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Optical Studies of Cu-based Meta-materials

Student: Pei-Hsuan Han Advisor: Prof. Wei-Xin Ni

Department of Electronics Engineering
and Institute of Electronics

National Chiao-Tung University

Abstract

Meta-materials are a group of periodically patterned two-dimensional (or even
three-dimensional) metal structures (lattices), which reveal some novel optical properties,
such as plasmonic resonance, artificial magnetism, ‘and/or left-handed behaviors, due to
existing negative values of permittivity (g), permeability (), and consequent refraction index
(n), when electromagnetic (EM) waves (light) propagating along the surface of these pattern
arrays at a certain range of wavelengths.

By using copper (Cu) chemical replacement instead of electrochemical plating, a new
fabrication technology has been developed through this thesis work, and been successfully
used in producing Cu-based meta-materials with line-widths at the sub-micrometer-scale.
Three types of pattern structures, namely, split ring resonator (SRR), discontinuous wires
(WIRE) and composite meta-materials (CMM = SRR+WIRE) were designed and processed
forming periodic arrays in the area of about 0.09 cm?. Fourier transfer infrared spectroscopy
(FTIR) measurements were engaged for the study of optical properties of these meta-material
structures. Over the range of 600-2000 cm™, several resonance modes with different physics
origins were observed from the spectra of three type patterns, when varying the polarization
of incident light. EM simulations were also performed using a CST MWS solver for modeling
the meta-material behavior at the corresponding wavelength range. Comparison with
experiment results were made, in order to facilitate discussions of possible mechanism and

physical insights of these Cu-based meta-materials.
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Chapter 1

Introduction

Usually, optical materials have positive values of dielectric permittivity € and magnetic
permeability p. The refractive index n could then be simply taken as\/a . Although it was

realized that the refractive index would have.to be a complex quantity to account for
absorption, and even a tensor to describe anisotropic:behavior of materials, the question of the
sign of the refractive index did not arise.

In 1976, Veselago [1] first considered the ¢ase-of a medium that had both negative ¢ and

p. At a given frequency, he concluded that theimedium should be considered to have a
negative refractive index (i.e. the negative square root, n=-4/ep , had to be chosen). His result

remained an academic curiosity for a long time, as real materials with simultaneously
negative € and p were not available. During recent years, there has been a significantly
increased interest, since theoretical proposals [2, 3] for structured photonic media whose € and
u could become negative in certain frequency ranges were realized experimentally [4, 5]. This
development thus brought the Veselago’s result into limelight, and the field has then become

a hot topic of scientific research.

1.1 Basic concepts and definitions



The dielectric permittivity (¢) and the magnetic permeability (u) characterize the
macroscopic response of a homogeneous medium to apply electric and magnetic fields. These
are macroscopic parameters because one usually only seeks time- and spatial-responses that
were averaged over sufficiently long times and sufficiently large spatial volumes. All that
survives the averaging in macroscopic measurements are the frequency components of the
individual (atomic or molecular) oscillators driven by the external fields. This idea can now
be extended to a higher class of inhomogeneous materials where the inhomogeneities were in
length-scales much smaller than a wavelength of the radiation, but can be compared with
atomic or molecular length-scales. The radiation then does not resolve these individual
mesostructures, but responds to the (atomically) macroscopic resonances of the structure.
Such materials have been named meta-materials [6, 7]. And could be characterized by
macroscopic parameters such as € and withat define their response to applied electromagnetic
fields, much like homogeneous materials.

Consider the Maxwell’s equation foria planarharmenic wave exp [i(k * r — ot)]:

k xE=op, uH; (1.1)

kxH=-o¢E, (1.2)
where E and H are the electric and magnetic fields, respectively. If we take a medium with
negative real parts of € and p with the imaginary parts being small (negligibly small for the
time being) at some frequency (o), then we realize that the vectors E, H and k will form a
left-handed triad. It is for this reason that such materials are also popularly termed as
left-handed materials, although this does risky confusion with the terminology of chiral
optical materials. Using the definition that the wave-vector k = (nw/c)n, where 7 is the unit
vector along E x H, it appears that the refractive index in such media with Re(¢) < 0 and Re(p)
< 0 is also negative. Such materials permit propagating waves with a reversed phase vector (k)
compared with media with only one of Re(¢) or Re(n) negative which do not allow any
propagating modes (all waves decay evanescently in such media from the point of injection as

2



k? < 0). Note that in the case of the NRMs (negative refractive index materials), the Poynting
vector (S = ExH, representing the energy flux (W/m?) of an electromagnetic field) and the
phase vector, k, are anti-parallel. In figure 1-1, we show the four quadrants in the Re(e)—Re(p)
plane into which we can conveniently classify electromagnetic materials. The behavior of the
waves in each of the quadrants is qualitatively different: materials that fall in the first quadrant
allow the usual right-handed electromagnetic propagating waves; the materials that fall in the
second and fourth quadrants do not allow any propagating waves inside them (all
electromagnetic radiation is evanescently damped in these media); and the NRMs that fall in

the third quadrant allow left-handed propagating waves inside them.

f E
e<0, u>0 | /) '.F\' 'F'l I .‘ﬁ'-. - S H)

! S - k
Electrical Plasma _,,-/ £> G =0
Evanescent decaying waves| oOdinary optical materials

Many metals (UV - Optical) - .
Thin wires structures (GHz) Right handed propagating waves

.-"F Iﬁl I.-‘“. i -"“\ \ E}ﬂ._ﬁ{ﬂ
ARVIRY \ Magnetic plasma ?

£<0,u<0 _Structured materials

Negative refractive index T decaying waves
Left handed propagating waves Some natural magnetic

Artificial Meta—-materials materials (upto GHz)

\-\/f\‘/\

Figure 1-1. A schematic presentation of the materials classification based on the

»— £

dielectric and magnetic properties. The wavy lines represent materials that allow
propagating waves, and the axes set in quadrants 1 and 3 show the right- and
left-handed nature of E, H and k vectors. The waves in quadrants 2 and 4 are decay
evanescently inside the materials, which is depicted schematically. S is the Poynting

vector. The figure is imaged from [8].

1.2 Structure of meta-materials and effects of negative

permittivity (¢) and permeability (p)


http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Flux
http://en.wikipedia.org/wiki/Electromagnetic_field

1.2.1 Negative permittivity €

The structures depicted the effect of negative permittivity are wire-mesh structures as a
negative dielectric. Pendry et al [2, 9] and Sievenpiper et al [10] independently demonstrated
that metallic wire-mesh structures have a low frequency stop band from zero frequency up to
a cutoff frequency, which they attributed to the motion of electrons along the metal wires. The
meta-materials that Pendry et al reported consisted of very thin wires. They were structured
on truly sub-wavelength length-scales, and could be effectively homogenized. The low
frequency stop band was attributed to an effective negative dielectric permittivity, and

provided us with a way of obtaining negative dielectrics at even microwave frequencies.

= =] - [ = =
- £ = = £ L=
£ £ - £ o o
¥ ) ¥ ¥ J J
g v g g v v
a
g g . a @ v, ¥
< e — —F‘-r—ﬂ—

Figure 1-2. An array of infinitely long thin metal wires of radius  and lattice period of a
behaves as low frequency plasma for the electric field oriented along the wires and E.M. wave

oriented normal to the wires. The figure is imaged from [8].

The plasma frequency of Pendry’s wire array is given by

4



feo (1.3)

a‘/ann(E)
r

where a is the wire lattice spacing, r is the wire radius, and c is the velocity of light. The
permittivity value is given by

2
(O]

e=1- P 1.4
o(oti(g,a’ o) /mr’c)) (14)

o is the conductivity of metal and w,=2nf, In above discussion, only wires pointing in the
z-direction were considered. This makes the medium anisotropic with negative ¢ only for

waves with the electric field along the z direction and incident light normal to z-axis.

1.2.2 Negative permeability p

The magnetic activity in most materials tends tortail off at high frequencies of even a
few giga-hertz. So it was indeed a challenge to obtain magnetism, let alone negative magnetic
permeability, at microwave frequencies and-beyond. In the case of nano-metallic structures,
the magnetic moments of induced real and.displacement current distributions could actually
contribute to an effective magnetization if the electric polarizability of the corresponding

medium was small.

1.2.2.1 The split ring resonator (SRR)

Consider an array of concentric cylindrical metallic shells with a gap in them as shown
in Figure 1-3. This has become well known subsequently as the split ring resonator—SRR.

The SRRs are the basis of most of the meta-materials exhibiting negative magnetic
permeability nowadays [4, 5, 10—15]. The SRR works on the principle that the magnetic field
of the electromagnetic radiation can drive a resonant L—C circuit through the inductance, and
it therefore results in a dispersive effective magnetic permeability. The induced currents flow
in the directions indicated in figure 1-3, with charges accumulating at the gaps of the rings.

5



The larger gap in each ring prevents the current from flowing around a single ring, but the
circuit is completed across the smaller capacitive gap between two rings. Assuming that the
gap (d) is rather small compared with the radius (r) and the capacitance due to the larger gaps

in any single ring is negligible, we balance the emf around the circuit as
nr’ ]
-iopymr? (Hy+j-— j)=2mpj-—— (1.5)
a 10C
where a is the lattice constant, c is the effective capacitance , and ¢ is the relative dielectric

permittivity of the material in the gap. It is assumed that the potential varies linearly with the

azimuth angle around the ring. Proceeding as before, we obtain the effective permeability as

2.2 2
nr/a fo
l’lefle- 2 2.3 . :1+ 2 2 . 5 (1'6)
1-3d/pygen @1’ )+Hi(2p/p, 0r) ;-0 -1l'®
and thus we have a resonant form of the permittivity with a resonant frequency of
3d
0, =(———3)" (1.7)
W€ E°T

that arises from the L—C resonance of:the system. The factor f = nr’/a” is the filling fraction of
the material. For frequencies larger ‘than iwg,-the reésponse is out of phase with the driving

magnetic field and psr is negative up to the “magnetic plasma’ frequency of

3d 12

- 1.8
(1-Hp eem’r’ (1.8)

o, =(
assuming the resistivity of the material is negligible. It is seen that the filling fraction plays a
fundamental role in the bandwidth over which p < 0. The dielectric permittivity of the
embedding medium, €, can be used to tune the resonant frequency. A finite resistivity, in
general, broadens the peak, and in the case of very resistive materials the resonance is so
highly damped that the region of negative p can disappear altogether as shown in Figurel-4.
The resonance frequency and the negative p band can be varied by changing the inductance
(area) of the loop and the capacitance (the gap width, d, or the dielectric permittivity, €, of the
material in the capacitive gap) of the system. For typical sizes of r = 1.5 mm, a=5 mm, d =

0.2 mm, we have a resonance frequency of wy = 6.41 GHz, and a ‘magnetic plasma



frequency’ o, = 7.56 GHz. The dispersion in pegr is shown in Figurel-4. We note that pegx~ 1
— nr’/a* was changing asymptotically at large frequencies. This was due to the assumption of a
perfect conductor in our analyses. One also notes that percan attain very large values on the

low frequency side of the resonance. Thus, the effective medium of SRR is going to have a

very large surface impedance Z =/« /€. -

Figure 1-3. The split ring resonator (SRR) : The capacitance
across the rings now causes the structure to be resonant, and

split width=d, radius=r. The figure is imaged from [8].

_I T | T T | I T L T T T T T T T T ] 12 T T T T | LIS S S N N T

—— p=02Q/m - Wl ——— p=020m | o

5 - -—-  p=l0G/m ] - % i— - p=10QWm |
L —_— p=l00m _ | —_—— p=100m |

. 1 8 i —
=X L 4 = [ h i
= OF 71 E L iy _
- 17 uL i ]

n i i il ’

_5 N ] J"Irllll; .

_I 111 | 1 111 | 1 | | | 1 111 | 1 111 1 U l__IJL|=L '.T_'L'-'J-I-fI/IjI L\Iﬁ_\th"l:-:-'.l.:I'_'I‘.'I:l':I;I:L
4 5 6 7 8 9 4 5 6 7 8 9

Frequency (GHz) Frequency (GHz)

Figure 1-4. The behavior of (a) the real and (b) the imaginary parts of the effective
magnetic permeability for a system of split cylinders with r = 1.5 mm, d = 0.2mm and the
magnetic field along the axis for different values of p. The system has negative magnetic
permeability for 6.41 < o < 7.56 GHz. As the resistance increases, the response of the

system tends to tail off. The figure is imaged from [8].

1.2.2.2 The Swiss roll structure at radio-frequencies

For lower radio-frequencies, the capacitance of the system can be made large instead of
increasing the size of the loop (inductance), as which is a convenient way and increases the
validity of our assumption of an effective medium as well. Practically, it can be achieved by
rolling up a metal sheet in the form of a cylinder with each coil separated by an insulator of
thickness d as illustrated in Figurel-5. This structure has also been popularly called the Swiss

7



roll structure. The current loop is now completed through the differential capacitance across
the space between the metal sheets as shown. As before, the effective magnetic permeability

for a system of such structures can be calculated as

nr’/a’

14(de’2n°r (N-1)® ) H(2p/pyor(N-1))

where N is the number of coils in the structure, and it is assumed that the total thickness of the

o =1 (1.9)

wound layers Nd <r the cylinder radius. This system also has the same generic resonance
form of the permeability with frequency as the SRR structures, but now the resonance occurs
at a much smaller frequency owing to the larger capacitance of the structure. This has seen
applications in magnetic resonance imaging (MRI) at radio-frequencies as magnetic flux tubes
in the region where the effective magnetic permeability assumes very large values on the

lower frequency side of the resonance [16-17].

Figure 1-5. The Swiss roll structure: more capacitance for

lower frequency operation. The figure is imaged from [8].

1.2.2.3 Other geometry for negative permeability

Fundamentally, the basic structures of negative permeability are composite of spilt ring
with single or double rings. The main ingredients of a resonant magnetic medium are just a
capacitance and an inductance. In fact, SRR structures with (1) a single ring and a single split
[18-20] and (2) a double ring with a single split in each ring [21] have been proposed as
candidates for a resonant magnetic medium. The point is that we would like to have an
electrical polarizability as low as possible. With a single split ring, a large electric dipole
moment would be generated across the capacitive gap (see Figure 1-6(a)), which could then

dominate over the weaker magnetic dipole moment generated in the ring. When there are two



splits present, the dipole moments across opposite ends cancel each other. Therefore, one only
gets a weak electric quadrupole moment (see Figure 1-6(c)) whose effects would be expected
to be much weaker than those of the magnetic dipole moment. Most of the magnetic media
that simultaneously generate an electric dipole moment are bi-anisotropic media, i.e. the
constitutive relations are

D =¢E + oH, B=BE + puH, (1.10)
where o and B are the bi-anisotropy coefficients. The Q-shaped particles first introduced as
the components of a bi-anisotropic medium [22], when arranged in a periodic lattice also have
a resonant € and p and can behave as negative magnetic materials [23]. Even the original SRR
medium [3] is bi-anisotropic [24] as there is an electric dipole moment that develops across
the capacitive gaps (see figure 1-6(b)), and thls can also be driven by an electric field [25].
Thus the SRR is oriented such that the magnetlc ﬁeld is normal to the plane of the SRR and
the electric field is along the SRR and can be drlven by the electric field and the magnetic and
electric resonances can overlap. Thls caﬁ beg_sii_ggcti\{gly resolved, of course, by rotating
adjacent SRRs in the plane by 180° z;n'd rtl-;e coqesp@ﬁding electric dipole moments would
cancel. The symmetry of the single ring with two symmetrically placed capacitive gaps

renders this less bi-anisotropic and electrically less active.




Figure 1-6. The SRRs develop an electric polarization too, although driven by a magnetic
field. This bi-anisotropic behavior is maximal for (a) a single split ring which develops a
large dipole moment. (b) The original SRR with two splits is also bi-anisotropic as it
develops an electric dipole. The field lines due to the charges are also shown by thin lines.
(c) The single ring with two symmetric splits only develops a quadrupole moment and is

hardly bi-anisotropic. The figure is imaged from [8].

COOOC

Figure 1-7. Schematic drawings of different resonator structures: (a) single ring
with one cut, (b) single ring with two cuts, (c) single ring with four cuts, (d) SRR
with two cuts and (e) SRR with four cuts. Figure is imaged from [26].

People then studied how splits jn ring affect resonance [26], as which was driven by the
need for new resonator designs for the foiIO\;ving ‘reasons. First of all, a conventional SRR
structure is not easy to fabricate for operation at highe‘r‘ frequencies. As the structure is scaled
down, the dimensions of the narrow split and gap regions will be very small, which may
eventually lead to contact problems between the metallic regions. Conventional SRR
structures were fabricated for operation at a few THz [27], but for the resonator structure
working at 100 THz [28] a single ring with a single split was chosen for easier fabrication.
The second reason is that SRR structures are electrically resonant for different polarizations
and propagation directions [29]. This effect would suppress the LH-behavior for
3D-constructed LHMs, where EM waves would be incident on the structure from all
directions. Therefore, additional splits should be added to destroy the electrical coupling
effect to the magnetic resonance.

As seen from the figure, all structures show resonant behavior at certain frequencies.
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Simulation results are provided in Figure 1-8(b) and experimental results were compared with
the simulations. The resonance frequency of one-cut ring was measured was at 4.58 GHz,
whereas numerical simulations predicted it to be 4.67 GHz. For two-cut and four-cut ring
resonators, measured and simulated resonance frequencies were 7.82 and 7.5 GHz; and 12.9
and 13.1 GHz, respectively. We then varied the split width of these single-ring resonators.
Figure 1-9 shows the measured resonance frequencies as a function of split width. In all cases,
the magnetic resonance frequency increases with increasing split width. But the rate of
changing o, for the one-cut ring resonator (Figure 1-9(a)), two cut ring resonator (Figure
1-9(b)), and four-cut ring resonator (Figure 1-9(c)) are different. The rate of increase is larger
for structures with more splits. Since the capacitance due to all splits will change, the change
in total capacitance will be larger for structures having more splits. Note that the magnetic
resonance frequencies increased drastically when more cuts were introduced into the system.
When the second split was placed on. the ring. (Figure 1-7(b)), the capacitances were
connected in series. Therefore, the total capacitance.was decreased approximately by a factor
of 2. Because of this great amount of decrease in capacitance of individual ring resonators, the

change in ®,, was much larger compared to the changes owning to split widths, gap distances

and metal widths.
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Figure 1-8. Transmission spectra of single-ring resonator with different number of cuts

are shown by (a) experiments and (b) simulations. The figure is imaged from [26].
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Figure 1-9. Variation of magnetic resonance frequency with the split width of (a) the

one-cut ring resonator, (b) two-cut ring resonator and (c) four-cut ring resonator. The
figure is imaged from [26].

For double rings with two or four cuts (splits) in each ring, as a convention, these
resonator structures are called two-cut SRR (Figure 1-7(d)) or four-cut SRR (Figure 1-7(e)),
where the number of cuts presented the number of splits in each ring. The split width was
initially taken with a size of d=0.2 mm. Measured and simulated transmission spectra of these
structures are depicted in Figure 1-10(a) and 1-10(b), respectively. The resonance frequency

of the one-cut SRR was found at 3.63 and 3.60 GHz, from both measurements and
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simulations. For two-cut SRR and four-cut SRR structures, measured and simulated
resonance frequencies were 6.86 and 6.45 GHz, and 12.96 and 13.2 GHz, respectively. We
then varied the split width of all splits in both inner and outer rings. Figure 1-11 shows the
measured resonance frequencies as a function of split width. In all cases the magnetic
resonance frequency increased with increase of split width. Similar to the behavior observed
in single split ring, the rate of increase in resonance frequency was also larger for structures

having more splits.
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Figure 1-10. Transmission spectra of SRRs with different number of cuts obtained from

(a) experiments and (b) simulations. The figure is imaged from [26].
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Figure 1-11. Variation of magnetic resonance frequency with the split width of (a) the
one-cut SRR, (b) two-cut SRR and (c¢) four-cut SRR. The figure is imaged from [26].

Table 1-1 summarizes the measured resonant frequencies obtained for six different split
ring resonator structures for some detailed analyses and a comparison of the results obtained
in single split rings and double split rings. Columns represent the number of rings in the
resonator structures, whereas the rows correspond to the number of cuts in each ring.
Increasing the number of splits increases the magnetic resonance frequency drastically, since
the amount of decrease in the capacitance of the system is very large. For one-cut and two-cut
resonator structures, the amount of decrease of ., is around 1 GHz. But in the case of the
four-cut structure, such a behavior is not observed. There is essentially no change in resonant
frequency between both configurations. The orientation of the splits is important in this case.
Unlike the anti-symmetric orientations of splits in the one-cut and two-cut SRRs, the four-cut
SRRs have symmetric orientations. So the mutual capacitance between the inner and outer
rings is very small. This is due to the fact that the induced charges along both the rings have
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the same sign and a similar magnitude. As a result, addition of a second ring does not affect
the overall capacitance of four-cut single-ring resonator. In turn, the resonance frequency did

not change appreciably.

Single-ring resonator Double-ring resonator
One cut 458 GHz 3.63GHz
Two cut 7.82 GHz 6.86 GHz
Four cut 12.9 GHz 12.96 GHz

Table 1-1. Measured magnetic resonance frequencies for six different resonator

structures. The figure is imaged from [26].

1.2.3 Negative refraction index n

There is no material with negative.refraction. index in nature. However, with some
design of structures in some materials systems, the electromagnetic wave at certain frequency
range could propagate a medium with Re(e) < 0 and Re(p) < 0 simultaneously, such that a

negative refractive index value is expected to be observed in these artificial materials. .

1.2.3.1 Composite meta-materials (CMM = SRR+WIRE)

Smith et al [4] proposed a composite, which was constructed by combination of the thin
wire medium with € < 0, and the SRR medium with p < 0, would yield an effective medium
with n < 0. Such materials are called meta-materials.

The calculations and experimental measurements [4, 30] showed this was a realistic way
to observe negative refractive index. Two compositing ways of this type meta-material were
reported. One of them [31] was constructed by alternatively stacking the SRR and wire
mediums in a periodic manner as shown in Fig. 1-12(d) (material was copper). The
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periodicity along direction was 6.5 mm, the same as in SRR and wire mediums. The measured
transmission and reflection properties of the composite meta-material are displayed in Fig.
1-15. There appeared a broad pass-band extending from 9.6 to 14.3 GHz. The average
transmission within the pass-band was around 4.5dB, corresponding to a transmission 0.3 dB
for each unit cell. This transmission was significantly higher than the previously reported
composite meta-material transmission properties [32-34]. As can be seen from Figures. 1-13
and 1-14, in this frequency range, the values of both effective permeability and permittivity
were negative. It deserves to point out that if only one of the constitutive parameters is
negative and the other is positive one would observe evanescent waves rather than
propagating waves in the medium. So, the structure can be named as a DNG meta-material
[35]. The reflection of the double-negative structure within this frequency range was quite
low. This indicated that most of the EMiwaves penetrated into the DNG composite medium,
and there was a certain amount of scattering loss at these {requencies [36-37]. The reflection
of the structure is around unity for the. first_stop-band region, which suggests that the

composite structure acted as an almost pérfeet mirror for these frequencies.
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Figure 1-12. (a) A single copper SRR with parameters r; = 2.5 mm, r; = 3.6 mm, d = w =
0.2 mm, and t = 0.9 mm. Schematic drawing of (b) the negative p medium, (c) the
negative ¢ medium, and (d) the composite DNG(double negative) meta-material. The
figure is imaged from [31].

17



Power (dB)

Power (dB)

—— Transmissian
—r= REﬁEE!iﬂP

TEETEETSRL
Frequency (GHz)

18

20

22

Transmissian

e Raflaction

L
4 ] B 10 12 14

Frequency {GHz)

]
(]
=

Power (dB)
L

3
=]

L. —— Transmission

Reﬂsl,-ztiu"n'

i

4 3 ]

Frequency (GHz)

10 12 14 16 18 20 22

1-13.

transmission and reflection spectra of the

Figure Measured broad-range
SRR medium along x direction in free
space. The transmission spectrum exhibits
series stop-bands and pass-bands. The
negative permeability regions do not allow
the propagation of electromagnetic waves
through the SRR structure. The figure is
imaged from [31].

Figure 1-14. Measured transmission and
reflection characteristics of the thin wire
The
exhibits a wide stop-band extending from 7
18 GHz.

observed due to discontinuous nature of the

medium. transmission ~ spectrum

to The lower pass-band is
wires. The reflection data also indicates the
strong rejection of electromagnetic waves
the the
permittivity region. The figure is imaged
from [31].

from crystal for negative

Figure 1-15. Measured transmission and
reflection spectra of the DNG composite
meta-materials. Relatively high power, -4.5
dB, is measured between frequencies 9.5 and
145 GHz which  both

permittivity and permeability have negative

in effective
values. The reflection spectrum also has
average -20 dB rejection throughout this

region. The figure is imaged from [31].

Another way of forming the composite of SRR and WIRE was putting SRR and WIRE

side by side [38]. Figure 1-16 shows an overview of the structures and the parameters used for

calculations. Five geometric variants were considered there, involving four different radii and

a fat version. The sets of geometric parameters and boundary frequencies for a rod—split-ring
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(RSR) patterned material to become left-handed in the lower THz spectral range are given in
Table 1-2. Numerical simulations of a plane wave impinging on the RSR composite structure
were performed using the MWS (Microwave studio) code. Three angles of incidence were
chosen, namely 0, 45, and 90, with the magnetic field pointing along ether split-ring axes in
the latter case. The electric field was polarized either parallel or perpendicular to the rods. It
was confirmed that the case of 90" incidence angle to the normal and the E field parallel to the
rods showed the signature of the meta-material most clearly. In Figure 1-17 the ratio of the
amplitudes of the transmitted and incident waves, which was represented as S; that was used
in the MWS code, is shown for the individual cases of rods only, split ring resonators (SRR),
and RSR for the Ni slim ring. The transmission of either rods or SRRs are small, indicating
negative gefr and s, respectively, while the composite material shows a transmission peak as

expected.

Figure 1-16. Geometric parameter definition of the RSR (left). Periodic arrangement of

the RSR adopted for micro-fabrication (right). The figure is imaged from [38].

r/ um ¢/ pm d/pum a/ pm b/ um vy/THz Vp/ THZ

N1 slim 10 10 10 110 90 263 2.68
Ni fat 10 15 10 135 110 2.63 2.67
Au 1 8.4 12 4.3 954 78.4 2.24 228
Au 2 11 12 43 100.6 83.6 1.50 1.53
Au 3 14 12 4.3 106.6 89.6 1.04 1.08

“For all structures ¢ =5 um, [ = (r +2¢ + d) X 2. For Ni, w = 10 um while for Au, w =
12 pem.

TABLE 1-2. THz specifications of a rod—split-ring structure. The tale is imaged from [38].
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Figure 1-17. Amplitude ratio of transmitted and incident waves as expressed by the
parameters S;; (linear scale) in MWS for the rods, SRR and RSR. The figure is imaged
from [38].
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Chapter 2

Materials and goal

2.1 Introduction

In this chapter, Materials that were used for fabrication of metal structures of SRR,
WIRE and CMM (composite of SRR and WIRE) in the thesis work are discussed. Section2.2
deals with the process advantages why choosing copper for fabrication of meta-materials, and
some optical properties of copper. Section2.3 describes the experimental goal - what was

expected, and what have been observed and achieved.

2.2 materials

2.2.1 Advantages of process

Copper metallization has nowadays been the standard technology for chip fabrication.
The commonly used method of copper metallization is blanket Cu electroplating to fill in gaps
and trenches of damascene structures, followed by chemical mechanical polishing (CMP) to
remove the overburden of Cu and TaN barrier for flatness of the surface. To completely
remove the overburden of copper and tantalum or titanium nitride barrier outside the trenches
using CMP would be difficult, owing to the non-uniform removal selectivity. On the other
hand, regarding the increasing aspect ratio of wires and vias, Coating of Cu seeding prior to

Cu electroplating using conventional physical vapor deposition (PVD) would be limited by
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step-coverage beyond 0.10 mm (what is the unit), due to poor coverage along sidewalls and at
bottom corners or overhanging on the top corners. Although chemical vapor deposition (CVD)
or electrode-less Cu seeding could improve the step coverage, the Cu seed formed by CVD
would suffer from the carbon or nitrogen impurities decomposed from the metallic-organic
precursors, and consequently rough surface.

In this experiment, the selective Cu metallization process based on electrochemical
replacement reaction was employed, instead of the above mentioned conventional processing
using a combination of Cu seeding, electroplating, and the complicated multi-step CMP steps.
Through the implementation of the intrinsically selective Cu contact displacement from
amorphous Si and the relative simple Si CMP to remove the overburden of Si outside the

trenches, the selective Cu metallization was successfully carried out.

2.2.2 Optical properties of copper

Gold, silver and copper are mono-valent metals, so/it can be approximated using simple
“free electron model”. Compared to alkali metals; these three metals are much easier to
handle. Their optical properties, especially in the red and infrared wavelength range are of
interest, because they are almost entirely attributed to the free electron.

According to [39], S. Roberts defined the dielectric constant as k=k’-ik”. He showed a
list of dielectric varieties with incident wavelengths ranged from 0.365um to~2.5um. As

depicted in Table 2-1, one can see that E.M waves will collapse at this range. When increasing
frequency (decreasing wavelength), both -k’ and k™ decrease. Since k= /el , the dielectric

constant increases with the amplitude decay of E.M waves rapidly. S. Roberts also pointed out
that in the wavelength range below 0.6um the data confirm that there is low transmission (i.e.
high absorption) due to inter-band electronic transitions. At longer wavelengths the optical

properties are determined almost entirely by free electrons model.
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90°K 300°K S00°K

N — K K" —-K' K" K’ K"
0.365 3.35 430 3.14 444 201 3.88
0.405 415 477 408 493 3.12 442
0.436 498 510 491  5.27 4.06  4.67
0.50 6.68 5.78 6.69 5.74 5.77 532
0.55 6.51  4.40 6.76  4.30 6.22  4.06
0.578 8.06  1.20 8.26 1.88 748 228
0.60 11.08  0.65 10.78 0,98 9.60 1.38
0.65 15,52  0.62 1528 0.84 1400 1.00
0.75 2395 078 23.85 1.01 22,38 132
1.0 48,19 148 4805 204 46.10  2.68
1.5 1143  4.03 1140  5.69 1104 7.51
2.0 205.7 875 205.2 1238 198.4  16.29
2.5 311.0 1553 310.8 22,02

200.6 28.83

—r=

Table 2-1. Optical properties of copper at T=90°, 300°, and 500°K. The table is imaged

from [39].
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Figure 2-1. Real part of dielectric

constant of copper at 300°K. The figure is

imaged from[39].
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Figure 2-2. Imaginary part of dielectric

imaged from[39].

2.3 Goal and a short summary of the work

constant of copper at 300°K. The figure is

Our general goal is to construct meta-materials that could have negative permittivity or
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negative permeability at the multiple terahertz frequency range, namely covering from
mid-infrared (IR) to near-IR and eventually visible light. Copper (Cu) has a spectra range over
mid-near IR, so it is a suitable material for this purpose. A rising interest in using Cu is linked
to the recent advances of Cu implementation for metal wiring in Si chip technology.

To obtain meta-materials that responding at even higher frequency, it need to reduce the
geometrical size of patterns, or change to use lower damping metals, e.g., Ag and Au. It thus
challenges the process technology in both lithography of linewidth and metal etching. A new
fabrication technology has then been developed, in which the backbone Si patterns were first
formed by trench filling using PECVD, followed by CMP. These patterns were finally
converted to Cu by chemical reactions for replacement.

Three patterns, namely, SRR, WIRE, and CMM, have been designed with an
expectation that have meta-materials with'a negative permittivity, negative permeability, and
eventually negative refractive index,.respectively. The desired spectral range is to appear at
mid-IR close to far-IR.

Optical measurements were performed utilizing FTIR, and it was observed different
reflection spectra from the samples using the incident IR beam with different polarizations.
After data processing for peak normalization and noise suppression in background, it was
observed enhanced reflection peak that was introduced by artificial magnetism and electric
resonance due to negative permittivity/permeability.

Simulations of the electromagnetic propagation behavior along with these patterns were
made using a commercial code of Computer Simulation Technology (CST), and a comparison
with our experimental results was made for all three pattern designs at various frequencies,
which provided more understanding on physical nature how the negative refractive index was

originated in such plamonic systems.
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Chapter 3

Mechanism and properties of
meta-materials

3.1 Introduction

The mechanism and properties of meta-materials are discussed in more detail in this
chapter. In this thesis work, three types of patterns, i.e., SRR, WIRE, and CMM were
designed, processed, and characterized. Beginning ftom E.M waves induce current and
displacement current, the mechanism how light cannot pass through in certain frequency
range is discussed. In general, Most ‘of the magnetic media that simultaneously generate an
electric dipole moment are bi-anisotropic media. . Thus, an explanation how this effect was
related to electric or magnetic activity in different ways to produce negative

permittivity/permeability is given.

3.2 Split ring resonator (SRR)

The discussion starts with a single split ring resonator, since it is the simplest example
for understanding the physical mechanisms that produce effective negative permittivity
/permeability. For a single split ring resonator, when the applied magnetic field has a
component normal to the plane of ring resonator, it will excite a current loop around the ring.
The split structure offer an effect of capacitance, then the current excited by external magnetic

field will be circulated through a serials circuit of inductance and capacitance.
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It is known that resonance occurs at the frequency ®,= , in which there is a strong

1
vLC
absorption of the external magnetic field. This effect results in an effective permeability that is

smaller than zero. The primary physical mechanism is described above, being interest us news

to understand how micro or nano-structures have an influence on E.M waves.

+ _—
e+

o Figure 3-1. Structure of SRR.
d The axial magnetic field is
along z-axis. The figure is
Y imaged from [8].

Below are more quantitative di’scussionsonphysicalproperties of SRR. Most materials
have a natural tendency to be diam'agneti%:wés a 'Consequénce of Lenz’s law. Consider the
response of SRR arrays to an incident electromagnetic ‘\‘)vave with the magnetic field normal to
the plane, as shown in Figure 3-1. The SRR has a radius r, and is placed in the square lattice
with a period of a. The oscillating magnetic field normal to the plane of SRR induces
circumferential surface currents which tend to generate a magnetization opposing to the

applied field. The axial (z-axis) magnetic field inside the cylinders is

2

H=Hg+J- - J (3.1)
a

where H is the applied magnetic field and J is the induced current per unit length of the SRR.

2

The third term % J is due to the depolarizing field, which is assumed to be uniform as the

a

SRR are infinitely long along the z-axis. The electromagnetic force (emf) around the SRR can

be calculated according to the Lenz’s law and is balanced by the Ohmic drop in potential :

26



2

-iopo T (Ho+]- % =2 nrpl- L (3.2)
a 10C

where the effective capacitance C = goenr/(3d), and ¢ is the relative dielectric permittivity of
the material in the gap. It is assumed that the potential varies linearly with the azimuthal angle
around the ring.

The system of SRRs is homogenized by adopting an averaging procedure that consists
of averaging the magnetic induction, B, over the area of the unit cell while averaging the
magnetic field, H, over a line along the edge of the unit cell. The averaged magnetic field is

Be=poHo (3.3)

While the averaged H field outside the SRR is

2
r
Hes=Ho- a_z J (34)

Using above equations, it is obtained the effective rélative magnetic permeability -

2 2

nr/a fo

o= ——=]- B+ 3.5
e uwH,,  1-3d/peen @'t H2p/d,0r) = o) -0’ -iTo (3.5)
and thus it derives a resonant form of'the permittivity with-a resonant frequency of
3d
0=, [——55 (3.6)
WoE EM T

that arises from the L—C resonance of the system. The factor f = nr*/a” is the filling fraction of
the material. For frequencies larger than o, the response is out of phase with the driving

magnetic field and pegr is negative up to the ‘magnetic plasma’ frequency of

0= |—— (37)
(1-Dpegen’s

assuming the resistivity of the material is negligible, and it is seen that the filling fraction
plays a fundamental role in the bandwidth over which p < 0. It is noted that py=1 — nr’/a’
asymptotically at large frequencies. This is due to the assumption of a perfect conductor in
above analyses. It deservers to be mentioned that pgrcan attain very large values on the low
frequency side of the resonance. Thus, the effective medium of SRR is going to have a very
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large surface impedance Z = /@ :
Eepr

In the following section, the electric coupling to the magnetic resonance of split ring
resonators is discussed [40]. According to [40], authors observed unexpectedly that the
incident electric field coupled to the magnetic resonance of the SRR, when the E.M. waves
propagated perpendicular to the SRR plane while the incident E was parallel to the
gap-bearing sides of the SRR.

It was recently shown [41-42] that the SRRs exhibited electric resonant response in

addition to their magnetic resonant response. As a result of this electric response and its

interaction with the electric response of the wires, the effective plasma frequency, 0)'p, was

much lower than the plasma frequency of the;wires, ® . An easy criterion [41] to identify

whether an experimental transmission peak was left-handed (LH) or right-handed (RH) was
proposed, i.e., If closing the gaps of the SRRs 1ra designed LH structure would remove only
one single peak from the transmissiondata in the low: fiequency regime, it could be a strong
evidence to assign that transmission peak due to the LH effect. The authors reported
numerical and experimental results for the transmission coefficient of a lattice of SRRs alone
for different orientations of the SRR with respect to the external electric field, E, and the
direction of propagation. It was considered an obvious fact that an incident EM wave excited
the magnetic resonance of the SRR only through its magnetic field; hence one could conclude
that this magnetic resonance appeared only if the external magnetic field H was perpendicular
to the SRR plane, which in turn implied a direction of propagation parallel to the SRR
[Figures. 3-2(a), and 1(b)]. If H was parallel to the SRR [Figures. 3-2(c), and 1(d)] no
coupling to the magnetic resonance was expected. However, the present work shows that this
was not always the case. If the direction of propagation was perpendicular to the SRR plane

and the incident E was parallel to the gap-bearing sides of the SRR [Figure 3-2(d)], an electric
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coupling of the incident EM wave to the magnetic resonance of the SRR occurred. It thus
means that the electric field excited the resonant oscillation of the circular current inside the
SRR, influencing the behavior of either only &(w) [in Figure 3-2(d)] or both &(®) and p(®) [in

Figure 3-2(b)].

.E t E E
d)
I =3mm @ () %
w=d=t=033mm k k
H H

Figure 3-2. Left-hand side: SRR geometry studied. Right-hand side: The four studied
orientations of the SRR with respect to the triad k, E, H of the incident EM field. The two
additional orientations, where the SRR are on the H-K plane, produce no electric or

magnetic response. The figure is imaged from [40].

Four nontrivial orientations of the SRR are considered, as shown in Figure 3-2, while
the measured transmission spectra, T, of the composite meta-material (CMM) are presented in
Figure.3-3. The continuous line (line a) corresponds to the conventional case (Figure 3-2(a)),
with H perpendicular to the SRR plane and E parallel to the symmetry axis of the SRR.
Notice that T exhibited a stop band at 8.5-10.0 GHz, due to the magnetic resonance. The
dashed line (line b) shows T for the orientation of Fig. 3-2(b); here E was no longer parallel to
the symmetry axis of the SRR and thus there was no longer a mirror symmetry of the
combined system of SRR plus EM field. Notice that now T exhibited a much wider stop band
at 8—10.5 GHz, starting at lower frequency. An interesting result was obtained by comparing
T for the two cases shown in Figures. 3-2(c) and 3-2(d), for which there was no coupling to

the magnetic field since H was parallel to the SRR plane. For the case of Figure 3-2(c), where
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E was parallel to the symmetry axis, no feature was observed around the magnetic resonance
frequency (line ¢) in Figure 3-3, as expected. However in the case of Figure 3-2(d), where the
SRR plus EM field exhibited no mirror symmetry, a strong stop band in T around o, was
observed (line d), similar to that of the conventional case [Figure 3-2(a)]. It thereby strongly

suggested that the magnetic resonance could be excited by the electric field if there was no

mirror symmetry.

L Ll T

-

T [dB]
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Figure 3-3. Measured transmission spectra of a lattice of SRRs for the four different
orientations shown in Figure 3-2. The figure is imaged from [40].

At low frequencies, the SRR can basically be only represented by its outer ring. As
shown in Figure 3-4, the SRR ring will experience different spatial distributions of the
induced polarization, depending on the relative orientation of E with the SRR gap. If E is
parallel to the no gap sides of the SRR, its polarization will be symmetric and the polarization
current is only flowing up and down the sides of the SRR, as shown in Figure 3-4(a). If the
SRR is turned by 90°, as shown in Fig. 3-4(b), the broken symmetry leads to a different
configuration of surface charges on both sides of the SRR, connected with a compensating
current flowing between the sides. This current contributes to the circulating current inside the

SRR and hence couples to the magnetic resonance.

This unexpected electric coupling to the magnetic resonance of the SRR is of
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fundamental importance in understanding the refraction properties of SRRs in the low

frequency region of the EM spectrum.

Figure 3-4. Schematic drawing for the polarization in two different orientations of a
single ring SRR. The external electric field points upward. Only in case of broken
symmetry (b) a circular current will appear which excites the magnetic resonance of the

SRR. The interior of the ring shows FDTD data for the polarization current component

Jjg at a fixed time for normal incidence [Figures 3-2(c) and 3-2(d)] as a gray scale plot.

The figure is imaged from [40].

3.3 Wire-mesh structure as negative dielectric (WIRE)

Consider an array of infinitely long, parallel and very thin metallic wires of radius r
placed periodically at a distance a in a square lattice with a>>r as shown in Figure 3-5. The
electric field is considered to be applied parallel to the wires (along the Z axis). The electrons
are localized to move only within the wires, as which has the first effect of reducing the
effective electron density since the radiation cannot sense the individual wire structure but

only the average charge density. The effective electron density is immediately represented by

7'ISI'2

Neff— 5 n (38)
a

where n is the actual density of conduction electrons in the metal.
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There is a second equally important effect to consider. The thin wires have a large

inductance, and it is not easy to change the currents flowing in these wires. Thus, it appears as

= =] - [ = =
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Figure 3-5. An array of infinitely long thin metal wires of radius r, and a lattice period of
behaves as a low frequency plasma for the electric field oriented along the wires and E.M.

wave oriented normal to the wires. the figure is imaged from [8].

if the charge carriers, namely the electrons, have acquired a tremendously large mass. By
symmetry there is a point of zero field between the wires, and hence the magnetic field along

the line between two wires can be estimated by

Hip- 2L (3.9)
T p ap

The vector potential associated with the field of a single infinitely long current-carrying
conductor is non-unique, unless the boundary conditions are specified at definite points. In
our case, there is a periodic medium that sets a critical length of a/2. The vector potential
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associated with a single wire can thus be approximated by

o2l a’ a
Alp)= I vp<d 3.10
e et p< (3.10)
A(p)=0 ‘v’p>% (3.11)

This choice avoids the vector potential of one wire overlapping with another one, and thus the
mutual induction between any two adjacent wires is addressed to some extent. Noting that
r<a by about three orders of magnitude in the present model, and the current I = nr’nev,

where v is the mean electron velocity, the vector potential can be written as

w,r'nev, a

A(p)= In[ =]z (3.12)
p

This is a very good approximation in the mean field limit, when considering only two
wires, but in fact the lattice has actually a four-fold symmetry. The actual deviations from this
expression are much smaller than in this:case. It is noted that the canonical momentum of an
electron in an electromagnetic field is p.+ eA. Thus assuming that the electrons flow on the
surface of the wire (assuming a perfect conductor),-one /can express the momentum per unit
length of the wire as

4.2 .2
H,mrne’v

P=nr’ne A(r) =

In(2)=m_ mr’nv (3.13)
Tr

in which mesrjs an effective mass

2 2
meﬂ:%ln(i) (3.14)
r

for the electron.

Thus, assuming a longitudinal plasmonic mode for the system, one derives

2 2
o D 2mc

3.15
€M 4 azln(a/r) ( )

to present the plasmon frequency. It is noted that reducing effective electron density as well as

tremendously increasing effective electronic mass would immediately reduce the plasmon

frequency for this system. As an example, for aluminum wires (n = 10 m™) with r = 1 pm

33



and a = 10 mm, the calculated effective mass value was

mer=2.67x107%kg , (3.16)
was almost 15 times heavier than that of a proton, The derived plasma frequency is about 2
GHz, i.e. the structure is a negative dielectric material at microwave frequencies. Note that the
final expression for the plasma frequency in equation (3.15) is independent of the microscopic
quantities such as the electron density and the mean drift velocity. It only depends on the
radius of the wires and the spacing, implying that the entire problem can be recast in terms of
the value combination of capacitances and inductances. This approach was used in references
[42-43], and it is presented below for the sake of completeness. Consider the current induced
by the electric field along the wires, which is related to the total inductance (self and mutual)
per unit length (L):

E,=ioLl =iwLar’nev, (3.17)

and the polarization per unit volume in the homogenized medium is

B2 (3.18)

P=-n.ger=
i® o’a’lL

where negr = mr’n/a’ as before, one can estimate the/inductance, L, by calculating the magnetic
flux per unit length, ¢, passing through a plane between the wire and the point of symmetry
between itself and the next wire where the field is zero: @,is presented by

2
a

4r(a-r)

a2
o=h, [ HEMp=E I ) (3.19)
. T

Noting @ = LI, and the polarization P = (¢ — 1)goE,, where ¢ is the effective permittivity, one

obtains in the limit r<a,

27’

g(w)=1- (3.20)

o’a’In(a/r)

The Equation 3.19 is identical to the relation obtained in the plasmon picture. However, one
loses the physical interpretation of a low frequency plasmonic excitation here. It is simple to

add the effects of finite conductivity in the wires, which had been neglected in the above
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discussion. The electric field and the current would now be related by

E,=ioLI+onr’l (3.21)
where ¢ is the conductivity, which modifies the expression for the dielectric permittivity to

(,02
e=1- — (3.22)
o(oti(gja o, /ar’c))

Thus the finite conductivity of the wires contributes to the dissipation, showing up in the

imaginary part of €. For aluminum, the conductivity is 6 = 3.65 x 10'Q 'm "

, which yields a
values of y = 0.lop that is comparable to the values in real metals [44]. Thus the low
frequency plasmon is sufficiently stable against absorption to be observable.

In the above discussion, only wires pointing in the z-direction were considered. This
made the medium anisotropic with negative € only for waves with the electric field along the
z direction. The medium could be constructed to’have a reasonably isotropic response by
considering a lattice of wires oriented along-the three orthogonal directions as shown in
figure3-6. In the limit of large wavelengths, the effective-medium appears to be isotropic as
the radiation fails to resolve the underlying cubic symmetry yielding a truly three-dimensional
low frequency plasma.

For very thin wires, the polarization in the direction orthogonal to the wires is small and
can be neglected. Thus the waves only sense the wires parallel to the electric field, and
correspondingly have a longitudinal mode. The effects of the connectivity of the wires along
different directions at the edges of the unit cell have also been examined [9]. A wire mesh
with non-intersecting wires was shown to have a negative ¢ at low frequencies below the

plasma frequency, but had strong spatial dispersion for the transverse modes above the plasma

frequency. This issue of spatial dispersion has been studied more recently by Belov et al [43].
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Figure 3-6. A three-dimensional lattice of thin conducting wires behaves like an

isotropic low frequency plasma. The figure is imaged from [8].

The continuous wire structure:behaves like a high-pass filter, which means that the
effective permittivity will take negative values-below the plasma frequency. However, for
discontinuous wire structures, the negative permittivity region does not extend to zero
frequency, and there appears a stop-band around the resonance frequency. In contrary to the
continuous wire structures that exhibit a stop-band with no lower frequency edge, the present
configuration exhibits a stop-band with a well-defined lower edge due to the discontinuous

nature of the wires.

3.4 Composite meta-materials (CMM)

This section is based on the results from last two sections. CMMs (also named as
left-handed materials - LHM) combine two parts of negative permittivity and negative
permeability simultaneously, in order to have a negative index of refraction. The physical

mechanism was presented before. By selecting proper geometric structures of SRR and WIRE
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that have been discussed in the proceeding sections, to combine them together through

matching of suitable stop-bands, one can compose CMM for mid-IR range.
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Chapter 4

Experimental techniques

4.1 Introduction

Experimental techniques and equipments that were used in this thesis work are
presented in detail in this chapter. In the following sections, instruments and how these
instruments were set up are introduced. A detailed process flow for fabrication of patterns is
described, and a method for spectral apalyses of FTIR. measurements was developed in the
section. A suitable way of setting-up.the experimental instruments is very crucial for
effectively extracting the data of measurements.and-proving further understanding of physics

insights.

4.2 Process steps of pattern fabrication

Micro-fabrication of patterns is the key part of the thesis work. The patterns were
fabricated on Si substrates, therefore, the transmission measurements at the wavelengths short
than 1.2 is prohibited due to strong band-to-band absorption, and the patterns for this study
were fabricated by Cu materials. Since to coat a Cu film using either deposition or plating is
very complex, in the present work a relative simple and manufacturable technique was
developed for making Cu patterns. This technique was a combination to first form backbone
of patterns using Si by the CMP process, followed by a chemical substitution reaction to

replace Si by Cu. The process flow for such a micro-fabrication procedure is schematically
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presented in Figure 4.1, and each step is detailed as follows.

1. Silicon substrate 2. SiO, was patterned for window opening
3. 50 nm Ta deposited for improving adhesion 4. a-Si deposited by PECVD
5. Removing a-Si and Ta by CMP 6. Forming Cu structures via substitution reaction

Figure 4-1. Process flow of micro-fabrication

.

L
iz
Ll.
=

(1) Substrate: For most of experlmem% '6" ( ) ‘:er;ﬂ/ere used as the substrate, as which
was a prerequisite for process equmenfs#m_th_e_fabfo'{étlon pilot line. At the late stage of the
work, quartz substrates were also used in order to fabrication some structure to be operated at

the visible light spectral range. The major specifications of 6” silicon wafer are listed in the

table below :
Diameter(mm) 149.5~150.5 Product Single side polished
Method Cz Type P
Orientation 1-0-0 Dopant boron
Thickness(um) 650~700 Resistivity(Q-cm) 15~25

Table 4-1. Materials specifications of Si wafers

(2) Thin dielectric film deposition: About 300nm thickness of silicon dioxide (SiOz) was

deposited as a dielectric layer using PECVD. This oxide was served for two purposes. One
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was to define the window opening of patterns using lithograph as will be described in the next
step, and another was to provide a barrier for separating any copper film which was deposited

outside of patters from the silicon substrate.

(3) Window opening: The thin silicon dioxide layer was successively patterned by e-beam
lithography (LEICA WEPRINT 200 e-Beam stepper, and have the ability to reproducibly
achieve feature sizes below 100 nm, and multilayer lithography with less than 40 nm overlay).
Positive resist (PMMA) was chosen for e-beam lithography, and the resist layer was coated by
Clean Track MK-8. The geometrical sizes of silicon dioxide patterns using in this work are
summarized in Figure 4.2. The oxide through the opening of resist patterns were then

removed by ICP dry etching using Larm Tel-5000 etcher.

(4) Tantalum layer deposition: A thin (=50 nm) tantalum layer was then deposited using
sputtering over patterned silicon dioxide. Tantalum.was used as a buffer layer for improving
the adhesion between silicon dioxide and copper during and after copper replacement. It was
observed that the copper film was peeled off from SiO, when no adhesion layer was used.

Actually, 5~10nm tantalum was enough for serving the adhesion purpose.

(5) Si deposition: A amorphous silicon layer, which would be prepared to form the backbone
of patterns for copper replacement, was deposited over thin film of tantalum using plasma
enhanced chemical vapor deposition (PECVD), because it was demanded for trench filling
with a good step coverage. PECVD usually provides better step coverage than conventional
CVD and PVD. If step coverage is poor or no amorphous silicon fills into the trenches, copper

replacement will be failed.
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Figure 4-2. Geometrical sizes of SRR, WIRE, and CMM patterns.



(6) CMP planarization of patterned surface: a-Si and Ta outside the pattern region were
removed through a planarization process using multi-step chemical-mechanical-polishing
(CMP). It is very crucial that any residue remained outside the pattern trenches would cause
patterns deformation or failure. Therefore, the CMP process should be carefully monitored

and controlled, in order to finish it on the SiO, surface in the non-patterned region.

(7) Copper replacement: This is the final step through the entire process flow, while this is
also the most important step to produce demanded structures with copper (Cu). Since it
involves more complicated chemical reactions, it will be described in more detail in the next

section.

4.3 Chemical replacement of Cu patterns

In this section, the guidance of:copper replacement experimental is given as below. By
dipping the wafers in the aqueous bath containing-7.5'g/L cupric sulfate (CuSO4) and 1%
buffered oxide etch (NH4F/HF mixture in 6:1 volume ratio) diluted with 99% deionized (DlI)
water at an ambient temperature, a substitution reaction between the Si backbone structures
and Cu electrolyte occurs such that Cu could be selectively formed in the patterns region
instead of Si. The chemical replacement is carried out through a chain of following reactions.

The contact displacement is conducted by means of the electrochemical redox between

Si® and Cu®" ions in an aqueous solution containing F ions, as shown in Equation. 4.1~4.3

[46-48]

Anode Si, +6F,, — SiF; ,, +4e (4.1)
Cathode CuZ; +2e — Cu, (4.2)
Overall Si, +6F, +2CuZ; — 2Cu +SiF;", (4.3)
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The electrochemical redox reaction involves the oxidation of one Si atom to release four

electrons and reduce two cupric ions to two Cu atoms. The oxidized Si** ions would be

stabilized with the fluoride ions to form soluble SiF> ions in the aqueous solution, not

forming passivating silicon oxide with water that would inhibit the following redox reaction.

The thickness growth of the replaced Cu would be almost 1.5 times larger than that of
the consumed a-Si thickness on average. The substitution rate of Cu was approximately 100

nm/min in the initial stage, but dropped to 75 nm/min after 3 min displacement. This may be

due to the mass transfer inhibition of the oxidized SiF species out and fluoride ions in

process through the top replaced Cu layer, but weakly relating to the cupric ions, which were
only diffused and reduced onto the Cu surface from.bulk solution. This thus turns out to be an
advantage for the Si CMP process. However, it would befilled with Cu in the trenches after
completing contact displacement. This could.significantly relax the process window for Si
CMP to insure over-polishing against“complete removal of a-Si outside the trench and the

selectivity of the Cu contact displacement. [49-50]
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Figure 4-3. Thickness changes of the substitutional Cu and the consumed a.-Si films
during contact displacement at 30°C. The figure is imaged from [45].
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Figure 4-4. A SEM image of SRR after Cu replacement.
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Figure 4-6. A SEM of LHM after Cu replacement.

EDX measurements were successively performing in order to ensure complete removal
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of Cu outside of the pattern trench region. The EDX spectra are shown in Figures 4-7(a)

~4-7(c)

Uil Scale 436 cts Cursor: 2857 kel (2 cts) ket

Figure 4-7(a). EDX spectrum of SRR at a measurement point over outer split ring.
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Figure 4-7(b). EDX spectrum of SRR at a measurement point over inner split ring.
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Figure 4-7(c). EDX spectrum of SRR at a measurement point outside the trench.
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4.4 Optical characterization of meta-materials

Optical experiments were performed using Fourier Transformation Infrared
Spectrometry (FTIR), Vertex 70 made by BRUKER™. This instrument provides means for
spectroscopic analyses of E.M. waves interacting with materials and patterns. The optical path

in Vertex 70 is schematically illustrated in Figure 4.8.
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Figure 4-8. Optical path runs in BRUKER™ \ertex 70. Figure is imaged from
BRUKER™

A more detailed drawing depicts how E.M waves incident onto the sample stage is

shown following Figure 4-9 :
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Figure 4-9. Optical path for light rﬁns fr.o'rln light source to detector. The pattern array is
placed on the sample stage.

During the measurements, the patterned sample was placed on the sample stage and
angles of the incident light were 45 with respect to the sample surface normal for all
experiments. It is difficult to perform measurements at an incident angle of 90°, although the
most favorable measurement geometry to introduce magnetic resonance of SRR is to set the H
field normal to the plane of patterns (i.e. s-polarization, incident angle=90"). The polarization
of light can be adjusted by polarizer to set the E-field vector either normal (p-polarization or
TM-mode) or parallel (s-polarization or TE-mode) to the pattern surface.

Vertex 70 has a wide spectral detection range from mid-IR through near-IR to visible
light. For patterns processed for the thesis work, the resonance frequency is expected to
appear at mid-IR. So a MCT detector was used to cover the spectral range from k=600"
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cm~7500"cm.

4.5 Procedure for Spectral normalization

In order to reduce the influence from layer interferences and to highlight the features
that are interested for study, some procedures for spectral normalizations were employed
during the data analyses and discussion. These normalization procedures are introduced, as
below:

1. Intensity normalization : Because the intensity of the incident light varies with
polarization angles, there is a need to normalize the measured signal intensity with the
incident beam at different polarization angle. This was done as follows: (i) First to figure out
the spectral (wave-number) ranges in which negative permittivity/permeability are expected
to observe by tuning polarizer. (ii) Then to_pick.a. spectral window to draw a slope from
lowest point to highest point.(highest point Is averaged since it is often very noisy) (iii) From
this step, the intensity of signals is“normalized,-which-thus makes the lower intensity to
compare to the higher intensity with a meaningful reference. The procedure is figured as

follow :
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Figure 4-10. Original reflection signals of SRR with three degrees of polarization.
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Figure 4-11. Normalized reflection signals of SRR with three degrees of polarization.

2. Suppressing other signals that was notinteraction due to pattern and light : This is an
effort trying to highlight spectral features that are- caused by interactions between the incident
light and patterns, while to reduce some features that maybe introduced by interference due to
layers on substrate as a general background. Therefore the measured spectrum patterns need
to be normalized to the spectrum measured outside of the pattern region. Primary signals are
defined as normalized reflection signals of patterns. Secondary signals are defined as
normalized reflection signals of background (i.e. the spectrum measured outside of the pattern
region). Reflectance can be present as primary signals divided by secondary signals. The

procedure is figured as follow :
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Figure 4-12. Reflectance of SRR with three degrees of polarization.

3. Normalization respect to the polarization effect : This a way to evidently reveal how
some effects would be introduced by incident EM waves with different polarizations. For
example, the light impinging with s-polarization; i.e. the H:vector perpendicular to the pattern
surface could excite magnetic dipoles to produce artificial magnetism. But this will not be an
effect for the light of p-polarization, i.e. the H vector lies in the plane of the pattern surface.
Therefore, the final presentation will be the spectrum measured with s-polarization to divide
that measured with p-polarization, in order to increase the contract of the effect. The
procedure is figured as follow : (0° polarizations is s-polarization and 90° polarization is

p-polarization)
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Figure 4-13. Normalized reflectance of SRR.
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Chapter 5

Experimental results

5.1 Introduction

In this chapter the experimental results obtained from three types of patterns, namely
SRR, WIRE, and CMM, are presented and discussed. The experimental details on optical
measurement flowchart as well as data processing and analyzing have been described in the
preceding chapters. Here, a brief description of the data processing is summarized again. In
the first step “Intensity normalization”, a slope for normalizing the reflection intensity was
drawn in a proper spectral (wave-number)irange..And for the second step, the spectrum of the
patterned sample was normalized the one taken from the region outside of patterns. Finally,
for the third step the spectrum measured with s-polarized (or p-polarized) light was divided by
one obtained by anther polarization, in order to highlight the significant features that were
produced by incident EM waves. Below are results obtained throughout the thesis project

work.

5.2 Spectral intensity calibration of optical measurements

The optical measurements of SRR, WIRE, and CMM pattern structures were carried out
using FTIR in the reflection experimental geometry. The measurements were performed with
different polarization of the incident light from TE to TM modes. Since the optical power of

the impinging light varies at different moralization angles and the intensity of measured
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spectra should be calibrated and normalized to the input optical power.

In this experiment, five different polarization degrees: 0°, 22.5°, 45", 77.5", and 90" were
tested with a fix incident angle of light at 45 for all measurements. The aperture slit size for
limiting the light shining area was set to ~ 1 mm as default. The results of optical

measurements are presented as following :

5.2.1 Optical measurements of SRR

As schematically illustrated in Figures 5-1 and 5-2, the so-called type | arrangement of
SRR is to align the incident light along with all splits of ring patterns, and the type-II
arrangement means the light azimuth point to the edge with no splits (90° rotation).. In both
cases, the incident light is arranged wrth the E vector lied in the pattern plane, i.e.
s-polarization (defined as polarlzatlon degree 0) In the flgure Y-axis is normal to patterns,

and X-Y plane lies in plane of patternrg.' b * ,

Figure 5-1. Polarization of light for type | arrangement of SRR when E parallel to the
pattern is defined as polarization degrees = 0.
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Figure 5-2. Polarization of light for type 1l arrangement of SRR when E parallel to the
pattern is defined as polarization degrees = 0.
Reflection spectra measured from a SRR sample with type | (Figure 5-3) or type Il
(Figure 5-4) arrangement, as well as from the area W|th no patterns (Figure 5-5). The spectral
intensity was calibrated with respect‘ to thléI anldent" I_.'lght intensity for three different

polarization angles. s ——
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Figure 5-3. Reflection spectra of type | arrangement of SRR with three polarization
angles.
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Figure 5-4. Reflection spectra of type Il arrangement of SRR with three polarization angles.
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Figure 5-5. Reflection spectra of background of SRR with three polarization angles.

5.2.2 Optical measurements of WIRE
The same as the measurements of SRR patterns, there are also two types of
arrangements for optical measurements of WIRE samples. As illustrated in Figures 5-6 and

5-7, the type I or Il arrangement of WIRE are to align the incident light either along short or
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long side of WIRE patterns, respectively.

Figure 5-6. Polarization of light for type | arrangement of WIRE when E parallel to the
pattern is defined as polarization degrees = 0.

Figure 5-7. Polarization of light for type Il arrangement of WIRE when E parallel to the
pattern is defined as polarization degrees = 0.
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The measured spectra with type | or type Il arrangement and from the no pattern area
(reference) are depicted in Figure 5-8, 5-9, and 5-10, respectively. The spectral intensity was

calibrated with respect to the incident light power, at three polarization angels.
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Figure 5-8. Reflection spectra of type | arrangement of WIRE with three polarization
angles.
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Figure 5-9. Reflection spectra of type Il arrangement of WIRE. with three polarization
angles.
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Figure 5-10. Reflection spectra of background of WIRE with three polarization angles.

5.2.3 Optical measurement of CMM“ A2

"l
‘H .-.f

Figure 5-11 and 5-12 illustrate tﬁe e%peitjﬂ]emai gepmetrles for type | or Il arrangement

of CMM.

,(

Sl

Figure 5-11. Polarization of light for type | arrangement of CMM when E parallel to the
pattern is defined as polarization degrees = 0.
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Figure 5-12. Polarization of light for type Il arrangement of CMM when E parallel to the
pattern is defined as polarization degrees = 0".
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Figure 5-13. Reflection spectra of type | arrangement of CMM with three polarization
angles.
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Figure 5-14. Reflection spectra of type Il arrangement of CMM with three polarization
angles.
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Figure 5-15. Reflection spectra of background of CMM with three polarization angles.

5.3 Spectral processing and analyses

In this section, the reflection spectra after intensity calibration with respect to the
incident light power at 3 polarization angles (section 5.2) are further processed and analyzed,

in order to remove some inference features that were introduced due to the thin oxide layer on
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the substrate, and also to clarify the effects to be introduced by s- or p-polarization of the
incident light, i.e. EM waves. For the first effect, the spectra normalization with respect to the
one obtained outside the pattern region were employed. The final appearance of any reflection
spectrum was actually a ratio of the s-polarized spectrum divided by the corresponding

p-polarized spectrum, such that the contribution to the optical reflectance could be identified.

5.3.1 Spectra of SRR
Stepl. Reflectance

The procedure was completed by dividing the spectrum from the pattern region with the
spectrum from outside of the pattern region in the denominator. The figure only shows the

spectra of 0" polarizations.
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Figure 5-16. Type | and Il arrangement of SRR’s reflectance.

Step2. Normalized Reflectance
In order to increase contrast between s- and p-polarization effects, the spectrum
measured with s-polarization (0 degree) was divided one measured with p-polarization (90

degree). Because with the p-polarized light, the vector of H-field was lying in the plane of
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SRR patterns and parallel to the pattern edge with split, so it is unable to excite magnetic

dipole for the enhanced reflectance.
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Figure 5-17. Type | and Il arrangement of SRR’s normalized reflectance.

Discussion

Some important features and possible. physics mechanisms behind them are discussed as

below.

Three major features are observed on Figure 5-17
1. k=767.6cm™ (f=23.03THz) and k=864cm™ (f=25.92THz) for type I.
2. k=825.51cm™ (f=24.76 THz) and k=941.24cm™ (f=28.237THz) for type Il .

3. k=1250cm™ (f=37.5THz) exist for each type.

According to ref. [51], it shows that there are three resonance dips for transmission (first
dip due to R-C structure of outer split ring, second dip due to inner split ring, and third dip
due to electric cut-wire response of the outer ring of its longer side). From the experiment,

only two peaks of resonances (i.e. second dip is merged by firs dip and third dip) were
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observed for each of two types. Because the strength of this resonance was sometimes very
small, it shows that the magnetic response of the inner ring was screened by the presence of
outer one [51]. There was another property that was interest in the figure, i.e., electric
coupling to the magnetic resonance of SRR [42]. Because type | is E field asymmetry to SRR,
it can excite more obvious and wider feature of resonance than type Il which is E field
symmetry to SRR.

Note that at K=1250cm™ there was a reflection feature existed in every spectrum, which
has hereby been attribute to the residual silicon dioxide layer over the Si substrate. This oxide

layer is necessary, in order to stop Cu replacement reaction with the Si substrate.

5.3.2 Spectra of WIRE
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Figure 5-18. Type | and Il arrangement of WIRE’s reflectance.

Step2. Normalized Reflectance
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Figure 5-19. Type | and Il arrangement of WIRE’s normalized reflectance.

Discussion

Three major features are observed on Figure 5-19
1. k=1018.39cm™ (f=30.55THz) for type I.

2. no obvious reflectance peak for type‘ll.

3. k=1250cm™ (f=37.5THz) exist for each type.(due to SiO,)

For the discontinuous wire mesh structures, WIRES expect only one resonance
according to the free electron model for permittivity. Another important characteristic is that
discontinuous wire will have a relatively shorter range of stop-band, but continuous wire has
very long range stop-band (theoretically, down to OHz frequency), like the dispersion model
for free electrons. In this work, the measured spectrua, depicted that the reflectance peak was
only observed in the case that the E field vector was parallel to short side of WIRE. When the
E field vector was parallel to long side, no obvious reflection peak could be observed. This
result may be explained by the fact that the resonance of that E field was parallel to short side

would be higher than the case that E field was parallel to the long side. So the lower
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resonance peak could not be observed since it might be lower than the detector limit of

600cm™.

5.3.3 Spectra of CMM
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Figure 5-20. Type | and Il arrangement of CMM’s reflectance.

Step2. Normalized Reflectance
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Figure 5-21. Type | and Il arrangement of CMM’s normalized reflectance.

Discussion

Three major features are shown in‘Figure 5-21

1. k=736.79cm™ (f=22.10THz) - k=852.513cm™ (f=25.58THz), and k=929.66cm™
(f=27.89THz) for type I.

2. k=945.09cm™ (f=28.35THz) for type II.

3. k=1250cm™ (f=37.5THz) exist for each type. (due to SiO,)

The SEM of CMM revealed that structural size of the SRR part was almost the same as
the SRR only samples, but structure of WIRE appeared being failed. The design requested
discrete wires, but they were continuous to a large extend. The linewidth of wires in CMM
was also 0.123 um wider than WIRE. In type | arrangement, there were three interesting
reflectance features at : k=736.79cm™ (f=22.10THz) - k=852.513cm™ (f=25.58THz) -
k=929.66cm™ (f=27.89THz). Spectra of type | CMM could be simply represented as a sum of

spectra from type I-SRR and type I-WIRE. Figure 5-22 shows all three type | spectra for
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comparison.
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Figure 5-22. Normalized reflectance of three structures of type 1 arrangement.

In Figure 5-22, the first peak of €EMM was basically the one due to the first peak of SRR
but with a little red shift. The second-peak of CMM was due to the second peak of SRR, and
there was almost no difference in peak position. Third peak of CMM was speculated being
due to continuous WIRE. Because the wires in CMM were continuous and wider, it

consequently resulted in a red shift of peak.

In type Il arrangement, there was only one interesting reflectance : k=945.09cm™
(f=28.35THz). Spectra of type Il CMM could again be represented as a sum of spectra from

type Il SRR and type Il WIRE, as depicted in Figure 5-23.
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Figure 5-23. Normalized reflectance of three structures of type 2 arrangement.

While type Il arrangement CMM didn’t-appear. any specific spectral features, only one
peak at k=945.09cm™ (f=28.35THz)" could! be -assigned due to reflectance. For type Il
arrangement of SRR and WIRE, ‘the second peak of SRR appeared at k=941.24cm™
(f=28.24THz) which was very close to tone measured at'k=945.09cm™ (f=28.35THz) of type
I arrangement CMM. But the first peak of SRR was absent in type II CMM.

From above analyses, it could be concluded that for the designed CMM there was no
observation of any negative refraction index in the mid-IR range. However, the effects of
negative permittivity of discrete WIRE and negative permeability of SRR based on copper

metallization and silicon substrate were successfully observed.
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Chapter 6

Simulation results by CST

6.1 Introduction

In this chapter, simulation results obtained using Microwaves Studio, a computational
tool provided by Computer Simulation Technology (CST) are presented for the comparison of
experimental results. A simpler model was scotched than the situation of real experiments. No
considerations of silicon dioxide, tantalum (adhesion layer), and residue of amorphous silicon
were taken into account in the simulation scheme. The-simulation structures were set to
silicon substrate and patterns of copper metallization. The dispersion model of copper was
drude model for which the plasma frequency.was 1914*2 7 *10'* rad/s and collision frequency
was 8.34*10'?Hz. According to [52], the values of effective permittivity and permeability of
meta-materials were derived from reflection and transmission coefficients. According to ref

[52], there are following equations :

e=n/z (6.1)
u=nz (6.2)

. ja +r)° -7
7=t /—(1_r)2_t'2 (6.3)
t’=exp(ikd)t, k=w/c (6.4)

cos” (1 [1-47)])

Tm(n)= = Im( 2t - ) (6.5)
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1
cos™ (- [1-(r*t*)])
Re(n)=*Re( t d )+ 217:;1 , M= integer (6.6)

6.2 Simulation results

6.2.1 Simulation results of SRR

The simulation results of SRR with different azimuths of light are presented in Figure
6-3. The definition of “Symmetry” means E field parallel to patterns of SRR and also parallel
to symmetrical axis of SRR (shown as Figure 6-2), while “Asymmetry” means E field parallel
to patterns of SRR and is orthogonal to symmetrical axis of SRR (shown as Figure 6-1). For
simulations of SRR, H field was set normal to SRR, while E field and K were parallel to SRR.
Port-1 was the excitation port to link the light source and port-2 was detection port. All EM
waves set as plane waves and boundary condition.were maximum and minimum of x-plane
=open, maximum and minimum of y=plane =_E,=0, maximum and minimum of z-plane =
H=0. 4 SRR’s cells were plotted for caleulus. Thickness of copper was 50nm and silicon

substrate was 200nm thick for setting up the simulation parameters.
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Figure 6-1 Diagram of E, H and K of asymmetrical incidence of SRR

Figure 6-2 Diagram of E, H and K of symmetrical incidence of SRR
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Figure 6-3 Simulation results of symmetrical and asymmetrical incidence of SRR

The derived permeability for different azimuths of SRR (i.e. symmetric or asymmetrical

experimental geometries of SRR) are-shown in Figures 6-4.and 6-5.
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Figure 6-4 Permeability of symmetrical incidence of SRR

75



Permeability

— Real

BT 20 a0 40 &0 B0

THz

Figure 6-5 Permeability of asymmetrical incidence of SRR

From above results of simulation, transmission dips at S, at k=768cm’! (f=23.04 THz)
and k=838cm'(f=25.14THz) were observed for asymmetrical E field of SRR (i.e.
corresponding to the type I arrangement of,SRR), and at k=842cm™(f=25.26THz) for
symmetrical E field of SRR (i.e. the type 1] arrangement of SRR).

In fact, Figures 6-4 and 6-5:-are the comversion of transmission and reflection to
permeability of two type arrangement.of SRR..From the-figures, both two types of SRR are
shown to have the effect of negative permeability at a frequency range of approximately
23~26THz, i.e., k = 766.7 — 866.7 cm™' that was in consistency with the experimental results.

Therefore, although the model structure for simulations was simpler, it still proved a
quick and efficient mean for estimate. Simulations also explored that there were deeper and
wider dips in the case of symmetrical E field of SRR, compared the results obtained for
asymmetrical E field of SRR. This phenomenon was opposite to the report in ref [42], but it is
a clear evidence that there is negative permeability in this Cu SRR patterns array in the

mid-IR range.
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Chapter 7

Conclusion

Meta-materials were studied in this thesis work, because their interesting “negative”
optical properties. Three types of patterns, i.e., SRR, WIRE, and CMM were designed at the
scale of ~200 nm, and were fabricated using a newly developed techniques, in which Cu
patterns were made through Cu replacement reaction of Si backbone structures that were
made by damascenes together with CMP..Optical measurements were then performed using
FTIR for all three types of structure Below is a:summary for all observations relating to those

novel optical properties of Cu meta-materials :

1. SRR

The spectra of normalized reflectance of two arrangements of SRR showed somer
interesting results for optical measurement in Figure 5-17. In type | arrangement, there are
two reflection peaks at k=767.6cm™(f=23.028THz) and k=864cm™ (f=25.92THz),
respectively. In type 11 arrangement, two peaks were observed at k=825.51cm™ (f=24.77THz)
and k=941.24cm™ (f=28.24THz). At K=1250cm™ (f=37.50THz) there exists a strong
reflection feature in all spectra, which has been assigned due to interference of residual silicon
dioxide layer. In chapter 6 for simulations, we have obtained simulation results : For Figure
6-1 (asymmetry, similar to type | arrangement), there were two S, dips at k=838cm™
(f=25.14THz) and k=768cm™ (f=23.04THz). For Figure 6-2 (symmetry, similar to type Il

arrangement), there was only one dip at k=842.20cm™ (f=25.27THz) (but it has wide range for
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Szldlp)
Therefore, the observed features could be assigned due to the effect of negative

permeability in the SRR sample made of Cu metallization and silicon substrate.

2. WIRE

For WIRE patterns, only one feature at k=1018.39cm™ (f=30.55THz) was observed in
the reflection spectrum for the measurement arrangement of type I. No obvious features could
be assigned to the enhanced reflectance because there exists no resonance the the spectrum for
the experiment with a type Il arrangement,

So, one can conclude that the effect of negative permittivity of discrete WIRE was

successfully observed.

3.CMM

For the type | arrangement, -there were_three ‘interesting reflectance features at
k=736.79cm™ (f=22.10THz) - k=852.51cmit (f=25.58THz), and k=929.66cm™ (f=27.89THz),
respectively. Noted that two of these three (i.e. k=736.79cm™ (f=22.10THz) - k=852.51cm™
(f=25.58THz)) were similar to those observed from the sample with only patterns of SRR,
while both have little peak shift to lower wavenumber.

For the type Il arrangement, there was only one distinct feature at k=945.09cm™
(f=28.35THz). Compared to the experiments with the type Il arrangement of SRR and WIRE,
only SRR showed a reflectance peak at k=941.24cm™ (f=28.24THz), which is close to the
feature of type 11 arrangement CMM (k=945.09cm™ (f=28.35THz) in term of the wavenumber
position). But the first peak of SRR was absent in type Il CMM. Therefore, no conclusion
could be made whether there was any feature due to negative refraction index in the mid-IR

range.
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