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Abstract 

A fundamental strategy is developed in this dissertation to enhance the 
light-matter interaction of ultra-thin films based on a strong interference effect 
in planar nanocavities, and overcome the limitation between the optical 
absorption and film thickness of energy harvesting/conversion materials. This 
principle is quite general and is particularly useful for the development of 
atomically-thin energy harvesting/conversion devices. 

This dissertation systematically investigated the enhancement introduced 
by nanocavities, including the theoretical design of the nanocavities, 
experimental validation of the enhanced light-matter interactions, and 
application development based on this strategy. 

In Chapter 2, the nanocavities are theoretically designed for different 
ultra-thin material systems. Phasor diagrams and the concept of topological 
darkness are introduced to better understand the design. 

In Chapter 3, the enhanced light-matter interaction is validated 
experimentally. Stronger absorption is achieved and confirmed by the stronger 
photoluminescence signal. 

In Chapter 4, an optoelectronic application of single-crystalline germanium 
nanomembrane photodetectors on foreign nanocavities was developed with field 
effect and spectral selectivity. 

This dissertation aims to analyze the both the strength and the limit of this 
strategy based on nanocavities and paves the way towards miniaturization of 
optoelectronic devices. 

Key words: Nanocavities; light-matter interaction; ultra-thin films 
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CCChhhaaapppttteeerrr 111Chapter 1 

Introduction 

This chapter introduces the pursuit of ultra-thin films in the field of 
semiconductor. In section 1.1, I will show why the ultra-small thickness affects 
the light-matter interaction and review some recent investigations to enhance 
the light-matter interaction in thin and ultra-thin films. In section 1.2, I will give 
a brief explanation regarding the basic principle of nanocavity, which we 
employ to solve the trade-off between film thickness and light-matter 
interaction. In section 1.3, I will cover the organization of the entire dissertation. 

1.1 Motivation and background 

In most thin-film energy harvesting/conversion applications, there is a 
long-existing trade-off between optical absorption and thickness of 
semiconductor materials. For instance, ultrathin-film photovoltaic devices and 
photocatalysis platforms may lead to the enhanced carrier 
extraction/transportation but insufficient light absorption. Consequently, 
absorption enhancement strategies will introduce revolutionary advances to 
ultrathin-film materials/devices, which are highly desirable for a broad range of 
energy applications including thin-film photovoltaics [1-3] and surface 
photocatalysis [4, 5]. 

Particularly, when the absorptive materials are scaled down to atomically 
thin dimensions, their light-matter interactions (e.g. optical absorption, energy 
conversion efficiency, nonlinear optical response, etc.) are relatively weak. For 
example, we can calculate the single-pass absorption of a molybdenum 
disulphide (MoS2) monolayer at the wavelength of 532 nm. When light 
propagates in a MoS2 monolayer, its intensity attenuates exponentially 
following the Beer’s law [6], 

4πκ− d−αdI = I0e = I0e λ . (1.1) 
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Here, I0 is the incident light intensity, α is the absorption coefficient, d is 
the propagation length of the light, κ is the imaginary part of the refractive index 
of MoS2 [7], and λ is the wavelength of the incident light. When an excitation 
laser (wavelength at 532 nm) propagates through a 0.67-nm-thick MoS2 

monolayer (κ = 1.47), the single-pass absorption is calculated to be 2.29%, 
which is very weak. Therefore atomically thin energy harvesting devices will 
benefit from the strategies since they employ two-dimensional (2D) material 
monolayers as active layers [8]. 2D material monolayers are promising 
candidates partially due to the remarkable absorption per thickness. For instance, 
the optical absorption of a monolayer graphene (GR, ~0.34-nm-thick) can 
compare to that of a 20-nm-thick silicon film [9]. In recent years, 2D-material 
photodetectors, phototransistors and solar cells have been reported based on 
monolayers of GR [10, 11], molybdenum disulfide (MoS2) [12, 13], and Van der 
Waals heterostructures [14], respectively. However, considering their 
atomically-thin thicknesses, the absolute value of absorption in 2D material 
monolayers is relatively weak (e.g. the above calculation of single-pass 
absorption). It was reported that a suspended monolayer of GR can absorb 
approximately 2.3% of the incident light over a relatively broadband spectral 
regime [15]. Therefore, it is particularly essential to enhance the optical 
absorption to improve the performance of these atomically-thin energy 
harvesting devices. 

In conventional optoelectronics investigation, resonant cavity mechanism 
has been widely used to enhance the performance of photonic devices, including 
photodetectors, light emitting diodes, phototransistors, modulators and 
wavelength division multiplexing systems [16]. In general, the active device 
structures were placed inside a Fabry-Perot (FP) resonant microcavity to 
enhance the wavelength selectivity, light field inside the cavity and directivity 
of incident or emission light. This principle was also applied to thin-film 
organic solar cells to enhance the optical absorption of 20-200-nm-thick PV 
materials [17-20] and other thin films on nanostructures [21]. For 2D materials, 
earlier attempts to increase the absorption in GR monolayers aimed to make it 
more visible by placing them on top of SiO2/Si substrates [22-24]. However, the 
obtained peak optical absorption is still relatively low, which is 8%~9%. In 
recent years, different methods were proposed to enhance the optical absorption 
with impressively high optical absorption records reported theoretically [25-27] 
and experimentally [28, 29]. For instance, researchers also considered to 
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integrate monolayers of graphene into microcavities to enhance the optical 
absorption of these 2D atomic crystal planes [25, 26, 30-32]. However, due to 
the multi-layered microcavity structure, the enhanced light-matter interaction in 
these thin/ultra-thin layers is usually strongly dependent on the incident angle. 
Besides, since 2D material monolayers were embedded inside microcavities, the 
enhanced optical absorption cannot be conveniently used in applications like 
biosensing [33, 34] and surface-enhanced photocatalysis [35] where the 
interaction between the 2D materials and the surrounding environment is 
needed. Although some designs employed 2D material monolayers or patterns 
(e.g. whispering gallery microdisk [36], nanodisk [25] or nanoribbons [37]) on 
top of 1D or 2D patterned substrates (e.g. one-dimensional photonic crystals [38] 
or gratings [39], hole-array based photonic crystals [27, 40], metallic 
nanoparticles [41], etc.), costly and complicated fabrication techniques imposed 
significant barriers to develop practical applications based on these platforms. 

To overcome these constraints for these absorption enhancement methods, 
in this dissertation, we develop a fundamental strategy to enhance the 
light-matter interaction of ultra-thin films based on strong interference effect in 
planar nanocavities, and overcome the limitation between the optical absorption 
and film thickness of energy harvesting/conversion materials. This principle is 
quite general and will be applied to explore the spectrally tunable absorption 
enhancement of various ultra-thin absorptive materials including 2D atomic 
monolayers [42-44], which is particularly useful for the development of 
atomically-thin energy harvesting/conversion devices. In the next section, this 
principle will be explained briefly. 

1.2 Fundamentals 

Thin-film structures that support strong interference effects in 
non-absorptive dielectric cavities have been widely used in a variety of 
applications from thin-film optical filters [45] to anti-reflection coating layers 
[46, 47]. As illustrated in Fig. 1a, a typical thin-film optical coating structure is 
comprised of a metal back reflector and a wavelength-scale-thick lossless 
dielectric coating. Under an ideal condition, the metal can be treated as the 
perfect electron conductor (PEC). The phase differences obtained during the 
reflection at the air/dielectric and metal/dielectric interface (i.e., interfaces 1/2 
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and 2/3 in Fig. 1.1a) are π. Therefore, the thickness of the dielectric layer should 
be λ/4n to meet the π phase difference, which is the mechanism of conventional 
Gires-Tournois etalon [48, 49]. However, the extension of these structures to 
achieve ideal absorption in thin absorptive cavities remained largely unexplored 
[50]. Recently, 7-25 nm Ge thin films were coated and characterized on flat Au 
surfaces to exploit strong interference effects [51] and achieve high total 
absorption (i.e., 80%~97%) at resonant wavelengths in the visible to near 
infrared (IR) spectral region, opening a door to high-efficiency ultrathin-film 
energy conversion materials, structures and devices. As shown in Fig. 1.1a, the 
key issue is to tune the phase difference between the decomposed partial wave 

� �� �� and other reflection components (i.e., ��, �� , …) to meet the destructive 
interference condition at the interface 1/2 (i.e., φ≈π), which is the major 
mechanism of thin absorptive layers on metal back reflectors with finite optical 
conductivities, as reported in ref. [51]. The phase change during the reflection at 
the non-PEC metal surface is larger than π, and therefore, resulting in the 
smaller thickness of the absorptive layer to realize the π phase difference at the 
top interface. In other words, when the thickness of the top active layer is very 
small, the phase change during the reflection at interface 2/3 should be close to 
2π so that the reflection components can cancel each other at interface 1/2. To 
validate this intriguing mechanism, we evaporated 8~40-nm-thick Ge films on 
Au films (see Fig. 1.1b) and simply reproduced the resonant absorptive effect 
reported in ref. [51]. This mechanism was also employed to enhance the optical 
absorption of ultra-thin photocatalytic α-Fe2O3 films [52] and phase-change VO2 

films [53] for efficient solar water splitting and mid-IR light harvesting, 
respectively. However, for a film with given optical constants, the resonant peak 
of the absorptive cavity is mainly determined by its thickness, as shown in Fig. 
1.1c. To tune the perfect absorption to longer wavelengths, one has to increase 
the thickness of the semiconductor layer, which is not desirable for carrier 
collection in energy conversion applications. In addition, for longer wavelengths 
in IR spectral region, the metal film behaves more like a PEC and the 
absorption resonance will approach the ideal PEC condition (see the dashed line 
in Fig. 1.1c). To overcome the limited tunability of the thickness dependence of 
the absorptive film, in this dissertation we introduce a lossless phase 
compensation layer between the ultra-thin absorptive film and the metal back 
reflector to maintain the spectrally tunable resonant absorption condition in a 
planar absorptive nanocavity. Importantly, the phase-change penetration into the 
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metal reflector with finite optical conductivity is unnecessary so that lower cost 
and highly reflective metals (e.g. Ag, Al or alloys) can be used to realize the 
significantly enhanced absorption in ultra-thin layers instead of Au films 
employed in ref. [51]. This architecture will enhance the light-matter interaction 
of ultra-thin films and overcome the limitation between the optical absorption 
and film thickness of energy harvesting/conversion materials. 

Fig. 1.1 (a) Schematic of an absorptive layer on a metal film, showing a partial wave 

decomposition. (b) Photograph of Ge ultra-thin layers on Au films with the thickness of 0 nm, 

8 nm, 15 nm, 26 nm, 33 nm and 40 nm, respectively. (c) Modeled optical absorption spectra 

of Ge films as the function of its thickness. The dotted lines are predicted interference 

conditions with a PEC back reflectors. 

1.3 Organization of this dissertation 

In this dissertation, I will present my research on nanocavity enhanced 
light-matter interaction within ultra-thin films. 

In Chapter 2, I will elaborate the theoretical analysis relied on the phase of 
light. The strategy of nanocavity will be applied to thin-film and 2D materials. 
The scenario of perfect absorption will also be discussed in this chapter. 

In Chapter 3, enhanced light-matter interaction, e.g. strong/perfect 
absorption and PL enhancement, is realized experimentally based on the 
theoretical design in Chapter 2. 

In Chapter 4, a nanomembrane photodetector with higher signal to noise 
ratio was developed due to the enhancement of nanocavity. 

The conclusion of the entire dissertation is drawn in the last chapter. 
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CCChhhaaapppttteeerrr 222Chapter 2 

GENERAL THEORETICAL DESIGN 

2.1 Introduction 

I will focus on the theoretical design in this chapter. In section 2.2, the 
nanocavity enhanced absorption in ultra-thin films is further explained by the 
phase of light in details. Based on the analysis, one can find that this strategy 
can be applied for different material systems. I select thin-film and 2D material 
nanocavities as examples in section 2.2. In section 2.3, I specifically analyze the 
situation of perfect absorption, an extreme case of the enhanced light-matter 
interaction. The idea of topological darkness is introduced to supplement the 
theoretical discussion in section 2.2. 

2.2 General theoretical design for absorption enhancement 

nanocavities 

2.2.1 Thin-film nanocavities 

In this section, I will continue the discussion of thin-film nanocavities in 
section 1.2. According to the mechanism of the resonant absorption in the 
two-layered system proposed by ref. [1] (see Fig. 1.1a), the key issue is that the 
light can penetrate into the metal reflector and obtain a larger phase change, 
which, on the other hand, will inevitably introduce optical loss in the metal film. 
For instance, the total peak absorption of a 2-nm-thick Ge film (i.e., ~6 atomic 
layer thickness) on Au film is 78.2% at the wavelength of 480 nm, as shown by 
the solid black curve in Fig. 2.1. The calculated exclusive absorption in the Ge 
film at this wavelength is only 18.9%, as shown by the black dotted line in Fig. 
2.1. 
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Fig. 2.1 Modeled absorption spectra of a 2-nm-thick Ge film on a Au film (black), a 

32-nm-thick-SiO2/Au film (red), and a 40-nm-thick-SiO2/Al film (green). Solid lines are 

modeled absorption spectra of entire layered systems, and dotted lines are exclusive 

absorption spectra of the 2-nm-thick Ge film. Inset: Schematic of an absorptive layer on a 

lossless spacer layer and a metal film. 

It should be noted that due to the ultra-thin film thickness, quantum 
confinement and amorphous effects will result in the change in optical constants 
of Ge layers [2]. Therefore, to design the nanocavity enhanced ultra-thin films 
more accurately, the optical constants of Ge, Au and SiO2 (which will be used 
later) films were characterized using a spectroscopic ellipsometry (J. A. 
Woollam, VASE) as shown in Fig. 2.2. One can see the thickness-dependent 
property, i.e., that the optical constants of thin or ultra-thin film materials could 
be different from their bulky counterparts [3]. 

12 



 

 
 

             

          

         

 

   
             

           
           

     
             

   

 	 ��   

 	 ��   

 	 ��   

          
   

   
   
   

        

            

             

          
           

         
      

              
               

            
             

Fig. 2.2 The optical constants of (a) 1.5nm Ge on Si/SiO2 substrate, (b) 3.1nm Ge on Si/SiO2 

substrate, (c) 16 nm Ge on Si/SiO2 substrate, (d) 16.5 nm SiO2, (e) 24.2 nm SiO2 and (f) 

148nm Au films. Solid blue lines and dashed red lines indicate refractive index (n) and 

absorption coefficient (k), respectively. 

To interpret the absorption distribution in Ge and Au films with the optical 
constants above, we first analyze the reflection components and their phase 
information in this two-layered system using the analytical Fresnel equations for 
normal light incidence [4]. 

The first four reflection components shown in Fig. 1.1a are described by: 
�� = ���̃ , (2.1) 

� �
�� = ���̃ ���̃ ���̃ , (2.2) 

�� �
�� = ���̃ ���̃ ���̃
� ���̃ , (2.3) 

��� � �� � �
�� = �̃ ̃ ̃ ̃ , (2.4) ����� �� �� 

The phase differences between �� and other reflection components are 
described by: 

�� = |arg���� − arg���
��|, (2.5) 

�� = |arg���� − arg���
���|, (2.6) 
����|,�� = |arg���� − arg��� (2.7) 
�������Here, the reflection coefficient �̃ = , and the transmission �� ������� 

coefficient �̃ ���� = � + "#� and �� = � + "#� are the complex �� = . ��������� 

�&refractive indices of layer x and layer y, respectively. $% = ��ℎ�, where ℎ�� ' 

is the thickness of layer 2 in Fig. 1.1a. 
Accordingly, the amplitudes of the first four reflection components can be 

calculated at the peak wavelength under normal incidence (i.e., |��| = |���̃ | = 
��| ���|0.668 , |���| = 0.279 , |�� = 0.089 , |�� = 0.029 , respectively). Other 

components are negligible due to the absorption in both Ge and Au layers. The 
� �� ��′phase difference between �� and �� , �� and �� , as well as �� and �� 

(denoted as φ1, φ2 and φ3) are also calculated analytically (i.e., φ1=0.786π, 
φ2=0.726π and φ3=0.666π). All these three phase changes are not close to π, 
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resulting in the total absorption of 78.2% which is not remarkably strong. In 
addition, since the phase difference during the reflection process at the Ge/Au 
interface (i.e., interface 2/3) is arg����̃ � = 1.821π which is not close to 2π 

either, the absorption in the 2-nm-thick Ge film is therefore relatively weak. 
To compensate the phase mismatch to reduce the total reflection and 

enhance the absorption of the Ge film, we then introduce a lossless spacer layer 
between the absorptive film and the metal back reflector as shown by the inset 
of Fig. 2.1. It should be noted that this phase-matching mechanism using 
lossless spacer layer was also employed in optimization of microcavity 
enhanced OPV devices [5-8] and enhanced visibility of monolayers of graphene 
on SiO2/Si substrates [9, 10]. The resonant condition of this three-layered 
system can therefore be controlled with a wider tunability. For instance, as 
shown by the red solid curve in Fig. 2.1, the total peak absorption of the entire 
system is enhanced to approximately 100.0% at 432 nm by introducing a 
32-nm-thick SiO2 film between the Ge and Au film. The exclusive absorption in 
the Ge film at this wavelength is 46.5%, as shown by the red dotted line in Fig. 
2.1. The function of the SiO2 film is to introduce the phase difference to realize 
the π phase change at the interface 1/2 required by the destructive interference 
condition (i.e., φ1=0.918π, φ2=1.026π, φ3=1.134π). However, due to the intrinsic 
optical constants of Au film in the blue wavelength region, the absorption of the 
metal material is still significant (i.e., 53.5%). To further demonstrate the effect 
of the phase compensation spacer layer, we then introduce an Al back reflector 
to reduce the penetration of the light into the metal in the blue to green 
wavelength region. As shown by the solid green curve in Fig. 2.1, the total peak 
absorption of the entire system and the exclusive absorption in the Ge film at 
400 nm are 93.4% and 85.8%, respectively, by introducing a 40-nm-thick SiO2 

film between the Ge and Al film, which is remarkably large for this 2-nm-think 
Ge film. Therefore, this lossless spacer layer provides an extra dimension of 
freedom to enhance the absorption of ultra-thin layers on top of given metal 
reflectors, as will be validated experimentally in Chapter 3. 

2.2.2 Phasor diagram 

To illustrate the phase of light more clearly, here we compare the reflection 
using the phasor diagram of a 2-nm-thick Ge film on an Au film (i.e., a 
two-layer system) and a 32 nm-thick-SiO2/Au film (i.e., a 3-layer system), as 
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shown in Fig. 2.3. The circles, centered at the origin, are used as the reference, 
representing R=0.49, R=0.16 and R=0.01 (i.e., A=1-R=0.51, 0.84 and 0.99), 
respectively. The phasor trajectory starts from the origin and represents the 
reflection components successively. The termination of the phasor trajectory can 
be used to calculate the reflectivity, 1 = 21 3�45� + 2673�45� . The blue phasor 
trajectory ends up at a point of R=21.8%, representing the reflection of a 
2-nm-thick Ge film on an Au film at the wavelength of 480 nm (i.e., the peak 
absorption wavelength). One can see that the phase differences between r1 and 
other reflection components are not close to π, resulting in their terminations far 
from the origin and relatively large reflectivity. However, the red trajectory, 
which represents the reflection of a 2-nm-thick Ge film on a 32 
nm-thick-SiO2/Au film at the wavelength of 432 nm, terminates near the origin, 
indicating R≈0. One can see a sharp turn in the phasor trajectory after the first 
partial wave, implying a large phase difference closer to π required for the 

�destructive interference. The amplitudes of �� , ���′ , ���′′ and successive 
reflection components will cancel out the first reflection component, r1, leading 
to R≈0. 

Fig. 2.3 The phasor diagram of a 2-nm-thick Ge film on an Au film (blue trajectory) and a 32 

nm-thick-SiO2/Au film (red trajectory) in the resonant wavelength. 

2.2.3 2D material nanocavities 

In this section, we will apply this nanocavity structure to enhance the 
optical absorption in 2D material monolayers, one of the thinnest material 
systems. The absorption distribution will be further emphasized and more 
parameters, e.g. angle/polarization of incident light, will be considered in the 
discussion. 

Here we take GR monolayers as an example by placing it on top of a 
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Al2O3/Al cavity structure (other 2D material monolayers are also applicable), as 
illustrated by the inset of Fig. 2.4a. For comparison, the absorption spectrum of 
a free-standing GR monolayer is shown by the black curve in Fig. 2.4a. In this 
modeling, the thickness of the GR monolayer is set to 0.4 nm for simplicity in 
modeling. The dispersive optical constants of GR and Al2O3 are adopted from 
[11] and [12], respectively. The absorption of this free-standing GR monolayer 
is almost a constant of 3~4% in the simulation range (if the thickness is set to 
0.33 nm [13], the absorption is ~2.3%, which agrees with the experimental 
report [14]). By introducing a 40-nm-thick Al2O3 spacer layer between the GR 
monolayer and the Al mirror, the total optical absorption of the three-layered 
system at the wavelength of 400 nm is enhanced to 32.9% as shown by the red 
curve in Fig. 2.4a. To reveal the resonant cavity behavior, the absorption 
spectrum of the 0.4-nm-thick GR film is modeled as the function of the Al2O3 

spacer layer thickness, as shown in Fig. 2.4b. One can see that the Fabry-Perot 
(FP)-like absorption resonance branches can be obtained as the thickness of the 
spacer layer increases. The total absorption can be effectively enhanced when 
the nanocavity is finely tuned. To further demonstrate the enhancement potential 
of this planar cavity structure, in Fig. 2.4c, the thickness and optical constants of 
the lossless spacer layer were tuned from 1 nm to 500 nm and 0.01 to 2.5, 
respectively. In this modeling, the incident wavelength is set to 400 nm. One 
can see that the resonant absorption is highly dependent on these two 
parameters. The total absorption can be enhanced by tuning the thickness and 
the optical constant of the spacer layer. For instance, when the refractive index 
is tuned to 2.4, the peak total absorption reaches 42.4% with a 29-nm-thick 
spacer layer. In contrast, when the refractive index is 1, the peak total absorption 
is only 22.5% with an 85-nm-thick one. 

Fig. 2.4 (a) Modeled absorption spectra of a free-standing GR (black) and a three-layered 

system with a GR monolayer on a 40-nm-thick-Al2O3/Al film (red). Inset: Schematic of a GR 

monolayer on top of a lossless spacer layer and a Al film. (b) Modeled total absorption 
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spectra of the three-layered system as the function of the thickness of the Al2O3 spacer layer. 

(c) Simulated total absorption of the three-layered system as the function of the spacer layer 

thickness and its refractive index under normal incident light at the wavelength of 400 nm. 

To reveal the physical mechanism of this total absorption enhancement, 
one can plot the phasor diagram discussed in section 2.2.2 to analyze reflection 
components and determine the reflectivity of the nanocavity system [15, 16], as 
shown by Fig. 2.5a. By manipulating the phase of the reflected light to approach 
the destructive interference condition, one can enhance the total absorption, A, 
of the three-layered planar cavity system. For instance, the phasor diagrams of 
GR monolayers on an 85-nm-thick-air ( n =1 )/Al, a 40-nm-thick-Al2O3 

( n = 1.79 )/Al and a 29-nm-thick-spacer ( n = 2.4 )/Al with normal incidence are 
plotted in Fig. 2.5a (see black, red and blue solid curves, respectively). The 
dotted circles, centered at the origin, represent the total reflection of R = 1% , 
R = 25% and R = 81% , respectively (i.e., A = 1− R = 99% , 75% and 19% , 
respectively). Each phasor change was calculated using analytical Fresnel 
equations [4]. One can see that the black, red and blue phasor trajectory curves 
end up at points of R = 77.5% (i.e., A = 22.5% ), R = 67.1% (i.e., A = 32.9% ) and 
R = 57.6% (i.e., A = 42.4% ) for n = 1 (i.e., air), n = 1.79 (i.e., Al2O3) and n = 2.4 

spacer layer structures, respectively. Therefore, when the thickness of the spacer 
layer is optimized, the larger refractive index can better match the destructive 
interference condition, and hence enhance the total optical absorption. As shown 
in Fig. 2.5b, the absorption spectra of the three-layered structures with three 
different spacer layers are plotted. Compared with the total absorption of the 
nanocavity with the Al2O3 spacer layer (i.e., the red curve), the absorption can 
be enhanced or depressed throughout the entire modeled spectral region from 
400 nm to 1000 nm with a larger (blue curve) or smaller refractive index spacer 
layer (black curve), respectively. 
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Fig. 2.5 (a) The phasor diagram and (b) modeled total absorption spectra of the GR 

monolayer on an 85-nm-thick-air/Al film (black), a 40-nm-thick-Al2O3/Al (red) and a 

29-nm-thick-spacer (n = 2.4)/Al film (blue) under normal incidence. (c) and (d) are simulated 

angle and polarization dependent total absorption spectra of a GR monolayer on an air/Al 

cavity under (c) s-polarized and (d) p-polarized light, respectively. 

Since the phasor trajectories are dependent on both polarization states and 
incident angles [4], we then analyze the dependence on these two parameters. 
Here we choose n = 1 as an example (i.e., an air spacer layer). As shown in 
Figs. 2.5c and d, the absorption spectra of the GR monolayer are plotted as the 
function of the incident angle and the thickness of the spacer layer under the 
illumination of s-polarized (see Fig. 2.5c) and p-polarized states (see Fig. 2.5d), 
respectively. One can see that as the incident angle increases, absorption peak 
values under two polarization states are both enhanced, but their angle 
dependent behaviors are quite different. For the s-polarization case as shown in 
Fig. 2.5c, when the thickness of the air spacer and the incident angle are 270 nm 
and 70°, respectively, the peak total absorption of the three-layered structure can 
be enhanced to 42.0% at the wavelength of 400 nm. For the p-polarization 
incidence as shown in Fig. 2.5d, the peak total absorption value grows to 34.6% 
at 825 nm with a 300-nm-thick air spacer and an incident angle of 70°. This 
angle and polarization dependent absorption characteristic is due to the light 
path change introduced by the large spacer layer thickness and/or the large 
refractive angle at the spacer/GR interface, which shares the similar principle to 
the recently reported GR absorption enhancement using prism coupling system 

18 



 

 
 

             
        
           

          
          

           
           

           
             

            
                 

        
          

            
            

          
     

           
           

            
           

             
              

           
             

               
           

               
         

              
               

          
                

           
              

           

[17]. However, the prism makes the structure too bulky to be implemented in 
potential GR-based miniaturized and portable devices. The sandwich-like 
structure also limited its applications for biosensors [18, 19] and photocatalysis 
[20], which require sufficient interactions between the GR films and the 
surrounding environment. Moreover, to achieve the total internal reflection, the 
incident angle should be finely tuned to meet the critical-angle requirement, 
narrowing the incident angle window for the absorption enhancement to only 
approximately 0.5°. In contrast, our nanocavity structure with the GR films on 
top has a much larger contact surface area for the interaction with external 
ambience and can realize the enhanced absorption in a broader incident angle 
window (e.g. 0 to at least 70º in Figs. 2.5c and d), making it a strong contender 
for omnidirectional light harvesting devices. Further numerical modeling 
indicates that larger incident angles may result in higher absorption 
enhancement. However, due to the projection of the oblique incident beams, this 
situation will require very large area graphene monolayers which will impose a 
barrier in practical fabrication, and thicker spacer layers beyond “nanocavity” 
scope of this work. 

In the design and optimization process discussed above, we only focused 
on enhancing the total absorption of the three-layered system. To develop 
atomically thin energy harvesting devices, it is important to explore how much 
light is actually absorbed in the GR monolayer exclusively. Here we further 
analyze the absorption distribution in the GR monolayer and the Al film at the 
wavelength of 400 nm as shown in Fig. 2.6a, where red and black parts 
represent the exclusive absorption in GR monolayer and in the Al film, 
respectively. In this modeling, the optical constant of the spacer layer is tuned 
from 0.2 to 2.4. The spacer layer thicknesses labeled on top of those bars are 
optimized values for the exclusive absorption in GR monolayers (see empty 
dots in Fig. 2.7b). One can see that although the spacer layer with larger optical 
constants renders a higher total absorption enhancement, more absorption 
occurs in the Al layer rather than in the top GR monolayer. For example, when 
the refractive index is 2.4, the optical absorption in the Al layer and the GR 
monolayer are around 28.8% and 13.6%, respectively. When the refractive 
index is tuned to 1, the absorption in the Al layer is depressed to ~6.9% while 
the absorption in the GR monolayer is enhanced to 15.6%. Intriguingly, when 
n = 0.2 , the absorption in the GR monolayer is 16.1% while almost 0 in the Al 
film. Therefore, the enhancement in the total optical absorption is unnecessarily 
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corresponding to the absorption enhancement in the GR monolayer in the 
three-layered system. The suppression of the absorption in Al layer should also 
be considered and the exclusive absorption in the GR monolayer should be 
revisited. Fig. 2.6a indicates that low refractive index materials (e.g. 
epsilon-near-zero materials [21]) with proper thicknesses are ideal candidates 
for the spacer layer to enhance the exclusive absorption in GR monolayers. In 
this article, however, we only consider a natural material with a refractive index 
≥1. Therefore, the air spacer is the best one in the simulation range. With this 
air spacer layer as shown in Fig. 2.6b, the absorption in GR monolayer is 
enhanced over the entire modeled spectrum, although its total absorption is 
lower than other two structures with Al2O3 and n = 2.4 spacer layers. To better 
compare with the total absorption in the three-layered system (i.e., Figs. 2.5c 
and d), we then model the exclusive absorption spectra of the GR monolayer as 
the function of the incident angle and the thickness of the air spacer layer under 
the illumination of s- and p-polarized states, respectively. One can see that at 
larger incident angles, s-polarized light can enhance the exclusive absorption in 
the GR monolayer (see Fig. 2.6c) while the absorption for p-polarized light is 
weak (see Fig. 2.6d). In contrast, we plot the exclusive absorption in the Al 
layer under s- and p-polarized light by subtracting the exclusive absorption in 
the GR monolayer (i.e., Figs. 2.6c and d) from the total absorption (i.e., Figs. 
2.5c and d). As shown in Figs. 2.6e and f, the absorption in the Al layer shows 
an opposite absorption characteristic, i.e., the absorption under p- and 
s-polarized light increases and decreases, respectively, at larger angles, which 
will be discussed further in the following paragraphs. In summary, as the 
incident angle increases, the absorption in GR and Al layers are quite different 
for the two polarization states, which can enable atomically thin 
photo-detectors/transistors/conductors with unique polarization/angle sensing 
and detection functionalities. 
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Fig. 2.6 (a) Modeled peak absorption of a GR monolayer on a spacer/Al film as the function 

of the optical constant of the lossless spacer layer. The red and black parts represent the 

absorption in the GR monolayer and Al layer, respectively. (b) Modeled exclusive absorption 

spectra of a GR monolayer on 85-nm-thick-air/Al (black), 40-nm-thick-Al2O3/Al (red) and 

29-nm-thick-spacer (n=2.4)/Al (blue) under normal incidence. (c) and (d) are simulated angle 

and polarization dependent exclusive absorption spectra of a GR monolayer on an air/Al 

cavity under s-polarized and p-polarized incidence, respectively. (e) and (f) are simulated 

angle and polarization dependent exclusive absorption spectra of the bottom Al film under 

s-polarized and p-polarized light, respectively. 

To further interpret the results obtained in previous sections using 
numerical modeling, now we employ analytical equations to analyze underlying 
physical mechanisms. The total absorption ( A ) is calculated by Fresnel 
equations [4]: 

ɶ ɶ ɶrɶ + rɶ exp (i2β ) + rɶ rɶ + exp (i2β ) rɶ exp (i2β ) 
2 

01 12 1 01 12 1 23   2 
A = 1− 

ɶ  ɶ  ɶ1+ rɶ rɶ exp (i2β ) + rɶ12 + rɶ exp (i2β1 ) rɶ23 exp (i2β )01 12 1 01 2  . (2.8) 

Here, the reflection coefficients for s- and p-polarized light are 
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ɶ ɶ ɶ ɶnɶ cosθ − nɶ cosθ nɶ cosθ − nɶ cosθ x x y y x y y x 
rɶ = rɶ = xy,s xy , pɶ ɶ ɶ ɶnɶ cosθ + nɶ cosθ nɶ cosθ + nɶ cosθ x x y y x y y xand , respectively, (2.9) 

nɶ = n + ik nɶ = n + ik y y yx x xwhere and are the complex refractive indices of 

x θɶ θɶ yxlayer and layer y , respectively; and are the incident and refraction 

nɶ sinθɶ = nɶ sinθɶ x x y yangles at the 8/9 interface, respectively, governed by . 0, 1, 2 

and 3 indicate the air environment, the GR monolayer, the spacer layer and the 

ɶ 2π 
ɶβ = nɶ cosθ h x x x x

Al reflector, respectively. λ , where h1 and h2 are the thicknesses 
of GR monolayer and the spacer layer, respectively. 

In addition, the spacer layer also affects the absorption distribution 
A

GR significantly. The exclusive absorption in the GR monolayer ( ) can be 
calculated by: 

A = A− A
GR Al , (2.10) 

ɶ tɶ tɶ tɶ exp i (βɶ + βɶ ) 
2 

n cosθ 01 12 23 1 23 3  
A

Al 
= 

ɶ ɶ ɶ ɶn0 cosθ0 1+ rɶ rɶ exp (i2β1 ) + rɶ + rɶ01exp (i2β ) rɶ23exp (i2β )01 12 12 1 2  . (2.11) 

A
Al Here, is the exclusive absorption in the Al layer. The transmission 

coefficients for s- and p-polarized light can be described by 

ɶ2nɶ x cosθ y 2nɶ cosθɶ 
t = t = x xɶ ɶ 

xy,s xy, pɶ ɶ ɶ ɶnɶ cosθ + nɶ cosθ nɶ cosθ + nɶ cosθ x x y y x y y xand , respectively. (2.12) 

These analytical equations can be used to reveal the effects of the 
refractive indices and thicknesses of the spacer layers on the total absorption of 
the three-layered structure in Fig. 2.4c. Therefore, one can obtain the same 
results of Figs. 2.4-2.5 using these analytical Fresnel equations. 

For instance, we plot the total absorption as the function of the spacer layer 
thickness and its refractive index under normal incident light at the wavelength 
of 400 nm, as shown in Fig. 2.7a, which is identical to the numerical simulation 
shown in Fig. 2.4c. In Fig. 2.7b, we further plot the exclusive absorption in GR 
monolayers under normal incidence at this wavelength (the white empty circles 
represent the parameters plotted in Fig. 2.6a). Compared with Fig. 2.7a, one can 
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see that the refractive index of the spacer layer plays a different role in the total 
and exclusive absorption, i.e., a larger n leads to a larger total absorption while a 
smaller n results in a larger exclusive absorption in GR monolayers (i.e., up to 
~16% when n~0). 

Fig. 2.7 (a) Total absorption as the function of the spacer layer thickness and its refractive 

index under normal incident light at the wavelength of 400 nm modeled by Eq. (2.8). (b) 

Exclusive absorption in a GR monolayer as the function of the spacer layer thickness and its 

refractive index under normal incident light at the wavelength of 400 nm modeled by Eq. 

(2.10). 

To interpret the polarization dependence of the Al-absorption, we 
simplified the corresponding Eq. (2.11) based on the particular structure of the 
nanocavity in the air ambient with an air spacer layer. The reflection coefficients 

rɶ = −rɶ rɶ = −rɶ01,s 12,s 01, p 12, pand because of the two GR/air interfaces. Also, 

ɶ ɶexp (i2β2 ) = 1 exp (iβ2 ) = 1 k2 = 0and since the air spacer is lossless, i.e., , and 

Im βɶ  = 0 2 therefore, . Consequently, Eq. (2.11) can be simplified as: 

ɶ tɶ tɶ tɶ exp (iβɶ 1 ) 
2 

n cosθ 01 12 23 3 3A = 
Al ɶ 2n0 cosθ0 1− rɶ01exp (i2βɶ 1 ) − rɶ01 

1− exp (i2βɶ 1 ) rɶ23exp (i2βɶ 2 ) . (2.13) 

As shown in Figs. 2.6e and f, the Al layers largely absorb near-infrared 
light with the peak wavelength centered at around 830 nm, which is mainly 

because that the peak of its real part of refractive index (i.e., n3 ) is close to 830 
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exp (i2β2 )nm. Besides, is only in one term, in Eq. (2.13). Due to the 

h 

Aatomically-thin thickness of the GR monolayer, i.e., λ 
1 ≈ 0

, Al is insensitive to 

ɶexp (i2β ) ≈ 1h2 since 1 (see Figs. 2.6e and f). 

In addition, by comparing Figs. 2.5c and d with Figs. 2.6c-f, one can see 
that at large incident angles, the major part of the total absorption of the 
three-layered system under s-polarized incidence (Fig. 2.5c) occurred in the GR 
monolayer (Fig. 2.6c). In contrast, the total absorption under p-polarized 
incidence (Fig. 2.5d) mainly occurred in the Al film (Fig. 2.6f). This difference 
can be attributed to the angle and polarization dependent reflection and 
transmission described by Eqs. (2.9) and (2.12). Using these two equations, one 
can calculate polarization dependent transmission coefficients from the spacer 
layer to the Al film, indicating how much light can penetrate into the bottom Al 
film under various incident angles. As shown in Fig. 2.8, we plot the ratio 

tbetween absolute values of these two transmission coefficients (i.e., 23,s for 

ts-polarized incidence and 23, p for p-polarized incidence). One can see that 

t / t23,s 23, p decreases with larger incident angles, indicating that more 

p-polarized light will penetrate into the Al layer at larger incident angles and 
therefore have longer light-matter interaction time to be absorbed. Consequently, 
the polarization-dependent total absorption shown in Figs. 2.5c and d will 
re-distribute into the GR and Al layers quite differently at large incident angles, 
i.e., more in GR monolayers under s-polarized incidence and more in Al layers 
under p-polarized incidence. 
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Fig. 2.8 The ratio between the absolute values of the transmission coefficients between s- and 

t / t23,s 23, pp-polarized light, , as the function of the wavelength and the incident angle. 

Finally, we discuss the feasibility to implement the proposed nanocavity 
structure to enhance the photoluminescence (PL) signal intensity of MoS2 

monolayers. Although enhanced PL signals of MoS2 monolayers have been 
reported compared with bilayers, the absolute PL intensity is still low in part 
due to the weak light-matter interaction within the 0.67-0.9 nm thick monolayer 
[22, 23]. According to section 1.1, single-pass absorption of the incident light 
within a MoS2 monolayer is approximately 2.29% at the wavelength of 532 nm 
(the excitation wavelength used in this dissertation). Therefore, multi-pass 
interaction introduced by interference resonance is highly desired so that light 
can travel several times through the MoS2 monolayer to result in enhanced 
light-matter interaction in this atomic monolayer. As shown by the black curve 
in Fig. 2.9a, a freestanding MoS2 monolayer can absorb approximately 13.2% of 
the incident energy at 532 nm, according to the numerical modeling using 
rigorous coupled-wave analysis method [24]. When the MoS2 monolayer is 
placed on top of a silica/silicon (SiO2/Si) substrate, a common practice to 
improve the contrast of 2D material monolayers (e.g. graphene [9, 10], MoS2 

and other two dimensional materials [25]), interference resonance can be 
employed to enhance the light-matter interaction by controlling the thickness of 
the SiO2 layer. This type of substrate has been widely used to develop 
atomically thin light harvesting and energy conversion devices, such as 
photodetectors [26, 27], solar cells [28], and light sources [29, 30]. According to 
our numerical modeling shown in Fig. 2.9b, when the MoS2 monolayer is 
placed on top of a 70-nm SiO2/Si substrate, the entire system has a total 
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absorption of 96.4% at the wavelength of 532 nm and over 89% in the 
wavelength range from 450 nm to 690 nm, indicated by the solid line in Fig. 
2.9b. However, the exclusive absorption in the MoS2 monolayer is still 
relatively low (the dashed line in Fig. 2.9b). For instance, only 20.2% of the 
incident light is actually absorbed by the MoS2 monolayer at the wavelength of 
532 nm. Most of the absorbed energy is attributed to the Si substrate. 

To mitigate the absorption by the lossy substrate, we introduce an 
alumina/aluminum (Al2O3/Al) nanocavity substrate to enhance the exclusive 
absorption of the MoS2 monolayer. In this nanocavity strategy, the absorption 
enhancement is achieved by manipulating both the transmission and the 
reflection of the entire multi-layer system. We introduce an optically opaque Al 
film as the bottom reflector. Most of the incident light at the Al2O3/Al interface 
will be reflected and interfere with other partial waves within the nanocavity, 
while the phase compensation Al2O3 layer was employed to meet the destructive 
interference condition in reflection at the top interface. Compared with the 
SiO2/Si substrate, the large absorption by Si is suppressed by replacing it with 
the highly reflective Al bottom layer [16]. When a strong resonant absorption is 
achieved, most absorption occurs in the top 2D material layer. When the MoS2 

monolayer is placed on top of a 45-nm-thick Al2O3/Al substrate, the exclusive 
absorption by the MoS2 monolayer is strongly enhanced with a value of ~70% 
at a wavelength of 450 nm and ~37% at 532 nm (blue curve in Fig. 2.9a). In 
contrast, the exclusive absorption of a monolayer MoS2 on a bare Al film is less 
than 5% (red curve in Fig. 2.9a), which is even smaller than that of a 
freestanding MoS2 monolayer (black curve in Fig. 2.9a), indicating the critical 
importance to control the Al2O3 spacer thickness. 

To better demonstrate the advantage to replace SiO2/Si with Al2O3/Al 
substrate, we compared the exclusive absorption in the MoS2 layer on different 
substrates with the Lambertian limit (absorption/Lambertian limit) [31], as 
shown in Fig. 2.9c. One can see that with the Al2O3/Al substrate, the exclusive 
absorption (black) is closer to the Lambertian limit than that with the SiO2/Si 
substrate (red), which means the Al2O3/Al substrate can better enhance the 
light-matter interaction in the MoS2 monolayer than SiO2/Si substrate. 

Fig. 2.9d shows the calculated total absorption of the MoS2/Al2O3/Al 
system as a function of the incident wavelength and the thickness of the Al2O3 

layer, suggesting that the optimized Al2O3 thickness is in the range of 40-50 nm. 
Due to the requirement of broadband absorption or high rate of energy loss for 
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energy harvesting devices, a small quality factor (e.g. <10) for this type of 
absorbing nanocavity is desired. Quality factor, or Q-factor, describes the 
damping property of a resonator. Higher Q-factor indicates a lower rate of 
energy loss relative to the stored energy of the resonator, which is important for 
narrow-band optical cavities and resonators, such as the laser cavity. However, 
for energy harvesting devices requiring broader band light absorption or higher 
energy loss rate, smaller Q-factor is desired. Fig. 2.9e shows the absorption 
spectra for the MoS2/Al2O3/Al system with a larger Al2O3 thickness range 
compared to Fig. 2.9b. Visible are the resonant absorption branches as a 
function of the spacer thickness. One can see that the bandwidth of the 
resonance is narrower for higher order resonances obtained under thicker spacer 
layers. For example, for the Al2O3 layer thicknesses of 203 nm and 353 nm (see 
the black and red curves in Fig. 2.9f, respectively), the Q-factor is 4.63 and 7.43, 
respectively. Therefore, lower order resonance is desired for higher energy loss 
rate, which is exactly the case in Fig. 2.9a. The Q-factor for the first order 
resonance was not calculated since the resonance condition was not met within 
the available spectral range of our study. Optical constants beyond this range are 
not available for simulation. 

Fig. 2.9 Absorption of MoS2 monolayers on different nanocavities. (a) Calculated exclusive 

absorption spectra of free-standing monolayer MoS2 (black), monolayer MoS2 on a bare Al 

film (red) and a 45-nm-thick Al2O3/Al nanocavity (blue). (b) Modeled absorption spectra of a 

MoS2 monolayer on a 70-nm-thick-SiO2/Si substrate. The solid line is the modeled 
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absorption spectrum of the whole system, while the dashed line is the exclusive absorption 

spectrum of the MoS2 monolayer. (c) The ratio between the exclusive absorption of the MoS2 

layer and the lambertian limit as a function of wavelength. The MoS2 monolayers are placed 

on a 70-nm-thick SiO2/Si (red) and 45-nm-thick-Al2O3/Al substrate (black), respectively. (d, 

e) Calculated total absorption spectra of the MoS2/Al2O3/Al system as a function of the 

thickness of the Al2O3 spacer layer with (d) small and (e) large thickness range. (f) Two 

corresponding total absorption spectra with 203- (black) and 353-nm-thick (red) Al2O3 layers. 

The two thicknesses are selected to achieve the maximum total absorption of 532-nm light. 

In the next section, I will continue the discussion on theoretical design and 
focus on one special situation: perfect optical absorption. 

2.3 Perfect optical absorption: Topological darkness 

2.3.1 Introduction 

Light analogue of the topological insulator for electronics [32, 33] (i.e., 
topological photonics) has received extensive interests in recent years due to 
new physics and applications for optical circuits [34, 35]. For instance, carefully 
designed wavevector-space topologies allow the creation of unique features 
including unidirectional waveguides [36] and slow light systems [37] that are 
insensitive to imperfections. Therefore, it is generally believed that topological 
effects promise to result in robust and unique designs and functionalities for 
future photonic systems. “Topological darkness” is a phenomenon with 
complete optical absorption described in the two-dimensional (2D) 
optical-constant space (i.e., refractive index, n, and extinction coefficient, k) 
using the geometric topological concept [38, 39]. To distinguish it from other 
topological photonic structures designed in wave-vector spaces [34, 35], we will 
refer to it as dispersion topological darkness (DTD) in this dissertation. 

Perfect/complete suppression of reflection, as one of the prerequisites to 
enhance the absorption, was explored extensively using various structures [40, 
41]. It is in principle achievable in several ideal optical systems under given 
incident angles, polarization states and wavelengths [e.g. Brewster angle [42], 
prism coupled surface plasmon resonance (SPR) system [43], coherent 
absorption system [44, 45] and parity-time metamaterial systems [46, 47]], 
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complete suppression of reflection is still challenging due to inhomogeneity, 
disorder or irregularities of samples and fabrication errors (e.g. inevitable 
surface roughness). In particular, if the transmission of a structure is further 
entirely suppressed, along with the complete suppression of reflection in 
previously reported DTD phenomena, the perfect/complete absorption can be 
guaranteed. 

According to the Fresnel reflection coefficient for a simple three-layered 
structure (constructed by a top nanopatterned thin-film with engineerable 
optical constants, a central lossless spacer layer and a bottom mirror to prevent 
transmission, see the inset in Fig. 2.10a), a zero reflection line divides the finite 
optical constant (i.e., n and k) two-dimensional (2D) space into two regions (see 
the solid red curve in Fig. 2.10a). If two endpoints of the dispersion curve for a 
given top nanopatterned thin film locate in these two regions in this closed finite 
space (see the blue dotted line in Fig. 2.10a), respectively, Jordan theorem [48] 
secures at least one intersection point between the zero reflection line and the 
dispersion curve of the top thin film. Therefore, the condition for zero reflection 
can always be topologically protected within this closed finite space, which is 
so called “topological darkness” [38, 39]. This concept is only related to the 
effective dispersion curve of a thin film material with no requirement on the 
actual geometry. Therefore, recently reported topological darkness concept can 
secure zero-reflection by suitably selecting or engineering effective optical 
constants with mild restrictions to the film quality [38, 39]. According to 
previous literature, periodic or non-periodic nanopatterned metal pattern arrays 
fabricated by top-down electron-beam [38], interference [49] or colloidal [50] 
lithography, and core-shell Ag/SiO2 nanoparticle (NP) layers [39] produced by 
bottom-up self-assembly were coated on top of glass or SiO2/Si substrates to 
realize the resonant zero-reflection condition. 

Intriguingly, when the reflection of a given optical system is close to zero, 
the phase of a complex reflection coefficient could change abruptly. Recently, 
this abrupt phase change of a p-polarized light near the zero-reflection point was 
successfully used to demonstrate ultra-sensitive surface sensing with the raw 
surface coverage sensitivity of 0.1~1 fg/mm2 [38], which is orders of magnitude 
better than those most sensitive label-free optical sensing technologies including 
SPR sensing (~1 pg/mm2 [51]) and whispering gallery mode sensing (~30 
fg/mm2 [52]). However, the reported sensor platform still relies on periodic 
metal NP arrays fabricated by electron-beam lithography, which is expensive 
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and difficult to scale over large areas. Also, the intriguing reflectionless point 
was only observed at a single wavelength under a fixed polarization state [38, 
39, 49, 53-55]. Since the topological effect will release the strict requirement to 
perfect quality of detailed nanostructures and enable functionality with 
imperfections [34], it is of great interest to develop inexpensive approaches to 
realize the reflectionless condition practically. 

In section 2.3.2, we will explain the DTD concept by considering intrinsic 
dispersion properties of materials in the (n, k, λ) 3D space. 

2.3.2 DTD in (n, k, λ) 3D space 

Dispersion is an inherent natural phenomenon of optical materials, which, 
however, was not emphasized in the intriguing but simplified 2D topological 
darkness picture proposed in previous literature [38, 39] since a given (n, k) 
point is usually valid for a single wavelength only. To extend the DTD 
phenomenon from single wavelength to multi-wavelength, here we first explain 
its principle in a three-dimensional (3D) space [i.e., (n, k, λ) where λ is the 
wavelength)] by considering four variable parameters, i.e., n, k, λ and the 
incident angle of light. 

As shown by the inset of Fig. 2.10a, here we adopt a simple 3-layered 
structure to analyze its optical absorption: i.e., a 100-nm-thick Al2O3 central 
spacer layer on a silver (Ag) substrate, with a 12-nm-thick effective medium 
layer on top. Assuming that the dispersion (n, k) of the top layer can be freely 
tuned in this modeling, zero reflection of a normal incidence can be obtained 
using classic analytical Fresnel equations [4] for this 3-layered system in the (n, 
k, λ) 3D space (see the solid red curve in Fig 2.10b; the details of the calculation 
can be found in section 2.2). However, this single line cannot divide the 3D 
space into two regions, which is the prerequisite for the geometric topological 
effect described in Fig. 2.10a. The original description of “DTD” in a 2D space 
[38, 39] is only the projection of dispersion curves on a 2D (n, k) plane. 
Therefore, the “darkness” cannot be topologically guaranteed in the finite 3D 
space even though the projection curves intersect each other. At least a 2D 
surface is required to divide a finite 3D space into two regions to enable the 
geometric topologic effect, which can be realized by tuning the incident angle. 
As shown in Fig. 2.10c, zero reflection lines for the s-polarized light at different 
incident angles can form a surface (see red lines from 0° to 80°). Therefore, a 
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dispersion curve for a given effective medium layer passing through this surface 
can secure the reflectionless point at the corresponding λ and the incident angle. 
Importantly, this picture does not require any specially arranged periodic 
nanopatterns. Therefore, even directly deposited continuous films or random 
metal NPs should be sufficient to realize DTD, which will ultimately break the 
“mild” restriction of the film/structure quality mentioned in previous literature 
[38, 39]. 

Fig. 2.10 DTD interpretation in the (n, k, λ) 3D space. (a) Conceptual illustration of 2D 

topologically secured zero-reflection point at the intersection between the ideal reflectionless 

curve (red) of a simple three-layered interferometer (see the inset) and a given n-k relation 

(blue). (b) The (n, k, λ) 3D space: The red line represents the zero reflection dispersion curve 

for the top effective medium layer in the three-layered system under normal incidence. (c) 

Zero reflection surface under s-polarized light at different incident angles from 0° to 80°. The 

blue curves in both (b) and (c) are the same dispersion curve of a 12-nm-thick Au film. 

2.4 Summary 

To summarize, a strategy based on nanocavities was applied in the 
theoretical design to improve light-matter interaction in different ultra-thin films. 
Since the spacer layer plays an important role in tuning the phase of the 
reflection components and realizing enhanced absorption, the effects resulted 
from its properties, e.g. thickness and optical constants, are careful investigated. 
For instance, a nanocavity with an air spacer layer sandwiched between a 2D 
monolayer and an aluminum reflector layer will enhance the stronger exclusive 
absorption in the 2D material. The light-matter interaction can be further 
manipulated via controlling the polarization and angle of incidence. 
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CCChhhaaapppttteeerrr 333Chapter 3 

EXPERIMENTAL VALIDATION 

3.1 Introduction 

In Chapter 3, enhanced light-matter interaction, e.g. strong/perfect 
absorption and PL enhancement, is realized experimentally based on the 
theoretical design in Chapter 2. The strong absorption in ultra-thin film and 2D 
materials is achieved in section 3.2 and 3.3, respectively. PL signal can also be 
enhanced using nanocavities, which is discussed in details in section 3.3. In 
section 3.4, topological darkness is realized using different material systems. 

3.2 Thin-film nanocavities 

3.2.1 Atomic Force Microscope (AFM) and Scanning Electron Microscope 

(SEM) characterization 

To demonstrate the advantage of the proposed nanocavity enhanced 
absorption in ultra-thin Ge layers in section 2.2 and compare it with the 
two-layer system proposed in ref. [1], it is essential to prepare thinner Ge films 
to see whether stronger optical absorption can be obtained. It should be noted 
that the morphology of the ultra-thin Ge film is heavily dependent on the 
surface property of the substrate. For easier and more accurate characterization, 
in this experiment, we first employed a sputter system (Denton Vacuum 
Discovery 18) to deposit ultra-thin Ge film on a polished flat Si/SiO2 substrate 
by tuning the power applied to the target and deposition time to control the 
thickness. As shown in Fig. 3.1a, we characterized the surface topology of the 
Ge film with the nominal thickness of 1.5 nm. Due to the excellent wettability 
of Ge on SiO2 or Si [2-4], one can see that the film is generally continuous with 
the grain size of 10 nm ~ 150 nm. According to the atomic force microscopy 
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(AFM) characterization as shown in Fig. 3.1b, the root square roughness within 
the 500 nm × 500 nm area is approximately 1.02 nm. To further evaluate the 
localized thickness of the Ge films, we then employed the lift-off process to 
obtain a relatively sharp step from the Ge film surface to the Si substrate surface 
(see Figs. 3.1c and d). One can see that the thickness difference between the two 
baselines of the step is approximately 1.56 nm, agreeing reasonably well with 
the nominal thickness calculated by the deposition rate of the facility. Since the 
surface roughness and potential discontinuity of these ultra-thin films should be 
much smaller than the wavelength, the incident light beams actually “see” an 
effective layer. To further evaluate the average uniformity of the sputtered Ge 
films, we then characterized their effective film thicknesses at 9 randomly 
picked positions (i.e., 9 areas with the diameter of 1 mm) on the same sample. 
As shown in Table 3.1, the deviation of the extracted thickness is 0.02 nm, 
indicating the highly uniform Ge films prepared in our experiment. To form the 
proposed nanocavity, in the next section, we deposit dielectric spacer layers (i.e., 
SiO2 and Al2O3 films) on top of Au and Al films by finely controlling their 
thicknesses using the sputter and atomic layer deposition systems. The effective 
optical constants and film thicknesses of spacer layers and Ge films was 
characterized using the spectroscopic ellipsometer in Fig. 2.2. 

Fig. 3.1 (a) SEM image of the surface morphology of a Ge film on a Si substrate. (b) 
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Three-dimensional AFM topology within a 500 nm × 500 nm area of the Ge film. (c) The 

AFM characterization of the thickness of a Ge film step on a Si substrate. (d) The 

one-dimensional surface roughness distribution extracted from the dotted square region in (c). 

The height difference between the base lines within the two regions marked by the vertical 

dotted lines is approximately 1.56 nm. 

Table 3.1 Extracted film thickness of the Ge film on a flat Si/SiO2 substrate. 

Position 1 2 3 4 5 6 7 8 9 Average Deviation 

Thickness 1.51 1.46 1.45 1.48 1.47 1.48 1.45 1.48 1.49 1.47 ±0.02 

(nm) 

With the capability to prepare ultra-thin Ge films, in the next section, we 
will adopt nanocavity to enhance the optical absorption of these layers. 

3.2.2 Optical absorption characterization 

To validate the enhanced absorption of ultra-thin Ge films proposed in Fig. 
2.1, we first deposited ~1.5 nm-thick and 3.1 nm-thick Ge films on bare Au 
films and Au reflectors with different SiO2 spacer layers. The reflection spectra 
for these two series of samples were characterized in Figs. 3.2a and c, 
respectively. One can see that the peak total absorption is 72.3% (at 478 nm) for 
Sample #1 (i.e., 1.5-nm-Ge-on-Au, see the black dotted curve in Fig. 3.2a) and 
81.4% (at 488 nm) for Sample#4 (i.e., 3.1-nm-Ge-on-Au, see the black dotted 
curve in Fig. 3.2c). By introducing a 16.5 nm-thick and a 24.2 nm-thick SiO2 

spacer layer between the Ge film and Au reflector, the peak total absorption is 
enhanced to 88.7% (at 480 nm) and 97.3% (at 400 nm) for the 1.5-nm-thick Ge 
film (i.e., Sample #2 and #3), and 97.0% (at 496 nm) and 99.8% (at 491 nm) for 
the 3.1-nm-thick Ge-film (i.e., Sample #5 and #6), as shown by red and blue 
dotted curves in Fig. 3.2a and 3.2c, respectively. Using the optical constants of 
these thin films characterized by the spectroscopic ellipsometer shown in Fig. 
2.2, the total absorption spectra of these samples were modeled as shown by the 
solid lines in Fig. 3.2a and 3.2c, respectively, agreeing perfectly with the 
measurement results. To distinguish the absorption of Ge films from the metal 
loss, the exclusive absorption spectra of the 1.5-nm-thick and 3.1-nm-thickGe 
films were calculated in Fig. 3.2b and 3.2d, respectively. One can see that the 
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absorption of the 1.5-nm-thick Ge film at 400 nm can be enhanced from 15% to 
39%, and the absorption of the 3.1-nm-thick Ge film at 540 nm can be enhanced 
from 31% to 67%, indicating the promising effect of these lossless phase 
compensation spacer layers to obtain resonant super absorption conditions for 
ultra-thin absorbing films. 

Fig. 3.2 (a) shows the measured (dotted curves) and modeled (solid curves) total absorption 

spectra of 1.5-nm-thick Ge films on bare Au (i.e., sample 1), 16.5-nm-SiO2 on Au (i.e., 

sample 2), and 24.2-nm-SiO2 on Au reflectors (i.e., sample 3). (b) shows the modeled 

exclusive absorption spectra of the 1.5-nm-thick Ge film on samples 1-3. (c) shows the 

measured (dotted curves) and modeled (solid curves) total absorption spectra of 3.1-nm-thick 

Ge films on bare Au (i.e., sample 4), 16.5-nm-SiO2 on Au (i.e., sample 5), and 24.2-nm-SiO2 

on Au reflectors (i.e., sample 6). (d) shows the modeled exclusive absorption spectra of the 

3.1-nm-thick Ge film on samples 4-6. 

On the other hand, for thicker Ge films over 10~15 nm, although the 
lossless spacer layer can also manipulate the phase pickup effect and tune the 
resonant wavelength, the enhancement factor is relatively small since the optical 
absorption of these thick Ge films on bare Au reflectors in the red to infrared 
spectral region are already strong, as shown in Fig. 1.1c. For example, we 
modeled the exclusive absorption of a 16-nm-thick Ge film on an Au reflector 
with and without a SiO2 spacer layer using the characterized optical constants of 
this Ge film shown in Fig. 2.2. The exclusive optical absorption of the 
16-nm-thick Ge film on bare Au reflectors is calculated in Fig. 3.3 (see the 
black line). One can see that its peak absorption is already strong (~86%). 
Employing an optimized spacer layer (i.e., an 18-nm-thick SiO2 layer) can still 
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enhance the peak absorption up to 97% (see the red line) but will not introduce 
significant improvement since the parasitic absorption in Au is not significant in 
this long wavelength region. Compared with the absorption enhancement of the 
1.5-nm-thick Ge film on Au reflectors at 400 nm (i.e., from 15% to 39% as 
shown in Fig. 3.2b), the advantage of introducing a spacer layer for thicker Ge 
films is therefore not remarkable. 

Fig. 3.3 The modeled exclusive absorption spectra of a 16-nm-thick Ge film on bare Au 

(black curve) and 18-nm-SiO2/Au reflectors (red curve). 

According to ref. [1], the spectral position of the resonance is insensitive to 
the incident angle since the phase change accumulated in the ultra-thin layer is 
negligible. This omnidirectional feature may also be retained in the proposed 
structure with an extra phase compensation layer if the total thickness is still 
much smaller than the incident wavelength (e.g. 16.5 nm and 24.2 nm employed 
in Fig. 3.2). However, although the planar nanocavity is polarization 
independent for the normal incidence, s- and p-polarized light are different for 
oblique incident angles. For the s-polarized incident light, its electric component 
is always parallel to the sample surface; while for the p-polarized state, its 
direction varies continuously as the incident angle increases. Therefore, the 
angular-dependent absorption properties of these planar nanocavities are 
different for these two polarization states. As shown in Fig. 3.4, the 
angle-dependent absorption spectra of Sample #1-#3 with 1.5-nm-thick Ge 
films were characterized for p-polarized (see Fig. 3.4a) and s-polarized (see Fig. 
3.4b) incident light, respectively. One can see that the angular responses for 
different polarization incidence are different, which agreed well with the 
numerical modeling shown in Figs. 3.4c and d, respectively. However, it should 
be noted that the total absorption is contributed by the top Ge film and the 
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bottom Au reflector simultaneously. To reveal the absorption properties of the 
Ge film on these nanocavity-assisted reflectors, we then model the exclusive 
absorption spectra of the Ge film as the function of the incident angle for 
p-polarized (see Fig. 3.4e) and s-polarized (see Fig. 3.4f) incident light, 
respectively. One can see that the enhanced absorption can be retained over a 
wide incident angle, further demonstrating the remarkable absorption 
enhancement effect of this lossless phase compensation nanocavity. 

Fig. 3.4 Angle and polarization dependent absorption spectra for samples #1-3 prepared in 

Fig. 4. (a) and (b) are measurement results of the total absorption spectra. (c) and (d) are 

simulated total absorption spectra. (e) and (f) are modeled exclusive absorption in the 

1.5-nm-thick Ge film under two polarization states. 

According to the analysis presented for Figs. 3.2 and 3.4, the absorption in 
the Au film is still significant due to the intrinsic optical constants of the metal 
material. To reduce the undesired loss in the metal reflector, we then employ an 
Al film as the back reflector. As shown in Fig. 3.5a, the exclusive absorption 
spectrum of a 1.5-nm-thick Ge film is modeled as the function of the Al2O3 

spacer layer thickness. One can see that Fabry-Perot (FP)-like absorption 
resonance branches can be obtained as the thickness of the spacer layer 
increases. When the thickness of the nanocavity spacer layer lies in the range of 
30 nm to 70 nm, the spectral position of the single absorption resonance over 60% 
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can be tuned from 400 nm to 550 nm. By increasing the spacer layer thickness 
further, multiple absorption resonances can be obtained in the atomically-thin 
Ge layer. To validate this theoretical prediction, Al films were deposited on 
glass substrates followed by Al2O3 layer deposition. The thickness of the Al2O3 

layer is finely controlled by the atomic layer deposition (ALD). As shown in Fig. 
3.5b, we prepared 11 samples with the spacer layer thickness from 0 to 100 nm. 
When the 1.5-nm-thick Ge film was deposited on top of these films, a 
remarkable spectrum of colors was obtained under the sun light illumination. 
The absorption spectra of these samples were characterized in Fig. 3.5c with a 
normal incident light, agreeing well with the numerical prediction in the blue to 
green wavelength range shown in Fig. 3.5a. The reason that the measured total 
absorption is approximately identical to the modeled exclusive absorption in Ge 
film is due to the negligible parasitic loss of Al reflector in visible domain. 

Importantly, since the metal loss of Al reflector in the blue to green 
wavelength domain is much smaller than Au films, the major absorption occurs 
in the top ultra-thin absorptive Ge film, as shown by the modeled spatial 
absorption distribution in Fig. 3.5d. One can see that the absorption intensity in 
the Ge layer is significantly stronger than that in the Al reflector. In this 
modeling, we also plot the mode profile of the resonance (see the white dashed 
line), showing that the resonant mode is confined at the top 1.5-nm-thick Ge 
film. To reveal the significant absorption through the top Ge layer, the spatial 
Poynting vector distribution is shown in Fig. 3.5e. One can see that the 
amplitude of the Poynting vector decreases significantly through the 
1.5-nm-thick Ge film, indicating the strong absorption in this ultra-thin layer. 

Fig. 3.5 (a) Modeled absorption spectra of a 1.5-nm-thick Ge film as the function of the 

thickness of the Al2O3 spacer layer. (b) Photograph of 1.5-nm-thick Ge films on Al films with 

0-100 nm-thick Al2O3 spacer layers, respectively. (c) Measured absorption spectra of the 11 

samples as the function of the spacer layer thickness. (d) Modeled spatial absorption 
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distribution and electric filed energy profile (white dashed line) in the three-layered Al/35 nm 

Al2O3/Ge nanocavity system. E0 is the incident electric field strength. (e) The spatial 

distribution of the Poynting vector through the 1.5-nm-thick Ge layer. 

To further validate that the major mechanism is the thin-film interference 
rather than the thickness-dependent optical constant change, a quartz substrate 
was also placed in the chamber to deposit the 1.5-nm Ge layer together with 
other Al/Al2O3 samples. Its optical reflection, transmission and absorption 
spectra are plotted in Fig. 3.6, showing a relatively weak absorption <20% 
throughout the wavelength range from 400 nm to 1000 nm and therefore 
confirming that the absorption enhancement effect is mainly contributed by the 
nanocavity interference. 

Fig. 3.6 The measured (solid line) and modeled (dotted line) reflection (blue), transmission 

(red) and absorption spectra (green) of a 1.5-nm-thick Ge film on quartz substrate. 

To further reveal the angle dependence, the absorption spectrum of the 
1.5-nm-thick Ge-film on a 40-nm-thick spacer layer/Al reflector is characterized 
in Fig. 3.7a (for p-polarization) and Fig. 3.7b (for s-polarization), showing a 
reasonably good angular insensitivity and agreement with the numerical 
modeling shown in Figs. 3.7c and d, respectively. Their corresponding exclusive 
absorption spectra of the Ge film are plotted in Fig. 3.7e and f for p- and 
s-polarized incident light, respectively, showing an enhanced optical absorption 
over 80% in a broad range of incident angle compared with the one obtained 
with the Au reflector shown in Fig. 3.4. It should be noted that although higher 
order resonances can be obtained with thicker spacer layer (as shown in Fig. 
3.5a), the angular insensitivity cannot be maintained since the phase change 
accumulated in the spacer layer is no longer negligible. Consider that the 
incident free-space plane wave is mainly absorbed by the ultra-thin absorptive 
layer on the top surface, this super absorptive surface is particularly promising 
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for the development of ultra-thin on-chip energy harvesting and conversion 
applications. 

Fig. 3.7 Angle and polarization dependent absorption spectra for the 1.5-nm-thick Ge-film on 

a 40-nm-thick spacer layer/Al reflector prepared in Fig. 3.5b. (a) and (b) are measurement 

results of the total absorption spectra. (c) and (d) are simulated total absorption spectra. (e) 

and (f) are modeled exclusive absorption in the 1.5-nm-thick Ge film under two polarization 

states. 

In the next section, we will improve the light-matter interactions in films 
with further reduced thickness, i.e., from ultra-thin to atomically-thin films. 

3.3 2D material nanocavities 

3.3.1 Optical absorption characterization 

To validate the theoretical prediction in section 2.2.3, MoS2 monolayer 
triangles were synthesized by chemical vapor deposition (CVD), using the 
methods demonstrated in reference [5]. The CVD grown samples naturally 
contain MoS2 monolayer, bilayer, and few-layer islands [6]. We have employed 
several well established tools to identify monolayers, including atomic force 
microscopy (AFM), PL and Raman spectroscopy. 
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Recent work has demonstrated that CVD grown MoS2 on SiO2/Si substrate 
has thickness values ranging from 0.7 – 0.9 nm for monolayers [7, 8], and 1.6 
nm for bilayers [9]. Fig. 3.8 shows AFM height profile measurement from a 
representative CVD grown MoS2 monolayer island with a thickness of 0.8 nm, 
verifying that it is a monolayer MoS2 triangle. 

Fig. 3.8 Representative AFM measurement of monolayer MoS2. (a) A topographic AFM 

image obtained in a non-contact mode; (b) AFM height profile measured along the red line 

shown in (a). This measurement shows the monolayer has a thickness of 0.8 nm. 

Raman spectroscopy has also been demonstrated to be another 
non-destructive method for determining layer thickness in graphene and 
transition metal dichalcogenides [8]. The monolayer MoS2 region shows 
characteristic Raman modes E’ and A’1 with a frequency difference of 
approximately 20 cm-1 (see Fig. 3.9a), consistent with previous results [8, 10]. 
In the few-layer region, the separation between these two modes changes to 23 
cm-1 in response to an increase in van der Waals interactions and reduced 
Coulomb interactions [11]. 

Fig. 3.9 Raman and PL characterization of MoS2 monolayers. (a) Typical Raman spectrum 
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from a MoS2 monolayer on SiO2/Si substrate. The E’ and A’1 Raman modes have a separation 

of approximately 20 cm-1 . (b) PL and Raman spectra of a typical MoS2 monolayer. The PL 

intensity is significantly higher compared to the Raman signal. Spectra were taken using a 

Renishaw inVivo micro-Raman microscope under 488-nm laser excitation. 

Further, compared with monolayers the few-layer regions show very low 
PL intensity, as a result of transitions from direct to indirect band gap 
semiconductors when the number of layers increases [12]. Therefore, we also 
adopted this criterion to distinguish monolayers from thicker islands. As-grown 
fresh MoS2 monolayers typically show PL intensities that are up to two orders 
of magnitude higher than the Raman intensity [8]; therefore the screening 
between monolayers and few-layers has also been done using this non-invasive 
combination of PL and Raman spectroscopy techniques. As seen in Fig. 3.9b, 
the PL signal of the MoS2 monolayer is significantly larger than the Raman 
spectrum, indicating that it is a monolayer, as few-layer PL intensity would be 
much less. 

MoS2 can degrade in ambient conditions, especially when the humidity is 
high. We have observed signs of aging effects in MoS2 when acquiring PL 
measurements. For example, as-grown fresh MoS2 monolayers on SiO2/Si 
substrates typically show PL intensity significantly higher than the Raman 
intensity (Fig. 3.9b). After exposing MoS2 monolayers to ambient conditions for 
a year, their PL intensity goes down to the same level as the Raman modes in 
some cases. Exposure to a humid environment could eventually quench the PL 
emission completely. However, to the best of our knowledge, a methodic study 
about the aging rate of MoS2 monolayers has not been reported. We have 
observed that short term (less than 10 days) exposure of MoS2 monolayers to 
the laboratory ambient condition leads to minimal damage to the materials, 
which might not be the case for some other environments. To exclude aging as a 
factor, all PL spectra were recorded before the MoS2 films could show 
significant degradation from aging. Note that the main focus of this work is to 
study the effects of the nanocavity substrate. Thus, even if the samples have 
degraded, it would not affect the conclusion of the findings, since all the 
samples were fabricated and stored under identical conditions and thus would 
experience similar degradation. 

The CVD grown MoS2 monolayer triangles were then transferred to the 
nanocavity substrates with a spacer thickness of 30, 40, 50, 60 and 70 nm, using 
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the methods demonstrated in reference [5]. 
The measured optical absorption (Fig. 3.10a) indicates that the total 

absorption of the three-layered system is optimized with the thickness of Al2O3 

between 40 to 50 nm, agreeing reasonably well with the theoretical prediction 
shown in Fig. 2.9d (a direct comparison is shown in Figure 1e). Importantly, the 
major part of the absorption occurs within the top MoS2 monolayer since the 
absorption in the bottom Al reflector is weak. As shown in Fig. 3.10d, we 
calculated the exclusive absorption of a MoS2 monolayer on the Al2O3/Al 
nanocavity substrates, confirming the significantly enhanced optical absorption 
within the MoS2 monolayer. Our calculation shows that the optimized spacer 
layer thickness for exclusive absorption enhancement at the excitation 
wavelength of 532 nm (the vertical black dashed line in Fig. 3.10d) is near 50 
nm. 

The enhancement mechanism can also be explained using the Fresnel 
equations by analyzing the amplitude and the phase of the reflected partial 
waves [13], as shown by the phasor diagram in Fig. 3.10c. By manipulating the 
phases of the reflected partial waves to approach the destructive interference 
condition, one can enhance the total absorption, A, of the three-layered planar 
cavity system. For instance, the phasor diagrams of the reflected light at the 
wavelength of 450 nm from MoS2 monolayers on a bare Al film and a 
45-nm-thick-Al2O3/Al at normal incidence are plotted in Fig. 3.10c (see black 
and red solid curves, respectively). The dotted circles, centered at the origin, 

R =represent the total reflection of R = 16% , 49% , and R = 100% , respectively (or, 
A = 1 − R = 84% , 51% and 0 , respectively). The phasor trajectory starting from the 
origin indicates the successive reflection components occurred in the cavity. 
One can see that the black and red phasor trajectory curves end up at points of 
R = 87.3% A = 12.7% R = 20.3% A = 79.7% (i.e., , see the black curve), and (i.e., , see 
the red curve). The optimized thickness of the spacer layer (i.e., 45 nm) is closer 
to the destructive interference condition, and hence the total optical absorption 
is enhanced. In addition, since the Al layer is highly reflective, the exclusive 
absorption in the MoS2 monolayer increases accordingly. 
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Fig. 3.10 (a) Experimental total absorption spectra of MoS2/Al2O3/Al samples with different 

Al2O3 spacer thicknesses (30, 40, 50, 60, and 70 nm). (b) Calculated exclusive absorption 

spectra of monolayer MoS2 as a function of the thickness of the Al2O3 spacer layer. The 

absorption of the MoS2 layer is extracted from the vertical black dashed line, where the 

wavelength is 532 nm. (c) The phasor diagrams of the reflected light from MoS2 monolayers 

on a bare Al film (black) and a 45-nm-thick-Al2O3/Al film (red) under normal incidence at 

the wavelength of 450 nm. 

In the next section, we will validate the enhanced absorption in monolayer 
MoS2 using photoluminescence (PL) measurements. 

3.3.2 PL signal verification 

Due to the quantum confinement, unique band structure properties may be 
obtained in some 2D atomic crystals. In particular, semiconducting transition 
metal dichalcogenides (e.g. MoS2, MoSe2, and WS2) undergo a transition from 
indirect to direct bandgaps when transforming from bulk to monolayers, 
resulting in enhanced monolayer PL [14], which could enable the development 
of atomically thin on-chip light sources and active devices [15, 16]. However, 
the PL signal is still quite weak due to the weak light-matter interaction in these 
atomically-thin films. In the previous section, the nanocavity was employed to 
enhance the light absorption. To demonstrate the enhanced light absorption and 
light-matter interaction, we then analyze the PL signal from the MoS2 

monolayers on the nanocavity structures. 
The relation between PL and pump excitation power is given by 

P ∝η η η PPL a c q ex , where PPL and Pex are the PL and excitation powers, respectively, 

and ηa, ηc, and ηq denote the exclusive absorption of the MoS2 monolayer, the PL 
collection efficiency, and the quantum efficiency, respectively. Since the carrier 
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lifetimes of 2D semiconducting materials are typically dominated by 
nonradiative recombination [17], the quantum efficiency can be approximated 

)−1ηq = γ (γ + γ nr ≈ γγ nr 
−1 

by , where γ and γnr are the radiative and non-radiative 

recombination rates (γ << γnr), respectively. The PL power is thus given by 

P ∝η η γγ −1PPL a c nr ex [18]. The light-matter interaction, and hence PL generation, can 

a cbe enhanced in 2D materials by optimizing η η γ for a given material 

nr parameter γ . In this nanocavity interferometer structure, the ηa will be 

enhanced significantly and the PL signal is expected to be enhanced 
accordingly. 

In our experiment, the PL of MoS2 monolayer triangles were measured 
using a focused excitation beam at the wavelength of 532 nm, the details of the 
experimental setup is shown in Fig. 3.11. The 532 nm pump light is focused 
onto the monolayer and the PL signal is epi-collected using the same lens before 
being filtered and directed into the spectrometer. 

Fig. 3.11 Schematic of the experimental setup for measuring the PL generated by the MoS2 

nanocavity structure. 

The measured PL signal from the nanocavity substrates are shown in Fig. 
3.12a. To compare the PL from different samples, the collected PL intensity 
values near the center of the MoS2 islands were selected and integrated to 
remove any potential edge effect. As can be seen from the PL spectrum in Fig. 
3.12a, the PL spectrum changes shape slightly between various nanocavity 
substrates; so when comparing the relative intensity of different samples, the 
values are integrated across the entire PL spectrum rather than taking the peak 
value at 685 nm. The irregular shape of the PL spectrum is due to the filtering 
optics used in the experiment, and this was verified through a separate PL 

50 



 

 
 

           

 
         

          

  

 
           

               
               

           
            

          
            

            
                

              
           
           

             
            
               

      

a 7000~,-----,----------.--... b 9000~r--...--,---"""T"-------

6000 

~ 5000 
ns i 4000 

~ 3000 .s 
.= 2000 

- 30nm 
- 40nm 
- 50nm 

60 nm 
-?Onm 

1000 

0"--r""----fll'I~ ------==--
550 600 650 700 750 

Wavelength(nm) 

:I 
~ 6000 -
~ 
·;;; 
C: 

~ 3000 

- 40nm 

550 600 650 700 750 
Wavelength(nm) 

microscope using the 40 nm Al2O3/Al substrate, shown in Figure 3.12b. 

Fig. 3.12 (a) PL spectra obtained from MoS2 monolayers on Al2O3/Al nanocavities with 

different space layer thickness. (b) PL spectrum taken using a Renishaw inVivo PL 

microscope (40nm thick Al2O3 layer). 

The PL results of MoS2 monolayer triangles placed on nanocavities with 
alumina spacer layer thickness varied from 30 to 70 nm are shown in Fig. 3.11. 
By increasing the thickness of the spacer layer from 30 nm to 60 nm, the 
collected PL intensity maximum increases by about five times in magnitude. 
The upper panels in Fig. 3.13 present the micrographs of selected MoS2 

monolayer triangles on nanocavities with alumina spacer layer thickness varied 
from 30 to 70 nm. The corresponding PL mapping was obtained by 
raster-scanning the focused excitation beam, as shown by the middle panels in 
Fig. 3.13. Also shown in the lower panels in Fig. 3.13 are line plots taken from 
the PL raster scan, where the PL signal intensity is compared across each oxide 
thickness. Interestingly, the PL signal reaches the highest value in the 
nanocavity with a 60-nm-thick alumina spacer layer, which is slightly different 
from the optimal thickness of 50 nm predicted for the absorption peak (Fig. 
3.10b). In addition, the PL intensity from the sample on the 70-nm-thick 
alumina spacer layer (Fig. 3.13e) is also higher than that from the one on the 
50-nm-thick spacer layer (Fig. 3.13c). 
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Fig. 3.13 PL characterization of MoS2 monolayers on different nanocavities. Optical 

micrographs, PL raster scans, and PL line plots of MoS2 triangles on nanocavities with (a) 

30-nm-thick-Al2O3 spacer layer, (b) 40-nm-thick-Al2O3, (c) 50-nm-thick-Al2O3, (d) 

60-nm-thick-Al2O3, and (e) 70-nm-thick-Al2O3. Dashed horizontal lines in the PL raster scan 

indicate data taken for the PL line plots. 

To analyze the PL signal quantitatively, we normalized the obtained PL 
signals using the peak value obtained on the 60-nm-thick nanocavity sample, as 
shown by the green bars in Fig. 3.14a, where the bars represent the measured PL 
range. In addition, the calculated absorption of the monolayer MoS2 at the 
wavelength of 532 nm as the function of the spacer thickness (i.e., the dashed 
line in Fig. 3.10b) is also plotted in Fig. 3.14a, as shown by the blue dotted line. 
A shift between the pump absorption peak and the PL emission peak can be 
clearly seen. A higher absorption of the excitation laser at the nanocavity spacer 
thickness of ~50 nm did not yield the maximum PL emission. Instead, a slightly 
weaker absorption results in the optimized PL signal. According to 

P ∝η η γγ −1PPL a c nr ex , the collection efficiency (ηc) and the radiative recombination rate 

(γ ) also play important roles in the PL signal. Therefore understanding of the 
spatial emission pattern is necessary. 
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Fig. 3.14 Nanocavity Enhancement on PL signals of MoS2 monolayers. (a) Nanocavity 

enhanced photoluminescence from MoS2 monolayers. Red dotted: cavity enhanced relative 

emission rate; Blue dotted: exclusive absorption of the monolayer MoS2 at the wavelength of 

532 nm as a function of the spacer thickness; Black solid: normalized theoretical PL intensity 

by including both the absorption enhancement and the modification of the emission rate; 

Green bars: experimentally measured PL. Bars indicate range of PL values. (b) Simulated 

spacer-thickness dependent radiation pattern from the MoS2 monolayer on a nanocavity. 

Light in the grey angular regions cannot be collected due to the NA (0.55) of the collection 

lens. 

Fig. 3.14b shows the radiation pattern of an isotropic dipole in the MoS2 

monolayer, where an isotropic dipole is a dipole which has the same dipole 
moment along three orthogonal directions [19], as shown in Fig. 3.15. In this 
simulation, the radiation wavelength is selected at 685 nm, the peak PL 
wavelength as shown in Fig. 3.12. One can observe that these radiation patterns 
have very good directionalities with vertical emitting lobes. 

Fig. 3.15 Schematic diagram depicting the model for dipole emission rate calculation. The 

dipole can lie perpendicular to the interface (dashed arrow) or parallel to the interface (solid 
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The spatial radiation patterns of an isotropic dipole in the MoS2 monolayer 
on a nanocavity are also plotted at three different wavelengths of 650 nm (Fig. 
3.16a), 685 nm (Fig. 3.16b) and 720 nm (Fig. 3.16c), respectively. We 
normalized the intensity with respect to the peak value at each wavelength. One 
can see that the shape of the emission pattern is largely wavelength and 
spacer-thickness independent. However, the emission intensity is dependent on 
the thickness of the spacer layer. 

Fig. 3.16 Simulated spacer-thickness dependent radiation pattern of the MoS2 monolayer on a 

nanocavity at three different wavelengths of (a) 650 nm, (b) 685 nm and (c) 720 nm, 

respectively. Light in the grey angular regions cannot be collected due to the NA (0.55) of the 

collection lens. 

Considering the numerical aperture of the collection lens employed in our 
experiment (NA = 0.55), major emission signals can be collected within the 
angle indicated by the white region in Fig. 3.14b. This is primarily due to the 
in-plane dipole emission being several orders of magnitude larger than that of 
the out-of-plane dipole. We plotted the electric field distributions of the parallel 
(in-plane) and perpendicular (out-of-plane) dipole emissions in Fig. 3.17a and b, 
respectively. One can see their emission patterns are very different from each 
other. Considering the numerical aperture of our collection lens (NA = 0.55, see 
dashed lines), the majority of light emitted from the parallel dipole can be 
collected (see Fig. 3.17a). However, the emission of the perpendicular dipole 
cannot be collected efficiently (see Fig. 3.17b). Besides, the emission intensity 
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of the parallel dipole is much stronger than that of the perpendicular dipole due 
to the different emission direction of these two dipoles. The majority of the 
power from the perpendicular dipole is emitted at a larger angle (defined by the 
emission direction and the surface normal of the MoS2/air interface). Due to the 
large difference in refractive index between MoS2 and air, the larger emission 
angle can lead to larger reflection at the interfaces and therefore minimize the 
output coupling efficiency. As a result, the total emission power is mainly 
contributed by that emitted from parallel dipoles. The PL signal could be further 
enhanced if the emission of both dipoles can be collected efficiently, for 
example, by using patterned surfaces, which needs further investigation. As 
shown in Fig. 3.14b, when the spacer thickness increases, the shapes of the 
radiation patterns are stable and the collection efficiencies, ηc, increase from 
53.6% to 65.6%, which is a relatively small increase compared with the 
enhancement of the PL intensity observed in Fig. 3.13. Therefore, we can 
attribute the emission enhancement mostly to the modification of the photonic 
density of states, hence the radiative recombination rate, γ , introduced by the 
nanocavity. 

Fig. 3.17 Far-field emission patterns from (a) a parallel or in-plane and (b) a perpendicular or 

out-of-plane dipole, respectively. The blue dashed lines indicate the collection range 

corresponding to the NA (0.55) of the collection lens used in our experiments. 

Let us consider the total PL signal enhancement factor, η a γ , by including 

both the excitation absorption enhancement and the dipole’s radiative decay rate 
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and assuming a nearly constant collection efficiency [18]. Here we employ a 
classical model to calculate the cavity-modified emission rate, γ , by 
considering the dipole interaction with its own radiative field [19]: 

1+ 
 6πε 

Im E 

γ0where is the emission rate of the dipole in free space without the nanocavity, 

εo is the vacuum permittivity, Po is the dipole moment, k is the wave number in 

Im[⋅] '0eff vacuum, stands for the imaginary part, and E is the modification of 


 

the electric field of the radiating dipole (projected along the dipole direction and 
at the dipole location) due to the presence of the nanocavity. We developed a 
matrix-based method to calculate the Hertz potential of the nanocavity system, 

  
 

from which the electrical field distribution can be obtained (see Appendix 1 for 
r = γ /γ0details). The calculated cavity enhanced relative emission rate γ is 

depicted by the red dotted curve in Fig. 3.14a. Considering the relative 
magnitude of the in-plane component to the out-of-plane component, only the 
in-plane dipole component is accounted in the PL emission enhancement 
calculation (see Fig. A1b in Appendix 1 and Fig. 3.17 for details). The 
normalized theoretical enhanced PL signal of MoS2 monolayers is shown by the 
solid black curve in Fig. 3.14a, showing a very good agreement with the 
experimental observation. 

This spacer-thickness-dependent PL enhancement can also be validated 
using the finite element method (FEM), as shown by the black curve in Fig. 
3.18a. Dipoles emitting at the wavelength of 685 nm (i.e., the peak PL 
wavelength) are placed at the center of a MoS2 monolayer in the numerical 
simulation. For two types of dipoles perpendicular or parallel to the interface, 
their far-field emission powers, :; and :||, are calculated within the numerical 
aperture of the collection lens, respectively (i.e., NA=0.55). Then the total 
far-field emission power can be expressed as : = :;/3 + 2:||/3 [19]. 
Considering that the PL signal is proportional to the product of the exclusive 
absorption of the excitation light in the MoS2 monolayer and the far-field 
emission power (given the same dipole strength), we then plot the 
spacer-thickness-dependent exclusive absorption (blue dashed curve), the 
far-field emission power (red solid curve) and the normalized product (black 


 

γ = γ 'o 

0eff 3o 
P k (3.1) o , 
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solid curve) in Fig. 3.18a, agreeing very well with the analytical results shown 
in Fig. 3.14a. The enhanced PL signal for Al2O3/Al is several times larger than 
those from SiO2/Si substrates, as shown in Fig. 3.18c. When comparing the 
maximum PL intensities, the Al2O3/Al cavity outperforms the SiO2/Si by 2.4 
times with a 15 nm thinner oxide, demonstrating the Al2O3/Al cavity is better 
for exclusive optical absorption and enhanced light-matter interaction. 
According to our theoretical exploration in section 2.2.3, the interaction 
between light and 2D monolayer materials can be further enhanced by 
manipulating the refractive index of the spacer layer. For instance, if a 
100-nm-thick air spacer layer can be introduced between the MoS2 monolayer 
and the bottom Al film, the exclusive absorption of 532 nm light in the 
monolayer MoS2 can be enhanced to 43.6%. In this case, the optimized PL 
signal peak is obtained with a 110-nm-thick air spacer layer due to the overall 
enhancement effect of the nanocavity, as shown in Fig. 3.18b. The peak PL 
signal is also slightly different from the absorption peak at 100 nm (see the blue 
dashed line). 

Fig. 3.18 PL enhancement for the nanocavity structure with (a) an Al2O3 spacer layer and (b) 

an air spacer layer. Blue dashed: exclusive absorption of the monolayer MoS2 at the 

wavelength of 532 nm as a function of the spacer thickness; Red solid: far-field emission 

power; Black solid: the normalized product of the exclusive absorption of excitation light in 

the MoS2 monolayer and the far-field emission power. (c) PL enhancement comparison for an 

isotropic dipole between SiO2/Si and Al2O3/Al substrates with oxide thicknesses up to 100nm. 

Values for the SiO2/Si substrate are normalized to the maximum of the Al2O3/Al substrate. 

It should be noted that enhanced PL emission was also observed with silver 
(Ag) nanodisk arrays placed on top of MoS2 monolayers on SiO2/Si substrates 
[20]. Compared with the plasmonic local field enhancement mechanism that is 
highly heterogeneous, the nanocavity approach described here is superior in not 
only its simplicity of fabrication but also its spatial uniformity across an entire 
sample surface, and can thus enable uniform large-area enhancement and lead to 
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a higher energy conversion efficiency. 
In the next section, we will achieve perfect absorption is using the concept 

of topological darkness described in section 2.3. 

3.4 Dispersion topological darkness 

In this section, experimental results will be presented to demonstrate the 
DTD using random metal nanoparticles by controlling the incident angle. After 
that, multi-wavelength/polarization reflectionless point condition will be 
explored theoretically and experimentally by manipulating the nanocavity 
structure or the absorptive material (i.e., effective optical constants of metals or 
semiconductors) of the top layer. Finally, the theoretical limit of broadband 
reflectionless condition will be identified for a given thin film interference 
system, followed by experimental demonstration of the DTD using random 
metal NPs by controlling the morphology of the particle layer. This 
multi-wavelength/polarization DTD surface will pave the way towards 
ultra-sensitive sensors, improved photodetectors and solar cells. 

3.4.1 Thin-film nanocavities 

We first deposited a continuous gold (Au) film on a glass substrate and 
characterized its effective thickness (~12 nm) and optical constants using 
spectroscopic ellipsometer (i.e., the blue curve in Fig. 2.10b). One can see that 
the red and blue curves are spatially separated although their projection curves 
intersect each other (see dotted lines on the bottom plane in Fig. 2.10b). If we 
place this metal film on top of the Al2O3/Ag film, the calculated peak absorption 
under normal incidence is 98.2% at 612 nm, which is not “perfect” (see the blue 
curve in Fig. 3.19a and zoom-in view in Fig. 3.19b). In the 3D space as shown 
in Fig. 2.10c, the dispersion curve of the 12-nm Au film (i.e., the blue curve) 
intersects the s-polarized surface at the angle of 38° (i.e., the black curve). 
Therefore, a 100% absorption peak can be obtained under this angle at the λ of 
579 nm (s-polarized) (as shown by the red solid curve in Fig. 3.19a and zoom-in 
view in Fig. 3.19b), confirming the angle-dependent DTD condition. 
Considering that the previous work realized DTD under p-polarized state [21], 
this phenomenon can therefore be obtained under both polarization states, 
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which is superior over conventional Brewster angle [22] or SPR systems [23] 
under a single polarization state only. 

Fig. 3.19 (a) Calculated (solid curves) and measured (empty dots) absorption spectra of the 

normal incidence (blue) and the s-polarized light at the angle of 38° (red). (b) Zoom-in region 

near the absorption peaks. (c) Cross-sectional scanning electron microscope (SEM) image of 

the three-layered system. (d) Calculated (solid curves) and measured (empty dots) relative 

phase change (i.e., the argument, ∆) near the absorption peak for the s-polarized light at the 

angle of 38°. 

To validate the theoretical prediction, we deposited an identical 
12-nm-thick Au film in the same deposition batch on top of a 100-nm-Al2O3 

spacer layer and a highly reflective Ag film (see Fig. 3.19c for the 
cross-sectional SEM image). The surface mean roughness of the top Au film is 
~4.8 nm according to atomic force microscope characterization. As shown by 
dots in Figs. 3.19a and b, the measured optical absorption spectra (calculated 
from reflection spectra, R) under normal incidence (blue) and s-polarized state 
under 38° (red) agree well with the theoretical modeling. Particularly, the 
absolute value at the reflection dip is below the detector’s dark noise level (i.e., 
R<10-6), indicating the realization of the reflectionless point. To reveal the 
abrupt phase change, characterization of the phase information of reflected light 
is required, which, however, is difficult to characterize for each polarization 
individually. Instead, we characterize ellipsometric parameters defined as 

rɶ 
p 

/ rɶ 
s 

= tan (Ψ ) exp (iΔ) rɶ 
p 

= Eɶ 
p 

/ Eɶ to describe the relative phase change [13], where 

ɶ ɶrɶ 
s 

= E
s 

/ E0and are complex reflection coefficients for p- and s-polarized light, 

ɶE
p Eɶ Eɶ 

sand , and 0 denote the electric field of p- and s-polarized reflected 
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light and the incident light, respectively. As long as p- and s-polarized 
reflections do not reach the zero-reflection point simultaneously, the abrupt 
phase change of a given polarized light can be described by the argument, ∆, of 

rɶ / rɶ rɶ rɶ sp s pthe complex (i.e., the argument difference between and ). As shown 
in Fig. 3.19d, the experimental observation (dots) agreed well with the 
theoretical prediction (solid line), indicating the potential for phase sensing. 
Importantly, this planar structure with regular surface roughness does not 
require perfectly flat or fabricated patterns, which will overcome the cost and 
fabrication technique barrier of previously reported structures [21, 24] and 
enable the development of practical applications like ultra-sensitive optical 
biosensing (e.g. [21]). It should be noted that although the zero-reflection under 
normal incidence has also been realized using sophisticated exceptional point 
systems [25, 26], ∆ is zero since p-and s-polarized states are identical under 
normal incidence. Oblique incidence is required for the relative phase 
measurement in practice. 

In previous literature, single-λ DTD at a single angle resolved the raw areal 
mass detection limit of <10 fg/mm2, which was estimated to be improved up to 
0.1~0.3 fg/mm2 combined with temperature stabilization facilities [21]. 
Unfortunately, this mechanism still suffered from some fundamental 
weaknesses: i.e., the abrupt phase change at a single λ can only be observed one 
time under a given incident angle, resulting in a very small dynamic range of 
sensing. When more molecules continue to bind onto the surface, for example, 
one cannot retain the ultra-high sensitivity to resolve equivalent amount of 
molecules since the abrupt phase change point at this λ is already passed under 
this angle. Next, we will discuss the principle to realize multi-λ reflectionless 
points to address this fundamental question: i.e., Can this detection limit be 
improved further? In addition, we will also provide modeling results to 
demonstrate how to overcome the dynamic range limitation of the sharp 
phase-change sensing in practice. 

Multispectral biosensing employs data processing methods to integrate 
signal changes over a broad λ region to enhance the overall sensor performance 
[27]. Since the random background noise has no correlation with each other, the 
integration of signal changes at multiple λ can enhance the signal-to-noise ratio 
[28], and therefore, the detection limit. According to recent reports on 
multispectral sensing [27-30], the detection limit can be improved by 3~10 
times compared with narrow band sensing. In previously reported DTD-based 
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phase sensing [21], only a single λ under p-polarized state was used. Therefore, 
multi-λ DTD points are promising to improve the sensitivity and detection limit 
further. As shown in Fig. 3.20a, when the Al2O3 spacer layer is increased to 220 
nm in the three-layered system studied in Fig. 2.10a, its s-polarized 
reflectionless dispersion surface will split into two layers due to the 
multi-resonant modes. One can see that the dispersion curve of the 12-nm-thick 
continuous Au film (blue solid curve) intersects both surfaces, resulting in 
topologically secured two-λ reflectionless points at 492 nm and 870 nm, 
respectively, in the ambient environment (n = 1). However, these reflectionless 
points occurred at different angles of 42° and 62°, respectively (see two black 
curves in Fig. 3.20a). At each angle, only one reflectionless point can be 
realized (Fig. 3.20b). To realize multi-wavelength reflectionless points at a 
single incident angle, the effective dispersion curve of the top layer needs to be 
engineered carefully, which is a practical challenge and has not been realized 
experimentally. This interferometer structure with multiple resonances is 
promising to enhance the phase change sensitivity by summing up the phase 
change at all resonances (although other resonances may not be reflectionless). 
For instance, the total phase change will be ~186° at the angle of 42° (i.e., ~170° 
at the resonance wavelength of 492 nm and ~16° at 928 nm). This larger phase 
change is introduced by the same perturbation from the external environment. 
Therefore, the signal-to-noise ratio is simply enhanced. 
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Fig. 3.20 DTD at multiple wavelengths with multiple resonances. (a) Zero-reflection surfaces 

for the 12-nm-Au/220-nm-Al2O3/Ag system under s-polarized light at different incident 

angles. Two ideal dispersion curves intersecting the 12-nm-Au dispersion curve (blue) are 

highlighted in black at two angles of 42° and 62°. (b) Absorption spectra at these two angles. 

c-e) The abrupt phase change as the function of surface refractive index change, ∆n, (c) at λ = 

870.4 nm by tuning the incident angle; (d) under the angle of 61.8° by tuning λ; (e) by tuning 

angle and λ simultaneously. 

For single-λ sensing, one can tune the incident angle to trace the DTD 
point. By recording the angle corresponding to the abrupt phase change, one can 
realize the continuous monitoring of refractive index change. As shown in Fig. 
3.20c, we model the relative phase change at λ of 870.4 nm as the function of 
the incident angle and refractive index change, ∆n. One can see that the angle 
change of 0.1° corresponds to a ∆n of ~1×10-3 , representing the step size to 
reach the next abrupt phase change. In other words, when an abrupt phase 
change was observed with an ultra-high sensitivity (e.g. [21]), one will have to 
tune the incident angle by 0.1° and wait for a ∆n of ~1×10-3 to get the next sharp 
phase change. On the other hand, for single incident angle sensing, one can scan 
and record λ corresponding to the abrupt phase change to extend the sensing 
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dynamic range. As shown in Fig. 3.20d, we model the relative phase parameter, 
∆, at the incident angle of 61.8° as the function of λ and ∆n. One can see that the 
λ change of 0.5 nm corresponds to a ∆n of ~1.5×10-3 . In other words, when the 
abrupt phase change is observed, one will have to wait for the ∆n of ~1.5×10-3 

to get the next sharp phase change at the next λ. It should be noted that as ∆n 

increases, the slope of the phase change decreases gradually since the DTD 
condition cannot be exactly met at a fixed λ (Fig. 3.20c) or a fixed angle (Fig. 
3.20d), resulting in deteriorated detection limit. In this case, one can scan the 
angle and λ simultaneously to retain the abrupt phase change. As shown in Fig. 
3.20e, the abrupt phase change point will shift to different combinations of λ 

and angle as ∆n increases. Therefore, by tuning the λ and angle simultaneously, 
one can realize the (quasi-)continuous observation of the abrupt phase change 
point as ∆n increases, extending the dynamic range of sensing. We would like to 
point out that this is a special requirement in practice for further development of 
this type of phase change sensing using DTD mechanism. 

In addition to the multi-λ resonances, the reflectionless points can even be 
realized under both polarization states on the same chip. To demonstrate the 
feasibility, we then deposited a 33.3-nm-thick silicon dioxide (SiO2) film and a 
14.4-nm-thick germanium (Ge) film on top of an optically opaque Ag film. The 
thicknesses were measured using a spectroscopic ellipsometer. Here we chose 
Ge instead of Au as the top layer to demonstrate that the DTD phenomena can 
be realized using a wide selection of materials. The angle-dependent reflection 
spectra of this sample under p- and s-polarized light are plotted in Figs. 3.21a 
and b, respectively, showing a polarization dependent response. On the one 
hand, when the incident angle increases from 20° to 80°, the reflection 
minimum of the p-polarized light exhibits a blue shift from ~590 nm to ~320 
nm and reaches the reflectionless point at the wavelength of 350 nm at the angle 
of 70°. On the other hand, as the incident angle increases, the reflection 
minimum of the s-polarized light is relatively stable, slightly red- shifting from 
610 nm to 650 nm. The reflectionless point was realized at the wavelength of 
630 nm at the angle of 50°. For clarity, we also plotted the absorption spectra 
including the reflectionless points under p- (green dots) and s-polarized light 
(red dots) in Fig. 3.21c. The relative phase change, ∆, is plotted in Fig. 3.21d. 
The abrupt phase change is indicated by the abrupt color change, showing two 
conspicuous branches (highlighted by white and purple dashed lines, 
respectively). These two branches follow the trends of the reflection minima in 
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Fig. 3.21a (white dashed line) and 3b (purple dashed line), corresponding to the 
abrupt phase change induced by the reflectionless point under p- and s-polarized 
light, respectively. The detailed ∆ at the angle of 70° and 50° were plotted in 
Figs. 3.21e and f, respectively, showing that the abrupt phase change of 
200~300° can be obtained under both polarization states. Therefore, the DTD 
phenomenon is not limited to a single polarization as reported in previous 
literature (e.g. [21, 24, 31-34]). These abrupt phase changes at 350 nm (Fig. 
3.21e) and 630 nm (Fig. 3.21f) show the feasibility of achieving two 
reflectionless points, and thus enabling phase sensing under both polarization 
states on the same chip. Next, we will continue to explore the possibility to 
realize DTD structures over broadband. 

Fig. 3.21 DTD under both polarization states on the same chip. (a-b) The absorption spectra 

under a) p- and b) s- polarization states as the function of wavelength and angle. The dashed 

lines show the reflection minima to guide the eyes. (c) The absorption spectra under p- (green) 

and s-polarized (red) light achieving the reflectionless points. (d) The relative phase change, 

∆, as the function of wavelength and angle. The dashed lines show the abrupt phase change 

position to guide the eyes. (e-f) The abrupt phase changes near the resonances under (e) p-

and (f) s-polarized light, respectively. 

3.4.2 Metal nanoparticle nanocavities 

Recently, intensive research efforts were performed to realize 
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compact/portable light absorbers at various frequencies using subwavelength 
structures [35-37]. Our modeling and experimental results shown in Figs. 2.10, 
3.19 to 3.21 reveal that perfect absorption within narrow bands can be achieved 
using simple three-layered structures. A subsequent question is whether this 
practical structure can be extended into broadband, which is highly desired for 
applications including energy collection/harvesting and military electromagnetic 
stealth coating. In this section, we will explore the theoretical limit for the 
light-matter interaction in this DTD system and identify what is achievable and 
what is not. 

As explained in Figs. 2.10, 3.19 and 3.20, the ideal reflectionless surfaces 
for the layered system are determined by interference theory, which are 
intrinsically angle dependent. The only exception is that when the spacer layer 
is very thin so that the optical path change at different angle is not significant 
(i.e., the cavity resonance are insensitive to the incident angle as reported in ref. 
[1, 38]), which, however, is not our case. In contrast, the dispersion curve of a 
given thin-film is independent on the angle (e.g. the blue curve in Fig. 3.20a). 
Therefore, the broadband perfect absorption for all incident angles (i.e., the 
ideal blackbody) is not achievable in this interference-based system. Instead, for 
a given angle, the broadband perfect absorption is possible if the dispersion 
curve can be engineered to approach or even match the ideal reflectionless 
curve, as we will discuss below. 

To realize the broadband DTD under a given angle, a thin film material 
with tunable dispersion is required (e.g. mixture materials like nanocomposite, 
metal alloys and NP arrays) [39, 40]. Here we take metallic NP arrays as an 
example since their effective optical constants can be tuned in a wide range 
depending on their morphologies. Particularly, their average microscopic 
geometric parameters can be controlled by direct deposition conditions and 
post-thermal annealing processes, which have been widely used in industrial 
fabrications. For instance, we recently employed these low cost, large area and 
lithography-free processes to fabricate super absorbing three-layered 
meta-surfaces [41], which were usually realized using expensive top-down 
fabrication methods in previous literature (e.g. [35, 37]). As shown in Fig. 3.22a 
(insets), we prepared two 20-nm-thick Ag films with different surface 
morphologies on 55-nm Al2O3/150-nm Ag film substrates. Sample 2 (i.e., NPs) 
was annealed from Sample 1 (i.e., a continuous film) at 250 °C for an hour. It 
was milled using focused ion beam and tilted to 54° to obtain the cross-sectional 
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SEM profile shown in Fig. 3.22b. One can see that the top layer was annealed to 
random nanoparticles, leading to the change of the effective optical constants. 
Due to the compact distribution (particle diameters mainly in the range of 
~50-150 nm and an interparticle distance of ~50 nm), the NPs can be considered 
as a homogeneous medium with negligible diffuse scattering within the 
investigated wavelength range [42]. The thicknesses of the Ag and Al2O3 layers 
were characterized using a spectroscopic ellipsometer. 

Fig. 3.22 Bandwidth tunability using dispersion engineering of NPs to approach the ideal 

DTD condition. (a) Absorption engineering from narrow (Sample 1) to broadband (Sample 2) 

using different top layer morphologies (see SEM images in the inset with the scale bar of 500 

nm). (b) The cross-sectional SEM image of a three-layered DTD structure. The thickness of 

the Al2O3 layer is approximately 55 nm. The effective thickness of the nanoparticle layer is 

~20 nm. The dashed white lines indicate the top and bottom surfaces of the Al2O3 layer, 

respectively. Bar size: 100 nm. 

As a result, relatively narrow (blue dots) and broad (red dots) absorption 
bands under normal incidence were obtained, respectively (Fig. 3.23a). One can 
see that in the wavelength range from ~380 nm to ~390 nm, the absorption of 
Sample 1 is over 90%. However, Sample 2 can achieve absorption over 90% in 
a broader range from ~365 nm to ~795 nm, covering the entire visible range and 
extending to the near infrared region. To interpret this difference, effective 
optical constants of these two metal layers were characterized using 
spectroscopic ellipsometer, as shown by the solid blue (Sample 1) and red 
curves (Sample 2), respectively, in Fig. 3.23a. The ideal zero-reflection curve 
under normal incidence is plotted by the black curve in this figure. In addition, 
the 90% absorption conditions are also highlighted by the grey region with 
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relatively broad range of allowed n and k. One can see that the dispersion curve 
for Sample 2 (red curve) is closer to the zero-reflection curve than that for 
Sample 1 (blue curve) over a broadband spectral region, resulting in the 
stronger optical absorption over a broader band. Therefore, dispersion 
engineering is the key to tune the bandwidth of such thin-film systems towards 
the ideal DTD dispersion curves. However, it should be noted that the 
absorption of Sample 2 under normal incidence did not reach 100% since the 
red curve did not intersect with the black curve in Fig. 3.23a. Therefore, we 
tuned the incident angle to further manipulate the reflectionless surfaces. As 
shown in Fig. 3.23b, the absorption spectra under the p-polarized light at 40° 
(magenta triangles) and s-polarized light at 35° (green squares) were plotted, 
showing that the absorption spectrum is dependent on the incident angle. In 
particular, the peak absorption was enhanced from 99.5% under normal 
incidence at the wavelength of ~425 nm (red dots in Fig. 3.23c) to unity under 
p- (magenta triangles) and s-polarized (green squares) light at the wavelength of 
~390 nm and ~370 nm, respectively. The reflectionless points were achieved 
under two polarization states on the same chip constructed by random NPs. 

Fig. 3.23 (a) The black line represents the zero reflection dispersion curve for the top 

effective layer under normal incidence. Solid curves are dispersion curves of top layers for 

Sample 1 (blue) and Sample 2 (red), respectively. Grey region indicates (n, k) range for 90% 

absorption. (b) Measured absorption spectra of the normal incidence (red dots), the 

p-polarized light at the angle of 40° (magenta triangles), and s-polarized light at the angle of 

35° (green squares). (c) A zoom-in view near the absorption peaks. 

3.5 Summary 

To conclude, by selecting proper materials and tuning the thickness of the 
spacer layer, the optical absorption of the ultra-thin film can be enhanced 
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significantly at the resonant wavelength on predesigned nanocavities. Since the 
nanocavity can also modify the spontaneous emission rate, we also 
demonstrated enhanced photoluminescence generated from MoS2 monolayers. 
Besides, we generalized the DTD concept in the (n, k, λ) 3D space, taking into 
account the dispersion properties of the materials, the wavelength and the 
incident angle. A nanocavity structure with directly deposited thin films or 
random metal NPs can be manipulated to achieve the DTD. The DTD concept 
in the (n, k, λ) 3D space also implies that either the ideal zero reflection 
surface(s) or the dispersion curve of the top absorbing material layer can be 
manipulated to realize the reflectionless point for both polarization states. In 
addition, by tuning the thickness of the spacer layer, multi-wavelength DTD 
points were demonstrated on a single chip, which is highly desirable for 
improved phase sensing using multispectral data processing. Furthermore, by 
manipulating the morphology of directly deposited NPs, one can tune the 
effective dispersion curve of the absorbing layer to approach the theoretical zero 
reflection curve/surface and realize broadband reflectionless phenomenon, 
demonstrating the potential of applying DTD concept in the development of 
new energy harvesting devices. 
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CCChhhaaapppttteeerrr 444Chapter 4 

APPLICATION DEVELOPMENT: NANOCAVITY 

ENHANCEMENT FOR NANOMEMBRANE 

PHOTODETECTORS 

4.1 Introduction 

In Chapter 4, we develop a photodetector with enhanced signal-to-noise 
ratio based on the nanocavity strategy in previous chapters. We introduce the 
fabrication and transfer methods of single-crystalline Ge nanomembrane in 
section 4.2. In section 4.3, the outstanding optoelectronic properties of the 
photodetector were investigated. 

Recently, ultra-thin semiconductors (e.g. silicon (Si)/germanium (Ge) 
nanomembranes [1, 2] and two-dimensional (2D) materials [3-5]) have emerged 
as attractive building blocks for miniaturized optical/optoelectronic devices. To 
enhance the light matter interaction, thin-film interference in lossy, ultra-thin 
semiconductor layers received extensive research efforts [6] due to their 
potential applications for integrated optical filters [7, 8], high-efficiency 
ultrathin-film energy harvesting devices [9], energy conversion 
materials/structures [10, 11] and dynamic wave shaping metasurfaces [12]. For 
instance, 1 ~ 20 nm Ge thin films were coated on flat metal films to exploit 
strong interference effects and achieve high absorption (i.e., 65% ~ 95%) at 
resonant wavelengths in visible to near infrared (IR) spectral region [13]. 
However, all these works are based on amorphous semiconductors. 
Consequently, their optoelectronic device performance [14] is far inferior to 
those crystalline-material-based counterparts. Although single-crystalline films 
can be obtained through rapid melt growth (RMG) [15, 16], wafer bonding [17] 
and/or epitaxial growth [18, 19], each of these methods has its limitations. For 
example, the RMG method will introduce high temperature process flow (> 
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900 °C) to re-crystallize the Ge material. The wafer bonding method will require 
the substrate removal after the process and the epitaxial growth needs very thick 
buffer layers. Fabrication of crystalline thin films on foreign substrates turns out 
to be critically important for ultra-thin optoelectronics. The recently emerging 
membrane transfer technology provides a promising way to enable the 
combination of crystalline thin films with foreign substrates [20, 21]. In 
particular, the foreign substrate can be designed with effective photon 
management functionalities to greatly enhance the weak light absorption in 
ultra-thin materials. In this section, we demonstrate a new method to realize 
high-performance ultra-thin optoelectronic devices based on nanocavity 
enhanced mechanisms. Using single-crystalline semiconductor membranes on 
functionalized nanocavity substrates, we achieve strong light-matter interaction 
within nanometer-thick Ge films. While we use Ge as an example to 
demonstrate a high performance photodetector, our method, however, can be 
applied to other semiconductors (including 2D materials [22, 23]) to enable the 
development of improved ultra-thin optical/optoelectronic devices. 

4.2 Ultra-thin crystalline Ge on foreign substrates 

In this section, we started from a Ge-on-insulator (GeOI) wafer as the 
source wafer. The thicknesses of the top Ge layer and the insulator layer of SiO2 

are 100 nm and 1 µm, respectively. The GeOI wafer was fabricated by smart-cut 
process [24] as shown in Fig. S1. The process began with a p-type (gallium 
doped) 4-inch bulk Ge wafer. We ion-implanted a uniform H+ layer in the Ge 
wafer with a dose of 1×1017 cm-2 and an energy of 100 KeV (Fig. 4.1a). A H+ 

peak position (RP) was carefully designed at 700 nm from the Ge surface to 
acquire a 400-nm-thick Ge layer after the exfoliating process. A 1-µm-thick 
SiO2 layer on Si wafer was obtained by thermal oxidation as the buried oxide 
(BOX) layer. Then the Ge wafer was flipped over. The O2 plasma was used to 
clean both surfaces for bonding (shown in Fig. 4.1b). The wafer bonding 
process was performed using the EVG Wafer Bonding System (EV 801) under 
the vacuum of 7×10-5 mbar (Fig. 4.1c). After that, a two-step, low temperature 
annealing at 200 ̊C and 250 ̊C was carried out in a nitrogen-filled oven to 
achieve the exfoliation of the Ge wafer (Fig. 4.1d). The Ge membrane was very 
rough after the exfoliation and a Chemical Mechanical Polishing (CMP) process 
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was required to polish the Ge membrane surface and thin down the Ge layer to 
the desired thickness (100 nm) as shown in Fig. 4.1b. 

Fig. 4.1 Fabrication process flow of a 4-inch GeOI. (a-d) Smart-cutTM based process flow of 

the GeOI. (e) Lab-made 4-inch GeOI wafer. 

To characterize the lab-made GeOI, we used the Panalytical X'Pert MRD 
high resolution X-ray diffraction (XRD) to characterize the single crystallinity 
of the Ge membrane. Fig. 4.2a shows the XRD result of the GeOI with a peak at 
33.1o, confirming the singe crystallinity. The fringes on both sides of the peak 
are introduced by the X-ray interference with the 100-nm-thick Ge 
nanomembrane. The interference fringes indicate that both sides of the Ge 
nanomembrane are smooth and flat. 

Fig. 4.2 Characterization of lab-made GeOI. (a) High resolution X-ray Diffraction (XRD) 

results of the 100 nm Ge/1-µm-thick SiO2/Si wafer. (b) Raman scattering result of a 

fabricated GeOI wafer compared with that of a bulk Ge wafer. The same peak position 

indicates the GeOI is strain and stress free. 
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We also use the Horiba LabRAM ARAMIS Raman spectroscopy to 
characterize the GeOI. As shown by Fig. 4.2b, the fabricated GeOI has the same 
peak location of 300.9 cm-1 as the Ge wafer, confirming that the fabricated 
GeOI is stress and strain free. We then used the van der Pauw approach (Fig. 4.3) 
to measure the carrier concentration and carrier mobility of the p-type GeOI, as 
shown in Table 4.1. 

Fig. 4.3 The GeOI sample used for the van der Pauw measurement. The silver paste is used 

for the electrical contact. 

Table 4.1Electronic properties of p-type GeOI sample. 

Parameter P-Type GeOI 

Sheet Resistance (Rs) 617.7 Ω/□ 

Hall Coefficient (RH) 97.9 m2/C 

Carrier Mobility (µp) 393 cm2 V-1·S-1 (hole) 

Carrier Concentration 1.447×1018 /cm3 

We then employed the membrane transfer method [20, 21] to realize the 
integration of crystalline semiconductor films with a foreign substrate, as shown 
in Fig. 4.4a. We then released the top Ge membrane on GeOI wafer (Fig. 4.4a(i)) 
using hydrofluoric acid (HF) (Fig. 4.4a(ii)) and transferred it onto a foreign 
substrate using Polydimethylsiloxane (PDMS) (Fig. 4.4a(iii)). Finally, we used 
low-power dry etching to thin down the membrane to the desired thickness (Fig. 
4.4a(iv)). Fig. 4.4b shows the optical microscope images of transferred Ge 
membrane samples. The substrate was designed to enhance the light absorption 
in Ge membranes. It consists of three layers: i.e., a top Al2O3 layer, a middle 
silver (Ag) layer and a Si substrate. The top Ge film thickness, measured by 
atomic force microscopy (AFM), ranges from 10 to 60 nm. These films exhibit 
different colors under the white light illumination because of the optical 
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interference (Fig. 4.4b). 

Fig. 4.4 Fabrication and characterization of ultra-thin Ge nanomembranes on foreign 

substrates. (a) Schematic of the fabrication process flow of the Ge nanomembranes on foreign 

substrates. The lab-made GeOI was used as the source wafer and the membrane transfer 

printing method (see Fig. S5 and Fig. S6 for the method demonstration) was then employed 

to transfer the Ge membrane onto a foreign substrate. Subsequent thin down process was 

adopted to obtain the desired Ge thickness (10 ~ 60 nm). (b) Optical microscope image of 

ultra-thin Ge (10 ~ 60 nm), which is transfer-printed on Al2O3/Ag/Si substrates. The scale bar 

is 75 µm for all five sub-figures. (c) Triple axis HR-XRD scans of our transferred crystalline 

ultra-thin Ge (red) and evaporated amorphous-Ge (blue) films. The thicknesses are both 20 

nm. (d) Raman scattering results of the two samples in (c). The Raman signal of the 

transferred Ge membrane shows the typical single peak (300.9 cm-1) of single-crystalline Ge 

materials. 

To reveal the crystal quality of the Ge membrane, we performed 
high-resolution X-ray diffraction (HR-XRD) characterization. Fig. 4.4c shows 
the (004) ω-2θ triple axis scans. A clear peak at 33.1° (red line) confirms the 
single crystallinity of transferred Ge membranes [25]. In comparison, we also 
examined an evaporated and annealed Ge film with the same thickness. In this 
experiment, the evaporated amorphous-Ge film was annealed at 500 °C to 
improve the crystallinity [26]. This type of poly-crystalline Ge film was 
typically used to fabricate Ge photodetectors on foreign substrates using low 
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temperature processes [27]. However, no peak was observed at 33.1° for the 
blue line in Fig. 4.4c, which indicated the lack of single crystallinity. This 
comparison reveals the advantage of our membrane transfer method in the 
quality of Ge films, which is important for the performance of photodetectors. 
Another peak in Fig. 4.4c at the angle of 34.6° comes from the (100) Si 
substrate, which is observed in both samples. Fig. 4.4d shows the Raman 
spectroscopy of these two samples. One can see a single peak at the 
wavenumber of 300.9 cm-1 for the transferred Ge membrane, which is another 
signature of the single-crystalline Ge film [28]. In contrast, multiple peaks were 
observed in the evaporated and annealed Ge film. These peaks are attributed to 
the Ge-Hx and second order of Ge-Ge bonds formed in the annealing process 
[29]. Both the XRD and Raman results show excellent crystalline properties of 
the transferred Ge films. Next, we discuss the design of the foreign substrate to 
enhance the light-matter interaction within this crystalline thin film. 

4.3 Fabrication and characterization 

4.3.1 Foreign substrate with effective photon management 

Predesigned foreign substrates allow us to use functionalized nanocavity 
structure to greatly improve the light absorption in nanometer-thin Ge films. 
The absorption depth of Ge varies from approximately 120 nm (at the 
wavelength of 700 nm) to 390 nm (at the wavelength of 900 nm), much thicker 
than our thin films. In this case, the absorption in a 20-nm-thick region is less 
than 16% in this wavelength range. To overcome this limitation of weak 
absorption, we use layered substrate that consists of a 220-nm-thick lossless 
dielectric spacer and a reflective Ag mirror to form a functionalized nanocavity 
structure (Fig. 4.5a). As shown by the solid line in Fig. 4.5b, the simulated 
absorption in a 20-nm-thick Ge membrane on a 220-nm-thick Al2O3/Ag cavity 
reaches 81% around the resonant wavelength of 733 nm. The spatial distribution 
of light absorption, obtained in a simulation based on the finite element method, 
shows enhanced absorption in the ultra-thin layer of Ge (Fig. 4.5c). In contrast, 
the absorption in ultra-thin crystalline Ge films without photon management is 
weak. For example, ultra-thin crystalline Ge films can also be fabricated using 
epitaxial growth (e.g. ref. [30], as illustrated in Fig. 4.5d). But the substrate 
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should be a Si0.75Ge0.25 buffer layer (its optical constants (n and k) is obtained 
from the semiconductor archive website [31]) to fulfill the lattice matching 
condition. Under this situation, the same Ge film only absorbs less than 10% of 
the incident light at 733 nm, as shown in Fig. 4.5e. The spatial distribution of 
light absorption in this system is shown in Fig. 4.5f, with the same color map in 
Fig. 4.5d, showing obviously weaker absorption within the 20-nm-thick Ge film. 
Therefore, the foreign nanocavity substrate can significantly enhance the optical 
absorption within the ultra-thin crystalline film, which is highly desirable for 
optoelectronic devices. 

Fig. 4.5 Absorption results of ultra-thin Ge nanomembrane on foreign substrate and its 

comparison with a traditional structure. (a) The schematic of ultra-thin Ge (20 nm) 

nanomembrane on the foreign substrate. (b and c) Absorption spectra (b) and the spatial 

distribution of the absorption (c) for the structure shown in (a). (d) The schematic of a 

traditional epitaxial Ge on Si0.75Ge0.25 buffer layer/Si substrate. (e and f) Absorption spectrum 

(e) and the spatial distribution of the absorption (f) for the structure shown in (d). The color 

bars in (c) and (f) use the same scale for direct comparison. 

4.3.2 Electronic properties of the single-crystalline nanomembrane transistor 

The schematic of a nanocavity enhanced photodetector device and its 
optical microscope image are shown in Figs. 4.6a and b, respectively. We first 
fabricated this device and measured its performance under dark and illuminated 

79 

https://Si0.75Ge0.25
https://Si0.75Ge0.25


 

 
 

          
          

              
             

            
                

         
           

            
           

              
          

             
               

           
               

              
              

              
               

          
               

 
      

         

           

         

a 
C 

0.6 
- 2.45 µW 

0.4 - 1.29 µW 
- 0.26 µW 

0.2 - 0.042 µW - -dark s tate 

1 0.0 -
~ •• b 

~ 0 .4 •• .. 
-0.2 •• •• ~0.2 ./ s 
-0.4 0 .0 • 

1 
p ine (µW ) 

-0.6 
- ltrathin Ge

-1 .0 -0.5 0.0 0.5 1.0 
Source V DS (V) 

conditions. In this experiment, we placed a 17-nm-thick p-type (gallium-doped) 
Ge nanomembrane on a 220-nm-thick Al2O3/Ag cavity and obtained an 
absorption peak at 733 nm (dotted line in Fig. 4.5b), agreeing well with the 
theoretical prediction (solid line in Fig. 4.5b). The slight difference in Ge film 
thickness should be attributed to the optical constant difference of this p-type 
Ge film. In particular, the bottom Ag film serves a dual role of mirror and gate 
electrode for this nanomembrane-based field-effect transistor device. By using 
nickel/gold (Ni/Au) as the contact electrode, we realized an ohmic-like contact 
for the photoconductor, as shown by the current-voltage (I-V) sweep results in 
Fig. 4.6c. We repeated I-V sweep under different illumination intensities by 
tuning the monochromatic 733-nm light source from 42 nW to 2.45 µW. All the 
I-V curves under dark and illumination conditions show nonlinear behavior, 
which is caused by non-ideal ohmic contacts (a potential barrier exists) of metal 
with the ultra-thin Ge. As VDS increases, more and more voltage will drop at the 
metal/Ge interface, which makes the increase of the current nonlinear. The 
photocurrent (|∆IDS|) at the bias of 1 V can be calculated by the equation |∆IDS| 

= |IDS - Idark|, where the IDS is the drain-source current under illumination and 
Idark is the dark current. We then plotted the photocurrent, |∆IDS|, as the function 
of the incident power, Pinc, illuminated on the ultra-thin Ge layer (25 µm × 50 
µm) as shown in the inset of Fig. 4.6c. From the linear fitting of the 
photocurrent with the illuminated power, we can extract the photoresponsivity 
(R) of this device to be 0.17 A/W (i.e., R = |∆IDS| / Pinc). 

Fig. 4.6 Current-voltage measurements of ultra-thin Ge photodetector in both dark and 

illuminated conditions. (a) Schematic of an ultra-thin Ge photodetector on a nanocavity. (b) 

Optical microscope image of ultra-thin Ge photodetector. Scale bar: 50 µm. (c) The I-V 

curves of the p-type Ge photoconductor under dark (black curve) and illuminated (colored 
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curves) conditions. Inset: The photocurrent shows a linear relationship with the illuminated 

power. 

One important figure of merit for metal-semiconductor-metal (MSM) 
photodetectors is the normalized photo-current-to-dark-current-ratio 
[NPDR=(|∆IDS|/Idark)/Pinc] [32]. A larger value of this parameter indicates the 
better suppression of dark current without sacrificing the photoresponsivity. 
Considering the previously reported MSM photodetector based on Ge wafers 
[33], the highest reported NPDR, to our knowledge, was 3,158 mW-1 . In 
contrast, under the bias of 1 V, the NPDR of our device is in the range of 104 

mW-1 (red dots in Fig. 4.7a), which is over one order of magnitude higher than 
the previous work. In this experiment, we first investigated the stability of the 
NPDR by increasing the incident power, Pinc. One can see that the NPDR of our 
ultra-thin Ge sample is relatively stable in the power range from 42 nW to 2.45 
µW (Fig. 4.7a). For comparison, we also plotted the NPDR of a previously 
reported 2D material device based on MoS2 (blue dots) [34]. This device has an 
NPDR with a significant change, from a value of 6.37×104 mW-1 at the low 
incidence power to 2.39×103 mW-1 (i.e., one order of magnitude lower) when 
the incidence power reaches the µW level [34]. This drop was attributed to the 
saturation of the trap states with increased light intensity. Therefore, the stable 
NPDR of our nanocavity sample in the investigated incidence power range 
demonstrates the high quality of the single-crystalline Ge nanomembranes. 

Fig. 4.7 (a) Calculated normalized-photocurrent-to-dark current ratio (NPDR) with the 

illuminated power, and its comparison with a MoS2 photodetector. (b) Dark current of Ge 

membranes with different thicknesses (i.e., 360 nm, 300 nm, 250 nm, 75 nm, 50 nm and 20 

nm) under the bias of 1V. (c) NPDR comparison between the Ge photodetectors with and 

without nanocavity structure (GeOI based). 

In addition to the stability of NPDR, the enhanced NPDR compared with 
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previous report [33] can be attributed to two mechanisms. The first one is the 
suppression of the dark current, Idark, introduced by the ultra-thin Ge film. In 
order to verify the suppression, we fabricated photoconductors with various Ge 
thicknesses and measured their dark currents. As shown in Fig. 4.7b, the dark 
current at the bias of 1 V decreases from mA to nA level as the Ge thickness 
reduces from 350 nm to 20 nm. The drastic drop of the dark current when the 
thickness of Ge films decreases down to ~20 nm is caused by the effect of 
depleted charges in ultra-thin films [35]. Generally, ultra-thin Ge 
nanomembranes intrinsically bring about low absorption, which limits the 
photocurrent, |∆IDS|, and thus results in a relatively small NPDR. By introducing 
the foreign nanocavity, however, the absorption will be significantly enhanced, 
corresponding to enhanced photocurrent, which is the second reason for the 
improved NPDR. To better reveal the dependence of NPDR on absorption, we 
fabricated another photodetector constituted by a GeOI structure. The thickness 
of the SiO2 in the GeOI sample is 1 µm. Since the thickness of the Ge film is 
similar to that in the nanocavity sample (i.e., 20 nm), the dark currents of the 
two samples were suppressed to a similar level. Fig. 4.7c shows the comparison 
of NPDR between these two photodetectors. One can clearly see that, under the 
same bias, the nanocavity sample delivers one order of magnitude higher NPDR 
(i.e., ~ 4×104 mW-1) than that of the GeOI sample (~ 3×103 mW-1). On the 
respect of absorption, the absorption in the Ge layer of the nanocavity sample is 
81% (see Fig. 4.5b), which is also one order of magnitude larger than that of the 
GeOI sample (6.1%, based on our simulation), demonstrating the contribution 
of the enhanced absorption to NPDR. Furthermore, the gate-controlled 
performance of the phototransistors also takes advantage of the high absorption, 
as will be analyzed in the next paragraph. 

To further interpret the electronic properties of the single-crystalline Ge 
nanomembrane transistor, we then characterized the dark drain-source current, 
|IDS|, of the device with the 17-nm-thick Ge film (discussed in Figs. 4.6 and 4.7) 
as the function of the gate voltage, VGS, under VDS of -1 V. As shown by the 
dashed blue curve plotted in the log scale in Fig. 4.8a, the ultra-thin transistor 
shows ambipolar behavior. By extrapolating the linear portion of the IDS -VGS 

curve in the linear scale (red solid curve), one can extract the threshold voltage 
of the transistor, VTH. Furthermore, one can estimate the hole field-effect 
mobility, µp, using the equation µp=(L/W)Cox 

-1
VDS 

-1
(∂IDS/∂VDS), where L and W 

are the Ge nanomembrane channel length and width (i.e., 25 µm and 50 µm), 
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respectively; Cox is the gate capacitance per unit area of the Ge/Al2O3/Ag 
system (i.e., 3.647×10-8 F/cm2), determined by the expression 
Cox=εox/tox=εoεAl2O3/tAl2O3. Here εo is the vacuum absolute dielectric constant (i.e., 
8.85×10-12 F⁄m), εAl2O3 is the relative Al2O3 dielectric constant (i.e., 8.1 for 
evaporated Al2O3 layer [36]) and tAl2O3 is the thickness of the Al2O3 layer (i.e., 
220 nm). As a result, the maximum µp of this 17-nm-thick Ge membrane 
transistor can be estimated to be ~148.1 cm2V-1S-1 in the linear portion when 
VGS varies from -5 to -7.5 V (as indicated by the black line in Fig. 4.8a). This 
value is among the best reported results [37-42] due to the single crystalline 
material quality. Intriguingly, this nanocavity manipulated device has unique 
properties on its gate-controlled responses, as will be discussed next. 

Fig. 4.8 Measurements of ultra-thin Ge phototransistor and its analysis. (a) Transfer curves 

(VGS -IDS) of the ultra-thin Ge transistor. (b) Photoresponsivity and VDS -IDS curves of the 

ultra-thin Ge phototransistor under the illumination power density of 140.8 mW/cm2. The 

peak photoresponsivity is 4.7 A/W. (c) (Upper panel) Ultra-thin Ge transistor photocurrent 

(|∆IDS|) as a function of VGS under various power conditions: 3.36 mW/cm2 (purple), 20.8 

mW/cm2 (green), 140.8 mW/cm2 (orange) and 343.2 mW/cm2 (red), respectively. (Lower 

panel) Trans-conductance (|Gm|) of ultra-thin Ge transistors. (d) Comparison of threshold 

voltage change (∆VTH) of the ultra-thin Ge phototransistor with that of the epitaxial based 
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III-V phototransistor. The measured ∆VTH values are obtained by subtracting the threshold 

voltages extracted from the VGS -IDS curves under the illuminated and the dark conditions. The 

solid curve is plotted using the empirical equation for ∆VTH. 

To reveal the gate-controlled optical response of this device, we then swept 
the VDS under different VGS in a steady optical incidence condition of 140.8 
mW/cm2. As shown in Fig. 4.8b, the photocurrent |∆IDS| increases as VGS 

decreases from -2 to -6 V. Particularly, when VDS = -1.5 V and VGS = -6 V, the 
photoresponsivity is 4.7 A/W, which is 27.6 times larger than the responsivity of 
0.17 A/W under zero gate voltage. This enhancement can be attributed to the 
photogating effect which plays a dominant role in many nanostructured devices, 
especially in nanowires [43], quantum dots [44] and 2D-material-based 
photodetectors [45]. However, in most aforementioned devices, the photogating 
effect relies on trap states in nanostructured materials, acting as localized states 
in the photodetecting channel. The trap-state-mediated photogating effect limits 
the reproducibility of the photodetector performance since the number of trap 
states cannot be controlled precisely in the fabrication process. Moreover, the 
saturation of the trap states under strong incident power usually resulted in 
decreased gain [46]. 

In contrast, the photogating effect in our developed cavity-manipulated 
ultra-thin nanomembrane phototransistor is majorly due to the high optical 
absorption and corresponding photo generated carriers confined within the 
ultra-thin Ge films. The high absorption at the desired wavelength can be 
precisely controlled by tuning the thickness of either Ge or Al2O3 layers. The 
absorbed photons generate carriers confined in the Ge channel, and therefore, 
resulting in the improved photoconductivity. To reveal the photo gating effect 
quantitatively (i.e., |∆IDS| = |Gm|∆VTH [47], where ∆VTH is the photon-induced 
change of the threshold voltage), we then analyze the relation of the photo 
current, |∆IDS|, with the device trans-conductance |Gm|, (|Gm|=|∂IDS/∂VGS|) which 
can be extracted from Fig. 4.8a, as shown in the lower panel of Fig. 4.8c. In this 
experiment, we swept the gate voltage VGS under VDS at -1 V, and extracted 
|∆IDS| resulted from ∆VTH under different optical illumination conditions, as 
shown by the curves in the upper panel of Fig. 4.8c. One can see that these 
|∆IDS|-VGS curves are consistent with the |Gm|-VGS curve, confirming that the 
gate controlled photo current results from the photo gating effect [47]. 

In addition, the photo gating effect expression (i.e., |∆IDS| = |Gm|∆VTH) 
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shows that with a given VGS, a bigger change of threshold voltage, ∆VTH, leads 
to a larger photo current, |∆IDS|. To compare our device with a typical 
phototransistor based on epitaxial-grown high-quality III-V materials with 
similar photo gating effects (e.g. ref. [48], which does not rely on trap states 
either), we extracted the ∆VTH of both devices in Fig. 4.8d. One can see that the 
∆VTH of our single crystalline Ge-membrane-based device (red dots) are three 
orders of magnitude larger than those of the III-V phototransistors (blue dots). 
According to the empirical equation to describe the photo-gating-induced ∆VTH 

(i.e., ∆VTH=(nkT/q)×ln[1+(ηqPinc)/(Idarkhυ)] from ref. [48]), one can relates the 
incident power (Pinc) with ∆VTH, as shown by the red curve in Fig. 4.8d. Here, n 

is an empirical constant for fitting (n=8.94 obtained by the least squares 
method), k is the Boltzmann constant (1.38×10-23 J/K), T is the temperature (300 
K), h is the Planck constant (6.63×10-34 J·s) and υ is the frequency of light 
(4.09×1014 Hz, corresponding to 733 nm). The excellent fitting confirms that the 
large ∆VTH is contributed by the strong absorption (η) due to the nanocavity, and 
the effective suppression of dark current (Idark) owing to the ultra-thin Ge 
channel. As a result, the ultra-thin-Ge-based phototransistor can generate a 
stronger signal than traditional III-V based device with a similar 
trans-conductance. This enhanced photocurrent holds promise in improving the 
performance of thin film photodetectors, especially as pixels of sensor arrays 
and imagers are increasingly miniaturized [49]. Intriguingly, the absorption 
enhancement resonance can be manipulated by controlling the nanocavity 
structure, which will enable the development of new multi-spectral sensing on 
the same chip. 

4.3.3 Spectral response and tunability 

The ultra-thin thickness, in addition to its benefit in electrical properties, 
also provides a new optical functionality for multi-spectral sensing because its 
response exhibits strong spectral tunability. To demonstrate this tunability, here 
we fabricated a series of nanocavity manipulated photodetectors by changing 
the thickness of Ge membrane on the same 220nm-Al2O3/Ag cavity. Fig. 4.9a 
shows the experimentally measured light absorption spectra of these samples. 
As the thickness of Ge film increases from 6 to 40 nm, the wavelength of the 
absorption peak changes from 715 to 862 nm, agreeing very well with 
numerical simulations in Fig. 4.9b. To demonstrate the spectrally tunable 
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photoresponse, we further measured the photocurrent spectra for three 
photodetectors with their Ge thicknesses of 12 nm, 17 nm and 26 nm, 
respectively, as shown in Fig. 4.9c. In this experiment, a supercontinuum laser 
coupled with a monochromator was used as the light source. The 
photoresponsivity of all devices were measured under the same bias voltage of 1 
V. In Fig. 4.9c, the simulated light absorption spectra are also plotted by solid 
curves, showing excellent agreement with the measured photocurrent 
responsivities (dots) and demonstrating the spectral tunability. Therefore, a 
multi-spectral ultra-thin Ge photodetector array is realizable by transferring 
different crystalline Ge membranes onto the predesigned nanocavity substrate. 

Fig. 4.9 Absorption measurements of ultra-thin Ge sample with varying thickness (from 6 to 

40 nm) on the same chip and the spectral photocurrent response. (a) Absorption spectra 

measured by Fourier Transform Infrared spectroscopy (FTIR) of ultra-thin Ge sample, as the 

peak wavelength becomes larger the Ge nanomembrane thickness changes from 6 to 40 nm. 

(b) Simulated absorption spectra of ultra-thin Ge nanomembranes on 220-nm-thick Al2O3/Ag 

nanocavity substrate. (c) Left axis: photoresponsivity (A/W) results of three different samples 

on 220-nm-thick Al2O3/Ag substrates. The thicknesses of Ge films are (from top to bottom) 

12 nm, 17 nm and 26 nm, respectively. Right axis: simulated absorption spectra of these four 

samples, the structure parameters are used as mentioned above, the simulation is based on 

full-wave Maxwell’s equations. 

4.4 Summary 

To sum up, we developed a nanocavity-enhanced single-crystalline Ge 
nanomembrane photodetector. The fabrication processes successfully thinned 
down the Ge films to as thin as ~10 nm and maintained the single-crystalline 
material quality of nanomembranes. The photoresponsivity could reach up to 
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4.7 A/W, resulting from the enhanced absorption and gate modulation. Due to 
the significantly reduced volume of the active material, the dark current was 
reduced significantly. Along with the increased photocurrent due to the 
enhanced optical absorption within Ge nanomembranes, the NPDR as high as 
~105 mW-1 was realized. The NPDR of our device also exhibited a better 
stability under stronger incident power than that of 2D material devices, mainly 
due to the great material quality of the single-crystalline Ge nanomembranes. 
Furthermore, by characterizing the gate-controlled performance, the device 
physics of this ultra-thin film photodetector were analyzed showing obvious 
photo gating effect. The enhanced absorption and confinement of the carriers 
lead to a large change of threshold voltage and thus enhanced photoconductivity. 
By integrating the Ge membranes (10 ~ 30 nm) with predesigned nanocavities, 
we demonstrated spectrally tunable thin-film phototransistors. Importantly, due 
to the CMOS compatible processes, the proposed single-crystalline Ge 
membrane ultra-thin-film transistors can be fabricated over large scale (e.g. 
wafer scale), which is superior over current 2D-material-based optoelectronic 
devices and can be a competitive building block for the next generation 
functional electronic/optoelectronic circuit. 
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CCChhhaaapppttteeerrr 555Chapter 5 

CONCLUSION 

In summary, we proposed a strategy to enhance the light-matter interaction 
of ultra-thin films based on strong interference effect in planar nanocavities, and 
overcome the limitation between optical absorption and the ultra-small 
thickness. 

A theoretical investigation of the physics and mechanisms of nanocavities 
were first performed. The spacer layer tunes the phase of the reflection 
components and thus they meet the destructive interference condition. Partially, 
by exploring the role of spacer layers with different thicknesses and optical 
constants, we demonstrate that a nanocavity with an air spacer layer placed 
between a 2D monolayer and an aluminum reflector layer will enhance the 
light-matter interaction, leading to, for example, stronger exclusive absorption. 
The light-matter interaction can also be manipulated via controlling the 
polarization and angle of incidence. 

It was experimentally revealed that the optical absorption of the ultra-thin 
film can be enhanced significantly at the resonant wavelength on predesigned 
nanocavities. We also demonstrated enhanced photoluminescence generated 
from MoS2 monolayers coupled with a planar nanocavity. Interestingly, the 
nanocavity also modifies the spontaneous emission rate, providing an additional 
design freedom to control the interaction between light and two-dimensional 
materials. Besides, relied on the concept of dispersion topological darkness, 
nanocavities can realize multi-wavelength zero-reflection points for both 
polarization states on the same chip, making it possible to develop practical 
applications using abrupt phase change and complete light absorption for 
label-free optical sensing and enhanced light-matter interaction within ultra-thin 
film systems. 

Over the past decades, researchers have managed to reduce the volume of 
photoactive materials in solar cells and photodetectors by orders of magnitude. 
However, two issues arise when one continues to thin down the photoactive 
layers to the nanometer-scale, e.g. < 50 nm. First, light-matter interaction 
becomes weak, resulting in incomplete photon absorption and low quantum 
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efficiency. Second, it is difficult to obtain ultra-thin materials with 
single-crystalline quality. 

Based on the understanding of nanocavities, we developed a 
single-crystalline nanomembrane photodetector with better performance. It uses 
conventional bulk semiconductor wafers, to realize single-crystalline films on 
foreign substrates that are designed for enhanced light-matter interaction. As the 
volume of photoactive material decreases, potential optoelectronic performance 
improves, including the operation speed, the signal-to-noise ratio, and the 
internal quantum efficiency. These single-crystalline nanomembrane 
photodetectors also exhibit unique optoelectronic properties such as the strong 
field effect and spectral selectivity. 

Importantly, when combined with different ultra-thin absorptive materials 
(e.g. semiconductors, metals and 2D materials), this nanocavity strategy will 
pave the way towards highly efficient optoelectronic, energy harvesting, 
conversion and surface photocatalysis applications and enable the development 
of new ultra-thin and/or atomically thin film active devices. 
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1. Spontaneous emission rate modification by nanocavity structure 

The presence of a nanocavity can modify the emission rate of a radiating 

dipole [A1]. The radiative decay rate of the dipole is given by Eq. 1. In order to 

determine the electric field at the dipole position, the boundary conditions 

across each interface must be satisfied. Our calculation model is shown in Fig. 

3.15. The boundary conditions require that εΠ , εΠ , ε ∂Π ∂z , andz x x 

∂Πx ∂x + ∂Πz ∂z are continuous, where Π is the Hertz potential and ε is the 

permittivity. For a dipole perpendicular to the interface, this leads to a Hertz 

potential with only the normal component (i.e., Π = ẑΠz ), whereas for a dipole 

parallel to the interface ( x̂ direction) the corresponding Hertz potential contains 

both the normal and the tangential components (i.e., Π = x̂Π + ẑΠ ).x z 

We have developed a matrix formalism to calculate the Hertz potential. Let 

us first consider the perpendicularly oriented dipole. The boundary conditions at 

an interface between two media can be described by the following interface 

matrix I1
•

2: 

, (A1) 

where Π + and Π − represent the Hertz potential component propagating in the 

positive and negative z direction, respectively. n is the refractive index, r║ and t║ 

are the p-polarized Fresnel reflection and transmission coefficients [A2]. 

Subscripts 1 and 2 denote the two media under consideration. 
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In a uniform medium, the Hertz potential can be described using a 

propagation matrix P: 

+ ik d + +Π  e 0  Π  Π  
z=d z=0 z=0

 −  =  
z 

−ik d   −  = P  −  , (A2) 
Π 0 e Π Π z=d   z 

  z=0   z=0  

with kz as the z-component of the wave vector in the medium and d the distance 

travelled in the z direction. 

Finally, the Hertz potential across a source dipole positioned at origin can 

be described by the following relationship: 

 po  
i+ +  Π +  Π  2ε kzz=0 z=0   −  =   + , (A3) 

+ Π  p Π 
z=0   

− 
z=0 

−i o 

2ε k z  

where 0+ and 0- denote the limit of approaching to z=0 from the +z and –z 

directions, respectively, and p0 is the source dipole moment. 

We model the dipole as positioned in air just above the MoS2 layer (Fig. 

3.15). The Hertz potential can then be calculated from the nanocavity structure 

consisting of air, MoS2, Al2O3 (denoted as ox) and Al (denoted as mt), by 

concatenating each interface and propagation matrix for each material in the 

cavity as well as utilizing the boundary condition across the source. Because 

there is no Π + in air, and no Π − in the metal (i.e., no external input), the 

system can be described by the following equation: 

 ipo  
+  Πmt   0  2εokzIair→MoS PMoS IMoS →oxPoxIox→mt   =  −  +   , (A4) 

 0  ΠMoS   −ipo 
2 2 2 

2  2ε k o z  
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where kz is the z-component of the wave vector in air and ε is the permittivity o 

in air. Applying Eqs. A2 and A3 into A4, and solving for the potentials, the 

effective electric field produced by the dipole source at the source location can 

be calculated as 

3 1 
⊥ − 3E0eff = k 

∫Πairu du , (A5) 
2π 

0 

where k is the wave vector, u = k k is the normalized tangential wave vector x 

component. Similarly, a dipole parallel to the interface can also be analyzed. 

Note that in this case the Hertz potential of the parallel dipole contains both the 

normal and tangential components. The interface, propagation, and source 

boundary matrices are given below, calculated similarly to the perpendicular 

case: 

, (A6) 

 Π   Π   Π z+ z=d z+ z=0 z+ z=0
  ik d    e 0 0 0 Π z Π Π z− z=d   z− z=0   z− z=0  −ik dzk   0 e 0 0   k  k  

x x x
 Πx+ z=d  =    Πx+ z=0  = P  Πx+ z=0  , (A7) 
 ko  0 0 eik d 0  ko   ko  

z 
 

  −ikzd    k   k kx 0 0 0 e x x Πx− z=d     Πx− z=0   Πx− z=0  
 k   k   k  o   o   o  
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 Π   Π  0 
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k 
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k ip     x 0kx kx   − 

 Π 
x− z=0+   Π 

x− z=0−   k0 2kz ε k k o   o  

As before, r║ and t║ are the p-polarized Fresnel reflection and transmission 

coefficients and r┴ and t┴ are the s-polarized Fresnel reflection and transmission 

coefficients [A2]. kx is the x-component of the wave vector. The Hertz potentials 

can thus be determined through following equation: 

 Π z+ mt 
  

1 0 0 0  Π z− MoS2
   0 0 0 0 kI P I P I   x air→MoS MoS MoS →ox ox ox→mt Π2 2 2 x+ mt 0 0 1 0  k  
   o 0 0 0 0   kx Π 

k x− MoS2 
 o  . (A9) 

 0  Π z+ mt    0
0 0 0 0  Π   z− MoS  
0 1 0 0  

2 

  ipokx 
 

k  =    x  + 
k 

Πx+ mt  2εokok 0 0 0 0   z MoS2
    o 
0 0 0 1  k  −ip k  x  o xΠx− MoS2    2ε k k ko   o o z MoS 2 

The x-component of the effective electric field at the dipole location is 

given by 

. (A10) 

For an isotropically oriented dipole, the emission rate can typically be 

calculated as γ = γ ⊥ 3+ 2γ || 3 [A3], where the superscripts ( ) denote the 

perpendicular and the parallel dipole respectively. The relative radiative rates 

(normalized to γ ) for a perpendicular, parallel, and isotropic dipole in MoS20 
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nanocavity substrate are plotted in Fig. A1. Values plotted are integrated across 

the normalized collected MoS2 PL spectrum (600nm-780nm) to calculate the 

entire emission spectrum of the dipole. When calculating the total PL 

enhancement of the MoS2 monolayer on the nanocavity substrate, only the 

emission rate of the parallel dipole (Fig. 3.14a) is considered. This is due to the 

perpendicular dipole having much lower collection efficiency compared to the 

parallel dipole when using a 0.55 NA lens and the in-plane dipole emission 

being several orders of magnitude larger than that of the out-of-plane dipole 

(Fig. 3.17). This can be further inferred by comparing the measured PL data 

with the calculated PL enhancement (Fig. A1b). The isotropic dipole based 

calculation does not agree with the measured data as well as that using only the 

parallel dipole. 

Fig. A1 (a) Normalized emission rate (γ/γ0) for a perpendicular, parallel, and isotropically 
oriented dipole in MoS2 in the nanocavity structure. (b) Effective emission rate of MoS2 in 
nanocavity substrate for isotropic and parallel oriented dipoles. 
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