the standing waves in x, y, and z axis are taken into 

account.   

Similar to the analysis for 1D NWs, the 0D nanoparticle can be considered as a three-

dimensional (3D) FP resonator with standing waves in x, y, and z axis. For an ideal 3D 

resonator in which the standing waves in different axis do not couple each other, the 

wavevector k of optical modes in the resonator can be written as k2= kx
2
+ ky

2
 + kz

2
, where kx, 

ky, and kz are the wavevectors in the x, y, and z axis, respectively. These wavevetors of 

eigenmodes may satisfy restriction as nkxa = (m-1)π, nkyb = (l-1)π, nkzc = (j-1)π, where m, l, 

and j are the characteristic subscript number of the mode. However, for the low leaky modes 
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in the nanoparticles, the standing waves are expected to have strong coupling. Therefore, we 

can introduce correction terms kcorr1, kcorr2, and kcorr3 in the wavevector as k
2
=kx

2
+ ky

2
+kz

2 

kcorr1
2
 + kcorr2

2
 + kcorr3

2
. kcorr1, kcorr2, and kcorr3 are related with the coupling betwee different 

standing waves and are defined as kcorr1
2
= 2αkxky, kcorr2

2
 = 2βkxkz, and kcorr3

2
 = 2γkykz. The 

terms of kxky, kxkz, kykz in the correction are to intuitively reflect that the coupling involves 

the standing waves in different axis. α, β, and γ are phenomenon coupling coefficients, and 

are expected to drop to zero for high modes. Therefore, the eigenvalue nkc can be 

approximately written as 

2 2 2 2 2 2 2 2 2

1 2 1 2

2 2

1 2

( 1) ( 1) ( 1) 2 ( 1)( 1)

2 ( 1)( 1) 2 ( 1)( 1)

m R l R j m l R R
nkc

m j R l j R

    

   

        


    
   (5) 

When the coupling coefficients α, β, and γ are close to be unity, which is reasonably true for 

low leaky modes (strong coupling), eq. 5 can be simplified as nkc ≈ (m-1)πR1 + (l-1)πR2 + (j-

1)π. 
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Figure 2.11. Electric field distribution of z component for leak mode TEM311, TEM411, 

TEM511, TEM312, TEM212 and TEM412 
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Figure 2.12. Linear dependence of the real part of the eigenvalue nkc on the size ratio c/a of 

rectangular particles. Each of the modes is labeled by three subscript numbers, m, l, and j. 

Plotted are the calculated Nreal for (upper) leaky modes with the same m and l yet different j, 

(center) leaky modes with the same l and j yet different m, and (lower) leaky modes with the 

same m and j yet different l. Inset is a schematic illustration of the rectangular particle. 
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Table 2-8 Fitted of p and q for typical leaky modes in 0D rectangular nanoparticles 

Mode(mlj) 311 411 411 212 222 232 312 313 

s() 2.29 3.31 4.21 1.18 2.50 3.82 2.29 2.31 

t() 0.39 0.21 0.20 0.73 0.71 0.72 0.39 1.00 

 

Additionally, we find that the eigenvalue of triangular NWs is linearly dependent on the size 

ratio of the height and the bottom of the triangle.  

 

Figure 2.13. Linear dependence of the real part Nreal of the eigvenavlue nkb on the size ratio 

R (R = b/a) for leaky modes in triangular 1D NWs. The refractive index is assumed as 4. 



 

60 

 

Figure 2.14. Calculated electric field distribution of typical TM-polarized leaky modes 

(electrical field is polarized with the nanowire axis) in triangular 1D NWs.. 
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2.4 Conclusion 

We elucidate the general fundamentals of optical resonances in nonspherical dielectric 

structures, including different dimensionalities (1D nanowires and 0D nanoparticles) and 

different shapes (rectangular and triangular). We demonstrate that the resonant optical 

responses of nonspherical dielectric structures are dictated by the eigenvalue of leaky modes. 

We also discover the dependence of the eigenvalue on physical features (size and size ratio, 

composition) of the nonspherical structure. The eigenvalue shows scale invariance with 

respect to the overall size of the structure and shows weak dependence on the refractive 

index of the materials. But it is linearly dependent on the size ratio of different sides of the 

structure. Knowledge of the dominant role of leaky modes and the dependence of the leaky 

mode on physical features can serve as a powerful guide for the rational design of optical 

devices with desired optical resonances. For instance, the scale invariance indicates that the 

optical resonance can be readily tuned to be at arbitrary incident wavelength by control of the 

size. Information of the angledependent expansion parameter can provide guidance for the 

development of devices with angle-selective optical response, such as sensing the angle of 

incident light. The preferential linear dependence of the eigenvalue offers a useful capability 

to engineer the degeneracy of leaky modes, which is important for the development of 

superscattering or superabsorbing devices. 
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CHAPT 3: Atomically Thin MoS2 Narrowband and Broadband Light Superabsorbers 

 

We present a combined theoretical and experimental effort to enable strong light absorption 

(>70%) in atomically thin MoS2 films (≤ 4 layers) for either narrowband incidence with 

arbitrarily pre-specified wavelengths or broadband incidence like solar radiation. This is 

achieved by integrating the films with resonant photonic structures that are deterministically 

designed using a unique reverse design approach based on leaky mode coupling. The design 

starts with identifying the properties of leaky modes necessary for the targeted strong 

absorption, followed by searching for the geometrical features of nanostructures to support 

the desired modes. This process is very intuitive and only involves a minimal amount of 

computation, thanks to the straightforward correlations between optical functionality and 

leaky modes as well as between leaky modes and the geometrical feature of nanostructures. 

The result may provide useful guidance for the development of high-performance atomic-

scale photonic devices, such as solar cells, modulators, photodetectors, and photocatalysts.   
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3.1 Introduction 

Two-dimensional (2D) transition metal dichalcogenide (TMDC) materials such as monolayer 

or few layers MoS2, WS2, MoSe2, and WSe2 have recently emerged as a topical area of 

modern physical science and engineering[2, 6].  One of the most appealing potentials of these 

materials is to enable the development of novel atomic-scale photonic devices owing to their 

semiconducting nature and remarkable excitonic properties[6, 11, 12, 66-69]. However, the 

intrinsically weak light-matter interaction of these materials, which results from the 

atomically thin thickness, stands as a major challenge for the device development.  For 

instance, monolayer MoS2 or WS2 may only absorb around 5-10% visible light[70]. In order 

to develop absorption-based photonic devices useful for practical applications, it is necessary 

to substantially improve the absorption efficiency. Ideally, the absorption efficiency would 

be engineered to be perfect for either narrowband incidence with arbitrarily pre-specified 

wavelengths or broadband incidence. While recent studies have demonstrated enhancement 

for the light absorption in 2D TMDC materials, all of them fall short of providing satisfactory 

enhancement, spectral selectivity, or bandwidth tunability[71-79].  

Here we demonstrate the realization of strong light absorption (> 70%) in atomically 

thin MoS2 films (≤ 4 layers) for both narrowband and broadband incidences by integrating 

the films with resonant photonic structures. The resonant photonic structures are 

deterministically designed through a unique reverse design process built upon an intuitive 

theoretical model that we previously developed, coupled leaky mode theory (CLMT)[61, 63]. 

It starts with identifying the properties of leaky modes necessary for the targeted strong 

narrowband or broadband absorption, and then searches for the geometrical dimension of the 

structures that can support the desired leaky modes. This reverse design process is very 
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intuitive and only involves a minimal amount of computation, thanks to the straightforward 

correlation between optical functionality and leaky modes as well as between leaky modes 

and geometrical dimension of nanostructures. This design approach is in stark contrast with 

what used in many previous works[71, 73, 76, 80-86]. The previous works rely on directly 

surveying optical functionality as a function of physical features to design the photonic 

structures, which often involves heavy computation and may be time consuming for the 

design of perfect absorbers at arbitrarily pre-specified wavelengths.  

  

3.2 Designing principle for atomically thin MoS2 narrowband light absorber  

According to the CLMT model, regardless whatever morphological and 

compositional features, semiconductor nanostructures can always be considered as leaky 

optical resonators and their optical responses as a result of the coupling between incident 

light and leaky modes of the structures[61, 87]. Leaky modes are natural optical modes with 

propagating waves outside the structure and feature with a complex eigenvalue Nreal - Nimagi 

that can be readily calculated using analytical or numerical techniques[61, 63, 88]. The 

absorption efficiency Qabs of one leaky mode in a planar structure such as an array of 

semiconductor nanostructures for a normal incidence λ may be written as 
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where nreal and nimag are the real and imaginary parts of the refractive index of the materials 

involved, respectively. α represents the offset between the incident wavelength λ and the 

resonant wavelength of the leaky mode λ0 as α = nλλ0/n0λ (nλ and n0 are the refractive index 

of the materials at λ and λ0). The term (α -1)
2
 in eq. (1) vanishes on resonance as α =1.  The 
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resonant wavelength λ0 is determined by the eigenvalue Nreal  and the characteristic size of the 

structure b as Nreal = 2πnb/λ0. Intuitively, Nimag/Nreal and nimag/nreal represent the radiative loss 

of the leaky mode and the intrinsic absorption loss of the materials involved, respectively. 

For the structure involving multiple leaky modes, the absorption is just a simple sum of the 

contribution from each mode.  In previous studies we have extensively confirmed the 

accuracy of eq. (1) for evaluating the absorptions of semiconductor structures[61, 88-90].  

The perfect absorptions for narrowband incidence can be realized under critical 

coupling, in which the radiative loss of the leaky mode is equal to the intrinsic absorption 

loss of the materials Nimag/Nreal = nimag/nreal. According to eq. (1), the on-resonance absorption 

by a single mode may reach a maximum of 50% at critical coupling.  This maximum of 50% 

is rooted in the mismatch of channels for in-coupling (illumination) and out-coupling 

(reflection or transmission).  As illustrated Fig.3.1a, an array of single-mode nanostructures 

has two out-coupling channels located at the opposite sides (blue arrows), while the in-

coupling only occurs at one side (red arrows) in the typical one-side illumination 

configuration. The channel mismatch may be eliminated through either blocking one of the 

out-coupling channels with a mirror (Fig. 3.1b) or illuminating the structure from both sides 

as reported previously[84]. By eliminating the channel mismatch, the on-resonance 

absorption at critical coupling can be improved to be 100%. It is worthwhile to point out that 

similar principles of critical coupling have previously been employed to enable strong 

absorption[72, 73, 81, 85, 86]. However, unlike the previous studies, which often rely on 

heavy computation to find out the proper structure for critical coupling, our CLMT model 

may enable a reverse design process to deterministically design the structures for critical 

coupling at arbitrarily pre-specified wavelengths without involving much computation.  This 
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is rooted in a straightforward correlation between the eigenvalue of leaky modes and the 

physical features of nanostructures as we will discuss in the following text. 

 

Figure 3.1. Reverse design for critical coupling based on the CLMT model. (a) Schematic 

illustration for the mismatch of in-coupling (red) and out-coupling (black) channels at an 

array of nanostructures. (b) Schematic illustration for the in-coupling and out-coupling 

channels at an array of nanostructures with mirror added at the backside.  (c) Schematic 

illustration for the designed absorber under illumination of plane wave incidence with 

transfer magnetic (TM) polarization. The absorber consists of an atomically thin MoS2 film 

(in thickness of t1) on top of an array of non-absorbing nanowires (in thickness of b). The 

nanowires are on sapphire substrates with a mirror coated at the backside. (e) (Upper) 

Calculated Nreal, and Nimag as well as (Lower) radiative loss Nimag/Nreal of the TM31 mode in an 

array of rectangular GaN nanowires as a function of the period p.  The size ratio b/a of each 

individual nanowire is set to be 0.5. The upper inset schematically illustrates the nanowire 

array, and the lower inset shows the calculated electric field Ez of the TM31 mode. The 

dashed horizontal line in the lower panel indicates the estimated intrinsic absorption loss of 

the MoS2/GaN assemble at an incidence of 600 nm. 
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We use the design for perfect absorption in atomically thin MoS2 films at the wavelength 

of 600 nm as an example to illustrate the reverse design principle. The absorber consists of a 

MoS2 film on top of an array of non-absorbing dielectric nanostructures. Without losing 

generality, we use rectangular GaN nanowires as the non-absorbing nanostructures and focus 

on the absorption for incident plane waves with transverse magnetic (TM) polarization, in 

which the electric field of the incident light is parallel to the longitudinal direction of the 

nanowire as shown in Fig. 3.1c. We can find out the intrinsic absorption loss of the structure 

from an effective refractive index, which can be estimated as neff = (nMoS2t1+ nGaNb)/(t1+b) 

from the viewpoint of light propagation (exp(-2π (nMoS2t1+ nGaNb)/λ) = exp(-2πneff(t1+b)/λ)). 

nMoS2 and nGaN are the refractive index of MoS2 and GaN at 600 nm (nMoS2 = 4.02+0.96i and 

nGaN =2.35), t1 and b are the thickness of the MoS2 film and the GaN nanowire array, 

respectively. For simplicity, the GaN nanowire array is approximately considered as a 

continuous slab in the evaluation of the effective refractive index because the interspacing 

between the nanowires is expected to be small in order to enable perfect absorption. The 

thickness t1 and b can essentially be any arbitrary value. Just as an example, we set the MoS2 

film to be three layers (t1 = 1.86 nm) and the thickness of GaN nanowires 140 nm (b = 140 

nm). The effective refractive index can thus be estimated to be neff = 2.37+0.0126i, which 

means the absorption loss nimag/nreal = 0.0053. Therefore, in order to achieve critical coupling 

at the wavelength of 600 nm, we need to design a structure supporting leaky modes in 

radiative loss Nimag/Nreal of 0.0053 and resonant wavelength of 600 nm.   

We can deterministically design GaN nanowire arrays featuring with the desired leaky 

mode by leveraging on a straightforward dependence of the modal eigenvalue on the 

geometrical features of nanostructures.  We start from ensuring the designed structure to have 
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a resonant wavelength of 600 nm. The resonant wavelength is related with the real part of the 

eigenvalue Nreal and the thickness of the nanowire as Nreal = 2πnb/λ0, where n is the refractive 

index of GaN. As the thickness b has already been arbitrarily set to be 140 nm, Nreal is 

required to be around 3.44 for the resonant wavelength to be at 600 nm. We can make Nreal be 

around 3.44 by rationally designing the size ratio of the nanowire.  Our previous study has 

demonstrated that the Nreal of the leaky modes in individual rectangular nanowires bears a 

simple relationship with the size ratio R (R = b/a, a is the width of the nanowire) of the 

nanowire as Nreal  (m-1)R+(l-1), where m and l are the order number and mode number of 

the mode[88]. While m and l can in principle be any arbitrary integer number, the modes with 

lower number may provide some convenience in experimental fabrication. We use the TM31 

mode (m =3 and l =1) as an example in this design. The size ratio R should be set to be 

around 0.5 for Nreal to be around 3.44.  In another word, rectangular GaN nanowires with a 

size ratio R around 0.5 and thickness of 140 nm is expected to have a leaky mode TM31 with 

resonant wavelength at 600 nm.  

We can further optimize the design to ensure the radiative loss of the TM31 mode 

Nimag/Nreal to be 0.0053.  This can be realized by simply tuning the period of the nanowire 

array. Generally, the real part of the eigenvalue Nreal shows mild dependence on the period of 

the array, while the imaginary part Nimag may substantially decrease with the interspacing 

between the nanowires decreasing (Fig. 3.1d). This can be intuitively understood as the leaky 

mode tends to become more confined with the interspacing decreasing. Fig. 3.1d shows the 

calculated Nreal and Nimag of the TM31 mode in an array of rectangular GaN nanowires in size 

ratio R of 0.5 as a function of the period. The calculation indicates that the radiative loss 

Nimag/Nreal is equal to the intrinsic absorption loss nimag/nreal when the period is around 1.2a 
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(Fig.3.1d lower). This analysis does not consider the effect of the atomically thin MoS2 film 

and the (sapphire) substrate underneath the GaN nanowire array. Nevertheless it provides 

reasonable accuracy because the effects of the film and the substrate are expected to be minor 

due to the atomically thin dimension of the film and the low refractive index of the substrate.  

To define the geometrical features more precisely, we numerically simulate the optical 

response of the structure in the parameter space around the estimated ones (size ratio R = 0.5, 

thickness b = 140 nm, and period p = 1.2a). Our simulation further confirms that a GaN 

nanowire array in thickness of 140nm, size ratio b/a of ~ 0.5, and period p of 1.18a -1.25a 

may enable reasonably perfect absorption in the 3-layer MoS2 film for an incidence of 600 

nm. These parameters may tolerate ~5-10% deviation without significantly compromising 

the absorption capabilities.  This is because the absorption loss and radiative loss involved 

are not very small and even a quasi-critical coupling may enable strong absorption.  

 

3.3 Experimental demonstration of narrowband MoS2 absorber 

The theoretical design can be validated with experimental measurements. We fabricate a 

GaN nanowire array following the theoretical design and transfer a centimeter-scale three-

layer MoS2 film onto the nanowire array using a surface-energy-assisted transfer technique 

that we previously developed (Fig.3.2a-b)[91]. The centimeter-scale film is grown using a 

unique self-limiting chemical vapor deposition (CVD) process[92]. We have confirmed the 

layer number and high crystalline quality of the film with Raman and AFM measurements 

(Fig.3.2b and Fig.3.3).  We evaluate the absorption (A) of the film from the measurement of 

reflection (R) and transmission (T) as A=1-R-T (Fig.3.4). We have confirmed negligible 

scattering loss in the nanowire array (Fig. 3.5). Our result indicates that the trilayer MoS2 
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film on top of the nanowire array shows an absorption efficiency of 50% at around 600 nm 

(Fig.3.2c). This is significantly enhanced compared to the intrinsic absorption of the film on 

the unpatterned substrate and also reasonably matches what theoretically predicted. The 

absorption in the MoS2 film can be further improved to 70% or higher by coating a silver 

mirror at the backside of the substrate.  We have confirmed negligible absorption in the 

coated mirror itself (Fig.3.6). The improvement results from the absorption of the light 

reflected back at the mirror.  It is less than the 2 times as predicted because the light loses 

coherence after interacting with the nanowire structures due to fabrication imperfection.  
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Figure 3.2. Strong absorption in atomically thin MoS2 films for narrowband incidences. (a) 

SEM image of the designed GaN nanowire array on sapphire substrates. Each individual 

nanowire is 280 nm wide and 140 nm thick. The interspacing between neighboring 

nanowires is 50 nm. (b) Raman spectrum of the MoS2 film transferred onto the GaN 

nanowire array.  The two characteristic peaks A1g and E
1

2g along with their frequency 

difference are labeled as shown. Inset is a picture of the transferred film with a scale bar of 1 

cm. (c) Absorption spectra of the film on the GaN nanowire array (orange), the part of the 

film on the unpatterned substrate (blue), and the film on the GaN nanowire array after a 

mirror is coated at the backside of the substrate (red). Also plotted is the theoretical 

simulation for the absorption of the film on the GaN nanowire array with no mirror coated.  
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Figure 3.3. Thickness of the transferred MoS2 film. AFM measurement for the MoS2 film 

transferred onto the GaN nanowire array.  Inset is the AFM image and the white dashed line 

indicates where the height profile is extracted from.  
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Figure 3.4. Optical responses of a trilayer MoS2 film on the array of GaN nanowires. (a) 

Experimental measurements and (b) theoretical calculation for the transmission T and 

reflection R spectra of a trilayer MoS2 film sitting on top of the array of GaN nanowires we 

designed. Also given are the absorption spectra A, which is derived from the transmission 

and reflection spectra as A = 1-R-T.  
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Figure 3.5. Negligible scattering loss in the GaN nanowire arrays. (a) Reflection R spectra 

and (b) transmission T spectra collected from GaN nanowire arrays with different width in 

the nanowires as labeled.  (c) Scattering loss of the nanowire arrays, which is derived from 

the measured reflection and transmission as 1-R-T. 

 

 
 

Figure 3.6. Negligible absorption loss in the silver mirror coated at the backside of the 

substrate. This absorption spectrum is derived from the reflection R spectrum collected at the 

unpatterned substrate with a silver mirror coated at the backside, A= 1-R.  
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The resonant absorption peak of the MoS2 film can be deterministically controlled by 

simply tuning the width of the nanowire due to a linear correlation between the resonant 

wavelength and the width. The resonant wavelength can be correlated to the real part of the 

eigenvalue as λ0=2πnb/Nreal, and Nreal is dependent on the size ratio as Nreal  2R for the 

TM31 mode. Therefore, λ0  nb/R  na as R = b/a. With a more precise evaluation for the 

eigenvalue of the TM31 mode, we find that the resonant wavelength λ0 = 0.8na =1.88a. 

Fig.3a shows the absorption spectra collected from the same trilayer MoS2 film on top of 

nanowire arrays with different nanowire width.  For all these nanowire arrays, the inter-

nanowire spacing is maintained to be around 50 nm and a mirror is coated at the backside. 

The film shows distinct resonant absorption peaks on the different nanowire arrays (Fig. 3.7a) 

and the position of the peak linearly depends on the width of the nanowire by a slope of 1.77 

(Fig. 3.7b), reasonably matching what theoretically predicted. The peak absorptions of the 

film are all around 70-75%.  By using the same design strategy, we can also enable strong 

absorption in atomically thin MoS2 films on top of GaN nanowire arrays for incidence with 

transverse electric (TE) polarization (Fig.3.8a) or polarization-independent strong absorption 

using atomically thin MoS2 films on top of an array of GaN nanoholes (Fig.3.8b). 
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Figure 3.7. Precise control of the resonant absorption peak. (a) Absorption spectra of a 3-

layer MoS2 film on top of GaN nanowire arrays with different width in the nanowires, 

including 240 nm, 250 nm, 260 nm, 270 nm, 280 nm, and 290 nm.  The interspacing between 

neighboring nanowires is always maintained to be 50 nm in all these arrays. (b) Linear 

dependence of the position of the resonant absorption peak on the width of the nanowire.  
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Figure 3.8. Strong absorption in atomically thin MoS2 films for TE-polarized or randomly 

polarized incidence.  (a) Measured absorption in trilayer MoS2 films on top of different GaN 

nanowire arrays for incidence with transverse electric (TE) polarization. The nanowires in all 

these arrays have the same thickness of 140 nm, the same interspacing of 50 nm, but different 

width as labeled. (b) Measured absorption in trilayer MoS2 films on top of square arrays of 

GaN nanoholes for randomly polarized incidence. The nanoholes in all these arrays have the 

same thickness of 140 nm, the same interspacing of 110 nm, but different width as labeled.  

 

3.4 Designing principle for atomically thin MoS2 broadband light absorber  

Except the strong absorption for narrowband incidence, we can also design atomically 

thin MoS2 superabsorbers for broadband incidence such as solar radiation. We start with 

examining the absorption of a single leaky mode in MoS2 for solar radiation to gain insight 

into the modal properties that are ideal for solar absorption.  The single-mode solar 

absorption can be calculated by integrating the single-mode absorption efficiency Qabs over 

the spectral flux of solar radiation Iλ as 
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solar absP I Q d


                                                         (2)  

As the solar flux and the refractive index are known, the only unknown variables in eq. (2) 

are the resonant wavelength λ0 and radiative loss Nimag/Nreal of the leaky mode. We can 

evaluate the single-mode solar absorption Psolar as a function of the two variables in a two-

dimensional figure (Fig.3.9a). For the convenience of discussion, each of the absorbed 

photons is converted to one electron, which gives rise to a unit of current density (mA/cm
2
) 

for the solar absorption. The calculation indicates that the solar absorption by a single leaky 

mode would have a maximum of 6-7 mA/cm
2
 when the resonant wavelength of the mode is 

in the range of 500-600 nm and the radiative loss Nimag/Nreal in the range of 0.15-0.4.  

 

Figure 3.9. Design principle for solar super absorption in MoS2. (a) Calculated single-mode 

solar absorption of in MoS2 materials with three-dimension optical confinement as a function 

of radiative loss (horizontal axis) and resonant wavelength (vertical axis). (b) The number of 

leaky modes in the range of 500-600 nm that MoS2 materials can support as a function of the 

volume of the materials.   
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The calculation result provides useful guidance for the design of solar absorbers. As 

the solar energy above the bandgap of MoS2 (< 680 nm) amounts to 18 mA/cm
2
 in total, one 

would expect a major part of the solar radiation available to be absorbed should a MoS2 

structure be designed to have two leaky modes with the maximal solar absorption capability, 

i.e. with resonant wavelength in 500-600 nm and radiative loss in 0.15-0.4.  The requirement 

of two leaky modes in the wavelength range of 500-600 nm actually imposes a fundamental 

limit on the volume of the MoS2 materials that should be involved.  Without losing generality, 

we assume the solar absorber to be an array of nanostructures with three-dimensional optical 

confinement such as nanopillars. The density of leaky modes follows the well-established 

formalism of mode density in optical resonators. It is ρ(λ) = 8πn0
3
V/λ

4
 for structures with 

three-dimension optical confinement, where n0 and V are the refractive index and volume of 

MoS2 materials[89]. We can find out the number of leaky modes in the wavelength range 

500-600nm by performing integration 

600

500
( )d   . The result is plotted as a function of the 

material volume V in Fig. 4b.  The calculation indicates that the volume of MoS2 materials in 

the nanopillar should be no less than 1.0×10
-21

 m
3
 in order to support two modes in the 

wavelength range of 500-600 nm.  Our previous studies demonstrated that, while the 

calculation and analysis are for pure MoS2 materials, the results may be applied to 

heterostructures that include non-absorbing materials[89, 90].  In brief, to maximize the solar 

absorption in MoS2, the designed structures should involve MoS2 materials in volume no less 

than 1.0×10
-21

 m
3 

and have two leaky modes with resonant wavelength in the range of 500-

600 nm and radiative loss in the range of 0.15-0.4. 
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3.5 Experimental demonstration of broadband MoS2 light absorber 

We can deterministically design the nanostructures that may satisfy the requirements on 

material volume and modal properties.  Just as an example, we design a structure that 

consists of a square array of rectangular GaN nanopillars conformally coated by a 4-layer 

MoS2 film as shown in Fig. 3.11a, and the sides (a and b) in the lateral direction of the 

nanopillars are set to be the same. We can control the resonant wavelength of the leaky mode 

to be in the target range (500-600 nm) by rationally designing the lateral size of the structure. 

We use the 311 mode, i.e.  m =3, l = j = 1, as an example to illustrate this notion.   According 

to our previous studies, the real part of the eigenvalue for the leaky modes in rectangle 

nanopillars can be written as nkc ≈ (m−1)πR1 + (l−1)πR2 + (j−1)π, where R1= c/a and R2= c/b, 

where c is the height of the nanopillar.  For the 311 mode, nkc ≈ (m−1)πR1, which may give 

2.35c ≈ λR1 or 2.35a ≈ λ.  This indicates that the lateral side of the rectangular nanopillar 

should be in the range of 210-250 nm in order to make the resonant wavelength be in the 

range of 500-600 nm.  Additionally, the lower limit of the volume (>1.0×10
-21

 m
3
) of MoS2 

materials requires the height of the nanopillar to be at least 340-430 nm. The requirement for 

the radiative loss (0.15 to 0.4) can be readily satisfied by simply tuning the period of the 

nanopillars, just as what we did with the nanowire array in the design of narrowband 

absorbers. Our simulation indicates that the radiative loss Nimag/Nreal would be in the targeted 

range when the period p > 1.4a (Fig.3.10). 
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Figure 3.10. Dependence of the radiative loss on the period of the nanopillar array. 

Calculated radiative loss Nimag/Nreal of the 311 mode in an square array of nanopillars as a 

function of the period. The nanopillar is set to be in height of 460 nm and in lateral size of 

230 nm. The period is plotted as a ratio of the lateral size. 

 

We fabricate the GaN nanopillar array following the theoretical prediction and 

conformally coated the array with a 4-layer MoS2 film using the self-limiting CVD processes 

we developed previously. The nanopillar is tapered a little bit due to fabrication imperfection, 

with the width of top and bottom surface 150nm and 270 nm, height of 460 nm, and period of 

360 nm (Fig.3.11b). The conformal growth and layer number of MoS2 is confirmed by TEM 

characterizations (Fig.3.11c-f). We can find that the color of the fabricated structure under 

sunlight changes from white to black after the deposition of MoS2, indicating a substantial 

absorption of solar light (Fig.3.11g-h). Fig. 3.11i shows the absorption spectra of the 

structure measured using an integrating sphere system. The absorption may count for 13.5 
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mA/cm
2
 if integrating it with solar flux and converting each absorbed photon to an electron. 

It is substantially improved compared to the absorption of the MoS2 film deposited onto the 

unpatterned substrate. Note that the designed structure may maintain strong broadband in a 

large incident angle range from 0 to 60 degrees (Fig.3.13), different from the broadband 

graphene absorber reported previously that may only show strong absorption in a very 

narrow range of incident angle (<1°). The experimental result also reasonably matches the 

prediction obtained from FDTD simulation or analytic modeling.  Modal analysis indicates 

that there are two modes in the ranges of 500-600 nm with resonant wavelengths at 579 and 

525 nm and radiative loss of 0.194 and 0.179, respectively, indeed satisfying the 

requirements (Fig.3.12). It is worthwhile to point out that this design is not the only structure 

with capability to enable strong solar absorption in atomically thin MoS2 materials. In 

principle any structures that that could satisfy the requirements on material volume and 

modal properties would provide strong solar absorption.  
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Figure 3.11. Strong solar absorption in 4-layer MoS2 films. (a) SEM image of an array of 

GaN nanopillars conformally coated with 4-layer MoS2. Inset, schematic illustration for the 

structure in which a mirror coated at the backside. (b) Cross-sectional TEM of the nanopillar 

coated with MoS2.  The TEM sample was extracted from the nanostructure array by using 

FIB. A layer of Al2O3 in thickness of 60 nm is coated on the top to protect the MoS2 during 

the FIB processing. The two white dashed squares indicates where the images of (c-d) are 

taken from. (c) High-resolution TEM image and (d) EDAX mapping of the MoS2 coated on 

the top of the nanopillar. The yellow part of the EDAX image is the signal from MoS2. (e) 

High-resolution TEM image and (f) EDAX mapping of the MoS2 coated at the side of the 

nanopillar. Image of the array of GaN nanopillars (g) before and (f) after the coating of the 4-

layer MoS2.  (i) Measured absorption spectra of the 4-layer MoS2 film coated on the 

nanopillar array (solid red) and on unpatterned substrates (dashed red). Also plotted are the 

corresponding simulation results.    
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Figure 3.12. Modal analysis for the GaN nanopillar array designed for enabling strong solar 

absorption. To identify the leaky modes, we artificially set the refractive index of GaN to be 

2.35 +0.02 i, and calculate the spectral absorption of the GaN nanopillar array as designed in 

the main text. The peaks at 525 nm and 579 nm correspond to the 311 and 114 modes, 

respectively.  Inset are the calculated eigenfield of the 311 and 114 modes 
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Figure 3.13. Absorption efficiency of the designed broadband MoS2 absorber with different 

incident angle.  
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3.6 Conclusion 

In conclusion, we have demonstrated the realization of strong absorption (> 70%) in 

atomically thin MoS2 films (≤ 4 layers) for narrowband incidence with arbitrarily pre-

specified wavelengths or broadband incidence like solar radiation by leveraging on resonant 

photonic structures. The resonant photonic structure may be deterministically designed with a 

reverse design approach based on an intuitive model that we previously developed, coupled 

leaky mode theory.  We believe the absorption, in particular, the narrowband absorption, can 

be further improved to be close to perfect should the fabrication process be further optimized. 

While the focus is on MoS2, the result of this work can be generally applied to the design of 

superabsorbers with other atomically thin 2D materials. This result may provide useful 

guidance for the development of high-performance absorption-based photonic devices with 

2D TMDC materials, including solar cells, photodetectors, modulators, and photocatalysts.  

The designed structures, i.e. a single layer of nanostructure arrays, can be readily scaled up 

using standard nanofabrication procedures that includes nano-lithography (deep-UV or nano-

imprinting) followed by dry etching. Electrical contacts may also be readily fabricated to 

extract photo-generated charge carriers. For instance, the electrical contact for the narrow-

band absorbers may be made simply by depositing metallic structures on top of the MoS2 

film.  For the broadband absorbers, we may use the substrate (with suitable doping) as one 

electrode and, if necessary, deposit a layer of ITO or other conductive materials on top of the 

MoS2 film as the other electrode.  
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CHAPT 4:  Thermosistor: Electrically Gating Interfacial Thermal Conductivity 

 

Monolayer of transition metal dichalcogenide (TMDC) materials has witnessed 

unprecedented progress in the past seven years due to their extraordinary electrical and 

optical properties. The most common but important issue of electronic or photonic devices at 

nanoscale is the heat dissipation, which significantly limits the performance of integrated 

electronic chips based on TMDC monolayer. Here, we demonstrate for the first time that the 

interfacial thermal conductivity of TMDC monolayers can be modulated by the external 

gating with almost 100% modulation on the amplitude. Besides, we find that the chemical 

doping through the intercalation of small cations (H
+
) can help to enhance the interfacial 

thermal conductivity of monolayer with a factor of two. Our results may provide a 

convenient way to engineer the ability of heat transport from monolayer to substrates, and 

lead to improving the performance of electronic and optoelectronic devices.  
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4.1 Introduction 

The gating of electrons via field-effect transistors represents one of the most remarkable 

inventions. It provides capabilities to control electrical conductivity with unprecedented 

efficiency and spatial (nanometer scale)/temporal (GHz) resolutions. These capabilities have 

led to the development of modern computers and driven the spectacular continuous size 

miniaturization and performance improvement in information technology for decades. It has 

been long dreamed of extending the exquisite control capabilities of electrical gating to the 

manipulation of other quantum particles and processes, for instance, phonon thermal 

conduction. Much like how the gating of electrical conductivity has revolutionized 

electronics industry and beyond, the gating of thermal conduction would fundamentally 

transform the landscape of thermal science and enable the development of novel thermal 

devices for the well-being of society, which has however not been reported yet. Here we 

have for the first time demonstrated the electrical gating of thermal conduction. More 

specifically, we have developed devices with interfacial thermal conductivity controlled in 

ways similar to the control of electric conductivity by field-effect transistors, and hence name 

it thermosistor. The thermosistor is realized by leveraging on the strong electron-phonon 

coupling in two-dimensional (2D) transition metal dichalcogenide (TMDC) material 

When the size of electronic or optoelectronic devices reduces to nanoscale or even atomically 

scale, heat dissipation has become the bottleneck in limiting their performance. In order to 

fully capitalize on the intrinsic transport properties of 2D materials, it is necessary to 

effectively transport the heat generated in 2D materials into substrates. Recently, Yan et al 

reported the first measurement of thermal conductivity of suspended MoS2 as 34.5W/ m.K 

[95]. For conventional electronic devices, the interfacial thermal conductivity may be more 
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important because 2D material is always supported by substrate. Taube et al measured the 

interfacial and lateral thermal conductivity of MoS2 on 285nm SiO2/Si, which are 

1.94MW/m
2
.K and 62.2 W/m.K, repectively [98]. The low thermal conductivity may degrade 

the performance of electronic or photonic devices based on the 2D TMDC materials.  

Therefore, it is quite necessary to find a way to engineer the thermal conductivity of 2D 

TMDC monolayer. In this work, we experimentally demonstrated that the interfacial thermal 

conductivity can be tuned by either electrically gating in a similar way of tuning electrical 

conductivity by gating or chemical doping with more than 100% amplitude modulation depth. 

The tunability of interfacial thermal conductivity can be attributed to the strong electron-

phonon coupling, where the doping can influence the overlapping of phonon density of state 

between 2D TMDC monolayer and substrates.  

 

4.2 Opto-Thermal Raman Technique 

Opto-thermal Raman technique has been proved as an effective way to measure the thermal 

conductivity of two dimensional materials, including graphene and 2D TMDC materials[93-

98].  Fig.4.1 shows the schematic drawing of experimental setup.  

 

Figure.4.1. Schematic of experimental setup for 2D TMDC monolayer thermal conductivity 

measurement  
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In this model, the temperature distribution in the monolayer TMDC can be derived from the 

following heat diffusion equation in the cylindrical coordinates 

1 '''
( ) ( ) 0a

s s

d dT g q
r T T

r dr dr k t k
   

                                           (1) 

Where Ta is the ambient temperature, r is the radial position from the laser center, t=0.62 nm 

is the thickness of monolayer TMDC, g is the interfacial thermal conductivity (ITC), and ks 

is the lateral thermal conductivity. Assuming that laser beam has Gaussian profile, the 

volume optical heating q has the following form 
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Where q0 is the peak absorbed laser power per unit area at the center of spot. R0 is the radius 

of spot size. The total absorbed laser power Q is obtained by 
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Assumed =T-Ta, and z=(g/kst)^
1/2

r, we can simplify eq. (1) as 
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The solution to eq.(4) is given as 
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                                             (5) 

Where the two homogeneous solution I0(z) and K0(z) are the zero-order modified Bessel 

functions of the first and second kind, respectively. The particular solution p(z) can be 

obtained by using the varation of parameters method as  
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Where I1(z) and K1(z) are the first-order modified Bessel functions of the first and second 

kind, respectively. 

Boundary conditions require  

0( / ) 0, ( ) 0zd dz z    
                                               (7) 

Substituting eq.(5) into eq. (7), we can get  
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                                        (8) 

The average temperature rise in monolayer TMDC can be obtained by  
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Instead of directly calculating the ks and g using eq.(4), we define  

1m mdT dT d d

dQ d dQ dQ
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                                                      (10) 

d/dQ and  are the power shift rate and temperature coefficiency of Raman peak position, 

respectively. Both of terms can be experimentally measured. When 532 nm laser with 

different power is focused on the sample, Raman peak (ie, A1g or E2g) will red shift due to the 

thermally driven bond softening. With the absorption efficiency of TMDC monolayer 

derived from transfer matrix method (TMM), Raman peak as function of absorbed laser 

power can be experimentally obtained, and then power shift rate is calculated. The 

temperature coefficient can be obtained by measuring the temperature dependent Raman 

spectrum, which will be discussed later. Since there are two unknown parameters (ks and g) 

in the eq. (5), two sets of equations are required to completely solve the equation and get the 

solutions of g and ks. Raman spectrum are measured using 100X (NA=0.90) and 50X 

(NA=0.75) objective lens. The laser spot size under 100X and 50X objective lens are 
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obtained by knife edge method.  The radii are found to be 0.42 µm and 0.725 µm, 

respectively.  We will demonstrate in the later part of this paper that the heat transport across 

the interface constitutes the main channel of heat dissipation from TMDC monolayer to 

substrate.  

 

4.3  Doping Effect on the Interfacial Thermal Conductivity of  WS2 monolayer  

We start with measuring the thermal conductivity of WS2 monolayer flake under different 

gating voltages. We first fabricated the field effect transistor based on WS2 monolayer flake 

on 84nm SiO2/Si, which is grown by chemical vapor deposition (CVD) . The source and 

drains electrodes are defined on top of the WS2 monolayer and the SiO2/Si substrate is used 

as the dielectric and gate electrode. Successful carrier injection into WS2 monolayer is 

reflected by the change in PL, absorption and Raman spectra as shown in Fig 4.2b-d. It can 

be found that the PL spectra, as shown in Fig.4.2b, changes significantly by external gating. 

The maximum of PL intensity occurring at 0V indicates that the intrinsic WS2 is neutral 

semiconductor. When positive (or negative) gating voltages are applied, the emission peak of 

PL shows redshifts accompanied by the reduced intensity. The reduced intensity can be 

attributed to the formation of positive trion (two holes and one electrons) and negative trion 

(two electrons and one hole) while the applied gate voltage are negative and positive, 

respectively. Besides, effective p doping to material induced under negative gate voltage 

results in the increasing ratio of Raman modes 2LA(M)+E2g
1
 and A1g, as well as the blueshift 

of A1g peak, which can be observed in Fig.4.2d. The reflectivity measurement is performed to 

get the absorption efficiency of WS2 under different gating voltage. After confirming the 

doping effect of WS2 monolayer under different gating voltage, we turn to measure the 
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Raman spectrum of WS2 monolayer using different laser while the gating voltage changes 

from Vg=-40 V to Vg=40 V. Fig.4.2e shows the Raman spectra for Vg=40 V and Vg=-40 V 

while the incident laser power changes from 0.1 mW to 8.25 mW. The A1g peak for Vg=-40 

V shows less redshift compared to that of Vg=40 V. Moreover, A1g peak position as a 

function of absorbed laser power using 100X objective lens, as shown in Fig.4f, is plotted to 

calculate the power shift rate. In order to calculate the thermal conductivity, we also need to 

know the temperature coefficiency, which can be obtained from temperature dependent 

Raman spectra.  

From Fig.4.3, we can calculate the temperature coefficiency =-0.0133 cm
-1

/K. With the 

parameters of temperature coefficiency and power shift rate, the interfacial thermal 

conductivity can be calculated. Indeed, the interfacial thermal conductivity shows 

monotonically decrease when the applied gating voltage increases from -40 V to 40 V. The 

modulation depth is almost 100%. The results seem to suggest that p doping WS2 monolayer 

can significantly improve its interfacial thermal conductivity. Note that we only consider the 

interfacial thermal conductivity here because it dissipates 99% absorbed laser power from 

WS2 to substrate. 
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Figure.4.2 Gating effect on PL, absorption and Raman spectra. (a) Schematic of WS2 

monolayer flake devices. (b) PL spectra of monolayer WS2 under different gating voltage. (c) 

Reflection specra of WS2 monolayer flake at different gating voltages. (d) Raman spectra of 

WS2 monolayer flake for Vg=40 V and Vg=-40 V, respectively. (e) Raman spectra atVg=40 

V and Vg=-40 V when the incident power increases from 0.1 mW to 8.25 mW. (f) A1g peak 

position as a function of absorbed laser power. Dashed lines are the fitting curve to calculate 

the power shift rate (slope of the fitting line) 
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Figure.4.3. Measurement of thermal coefficiency (a) Raman spectra of monolayer WS2 flake 

at different temperature. (b) A1g peak extracted from Raman spectra using Lorentzian fitting 

as a function of temperature.  

 

In order to further confirm the doping effect on the interfacial thermal conductivity of WS2 

monolayer, we treat the WS2 monolayer flake using chemicals to achieve either p doping or n 

doping. Recently, acids such as sulfuric acid and bis(trifluoromethane) sulfonamide acid 

(TFSI), which  may provide H
+
 , have been demonstrated as an effective medium to realize p 

doping to TMDC monolayer[99-102]. Therefore, we first transfer CVD-grown WS2 on 84nm 

SiO2/Si using a surface-energy-assisted transfer process, and treat them with TFSI by simply 

immersing the monolayer into chemical solutions for minutes followed by blow drying. Our 

previous studies have demonstrated that such treatment may induce intercalation of 

molecules or ions between the monolayer and the substrate, and that the intercalated species 

may dope the monolayer. The conditions used in the transfer and treatment processes are 

very mild, and we have confirmed no composition and structure change induced to the 

monolayer during these processes. After TFSI treatment, we observe from Fig.4.4a and e that 
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the PL intensity of WS2 monolayer shows almost two order enhancement and the emission 

wavelength shows considerable blue shifts (by 40 nm). The significant change in PL spectra 

can be explained as follows. The transfer process will introduce water moisture between 

substrate and WS2 monolayer, which will n dope the WS2 monolayer. Further TFSI treatment 

can p dope the material. As a consequence, the emission of WS2 flake transit from negative 

charged trion dominated to neutral exciton dominated. Besides, the A1g peak, as shown in Fig 

4.4b and f, displays remarkable blue shift by >2.0cm-1. Both PL and Raman indicate the p 

doping effect of TFSI on the WS2 monolayer. Then, we measured the Raman spectrum under 

the different laser power. A1g peak show more obvious red shift for as transferred case 

comparing to the TFSI treated ones, which means the improved heat transport capability with 

TFSI treatment. Power shift rate plotted in Fig.4.4e decreases significantly after TFSI 

treatment. Note that both transfer and TFSI treated WS2 have almost same temperature 

coefficiency as the as grown one. The calculated results indicate that interfacial thermal 

conductivity is enhanced by a factor of two. .  

Functional self-assembled monolayers (SAMs) have been demonstrated as another way to 

control carrier doping of TMDC monolayers[103]. Self-assembled monolayers (SAMs) of 

organic molecules are ultrathin molecular films, which are spontaneously constructed at the 

interface between the substrates and organosilanes through chemical or physical reactions. 

They can easily alter the surface energy, dipole moment and chemical reactivity by 

functional group.  Following the procedure described in Ref [103], SiO2/Si substrates are 

successfully functionalized using octyltrichlorosilane (OTS, CH3-SAM), 3-(trimethoxysilyl)-

1-propanamine(APTMS,NH2-SAM), and trichloro-(1H,1H,2H,2H-perfluorooctyl)silane 

(FOTS, CF3-SAM). PL and Raman spectra, as shown in Fig.4.4 f and g, are measured to 
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validate the doping effect of different functional SAMs. The PL intensity for FOTS and OTS 

functionalization are one hundred twenty and five times as the PL of APTMS while the 

emission peaks are 619nm, 619nm, and 649 nm for FOTS, OTS, and APTMS, respectively. 

In addition, the A1g peak shows blueshift for FOTS comparing to APTMS, and 

simultaneously, the decreasing ratio of 2LA(M)+E2g
1
 Raman mode intensity and A1g Raman 

mode intensity indicates more p doping effect for FOTS. After confirming the successful 

doping of functional SAMs on WS2, we move to measure the thermal conductivity. From 

Fig.4.4i, the power shift rate for FOTS is smaller than OTS. The APTMS functionalization 

induces largest power shift rate.  With the power shift rate and temperature coefficiency, the 

interfacial thermal conductivity for three cases is calculated. Indeed, the interfacial thermal 

conductivity is largest for FOTS while APTMS functionalization leads to the smallest 

interfacial thermal conductivity. These results again confirm that p doping indeed can help to 

improve the capability of heat dissipation capability across the interface while n doping will 

deteriorate it. Here, we need to point out that interfacial thermal conductivity of WS2 

functionalized by OTS is less than TFSI because the doping effect is weaker, which can be 

inferred from enhancement of PL intensity.  

  

 



 

98 

 

 

Figure.4.4. Chemical doping effect on interfacial thermal conductivity (a) schematic 

illustration of TFSI treatment and SAMs functionalization. (b) PL spectra of transfer WS2 

before and after TFSI treatment. (c) Raman spectra of transfer WS2 before and after TFSI 

treatment. (d) Raman spectra with and without TFSI treatment at incident power P=0.1 mW 

and P=4.25 mW. (e) A1g peak position as function of absorbed laser power for transfer WS2 

before and after TFSI treatment. (f) PL spectra of transfer WS2 on SiO2/Si functionalized by 

FOTS, OTS and APTMS. (g) Raman spectra of transfer WS2 on SiO2/Si functionalized by 

FOTS, OTS and APTMS. (h) Raman spectra for FOTS, OTS and APTMS SAMs at incident 

laser power P=0.1 mW and P=4.25 mW. (i) A1g peak position as functions of absorbed laser 

power 
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Besides, we also conduct time dependent Raman spectrum for as transfer and TFSI treated 

WS2 on SiO2/Si. The sample is kept illumination by laser with power being 4.25mW for four 

minutes. Fig4.5 shows the optical image of transfer WS2 at different stage. The radius of 

white hole for transfer WS2, which indicates the damaged area caused by laser, is much 

larger than the counterpart of TFSI treated WS2. That means the temperature for as transfer 

sample is much higher than the temperature of TFSI treated WS2. This again confirms that 

TFSI treatment can help to significantly improve the capability of heat dissipation.  

 

 

 

Figure.4.5. Laser shining effect on the as transfer and TFSI treated WS2. (a) Optical image 

of as transfer WS2. (b) Optical image of as transfer WS2 after four minutes laser shining with 

power being 4.25mW. (c) Optical image of TFSI treated WS2 after four minutes laser shining 

with power being 4.25mW.  
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4.4 Conclusion 

In summary, we experimentally demonstrated the thermosistor analogue to the field effect 

transistor, in which the interfacial thermal conductivity of TMDC monolayers can be tuned 

by either external gating with modulation depth almost 100%.  Moreover, we also found that 

the interfacial thermal conductivity can be enhanced by a factor of two through either TFSI 

treatment or functionalized SAM. The tunability may be ascribed to the strong electron-

phonon coupling. Our results may provide an alternative way to enhance the capability of 

heat dissipation from 2D TMDC monolayer to substrates, and finally improve the 

performance of electronic and optoelectronic devices like field effect transistors.   
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CHAPT 5: Conclusion and outlook 

 

We elucidate the general fundamentals of the optical resonance in nonspherical 

subwavelength dielectric structures with different shapes (rectangular or triangular) and 

dimensionalities (1D nanowires or 0D nanoparticles). We demonstrate that the optical 

properties of nonspherical dielectric structures are dictated by the eigenvalue of the 

structure’s leaky modes. Leaky modes are defined as optical modes with propagating waves 

outside the structure. We also elucidate the dependence of the modal eigenvalue on physical 

features of the structure. The eigenvalue shows scale invariance with respect to the size of the 

structure, weak dependence on the refractive index, but linear dependence on the size ratio of 

different sides of the structure. We propose a modified Fabry−Perot model to account for the 

linear dependence. The knowledge of leaky modes, including the role in optical responses 

and the dependence on physical features, can serve as a powerful guide for the rational 

design of devices with superabsorption or superscattering at desired resonance. Then, we 

present a combined theoretical and experimental effort to enable strong light absorption 

(>70%) in atomically thin MoS2 films (≤ 4 layers) for either narrowband incidence with 

arbitrarily pre-specified wavelengths or broadband incidence like solar radiation. This is 

achieved by integrating the films with resonant photonic structures that are deterministically 

designed using a unique reverse design approach based on leaky mode coupling. The design 

starts with identifying the properties of leaky modes necessary for the targeted strong 

absorption, followed by searching for the geometrical features of nanostructures to support 

the desired modes. This process is very intuitive and only involves a minimal amount of 

computation, thanks to the straightforward correlations between optical functionality and 

leaky modes as well as between leaky modes and the geometrical feature of nanostructures. 



 

102 

The experimental realization of atomically thin narrowband and broadband absorber may 

help to improve the performance of photonic device based on 2D TMDC material, such as 

photodetector or solar cell. For example, the superior absorption can help to amplify the 

photocurrent even when the incident light has relatively weak intensity.   

 

(2) The other is to engineering the heat dissipation of TMDC monolayer into substrates. The 

heat dissipation has been the bottleneck in limiting the performance of electronic and 

photonic devices when the devices reduced to nanoscale even atomically scale. We 

demonstrate that the interfacial thermal conductivity of WS2 monolayer can be modulated by 

external gating, similar to the control of electric conductivity by field effect transistor, or 

chemical doping. Specifically, we find that external gating can modulate the interfacial 

thermal conductivity close to 100% while TFSI treatment on the transfer WS2 monolayer 

leads to the enhancement of the interfacial thermal conductivity by a factor of two. Our 

results may provide an alternative way to enhance the capability of heat dissipation from 

WS2 monolayer to substrates, and finally improve the performance of electronic and 

optoelectronic devices like field effect transistors.  Because the TMDC monolayer is always 

supported by substrate in the real application, it is necessary to study the substrate effects on 

the interfacial thermal conductivity.  How the interfacial thermal conductivity changes as the 

substrate changes from 2D materials (hBN or graphene) to 3D substrates (gold/Pt/SiO2, etc)? 

The understanding on the substrate effect may help us to find out which substrate would be 

an ideal platform for heat dissipation.  
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 APPENDIX 

 

Figure A.1 illustrates the electric field distribution of z component for leak modes TM11-

TM12-TM13-TM14-TM21-TM22-TM23-TM24-TM31-TM32-TM33-TM34-TM41-TM42-

TM43-TM44 

 

Figure A.2 shows the magnetic field distribution of z component for leak modes TE11-TE12-

TE13-TE14-TE21-TE22-TE23-TE24-TE31-TE32-TE33-TE34-TE41-TE42-TE43-TE44 

 

Figure A.3 shows the schematic illustration for rectangular NWs with different size ratios 

illuminated by TM-polarized plane waves. 

 

Table A-1 shows the fitted expansion parameter C for TM leaky modes in rectangular 

nanowires with different size ratio b/a 

 

Figure A.4 shows the schematic illustration for rectangular NWs illuminated by TM-

polarized plane waves with different incident angle θ. 

 

Table A-2 shows the fitted expansion parameter C for TM leaky modes in rectangular 

nanowires with different incident angles 
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Figure A.1 Electric field distribution of z component for leak modes TM11-TM12-TM13-

TM14-TM21-TM22-TM23-TM24-TM31-TM32-TM33-TM34-TM41-TM42-TM43-TM44 
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Figure A.2 Magnetic field distribution of z component for leak modes TE11-TE12-TE13-

TE14-TE21-TE22-TE23-TE24-TE31-TE32-TE33-TE34-TE41-TE42-TE43-TE44 
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Figure A.3. Schematic illustration for rectangular NWs with different size ratios illuminated 

by TM-polarized plane waves. 

 

 

Table A-1 Fitted expansion parameter C for TM leaky modes in rectangular nanowires with 

different size ratio b/a 

 

R=0.2 

mode 1 2 3 4 5 6 7 8 9 10 11 12 13 

1 1.00 0 1.45 0 1.60 0 1.70 0 1.55 0 1.30 0 1.00 

2 1.90 0 2.70 0 3.30 0 3.40 0 3.50 0 1.00 0 --- 

3 3.20 0 1.00 0 1.30 0 1.00 0 --- 0 --- 0 --- 

 

 

R=0.3 

mode 1 2 3 4 5 6 7 8 9 10 11 

1 1.00 0 1.40 0 1.50 0 1.50 0 1.10 0 0.90 

2 1.90 0 3.40 0 3.80 0 3.20 0 3.30 0 --- 

3 1.50 0 1.30 0 2.00 0 1.90 0 --- 0 --- 

4 1.00 0 1.00 0 --- 0 --- 0 --- 0 --- 
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R=0.4 

mode 1 2 3 4 5 6 7 8 9 10 11 

1 1.00 0 1.50 0 1.75 0 0.80 0 1.00 0 1.00 

2 1.85 0 3.50 0 3.60 0 1.20 0 2.60 0 2.60 

3 2.40 0 0.80 0 2.80 0 2.00 0 1.00 0 --- 

4 1.00 0 1.42 0 2.20 0 2.00 0 -- 0 --- 

5 3.20 0 2.00 0 1.50 0 --- 0 --- 0 --- 

 

 

 

 

R=0.5 

mode 1 2 3 4 5 6 7 8 9 10 11 

1 1.00 0 1.52 0 0.80 0 1.00 0 1.00 0 1.00 

2 1.80 0 3.45 0 3.65 0 2.10 0 2.50 0 --- 

3 1.70 0 1.00 0 2.60 0 1.50 0 1.50 0 --- 

4 2.30 0 2.00 0 2.00 0 2.20 0 --- 0 --- 

5 1.30 0 2.10 0 2.20 0 --- 0 --- 0 --- 

6 1.00 0 --- 0 --- 0 --- 0 --- 0 --- 
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R=0.6 

mode 1 2 3 4 5 6 7 8 9 10 11 

1 1.00 0 1.42 0 1.00 0 1.00 0 1.00 0 1.00 

2 1.78 0 3.35 0 3.30 0 3.00 0 2.50 0 --- 

3 1.50 0 2.40 0 2.00 0 0.85 0 1.50 0 --- 

4 2.00 0 1.20 0 2.20 0 3.00 0 --- 0 --- 

5 1.50 0 2.00 0 3.20 0 2.50 0 --- 0 -- 

6 1.00 0 1.65 0 2.00 0 -- 0 --- 0 --- 

7 1.00 0 --- 0 --- 0 --- 0 --- 0 --- 

 

 

 

 

R=0.7 

mode 1 2 3 4 5 6 7 8 9 

1 1.00 0 1.40 0 1.10 0 0.69 0 0.80 

2 1.75 0 3.25 0 2.60 0 2.00 0 2.20 

3 1.50 0 1.10 0 1.50 0 2.20 0 --- 

4 1.90 0 2.50 0 2.00 0 1.00 0 --- 

5 2.20 0 3.00 0 2.40 0 2.30 0 --- 

6 2.00 0 1.10 0 2.00 0 --- 0 --- 

7 1.80 0 2.50 0 --- 0 --- 0 --- 
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R=0.8 

mode 1 2 3 4 5 6 7 8 9 

1 1.00 0 1.40 0 0.80 0 1.00 0 1.00 

2 1.74 0 3.20 0 2.90 0 1.70 0 1.50 

3 1.80 0 1.10 0 1.00 0 1.50 0 3.00 

4 1.00 0 2.70 0 2.00 0 1.20 0 --- 

5 2.25 0 2.26 0 1.00 0 2.60 0 --- 

6 2.00 0 2.75 0 1.50 0 --- 0 --- 

7 3.00 0 1.10 0 -- 0 --- 0 --- 

8 3.00 0 -- 0 -- 0 --- 0 --- 

 

 

 

R=0.9 

mode 1 2 3 4 5 6 7 8 

1 1.00 0 1.00 0 0.80 0 0.60 0 

2 1.78 0 3.15 0 2.00 0 1.50 0 

3 2.30 0 1.20 0 2.00 0 2.20 0 

4 1.75 0 2.50 0 1.00 0 1.80 0 

5 2.00 0 2.80 0 2.75 0 --- 0 

6 2.20 0 1.30 0 1.00 0 --- 0 

7 1.50 0 2.00 0 --- 0 --- 0 

8 3.50 0 --- 0 --- 0 --- 0 
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R=1.0 

mode 1 2 3 4 5 6 7 8 

1 1.00 0 1.00 0 1.00 0 1.00 0 

2 1.80 0 3.05 0 2.65 0 1.10 0 

3 1.75 0 1.32 0 3.00 0 2.80 0 

4 1.75 0 2.65 0 1.35 0 1.00 0 

5 1.00 0 2.80 0 2.53 0 --- 0 

6 1.00 0 1.50 0 1.60 0 --- 0 

7 1.80 0 2.00 0 --- 0 --- 0 

8 1.50 0 1.00 0 --- 0 --- 0 
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Figure A.4. Schematic illustration for rectangular NWs illuminated by TM-polarized plane 

waves with different incident angle θ. 

 

 

 

Table A-2 Fitted expansion parameter C for TM leaky modes in rectangular nanowires with 

different incident angles 

 

=0 

mode 1 2 3 4 5 6 7 8 9 10 11 

1 1.00 0 1.52 0 0.80 0 1.00 0 1.00 0 1.00 

2 1.80 0 3.45 0 3.65 0 2.10 0 2.50 0 --- 

3 1.70 0 1.00 0 2.60 0 1.50 0 1.50 0 --- 

4 2.30 0 2.00 0 2.00 0 2.20 0 --- 0 --- 

5 1.30 0 2.10 0 2.20 0 --- 0 --- 0 --- 

6 1.00 0 --- 0 --- 0 --- 0 --- 0 --- 
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=15 

mode 1 2 3 4 5 6 7 8 9 10 11 

1 0.80 0.10 1.45 0.30 0.50 1.00 0.55 0.80 0.80 1.00 1.00 

2 1.50 0.50 2.60 0.90 1.85 1.60 0.50 2.20 0.50 1.80 --- 

3 1.50 0.50 1.00 0.60 1.30 2.20 0.20 0.80 1.10 --- --- 

4 1.20 0.80 1.10 1.20 1.20 0.40 0.80 1.00 --- --- --- 

5 0.80 1.00 2.20 1.80 1.00 1.00 --- --- --- --- --- 

6 1.50 1.00 ---- --- --- --- --- --- --- --- --- 

 

 

 

=30 

mode 1 2 3 4 5 6 7 8 9 10 11 

1 0.70 0.38 1.20 0.80 0.60 1.10 0.65 1.00 1.20 0.80 1.00 

2 1.25 1.35 1.00 1.85 0.30 2.35 1.00 2.30 0.90 0.90 ---- 

3 0.80 0.80 0.40 1.05 0.20 2.20 0.40 0.50 1.10 ---- ---- 

4 1.20 1.10 0.30 2.40 0.40 1.00 0.40 1.00 ---- ---- ---- 

5 0.40 1.30 1.00 1.40 0.80 ---- ---- ---- ---- ---- ---- 

6 1.50 1.00 ---- ---- ---- ---- ---- ---- ---- ---- ---- 
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=45 

mode 1 2 3 4 5 6 7 8 9 10 11 

1 0.65 0.95 0.90 1.15 0.50 1.00 0.20 1.00 1.50 0.80 1.00 

2 0.80 1.75 0.25 1.75 0.40 1.30 1.84 0.60 2.00 0.30 ---- 

3 0.60 0.85 0.30 1.10 0.10 0.40 0.10 0.20 0.30 ---- ---- 

4 1.20 2.00 1.10 1.55 1.20 0.90 1.85 1.00 ---- ---- ---- 

5 1.00 1.10 1.20 0.05 0.60 1.00 ---- ---- ---- ---- ---- 

6 0.90 1.00 ---- ---- ---- ---- ---- ---- ---- ---- ---- 

 

 

 

=60 

mode 1 2 3 4 5 6 7 8 9 10 11 

1 0.60 1.45 0.80 1.40 1.20 1.10 1.00 1.10 0.90 1.20 1.00 

2 0.40 1.25 0.20 0.88 0.70 0.20 0.80 0.50 0.90 1.00 ---- 

3 0.50 1.25 0.60 1.30 0.40 0.40 0.30 0.50 1.05 ---- ---- 

4 0.50 1.90 1.85 0.55 1.60 0.40 1.50 1.00 ---- ---- ---- 

5 1.40 0.80 0.80 0.50 0.85 1.00 ---- ---- ---- ---- ---- 

6 0.80 1.00 ---- ---- ---- ---- ---- ---- ---- ---- ---- 
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=75 

mode 1 2 3 4 5 6 7 8 9 10 11 

1 0.40 1.80 0.85 1.35 2.00 1.20 1.40 1.50 0.90 1.10 1.00 

2 0.08 0.40 0.10 0.15 0.40 0.10 0.25 0.40 0.20 0.40  

3 0.50 2.00 1.70 1.25 1.42 0.35 2.20 2.00 1.70   

4 0.40 0.80 0.90 0.20 0.50 0.40 0.45 1.00    

5 0.50 1.10 1.45 1.00 1.70 1.00      

6 1.00 1.00          

 

 

 

 

=90 

mode 1 2 3 4 5 6 7 8 9 10 11 

1 0.80 1.90 0.90 1.32 2.30 1.10 1.85 1.85 1.00 1.00 2.50 

2 0 0 0 0 0 0 0 0 0 0 ---- 

3 0.50 2.30 2.50 1.30 2.10 0.20 3.00 3.20 2.70 ---- ---- 

4 0 0 0 0 0 0 0 0 0 0 0 

5 0.80 1.00 2.50 2.00 2.30 1.00 ---- ---- ---- ---- ---- 

6 0 0 ---- ---- ---- ---- ---- ---- ---- ---- ---- 

 

 

 


