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1 DIELECTRIC MIRROR

Multi-layer optical thin-film coatings consist of a series of dielec-
tric material layers designed to control the reflectivity of light
they are exposed to. The effectiveness of these coatings is rooted
in the principles of optical interference, wherein reflectivity de-
pends on the constructive and destructive interference of light at
the interfaces of each layer within the stack [1]. Dielectric mir-
rors, also known as Bragg mirrors or interference mirrors, aim
to maximize reflectivity for a particular wavelength range. They
are constructed from alternating layers of materials with differing
refractive indices, typically deposited at nanometer-scale thick-
nesses. In its simplest form the thickness of each layer is de-
signed to be a quarter of the particular wavelength they intend to
reflect. However, these multi-layer coatings can be engineered
to exhibit broad spectral characteristics, allowing them to func-
tion effectively across a range of wavelengths. These mirrors are
fundamental for laser cavities where mirror bandwidth becomes
significant for the generation of ultrashort pulses [2]. Moreover,
dielectric multi-layer stacks are used for thin-film beamsplitters,
which can be found in countless optical applications [3]. Ad-
ditional applications extend to hot mirrors, which reflect near-
infrared (NIR) and infrared (IR) wavelengths while permitting the
passage of ultraviolet (UV) and visible light. In contrast, cold mir-
rors reflect UV and visible light, allowing NIR and IR to trans-
mit through. Hot mirrors are frequently utilized in projection
systems, where they effectively redirect and manage the heat
generated by high-intensity lamps, thereby safeguarding compo-
nents and preventing system overheating. Meanwhile, cold mir-
rors are increasingly valued in automotive applications, particu-
larly in heads-up displays (HUDs) [4]. For anti-reflective appli-
cations, these multi-layer stacks are engineered to minimize the
reflection from surfaces, thereby increasing the transmission of
light through the substrate. The principle is the same as for re-
flective coatings, relying on interference effects between multiple

layers. Anti-reflective coatings are widely used in lenses for cam-
eras and glasses, displays, solar panels, and other optical devices
where reducing glare and maximizing light transmission is crucial

[5].

Basic Theory The fundamental theory of multi-layer optical thin-
film coatings is discussed here, focusing on the simplest case of
two different dielectric materials with refractive indices 7i; and #i,.
These refractive indices are generally complex to account for ma-
terial absorption; however, for this discussion, their exact value is
not of importance. Additionally, we assume n; > n,, which could
represent materials such as SiO2 (n = 1.46) and TiO2 (n = 2.3).
As mentioned, the thickness of each layer is set to one-quarter of
the wavelength of the incident light to create a highly reflective
mirror. We will also examine the case where the layer thickness
equals half the wavelength. Furthermore, we will analyze how
the order of the two layers affects their performance for specific
applications. These four scenarios are illustrated in Fig. 1. As
shown, the incident wave is reflected at every interface between
layers, and the resulting reflected waves interfere with one an-
other. Importantly, for the reflected wave, a n-phase shift occurs
at each interface where the wave transitions to a material with a
higher refractive index. Hence, a n-phase shift occurs at the sur-
face of the stack regardless of which layer it constitutes. Within
the stack they occur at transitions n, to ny. It is also important to
note that the transitioning wave is not affected by a phase shift.
The relative phase positions of the individual reflected beams ul-
timately determine the intensity of the total reflected light. From
the figure we can see that a layer thickness of half the wavelength
results in the exact adverse effect, generating pairs of beams that
interfere destructively with on another. By comparing Fig. 1a and
Fig. 1b it can be observed that both constructive and destructive
interference are strongest when the topmost layer has the higher
refractive index (in our case n;). This is, because the amplitude
decays with the distance traveled by the wave. In other words,
the size of the amplitude decreases with the number of stacks
the reflected wave has traveled through. It is therefore important
that the interference of the waves with the biggest amplitudes re-
sult in the interference pattern intended for the application. From
Fig. 1b it can be observed that the two first reflections interfere
destructively, whereas the rest of the waves interfere construc-
tively and vice versa. Finally, it should be noted that increasing
the number of layers in the stack amplifies either the reflectivity
or anti-reflectivity of the system, depending on the design.

Fabrication The optical performance of multilayer thin films re-
lies heavily on maintaining uniformity throughout the structure.
Achieving this requires precise control of layer thickness to en-
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(a) Topmost layer comprises material with refractive index n, .

(b) Topmost layer comprises material with refractive index n,.

Fig. 1| Illustration of the operating principle of a dielectric mirror. The refractive indices are defined such that n; > n,.

sure accurate interference patterns and material consistency to
minimize scattering and absorption. A smooth surface is also
critical, as it reduces light scattering and enhances optical clar-
ity. Additionally, strong interlayer adhesion is vital for prevent-
ing delamination and reducing the risk of defects. The deposition
method, along with careful regulation of environmental factors,
is equally important in achieving uniform coverage and preserv-
ing the desired properties of each layer [5]. Several methods
are commonly employed in the fabrication of thin film multi-
layers, each offering unique advantages. Physical Vapor Deposi-
tion (PVD) methods, such as evaporation and sputtering are widely
used, chemical vapor deposition (CVD), atomic layer deposition
(ALD) and Sol-Gel coating are common alternatives. Evaporation
involves vaporizing the material and condensing it onto a sub-
strate for high-purity layers with excellent thickness control, al-
though it often requires high-vacuum conditions. Sputtering, on
the other hand, provides good control over layer thickness and
uniformity and is versatile for a wide range of materials, making
it suitable for complex multilayer structures. CVD offers highly
conformal coatings over large areas, ideal for industrial applica-
tions requiring uniformity and high material purity. ALD provides
atomic-scale precision in layer thickness, perfect for applications
demanding ultra-thin layers and excellent uniformity, though it
is a slower process. Sol-Gel Coating, involving liquid solution
precursors, is cost-effective for large-area coatings but lacks the
precision of vacuum-based techniques. Tab. 1 should give a broad
overview of how these methods compare [6, 3, 7, 8, 9].

Fabricating dielectric mirrors using porous silicon (pSi) is less
common than employing traditional dielectric materials such as
SiO2 (silicon dioxide) and TiO2 (titanium dioxide). However, pSi
offers a unique advantage: its refractive index can be precisely
tuned by controlling its porosity. Since porosity is a linear func-
tion of the current density for a given HF concentration and an-
odization time, a periodic pulsing technique alternating between
two different current densities has become an effective method
for fabricating multi-layer pSi films. One of the significant ad-
vantages of pSi for dielectric mirrors is its compatibility with
silicon-based technologies, making it highly attractive for inte-
grated optics and on-chip photonic applications. Additionally, its

Fabrication Precision Uniformit Material Cost &
Method Y Flexibility Speed
Evaporation High Moderate Moderate Moderate
(PVD)
Sputtering High Good High Moderate
(PVD)
Chemical  Va-
por Deposition Moderate Excellent High High
(CVD)
Atomic  Layer
Deposition Excellent Excellent High Slow
(ALD)
Cost-
Sol-Gel Coating ~ Moderate Moderate Moderate effective,
fast

Tab. 1 | Comparison of dielectric mirror fabrication methods.

high porosity results in low refractive indices that are difficult to
achieve with conventional materials, enabling a wider range of
refractive index contrast. This property allows for the fabrication
of dielectric mirrors with exceptional reflectivity and enhanced
tunability for specific wavelength ranges. Despite these benefits,
the widespread adoption of pSi in dielectric mirrors is limited
by challenges in controlling porosity with high precision and en-
suring mechanical stability. The fragile nature of pSi structures
compared to more robust dielectric materials adds complexity to
the fabrication process, making it less appealing for large-scale
production [10, 11].

2 QUANTUM WIRES, BAND STRUCTURE AND LU-
MINESCENCE WAVELENGTH

Shrinking structures to a point where the Boltzmann model (dif-
fusive charge transport) is no longer applicable because the wave
nature of the electrons has to be taken into account are described
by the so called mesoscopic transport model (ballistic transport).
Such is the case for quantum wires — semiconductor nanostruc-
tures that confine the motion of electrons or holes in two spatial
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Fig. 2 | Schematic illustration of the surface of porous silicon. The circular cross
section of a quantum wire of diameter g is indicated in red.

dimensions, allowing them free movement only along the remain-
ing dimension. The quantum confinement in wires leads to dis-
crete energy levels, similar to those observed in quantum dots,
but with distinct characteristics due to their elongated, line-like
shape. This confinement alters the electronic and optical proper-
ties of the material significantly, producing phenomena that are
not present in bulk materials [12, 13].

Porous silicon consisting of a network of very small pores and
walls created by electrochemical etching of crystalline silicon can
exhibit properties of quantum wires. Understanding this phe-
nomenon requires insight into the underlying dissolution chem-
istry of silicon in hydrofluoric acid. The theory is well docu-
mented in[14, 15, 16, 17] and shall not be discussed in detail here.
Under low pH conditions, corresponding to low hydroxide con-
centrations, silicon surfaces are generally resistant to hydrofluo-
ric acid attack. If the silicon is under anodic bias, the formation of
porous layers is observed as long as the reaction is limited by the
charge-supply of the electrode and not by ionic diffusion in the
electrolyte. This condition is fulfilled for current densities below
a HF concentration dependent, critical current density j.. At such
conditions, holes reaching the surface — from the bulk as majority
carriers in the case of p-Si, by electron-hole pair generation by
e.g. backside illumination in the case of n-Si — polarize the estab-
lished Si-H bonds (hydrogen passivation) thereby allowing attacks
on these bonds by fluoride ions. It is important to understand that
the silicon-electrolyte interface’s band structure resembles that
of a Schottky barrier, forming a space charge region whose width
varies with the silicon’s doping concentration. This doping con-
centration dictates the dissolution reaction’s stopping point, as the
walls between pores reach a certain thickness. For lower doping
concentrations, this will happen due to charge carrier depletion at
the Si-electrolyte interface resulting from the walls reaching the
size of the depletion region. In contrast, higher doping concentra-
tions in p-type silicon demonstrate that dissolution ceases before
the walls are sufficiently thin to induce depletion, suggesting that
quantum confinement of charge carriers emerges due to the very
small dimensions of the walls. This region, resembling a quan-
tum wire, is depicted in Fig 2. As demonstrated in the work of
Lehmann and Gésele [15], the ground state (kinetic) energy of a
charge carrier confined within this quantum wire can be approx-
imated using
h2
AE —_ W,

assuming a square cross section of the side length q. This ap-
proximation is in reasonable agreement with experimental data
regarding the increase in bandgap energy Eg, which ranges from
a few hundred milli-electron volts to several electron volts. Con-

sequently, the luminescence wavelength,

g

can extend into the visible spectrum. This suggests the poten-
tial for silicon-based optoelectronic devices, leveraging visible
light emission. However, photon generation through electron-
hole recombination competes with non-radiative recombination
processes, which diminishes efficiency. The quantum efficiency
is defined as the ratio of the radiative recombination rate (Wy)
to the total recombination rate, which is the sum of Wy and the
non-radiative recombination rate (Wyg):

_ Wi
Quantum Efficiency = —WR W
Experimental results indicate that improving quantum efficiency
has so far been achieved primarily by reducing Wyz. While this
reduces non-radiative losses, it also slows the luminescence de-
cay, leading to longer carrier lifetimes. This presents a signif-
icant challenge for the use of porous silicon in fast-switching
optoelectronic devices, where rapid response times are essential
[17].

3 ELLIPSOMETRY THEORY

To understand the operating principle of ellipsometry, it is essen-
tial to first examine light propagation at interfaces between media
with differing refractive indices. For this purpose, we will pro-
vide an overview of the relevant governing equations. While their
derivation is not particularly complex, it is rather lengthy and is
extensively covered in standard references such as [1]. Thus, the
detailed derivation will not be included in this discussion. The
variables used in the following explanation are depicted in Figure
3.
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Fig. 3 | Plane wave propagation at interface.
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It is well established that the angle of the incident wave equals the
angle of the reflected wave. For the transmitted wave, however,
the relationship between the angle of incidence (¢;) and the angle
of refraction (¢,) is described by Snell’s law:

sin(p1) _
Sin(,)

m
n

(M

where n; and n, are the refractive indices of the respective me-
dia.

To describe the change in the amplitudes of the incident and re-
flected waves, it is necessary to consider the polarization of the
wave. The electric field vector (E-vector) of an electromagnetic
wave can always be split into components that are perpendicular
and parallel to the plane of incidence (refer to Fig. 3). In this fig-
ure, there is no phase difference between these components, indi-
cating that the light is linearly polarized. Introducing a phase shift
between the components leads to elliptically polarized light, and
specifically, a phase difference of 7z/2 results in circular polariza-
tion. This means that the trajectory of the E-vector, when viewed
along the propagation axis, traces an ellipse or a circle. By ap-
plying the continuity conditions for the electric (E) and magnetic
(B) fields at the interface — derived from Maxwell’s equations —
we arrive at the Fresnel equations, also known as Fresnel coef-
ficients. These equations provide a mathematical framework for
determining the amplitude and phase of the different polarization
components of reflected and transmitted waves. As for polariza-
tion perpendicular to the plane of incidence, the following rela-
tionship between the amplitudes of reflected and incident wave,
denoted as r;, exists:

El
E)

_ sin(g; — ¢3) _

sin(py + @) @)

For the relationship between the perpendicular amplitudes of the
transmitted and the incident wave, denoted as t,, we obtain:

B} _ 2sin(p,)cos(@y) _

A - t 3
E} sin(py + ¢2) * ©)
For the value denoted as 1, for the parallel components we arrive
at
E_ﬁ _ tan(ey — o) _ 4)
|i| tan(p; + @) 7
and for t, we obtain:
E} 2sin(¢,) cos(g;)
- = = =t (5)
E}  sin(p; + @y) cos(py — ¢2)

The above equations can be expressed using the refractive indices
by inserting Snell’s law (1). When n; and n, are complex, the
Fresnel equations still hold.

A commonly employed setup for an ellipsometry experiment is il-
lustrated schematically in Fig. 4. This setup comprises several key
components: a light source, which typically employs monochro-
matic or coherent sources such as lasers; a polarizer; two com-
pensators; an analyzer; and a detector. These components func-
tion collectively as follows: The unpolarized light emitted by the
source first passes through the polarizer, which converts it to lin-
early polarized light. This light comprises two components: one
parallel to the plane of incidence, known as p-polarized light, and
one perpendicular to it, called s-polarized light. The compensator

ight source

polarizer

detector

analyzer
compensator

Sample
Su bStrate

Fig. 4 | Schematic setup of an ellipsometry experiment.

— often a quarter-wave plate — introduces a phase difference be-
tween the p- and s-polarized components, establishing a known
state for the electric (E) vector of the light. The light then im-
pinges on the sample surface, where it undergoes partial reflection
and transmission. The transmitted light is reflected at each inter-
face (such as those between air, the sample, and the substrate),
resulting in a superposition of all light rays exiting the sample.
This composite light then passes through the second compensator
and a subsequent anlalyzer (a second polarizer) to determine its
polarization state before reaching the detector. At the detector,
changes in the polarization state of the light are quantified. The
primary measured parameters are the ellipsometric angles, ¥ (Psi)
and A (Delta). For our analysis we express the E-vector of the inci-
dent and reflected light respectively in the form of so called Jones

vectors:
B - En Aj expfid)} ®)
Al explis' }
E A explis)}
Il I [l
F [EJ_] [AJ_ explid) } @
Using (6) and (7) W is thus defined by:
tan (¥) = ( M ) (8
Al /A,
And A will be defined as:
A= (6] —d1)— (8 —01) ©)

By inserting Fresnel equations (4) and (2), we arrive at the funda-
mental ellipsometric equation:

tan (¥) exp{iA} = (10)

oS

Let us explore how this equation can be employed to determine
the thickness and refractive index using ellipsometric measure-
ments. We will focus on the simplest scenario: a single thin film
layer with a real-valued refractive index n; positioned on a sub-
strate with a real-valued refractive index n,. Figure 5 illustrates
the schematic representation of this system. As shown, the ex-
pressions for the reflection coefficients r, and r; are derived by
summing the amplitudes of all light paths exiting the surface. The
individual values of these amplitudes are calculated by multiply-
ing the appropriate Fresnel coefficients. It is easy to see that this
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Fig. 5 | Optical model for an ambient/film/substrate system.

process leads to geometric series expressions for the reflection
coefficients of p- and s-polarized light, which can be expressed
solely using the reflection coefficients, following the relationships
Tim = —Tym and typtm, = 1 —12,. The complete derivation is de-
tailed in [18] and will not be reproduced here since it is rather
lengthy. The coefficients are expressed as:

To1,p T Ti2,p €XP{—i23}
1+ 1o1,pT12,p €Xp{—i23}
rO],s + r12,s exp{_izﬁ}
1+ Toq 5712, €xp{—i2}

(11)

To12,p =

To12,s =

(12)

Here (8 represents the so called phase thickness which is related
to the film thickness d and its refractive index n; by:

B = 2mdny cos (p;/1) (13)
Using (11) and (12), the fundamental ellipsometric equation can
be expanded:

r01,p+112,p exp{—i2B}
1+ro1,pT12,p exp{—i2(3}
ro1,5+12,s exp{—i23}
14101,5712,s exp{—i23}

tan () exp{iA} = (14)

By examining (11), (12) and (13), we find that due to the peri-
odicity of the complex exponential our solutions will be ambigu-
ous. This phenomenon known as thickness ambiguity arises as
light travels through the film, accumulating phase shifts that con-
tribute to the interference pattern, which is periodic in nature.
Hence, for a given set of ellipsometric angles (¥ and A), several
combinations of film thickness and refractive index can satisfy the
same measured values due to this periodicity. Without additional
information or constraints, it becomes difficult to uniquely deter-
mine the exact physical thickness of the film. To resolve this am-
biguity, spectroscopic ellipsometry is often employed, which in-
volves measuring ¥ and A across a range of wavelengths. Usually,
a fitting procedure is employed in which additional data points
help differentiate between the possible solutions, reducing ambi-
guity. Moreover, the use of accurate models and additional con-
straints, such as known material properties or pre-measured film
parameters, can help refine thickness calculations and alleviate
the ambiguity. Choosing the appropriate model is the most cru-
cial and intricate part of the fitting process when deriving optical
parameters. Two principal methods can be utilized for modeling
and fitting analysis: the widely used parameterized or oscillator
model, and the wavelength-by-wavelength best-match model [19,
18].
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