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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 plasmenic theﬁnal emitters (PTEs) with hole array
arranged in thombus lattice, the peak 1nteﬂ§1t1es follow, the blackbody radiation curve
multiplying transmission efﬁciep(_:y of the:i:}op ﬁaetal ﬁlm which is dependent on the
numbers of degenerated modes. In fhe second topic of this thesis, the SiO; thickness
of PTEs is increased to the order of um 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/SiO, 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

v



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.

=W



Contents

Chapter 1 IntroducCtion..........ccoccveviiiiiiieicee e 1
1.1 Extraordinary transmission and surface plasmons polaritons......1

1.2 Infrared thermal emitters............ccoevviiiiiiiiiiieceecee e 4

1.3 The motivations of the research in this thesis..............cc............. 5

1.4 Frameworks of this thesis..........cccoccvviiiiiiiiiiiiccee e, 6
Chapter 2 The Fundamental theorem.............cccceeviineennen. 8
2.1 The fundamentals of surface plasmon polaritons......................... 8

2.1.1 Surface plasmon polaritons at a single smooth interface..................... 8

2.1.2 Surface plasmon polaritons at a smooth metal/dielectric/metal

tEI-1aYET SEIUCTULE ..eoiivieeiiieeeiee ettt ettt e et e e sveeeeeaee e 19
2.2 Excitation of surface plasmon polaritons...........ccceeervveeecnennnns 23
2.3 The extraordinary light'transmission and infrared thermal
S1AT107S) - SUUOD SO et S 26
2.3.1 Extraordinary lightransmisSion k. ..ocioieeeveeneeenieenieeieenie e 26
2.3.2 Infrared thermal emitters..... L« 8 O ool TSRS 27
2.4 Process flow.... . b L3 L4 m 28
2.4.1 Fabrication processes of s;mples of metal hole arrays...................... 28
2.4.2 Fabrication processes of infrared thermal emitters...............coeeeev. 30
2.5 Measurement SYStEMS. ... citue . iiteasiie e eeeeeeeeriiieeeeeeieeeeeeeireeeens 31
2.5.1 Introduction of FTIR .. e 31
2.5.2 TransmiSS10N MEASUTCIMNENL ........eeruvieiieeriieeiienieenieesieeeieesreenieesaee e 32
2.5.3 Reflection Measurement. .............eevueereeeniienieeniienieeniee et 33
2.5.4 Thermal emission MEASUTEMENT ......c..eeruverieeruieeiieniieeieeereeneee e 35

Chapter 3 Extraordinary transmission through a silver

film perforated with hole arrays arranged in a

rhombus lattice and its application in plasmonic

thermal emitters..........ccoooiiiii e, 37

3.1 Extraordinary transmission through a silver film perforated with
hole array arranged in a thombus lattice............ccoecvvveeeriernnnenn. 37
3.1.1 EXPETIMENTS ..eoonvviieiiieeiiie ettt eie e et tre e e e e esnsee e 37

VI



3.1.2 ReSults and diSCUSSION «....eeeeeeeeieeee et e e e e e e 39

3.2 Plasmonic thermal emitters with top metal perforated by hole

array arranged in thombus lattice..........cccvveeviveeiiciieeeiiieeeieee 53
R IV B 25140 1S) 510013 1 -SSP 53
3.2.2 Results and diSCUSSION ......ecueeiiieniiieiieiiieiee et 54

Chapter 4 The characteristic of cavity modes in the

plasmonic thermal emitters and the fabrication

of narrow-band cavity thermal emitters.......... 61

4.1 The characteristic of cavity modes in tri-layer Ag/Si0,/Au
plasmonic thermal emitters ..........ccceeeeeiiieeriieeeeiieeeiee e 61
4.1.1 EXPEITMENLS ...uvvieiiieeiiieeiieeesireeeiteeeiteeeaeeesseeesseeesseeessseesesseesnsseenns 61
4.1.2 Results and diSCUSSION ....c.eeeuieriiiiiiiiiiieiieeie et 64
4.2 Cavity thermal emitters' with randomly distributed hole array and
the influence of hole.size to-the cavity modes...........cccuveeenneee. 72
4.2.1 ExperimentS¥.... J00............ WO ..o M8 ...cooeeniiiiiniee e 73
4.2.2 Results and discussion ... Le N T ool SO 77
4.3 Cavity thermal emitters Wii;ff short period of hole array ............ 90
4.3.1 Experiments ... l...00 . bt ................. POt 91
4.3.2 Results and discussion..... ...} AR 92
Chapter 5  ConClUSIONS i mmremsstite e iieeeiieessiree e e 101

Appendix Proof of momentum conservation law of grating
(o701 o] 1 0o [T 104

R BT BINICES. ..ottt e e e e e e 107

VIl



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Figure Captions

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
(AASH TINE). .t e e e e eeeaaee e 11

2.2 Decay lengths of SPPs (a) in the dielectric J,, (b) in the metal o, and (c)

along the interface (Ls,). The dielectric is SiO, and the metal is Ag............ 18
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.................... 22
2.4 Parallel polarization plane waves (TM mode) impinge on the one dimensional
grating whose period is A. The blue lines, green lines and red lines represent
the incident lights, reflection lights and transmission lights respectively. ...25
2.5 The (a) side and (b) top viewof asilicon substrate with a silver film on top
perforated with hole array arranged in a thombus lattice. @ 1s the incident

and reflective angle, k, isthe light wave vector component parallel to the

sample surface along 'K diréctig_r_l._ o) N B, 27
2.6 (a) The side view and (b)top view ofinfrared thermal emitters. ................... 28
2.7 The principle of Fourier tranéfprml infrared Spectrometry............ccoeveueuene.. 32
2.8 The experiment setup ofitransmission at incline Incidence. ......cccceeveeneeennen. 33
2.9 Schematic diagram of reflection measurel.{lent in the angle ¢ from 12° to 65°.

...................................................................................................................... 34
2.10 The optical path and reflection mirrors of reflection measurement ............. 34
2.11 The thermal emitter chamber, (a) top view (b) side View. ........cccccvveeuveenneee. 36

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. ‘ai‘ = Z =a=5um

and d=2.5um. ¢ is the incident and transmission angle, k, is the light
wave vector component parallel to the sample surface along I'K direction. 38
3.2 The dispersion relation extracted from transmission spectra for sample (a) A,
(b) B, (¢) C, (d) D, (e) E, (f) F and their modes analyses for sample (g) A, (h)
B,(1) C, (j) D, (k) E, (1) F. The green and red dashed lines are the calculated
dispersion curves of Ag/SiO, and Ag/air modes, respectively. ........c......... 42
3.3 The transmission spectra of sample C with incident angle ¢ varying from 0°
0 60° DY 10° STEP. 1.veveeeeeeeeeteeeeeeeeeetee ettt ettt 44
3.4 The transmission spectra for samples (a) A, (b) B, (¢) C, (d) D, (e) E and (f) F

VIII



Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

in the normal direction P=0° . ............ccevieiiiriieiieieceeeee e 48
3.5 (a) The schematic cross section and (b) top view of PTEs with top metal

g =a=5um

perforated by hole array arranged in rhombus lattice with ‘aT‘ =

ANd A=2.5UM L e 54
3.6 Emission spectra in the normal direction of all five PTEs with rhombus lattice.
The lattice angle 6= (a) 50°, (b) 60°, (¢) 70°, (d) 80° and (e) 90°. ................ 59
4.1 (a) The side view and (b) top view of PTEs with the thickness of Si0,
tox=0.55, 2um and 2.6pum for samples A, B and C, respectively. The surface
silver films are perforated with hole array in hexagonal lattice with

-

a,/=a=3um and d=1.5pum. ¢ is the incident and reflective angle,

k, 1s the parallel component of wave vectors of lights..............ccccccennnee. 63
4.2 Emission spectra of samples (a) A, (b) B and (¢) C at temperature 300°C. ...65
4.3 The dispersion relation of reflection spectra for samples (a) A, (b) B, (¢) C

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

are the calculated results of Eq. (4.9)._...... ..................................................... 69

4.4 (a) The measured dispersion r'ela‘tion'“of reflection spectra and (b)
corresponding modes analys1s for” sample B. The blue dashed lines are the
calculations results of Eq. (4. 13) E .......... PO 72

4.5 (a) The side view and (b) top Viewsof CTEs Wlth RDHA. ... 73

4.6 The relation between transmission and the distribution of the nearest
center-to-center distance of holes for'sample I..............cccooovieeiieiieiecnenne. 77

4.7 Theoretical dispersion curves of CM for CTEs with RDHA. tx=2pm ......... 78

4.8 The dispersion relation of reflection spectra for sample (a) D, (b) E, (¢) 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). cuvveeoiiieieeeeee e 80

4.9 The dispersion relation of reflection spectra of samples (a) G, (b) H and (c) I.
...................................................................................................................... 81

4.10 The theoretical dispersion curves of CMs and LCMS. ........cccccveevvieeeveennee. 83

4.11 The dispersion relation of reflection spectra of samples (a) J and (b) K. .....84
4.12 The relation of the wavelength of FP-hole modes to the hole diameter....... 85
4.13 The reflection spectra of sample L to N with the fixed incident and reflective
angles @ =12° and the fixed diameters of holes d=2um. ............c.c........ 86
4.14 The emission spectra of samples (a) E, (b) H, (¢) I and (d) J in the normal
AITCION (2 = 07) + eieeeieeii ettt ettt et e et eea e e e eenns 89

4.15 The dispersion relation of reflection spectra for (a) sample O and (b) sample

IX



P. The period of hole array for sample O and P are 2.3 um and 1.7 pm,
TESPECHIVELY Lttt e e e e e e e eaaee s 94

Fig. 4.16 The emission spectra in the normal direction ¢=0° for (a) sample O and (b)

sample P. The period of hole array for sample O and P are 2.3 um and

1.7um, respectively. The thicknesses of SiO; of both samples are 2 pm. ..96
Fig. 4.17 The emission spectrum for sample Q. The thickness of SiO; is 1.6 pm. .....97
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). ....... 99
Fig. 4.19 The reflection spectra at ¢ =12° 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 1.7umand 1 um, respectively........ 99

< ALY



List of Tables

Table 2.1 Conditions and purposes of the cleaning solvents ............cccceecvveerieeeeneennne. 29
Table 2.2 The photolithography conditions ............cccceeeviiieiieeniieece e 30
Table 3.1 The structure parameters of samples AtO F. .....c.oooovvieiiiiiiiiiiieeeeeees 39

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 1attiCe. ........ooiiiiiii e 49
Table 3.3 The comparisons of normalized transmission intensities for wavelength
larger than 10 LM ..o..ooiii e 51
Table 3.4 The theoretical and measured parameters of EOT for PTEs with rhombus
JAEEICE. .t 60
Table 4.1 The comparisons between theoretical peak wavelengths and measured
results of emission spectra of samples A, B and C in ¢ = 0° direction. .....70
Table 4.2 The comparisons between theoretical values and measured results of
emission spectra of samples A t0 C. il viiiiiiiiiiccccee 71
Table 4.3 The structure parameters,of sampleé with.randomly distributed hole array, d
denotes the diametérs of holes and h denotes.the thickness of to silver film.
R A A= =22 i Nt o T 74
Table 4.4 The structure paramétets and emission peaks of samples O, P and Q, d
denotes the diameters of hoiés agd h d‘enot_es'the thickness of to silver film.

XI



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

T(4) = 6‘2‘(71“)4 ~374.3(%) | A (1.1)

Eal
where k=2n/A is the wavector of incider;;lj.ijéht, Xis the wavelength of incident light.

According to this stanélér(_l. diffraction< theory, it has been thought that
subwavelength hole have a very low transmission ratio since the transmission is
proportional to (1/A)* . 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

1



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 éppropriate, the SPPs can Bragg reflect
and interfere with themselves, which resﬁit 1n an energy gap in the SPPs dispersion
relation [10-11]. The momentum co_nser\:;:eition. of SI;PS and light through periodic
perforated hole arrays [12] has eiucidatéd 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



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 artiﬁc.ial metals This explained why the EOT
can still be observed in the terahertz arid"}:a’gi_qbwave region [23, 24] where traditional
theorem of SPPs believe that_f at _sluch:t::low. frequéncy only highly delocalized
Sommerfeld-Zenneck surface wave .[25-27] but Si’Ps 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].



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 5um is in the temperature around 300° 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 quéntum structures, epitaxy and expensive
cooling equipments which are needed ih"é?’g_jr:lfrared semiconductor laser [42].

Infrared thermal light sources with ﬁlters stfucturés to tailor the thermal radiation
spectra had been studied for long ﬁme 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, SiO,, a common optical thin film material, have

large extinction coefficient (k) around 10um[52] contributed from strong phonon



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@OQ/Ag plasmonic thermal emitters (PTEs)
with top Ag layer perforated Wiﬂ;l holes array n .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 thombus lattice with specific
lattice angle6=90° and 60°. It is interesting to know how emission spectra changes
when 6 changes from 90° to 40° by 10° 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 SiO, becomes thicker than

1.3 um, 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



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 subwavelengtﬁ periodic hole arrays and the basic
operating principle of PTEs will be 1ntro@ced Finally, the fabrication processes and
the measurement systems will bq e_:luc_idate:ct:l:.

In chapter 3, the transmissioﬁ characteristies 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



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
2.6um were investigated, a new model was developed to successfully explain and fit
the experimental results which ar¢ notiable to éxplain well in the past [41]. According

to this new model, CTEs with randoml’y"(:i_iﬁjqibuted holg arrays (RDHA) are proposed

to offer pure cavity mode radia_j;i_on _spect-;; wifh smail full width at half maximum
(FWHM) which are better than thosé 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.



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 polari'tons at a single smooth
interface | «, |
2.1.1.1 Transverse electric (TE) méde

First, assume that surface wave.s 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 >0

E (x,z,0)=A,e " e 2.1)
and for z<0

E (x,z,0)= A" e (2.2)



where Re[k,]>0 andRe[k ]>0 indicate the fact that surface waves decay rapidly

away the interface. A

, and k_  denote as

and A4 are constants. k_,

propagation constants of the traveling waves in dielectric and metal respectively.
Both Ex and EZ 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 constante,,

k

xm 2

k

complex relative permeability 12, k 4

> and k are all independent of

positions (X, y, z).
Substituting Egs. (2.1) and (2.2) into.-Maxwell equationV X E=- jou, ,urﬁ ,

the magnetic fields of both regions:‘can be obtained

For z>0 f_,ﬁ '
: . f
H (x,z,0)=—iA, ke et ) (2.3)
o,
— kxd kX ,=kqz
H (x,z,0)=A4,—*—e""e (2.4)
o,
and for z<0
H (x,z,0)=iA, o k e e (2.5)
0/ rm
kxm ik, x _k,z
Hz(x,z,a)):Amme e (2.6)
0/ rm

where g4, 1is the permeability in the vacuum; g, and g are the relative

rm

permeability of dielectric and metal respectively.



The following boundary conditions of Maxwell equations should be satisfied at
the interface (z=0)
E, continuity Eq. (2.1) =Eq. (2.2) (2.7)
H, continuity Eq. (2.3) =Eq. (2.5) (2.8)

Solving Eq. (2.7), Eq. (2.8) and let g, =u =1 for non-magnetic materials, the

rm

solutions of above equations are

A" =4 " (2.9)
ikgx ik, x
—Ake" =4ke (2.10)
Substituting Eq. (2.9) into Eq."(2.40) yields
A e (k,+k )=Ae" " (k, +k ) =9’~=. (2.11)
: S . ;

Since Re[k,]>0 and Re[k;]>0, the only solution of Eq. (2.11)is 4, = A, =0
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 where 12 , # 1~ [56].
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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 >0
_ —kyz _i(k g x—ot)
H (x,z,0)=A,e e (2.12)
and for z<0
_ kyz _i(ky,x—ot)
H (x,z,w)= A4, e (2.13)
> k.., k, and k,  are

The definitions and characteristics of .4, , A , k
identical as what were defined ‘inSec. 2.14hd- Both /H_ and H_ are zero in

dielectric and metal for TM mode.

Substituting Eq. (242) | ' and || Eq. (2.13) into Maxwell

equationV x H= J a)goé‘rf, the magnetic'ﬁelds of both regions can be obtained

For z>0

Ex (.X',Z, C()) = iAd e & kdeikmxe_kdz (214)
0~ rd
E —_ A kxd ikyyx —kyz
(%z,0)=- e o C (2.15)
0~ rd
and for z<0
: 1 ik x k z
E (x,z,0)=—iA, ke et (2.16)
a)gogrm

12



k .
E (x,z,0)=—A ——¢""e" (2.17)
a)gogrm

where &, is the permittivity in the vacuum; &  and & 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)

D, continuity Eq. (2.15)xg,e4=Eq: (2d7)x¢g,c,, (2.20)

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

A" =4 " _ : | H (2.21)
S\l |
1 ikgx 1 ik X B
A —ke"" =-4 —k e™ - O (2.22)
grd grm
ikgyx ik,,,x
Ak e =4k e (2.23)
Substituting Eq. (2.21) into Eq. (2.22) and Eq. (2.23) yields
ik x 1 1 ik X 1 1
Ae" " (—k,+—k )=A4 e (—k,+—k )=0 (2.24)
rd rm rd rm
kxd = kxm (225)
Since both 4, and A can not be zero, the solution of Egs. (2.24) - (2.25) is
1 1
(—k,+—k)=0 (2.26)
rd rm

13



Eq. (2.26) can be rearranged as
£
d —_rd (2.27)

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

should obey the Helmholtz equation [57] V’H + ko2 ,ur&‘rﬁ =0. Substituting Eq.

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

obtained
k?—k,+k’pu,e,=0 (2.28)
k’—k, +k’w,e, =0 (2.29)

where k,= @ and ¢ is the light'speed-in the vacuumi. -

c
= |
Dividing Eq. (2.28) by Eq. (2.29).gives 1
| o
i 2 kz—kzlu T '.-_:;
R | _ P . - o (2.30)
km kx k ILlrmgrm

Substituting Eq. (2.25), Eq. (2.27) into Eq. (2.30) and let p =p_=1 for

non-magnetic material assumption, the following results are obtained

8 X& a) 8 Xe&,
(2.31)
. +8 €. +8

g’d ) (2.32)
8 +6'
(8 ) (2.33)

wherek ,and k_, inthe Eq. (2.31) are also known as the dispersion relation of SPPs

14



and usually denoted as ksp . Substituting Eq. (2.25) into Eq. (2.23) yields

A=A _=A (2.34)
where A is a non-zero constant. Egs. (2.31) - (2.34) can now be substituting back into
Egs. (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 Re[e ] and Re[e_ ]
should have opposite because of Re[k,]>0 and Re[k, ]> 0. 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 dielectrid ce"gstants are both positive or both negative.
Surface waves can only exist i.n_'t_he m’etal:;diel.ectric ;'nterface and only TM mode is
allowed; these surface TM waves aré 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

15



and surface waves in the dielectric forms a newly kind of virtual particles propagating
along the interface and carry with their own energies /i@ and momentums hksp
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 (¢) and Eq. (2.31)

E XE&
hk , = hk,, |[——" =hk &, %
grd + grm

wheren, = /&, 1is the refractive index of dielectric and usually >1. & <0 for
d rd y rm

(2.35)

most metals according to Drude mode [58}';59]
: b E . ;
Finally, the decay lengths of _SPPs: inside the dielectric and the metal are denoted

as O, and O_, respectively; their values are defined as the distances where the

intensity of electric fields drop to 1/e

1
S5 = 2.36
“Relk,] (230
1
— 2.37
"~ Relk, ] (237

where k, and k, can be calculated from Eq. (2.32) and Eq. (2.33).

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

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

16



S B
" 2xImlk_] 2xIm[k_]

(2.38)

where k , and k__ can be calculated from Eq. (2.31).
Figs. (2.2) show the examples of calculations results of Egs. (2.36) - (2.38), the

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

[52, 60, 61].
' L;F",’ f: {___’
& o\ |
g \= @
Decay length of SPPs in dielectric (6,)
500 /;‘
/
100 /
~ S0
=
3
< 10
5
1
1 2 3 4 S 6 7 8

Wavelength (ytm)

(a)
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Decay length of SPPs in metal (6,,)

221
22.0
S
o
’é‘ 21.9 / I
£
< 21.8 /
21.7 /
21.6 1 2 3 4 S 6 7 8
Wavelength (ym)
4 il LSS -
o ROR Ry
& T W< N
Decay length of SPPs along interface (Lsp)
1000 j
/
/
100 /
E
E
= 10
~
1
1 2 3 4 5 6 7 8
Wavelength (um)
(©)

Fig. 2.2 Decay lengths of SPPs (a) in the dielectric 0,, (b) in the metal o, and (c)

along the interface (Lsp). The dielectric is SiO; and the metal is Ag.
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2.1.2 Surface plasmon polaritons at

metal/dielectric/metal tri-layer structure

a smooth

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.
w
For z> —
2
Hy (‘x) Z) a)) = Ameik”’zei(kxm"*m)
w
For z<——
2

_ A okt ilk-an)
H (x,z,w)=A4,"e

w w )
For —<z<— —

I

kyz i(kygx—at) | 1. a9 d)
H (x,z,0) = A" e+ Belt e P
y wady, | -

k

xm 2

The definitions and characteristics of i, /1 _, k k

xd d

what were defined in Sec. 2.1.1.2.

(2.39)

(2.40)

(2.41)

and k _ are identical as

Substituting Egs. (2.39) - (2.41) into Maxwell equationV x H= ja)é‘ogrﬁ, the

magnetic fields of both regions can be derived

w
Forz > —
2
_ X =k
E (x,z,0)=i4, k e
wE,E,
rm
kxd ik, x —k,z
E(x,z,0)=—4 ——e""e™
z m
a)gogrm

19
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. 1 ik X z
E (x,z,0)=—iA, k e"e (2.44)
a)gogrm
— kxm ik X Kz
E (x,z,0)=—A —"—e""e (2.45)
a)gogrm
w
and for —<z<—
2
o 1 ik x _kyz . ik x —kyz
E (x,z,0)=—iA, ke e +iB, k,e™"e (2.46)
gogrd a)gogrd
_ kxd ikegx kqz kxd ikygx —kyz
E (x,z,0)=—A,——k e "e" -B,—“"—k,e""e (2.47)

we&,, we&,,

The following boundary, conditiofis of Maxivell equations should be satisfied at
the interface (2 = el i£6)
e inter ace(Z—_2 respectively) | =3 | |

Wi A
Hy continuity Eq. (2.39) = Eq(21411)

| (2.48)
Eq. (2.40) = Eq. '(2.41) 5 (2.49)
E,continuity Eq. (2.42) =Eq. (2.46) (2.50)
Eq. (2.44) = Eq. (2.46) (2.51)
D, continuity Eq. (2.43)x¢,6, =Eq. (247)x¢,¢, , (2.52)
Eq. (245)xge,=Eq. 24T)x g, (2.53)

Solving Eqgs. (2.48) - (2.53) yields
k,=k, (2.54)
Exp[—k,w]= ILRL (2.55)

k,/e,—k /e,

20



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

Theoretically, k,, k

m?

g and

rd >~ rm

k and k_ can be described in terms of &
w by solving Eq. (2.55) with Egs. (2.28), (2.29) and (2.54) since four variables can be
solved using four equations. However, it should be note that Exp[—k,w] in Eq.
(2.55) is an infinite series so that the solutions of k,, k , k_and k_ 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

B 1
* Relk,]

> w ' (2.56)

e
g
=

is satisfied, the SPPs in the two interfapesh-?yi-ll couple together tightly as shown as the
red lines in Fig. 2.3 (a). Once thjsl 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
A &
n,=.\&., =&, x| 1+ 2 14— (2.57)
7 ’ ’ awyg-s \ &,

where &€ . is the effective relative dielectric constant, 4, is the wavelength of

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

k

xm 2

2.3 (b), and k

s k, and k_ of original MDM structure can be obtained

easily by substituting Eq.(2.57) into Egs. (2.31) - (2.33).
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0.5w

-0.5w

(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.
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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 A as shown in Fig. 2.4. The
coordination (X, z) of interface in"space is (X, il(X)) where h(x) is in period of A. The

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

kix and ki,); the green lines and r_p_d lines rgi)resént the .reﬂection and the transmission
waves, respectively. Since the prop.agatiori 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

H(x, 2= R ey .59

m=-c0
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T (2= 5 T ety (.59

m=-c0

k. =k =k =k_+m=" (2.60)
A

where m denotes the order of scattering waves.

Since
er2 + kr22 = kozll'lrlgrl (261)
ktx2 + lctz2 = kOZILIVZng (262)

should be obeyed for all kinds of waves, large will enlarge k_* and & *in

27
m_
A

Eq. (2.60). Next, large k_* and 'k > 'make:ncgative k_° and k_° in Eq. (2.61)

and (2.62). Finally, k_ and Kk become imaginary number, the reflecting waves and
Z."-u '
transmission waves in Eq. (2,58) and (2.59)become evanescent waves

ff(x ,z ) =R_e/the ) ) SR fghhmeagiiiltil g z < h(x) (2.63)

H"(x ,z ) =T ¢ ) y =T gl ikl y, z> h(x) (2.64)
2

Eq. (2.63) and (2.64) indicate that the scattering waves for large mT 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
2

k, =k, +m— (2.65)
A



. . 2 . . . . . .
Finally, since — 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

k., =k, =k, +iG + jG, (2.66)
k, =k, +iG, + jG, (2.67)
where 1, j are any integers, a{ and GT are the reciprocal unit vectors of the grating.

k., ., k, and k7 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 mc-)r.nentum conservation law which will be

!

utilized and discussed in chapter 4.

m

medium 1
M1, €r1

~h(x) |<T>‘ medium 2

W2, €12

> X

Fig. 2.4 Parallel polarization plane waves (TM mode) impinge on the one dimensional
grating whose period is A. 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 T'K 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 iﬁterface and meet the holes. The SPPs
tunnel through the holes and propagatle' al@gthe outer interface. Finally, the SPPs on
the outer interface reemit to the _fa_r ﬁ_elld V;a scaftering .by periodic structure. The final
transmission ratio of light is enhancéd by the exeitation of SPPs and tunneling process
[36, 37].

— ‘—»

The peaks of EOT can be calculated by Eq. (2.67) where k,= ko‘sin(m—(,

‘FO‘Z% 1s the wavevector of input light and output light; A, is the wavelength in
0

vacuum and 0 is the incident angle as shown Fig. 2.5 (a). Detailed calculations and

discussions will be given in chapter 3.

26



(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 arrar%eg 1n a rhombus lattice. ¢ is the incident

ector component parallel to

VD - v 4

2.3.2 Infrared thermal Em)t;qrj%

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/SiO, 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
lzix=‘lzo‘sin¢)z , ‘EO‘Z% is the wavevector of the incident light; N is the

wavelength in vacuum, and 0 is the incident angle. However, since Ag/SiO,/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.

light radiation
] I <Ag 100 nm
«Si0, 100 nm
Ti 3 nm
] ]
Mo 450 nm

Si substrate

(b)

L

. . :.'j'-u. f’_.?: . ar N K_‘"- :“;\‘
2.4.1 Fabrication processes effgfgfnples of metal hole
“EpepeielS

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 (CH30OH) 5 Clean Acetone
D.I water (H20) 5 Clean Methanol

(1) Photolithography

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

baking 1 minute is used to evaperate solvent ¢ontained 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

Pattern Formation Negative Photoresistor
Spinning and Coating 4000 rpm 40 sec

Soft Bake 150°C 1min

Exposure 50 sec

Post-Exposure Bake 100°C 2min 30sec
Development 4 sec

2.4.2 Fabrication processes of infrared thermal

emitters

e

The side and top views of the infrare&;t.ﬁ.ermal 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 SiO, 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 cm”.

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.
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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 mitror, and a beam splitter. The radiation from
the broadband IR source impinges_on the béam splitter, and half of the IR beam

transmits to the fixed mirrer and the “réiff@_in.ing half reflects to the moving mirror.

Then those divided beams reﬂec_ft_ba(_:k to the be.:amspl.itter and recombine to generate
the interference pattern. The resuiting beampasses through sample and finally
impinges upon the detector. First, consider a frequency f’ 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 f’. Then, the

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

Fixed mirror

A

Beamsplitter

IR detector Moving Mirror

D3

.
=

S

#! . Moving Mirror Position

|
X ,d.g'l“i

X el
b g 5 e A

Fig. 2.7 The principle of Fourier t;ansfd:ifr} infg:zged'gpectrometry.
e |

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 ¢ as shown in Fig. 2.5 (a). The wavenumber resolution of the

measurement is 8 cm™'. The beam size of incident infrared light is 3 mm.
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&frarqd Spectrometer (FTIR) was

\J- =

used to measure thermal radiratiq“ﬁ tra bov the samples with incline angle ¢ as

defined Fig. 2.9. The Wavenum‘t:er regolfuuon a)f *the rneasurement is 8 cm™. 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 12° to 65° 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 reﬂectior}_meps}lrement in the angle ¢ from 12° to 65°.
gy

f= T
AR

Fig. 2.10 The optical path and reflection mirrors of reflection measurement
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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™. The radiation area of the sample is 1 cm®.
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 2x107. Finally, ADE@ current. is.sent into the heaters and heats up the
sample which is clipped between the .Héét;__@r_g..:.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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Fig. 2.11 The thermal emitter chamber, (a) top view (b) side view.

36



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 latticegsquare and-hexagonal lattices are just thombus
lattice with specific lattice angle 6:'9éf‘;;:_and 60°) It is interesting to know how
emission spectra change when, ' | Vari-és from 960 to 40° by 10° 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 0

varying from 40° to 90° 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,0 and 180°-6 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 ¢ from 0° to 65° in 1° step

along the I'K direction as defined in Fig. 3.1 (b).

Iy,

e i - x?f L= ; bie.
AZ -

(a) (b)

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

:az

perforated with hole array arranged in a rhombus lattice. aT

=a=5um
and d=2.5um. ¢ is the incident and transmission angle, k, is the light

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

Sample A B C D E F

0 (degree) 40 50 60 70 80 90

3.1.2 Results and discussion

For a thombus lattice whose unit vectors a, and a, are defined in Fig. 3.1 (b),

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

— T 1 1
G, =(G,,G,y)=—x ) (3.1
& | Cos— Sin—
2
— T 1 =1 - e -
G, =(G2,;,G2y)=;X — AL S (3.2)

Cos9 Sing e
2 R Y

SPPs exist at the interfaces of Ag/Si and Ag/air, (esf)ectively, with dispersion relation

from Eq. (2.31)

=2 X Cm (3.3)
C €qt €

where o is the angular frequency of wave, c is the speed of light in vacuum, ¢__and

K,

€, 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)

k_ =k, +iG, +jG, (3.4)

Sp
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where k—// is the wave vector of light parallel to sample surface as defined in Fig. 3.1
(a). 1, j, are any integers;

When the light are incident along I'K direction with incident angle ¢ shown in

Fig. 3.1 (a), the parallel component of wave vectors k, is given by
k,=(k,,0,0)=(k, xSing,0,0) (3.5)

Q)
where k, =—
c

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

L /ma/(iGlierzX +k )’ +iGy, G, ) (3.6)
C Srd +8rm : .-

In the mid-infrared, Re[-g, J>%€, 452, 60; 61}, "Using this approximation and

-y
-

ignoring the image part of ¢, Eq/ (3g;can _.be plo_‘_tted on the dispersion relation
diagram extracted from transm.ifs.si(_)r;l spectra.'fot comparison. Figs. 3.2 (a)-(f) and
(g)-(1) 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 1, j satisfy Eq. (3.6) and € ,~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) ande , =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)-(]),
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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,(1) C, (j) D, (k) E, (1) F. The green and red dashed lines are the calculated

dispersion curves of Ag/SiO, 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 6=40°, 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 0=70°, the transmission intensity is rr;ﬁch stronger in the energy band below
(-1,-1) Ag/air and much weaker above Augalr mode. Fig. 3.3 shows the transmission
spectra of sample C with 0 =60‘i,_the: iinci;gnt aﬁgles (p varies from 0° to 60° by 10°
step, the black dashed curves deno;ce 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 sﬁ
f(l
to 60° by 10° step. i t
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For normal incident anglep =0°, Eqgs. (3.5) and (3.6) can be simplified to

_ axSin0
\/i2+j2-2><i><j>< Cosb

Ay x\Je (3.7)

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

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

A (6=40°) to F (6=90°) in the normal direction (¢ =0°). The common deeps around
9umare 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 sur_nmarizes the measured transmission

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

e

transmission spectra of Figs. 3..4. For all {sEelétra shown in Figs. 3.4, the transmission
peaks are strong in the wavelenéfh .léilr.ger than I'I()_;um, the transmission intensities of
these peaks are approximately linearly dependent on the numbers of degenerated
modes in the lattice with lattice angle®. For 6=40°, 50° and 70° 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 6=60° 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 0=80° 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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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 p=0° .
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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 ; numbers of degenerated T M Measured
(0) modes name  degenerated modes (um) (um) pqak
modes intensity (%)
: (-1’0) (O"l)
(1,0) Ag/air 4 (0.1 (1.0) 32 3.5 7.9
(1,1) Ag/air 2 (1,1) (-1,-1) 4.7 5 133
A . (2,1) (-2,-1)
(40, (2,1) Ag/Si 4 (1.2) (-1.-2) 8 8 15.2
140°)  (2,2) Ag/Si 2 (2,2) (-2,-2) 8.1 8.2 14.4
: ('130) (Oa-l)
(1,0) Ag/Si 4 (0.1 (1.0) 1.1 11.3 20.7
(1,1) Ag/Si 2 (1,1) (-1,-1) 16.2 16.4 12.8
: ('130) (03'1)
(1,0) Ag/air 4 (0.1 (1.0) 3.8 4.1 6.1
(5%0 (1,1) Ag/air 2 (1,1) (-1,-1) 4.5 4.8 9.7
130°) ~ (=150):(0,-1)
) (1,0) Ag/Si 4 (0.1) (1,0) 13.2 13.4 17.3
(1,1) Ag/Si 2 (D) (=) = 15.6 15.7 11.1
. (171) ('1"1)
(1,0) Ag/air 6 ~ (1,000, 4.3 4.7 8.2
(B0 (041)

C D
(60°, (1,-1) Ag/Si 6 : |(—1,'-“—.2) (12) 8.6 8.8 9.3
120°) LI-LD (1HD

> CISIET - ),

(1,0) Ag/Si 6 (1,0) (0;1) 14.9 15.2 233
(_170) (07'1)
: ('130) (Oa-l)

D (1,0) Ag/air 4 (0.1 (1.0) 4.7 5.1 6.8
(70°, (1,1) Ag/Si 2 (1,1) (-1,-1) 14.1 14.2 4.7
1100) . (-130) (03'1)

(1,0) Ag/Si 4 (0.1) (1.0) 16.2 16.4 10.8
: (1,0) (0,1)
1,0) Ag/air 4 4.9 54 6.5

L (DA (-1,0)(0,-1)

(80°, (1,-1) Ag/Si 2 (1,-1) (-1,1) 11.1 11.2 5.5
100°) (1,1) Ag/Si 2 (1,1) (-1,-1) 13.2 13.3 4.9
: (1,0) (0,1)
(1,0) Ag/Si 4 (~1.0 )(0.-1) 17 17.2 8.7
: (-lal)(la'l)
(1,0) Ag/air 4 (-1-1)(L1) 5 5.4 6.4

F : (-1,1) (1,-1)

(90°) (1,1) Ag/Si 4 (-1-1) (1.1 12.2 12.3 7.5
(1,0) Ag/Si 4 (-1,1)d,-1) 17.3 17.4 7.4

(-1,-DH(d,1)

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

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

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

. - Transmission
Normalized transmisssion= (3.8)

Numbers of degenerated mode x Fill factor

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

1.25° xm _0.196

Fill factor= —
25xSin®  Sin6

(3.9)
The normalized transmission intensities for m.odes with common lattice angle 0 are
approximately the same. However, sarhib?l%‘_i&ith higher density of holes or large fill
factor, which occurs in a 1atti_9¢ W;zifh s;r:halllef 0 would have larger normalized
transmission intensity.

In the wavelength range smaller than 10 um 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 10um although there should be

some peaks according to Eq. (3.7) and Figs. 3.2 (g)-(1). For wavelength smaller than

10 um, 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 10 um

Fill numbers of Measured Normalized
Sa(rgl))le factor modes name degenerated Peak intensity peak
(%) modes (%) intensity
A (1,0) Ag/Si 4 20.7 16.9
o o 30.5
(407, 140%) (1,1) Ag/Si 2 12.8 21.0
B (1,0) Ag/Si 4 17.3 16.9
o o 25.6
(507, 130°%) (1,1) Ag/Si 2 11.1 22.0
C )
o o 22.7  (1,0) Ag/Si 6 23.3 17.1
(60°, 120%)
D (1,1) Ag/Si 2 4.7 11.2
o o 20.9
(70%, 110%) (1,0) Ag/Si 4 10.8 12.9
(1,-1) Ag/St 28 5.5 13.8
o o 19.9  (1,1)Ag/Si % 4.9 12.3
(80°, 100%) : e A _
(1,0) AgfSi | miedo) | 8.7 10.9
F (1,1) Ag/Si | | | : 7.5 9.5
o 19.6 il = il a5
(90%) (LOYAg/Sitl 4 |1 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
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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 wa\./elength smaller than the Ag/air modes.
Previous studies on the influence of hél'é;'i@_z__é'on the EOT [17, 69] had indicated that
the maximum coupling wavelen_gf[h 1§ stroigly depen(ient on the hole size, the larger
hole size would have longer maximﬁm 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 Viev;/ ofplasmonic thermal emitters (PTEs)
with top metal perforated by hole array d%@ggéd in rhombus lattice are shown in Figs.
3.5 (a) and (b), respectively. Tp_e fe_tbriceiion procedﬁres of PTEs are described as
followed: a 450nm Mo film was spu.ttered 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 SiO; 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 6 changing from 50° to 90° in 10° step were produced by thermal
evaporation and lift-off. Finally, the edges of the Ag and SiO, 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 240° 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

-1
measurement was 8§ cm’ .

light radiation
Ti 3 nm T T

<« Ag 100nm
«Si0; 100nm

Mo 450 nm

Si substrate

& - o
&
Fig. 3.5 (a) The schematic i‘“@g sectt m@l 'w of PTEs with top metal

perforated by holé:_;';arra s lattice with |a,|=|a,|=a=5um
and d=2.5um. _,k e ) ,ﬁ
- X F o
R o o L L

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/Si0; 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 € ;, in Eq. (3.7) should

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

top and bottom Ag/SiO; interface as introduced in the Eq. (2.57) of Sec. 2.1.2

54



TR (3.10)
TWA/-€,, €

8reff :8rd x (1_‘—

Replacing €, inEq. (3.7) with the €

in the Eq. (3.10) yields

12
Ay == .zaxS'm‘G X &g ¥| 1+ & 1+ (3.11)
\/1 +j"-2xixix Cosb TWA/-€,, “Cim

where A, is the emission peak wavelength, w=100nm is the thickness of SiO,, €,
and ¢_ are the dielectric constants of SiO, and Ag, respectively [52,60,61]. 1 and j are
integers denoting the orders of SPPs modes. Five samples were prepared with 0=50°,
60°, 70°, 80° and 90°. It should be noted that 0 and 180°-0 denotes the same lattice
structure.

Figs. 3.6 (a) to (¢) show the emis.s’i(")nt:iﬂ;_e'c.tra of P.TEs with0=50°, 60°, 70°, 80°
and 90°, respectively. Table 3.4 _§um1311521riz-é-s thle' theoretical and measured parameters
of PTEs with rhombus lattice. The.measu'red 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 6.7um were the absorption of moisture since
that the optical path between chamber and FTIR was not totally in vacuum. The
common emission peaks around 10 um were optical phonon modes of the SiO,.

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 6=50° and 70°
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shown in Figs. 3.6 (a) and (c), the emission intensities of (1,0) Ag/SiO, modes are
about twice stronger than that of the (1,1) Ag/SiO, modes since their degenerated
mode ratio is 4:2. For 6=60° shown in Fig. 3.6 (b), the (1,0) Ag/SiO, mode has the
maximum peak emission intensity than those of all other samples since it has the
maximum six degenerated modes. For 6=80° shown in Fig. 3.6 (d), the emission
intensity of (1,0) Ag/SiO, mode is about twice stronger than (1,1) and (1,-1) Ag/SiO,
mode since their degenerated mode ratio is 4:2:2, respectively. For 6=90° shown in
Fig. 3.6 (e), the transmission of (1,0) and.(1,1) Ag/SiO, modes are equal and the
corresponding emission intensities follow th.e. blackbody radiation distribution since
their degenerated modes are all the sanié"é;éﬂ.é}_.;:.

In conclusion, PTEs with.r_h_oml::)us lf:t:tice_ ilad béen investigated experimentally
and theoretically. Only hexagonal léttice (6=60°) 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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Fig. 3.6 Emission spectra in the normal direction'of all-five PTEs with rhombus lattice.
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Table 3.4 The theoretical and measured parameters of EOT for PTEs with rhombus

lattice.
numbers of
degenerated T M
Sample modes name  degenerated
(0) des modes (um)  (pm)
. (_150) (07_1)
(1,0) Ag/SiO; 4 5.88 5.81
(50°, (0,1) (1,0)
130°)
(1,1) Ag/SiO; 2 (1,1) (-1,-1) 6.45 6.81
(600 (171) (_19_1)
1200’) (1,0) Ag/Si O, 6 (1,0) (0,1) 6.45 6.51
(_150) (07_1)
(1,1) Ag/SiO; 2 (1,1) (-1,-1) 6.67 6.82
(0% 1107 | (-1,0) (0,-1)
(1,0) Ag/Si0O; -+ 6.15 6.13
(1,-1) Ag/S10, ~< oy (DGR, 1) 5.13 5.1
(80", | =
100°) (1,1) Ag/Si0; - ; 2 ? .'-(1’1) (__—1,-1) 59 5.8
.S\l A150).00,1)
(1,0) Ag/Si0; 4 & 6.8 7.06
: - (-1,0) (0,-1)
. (-L,1) (1,-1)
(1,1) Ag/SiO; 4 5.56 5.39
(_17_1) (171)
90°

1LD(1,-1
(1,0) Ag/SiO; 4 CLDA-D 007 6ss

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

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 SiO; thickness of PTEs is increased to the order of pm, 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 manyBragg sc€attered CMs in the spectra. Since CMs
exhibit narrower full width at half maXi@m (FWHM) than SPPs modes, they have
potential to be applied in mid-infrared the;mal emitter.s 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/SiO,/Au plasmonic thermal emitters

4.1.1 Experiments

The schematic cross section and top view of Ag/SiO,/Au PTEs with thick SiO,
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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 SiO, 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 SiO, cavity. The bottom reflector under the
Si0;, 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 sinee the obtical constants of Au and Ag are
approximately the same in the mid-inﬁd%?’g_ [60, 61]. After the formation of bottom
Au layer, a SiO; layer was depo_@ited_t;y PECVD at 350°C with the thickness of 0.55,
2 and 2.6pum for samples A, B and C, respe'ctivelyh. 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 ¢ to the
normal direction of the sample surface from 12° to 65° in 1° step along the T'K
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 (¢ =0°) using PERKIN ELMER 2000
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Si substrate
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(a) (b)

Fig. 4.1 (a) The side view and (b) t(iprlv,ﬁ?’ of PTEs with the thickness of SiO,
g

e S
silver films are ,gbegf ate :1 hexagonal lattice with
_ & :
a,|=|a,|=a=3um and ( e \“bldent and reflective angle,

A Wiww S V 4
k, 1s the parallel compomm_]} 9£ ;vi\(?ﬁlsbtbrs of lights,

Fourier Transform Infrared Spectrometer (FTIR). The wavenumber resolutions of
both measurements were 8 cm™.

It should be noted that the fabrication process and device structures for PTEs
with thick SiO; 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 SiO, thickness larger
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than 1.5um. 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, SiO, and Au layers,
respectively, to expose the Mo layer and from the electrodes. For thick SiO,, the
capillary effect in the SiO, layer sandwiched between Ag and Au layers becomes so
serious that the SiO, layer absorbs more buffer oxide etchants and is etched deeper;
this makes surface Ag layer crack without the support of SiO,.
4.1.2 Results and discussion

Fig. 4.2 (a) to (c) shows emission spectr.a; of'samples A to C, respectively, in the
normal direction (¢ =0) at temperathféi;'(_;_poc. From traditional theorem of PTEs

I
(]

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

ﬁx a4 X1 g

where Ay, 1s the wavelength of (i, j) Ag/SiO, SPPs modes in vacuum, nes is the

(for SPPs) (4.1)

App =

effective refractive index of the cavity dielectric material and ng ~ng, for
t2500nm according to the calculation of Eq. (2.57); ng, is the refractive index of
Si0O,. From above discussion, the emission peak of (1,0) Ag/SiO, should not change
once the thickness of SiO, is increased to the order of um. However, the

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

increased to 2 um, the (1,0) Ag/SiO, SP shown in Fig. 4.2(a), becomes unapparent,
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Fig. 4.2 Emission spectra of samplesi(a) A, (b) Biand (c) C at temperature 300°C.

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

5.45um. 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 6.61 um and another (1,0,1) CM appear in the spectra at 3.65 um.
Actually, these SiO,-thickness-dependent CMs are the propagating plane waves

guided in the Ag/SiO,/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 o= ! ~ 20 nm which

\/mzuogosmz¢ SECHTC

are much smaller than the thickness of SiO, and the wavelengths of interested so that
can be ignored. CMs can be approximated as the waves guided in the
pefrect-conductor/SiO,/perfect-conductor parallel-plate waveguide whose dispersion

relation are [57]

2 2 E’H |
I i

where o is the angular frequency of wave, ¢ is’the speed of light in vacuum, m is

k

cm

any integer denotes the order of CMs, t_ 1is the thickness of SiO,. Besides CMs,

0oX

SPPs exist in the Ag/Si0,/Au cavity either with dispersion relation from Eq. (2.31)

2
= O | Mer X Em (for SPPs) (4.3)

- © frac
c neff € rm

where ¢_ 1s 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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k_ =k, +kG,+(G, (for CMs) (4.4)

cm

k_ =k, +iG, +jG, (for SPPs) (4.5)

P
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; G, and G, are the reciprocal lattice vectors of

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

— T 1 1
G] :(Glx’Gly):_>< e’ e (46)
4 | Cos— Sin—
2 2
— T 1 -1
G, =(Gy,.Gp ==X —F3.——% 4.7)
4 | Cos— Sin-=
2 2

where 0=60° for hexagonal lattice, a=3 hﬁéﬁs;ﬂescribed in Fig. 4.1 (b).
When the lights are measured along TK direction with angle ¢ normal to the

surface as shown in Fig. 4.1 (b), the parallel cofnponent of wave vectors of lights are
k, =(k,.0,0)~(k, xSing,0,0) 4.8)

®
where k, =—
C

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

c t

0oxX

2 2
\/(gnsmzj - [ﬂJ =JkG,, +1G, +k ) +(kG, +(G,)®  (forCMs)  (49)

2
9)( neff ><8rm —

2
C N +&.,

JUG, +Go K, )? + (G, G, )’ (for SPPs)  (4.10)

2

In the mid-infrared, Re[-g_ ]> nSiOZ2 ~n, [52, 60, 61]. Use this approximation
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and ignore the imaginary part of €_, 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 ¢ from
12° to 65° for samples A to C. Figs. 4.3 (d) and (¢) 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/Si0; 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),.l.ligh-ly agreements between theory and
experiments are obtained except! for a ’li"txlt'l-'g;_l;'e.d-shift of CMs. This red-shift is due to
A 2 gt A

the leakage of light through the. l_lOlE;:S: which i;icrease the effective thickness t in
Eq. (4.9) and will be discussed in thé next sections.

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

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

2ng,

2
16 m
K-k x 00+ —
\/3xa2( ) [toxJ

ﬁx axnge,
2 it+ix]

Table 4.1 summarizes the theoretical peak wavelengths and experimental results

7\‘CM -

(for CMs) 4.11)

App =

(for SPPs) (4.12)

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
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 (AA)/A and higher Q factors than SPPs modes,
especially for longer wavelengths as listed in Table 4.2.

Egs. (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 whosek=/=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 t énd the ‘measuring angle ¢ only. For
Bragg scattered CMs, the waves are ass(?:é,tated with the surface periodic hole array,
not only t  and ¢ but alsd flattic?ei pe;éme_térs suéh as 0 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 I'M

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

() mm
\/(:nSioz )2 - (t_)z =\/(kG1x +€G2x)2 +(kG1y +'€G2y +ky)2 (4'13)
where ky= k, xSing (4.14)

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

in the I'M direction and their mode analysis according to Egs. (4.13) and (4.14).

Compared with the 'K 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 ¢ = 0° direction.

Sample A Sample B Sample C

Modes name T(um) M(um) T(um) M(um) T(um) M(um)

) none none
(1,0) Ag/SiO; 3.77 3.85 3.7 3.7
clear clear
not in
(0,0,1) CM 1.6 MIR 5.24 5.45 6.28 6.61
not in none
(1,0,1) CM 0.8 2.82 3.65 4.01
MIR clear

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

-
=

Table 4.2 The comparisons ~between th'_é_oretical values and measured results of

emission spectra of samples A to C.~

Sample A Sample B Sample C
Dominant mode (1,0) Ag/SiO, (0,0,1)CM  (0,0,1)CM  (1,0,1) CM
A (um) 3.85 5.45 6.61 4.01
FWHM (um) 0.35 0.2 0.12 0.12
AN/ L 0.09 0.037 0.018 0.03
Q factor 11 26.9 56 33
Outpot power (mW/cm?) 130 145 210 137
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Fig. 44 (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).
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of them would be scattered by surface periodic structures according the momentum

conservation laws. The characteristic of FWHM, (AL)/A, 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 t(} _]?I _,wgre prepared for experiments and their

light Q:Ijatlon
-L—’l-«Ag h nm—sr505
Si0, 2 um “
2 - «TI  3nm
«<Au 30 nm
+«Ti 3 nm
Si substrate hole diameter:
d um
Mo 450 nm
(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(um) h (nm) DH* (%)

D 0 125 0
E 0 5 0

F 0 20 0

G I 100 62

H 15 100 9

I 25 100 9

J 35 100 9 =
K 45 100 9
L 2 100 62

M 2 100 9

NEE 2 100 403

*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=3pum.
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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 500 umx500pum RDHA was generated and then spanned
into the size of lemxlem by periodic .mapping for all samples. The nearest
edge-to-edge distance allowed for heles is .1 . The distribution of the nearest

center-to-center distance for all holes ‘afe: 'gélculated and recorded in the step of

2

a4
| |

mask-design by counting the ﬁgares:t 'cen-t:ér-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 (G, ,G, ). These high
weight of G, and G, 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

‘/5 Ao XN

hy =T x et ZH (4.15)

where A, is the wavelength of the maximum transmission. a 1is 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 a

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

T
-
g—

e

distribution of the nearest cent_er-to-centéi_‘%'__d-i.stance among holes, the transmission is
very weak and there is no apparéﬁt E:OT obser.\./ed 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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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 = oo yields

C ()¢

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

vacuum can be obtained by solving Eq. (4.16) withk,=0
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T TS0, (for CMs) (4.17)
Egs. (4.16) and (4.17) are identical with Egs. (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 SiO; thickness used in the calculation is 2 um.
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Fig. 4.7 Theoretical dispersion curves of CM for CTEs with RDHA. t,=2 um
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Figs. 4.8 (a)-(c) show the experimental dispersion relation of reflection spectra
with measuring angle ¢ from 12° to 65° 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 thé cavity occurs no matter whether the
incident light can couple to cavity mocaiéé__’-g_r_ ._I’IIOt. The cavity modes can propagate in
the waveguide and leak out of c_g\_/ity_ throiéh sﬁrface .thin film and results in a bright
band in Fig. 4.8 (a). The leakage of' iight out of eavity 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 eltpeFr for Sample I denoted as FP-hole,

1 .l:
o

Sample G d= 1pm SampIeH d= 15pm
S\0.6 00 1 0.6
205 o5 %o.s
= p(0,02)| 095 5
go.:: ~LCM 9 go.a
Ema _0,0,1)cM B §os
Soz ® S,
_8 ' (a) .75 8 .
Q01 7 Q01
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= (0,0,2)f .9
>
0.4 “~LCM
2
@ 0.3 «—(0,0,1)CM
S (0,01)LCM 7
502 FP-hole
Q0.1 (c) 6

0.5 1 156 2 25
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Fig. 4.9 The dispersion relation of reflection spectra of samples (a) G, (b) H and (c) L.
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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

anmz zg (4.18)

0XxX

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 1 um, (0,0,1) LCM does not éppear since the theoretical wavelength
of (0,0,1) LCM is 5.4um whichl!is thllrééxgi_l__;c:s'.larger t}.lan the hole diameter. The hole
diameter is too small to scatter tbe in_cilderi:lighi.: to fo@ the (0,0,1) LCM. For (0,0,2)
LCM, the wavelength of (0,0,2) LCM is 2.87 um 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 1.5um, very weak (0,0,1) LCM seems to appear
in the theoretical position, The theoretical wavelength of (0,0,1) LCM is Sum 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 2.5um, both (0,0,1) and (0,0,2) LCM appear clearly since the

wavelengths of (0,0,1) and (0,0,2) LCM are Sum and 2.87 um, respectively, which
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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 (1um), 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 um), the transmission of incident light with

different wavelengths also becomes significant, only those light coupled to cavity
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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 um, 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
LIPS
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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
@=12° for samples I to K and another CTE sample with d=t,,=2um. The linear fit
curve of measured points is

A=4.14+0.64d j : (4.19)

Incident angle ¢=12°

7.0 -
€
- 1
~ 6.5-
L
et
(@))
-
Q 6.0-
g FP-hole mode
g 5.5- — Linear fit of the
measured point

| ! |
2.0 4.0 4.5

25 30 35
Hole diameter (um)
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 @=12° for samples L to N whose
diameters of holes are fixed at 2 umbut 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.

9=12° d=2um

1.4
. ——Sample L DH=6.2%
1.2 —— Sample M DH=9%
- —— Sample N DH=40.3% a=3um
— 1.0
O 4
“— 0.8
8 .
r— 0.6 -
GJ 4
Y 0.4- (0,0,1) CM
0.2 -
0.0 ' FP-hole
2 8

3 4 5 6 7
Wavelength (um)
Fig. 4.13 The reflection spectra of sample L to N with the fixed incident and reflective

angles @ =12° and the fixed diameters of holes d=2um.
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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) Ocan offer good emission
spectra in the temperature over 140°C. Fig. 4.14(a) shows the emission spectrum of
sample E. Once the temperature was elevated from 80° to 100° C, the quality of
surface thin film degenerates so that the background thermal radiation of SiO, phonon
vibration modes around 10 um[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 300°C as shown in Figs.
4.14 (b), the wavelength, FWHM, A?»/szndQ factor .of (0,0,1) CM is 5.51 um, 0.17,
0.03, 33, respectively, which are ‘as Igooizl: as .the cﬁaracteristics of (0,0,1) CM of
sample B as summarized in Table 42 Ho'wever,. 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 300°C as shown in the Fig. 4.14 (¢) 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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Fig. 4.14 The emission spectra of samples (a) E, (b) H, (¢) I and (d) J in the normal

direction (¢ =0").
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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 insthe cavity and re-emit from the holes to the
far-field so that changes the reflection spé’gtra from dark lines into white lines. When
the hole diameter is larger than oF eql_leil t0F25 uﬁl, thé FP-hole modes appear and the
wavelengths of FP-hole modes aré lincar 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

arca.

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 iﬁ Table 4.4. The reflection spectra are
measured along 'K direction with ang'l'é;::__ig__.:hormal 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 (um) d (nm) tox(Hm)
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 emissiondintensityymarrow-band emission peaks and pure
emission spectra can be achieved simuliéié@og_ély.

Figs. 4.15 (a) and (b) shov&_{ _the_ciisp;r:sion. relati(;ns of reflection for samples O
and P along the I'K direction, respéctivelyﬁ The curves (k,/,m) CM denote the CMs
whose wave vectors satisfy Eq. (4.9) with (k, / ,m). Similarly, the curves (i,j) Ag/SiO,
denotes the SPPs modes whose wave vectors satisfy Eq. (4.10). For small period of
hole array, G; and G, of Eq. (4.6) and (4.7) becomes large due to small values of a.
Substituting large G; and G, into Eq. (4.9) and (4.10) yields higher ® 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 3 pm to 2.3 um, all Bragg scattered CMs
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and SPPs modes are shifted from the energies above 0.4eV at k,=0 as shown in Fig.

4.3 (d) to the higher energies above 0.48eV at k=0 as shown in Fig. 4.15 (a); once the

period of hole array continue shrinks to the 1.7um 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 k,=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.
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Figs. 4.16 (a) and (b) display the emissions spectra for samples O and P in the
normal directions, (1,0) Ag/SiO, denotes the (1,0) Ag/SiO, degenerated modes whose
wave vectors satisfy Eq. (4.12) with (i,j)= (£1,0),(0,£1) or (x1,£l), respectively.
Compared Fig. 4.16 (a) with Fig. 4.3(b), when the period of hole array shrinks from 3
to 2.3 um, the (1,0) Ag/SiO; degenerated mode are shifted from 3.86um to 2.72 um,

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 (xl,£l,m)are shifted from 3.1pum to 2.58 um
where blackbody radiation is too weak to be observed. For the emission spectrum of
sample P whose period of hole array shrinks to 1.7um 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 carl | bedds puré. as ‘CTEs with RDHA, but the output

!

intensity of CTEs with SPHA are muc’ff:zggé;ger than CTEs with RDHA due to high
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Fig. 4.16 The emission spectra in thembérmal direction @=0° for (a) sample O and (b)

!

sample P. The period of ho,lé ;?_jray for sample O and P are 2.3um and

|
1.7um, respectively. The tllllckﬁésse$ 'Iof Si0, of both samples are 2 um.

The FWHM, (AL)/A, Q factors and the output powers of (0,0,1) CM for samples
O and P are (0.2 pm, 0.17 pm), (0.035,0.03), (28.6,33) and (186mW/cm?,
137mW/cm?), 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 ky (large ¢).

The dispersion curves and the emission peaks of the CTEs with SPHA are
tunable simply by changing the thickness of SiO, according to Egs. (4.16) and (4.17).
Fig. 4.17 shows emission spectrum in the normal direction ( ¢=0°) for sample Q with
the SiO, thickness of 1.6 um, the wavelength of (0,0,1) CM is 4.69 um. The FWHM,

(AN/A, Q factor and output power of (0,0,1) CM are 0.119um, 0.0253, 39 and

140mW/cm?, respectively.
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Fig. 4.17 The emission spectrum for sample Q. The thickness of SiO is 1.6 pm.

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 directionp =0° is [71]

8, = ! (4.20)

-z

where A = d
841

is the maximum cutoff wavelength of subwavelength holes, A, is

the wavelength of radiation modes guidé@__}:.he subwayelength circular holes.

Fig. 4.18 shows the calculatio.nf of m1n1rr:um si(in deit)th of subwavelength holes in
normal direction = 0°. 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 ¢=12°, almost the same reflection
spectra are obtained except at the wavelength smaller than 2.5 um 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 gﬁided insidethe holes according to Eq. (4.23).
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Fig. 4.19 The reflection spectra at ¢ =12° 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 1.7umand 1 um, 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, (AA)/A and Q factors are
demonstrated to be all better tham what .traditional PTEs could achieve. The

wavelengths of emission peaks are tuneiblé-'gjyl_'the thickness of the cavity.

s 4
| |
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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 investigat.ed in theory and experiment. For the

transmission experiments of silicon suBét@gs_ perforated with hole array arranged in a

rhombus lattice, it is found that _fthe t_ransriiissioﬁs 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 SiO; thickness of PTEs is increased to the order of pm, 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 narrb@_—__b_énd mid-infrared thermal emitters with
purer spectra. The influence of _h_ole 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 2.5um, 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. Smali hole size eliminates non-ideal effects
such as LCMs and FP-hole modes and ’()'thf@';___r;érrower bandwidth emission peaks with
small FWHM. The thickness of top s_iiver: ﬁlm is thicl.< enough to offer good thermal
stability in high temperature operation. High den..sity surface hole array offers strong
emission intensities where CTEs with RDHA could not achieve. The FWHM, (AA)/A
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 A 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 A. The blue lines
indicate the incident waves with common propagation directions (common kix and ki,);
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 él:i@_i_r.l.terface, the final electromagnetic waves

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

directions:
H,(x, 2)=[ "R(k,) e*"""d(k, )y (A1)
H,(x, 2)=[ "T(k,) ¢***d(k, )y (A2)

where k_ and k_are the function of ky because

K, + kxzzkozur(l,z)sr(l,z) (A.3)

(r,t)z
R(k )and T(k,) denote the amplitude of magnetic field of reflection waves and

transmission waves traveling in the (ky, k) direction and (ky, ki) direction

respectively. The incident waves are described as:
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—_—

H =H ¢* 9y (A.4)

i 0

Consider an arbitrary interface point (x, h(x)), the boundary condition requires
that Eq. (A.1) + Eq. (A.4) = Eq. (A.2):
J‘*‘” [R(kx )eikrzh(x) -T(kx )e—ik‘zh(x) ]eikxxd(kx )+Hoei(kixx k) _ (A.5)

ik, h(x)

Since that € is a periodic function in the period of A, it can be spanned into the

Fourier series:

e hx I® +i(m2—”x)
e =3 Ae * (A.6)
1 A < -i(mz—ﬁx)
where A :_.[o e’ "We A dx (A.7)

Substitute Eq. (A.6) into Eq. (A.5) yields:

A \ [ _*:00 '. +m2—nx
I_ [R(kx )eikrzh(x) _ T(kx )e—ikuh(x) ]eikxx d(kx)‘_f‘gl._l() Z Ame (ki A ) =0 (AS)

Compared the integral term and su_Ir:lma-tion term in Eq. (A.8), it is clear that if

2n . : , M . .
k. #k, +mX, 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

Rk )=T(k )=0 when k #k,_ erzx7I , that is:

R (k)= 3 R,3(k -k, -m=") (A9)
& 2n
T, (k)= 2, T,8(k,-k,-m~=) (A.10)

where R,, and T, are constants and 0 is the Dirac delta function in math.

Substitute Egs. (A.9) and (A.10) back into Egs. (A.1) and (A.2) yields:

N +o i((kiy + mz—n)x+ k., z) —
H (x,2=) R,e A y (A.11)
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Hx2-Y Tmei«k‘*““%)x+ "y (A.12)
Egs. (A.11) and (A.12) can be rewrote as

H (x, 2= 3 R et =2y (A.13)
H(x, 23 T ety (A.14)
where k_=k =k =k +m2X7t (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 tﬁe H-field of TM mode with the electric

field of TE mode. However, one should: keep in mind that for TE waves and

a4

[ ]

non-magnetic materials. The aﬁsglute: Valu-e;-.of ‘_‘rﬁ” 18 ﬁot allowed to be too large since
there are no evanescent wave (SPPs) for such striicture 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
medium] 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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