Chapter 2
Optical Aspects of Thin Films and Interfaces

Much of the presented work has been devoted to the design of photonic structures by soft
matter selfassembly. This chapter shall give a general introduction to the optics of thin films
and interfaces and furthermore explain the main concepts and techniques that were used to
analyse the experimental results.

Propagation of Light at an Optical Interface: Reflection
and Refraction

The propagation of electromagnetic (EM) waves in an optical medium is in the
classical limit fully described by the four Maxwell equations, [1]. This leads to
boundary conditions for the parallel () and perpendicular (+) field components
which need to be met when a beam of light hits a planar interface between two
homogeneous lossless dielectric media with permittivity €; and €;, and permeability
U1, and wo, as illustrated in Fig.2.1a [2].

€ Eif = e Ey (2.1)
B = B3 22
E| =E) 2.3)
B /u1 = B/us. 24

These four Eqs.2.1-2.4 are the basis for the theory of reflection and refrac-
tion at optical interfaces. With a monochromatic planar incident wave of form
E; = Ep; expli(kir — w;t)] one can derive from Eq.2.3 the law of reflection [3]:

0 =6, =0y, 2.5)

as well as Snell’s law of refraction:
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Fig. 2.1 Reflection and refraction at an optical interface. a Incident (E;, k;), reflected (E;, k;)
and refracted (E, k) EM waves at the interface between two homogeneous, isotropic and lossless
dielectric media. The electric field can be decomposed into parallel (Ep) and perpendicular (Es)
components with respect to the plane of incidence. b Reflection coefficients at an air-glass interface
for parallel (rp) and perpendicular (r5) polarised incident light as a function of angle of incidence (6).
At the Brewster angle 0g = 56.5° all parallel polarised light is refracted (rp, = 0), i.e. the reflected
light is fully polarised perpendicularly to the plane of incidence

nisin@; = njy sin 6;. (2.6)

The relative amplitudes of incident, reflected and refracted waves depend on their
polarisation with respect to the plane of incidence. Incoming light can be decomposed
into orthogonal and linearly polarised waves, with E-field components perpendicu-
lar (Es) and parallel (E;) to the plane of incidence. Based on Eqgs.2.3 and 2.4 the
so-called Fresnel coefficients can be derived:

E:s nicosfy —npcosbr

ry =

— , 2.7)
Ei nicos O + ny cos by

Ei 2n1 cos 0y

(2.8)

t‘ - - ’
s Eis njcosb) + nycosbr

E ny cosfy — njcos by
rp=—r = : (2.9)
Eip  npcosf; +njcosb;

. Ep _ 2n1 cos 6y (2.10)
P Eip  nacos@ +njcosby’ ’

Figure 2.1b shows the corresponding reflectance R and refraction, i.e. transmittance
7, at a air-glass interface with R = |r|§’p and 75, = (nz cosBr/ny cosby) - |t|§,p,
respectively. The Brewster angle g follows from r, = 0 and Snell’s law with

O = arctan (n2/n1).
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Thin Film Interference

The characteristic reflection of a thin film is the consequence of multiple beam
interference. As shown in Fig.2.2a, the presence of two optical interfaces, each
with its characteristic Fresnel coefficients for reflection and transmission, leads to
a division of the incident beam into a multitude of coherent waves. If the reflection
coefficients are non-negligible, this results in anumber of higher order reflected waves
that all contribute to the colour appearance of the film, which is a characteristic of
its thickness (hf1m) and refractive index (n1). The optical path difference A of two
adjacent rays is given by:

A = 2n1hgim cos 0y, (2.11)

with a corresponding phase shift ¢,, = (m + 1) - 27 /A) - A, where m is the number
of total internal reflections. E is therefore out-of-phase by 180° compared to all
higher order reflected waves (E,, Es, ...), where m is always an odd number. The
resulting overall amplitude is then given by a geometric series, where r;; and f;;
correspond to the Fresnel coefficients at the optical interface i and j denoted in order
of the propagation direction of the ray [4]. This applies for perpendicular polarisation
(with rg ;; and 15 ;;) and parallel polarisation (with rp ;; and #p ;).

E; _2i¢p .
— = 10171210 €X —1D)*(r1or10)" ex
Eo 01 + fo1712t10 €XP E( )" (r12r10)" exp

—2ing
n=1

forriztioexp” > o1 +ripexp Y

— = — 2.12
1+ rioripexp=2¢ 14 rjoripexp=2io 2.12)

with fg1tj0 = /1 — ”31 1= rlzo =1- rél, assuming lossless dielectric media. The

reflectivity of a thin film is then given by

R=1 = (rot + ri2exp™?) (ro1 + riz exp?)

Io (1 —+ roir12 exp72i¢) (1 “+ roiri2 exp2i¢)

_ rgl + r122 ~+ 2rg1712 cos 2¢
1+ rglrlz2 ~+ 2rp1r12 COS 29

(2.13)

For illustration, a computer-simulated colour reflection of a thin water film is shown
in Fig.2.2. According to Eq. 2.11, the conditions for multiple beam interference
depend on the film thickness (/) and the angle of inclination (@), here plotted in
polar coordinates.
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Fig. 2.2 Thin film interference. a The Fresnel equations determine the reflection and transmission
coefficients of EM waves at each optical interface. The overall reflectivity of a thin film is therefore
a superposition of a multitude of beams with different optical paths. b Computer-simulation illus-
trating the colour reflection of a thin water film plotted in polar coordinates as a function of the film
thickness () and the angle of incidence (@) for unpolarised standard daylight illumination (D65).
b Adapted with permission from [5]

Model of Multilayer Reflectivity

Rouard’s Method

The optical response of a multilayer stack, i.e. a layer sequence of thin films, results
from the reflection and refraction characteristics at each of its optical interfaces. In
analogue to the mathematical treatment for thin film interference, Rouard extended
the method of summation in a stepwise procedure from one layer with two interfaces
to k layers and k + 1 interfaces [4, 6]. Following his technique, the optical properties
of the k-th individual layer (in terms of reflection coefficient and accompanying phase
change) at the bottom of the stack are replaced by a single surface with the appropriate
characteristics. This is then incorporated into the calculation for the adjacent (k—1)th
layer and so on. Based on Eq. 2.12 it follows for the amplitude p; and phase §; of
the light reflected from the kth layer:

Tk + rk+1 exp_2i¢k
1 4 rergq1 exp= 2’

prexp' = (2.14)

The kth layer is subsequently treated as a surface with the effective Fresnel coefficient
o exp!% . The parameter py can be calculated via the complex conjugate

2 2
rf+ri,, + 2rerge1 cos?2
© T Vi krk+1 O 2.15)

2
p = .
k 14+ l’]grngrl + 2rkrk+1 cOoS 2¢k
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Sr can be written as [4]

Sk = nk — &, (2.16)
with -
Tk + rg41COS 20k
and

an . — FkFk+1 Sin 2 (2.18)
Tk 1 4 ryrea1 cos2¢y ’

For the adjacent (k — 1)th layer this results in

i1 _ k=1 + prexp” O expTH O

Pk—1 EXp (2.19)

1+ rr_1 pr exp~id exp=2ide—1’

where px—1 and 6,1 can be calculated accordingly following Eqs.2.15-2.18. This
process is repeated k-times to obtain the reflection coefficient of the overall system p; .

Transfer Matrix Method

An alternative route to calculate the optical response of a multilayer stack is the
so-called transfer matrix approach, which relates the electric and magnetic field
at both interfaces of an optical element via a characteristic matrix [7, 8]. Assume
an incoming beam at normal incidence and a single layer of optical thickness /
in-between two optical media, i.e. a sequence media O-layer 1-media 2. The boundary
conditions, introduced in Eqs. 2.1-2.4, have to be fulfilled at interface 01:

Eoi + Eor = Efi + Enr (2.20)
noEoi —noEor = n1Eqin Eyy, (2.21)
and at interface 12:
Ei; expikl +E1rexp_ikl =FE, (2.22)
m E; expikl —n1 Eq; exp_ikl =mkE,. (2.23)

This set of equations can be combined to

E E
14+ -2 = (cos Kl — i "2 sin kl) il (2.24)
Eo; ni 0i
E E
no — ny—= — (—in1 sin kI + n cos kl)—’, (2.25)
Eo; Eo;
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or equivalently in a matrix representation

1 1\ Eor coskl (—i/ny)sinkl 1\ E:
(no) + (—no) E_Oi o (—im sin k/ cos kl ny E_Ol (2.26)

For clarity, Eq.2.26 can be written as

(1)+( ! )r:M(l)t, 2.27)
no —no np

where r is the reflection coefficient, ¢ is the transmission coefficient and M is the
transfer matrix. The extension to the optical response of N-layers is then accordingly

1 1 1 1
(no) + (_no) r = My MaMs...My (nz)t = Moy (nz) ‘) (2.28)

where M,y is the product of the individual transfer matrices.

A multilayer stack of particular interest is a distributed Bragg reflector (DBR),
which consists of an periodic sequence of high and low refractive index layers. Strong
reflection arises when all reflected beams are of equal phase and therefore interfere
constructively at the front surface. This is fulfilled for njow /10w = 7highfihigh = A /4.
DBREs are therefore typically denoted as quarter-wave stacks [9]. The product of two
adjacent transfer matrices is

( 0 —i/nlow) ( 0 —i/nhigh) _ (nhigh/”llow 0 )
—inew 0 —inpigh O 0 —TNlow/Mhigh /
(2.29)

and correspondingly for the overall optical element with 2N layers

M- (nhigh/nlow 0 )N _ (nhigh/mow)N 0
= = N .
0 —Nlow/ Nhigh 0 (—nlow/nhigh)

(2.30)
The reflectance of the multilayer stack can then be obtained by solving Eq.2.27 for r
2N 2
TNhigh/N -1
R=|r? = [( high/ 1°W)2N } 2.31)
(nhigh/niow) ™ +1

The position of the reflectance maximum can be calculated by geometric consider-

ations [10]:
MAmax = 2 (hl,/n% —ndsin®; + hy\/n3 — ndsin ei) : (2.32)
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Fig. 2.3 Modelling of multilayer interference. a Calculated reflectance at normal incidence for
interference-based antireflective coatings (ARC) optimised for A = 550 nm. An ideal single layer
ARCyieldsnarc = 1.22and harc = 112 nm to fulfill the amplitude and phase matching conditions
onaglass substrate (ngyps = 1.50). The ideal double layer configuration is calculated for comparison,
with narcy,, = 1.11, harCy,, = 123nm, nArcy,, = 1.36 and harcyy, = 101nm. b Reflectance
at normal incidence for multilayer stacks consisting of an odd number of alternating A /4 layers of
high and low refractive index on a glass substrate, with npigh = 1.69, hiow = 75nm, njow = 1.41,
hpigh = 130nm and ngps = 1.50

where /1 2 and nj > are the layer thickness and refractive index of component 1 and
2, respectively and m € N.

To model multilayer structures in this work, Rouard’s technique was implemented
into a “MatLab” algorithm that was developed by Dr. Mathias Kolle [10]. An alterna-
tive method based on a transfer matrix algorithm was used for comparison [11]. The
optical constants of the building blocks were determined individually by spectro-
scopic ellipsometry. Figure 2.3a shows example calculations for interference-based
antireflective coatings (ARC) which consist of one or two layers on a glass sub-
strate to allow for amplitude and phase matching [12]. Wavelength-dependent opti-
cal constants were used to account for the optical dispersion of the used materials.
In Fig.2.3b an optical model is presented for stacks of A/4 layers with alternating
high and low refractive index layers on a glass substrate. An odd number of overall
layers corresponds to the high refractive index layer being adjacent to the air-stack
and stack-substrate interfaces.

From Periodic Multilayer Stacks to Photonic Crystals

The model calculation presented in Fig. 2.3b illustrates the change in optical response
when extending the number of building blocks of a DBR. A further increase in the
refractive index contrast or number of layers ultimately leads to sharply defined,
frequency-dependent reflection and transmission characteristics. The alternating
sequence of high and low refractive index layers represents a dielectric lattice and
can therefore be regarded as a one-dimensional (1D) photonic crystal. Similar to



26 2 Optical Aspects of Thin Films and Interfaces

electron propagation in atomic crystals, the periodic modulation of the dielectric
creates a potential landscape which determines the propagation directions of pho-
tons within the material as a function of frequency. In the case of high symmetries
and dielectric contrast, a full three-dimensional photonic band gap can develop for
a defined frequency range. This concept was first introduced by Yablonovitch [13]
and John [14] and has become a very active field of research ever since [15, 16].

The main function, that contains all the information for a given dielectric system
is the magnetic vector field H(r, t) = H(r)e!®!. Based on the fact that macroscopic
electromagnetism is governed by the four Maxwell equations, a so-called master
equation can be deduced:

1 w?
Vx|{—VxH())=—H(), (2.33)
(S(r) ) c?

which is the analogon to the Schrodinger equation for the quantum mechanical con-
sideration of an electron. See reference [17] for a comprehensive derivation.

The periodicity of the system is given by the permittivity e(r) = e(r + R) for
all lattice vectors R. It is essential that VH = 0, i.e. the vector field has to be
source- and sink-free as well as transverse. Assuming that the Maxwell operator
® =V x (s(r)_IVx) is a linear Hermitian operator, one can use a variational
theorem to determine the normal modes and frequencies:

(H, OH)

Evar = H, H

(2.34)

The band structure functions w, (K) of a photonic crystal can therefore be exactly
calculated ab initio from ¢ (r) by applying a computational scheme to solve the master
equation for the magnetic modes of the photonic crystal under the given boundary
conditions. Typical approaches are the finite difference time domain method [20] or
the planar wave expansion method [21], which is presented for a 1D model system in
reference [ 10]. Accordingly, the bandwidth of the fundamental reflection peak AXmax
(full width at half max) for a photonic crystal-like DBR can be calculated [17] with

4 o —
Ay = —omax = 1 (Zhigh — Mlow ) (2.35)
b4 Thigh + Mlow

Optical Properties of Porous Thin Films

In many different aspects, this work explores structure control in mesoporous mate-
rials on the 10 nm length scale. Conceptually, block copolymer (BCP) self-assembly
offers precise control over the pore architecture, pore size and pore volume (i.e.
porosity) in thin dielectric films. The optical properties of mesoporous materials are
not simply a consequence of the constituent materials’ crystal band structures, but
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are dependent on pore dimensions and volume on sub-optical length scales. While
generally the real and imaginary parts of the refractive index are an intrinsic prop-
erty of the material, these can be finely tuned by adjusting the porosity as well as
infiltration and blending of the mesostructure with other materials.

Metamaterials are a particular example where morphological arrangement on the
sub-wavelength scale is of central importance for the resulting optical properties
[20, 21]. The experimental realisation of a material with negative refractive index
n = Jue < 0 typically requires negative permeability w4 and permittivity & in
the same frequency range. This can be realised by a so-called split-ring resonator
geometry, experimentally achieved for microwave to infrared frequencies [22-24].
Currently, access to visible frequencies is impeded by resolution limits in the fabri-
cation process. Alternative approaches have been developed but their experimental
realisation remains a major challenge [25]. An alternative concept is a chiral route
to negative refraction [26]. In a chiral medium the refractive index is polarisation-
dependent. The band splitting of the resonant transverse modes leads to a range of
frequencies, where the group velocity v, = dw/0k has an opposite sign to the phase
velocity v, = w/k, leading to n < 0 for a certain polarisation. The validity of this
concept has already been shown at terahertz frequencies [27]. However, like for other
metamaterial concepts such as split-ring resonators, it proofs difficult to scale down
the structural feature sizes to achieve negative refraction in the visible spectral range.

As outlined in “Structure Formation in Block Copolymer Systems” the self-
assembly of BCP systems allows access to well defined nanoarchitectures. BCP
morphologies have unit-cells far smaller than the wavelength of light, which makes
this system a interesting platform for the bottom-up assembly of optical metamate-
rials. A possible materials route to BCP-templated arrays is illustrated in Fig.2.4,
where the metal structure is fabricated in four steps: (1) BCP self-assembly in a
thin film, (2) selective etching of one of the polymer blocks, (3) backfilling of the
template with a metal, such as silver or gold and (4) selective etching of the residual
polymer components [28]. Of particular relevance to optical applications are bicon-
tinuous gyroid morphologies. For a diblock copolymer, the double gyroid consists
of two network structures of block A separated by a complementary matrix of block
B (Fig.2.4a) [29]. This is the equilibrium arrangement if one of the polymer blocks
exhibits a volume fraction of 33-37 % [30]. When extending from an diblock copoly-
mer, with segments A and B, to a three component system, with blocks A, B and
C, the compositional window for the symmetric double gyroid morphology is sig-
nificantly larger in a ternary phase diagram where the blocks arrange in an ABCBA
core-shell structure (Figure 2.4b, space group: la3d (Q**?)). Additionally, a three
component system allows access to a chiral phase morphology (Figure 2.4c, space
group: 114132 (Q*'%)) [31, 32].

In fact, linear dichroism and gyrotropic light propagation has been experimentally
shown for a chiral alternating gyroid structure made of gold, analogue to Fig.2.4c
[33]. Theoretical models predict a negative refractive index in the visible and near-
infrared range for a symmetric double gyroid morphology after infiltration with silver
or aluminium [28].
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self-assembly selective etch metal deposition selective etch
~ ~ >

Fig. 2.4 BCP route to metamaterials at visible frequencies. The templating approach involves
four processing steps: (1) BCP self-assembly in a thin film, (2) selective etching of one of the
polymer blocks, (3) backfilling of the template with a metal and (4) selective removal of the residual
polymer components. The resulting network symmetry depends on the employed BCP: a Diblock
copolymer yielding a double gyroid morphology. b Triblock terpolymer resulting in a double gyroid
morphology. ¢ Triblock terpolymer route to an alternating gyroid, a chiral morphology. a—c Adapted
with permission from [28]. Copyright 2011 Wiley

In lossless dielectric films, the effect of morphology on the optical response is
much less pronounced. For model systems with spherical pores in a symmetric
arrangement as illustrated in Fig.2.5a, the pore size and spatial periodicity (SC,
BCC, FCC) have no effect on the resulting optical properties. These are simply
determined by the pore volume for pore diameters dj,y, > A and sufficiently thick
films him/diam > 150 [34]. Nevertheless, the spatial arrangement of material will
have an influence on how porosity can be controlled and adjusted. The conventional
sintering of nanoparticles to form mesoporous films only allows a variation of poros-
ity between ~30-40 % [35]. This is due to the fact that porosity is generated by the
random close packing of nanoparticles, which somewhat limits the control over pore
size and pore volume [36]. By blending with additional sacrificial material, porosity
can be increased up to 60 % [37]. In contrast, the use of BCPs as templates or struc-
ture directing agents for the assembly of inorganic films offers a much higher control
over pore size and porosity, even if the film morphology may not be of particular
importance. This aspect is further explored in Chap. 5.

Mesoporous materials exhibit pores of 5-50nm length scale, too small to be
resolved using visible light. As a consequence, the compositional arrangement can
be treated as an effective medium, with optical constants that depend on the volume
fractions of the constituents. There are a number of different physical models that
relate the macroscopic properties of a medium to the relative volume fraction of its
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components. The most intuitive approach has been established by Birchak et al.,
which describes the effective index of the medium by the linear combination of its
volume fractions, i.e.

negt = (1 — fp)nm + fp”p» (2.36)

where f}, is the volume fraction of the pores, and ny, and n,, are the refractive indices
of the matrix and pore forming material, respectively [38].

A physical model for the relation between the dielectric constant of an lossless
optical medium and the polarisability of its constituent molecules has been introduced
by Mossotti and Clausius [39, 40].

2
ngg—1  4nm
Ny + 2 3

where nef is the effective refractive index of the overall medium, « is the molecular
polarisability and ¢ is the number of molecules per unit volume. Their analytic
solution is based on a dielectric medium which is built up of polarisable objects in
empty space in a perfectly mixed, homogeneous and isotropic configuration [41].
When « is modified to account for the local field of nearby atoms, the Clausius-
Mossotti model is also valid for homogeneous solid state materials [42].

The extension of the Clausius-Mossotti equation to a mixture of constituents and
volume fractions was developed by Lorenz and Lorenz [43, 44].

2 2 2
ngg — 1 ny—1 ny —1
n§H+2_fl(n%+2)+f2(n§+2)’ (2:38)
where n1 and nj are the refractive indices of component 1 and 2 and f; and f> are
their volume fractions [45]. The Clausius-Mossotti-Lorenz-Lorenz model assumes
mixing of polarisable objects on the molecular level. It does not take into account
that the constituents may form domains that are large enough to exhibit their own
dielectric identity.
The Maxwell-Garnett model considers mesoscopic domains by shifting from a
vacuum lattice with polarisable point objects to a host-guest approach for the dielec-

tric components. The minority component (np, f,) then forms inclusions, i.e. pores,
in a host matrix that is formed by the majority component (n,).

2 2 )
Nefr — Mm Mp = m

= . 2.39
ngff + 2n2, pn% + 2n2, (2.39)

The host-guest model assumes fn >> f, and ny > np. In cases where the volume
fraction of pores becomes comparable or predominant, this approach may not be
valid. A more general expression is
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Fig. 2.5 Effective medium approximation. a Schematic of a two component film with close-
packed pores. b Refractive index versus porosity for different effective medium approximations
with npjgn=2. The Maxwell-Garnett model assumes one majority component and ny, > np, which
is only valid in a limited range. a Adapted with permission from [46]. Copyright Mathias Kolle

2 2 2 2 2 2
Megr — My — Ny My — Ny (2.40)

ngﬁ+2nh fa 2+22 fn

where n?, n2 and n? are the refractive indices of the host and components a and b,
respectively This is equivalent to the Clausius-Mossotti-Lorenz- Lorenz equation for
nh 1. The expression leads to the Maxwell Garnett model for nh =n2 o For a
self-consistent approach with nh = nCff Eq.2.40 reduces to

n2

2
Metr Netr
— =0. 2.41
fb) o2, + fos 2 ol (2.41)

This is the so-called Bruggeman effective medium approximation. The predictions of
the four models are exemplified in Fig. 2.5b for an porous material with n, = 2 in air
(np = 1). For f; air = 0.3 the deviation between Bruggeman (ner = 1.69), Birchak
(neff = 1.70) and Maxwell-Garnett (neff = 1.71) is well within the experimental
uncertainty. In contrast, the deviation becomes significant for highly porous materials.
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