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摘要 
本文的第一個主題是從理論和實驗探討銀薄模上菱形晶格週期性圓型孔洞

的異常性穿透現象及其對電漿子熱幅射器幅射頻譜的影響，當銀/矽模態波長夠

長使得銀/矽模態和銀/空氣模態不耦合時，銀/矽模態的穿透強度由其簡併模態

的數目決定；在銀/矽模態和銀/空氣模態耦合的短波長區，銀/矽模態的峰值將

因藕合而變得不明顯。對於菱形晶格電漿子熱幅射器而言，其幅射峰值的強度為

黑體幅射強度乘上表面金屬的穿透效率，穿透效率正比於簡併模態的數目。本文

的第二個主題是將電漿子熱幅射器的厚度增加到微米等級以分析反射頻譜和幅

射頻譜中的共振腔模態，發現共振腔膜態也會如同表面電漿子般的和表面週期性

孔洞耦合產生布拉格散射共振腔模態；本文提出了隨機孔洞分布型共振腔熱幅射

器打亂表面的週期以消除和週期有關的表面電漿子模態和布拉格散射共振腔模

態以實現窄頻純頻譜的中紅外光共振腔型熱幅射器，並藉由改變孔洞的大小發現

了孔洞的存在將導致了侷域型共振腔模態和 Fabry-Peort 孔洞振盪模態的產

生，雖然小孔洞的隨機孔洞分布型共振腔熱幅射器可以提供純淨的幅射頻譜，其

輸出強度卻受限於低密度的孔洞總面積而相當的弱。據此，本文提出了另一種新

穎的短週期孔洞陣列型共振腔熱幅射器以解決輸出強度的問題：高輸出強度、純

淨的幅射頻譜、可在高溫下穩定的操作、低半高寬的幅射峰值和微弱的非理想效

應效像是侷域型共振腔模態或 Fabry-Perot 孔洞振盪模態可以同時被達成，而

且只要改變共振腔的厚度即可決定不同波長的幅射峰值。 
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Abstract 

In this first topic of this thesis, the extraordinary transmission characteristics of 

silicon substrates with a silver film on top perforated with hole array arranged in a 

rhombus lattice are investigated in theory and experiment. It is found that the 

transmissions of Ag/Si modes are approximately linearly dependent on the numbers of 

degenerated modes in the longer wavelength range where the couplings between 

Ag/Si and Ag/air modes are weak. In the shorter wavelength range where Ag/Si and 

Ag/air are coupled together, the transmission peaks of Ag/Si modes are unapparent 

due to modes coupling. For plasmonic thermal emitters (PTEs) with hole array 

arranged in rhombus lattice, the peak intensities follow the blackbody radiation curve 

multiplying transmission efficiency of the top metal film which is dependent on the 

numbers of degenerated modes. In the second topic of this thesis, the SiO2 thickness 

of PTEs is increased to the order of μm to investigate cavity modes in the reflection 

and emission spectra, it is found that cavity modes (CMs) would be scattered by the 

periodic hole array and result in many Bragg scattered CMs in the spectra. Cavity 

thermal emitters (CTEs) with randomly distributed hole array (RDHA) are proposed 

to eliminate Bragg scattered CMs and Ag/SiO2 SPPs modes to realize narrower-band 

mid-infrared thermal emitters with purer spectra. The influence of hole size to the 

CMs is also investigated, it is found that larger scattering of light through larger 
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surface hole array would form the localized CMs (LCMs) and Fabry-Perot hole shape 

resonance (FP hole) modes. Although CTEs with RDHA can offer pure emission 

spectra if the hole size is small, their output intensities are very weak due to low 

density of total hole area. Novel CTEs with short period of hole array (SPHA) are 

proposed to overcome the intensity problem. High output intensity, pure emission 

spectra, high temperature operation, narrow full width half maximum of emission 

peaks and low non-ideal effect such as LCMs and FP-hole modes and could achieve 

simultaneously. The wavelengths of emission peaks are tunable by the thickness of the 

cavity. 
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Chapter 1  Introduction 
1.1 Extraordinary transmission and surface 

plasmons polaritons 

Optical transmission through a single aperture, such as slit and hole in an 

opaque screen, has been studied for years. In 1944, Hans Bethe [1] derived an 

analytical expression which tells that for a single hole perforated in the thin metal film 

with diameter r, the transmission ratio of light normalized to the hole area in the 

normal direction is 

44

2

64(kr) r( ) 374.3
27π λ

T λ ⎛ ⎞= ≈ ⎜ ⎟
⎝ ⎠

 (1.1) 

where k= 2π/λ  is the wavector of incident light, λ is the wavelength of incident light. 

According to this standard diffraction theory, it has been thought that 

subwavelength hole have a very low transmission ratio since the transmission is 

proportional to 4(r/λ) . However, in 1998, Ebbesen et al. [2-3] had reported that metal 

films perforated with two-dimensional subwavelength periodic hole arrays exhibit 

extraordinary transmission (EOT) which exceeded the prediction of Eq. (1.1) resulting 

from resonant excitation of surface plasmons polaritons (SPPs). Even more, the 

transmission ratio normalized to the hole area is larger than 1, the flux of photons per 

unit area emerging from the hole is larger than the incident flux per unit area of hole.  

SPPs, first reported by Ritchie [4-5] in the 1950s, are electromagnetic 
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excitations that propagate along a dielectric/metal interface. These waves are trapped 

on the interface and decay rapidly away the interface. Grupp et al. [6], provide direct 

evidence that the enhanced transmission through subwavelength apertures is mediated 

by SPPs on metal surface.  

For circular hole surrounded by concentric grooves and single slit surrounded 

by periodic parallel grooves in a metallic film, the emitted light from such apertures 

concentrate in a specific direction with a constrained range of angles instead of 

diverging in all directions, which supports the highly directional beaming nature of 

SPPs [7-9]. If the period of the corrugation is appropriate, the SPPs can Bragg reflect 

and interfere with themselves, which result in an energy gap in the SPPs dispersion 

relation [10-11]. The momentum conservation of SPPs and light through periodic 

perforated hole arrays [12] has elucidated the propagation of SPPs. When light 

impinges on perforated metal films, localized surface plasmons (LSPs) result from the 

individual hole-shape resonance will shift the wavelength of emission peak and affect 

the transmittance [13-16]. As the sizes of the perforated apertures become smaller 

than the thickness of the metal film, a transition from SPP mode to waveguide 

resonance mode was observed [17]. In addition, the combined effects of SPP and 

Fabry-Perot resonances determined by the thickness of perforated metal film have 

been studied in the THz region theoretically and experimentally [18-19]. According to 
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theoretical analyses, if the perforated metal film has symmetric interfaces, then SPPs 

at the top and the bottom interfaces are coupled via evanescent waves [20,21], which 

consistent with the theorem of spoof SPPs what Pendry et al. [22] discovered three 

years later. The theorem of spoof SPPs states that metal films perforated with an array 

of subwavelength and sub-period holes can be viewed as an effective metals with a 

plasma frequency equal to the cut-off frequency of holes which is much lower than 

the plasma frequency of original metals. This spoof low plasma frequency offer 

higher confinement of SPPs in the dielectric and longer decay length of SPPs inside 

the holes, strong SPPs can exist in such artificial metals This explained why the EOT 

can still be observed in the terahertz and microwave region [23, 24] where traditional 

theorem of SPPs believe that at such low frequency only highly delocalized 

Sommerfeld-Zenneck surface wave [25-27] but SPPs can exist in the metal/dielectric 

interface. It solved the long-term question how such weak SPPs in terahertz and 

microwave contribute strong extraordinary light transmission. 

EOT can be applied in the fields of subwavelength photolithography [28-29], 

solar cell [30-31], quantum dot infrared photodetector [32], biosensor [33], channel 

waveguide [34], modulator [35], tunable light sources/filters [36, 37] and plasmonic 

thermal emitters [38-41]. 
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1.2 Infrared thermal emitters 

 Mid-infrared light source is important in the fields of gas sensing, free space 

optical communication, healthcare, missile countermeasures and biomedicine [42-43]. 

Blackboday radiation is a good mid-infrared light source since maximum intensity of 

radiation located at the wavelength of 5μm  is in the temperature around 300o C 

according to Wien’s law. The physical, chemical and optical properties of most optical 

materials in this temperature are stable. A simple optical filter combined with a hot 

source can filter out unwanted parts of blackbody radiation and form a stable 

mid-infrared light source without complex quantum structures, epitaxy and expensive 

cooling equipments which are needed in the infrared semiconductor laser [42]. 

 Infrared thermal light sources with filters structures to tailor the thermal radiation 

spectra had been studied for long time from one dimensional to three dimensional 

theoretically and experimentally [38-41, 44-50]. Among them, emitters which use 

lossless dielectric distributed Bragg reflectors (DBR) as the filters [44-46] may be 

thought to the best structures since low full width half maximum (FWHM) and high 

power output can be achieved simultaneously. However, it is hard to use these 

structures in mid-infrared since the emissivity of most optical materials is not small in 

the mid-infrared [51]. For example, SiO2, a common optical thin film material, have 

large extinction coefficient (k) around 10μm [52] contributed from strong phonon 
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vibration [53] makes it impossible to be the material of DBR without strong thermal 

radiation. 

 An alternative approach to form the filters without strong emissivity is to use 

metals perforated with hole arrays whose emissivity are low. This kind of thought was 

realized by Tsai et al. [38-41] as plasmonic thermal emitters using thin dielectric as 

the emission source. The emissivity of thin dielectric sandwiched between two metals 

can be enhanced greatly [54] by the additional dipole radiation in the cavity [55-56]. 

1.3 The motivations of the research in this 

thesis 

The emission spectra of tri-layer Ag/SiO2/Ag plasmonic thermal emitters (PTEs) 

with top Ag layer perforated with holes array in square and hexagonal lattice had been 

investigated in the previous works [38-41]. However, for two dimensional lattice, 

square and hexagonal lattices are the special case of a rhombus lattice with specific 

lattice angleθ=90o and 60o. It is interesting to know how emission spectra changes 

when θ changes from 90o to 40o by 10o step. Besides, the intensity distribution of 

various emission peaks was not known either.  

Tsai et al. [41] had point out that once the thickness of SiO2 becomes thicker than 

1.3μm, not only SPPs mode but also parallel-plate waveguide mode (which is also 

known as Fabry-Perot resonance mode or simply cavity mode) would appear in the 



 

 6

emission spectra. However, not all peaks can be explained satisfactorily by the 

traditional theorem of surface plasmon polaritons or waveguide modes. Besides, the 

red shift of emission peaks were also observed but the reason was not clear. These 

questions are the major goal of research in this thesis. 

1.4 Frameworks of this thesis 

The contents of this thesis are outlined as follows.  

In this chapter 2, the basic theorem of SPPs and the excitation of SPPs using 

grating coupling will be introduced. Next, the basic theorem of extraordinary 

transmission of light through subwavelength periodic hole arrays and the basic 

operating principle of PTEs will be introduced. Finally, the fabrication processes and 

the measurement systems will be elucidated. 

In chapter 3, the transmission characteristics of silicon substrates with silver 

films on top perforated with hole array arranged in a rhombus lattice have been 

investigated, it is found that the transmission of Ag/Si modes are approximately 

linearly dependent on the numbers of degenerated modes in the longer wavelength 

range where the couplings between Ag/Si and Ag/air modes are weak. In the shorter 

wavelength range where Ag/Si and Ag/air are coupled together, the transmission 

intensities are approximately constant without apparent peaks in the wavelength range 

longer than the Ag/air modes and decay rapidly in the wavelength smaller than the 
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Ag/air modes due to asymmetric slope of the Ag/air mode in the spectra. PTEs with 

rhombus lattice had been investigated experimentally and theoretically either. Only 

hexagonal lattice produce the strongest radiation peak due to largest degenerated 

modes. The peak intensities follow the blackbody radiation curve multiplying 

transmission efficiency of the top metal film which is dependent on the numbers of 

degenerated modes. 

In chapter 4, the emission spectra of PTEs with oxide thickness of 0.55, 2 and 

2.6μm  were investigated, a new model was developed to successfully explain and fit 

the experimental results which are not able to explain well in the past [41]. According 

to this new model, CTEs with randomly distributed hole arrays (RDHA) are proposed 

to offer pure cavity mode radiation spectra with small full width at half maximum 

(FWHM) which are better than those of the traditional PTEs. However, the low output 

intensity due to low density of holes is its drawback. The influence of hole size to the 

emission peaks and reflection spectra was investigated either. In order to overcome 

the problem of low output intensity, novel cavity thermal emitters with short period 

were invented to overcome this problem; high output intensity, low FWHM and pure 

emission spectra can be realized simultaneously. 

Finally, the conclusions are given in chapter 5; the mathematical derivations of 

gratings coupling are given in Appendix.  
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Chapter 2  The Fundamental theorem 
In this chapter, the basic theorem of surface plasmon polaritons (SPPs), 

excitation of SPPs using grating coupling will be introduced. Next, the basic theorem 

of extraordinary transmission of light through subwavelength periodic hole array and 

the basic operating principle of plasmonic thermal emitters will be introduced. Finally, 

the fabrication processes and the measurement system will be elucidated. 

2.1 The fundamentals of surface plasmon 

polaritons 

2.1.1 Surface plasmon polaritons at a single smooth 

interface 

2.1.1.1 Transverse electric (TE) mode 

First, assume that surface waves of transverse electric (TE) mode can exist in the 

interface (z=0) of the metal and dielectric and decay rapidly away the interface as 

shown in Fig. 2.1(a) and (b). The electric fields components in Cartesian coordinates 

can be described as follow. 

For z>0 

( )( , , ) d xdk z i k x t
y dE x z A e e ωω − −=  (2.1) 

and for z<0 

( )( , , ) m xmk z i k x t
y mE x z A e e ωω −=   (2.2) 
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where Re[ ]dk >0 and Re[ ]mk >0 indicate the fact that surface waves decay rapidly 

away the interface. dA  and mA  are constants. xdk  and xmk  denote as 

propagation constants of the traveling waves in dielectric and metal respectively. 

Both xE  and zE  are zero in the dielectric and metal for TE mode. Let the materials 

in Fig 2.1 (a) be homogeneous, that is, the complex relative dielectric constant rε , 

complex relative permeability rμ , xdk , xmk , dk  and mk  are all independent of 

positions (x, y, z). 

Substituting Eqs. (2.1) and (2.2) into Maxwell equation 0 rE j Hωμ μ∇× = − , 

the magnetic fields of both regions can be obtained 

For z>0 

0

1( , , ) xd dik x k z
x d d

rd

H x z iA k e eω
ωμ μ

−= −  (2.3) 

0

( , , ) xd dik x k zxd
z d

rd

kH x z A e eω
ωμ μ

−=  (2.4) 

and for z<0 

0

1( , , ) xm mik x k z
x m m

rm

H x z iA k e eω
ωμ μ

=  (2.5) 

0

( , , ) xm mik x k zxm
z m

rm

kH x z A e eω
ωμ μ

=  (2.6) 

where 0μ  is the permeability in the vacuum; rdμ and rmμ are the relative 

permeability of dielectric and metal respectively. 
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The following boundary conditions of Maxwell equations should be satisfied at 

the interface (z=0) 

Ey continuity Eq. (2.1) Eq. (2.2)=  (2.7) 

Hx continuity Eq. (2.3) Eq. (2.5)=  (2.8) 

Solving Eq. (2.7), Eq. (2.8) and let 1rd rmμ μ= =  for non-magnetic materials, the 

solutions of above equations are 

xd xmik x ik x
d mA e A e=   (2.9) 

xd xmik x ik x
d d m mA k e A k e− =  (2.10) 

Substituting Eq. (2.9) into Eq. (2.10) yields 

( ) ( ) 0xm xdik x ik x
m d m d d mA e k k A e k k+ = + =  (2.11) 

Since Re[ ]dk >0 and Re[ ]mk >0, the only solution of Eq. (2.11) is 0m dA A= =  

and the electromagnetic fields intensity from Eq. (2.1) to Eq. (2.6) become all zero. So, 

there are no surface TE waves existing in the interface of two non-magnetic materials. 

However, it should be noted that surface TE waves can still exist if the interface is 

formed by magnetic materials or metamaterials whereμ μ≠rd rm  [56]. 
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(a) 

 

(b) 

 

(c) 

Fig. 2.1 (a) SPPs at metal/dielectric interface. (b) Electric filed decay rapidly away the 

interface. (c) The dispersion relation of the SPPs (solid line) and light line 

(dash line). 
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2.1.1.2 Transverse magnetic (TM) mode 

Next, consider the case of surface transverse magnetic waves (TM mode), the 

magnetic fields can be presented as follows 

For z>0 

( )( , , ) d xdk z i k x t
y dH x z A e e ωω − −=  (2.12) 

and for z<0 

( )( , , ) m xmk z i k x t
y mH x z A e e ωω −=  (2.13) 

The definitions and characteristics of dA , mA , xdk , xmk , dk  and mk  are 

identical as what were defined in Sec. 2.1.1.1. Both xH  and zH  are zero in 

dielectric and metal for TM mode. 

Substituting Eq. (2.12) and Eq. (2.13) into Maxwell 

equation 0 rH j Eωε ε∇× = , the magnetic fields of both regions can be obtained 

For z>0 

0

1( , , ) xd dik x k z
x d d

rd

E x z iA k e eω
ωε ε

−=  (2.14) 

0

( , , ) xd dik x k zxd
z d

rd

kE x z A e eω
ωε ε

−= −  (2.15) 

and for z<0 

0

1( , , ) xm mik x k z
x m m

rm

E x z iA k e eω
ωε ε

= −  (2.16) 
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0

( , , ) xm mik x k zxm
z m

rm

kE x z A e eω
ωε ε

= −  (2.17) 

where 0ε  is the permittivity in the vacuum; rdε and rmε are the relative permittivity 

of dielectric and metal respectively. 

The following boundary conditions of Maxwell equations should be satisfied at 

the interface (z=0) 

Hy continuity Eq. (2.12) Eq. (2.13)=  (2.18) 

Ex continuity Eq. (2.14) Eq. (2.16)=  (2.19) 

Dz continuity 0 0Eq. (2.15) Eq. (2.17)rd rmε ε ε ε× = ×  (2.20) 

Solving Eq. (2.18) - Eq. (2.20) yields 

xd xmik x ik x
d mA e A e=  (2.21) 

1 1
xd xmik x ik x

d d m m
rd rm

A k e A k e
ε ε

= −  (2.22) 

xd xmik x ik x
d xd m xmA k e A k e=  (2.23) 

Substituting Eq. (2.21) into Eq. (2.22) and Eq. (2.23) yields 

1 1 1 1( ) ( ) 0xd xmik x ik x
d d m m d m

rd rm rd rm

A e k k A e k k
ε ε ε ε

+ = + =  (2.24) 

xd xmk k=  (2.25) 

Since both dA  and mA  can not be zero, the solution of Eqs. (2.24) - (2.25) is 

1 1( ) 0d m
rd rm

k k
ε ε

+ =  (2.26) 
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Eq. (2.26) can be rearranged as 

d rd

m rm

k
k

ε
ε

= −  (2.27) 

Since the materials are homogenous, the wave equations Eq. (2.12) and Eq. (2.13) 

should obey the Helmholtz equation [57] 2 2
0 0r rH k Hμ ε∇ + = . Substituting Eq. 

(2.12) and Eq. (2.13) into Helmholtz equation, the following equations can be 

obtained 

2 2 2
0 0d xd rd rdk k k μ ε− + =  (2.28) 

2 2 2
0 0m xm rm rmk k k μ ε− + =   (2.29) 

where k0 =
ω
c

 and c is the light speed in the vacuum. 

Dividing Eq. (2.28) by Eq. (2.29) gives 

2 2 2
0

2 2
0

d xd rd rd

m xm rm rm

k k k
k k k

μ ε
μ ε

⎛ ⎞ −
=⎜ ⎟ −⎝ ⎠

 (2.30) 

Substituting Eq. (2.25), Eq. (2.27) into Eq. (2.30) and let rd rmμ =μ =1  for 

non-magnetic material assumption, the following results are obtained 

0
rd rm rd rm

xd xm
rd rm rd rm

k k k
c

ε ε ω ε ε
ε ε ε ε

× ×
= = =

+ +
 (2.31) 

( )2

0
rd

d
rd rm

k k
ε

ε ε
−

=
+

 (2.32) 

( )2

0
rm

m
rd rm

k k
ε

ε ε
−

=
+

 (2.33) 

where xdk and xmk  in the Eq. (2.31) are also known as the dispersion relation of SPPs 
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and usually denoted as spk . Substituting Eq. (2.25) into Eq. (2.23) yields 

d mA =A =A  (2.34) 

where A is a non-zero constant. Eqs. (2.31) - (2.34) can now be substituting back into 

Eqs. (2.12) - (2.17) and the whole electric and magnetic fields distributions in real 

space can be obtained. 

 Finally, it should be noted that Eq. (2.27) indicates that rdRe[ε ]  and rmRe[ε ]  

should have opposite because of Re[ ] 0dk >  and Re[ ] 0mk > . Since only metals 

can offer negative dielectric constants according to Drude model[58, 59]. It is 

impossible to generate the surface waves on a smooth dielectric/dielectric or most 

metal/metal interface whose dielectric constants are both positive or both negative. 

Surface waves can only exist in the metals/dielectric interface and only TM mode is 

allowed; these surface TM waves are named as surface plasmon polaritons (SPPs) by 

Ritchie in 1957 [4]. 

Now, let’s go back to see why it is called surface plasmon polaritons [5]. The 

non-zero electric fields inside the metal implies that the free electrons inside metals 

will oscillate with these electric fields together as shown in Fig. 2.1(a); the collection 

of free electrons oscillating in certain common frequency are called plasmon [57]. 

Since these only occur near the surface of metal and decay rapidly inside the metal, it 

is more accurate to call it surface plasmon. The coupling of free oscillating electrons 
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and surface waves in the dielectric forms a newly kind of virtual particles propagating 

along the interface and carry with their own energies ω  and momentums spk  

according to the Eq. (2.31) and Fig. 2.1(c). These virtual particles are named as 

polaritons since only TM mode is allowed for non-magnetic materials. It should be 

note that the momentums of SPPs are always larger than the momentums of the 

propagation light at the same frequency, as shown in Fig. 2.1 (c) and Eq. (2.31)  

0 0 0 0

1

1
rd rm

sp rd rd d
rdrd rm

rm

k k k k k nε ε ε εεε ε
ε

×
= = × > ≈

+ +
 (2.35) 

where d rdn ε≈  is the refractive index of dielectric and usually >1. 0rmε <  for 

most metals according to Drude mode [58, 59]. 

Finally, the decay lengths of SPPs inside the dielectric and the metal are denoted 

as dδ  and mδ ,  respectively; their values are defined as the distances where the 

intensity of electric fields drop to 1/e 

d
d

1δ =
Re[k ]

 (2.36) 

m
m

1δ =
Re[k ]

 (2.37) 

where dk  and mk  can be calculated from Eq. (2.32) and Eq. (2.33). 

The decay length of SPPs propagating along the interface is denoted as spL  and is 

defined as the distances where the energy of SPPs drops to 1/e 
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sp
xd xm

1 1L = =
2 Im[k ] 2 Im[k ]× ×

 (2.38) 

where xdk  and xmk  can be calculated from Eq. (2.31).  

Figs. (2.2) show the examples of calculations results of Eqs. (2.36) - (2.38), the 

dielectric material is SiO2 and the metal is Ag. All optical constants come from Ref. 

[52, 60, 61]. 

 

 

 

 

 

(a) 
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(b) 

 

(c) 

Fig. 2.2 Decay lengths of SPPs (a) in the dielectric dδ , (b) in the metal mδ  and (c) 

along the interface (Lsp). The dielectric is SiO2 and the metal is Ag. 
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2.1.2 Surface plasmon polaritons at a smooth 

metal/dielectric/metal tri-layer structure 

 Fig. 2.3 (a) shows a typical symmetric metal/dielectric/metal (MDM) tri-layer 

structure. There is no TE mode SPPs in the MDM structure [62]. Consider SPPs of 

TM mode, the magnetic fields distributions are described as follows. 

For 
2
wz ≥  

( )( , , ) m xmk z i k x t
y mH x z A e e ωω − −=  (2.39) 

For 
2
wz ≤ −  

( )( , , ) m xmk z i k x t
y mH x z A e e ωω −=  (2.40) 

For 
2 2
w wz− ≤ ≤  

( ) ( )( , , ) d xd d xdk z i k x t k z i k x t
y d dH x z A e e B e eω ωω − − −= +  (2.41) 

The definitions and characteristics of xH , zH , xdk , xmk , dk  and mk  are identical as 

what were defined in Sec. 2.1.1.2. 

Substituting Eqs. (2.39) - (2.41) into Maxwell equation 0 rH j Eωε ε∇× = , the 

magnetic fields of both regions can be derived 

For
2
wz ≥  

0

1( , , ) xm mik x k z
x m m

rm

E x z iA k e eω
ωε ε

−=  (2.42) 

0

( , , ) xm mik x k zxd
z m

rm

kE x z A e eω
ωε ε

−= −  (2.43) 
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For 
2
wz ≤ −  

0

1( , , ) xm mik x k z
x m m

rm

E x z iA k e eω
ωε ε

= −  (2.44) 

0

( , , ) xm mik x k zxm
z m

rm

kE x z A e eω
ωε ε

= −  (2.45) 

and for 
2 2
w wz− ≤ ≤  

0 0

1 1( , , ) xd d xd dik x k z ik x k z
x d d d d

rd rd

E x z iA k e e iB k e eω
ωε ε ωε ε

−= − +  (2.46) 

0 0

( , , ) xd d xd dik x k z ik x k zxd xd
z d d d d

rd rd

k kE x z A k e e B k e eω
ωε ε ωε ε

−= − −  (2.47) 

The following boundary conditions of Maxwell equations should be satisfied at 

the interface (
2
wz = ±  respectively) 

Hy continuity Eq. (2.39) Eq. (2.41)=   (2.48) 

 Eq. (2.40) Eq. (2.41)=  (2.49) 

Ex continuity Eq. (2.42) Eq. (2.46)=   (2.50) 

 Eq. (2.44) Eq. (2.46)=  (2.51) 

Dz continuity  0 0Eq. (2.43) Eq. (2.47)rd rmε ε ε ε× = × ,  (2.52) 

 0 0Eq. (2.45) Eq. (2.47)rd rmε ε ε ε× = ×  (2.53) 

Solving Eqs. (2.48) - (2.53) yields 

xd xmk k=  (2.54) 

/ /Exp[ ]
/ /

d rd m rm
d

d rd m rm

k kk w
k k

ε ε
ε ε

+
− =

−
 (2.55) 
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Eq. (2.55) is the dispersion relation of SPPs in symmetric MDM tri-layer structures. 

Theoretically, dk , mk , xdk and xmk  can be described in terms of rdε , rmε  and 

w by solving Eq. (2.55) with Eqs. (2.28), (2.29) and (2.54) since four variables can be 

solved using four equations. However, it should be note that Exp[ ]dk w−  in Eq. 

(2.55) is an infinite series so that the solutions of dk , mk , xdk and xmk  are infinite 

series either. These kind of solutions are too complex to use directly in the future 

sections and chapters.  

Fortunately, S. Collin et al. [63] had point out that if  

d

1δ w
Re[ ]dk

=   (2.56) 

is satisfied, the SPPs in the two interfaces will couple together tightly as shown as the 

red lines in Fig. 2.3 (a). Once this tightly coupling occurs, the original tri-layer 

structure can be approximated to the two layer equivalent structure as shown in Fig. 

2.3 (b). The refractive index of this effective dielectric is [63]  

1/2

01 1 rd
eff reff rd

rmrm

n
w
λ εε ε

επ ε

⎛ ⎞
= = × + +⎜ ⎟⎜ ⎟−−⎝ ⎠

 (2.57) 

where reffε  is the effective relative dielectric constant, 0λ  is the wavelength of 

SPPs in the vacuum. Now, all formulas derived in Sec. 2.1.1.2 can be applied into Fig. 

2.3 (b), and xdk , xmk , dk  and mk  of original MDM structure can be obtained 

easily by substituting Eq.(2.57) into Eqs. (2.31) - (2.33). 



 

 22

 

(a) 

 

(b) 

Fig. 2.3 (a) The metal/dielectric/metal (MDM) tri-layer structure, the thickness of 

dielectric is w. The red lines represent the intensity of SPPs of two interfaces 

and will couple together once Eq. (2.56) is satisfied; (b) the simpler 

equivalent structure of Fig. 2.3 (a) once Eq. (2.56) is satisfied. 



 

 23

2.2 Excitation of surface plasmon polaritons 

The field distributions and dispersion curves of SPPs had been introduced in the 

previous sections without considering how the waves are generated or excited. Of 

course, SPPs are excited from some kind of methods [58], such as prisms coupling, 

near filed scatterings and gratings coupling. Only gratings coupling will be discussed 

and used in this thesis. 

For simplicity, consider y-polarized waves (TM mode) impinge on a one 

dimensional arbitrary shaped interface whose period is Λ as shown in Fig. 2.4. The 

coordination (x, z) of interface in space is (x, h(x)) where h(x) is in period of Λ. The 

blue lines indicate the incident waves with common propagation directions (common 

kix and kiz); the green lines and red lines represent the reflection and the transmission 

waves, respectively. Since the propagation directions of reflection and transmission 

waves may be different at each point of the interface, the final electromagnetic waves 

in any point of space (x, z) should be the superposition of waves come from all 

directions. Interference occurs and some of waves are canceled.  

The theorem of gratings coupling which are based on linear algebra [Appendix, 

64, 65] states that the final distributions of reflection waves and transmission waves 

can be spanned in the basis of infinite waves whose wavesvectors are discrete 

rx rz

+
i(k x + k z)

m
m=-

H (x, z)= R e yr

∞

∞
∑  (2.58) 
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tx tz
+

i(k x - k z)
m

m=-
H (x, z)= T e yt

∞

∞
∑  (2.59) 

2mrx tx x ixk k k k π
= = = +

Λ
 (2.60) 

where m denotes the order of scattering waves. 

Since  

2 2 2
0 1 1rx rz r rk k k μ ε+ =  (2.61) 

2 2 2
0 2 2tx tz r rk k k μ ε+ =  (2.62) 

should be obeyed for all kinds of waves, large 
2m π
Λ

 will enlarge 2
rxk  and 2

txk in 

Eq. (2.60). Next, large 2
rxk  and 2

txk  make negative 2
rzk  and 2

tzk  in Eq. (2.61) 

and (2.62). Finally, rzk  and tzk  become imaginary number, the reflecting waves and 

transmission waves in Eq. (2.58) and (2.59) become evanescent waves  

( ) |Im[ ]|
m mH ( , ) R Rrx rz rx rzi k x k z ik x k zm

r x z e y e e y+ −= =           ( )z h x≤  (2.63) 

( ) |Im[ ]|
m mH ( , ) T Ttx rz tx tzi k x k z ik x k zm

t x z e y e e y− += =            ( )z h x≥  (2.64) 

 Eq. (2.63) and (2.64) indicate that the scattering waves for large
2m π
Λ

are 

surface waves. These waves can be SPPs if medium 1 is dielectric and medium 2 is 

metal. Let Eq. (2.60) = Eq. (2.31), the momentum conservation law used to excite 

SPPs is obtained  

2msp ixk k π
= +

Λ
  (2.65) 

where 0
rd rm rd rm

sp
rd rm rd rm

k k
c

ε ε ω ε ε
ε ε ε ε

× ×
= =

+ +
.  
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Finally, since 2π
Λ

 is the reciprocal unit vector of 1D gratings according to solid 

state physics [59], Eq. (2.60) and (2.65) can be extended to the 2D grating in the form 

/ / / / / /r t x xk k k iG jG= = + +  (2.66) 

/ /sp x xk k iG jG= + +  (2.67) 

where i, j are any integers, xG and yG are the reciprocal unit vectors of the grating. 

/ /rk , / /tk  and / /k  are the parallel component of the wavevector of reflection, 

transmission and incident light along the interface. 

 Eq. (2.67) is the momentum conservation law used to excite SPPs which will be 

used in chapter 3; Eq. (2.66) is the general momentum conservation law which will be 

utilized and discussed in chapter 4. 

 

Fig. 2.4 Parallel polarization plane waves (TM mode) impinge on the one dimensional 

grating whose period is Λ. The blue lines, green lines and red lines represent 

the incident lights, reflection lights and transmission lights respectively. 
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2.3 The extraordinary light transmission and 

infrared thermal emitters 

2.3.1 Extraordinary light transmission 

 Extraordinary transmission (EOT) of light discovered by Ebbesen in 1998 [2] is 

due to the SPPs. Consider a light is incident on a silicon substrate with a silver film on 

top perforated with hole array arranged in a rhombus lattice as shown in Fig. 2.5 (a) 

and (b) along the ΓK direction as defined in Fig. 2.5 (b). First, the incident lights is 

scattered by periodic structure and couple to the SPPs at interface according to Eq. 

(2.67). Next, the SPPs propagate along the interface and meet the holes. The SPPs 

tunnel through the holes and propagate along the outer interface. Finally, the SPPs on 

the outer interface reemit to the far field via scattering by periodic structure. The final 

transmission ratio of light is enhanced by the excitation of SPPs and tunneling process 

[36, 37]. 

 The peaks of EOT can be calculated by Eq. (2.67) where // 0k = k sin xϕ , 

0
0

2πk =
λ

 is the wavevector of input light and output light; 0λ  is the wavelength in 

vacuum and θ is the incident angle as shown Fig. 2.5 (a). Detailed calculations and 

discussions will be given in chapter 3. 
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            (a)                                        (b) 

Fig. 2.5 The (a) side and (b) top view of a silicon substrate with a silver film on top 

perforated with hole array arranged in a rhombus lattice. ϕ  is the incident 

and transmission angle, //k  is the light wave vector component parallel to 

the sample surface along ΓK direction. 

 

2.3.2 Infrared thermal emitters 

Fig 2.6 displayed an infrared thermal emitter [38-41], Mo acts as a resistor. Once 

the current is passed through the Mo layer, the device is heated and the SPPs which 

are electromagnetic waves will be generated in the interface of Ag/SiO2 by blackbody 

radiation and will couple back to the propagation waves if their wavevectors satisfy 

Eq. (2.67). The emission peaks can be calculated by Eq. (2.67) where 

ix 0k = k sin xϕ , 0
2πk =
λ

 is the wavevector of the incident light; λ is the 

wavelength in vacuum, and θ is the incident angle. However, since Ag/SiO2/Ag is a 
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tri-layer structure, the effective refractive index from Eq. (2.57) should be used in 

calculation. Detailed calculations and discussions will be given in chapter 3 and 4. 

 

(a) (b) 

Fig. 2.6 (a) The side view and (b) top view of infrared thermal emitters. 

2.4 Process flow 

2.4.1 Fabrication processes of samples of metal hole 

arrays 

(1) Surface cleaning 

Cleaning is required to remove the undesired materials from the wafer surface. 

This is performed before all other processing steps to increase the reliability and 

performance of the device. These steps may employ organic solvents, vapor 

degreasing, and acids. The organic solvents were used to remove oils, greases, 

particles and organic material such as photoresists and to keep the surface clean. Table 
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2.1 lists the cleaning conditions and purposes of the solvent. 

 

Table 2.1 Conditions and purposes of the cleaning solvents 

Chemical Solution Clean Time (min) Purposes 

Acetone (CH3COCH3) 5 Clean photoresist, organic materials

Methanol (CH3OH) 5 Clean Acetone 

D.I water (H2O) 5 Clean Methanol 

 

(1) Photolithography 

NR9-1000PY negative photoresist was spun and coated on the silicon wafer. Soft 

baking 1 minute is used to evaporate solvent contained in photoresist. The exposure 

system is the Karl Suss MJB3 Mask Aligner with 365 nm UV light. After the 

exposure, 2 minute and 30 seconds post-exposure bake is required. RD-6 development 

solution was used to remove the unexposed portion of negative photoresist. Table 2.2 

lists the photolithography conditions. 

(3) Lift-off process 

After thermally evaporating a layer of metal on the Si wafer with a patterned 

photoresist, remover 1165 which is an etchant, was used to lift-off the metal with the 

photoresist below. Then the periodic metal hole arrays are achieved. 
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Table 2.2 The photolithography conditions 

 
 
 
 
 
 
 
 
 
 
 
 

 

2.4.2 Fabrication processes of infrared thermal 

emitters 

The side and top views of the infrared thermal emitters are depicted in Fig. 2.5(a) 

and (b), respectively. First, a 450 nm thick Mo film was deposited by sputtering on 

the Si substrate as a heating source. 3 nm Ti layer and 200 nm Ag metal films were 

deposited on the front side of the Si substrate followed by a 100nm SiO2 layer 

deposited with electron beam evaporator. After photolithography a negative 

photoresist layer were patterned with grating array. Then a 100 nm Ag Film was 

deposited on to the patterned photoresist layer and lifted off to complete the processes. 

The pattern area of the sample is 1 x 1 cm2.  

Finally, the fabrication processes of infrared thermal emitters used in chapter 4 

are a little different than Fig. 2 and will be discussed later in chapter 4. 

Pattern Formation Negative Photoresistor 

Spinning and Coating 4000 rpm 40 sec 

Soft Bake 150oC 1min 

Exposure 50 sec 

Post-Exposure Bake 100oC 2min 30sec 

Development 4 sec 



 

 31

2.5 Measurement systems 

2.5.1 Introduction of FTIR 

Fourier Transform Infrared (FTIR) spectrometers are efficient instruments to 

measure the whole spectral response of samples in the infrared. The spectral response 

can be obtained simultaneously in one measurement in few seconds. The kernel of 

FTIR spectrometers are the Michelson interferometer. 

Fig. 2.7 shows the schematic of the FTIR spectrometer. It consists of three active 

components a moving mirror, a fixed mirror, and a beam splitter. The radiation from 

the broadband IR source impinges on the beam splitter, and half of the IR beam 

transmits to the fixed mirror and the remaining half reflects to the moving mirror. 

Then those divided beams reflect back to the beamsplitter and recombine to generate 

the interference pattern. The resulting beam passes through sample and finally 

impinges upon the detector. First, consider a frequency ƒ′ component of IR source. 

The intensity of the interfered beam depends on the optical pass difference between 

two split beams. The inset in Fig. 2.7 is the “interferogram”, which is the record of the 

interference signal. When the moving mirror is moved with a constant velocity, the 

intensity of radiation reaching the detector is a sinusoidal manner. The intensity of the 

sinusoidal wave will be reduced if the sample absorbs in this frequency ƒ′. Then, the 

summation of superimposed sinusoidal waves is taken, each wave corresponding to a 



 

 32

signal frequency, to get the whole interference patterns [66]. 

The interferogram is a time domain spectrum. By using the Fourier 

transformation, the interferogram can be converted into a frequency domain spectrum 

to show the intensity as a function of frequency. 

 

Fig. 2.7 The principle of Fourier transform infrared spectrometry. 

2.5.2 Transmission measurement 

A Bruker IFS 66 v/s system was adapted to measure the transmission spectra. 

The red line is the optical path of measurement and the sample is placed in the middle 

with incline angle ϕ  as shown in Fig. 2.5 (a). The wavenumber resolution of the 

measurement is 8 cm-1. The beam size of incident infrared light is 3 mm.  
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Fig. 2.8 The experiment setup of transmission at incline incidence. 

 

2.5.3 Reflection measurement 

A PERKIN ELMER 2000 Fourier Transform Infrared Spectrometer (FTIR) was 

used to measure thermal radiation spectra above the samples with incline angle ϕ  as 

defined Fig. 2.9. The wavenumber resolution of the measurement is 8 cm-1. The beam 

size of incident infrared light is 3 mm. The entire system is shown in Fig. 2.10. 

Sample is lain down in the holder in the center of the system. Arms A and B with 

reflection mirrors can rotate from 12o to 65o with respect to the normal direction of 

sample surface. Incident light is first reflected by mirror A and impinges on the 

measurement sample. The reflection light from sample is then reflected by mirror B 

and goes out to the detector. The light path is displayed in Fig. 2.10 as red dashed 

lines. 
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Fig. 2.9 Schematic diagram of reflection measurement in the angleϕ from 12o to 65o. 

 

 

 

 

 

 

 

 

 

Fig. 2.10 The optical path and reflection mirrors of reflection measurement 

sample 

A 

B 
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2.5.4 Thermal emission measurement 

A Perkin Elmer 2000 Fourier transform infrared spectrometer (FTIR) was 

adopted to measure the radiation spectra of thermal emitters. The wave number 

resolution of the measurement is 8 cm-1. The radiation area of the sample is 1 cm2. 

The infrared thermal emitters which are shown in Fig. 2.9 are placed in the vacuum 

chamber as shown in Fig. 2.11 (a). A thermal couple is put on the top of the sample in 

order to measure the exact temperature on the surface. Next, the chamber is closed by 

a cover with a KBr window in the center. The pressure of the chamber is pumped 

down to about 3102 −× . Finally, A DC current is sent into the heaters and heats up the 

sample which is clipped between the heaters. Once the sample is heated, the thermal 

radiation from the sample will go out of the chamber through the KBr window and be 

reflected into the FTIR input window by an off-axis mirror as shown in Fig. 2.11 (b).  
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(a) 

 

 

(b) 

Fig. 2.11 The thermal emitter chamber, (a) top view (b) side view. 
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Chapter 3  Extraordinary transmission 
through a silver film perforated with hole 
arrays arranged in a rhombus lattice and its 
application in plasmonic thermal emitters 

Metal/thin-dielectric/metal plasmonic thermal emitters which were first reported 

by Tsai et al. [38-41] had been proved to be able to realize the tunable mid-infrared 

light source with narrowband, high temperature operation and high output intensity. 

The top metal is typically perforated by periodic square or hexagonal hole array. 

However, for two dimensional lattice, square and hexagonal lattices are just rhombus 

lattice with specific lattice angle θ : 90o and 60o. It is interesting to know how 

emission spectra change when θ  varies from 90o to 40o by 10o step. The 

extraordinary transmission characteristics of rhombus lattice are also investigated. 

3.1 Extraordinary transmission through a silver 

film perforated with hole array arranged in a 

rhombus lattice  

3.1.1 Experiments 

A silicon substrate with a silver film on top perforated with hole array arranged 

in a rhombus lattice are shown in Fig. 3.1. Six samples A to F with lattice angle θ  

varying from 40o to 90o were prepared for experiments and their structure parameters 
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are summarized in Table 3.1. It should be noted that sample C is a hexagonal lattice 

and sample F is a square lattice. Besides,θ  and 180o-θ  denotes the same lattice 

structure. 

The fabrication procedures were described in Sec. 2.4.1. After fabrication, the 

samples were placed in the Bruker IFS 66 v/s system to measure the transmission 

spectra with the same incident and transmission angles ϕ   from 0o to 65o in 1o step 

along the ΓK direction as defined in Fig. 3.1 (b). 

 

 

(a)  (b) 

Fig. 3.1 The (a) side and (b) top view of a silicon substrate with a silver film on top 

perforated with hole array arranged in a rhombus lattice. 1 2a = a =a=5μm  

and d=2.5μm. ϕ  is the incident and transmission angle, //k  is the light 

wave vector component parallel to the sample surface along ΓK direction. 
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Table 3.1 The structure parameters of samples A to F. 

Sample A B C D E F 

θ  (degree) 40 50 60 70 80 90 

 

3.1.2 Results and discussion 
For a rhombus lattice whose unit vectors 1a  and 2a  are defined in Fig. 3.1 (b), 

their corresponding unit vectors in reciprocal lattice are given by [59] 

1 1x 1y
π 1 1G   =(G ,G )= ,θ θa Cos Sin

2 2

⎛ ⎞
⎜ ⎟

×⎜ ⎟
⎜ ⎟
⎝ ⎠

 (3.1) 

2 2x 2y
π 1 -1G   =(G ,G )= ,θ θa Cos Sin

2 2

⎛ ⎞
⎜ ⎟

×⎜ ⎟
⎜ ⎟
⎝ ⎠

 (3.2) 

SPPs exist at the interfaces of Ag/Si and Ag/air, respectively, with dispersion relation 

from Eq. (2.31) 

rd rm
sp

rd  rm

ε  εωK    =  
c ε + ε

×   (3.3) 

where ω  is the angular frequency of wave, c is the speed of light in vacuum, rmε and  

rdε  are the relative dielectric constants of silver and dielectric (silicon or air for Ag/Si 

modes or Ag/air modes), respectively. SPPs would scatter with periodic hole array 

according to the momentum conservation laws from Eq. (2.67) 

sp // 1 2k  = k  + iG  + jG   (3.4) 
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where //k  is the wave vector of light parallel to sample surface as defined in Fig. 3.1 

(a). i, j, are any integers; 

When the light are incident along ΓK direction with incident angle ϕ  shown in 

Fig. 3.1 (a), the parallel component of wave vectors //k  is given by 

// x 0k =(k ,0,0)=(k Sin ,0,0)ϕ×  (3.5) 

where 0
ωk
c

=  

Substituting Eqs. (3.1)-(3.3) and (3.5) into Eq. (3.4) yields 

2 2rd rm
1x 2x x 1y 1y

rd rm

ε εω = (iG +jG +k ) +(iG +jG )
c ε +ε

×
×   (3.6) 

In the mid-infrared, rm rdRe[-ε ] ε  [52, 60, 61]. Using this approximation and 

ignoring the image part of rmε ,  Eq. (3.6) can be plotted on the dispersion relation 

diagram extracted from transmission spectra for comparison. Figs. 3.2 (a)-(f) and 

(g)-(l) show the measured and theoretical dispersion relation diagrams for samples A 

to F, respectively. The common dark horizontal lines in each diagram around 0.14eV 

is the Si phonon absorption modes [52].The symbols (i,j) Ag/Si denoted in the figures 

represent the SPPs modes whose i, j satisfy Eq. (3.6) and rdε 11.9≈  is the relative 

dielectric constant of silicon; similarly, (i,j) Ag/air denote the SPPs modes whose i and 

j satisfy Eq. (3.6) and rdε 1=  is the relative dielectric constant of air. The green and 

red dashed lines are the theoretical dispersion curves of Ag/Si and Ag/air modes 

according to Eq. (3.6), respectively. Compared Figs. 3.2 (a)-(f) with Figs. 3.2 (g)-(l),  
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Fig. 3.2 The dispersion relation extracted from transmission spectra for samples (a) A, 

(b) B, (c) C, (d) D, (e) E, (f) F and their modes analyses for samples (g) A, (h) 

B,(i) C, (j) D, (k) E, (l) F. The green and red dashed lines are the calculated 

dispersion curves of Ag/SiO2 and Ag/air modes, respectively. 
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highly agreements of theoretical and experimental curves are obtained. However, it 

can be noticed that the dispersion curves of Ag/air modes are the boundary curves for 

transmission intensity for all spectra, the transmission intensity would become 

stronger in the lower energy part below the Ag/air curves and weaker above the Ag/air 

curves. For example, in Figs. 3.2 (a) and (g) for sample A with θ=40o, it could be 

found that (-1,-1) Ag/air mode is the boundary line for transmission intensity, bright 

(2,1) (1,2) (2,2) Ag/Si modes becomes unclear in the spectra if their energy are higher 

than (-1,-1) Ag/air. For another example shown in Figs. 3.2 (d) and (j) for sample D 

with θ=70o, the transmission intensity is much stronger in the energy band below 

(-1,-1) Ag/air and much weaker above Ag/air mode. Fig. 3.3 shows the transmission 

spectra of sample C with θ=60o, the incident angles ϕ  varies from 0o to 60o by 10o 

step, the black dashed curves denote the peak wavelengths of (-1,-1) Ag/air mode, 

there is almost no Ag/Si modes was found in the wavelength range shorter than (-1,-1) 

Ag/air mode. 
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Fig. 3.3 The transmission spectra of sample C with incident angle φ varying from 0o 

to 60o by 10o step. 
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For normal incident angle o0ϕ = , Eqs. (3.5) and (3.6) can be simplified to 

0 rd2 2

a Sinθλ   = ε
i +j -2 i j Cosθ

×
×

× × ×
 (3.7) 

where 0λ  is the peak wavelengths of SPP. For (i,j) Ag/air modes, rdε 1=  and for (i,j) 

Ag/Si modes, rdε 11.9.≈  Figs. 3.4 (a)-(f) show the transmission spectra for samples 

A (θ=40o) to F (θ=90o) in the normal direction ( o0ϕ = ). The common deeps around 

9μm are the Si phonon absorption modes [52]. For each (i,j) Ag/air and (i,j) Ag/Si 

modes denoted in the Figs. 3.4, they are composed of two to six degenerated modes as 

indicated in Table 3.2. Table 3.2 also summarizes the measured transmission 

intensities, the theoretical and measured wavelengths of each mode in the 

transmission spectra of Figs. 3.4. For all spectra shown in Figs. 3.4, the transmission 

peaks are strong in the wavelength larger than 10μm,  the transmission intensities of 

these peaks are approximately linearly dependent on the numbers of degenerated 

modes in the lattice with lattice angleθ . For θ=40o, 50o and 70o shown in Fig. 3.4 (a), 

(b) and (d) and Table 3.2, the transmission intensities of (1,0) Ag/Si modes are about 

twice stronger than that of the (1,1) Ag/Si modes since their degenerated mode ratio is 

4:2. For θ=60o shown in Fig. 3.4 (c) and Table 3.2, the (1,0) Ag/Si mode has the 

maximum peak transmission intensity than those of all other samples since it has the 

maximum six degenerated modes. For θ=80o shown in Fig. 3.4 (e) and Table 3.2, the 

transmission intensity of (1,0) Ag/Si mode is about twice stronger than (1,1) and 
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(a) 

 

(b) 
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(c) 

 

(d) 
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(e) 

 

(f) 

Fig. 3.4 The transmission spectra for samples (a) A, (b) B, (c) C, (d) D, (e) E and (f) F 

in the normal direction o=0ϕ . 



 

 49

Table 3.2 The theoretical and measured parameters of EOT in the normal direction for 
silicon substrates with top silver film perforated with hole array arranged in 
rhombus lattice. 

Sample 
(θ ) modes name 

numbers of 
degenerated 

modes 

degenerated 
modes 

T 
(μm ) 

M 
(μm ) 

Measured 
peak 

intensity (%)

(1,0) Ag/air 4 (-1,0) (0,-1)
(0,1) (1,0) 3.2 3.5 7.9 

(1,1) Ag/air 2 (1,1) (-1,-1) 4.7 5 13.3 

(2,1) Ag/Si 4 (2,1) (-2,-1)
(1,2) (-1,-2) 8 8 15.2 

(2,2) Ag/Si 2 (2,2) (-2,-2) 8.1 8.2 14.4 

(1,0) Ag/Si 4 (-1,0) (0,-1)
(0,1) (1,0) 11.1 11.3 20.7 

A 
(40o, 
140o) 

(1,1) Ag/Si 2 (1,1) (-1,-1) 16.2 16.4 12.8 

(1,0) Ag/air 4 (-1,0) (0,-1)
(0,1) (1,0) 3.8 4.1 6.1 

(1,1) Ag/air 2 (1,1) (-1,-1) 4.5 4.8 9.7 

(1,0) Ag/Si 4 (-1,0) (0,-1)
(0,1) (1,0) 13.2 13.4 17.3 

B 
(50o, 
130o) 

(1,1) Ag/Si 2 (1,1) (-1,-1) 15.6 15.7 11.1 

(1,0) Ag/air 6 
(1,1) (-1,-1)
(1,0) (0,1) 

(-1,0) (0,-1)
4.3 4.7 8.2 

(1,-1) Ag/Si 6 
(-2,-1) (2,1) 
(-1,-2) (1,2) 
(-1,1) (1,-1)

8.6 8.8 9.3 
C 

(60o, 
120o) 

(1,0) Ag/Si 6 
(1,1) (-1,-1)
(1,0) (0,1) 

(-1,0) (0,-1)
14.9 15.2 23.3 

(1,0) Ag/air 4 (-1,0) (0,-1)
(0,1) (1,0) 4.7 5.1 6.8 

(1,1) Ag/Si 2 (1,1) (-1,-1) 14.1 14.2 4.7 
D 

(70o, 
110o) 

(1,0) Ag/Si 4 (-1,0) (0,-1)
(0,1) (1,0) 16.2 16.4 10.8 

(1,0) Ag/air 4 (1,0) (0,1) 
(-1,0 )(0,-1) 4.9 5.4 6.5 

(1,-1) Ag/Si 2 (1,-1) (-1,1) 11.1 11.2 5.5 
(1,1) Ag/Si 2 (1,1) (-1,-1) 13.2 13.3 4.9 

E 
(80o, 
100o) 

(1,0) Ag/Si 4 (1,0) (0,1) 
(-1,0 )(0,-1) 17 17.2 8.7 

(1,0) Ag/air 4 (-1,1)(1,-1) 
(-1,-1)(1,1) 5 5.4 6.4 

(1,1) Ag/Si 4 (-1,1) (1,-1)
(-1,-1) (1,1) 12.2 12.3 7.5 F 

(90o) 

(1,0) Ag/Si 4 (-1,1)(1,-1) 
(-1,-1)(1,1) 17.3 17.4 7.4 

M and T denotes the measured and theoretical peak wavelengths of SPP modes, respectively. 
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(1,-1) Ag/Si mode since their degenerated mode ratio is 4:2:2, respectively. For 

θ=90o shown in Fig. 3.4 (f) and Table 3.2, the transmission of (1,0) and (1,1) Ag/SiO2 

modes are equal since their degenerated modes are all the same as 4. 

Table 3.3 summarizes the normalized transmission intensities of each mode with 

respect to unit area of holes in the following rules 

TransmissionNormalized transmisssion=
Numbers of degenerated mode Fill factor×

 (3.8) 

where the fill factor is the ratio of total hole area to total measurement area  

21.25 π 0.196Fill factor=
25 Sinθ Sinθ

×
≈

×
 (3.9) 

The normalized transmission intensities for modes with common lattice angle θ  are 

approximately the same. However, samples with higher density of holes or large fill 

factor, which occurs in a lattice with smaller θ , would have larger normalized 

transmission intensity. 

In the wavelength range smaller than 10μm for all transmission spectra shown in 

Fig. 3.4 (a) to (f), it can be found that each Ag/air mode acts as a boundary in the 

spectra, the transmission intensity becomes larger in the wavelength longer than the 

Ag/air mode but weaker otherwise. It is noticed that almost no clear transmission peak 

is observed in the wavelength range smaller than 10μm  although there should be 

some peaks according to Eq. (3.7) and Figs. 3.2 (g)-(l). For wavelength smaller than 

10μm, the transmission intensity is almost constant and equal to the intensity of the 
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Table 3.3 The comparisons of normalized transmission intensities for wavelength 
larger than 10μm  

Sample 
(θ ) 

Fill 
factor 
(%) 

modes name
numbers of 
degenerated 
modes 

Measured 
Peak intensity 

(%) 

Normalized 
peak 

intensity 

(1,0) Ag/Si 4 20.7 16.9 A 
(40o, 140o) 

30.5 
(1,1) Ag/Si 2 12.8 21.0 

(1,0) Ag/Si 4 17.3 16.9 B 
(50o, 130o) 

25.6 
(1,1) Ag/Si 2 11.1 22.0 

C 
(60o, 120o) 

22.7 (1,0) Ag/Si 6 23.3 17.1 

(1,1) Ag/Si 2 4.7 11.2 D 
(70o, 110o) 

20.9 
(1,0) Ag/Si 4 10.8 12.9 

(1,-1) Ag/Si 2 5.5 13.8 

(1,1) Ag/Si 2 4.9 12.3 
E 

(80o, 100o) 
19.9 

(1,0) Ag/Si 4 8.7 10.9 

(1,1) Ag/Si 4 7.5 9.5 F 
(90o) 

19.6 
(1,0) Ag/Si 4 7.4 9.4 

 

nearest Ag/air modes in the shorter wavelengths no matter whether Ag/Si modes exist 

or not and how many degenerated modes each Ag/Si mode has. For example, for 

sample A shown in Fig. 3.4 (a), the transmission intensities of (2,1) and (2,2) Ag/Si 

modes are almost the same as the (1,1) Ag/air modes although they have four, two and 

two degenerated modes, respectively, as listed in Table 3.2. Some kind of coupling 

between higher order Ag/Si modes and Ag/air modes are believed to occur. 

The theoretical works of Darmanyan et al. [67] had pointed out that the Ag/Si 



 

 52

and the Ag/air modes which excites on the either side of the silver film would couple 

together by the tunneling of SPPs through subwavelength holes. Since the shape of 

the transmission peak for all SPPs modes has a sharper slope at the lower wavelength 

side and flatter slope at longer wavelength side due to Wood’s anomaly [2,68] and 

different density of SPPs modes [67], the flatter decay of the Ag/air modes in the 

longer wavelength will couple the Ag/air mode to the nearby higher order Ag/Si 

modes and suppress their transmission intensities. This explains the step characteristic 

of Ag/Si modes which has stronger transmission in the wavelength range longer than 

the Ag/air modes and a quick decay in the wavelength smaller than the Ag/air modes. 

Previous studies on the influence of hole size on the EOT [17, 69] had indicated that 

the maximum coupling wavelength is strongly dependent on the hole size, the larger 

hole size would have longer maximum coupling wavelength due to larger bandwidth 

of transmission peaks, the bandwidth of Ag/Si steps are longer so that fewer clear 

Ag/Si peaks are observed. 

In conclusion, the transmission characteristics of silicon substrates with silver 

films on top perforated with hole array arranged in a rhombus lattice have been 

investigated, it is found that the transmission of Ag/Si modes are approximately 

linearly dependent on the numbers of degenerated modes in the longer wavelength 

range where the couplings between Ag/Si and Ag/air modes are weak. In the shorter 
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wavelength range where Ag/Si and Ag/air are coupled together, the transmission 

intensities are approximately constant without apparent peaks in the wavelength range 

longer than the Ag/air modes and decay rapidly in the wavelength smaller than the 

Ag/air modes due to asymmetric slope of the Ag/air mode in the spectra. 

3.2 Plasmonic thermal emitters with top metal 

perforated by hole array arranged in rhombus 

lattice 

3.2.1 Experiments 

The schematic cross section and top view of plasmonic thermal emitters (PTEs) 

with top metal perforated by hole array arranged in rhombus lattice are shown in Figs. 

3.5 (a) and (b), respectively. The fabrication procedures of PTEs are described as 

followed: a 450nm Mo film was sputtered on the front of the Si substrate. Next, a 3nm 

Ti layer was deposited on the surface of Mo for adhesion followed by a 200 nm Ag 

layer and a 100nm SiO2 layer sequentially by e-gun evaporation. Five samples with a 

100 nm-thick Ag film perforated with hole array arranged in rhombus lattice with 

lattice angle θ  changing from 50o to 90o in 10o step were produced by thermal 

evaporation and lift-off. Finally, the edges of the Ag and SiO2 films were etched by 

wet etchant. The samples then were placed in a vacuum chamber and a current was 

sent into the Mo layer to heat it to 240o C. A PERKIN ELMER 2000 Fourier 
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Transform Infrared Spectrometer (FTIR) was used to measure thermal radiation 

spectra above the samples in the normal direction. The wavenumber resolution of the 

measurement was 8 cm-1.  

 

Fig. 3.5 (a) The schematic cross section and (b) top view of PTEs with top metal 

perforated by hole array arranged in rhombus lattice with 1 2a = a =a=5μm  

and d=2.5μm. 

3.2.2 Results and discussion 

For PTEs, once the current is passed through the Mo layer, the device is heated 

and the SPPs which are electromagnetic waves would be generated in the interface of 

Ag/SiO2 by blackbody radiation and will couple back to the propagation waves if their 

wavevectors satisfy Eq. (3.4). The wavelengths of emission peaks in the normal 

direction are similar to Eq. (3.7) except the dielectric constant rdε  in Eq. (3.7) should 

be replaced by the effective dielectric constant reffε  due to coupling of SPPs on the 

top and bottom Ag/SiO2 interface as introduced in the Eq. (2.57) of Sec. 2.1.2 
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0 rd
reff rd

rmrm

λ εε =ε 1+ 1+
-επw -ε

⎛ ⎞
×⎜ ⎟⎜ ⎟
⎝ ⎠

 (3.10) 

Replacing rdε  in Eq. (3.7) with the reffε  in the Eq. (3.10) yields 

1/2

0 rd
0 rd2 2

rmrm

λ εa Sinθλ  = ε × 1+ 1+
-επw -εi +j -2 i i Cosθ

⎛ ⎞×
× ⎜ ⎟⎜ ⎟× × × ⎝ ⎠

 (3.11) 

where 0λ  is the emission peak wavelength, w=100nm is the thickness of SiO2, rdε  

and rmε are the dielectric constants of SiO2 and Ag, respectively [52,60,61]. i and j are  

integers denoting the orders of SPPs modes. Five samples were prepared with θ=50o, 

60o, 70o, 80o and 90o. It should be noted that θ  and 180o-θ  denotes the same lattice 

structure. 

Figs. 3.6 (a) to (e) show the emission spectra of PTEs withθ=50o, 60o, 70o, 80o 

and 90o, respectively. Table 3.4 summarizes the theoretical and measured parameters 

of PTEs with rhombus lattice. The measured emission peak wavelengths were very 

close to the theoretical calculation from Eq. (3.11) and no Ag/air mode was observed. 

The common emission peaks around 6.7μm  were the absorption of moisture since 

that the optical path between chamber and FTIR was not totally in vacuum. The 

common emission peaks around 10μm  were optical phonon modes of the SiO2.  

For all spectra, it is clear that the intensities of emission peaks follow the 

blackbody emission curve multiplying the transmission efficiency of top silver film 

which is linear dependent on the numbers of degenerated modes. For θ=50o and 70o 
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shown in Figs. 3.6 (a) and (c), the emission intensities of (1,0) Ag/SiO2 modes are 

about twice stronger than that of the (1,1) Ag/SiO2 modes since their degenerated 

mode ratio is 4:2. For θ=60o shown in Fig. 3.6 (b), the (1,0) Ag/SiO2 mode has the 

maximum peak emission intensity than those of all other samples since it has the 

maximum six degenerated modes. For θ=80o shown in Fig. 3.6 (d), the emission 

intensity of (1,0) Ag/SiO2 mode is about twice stronger than (1,1) and (1,-1) Ag/SiO2 

mode since their degenerated mode ratio is 4:2:2, respectively. For θ=90o shown in 

Fig. 3.6 (e), the transmission of (1,0) and (1,1) Ag/SiO2 modes are equal and the 

corresponding emission intensities follow the blackbody radiation distribution since 

their degenerated modes are all the same as 4. 

In conclusion, PTEs with rhombus lattice had been investigated experimentally 

and theoretically. Only hexagonal lattice (θ=60o) produce the strongest radiation peak 

due to largest degenerated modes. The peak intensities follow the blackbody radiation 

curve multiplying transmission efficiency of the top metal film which is dependent on 

the numbers of degenerated modes. 
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(a) 

 

(b) 



 

 58

 

(c) 

 

(d) 
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(e) 

Fig. 3.6 Emission spectra in the normal direction of all five PTEs with rhombus lattice. 

The lattice angle θ= (a) 50o, (b) 60o, (c) 70o, (d) 80o and (e) 90o. 
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Table 3.4 The theoretical and measured parameters of EOT for PTEs with rhombus 
lattice. 

 
Sample 

(θ ) 
modes name 

numbers of 
degenerated 

modes 

degenerated 
modes 

T  
(μm ) 

M 
(μm ) 

(1,0) Ag/SiO2 4 
(-1,0) (0,-1)
(0,1) (1,0) 

5.88 5.81 
(50o, 
130o) 

(1,1) Ag/SiO2 2 (1,1) (-1,-1) 6.45 6.81 

(60o, 
120o) 

(1,0) Ag/Si O2 6 
(1,1) (-1,-1)
(1,0) (0,1) 

(-1,0) (0,-1)
6.45 6.51 

(1,1) Ag/SiO2 2 (1,1) (-1,-1) 6.67 6.82 

(70o, 110o) 
(1,0) Ag/SiO2 4 

(-1,0) (0,-1) 
(0,1) (1,0) 

6.15 6.13 

(1,-1) Ag/SiO2 4 (1,-1) (-1,1) 5.13 5.1 

(1,1) Ag/SiO2 2 (1,1) (-1,-1) 5.9 5.8 
(80o, 
100o) 

(1,0) Ag/SiO2 4 
(1,0) (0,1) 

(-1,0) (0,-1)
6.8 7.06 

(1,1) Ag/SiO2 4 
(-1,1) (1,-1)
(-1,-1) (1,1)

5.56 5.39 

90o 
(1,0) Ag/SiO2 4 

(-1,1)(1,-1)
(-1,-1)(1,1)

7.07 6.85 

M and T denotes the measured and theoretical wavelengths of SPP modes according 
to Eq. (3.11), respectively. 
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Chapter 4  The characteristic of cavity 
modes in the plasmonic thermal emitters 
and the fabrication of narrow-band cavity 
thermal emitters 

In this chapter, the SiO2 thickness of PTEs is increased to the order of μm, it is 

found that not only SPPs modes but also parallel-plate waveguide modes (which are 

also known as Fabry-Perot resonance modes or simply cavity modes) exist in the 

reflection and emission spectra. The cavity modes (CMs) would be scattered by the 

periodic hole array and result in many Bragg scattered CMs in the spectra. Since CMs 

exhibit narrower full width at half maximum (FWHM) than SPPs modes, they have 

potential to be applied in mid-infrared thermal emitters with better performance than 

traditional PTEs. Cavity thermal emitters (CTEs) with randomly distributed hole array 

(RDHA) and with short period of hole array (SPHA) are proposed to use the CMs to 

realize narrower-band mid-infrared thermal emitters with purer spectra. The influence 

of hole size to the CMs is also investigated. 

4.1 The characteristic of cavity modes in 

tri-layer Ag/SiO2/Au plasmonic thermal emitters 

4.1.1 Experiments 

The schematic cross section and top view of Ag/SiO2/Au PTEs with thick SiO2 
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layer used in this section are shown in Figs. 4.1(a) and (b), respectively. The 

fabrication procedures of PTEs with thick SiO2 are described as followed: a 450nm 

Mo film was sputtered on the back side of the Si substrate. A 3nm Ti film, 120nm Ag 

film, 30nm Au film and 3 nm Ti film were deposited on the front side of Si substrate 

sequentially by E-gun evaporation. The Ti films are used for adhesions which are too 

thin to affect the optical properties of the SiO2 cavity. The bottom reflector under the 

SiO2 was formed by 30 nm Au/120nm Ag hybrid layers instead of a single 150nm Ag 

layer to avoid the oxidation of silver in the following PECVD process. This would not 

affect the optical properties since the optical constants of Au and Ag are 

approximately the same in the mid-infrared [60, 61].  After the formation of bottom 

Au layer, a SiO2 layer was deposited by PECVD at 350oC with the thickness of 0.55, 

2 and 2.6μm for samples A, B and C, respectively. A 100 nm-thick Ag film perforated 

with circular holes arranged in hexagonal lattice was produced by thermal evaporation 

on patterned photoresist and lifted-off. The samples then were placed in the Bruker 

IFS 66 v/s system to measure the reflection spectra with incident angles ϕ  to the 

normal direction of the sample surface from 12o to 65o in 1o step along the ΓK 

direction as defined in Fig. 4.1(b). Finally, the devices were placed in a vacuum 

chamber and electric current was sent into the Mo layer to heat the device to measure 

the thermal radiation in the normal direction ( 0oϕ = ) using PERKIN ELMER 2000 
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(a) (b) 

Fig. 4.1 (a) The side view and (b) top view of PTEs with the thickness of SiO2 

tox=0.55, 2μm and 2.6μm for samples A, B and C, respectively. The surface 

silver films are perforated with hole array in hexagonal lattice with 

1 2a = a =a=3μm  and d=1.5μm . ϕ  is the incident and reflective angle, 

//k  is the parallel component of wave vectors of lights. 

 

Fourier Transform Infrared Spectrometer (FTIR). The wavenumber resolutions of 

both measurements were 8 cm-1. 

It should be noted that the fabrication process and device structures for PTEs 

with thick SiO2 are a little different from what had been described in Sec. 2.4.2. The 

Mo layers are moved from top of silicon to the bottom of silicon. Although the output 

intensity will be stronger if one put the Mo layers in the front of silicon as shown in 

Fig. 2.6 (a), this process can not be used for the PTEs with the SiO2 thickness larger 
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than 1.5μm. In the traditional process of PTEs whose Mo layers are on the top of 

silicon wafer, the edges of samples should be immersed sequentially into the silver, 

buffer oxide and gold etchants to etch the edges of Ag, SiO2 and Au layers, 

respectively, to expose the Mo layer and from the electrodes. For thick SiO2, the 

capillary effect in the SiO2 layer sandwiched between Ag and Au layers becomes so 

serious that the SiO2 layer absorbs more buffer oxide etchants and is etched deeper; 

this makes surface Ag layer crack without the support of SiO2. 

4.1.2 Results and discussion 

Fig. 4.2 (a) to (c) shows emission spectra of samples A to C, respectively, in the 

normal direction ( 0oϕ = ) at temperature 300oC. From traditional theorem of PTEs 

[38, 40], the wavelengths of emission peaks excited by SPPs are given by 

eff
SPP 2 2

a n3λ   =
2 i +j -i j

×
×

×
              (for SPPs)  (4.1) 

where SPPλ  is the wavelength of (i, j) Ag/SiO2 SPPs modes in vacuum, neff is the 

effective refractive index of the cavity dielectric material and 
2eff SiOn n≈ for 

500t nm≥  according to the calculation of Eq. (2.57); 
2SiOn  is the refractive index of 

SiO2. From above discussion, the emission peak of (1,0) Ag/SiO2 should not change 

once the thickness of SiO2 is increased to the order of μm.  However, the 

experimental result shown in Fig. 4.2 (b) indicate that once the SiO2 thicknesses is 

increased to 2μm,  the (1,0) Ag/SiO2 SP shown in Fig. 4.2(a), becomes unapparent, 
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Fig. 4.2 Emission spectra of samples (a) A, (b) B and (c) C at temperature 300oC. 

 

the dominant mode changes from (1,0) Ag/SiO2 SP to the (0,0,1) cavity mode (CM) at 

5.45μm. The symbol (k, ,m) for cavity mode is defined in Eq. (4.9) which will be 

discussed later. For the emission spectra of sample C shown in Fig. 4.2(c), the (0,0,1) 

CM shifts to the 6.61μm  and another (1,0,1) CM appear in the spectra at 3.65μm. 

Actually, these SiO2-thickness-dependent CMs are the propagating plane waves 

guided in the Ag/SiO2/Au parallel-plate waveguide [57] and were observed in the 
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far-field by tunneling through the subwavelength holes perforated in the surface silver 

films. They are also known as Fabry-Perot resonance mode [45] or simply cavity 

mode (CM).  

In the mid-infrared, the optical constants of Au and Ag are approximately the 

same [60, 61]; their skin depths [64] are 
2 2 2

0 0 rm rm

1δ 20 nm
ω μ ε Sin  - ω μ εϕ

= ≈ which 

are much smaller than the thickness of SiO2 and the wavelengths of interested so that 

can be ignored. CMs can be approximated as the waves guided in the 

pefrect-conductor/SiO2/perfect-conductor parallel-plate waveguide whose dispersion 

relation are [57] 

2

22

cm SiO
ox

ω mπk  = n - 
c t

⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠
    (for CMs) (4.2) 

where ω  is the angular frequency of wave, c is the speed of light in vacuum, m is 

any integer denotes the order of CMs, oxt  is the thickness of SiO2. Besides CMs, 

SPPs exist in the Ag/SiO2/Au cavity either with dispersion relation from Eq. (2.31) 

2
eff rm

sp 2
eff  rm

n  εωK  =  
c n + ε

×  (for SPPs) (4.3) 

where rmε  is the relative dielectric constant of metals which can be gold or silver, the 

difference of choice of metals to the final calculation is very tiny. Both CMs and SPPs 

would be scattered by the periodic hole array according to the momentum 

conservation laws from Eq. (2.66) and (2.67) 
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cm // 1 2k  = k  + kG + G  (for CMs) (4.4) 

sp // 1 2k  = k  + iG  + jG  (for SPPs) (4.5) 

where //k  is the parallel component of wave vector of lights as shown in Fig. 4.1 (a). 

i, j, k, and are any integers; 1G  and 2G  are the reciprocal lattice vectors of 

hexagonal lattice as described in Eqs. (3.9) - (3.10) 

1 1x 1y
π 1 1G   =(G ,G )= ,θ θa Cos Sin

2 2

⎛ ⎞
⎜ ⎟

×⎜ ⎟
⎜ ⎟
⎝ ⎠

 (4.6) 

2 2x 2y
π 1 -1G   =(G ,G )= ,θ θa Cos Sin

2 2

⎛ ⎞
⎜ ⎟

×⎜ ⎟
⎜ ⎟
⎝ ⎠

 (4.7) 

where θ=60o for hexagonal lattice, a=3μm as described in Fig. 4.1 (b). 

When the lights are measured along ΓK direction with angle ϕ  normal to the 

surface as shown in Fig. 4.1 (b), the parallel component of wave vectors of lights are 

// x 0k =(k ,0,0)=(k Sin ,0,0)ϕ×  (4.8) 

where 0k
c
ω

=  

Substituting Eqs. (4.2), (4.3) and (4.6) - (4.8) into Eqs. (4.4) - (4.5) yields 

2

22
2 2

SiO 1x 2x x 1y 2y
ox

ω mπn - = (kG G +k ) (kG + G )
c t

⎛ ⎞⎛ ⎞ + +⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (for CMs) (4.9) 

2
2 2eff rm

1x 2x x 1y 1y2
eff rm

n εω = (iG +jG +k ) (iG +jG )
c n ε

×
× +

+
 (for SPPs) (4.10) 

In the mid-infrared, 
2

2 2
rm SiO effRe[-ε ] n n≈  [52, 60, 61]. Use this approximation 
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and ignore the imaginary part of rmε , Eq. (4.9) and (4.10) can be plotted on the 

dispersion relation of reflection spectra for comparison. Figs. 4.3 (a)-(c) show the 

experimental dispersion relation of reflection spectra with measuring angle ϕ  from 

12o to 65o for samples A to C. Figs. 4.3 (d) and (e) show the comparison between 

theoretical and experimental results for samples B and C, respectively. The blue 

dashed lines are the calculation results of Eq. (4.9). The symbol (k, ,m) CM denoted 

in the figures represent the CMs whose k,  and m satisfies Eq. (4.9). Similarly, (i, j) 

Ag/SiO2 denotes the SPPs modes whose i and j satisfied Eq. (4.10). Compared Figs. 

4.3 (d) and (e) with Figs. 4.3 (b) and (c), highly agreements between theory and 

experiments are obtained except for a little red-shift of CMs. This red-shift is due to 

the leakage of light through the holes which increase the effective thickness oxt  in 

Eq. (4.9) and will be discussed in the next sections. 

In the normal direction ( 0oϕ = ), the wavelengths of emission peaks in vacuum 

can be obtained by solving Eq. (4.9) and (4.10) with 0oϕ =  

2SiO
CM 2

2 2
2

ox

2n
λ  = 

16 m(k -k + )+
3 a t

⎛ ⎞
× ⎜ ⎟× ⎝ ⎠

 (for CMs)  (4.11) 

2SiO
SPP 2 2

a n3λ   =
2 i +j -i j

×
×

×
  (for SPPs)   (4.12) 

Table 4.1 summarizes the theoretical peak wavelengths and experimental results 

of samples A to C shown in Fig. 4.2. Highly agreements between theoretical and  
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Fig. 4.3 The dispersion relation of reflection spectra for samples (a) A, (b) B, (c) C 

and their modes analysis for samples (d) B and (e) C. The blue dashed lines 

are the calculated results of Eq. (4.9). 
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experimental results are obtained except a little red-shift of CMs. CMs exhibit 

narrower FWHM, narrower (Δ λ) / λ  and higher Q factors than SPPs modes, 

especially for longer wavelengths as listed in Table 4.2. 

Eqs. (4.9) and (4.11) indicate that CMs can be divided into two category: 

intrinsic CMs whose (k, )=(0,0) and Bragg scattered CMs whose k and  are not all 

zero. For intrinsic CMs whose k= =0 , Eq. (4.9) reduces to Eq. (4.2), the intrinsic 

CMs can be viewed as propagating waves guided in the parallel-plate waveguide 

without scattering by the surface hole array. The wavelengths of intrinsic CMs are 

determined by the thickness of cavity oxt  and the measuring angle ϕ  only. For 

Bragg scattered CMs, the waves are associated with the surface periodic hole array, 

not only oxt  and ϕ  but also lattice parameters such as θ and a will affect the 

wavelengths of CMs. Besides, incident lights along different direction will result in 

the different peak wavelengths. For example, if the lights are incident in the ΓM 

direction as defined in Fig. 4.1(b). The Eq. (4.9) should be rewritten as 

2

2 2 2 2
SiO 1 2 1 2

ox

ω mπ( n )  - ( ) = ( ) ( )
c t x x y y ykG G kG G k+ + + +   (4.13) 

where y 0k = k Sinϕ×   (4.14) 

Figs. 4.4 (a) and (b) show the measured dispersion relation of reflection spectra 

in the ΓM direction and their mode analysis according to Eqs. (4.13) and (4.14). 

Compared with the ΓK direction as shown in Figs. 4.3 (b) and (d), the dispersion 
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Table 4.1 The comparisons between theoretical peak wavelengths and measured 

results of emission spectra of samples A, B and C in 0oϕ = direction. 

 Sample A Sample B Sample C 

Modes name T (μm)  M (μm) T (μm)  M (μm) T (μm)  M (μm)

(1,0) Ag/SiO2 3.77 3.85 3.7 
none 
clear 

3.7 
none 
clear 

(0,0,1) CM 1.6 
not in 
MIR 

5.24 5.45 6.28 6.61 

(1,0,1) CM 0.8 
not in 
MIR 

2.82 
none 
clear 

3.65 4.01 

T denotes the theoretical values and M denotes the measured values. 

 

Table 4.2 The comparisons between theoretical values and measured results of 

emission spectra of samples A to C. 

 Sample A Sample B Sample C 

Dominant mode (1,0) Ag/SiO2 (0,0,1) CM (0,0,1) CM (1,0,1) CM 

λ (μm)  3.85 5.45 6.61 4.01 

FWHM (μm)  0.35 0.2 0.12 0.12 

(Δ λ) / λ 0.09 0.037 0.018 0.03 

Q factor 11 26.9 56 33 

Outpot power (mW/cm2) 130 145 210 137 
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Fig. 4.4 (a) The measured dispersion relation of reflection spectra and (b) 

corresponding modes analysis for sample B. The blue dashed lines are the 

calculations results of Eq. (4.13). 

 

curves of Bragg scattered CMs are different. However, the dispersion curves of 

intrinsic CMs are the same since intrinsic CMs are not associated with surface period. 

In conclusions, not only SPPs modes but also CMs would exist in the PTEs, Both 

of them would be scattered by surface periodic structures according the momentum 

conservation laws. The characteristic of FWHM, (Δλ)/λ , Q factor of CMs are all 

better than the characteristic of SPPs modes. 

4.2 Cavity thermal emitters with randomly 

distributed hole array and the influence of hole 

size to the cavity modes 

CMs exhibited better performance than SPPs in the emission spectra of a PTE. It 

can be used to fabricate better thermal emitters if Bragg scattered CMs and SPPs 
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modes can be filtered out. In this section, CTEs with randomly distributed hole array 

(RDHA) are proposed to eliminate these unwanted modes which are associated with 

surface periodic structures. Beside, the influence of hole size to the emission peaks 

and reflection spectra is investigated. 

4.2.1 Experiments 

The schematic cross section and top view of CTEs with RDHA are shown in Figs. 

4.5 (a) and (b), respectively. The fabrication processes are the same as described in 

previous section, eleven samples D to N were prepared for experiments and their 

structure parameters are summarized in Table 4.3. The reflection spectra of sample N 

is measured along ΓK direction with angle ϕ  normal to the surface as defined in Fig. 

4.1 (b). For samples D to F, there are no holes perforated in the surface metals so that  

 

 

 (a) (b) 

Fig. 4.5 (a) The side view and (b) top view of CTEs with RDHA. 
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Table 4.3 The structure parameters of samples with randomly distributed hole array, d 

denotes the diameters of holes and h denotes the thickness of to silver film. 

Sample d (μm) h (nm) DH* (%) 

D 0 12.5 0 

E 0 15 0 

F 0 20 0 

G 1 100 6.2 

H 1.5 100 9 

I 2.5 100 9 

J 3.5 100 9 

K 4.5 100 9 

L 2 100 6.2 

M 2 100 9 

N** 2 100 40.3 

*DH: Density of holes: total hole area over total area of pattern 

**Sample N is a CTE with hole array arranged in hexagonal lattice instead of RDHA 

in order to offer maximum density of holes for comparison. The period of hole 

array for sample N is a=3μm. 
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there is no need of lithography and lift-off in the fabrication processes. Simulations 

[45, 51] suggest that once the thicknesses h of top Ag layers are in the order of skin 

depth (~20nm), intrinsic CMs can be excited in the cavity and radiate to the far-field 

by leaking through surface thin film and vice versa. These kind of structures can be 

viewed as one kind of CTEs with zero hole size. 

The masks of RDHA used for lithography were designed by the computer 

program. A unit basis of 500μm x500μm  RDHA was generated and then spanned 

into the size of 1cmx1cm by periodic mapping for all samples. The nearest 

edge-to-edge distance allowed for holes is 1μm . The distribution of the nearest 

center-to-center distance for all holes are calculated and recorded in the step of 

mask-design by counting the nearest center-to-center distance from one hole to all 

other holes within the area of unit basis. The distributions of numbers of holes as a 

function of the nearest center-to-center distance are chosen to be as decentralized as 

possible without a peak at certain wavelengths. This is because large number of holes 

with common nearest center-to-center distance makes the distribution of the lattice 

momentum in the reciprocal lattice concentrate in some point ( 1G , 2G ). These high 

weight of 1G  and 2G would contribute into the Eqs. (4.4) and (4.5) even if surface 

holes are distributed randomly without period [70]. 

All patterns of RDHA are checked in the extraordinary transmission. The 
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fabrication and measurement methods are the same as those described in Sec 3.1. Fig. 

4.6 compares the distribution of the nearest center-to-center distance of holes with the 

transmission of RDHA in normal direction for sample I. The relation of transmission 

maximum to the distribution maximum follow the following equation 

eff
T 2 2

a n3λ   =
2 i +j -i j

×
×

×
 (4.15) 

where Tλ  is the wavelength of the maximum transmission. effa  is the nearest 

center-to-center distance of all holes whose weight are the largest. n=3.45 is the 

refraction index of the Si substrate. Eq. (4.15) is the same as Eq. (4.12) so that effa  

can be viewed as effective period of hole array. However, due to highly decentralized 

distribution of the nearest center-to-center distance among holes, the transmission is 

very weak and there is no apparent EOT observed in the spectra. Not only the RDHA 

patterns used for sample I but also other RDHA patterns had been checked in the 

transmission experiments to make sure that all RDHAs are random enough without 

effective period for all samples. The maximum density of holes for sample G is 6.2% 

which can not be elevated further without reducing the minimum distance between 

neighboring holes. 
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Fig. 4.6 The relation between transmission and the distribution of the nearest 

center-to-center distance of holes for sample I. 

 

4.2.2 Results and discussion 

For CTEs with RDHA, the SPPs modes can not be excited due to lack of 

periodicity coupling as discussed in Sec 2.2. RDHA can be viewed as a periodic 

structure with period of infinite; substituting Eqs. (4.6) and (4.7) into Eq. (4.4) with 

a = ∞ yields 

2

22

SiO //
ox

ω mπn - = k
c t

⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠
 (for CMs)   (4.16) 

For zero order measurement ( 0oϕ = ), the wavelengths of emission peaks in 

vacuum can be obtained by solving Eq. (4.16) with //k =0  
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2ox SiO
CM

2 t n
λ  = 

m
× ×

 (for CMs)  (4.17) 

Eqs. (4.16) and (4.17) are identical with Eqs. (4.9) and (4.11) in the condition of 

k= =0 , this means that only intrinsic CMs without SPPs and Bragg scattered CMs 

can be excited in the cavity. The emission spectra should be pure and narrow-band 

with the intrinsic CMs only. The theoretical dispersion curves according to Eq. (4.16) 

are shown in Fig. 4.7. The SiO2 thickness used in the calculation is 2μm. 

 

 

Fig. 4.7 Theoretical dispersion curves of CM for CTEs with RDHA. tox=2μm  
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Figs. 4.8 (a)-(c) show the experimental dispersion relation of reflection spectra 

with measuring angle ϕ  from 12o to 65o for samples D to F where no holes exist in 

the surface silver film. Figs. 4.8 (d)-(f) show the comparison of theoretical and 

experimental results for samples D to F, respectively. The blue dashed lines are the 

calculated results of Eq. (4.9). The symbol (0,0,m) CM denoted in the figures 

represent the CMs whose k= =0  and m satisfies Eq. (4.9). The spectra are much 

cleaner compared with CTEs with periodic hole array as shown in Figs. 4.3 and 4.4. 

For sample D shown in Fig. 4.8(a), the 12.5nm thick surface thin film is not thick 

enough so that large leakage of light into the cavity occurs no matter whether the 

incident light can couple to cavity modes or not. The cavity modes can propagate in 

the waveguide and leak out of cavity through surface thin film and results in a bright 

band in Fig. 4.8 (a). The leakage of light out of cavity also increases the bandwidth of 

resonance modes. For sample E shown in Fig. 4.8 (b), the bandwidth of CMs become 

much smaller and the reflections are still very low. For sample F shown in Fig. 4.8(c), 

the thickness of top thin film is 20 nm which is too thick to enable the light leaking 

from surface into the cavity if it is not a cavity mode, therefore, the reflection 

coefficient is almost one; however, for light coupled to cavity mode, the reflection 

becomes weak and dark line appears, the reflections of (0,0,1) CM and (0,0,2) CM for 

sample F are higher than the reflections of (0,0,1) CM and (0,0,2) CM for sample E 
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Fig. 4.8 The dispersion relation of reflection spectra for sample (a) D, (b) E, (c) F and 

their modes analysis for sample (d) D, (e) E and (f) F. The blue dashed lines 

are the calculated results of Eq. (4.9). 
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due to lower coupling efficiency of light to CMs whose surface silver film is thicker. 

Figs. 4.9 (a)-(c) show the dispersion relation of reflection spectra for samples G 

to I, respectively, not only the upward curved intrinsic CMs but also the horizontal 

dark lines and bright lines are observed for all spectra as denotes as (0,0,m) LCM 

which indicate the characteristic that horizontal (0,0,m) LCMs always intersect with 

(0,0,m) CMs at k//=0. The horizontal lines act as the localized cavity modes (LCMs) 

independent on the direction of incident light. Beside, a broad band horizontal dark 

lines below (0,0,1) LCM is observed either for Sample I denoted as FP-hole, 

 

Fig. 4.9 The dispersion relation of reflection spectra of samples (a) G, (b) H and (c) I. 
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Actually, these LCMs are the localized standing waves resonated in the cavity in 

the direction normal to samples in the cutoff frequency 

2SiO
ox

ω mπn =
c t

 (4.18) 

The incident lights are scattered by the holes once the wavelengths of LCMs are 

smaller than three times of hole diameters. Fig. 4.10 shows the theoretical dispersion 

curves of CMs and LCMs according to the Eq. (4.16) and (4.18). Two curves with 

common m value would interest at k//=0. Consider the dispersion relation of reflection 

spectra for samples G to I as shown in Figs. 4.9 (a)-(c), respectively. For sample G, the 

hole diameter is 1μm,  (0,0,1) LCM does not appear since the theoretical wavelength 

of (0,0,1) LCM is 5.4μm  which is three times larger than the hole diameter. The hole 

diameter is too small to scatter the incident light to form the (0,0,1) LCM. For (0,0,2) 

LCM, the wavelength of (0,0,2) LCM is 2.87μm  which is smaller than the three 

times of hole diameter, the holes scatter incident lights so that forms the (0,0,2) LCM. 

For sample H, the hole diameter is 1.5μm,  very weak (0,0,1) LCM seems to appear 

in the theoretical position, The theoretical wavelength of (0,0,1) LCM is 5μm  which 

is larger than three times of hole diameter but the difference is small, very weak (0,0,1) 

LCM are formed due to low scattering efficiency of holes. For sample H, the hole 

diameter is 2.5μm,  both (0,0,1) and (0,0,2) LCM appear clearly since the 

wavelengths of (0,0,1) and (0,0,2) LCM are 5μm  and 2.87μm , respectively, which 



 

 83

 

Fig. 4.10 The theoretical dispersion curves of CMs and LCMs. 

 

are all smaller than three times of hole diameter. 

It is expected that when the hole diameter is small (1μm), only the incident light 

coupled to the cavity modes can have extraordinary transmission through top metal 

film into the cavity, this leads to a weak reflection and dark lines. However, when the 

hole diameter becomes large (2.5 μm),  the transmission of incident light with 

different wavelengths also becomes significant, only those light coupled to cavity 



 

 84

mode can propagate in the cavity, all others are scattered away. These cavity modes 

will re-emit from the holes to the far-field and enhance the reflection spectra (bright 

lines). 

Consider the dispersion relation of reflection spectra for samples J and K whose 

diameters are 3.5 and 4.5 μm,  respectively as shown in Fig. 4.11 (a) and (b), 

respectively. For larger hole size and shorter wavelengths, the LCMs gradually 

disappear, this is because the leakage of light resonated in the cavity through surface 

hole array becomes too large to be ignored. Highly leakage of light for larger hole size 

breaks the resonance condition in the direction normal to the surface of samples. This 

makes the dispersion relation of reflection spectra for large holes gradually approach 

to the dispersion relation of reflection spectra for sample D whose leakage of light in 

the cavity is larger either, as shown in Fig. 4.8 (a). 

 

Fig. 4.11 The dispersion relation of reflection spectra of samples (a) J and (b) K. 
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The wavelengths of CM and LCMs are independent of hole diameter. However, 

the wavelengths of the other horizontal broad-band dark modes denoted as FP-hole in 

Fig. 4.9 (c) and Fig. 4.11(a) and (b) are not. They are the Fabry-Perot hole shape 

resonance (FP-hole) modes resonated in the edges of the holes and whose 

wavelengths are linear dependent with the hole diameter. Fig. 4.12 shows the 

measured wavelength of FP-hole modes to the hole diameter with the incident angle 

o=12ϕ for samples I to K and another CTE sample with d=tox=2μm. The linear fit 

curve of measured points is  

λ=4.14+0.64d  (4.19) 

 

Fig. 4.12 The relation of the wavelength of FP-hole modes to the hole diameter 
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Fig. 4.13 shows the reflection spectra at o=12ϕ  for samples L to N whose 

diameters of holes are fixed at 2μm but the densities of total hole area are different. 

The holes of sample N are arranged in hexagonal lattice instead of RDHA in order to 

offer the maximum values of density of total hole area to 40% for wide range 

comparison. Without considering the SPPs and Bragg scattered CMs of sample N, it 

can be seen that the wavelengths of dark modes (0,0,1) and (0,0,2) CMs are almost 

the same except a tiny red-shift for larger densities of total hole area. Higher densities 

of holes only lower the reflection intensity of modes. 

 

Fig. 4.13 The reflection spectra of sample L to N with the fixed incident and reflective 

angles 12oϕ =  and the fixed diameters of holes d=2μm. 
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Finally, the emission spectra of samples D to J were investigated; none of CTEs 

with top thin silver films without holes (samples D to F) 0can offer good emission 

spectra in the temperature over 140o C. Fig. 4.14(a) shows the emission spectrum of 

sample E. Once the temperature was elevated from 80o to 100o C, the quality of 

surface thin film degenerates so that the background thermal radiation of SiO2 phonon 

vibration modes around 10μm [53] can not be suppressed the surface thin films are 

too thin to offer the good thermal stability in high-temperature operation. For CTEs 

with RDHA, the emission spectrum of sample G is too weak to be ignored due to low 

density of holes. For the emission spectrum of sample H at 300oC as shown in Figs. 

4.14 (b), the wavelength, FWHM, Δλ/λ  and Q factor of (0,0,1) CM is 5.51μm, 0.17, 

0.03, 33, respectively, which are as good as the characteristics of (0,0,1) CM of 

sample B as summarized in Table 4.2. However, the intensity of (0,0,1) CM is very 

weak due to low density of total hole area by comparing Fig. 4.14 (b) with Fig. 4.2 (b). 

For the emission spectra of samples I and J at 300oC as shown in the Fig. 4.14 (c) and 

(d), respectively, larger hole size broaden the bandwidth of resonance modes so that 

the difference between emissions spectra and background blackbody radiation 

gradually smears out. It should be noted that the maximum density of total hole area 

can not be enlarged too much in order to maintain the random degree of holes. Low 

output intensity is the main drawback of CTEs with RDHA. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 4.14 The emission spectra of samples (a) E, (b) H, (c) I and (d) J in the normal 

direction ( 0 )oϕ = . 
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In conclusions, CTEs with RDHA had been realized successfully, by analyzing 

the hole size effect on the resonant modes in the dispersion relation of reflection 

spectra, it is found that larger scattering of light through larger surface holes array 

would form the LCMs and FP-hole. When the hole diameter is small, only the 

incident light coupled to the CMs and LCMs can have extraordinary transmission 

through top metal film into the cavity, this leads to a weak reflection and dark lines. 

When the hole diameter becomes large, the transmission of incident light with 

different wavelengths becomes significant, only those light coupled to CMs and 

LCMs can propagate or resonate in the cavity and re-emit from the holes to the 

far-field so that changes the reflection spectra from dark lines into white lines. When 

the hole diameter is larger than or equal to 2.5μm,  the FP-hole modes appear and the 

wavelengths of FP-hole modes are linear dependent on the hole size. Finally, the 

emission spectra of CTEs with RDHA are pure and narrow-band if the hole size is 

small. However, their output intensities are very weak due to low density of total hole 

area. 

4.3 Cavity thermal emitters with short period of 

hole array 

Although CTEs with RDHA could offer pure emission spectra without SPPs 

modes and Bragg scattered CMs, their emission intensities are much weaker due to 
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low densities of holes. In this section, novel CTEs with short period of hole array 

(SPHA) are proposed to overcome the intensity problem. High output intensities, high 

temperature stability, low FWHM of emission peaks and pure emission spectra 

without SPPs modes and Bragg scattered CMs could be achieved simultaneously. 

Besides, non-ideal effects such as LCMs are weak either. 

4.3.1 Experiments 

The side view, top view and fabrication processes of CTEs with short period hole 

array (SPHA) are identical as those described in Sec. 4.1.1. The structure parameters 

of all samples O, P and Q are summarized in Table 4.4. The reflection spectra are 

measured along ΓK direction with angle ϕ  normal to the surface as shown in Fig. 

4.1 (b). 

 

Table 4.4 The structure parameters and emission peaks of samples O, P and Q, d 

denotes the diameters of holes and h denotes the thickness of to silver film. 

Sample a (μm) d (μm) tox(μm) 

O 2.3 1.15 2 

P 1.7 1 2 

Q 1.7 1 1.6 
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4.3.2 Results and discussion 

The design principle of CTEs with SPHA is very simple. In order to get high 

output intensities, holes are arranged in the highest packed form: hexagonal lattice. In 

order to reduce the FWHM of emission peaks and eliminate non-ideal effect such as 

LCMs, the diameters of holes were chosen as small as possible. Finally, the period of 

hole array is shrunk as small as possible in order to place more holes inside the top Ag 

layer to increase the overall output intensities. Interesting enough, once these three 

criteria are satisfied, high performance cavity thermal emitters with good high 

temperature stability, strong emission intensity, narrow-band emission peaks and pure 

emission spectra can be achieved simultaneously. 

Figs. 4.15 (a) and (b) show the dispersion relations of reflection for samples O 

and P along the ΓK direction, respectively. The curves (k, ,m) CM denote the CMs 

whose wave vectors satisfy Eq. (4.9) with (k, ,m). Similarly, the curves (i,j) Ag/SiO2 

denotes the SPPs modes whose wave vectors satisfy Eq. (4.10). For small period of 

hole array, G1 and G2 of Eq. (4.6) and (4.7) becomes large due to small values of a. 

Substituting large G1 and G2 into Eq. (4.9) and (4.10) yields higher ω  so that moves 

the SPPs modes and Bragg scattered CMs to the higher energy in the dispersion 

relation of reflection spectra. Compared Fig. 4.15 (a) with Figs. 4.3 (b) and 4.3 (d), 

when the period of hole array shrinks from 3μm  to 2.3μm , all Bragg scattered CMs 
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and SPPs modes are shifted from the energies above 0.4eV at kx=0 as shown in Fig. 

4.3 (d) to the higher energies above 0.48eV at kx=0 as shown in Fig. 4.15 (a); once the 

period of hole array continue shrinks to the 1.7μm  as shown in Fig. 4.15 (c), all 

Bragg scattered modes and SPPs modes are shifted to the even higher energy above 

0.6eV at kx=0. The reflection spectra becomes purer for smaller period, gradually 

approach the reflection spectra of CTE with RDHA by comparing Figs. 4.15 (a) and 

(b) with Fig. 4.9 (a). Besides, the non-ideal effect such as localized cavity modes as 

described in the previous section are weak either due to small hole size. 

 

(a) 
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(b) 

Fig. 4.15 The dispersion relation of reflection spectra for (a) sample O and (b) sample 

P. The period of hole array for sample O and P are 2.3 μm  and 1.7 μm,  

respectively. 

 

Figs. 4.16 (a) and (b) display the emissions spectra for samples O and P in the 

normal directions, (1,0) Ag/SiO2 denotes the (1,0) Ag/SiO2 degenerated modes whose 

wave vectors satisfy Eq. (4.12) with (i,j)= ( 1,0)± , (0, 1)±  or ( 1, 1)± ± , respectively. 

Compared Fig. 4.16 (a) with Fig. 4.3(b), when the period of hole array shrinks from 3 

to 2.3μm , the (1,0) Ag/SiO2 degenerated mode are shifted from 3.86μm  to 2.72μm , 

the Bragg scattered (1,0,1) CMs composed of six degenerated cavity modes with 
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(k, ,m)= ( 1,0,m)± , (0, 1,m)±  or ( 1, 1,m)± ± are shifted from 3.1μm  to 2.58μm  

where blackbody radiation is too weak to be observed. For the emission spectrum of 

sample P whose period of hole array shrinks to 1.7μm  as shown in Fig. 4.16 (b), all 

SPPs and Bragg scattered CMs are shifted to the shorter wavelength where blackbody 

radiation are too weak to be observed although there are still reflection deeps 

observed in the reflection spectra for such modes as shown in Fig. 4.15 (b).  

Compared the emission spectra of sample P shown in Fig. 4.16 (b) with the 

emission spectra of sample H shown in Fig. 4.14 (b), it can be found that the emission 

spectra of CTEs with SPHA can be as pure as CTEs with RDHA, but the output 

intensity of CTEs with SPHA are much stronger than CTEs with RDHA due to high 

density of holes. 

 

(a) 
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(b) 

Fig. 4.16 The emission spectra in the normal direction o=0ϕ  for (a) sample O and (b) 

sample P. The period of hole array for sample O and P are 2.3μm  and 

1.7μm,  respectively. The thicknesses of SiO2 of both samples are 2μm. 

 

The FWHM, (Δλ)/λ , Q factors and the output powers of (0,0,1) CM for samples 

O and P are (0.2 μm,  0.17 μm) , (0.035,0.03), (28.6,33) and (186mW/cm2, 

137mW/cm2), respectively. All of them are better than those of the traditional 

plasmonic thermal emitters (PTEs) could achieve as summarized in Table 4.3. 

Another advantage of CTEs is that CMs of CTEs in the direction other than normal 

direction would not split into four branches across wide energy band as the SPPs 

modes of PTEs as shown in Fig. 4.3 (a) but would exhibit only slight blue shift in the 
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narrow energy band as shown in Fig. 4.15 (b), especially for large kx (large ϕ ). 

The dispersion curves and the emission peaks of the CTEs with SPHA are 

tunable simply by changing the thickness of SiO2 according to Eqs. (4.16) and (4.17). 

Fig. 4.17 shows emission spectrum in the normal direction ( o=0ϕ ) for sample Q with 

the SiO2 thickness of 1.6μm,  the wavelength of (0,0,1) CM is 4.69μm. The FWHM, 

(Δ λ) / λ, Q factor and output power of (0,0,1) CM are 0.119μm,  0.0253, 39 and 

140mW/cm2, respectively. 

 

Fig. 4.17 The emission spectrum for sample Q. The thickness of SiO2 is 1.6 μm.  

 

Finally, compared the emission spectra of sample P as shown in Fig. 4.16 (b) to 

sample E as shown in Fig. 4.14(a), the CTE with top thin silver film can not work 

well in the high temperature due to the stability of top thin film, the key point is that 
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the surface thin film can not be thicker than the skin depth of silver (~20nm) too much 

in order to let the light resonated in the cavity to leak out the thin silver film to outside. 

However, such thin thicknesses can not offer good thermal stability in high 

temperature operation. For CTEs with SPHA, the surface reflective mirror of the 

Fabry-Perot resonance cavity is formed by the subwavelength circular holes, the 

minimum skin depth of subwavelength holes in normal direction 0oϕ =  is [71] 

h 2 2

c 0

1δ =
2π 2π
λ λ

⎛ ⎞ ⎛ ⎞
−⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

 (4.20) 

where c
πdλ =

1.841
 is the maximum cutoff wavelength of subwavelength holes, 0λ  is 

the wavelength of radiation modes guided in the subwavelength circular holes. 

Fig. 4.18 shows the calculation of minimum skin depth of subwavelength holes in 

normal direction 0oϕ = . Since the skin depths of subwavelength holes are much larger 

than the skin depth of silver, the thickness of surface silver film can be elevated from 

15nm of sample E to the 100nm of sample P. Fig. 4.19 shows the comparison of 

reflection spectra for sample P and sample E at o=12ϕ , almost the same reflection 

spectra are obtained except at the wavelength smaller than 2.5μm where SPPs and 

Bragg scattered CMs of sample P appear. However, CTEs with SPHA could offer 

better thermal stability in the high-temperature operation where CTEs with top thin 

silver film could not achieved. 
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Fig. 4.18 The calculation of minimum skin depth of subwavelength holes to the 

wavelengths of lights guided inside the holes according to Eq. (4.23). 

 

Fig. 4.19 The reflection spectra atϕ =12o for sample E which is a CTE with 15nm top 

thin silver film and sample P which is a CTE with SPHA. The period and 

diameter of hole array of sample P are 1.7μm and 1μm,  respectively. 
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In conclusions, high performance mid-infrared narrow-band CTEs with SPHA 

have been realized successfully. The SPPs modes and Bragg scattering CMs are 

shifted to the short wavelengths by short period where blackbody radiations are too 

weak to be observed. Small hole size eliminates non-ideal effects such as LCMs and 

FP-hole modes and offers narrower bandwidth emission peaks with small FWHM, 

The thickness of top silver film is thick enough to offer good thermal stability in high 

temperature operation. High density surface hole array offer strong emission intensity 

where CTEs with RDHA could not achieve. The FWHM, (Δ λ) / λ and Q factors are 

demonstrated to be all better than what traditional PTEs could achieve. The 

wavelengths of emission peaks are tunable by the thickness of the cavity. 
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Chapter 5  Conclusions 
In this thesis, the fundamental concepts of surface plasmon polaritons (SPPs) 

have been described. The characteristics of extraordinary transmission through a 

silver film perforated with periodic hole array in far infrared region have been 

investigated in detail. The characteristics of plasmonic thermal emitter with grating on 

top silver film are also discussed. 

In chapter 3, the extraordinary transmission characteristics of silicon substrates 

and plasmonic thermal emitters with a silver film on top perforated with hole array 

arranged in a rhombus lattice are investigated in theory and experiment. For the 

transmission experiments of silicon substrates perforated with hole array arranged in a 

rhombus lattice, it is found that the transmissions of Ag/Si modes are approximately 

linearly dependent on the numbers of degenerated modes in the longer wavelength 

range where the couplings between Ag/Si and Ag/air modes are weak. In the shorter 

wavelength range where Ag/Si and Ag/air are coupled together, the transmission 

intensities are approximately constant without apparent peaks in the wavelength range 

longer than the Ag/air modes and decay rapidly in the wavelength smaller than the 

Ag/air modes due to asymmetric slope of the Ag/air mode in the spectra. For 

plasmonic thermal emitters with rhombus latice, the same characteristic are observed 

either. Only hexagonal lattice produce the strongest emission peak due to largest 
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degenerated modes. The peak intensities follow the blackbody radiation curve 

multiplying transmission efficiency of the top metal film which is dependent on the 

numbers of degenerated modes. 

In chapter 4, the SiO2 thickness of PTEs is increased to the order of μm, it is 

found that not only SPPs modes but also cavity modes (CMs) exist in the reflection 

and emission spectra. The CMs would be scattered by the periodic hole array and 

result in many Bragg scattered CMs in the spectra. CMs exhibited better performance 

than SPPs in the emission spectra of a PTE. Cavity thermal emitters (CTEs) with 

randomly distributed hole array (RDHA) are proposed to eliminate Bragg scattered 

CMs and SPPs modes to realize narrower-band mid-infrared thermal emitters with 

purer spectra. The influence of hole size to the CMs is also investigated, it is found 

that larger scattering of light through larger surface hole array would form the LCMs 

and FP-hole modes. When the hole diameter is small, only the incident light coupled 

to the CMs and LCMs can have extraordinary transmission through top metal film 

into the cavity, this leads to a weak reflection and dark lines. When the hole diameter 

becomes large, the transmission of incident light with different wavelengths becomes 

significant, only those light coupled to CMs and LCMs can propagate or resonate in 

the cavity and re-emit from the holes to the far-field so that changes the reflection 

spectra from dark lines into white lines. When the hole diameter is larger than or equal 
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to 2.5μm , the Fabry-Perot hole shape resonance (FP-hole) modes appear and the 

wavelengths of FP-hole modes are linear dependent on the hole size. Finally, the 

emission spectra of CTEs with RDHA are pure and narrow-band if the hole size is 

small. However, their output intensities are very weak due to low density of total hole 

area. Novel CTEs with short period of hole array (SPHA) are proposed to overcome 

the intensity problem. The surface holes are arranged in the highest-density hexagonal 

lattice with short period and small hole diameter. The SPPs modes and Bragg 

scattering CMs are shifted to the short wavelengths by short period where blackbody 

radiations are too weak to be observed. Small hole size eliminates non-ideal effects 

such as LCMs and FP-hole modes and offer narrower bandwidth emission peaks with 

small FWHM. The thickness of top silver film is thick enough to offer good thermal 

stability in high temperature operation. High density surface hole array offers strong 

emission intensities where CTEs with RDHA could not achieve. The FWHM, (Δ λ) / λ 

and Q factors are demonstrated to be all better than what traditional PTEs could 

achieve. Besides, the emission peaks of CTEs would not split into four branches in the 

direction other than normal direction as the SPPs modes of PTEs but exhibit little blue 

shift only. Finally, the wavelengths of emission peaks are tunable just by changing the 

thickness of the cavity. 
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Appendix [64~65] 
Proof of momentum conservation law of 
grating coupling 

Consider parallel polarization waves (TM mode) impinge on a one dimensional 

arbitrary shape interface whose period is Λ as shown in Fig. 2.4. The coordination (x, 

z) of interface in space is (x, h(x)) whre h(x) is in the period of Λ. The blue lines 

indicate the incident waves with common propagation directions (common kix and kiz); 

the green lines and red lines represent the reflections waves and the transmission 

waves. Since that the propagation directions of reflection waves and transmission 

waves may be different at each point of the interface, the final electromagnetic waves 

in any point of space (x, z) should be the superposition of waves coming from all 

directions: 

x rz
+ i(k x+ k z)

r x x-
H (x, z)= R(k ) e d(k )y

∞

∞∫  (A.1) 

x t
+ i(k x - k z)

t x x-
H (x, z)= T(k ) e d(k )

∞

∞∫ y  (A.2) 

where rzk  and tzk are the function of kx because  

2 2 2
(r,t)z x 0 r(1,2) r(1,2)k  + k =k μ ε   (A.3) 

xR(k ) and xT(k )  denote the amplitude of magnetic field of reflection waves and 

transmission waves traveling in the (kx, krz) direction and (kx, ktz) direction 

respectively. The incident waves are described as: 
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ix izi(k x - k z)
0H =H e yi  (A.4) 

Consider an arbitrary interface point (x, h(x)), the boundary condition requires 

that Eq. (A.1) + Eq. (A.4) = Eq. (A.2): 

tzrz x ix iz
+ -ik h(x)ik h(x) ik x i(k x - k h(x))

x x x 0-
 [R(k )e -T(k )e ]e d(k )+H e 0

∞

∞
=∫  (A.5) 

Since that iz-ik h(x)e  is a periodic function in the period of Λ, it can be spanned into the 

Fourier series:  

iz

2+ +i(m x)-ik h(x)

m=-
e A em

π∞
Λ

∞

= ∑  (A.6) 

where iz

2-i(m x)-i k h(x)

0

1A e e dxm

π
Λ

Λ=
Λ ∫  (A.7) 

Substitute Eq. (A.6) into Eq. (A.5) yields: 

ix
tzrz x

2π++ i(k + m )x-ik h(x)ik h(x) ik x Λ
x x x 0 m-

m=-
[R(k )e  -  T(k )e ]e d(k )+H A e =0

∞∞

∞
∞
∑∫  (A.8) 

Compared the integral term and summation term in Eq. (A.8), it is clear that if 

x ix
2πk k +m
Λ

≠ , the integral term should be zero because there is no corresponding 

summation term to cancel this integral term. This can be achieved if one let 

x xR(k )= T(k )=0  when x ix
2πk k +m
Λ

≠ , that is: 

+

y x m x ix
m=-

2πR (k )= R δ(k - k - m )
Λ

∞

∞
∑  (A.9) 

+

y x m x ix
m=-

2πT (k )= T δ(k - k - m )
Λ

∞

∞
∑  (A.10) 

where Rm and Tm are constants and δ is the Dirac delta function in math. 

Substitute Eqs. (A.9) and (A.10) back into Eqs. (A.1) and (A.2) yields: 

ix rz
2π+ i((k + m )x+ k z)
Λ

m
m=-

H (x, z)= R e yr

∞

∞
∑  (A.11) 
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ix tz
2π+ i((k + m )x+ k z)
Λ

m
m=-

H (x, z)= T e yt

∞

∞
∑  (A.12) 

Eqs. (A.11) and (A.12) can be rewrote as 

rx rz

+
i(k x + k z)

m
m=-

H (x, z)= R e yr

∞

∞
∑  (A.13) 

tx tz
+

i(k x - k z)
m

m=-
H (x, z)= T e yt

∞

∞
∑  (A.14) 

where rx tx x ix

2πk =k =k =k +m
Λ

 (A.15) 

The proof is complete. 

 It should be note that not only TM waves but also TE waves (perpendicular 

polarization) will obey the momentum conservation laws of grating coupling. The 

proof is the same as above except replacing the H field of TM mode with the electric 

field of TE mode. However, one should keep in mind that for TE waves and 

non-magnetic materials. The absolute value of “m” is not allowed to be too large since 

there are no evanescent wave (SPPs) for such structure as shown in Sec. 2.1.1.1. The 

TE waves after scattering can only by spanned in the basis of finite waves where 

evanescent waves are not allowed. 

Finally, it should be note that the proof above did not ask what materials of 

medium1 and medium 2 should be; momentum conservation is a general law which 

can be use in dielectric/dielectric once the interface is periodic structure. 
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