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CHAPTER 1

Introduction

Light is everywhere! It is the essence of life on our planet. Light from the sun is
the main source of energy for the plants that are at the very bottom of the food
chain hence it is the foundation of all life on earth. Daily and nightly changes in
the intensity of light are the control factors for many physiological processes in
humans and animals bodies. Obviously, light is widely used in society and science
[1, 2]. Even the fact that we observe the outside world with our eyes is based
on the existence of light and its reflection and refraction from our surroundings.
Being limited by the resolution and sensitivity of eyes, mankind creates special
devices to obtain the information that is otherwise hidden.

Light is widely used for sensing [3–5]. Sensors that allow us to detect the
presence of small molecules or micro organisms in the air, gases, our bodies or
environment, which is important for medical or industrial purposes. Nanopho-
tonic sensors are compact, versatile, fast and sensitive [6, 7].

Light has also always attracted great attention due to its fundamental property
to have the fastest speed at which information or matter can travel [8]. Thus it
is natural to use light for communication that has a great importance for modern
society. Already in ancient times light was used for communication in the form
of for example lighthouses. The most famous Pharos lighthouse of Alexandria is
dated between 280 and 247 BC [9]. But the larger a society grows, the further
distances information needs to travel to be communicated. In modern world it is
necessary to transmit information as fast as possible over distances of thousands
of kilometers. The use of optical circuits for communication started to be a major
subject of research in the 19060s and 1970s [10, 11].

Due to the possible integration of optical circuits to the existing electronic
devices, silicon stands out as a promising material for optical circuits [12, 13].
In the 1990’s silicon optoelectronics started to grow from idea to the realization
[14, 15]. Silicon optical phase modulators with the modulation frequency rising
from 2̃0 MHz [16] in 1990’s to 1 GHz [17] in 2000’s. To allow monolithic inte-
gration of silicon modulators with electronics on a single silicon substrate it is
important to keep the technology compatible with the widely-used complimen-
tary metal-oxide-semiconductor (CMOS) processing. Moreover, considering the
small size of modern electronic components, in order to match the length scales
with it photonic devices have to be of nanometer sizes. Combination of light and
silicon at nanometer scale brings us to silicon nanophotonics that is a subject of
current thesis. Currently the main application of silicon nanophotonics is to send
the signal from one chip to another by optical means, called optical interconnec-
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tion [18] and this is being extended to on-chip communication called datacom
[19]. Using optical elements allows to benefit in interconnect density, energy
and timing [20]. Silicon CMOS-integrated nanophotonics allows to benefit from
large total bandwidth with a high number of channels controlled in a wavelength-
division multiplexer (WDM) and cost efficiency[21, 22]. Up to date most inte-
grated optics and CMOS processes remain planar and thus two-dimensional (2D).
To continue improving the performance and decreasing the costs, higher levels
of integration are needed. Three-dimensional (3D) integration is road leading to
the future developments. Examples of commercially available integrated circuits
with 3D architecture are being offered by world leading companies such as Intel
and Micron[23] with a recently announced 3D X-point technology for memory
cells and Samsung with 3D vertical NAND (v-NAND) [24].

Besides an increasing commercial interest to push technologies to three dimen-
sions, many fundamental questions arise when the materials are structured in a
3D way. An example of phenomena occurring only in 3D nanostructures is the
physics of a full 3D photonic band gap corresponding to a range of frequencies
of light are forbidden to propagate in any direction and for any polarization,
leading to the ultimate control of spontaneous emission [25], and propagation.
Another 3D aspect of light is the so-called “stirring” of light, in other words
manipulating the phase space of light [26] that is pursued in the FOM program
“Stirring of light!” 1. Current open questions are whether 3D photonic crystals
with embedded defects are suitable media for the long awaited experimental ob-
servation of 3D Anderson localization of light [28, 29] or even suitable building
blocks for 3D integrated circuits [30]. To fulfill these prospects there needs to be
a way to fabricate in a CMOS-compatible manner 3D photonic crystals in a large
scale to prevent finite size effects and fulfill industrial demands and with good
alignment for controlling the geometries. Therefore in this thesis we propose a
“wild” idea to provide a CMOS compatible platform to realize truly 3D silicon
nanophotonics.

1.1 Photonic crystals

Photonic crystals are ordered composite materials with a periodic change of the
refractive index on the scale of the wavelength of light λ [25, 29]. Such a peri-
odicity results in their unique properties in controlling light propagation. At the
Bragg condition [31] light that is reflected off the lattice planes in the crystal in-
terferes constructively. The wavelength λBragg at which constructive interference
of reflected light is equal to

n · λBragg = 2 · neff · dhkl · sin θ (1.1)

where n is the diffraction order, neff is the effective refractive index of the
medium, dhkl is the lattice parameter, and θ is the incident angle. A range of
frequencies for which light is forbidden to propagate in an infinite crystal due

1To steer light one needs both advanced wavefront shaping [27] and advanced 3D nanostrcu-
tures; this dissertation focuses on the latter
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to Bragg interference is called a stop gap. Constructive interference of the
reflected light results in the observed increase of the reflectivity for a range of
frequencies that is referred to as a stop band. Stop bands for visible light
can be observed by eye as shiny and colorful appearance that change its color
depending on the viewing angle, as for example natural opals or butterfly wings.
In the special case that materials are periodically arranged in all three dimensions
there exist a complete 3D band gap - a range of frequencies in which light is
forbidden to propagate in all directions and for all polarizations. The term
band gap originates from the analogy with semiconductors exhibiting a band gap
where no electron states are allowed [32]. The existence of a complete photonic
band gap allows photonic crystals to exhibit unique optical properties and novel
phenomena in cavity quantum electrodynamics (cQED)[33–35]. Fundamental
property of a complete photonic band gap is a suppression of vacuum fluctuations
[36]. Such suppression of vacuum fluctuations results in the complete inhibition
of spontaneous emission in the band gap of a photonic crystal [36]. Photonic
crystals with a complete photonic band gap will also modify blackbody radiation
spectrum [37], affect dipole-dipole interactions including F́’orster transfer [38] and
the van der Waals and Casimir forces [39, 40] and provide shielding of quantum
computing systems from vacuum fluctuations to make them more robust against
vacuum noise [35, 41].

In analogy with doping of semiconductors, introducing intended defects and
thus states in a photonic band gap enriches cQED even more. A single point
defect in a photonic band gap results in an ultimate 3D cavity that is shielded in
all dimensions by a photonic crystal such that there is no direction where light can
leak sometimes called a “nano-box” for light [42, 43]. To achieve a high quality
factor of a cavity it is needed to surround it with large enough photonic crystal
to provide sufficient shielding. The picture ibecomes even more interesting when
there is an array of cavities in the photonic crystal. Light then has a possibility
to exist in the multiple tiny “nano-boxes” located inside photonic crystal or we
can even “stir” it to hop from one cavity to another, as is depicted in Figure
1.1. The array of point defects inside a complete photonic band gap may be a
suitable medium for the experimental observation of 3D Anderson localization of
light [29].

1.2 Photonic strength

An important parameter that determines how strongly light interacts with any
photonic structure is the photonic strength [44]. The photonic strength is defined
as the ratio of the polarizability α of an average scatterer and the average volume
per scatterer V :

S ≡ 4πα

V
(1.2)

For the case of photonic crystals, the photonic strength can be written as [45]:

S = 3φ
m2 − 1

m2 + 2
3ghkl (1.3)
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Figure 1.1: Artistic representation of a crystal of cavities inside the 3D photonic
crystal. Each cavity is formed as an intersection of smaller pores (green) and a number
are lighted in the picture. Light is shown to be “hopping” from one cavity to another
as shown with the bright lines which is radically different from free-space propagation
of light.

where φ is the volume fraction of high refractive index material, ghlk is the
structure factor at the dominant reciprocal lattice vector that depends on the
geometry of the crystal and m is the refractive index contrast of the high (nhigh)
and low (nlow) refractive index materials:

m ≡ nhigh
nlow

. (1.4)

From equation 1.3 it is clear that in order to achieve high photonic strength a
large refractive index contrast m is needed. This makes a choice of silicon with
the high refractive index nsi = 3.5 even more attractive for photonic crystal
fabrication which is the main choice of this thesis. In practice photonic strength
S can be determined from the relative width of the dominant stop band observed
in transmission or reflectivity experiments ∆ω and the central frequency of the
stop band ωc:

Sexp '
∆ωs.band

ωc
. (1.5)

The central frequency ωc can be expressed as ωc = 2πc
λBragg

, where λBragg is

the central wavelength of the measured stop band. The photonic strength also
defines the length scale LB called Bragg length for the photonic crystal, which
is the exponential decay length of incident light at the central wavelength of
the stop band. The Bragg length also provides a typical length scale at which
interference of light occurs in a photonic crystal. These two quantities S and LB
are related as

LB =
2d

πS
, (1.6)

where d is the spacing between the crystal planes. In order to increase photonic
strength there are few approaches. One is to increase volume fraction of high
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refractive index material φ according to equation 1.3. At the same time it is noted
that 100% of high refractive index material will not lead to the high photonic
strength as there will be no refractive index contrast. Therefore it is clear that
there is am optimal volume fraction.

A second way to improve photonic strength is to choose the crystal geometry
that provides wide photonic band gap. Diamond-like structures have attracted
particular attention due to their large predicted band gap [46, 47]. The practi-
cal realization of diamond-like crystals include woodpiles and inverse woodpiles
introduced in Reference [46], spiral diamonds [48] and others. A most promis-

C

aR

Z

Y
X

Figure 1.2: The structure of 3D inverse woodpile photonic crystals consists of two
identical arrays of pores with radius R that are running in two perpendicular directions
X and Z with lattice parameters a and c. The arrays are aligned such that pores
running in the Z-direction are centered between rows of pores in the X-direction.

ing type of photonic crystal structure is the inverse woodpile due to its large
photonic strength corresponding to a wide relative band width of more than
∆ω
ωc

= 25% [49, 50]. In this thesis we have chosen to study inverse woodpile pho-
tonic crystals whose structure consists of two perpendicular 2D arrays of pores.
Each array is a centered rectangular lattice with parameters (a, c) such that
a/c =

√
2 corresponding to a cubic diamond {hkl = 110} face, as is shown in

Figure 1.2. Typical values of the pore radius R and lattice constant a are R=160
nm and a=680 nm. The pores are aligned such that the pores running in the X-
direction are centered between the rows of pores running in the Z-direction. For
the inverse woodpile photonic structure the dependence of the volume fraction of
Si φ on the reduced pore radius R/a is shown in Figure 1.3. By calculation the
band diagram for each R/a for inverse woodpile crystal structure we obtain the
photonic strength S depending on R/a (Figure 1.4). Figure 1.4 shows the upper
and lower edges of the stop gap in the ΓX and ΓZ high symmetry directions
and the resulting photonic strength ∆ω

ωc
. It is clear from Figure 1.4 that there

exist an optimum R/a providing the maximum photonic strength and the widest
band gap. The optimum value for the infinite inverse woodpile photonic crystal
is found to be R/aopt = 0.245 [49, 50]. In this thesis we aim to vary photonic
strength by varying the pore radius R/a at constant lattice parameter a.
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Figure 1.3: Volume fraction of Si φ in the inverse woodpile crystal structure as a
function of the reduced pore radius R/a.

1.3 Realization and probing of photonic crystals

It is a challenge to realize 3D photonic crystal structures with large photonic
strength and desired photonic behavior. A large variety of technique has been
used for fabrication of 3D photonic nanostructures [35, 51–53]. One first popular
way to fabricate 3D nanostructures is the family of template-assisted methods
[54–58]. In these methods, one first assembles a template that is infiltrated with a
high refractive index material, followed by removal of the template by calcination
or etching. A large variety of templates has been demonstrated, such as artifi-
cial opals made from colloidal nanoparticles (usually polymer or silica), polymer
photoresist structured by 3D holography [59], or resist structured by direct laser
writing (DLW) [60–63]. The geometry of the structures fabricated with DLW is
well defined and can be very complex such as for example high-quality photonic
crystals made with inversion of woodpile templates shown in Figure 1.5(b) [63],
where a nearly complete band gap and remarkable optical properties in trans-
mission and reflection were observed. Nevertheless, subsequent inversion to a
high refractive index material introduces undesirable yet unavoidable impurities,
roughness, and undesired absorption [64].

A second class of impressive structures are layer-by-layer methods [65–68]. An
example of a nano structure fabricated by precise micro-manipulation is shown
in Figure 1.5(a). Remarkable results have been reported on the fabrication of
woodpile photonic crystal structures with layer-by-layer approach [69, 70]. The
main difficulty of layer-by-layer fabrication is the alignment between layers: each
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Figure 1.4: Calculated upper (purple) and lower (black) boundaries of the stop gap
in ΓX direction for the infinite inverse woodpile photonic crystal. The red curve shows
the photonic strength ∆ω

ω
extracted from the width of the stop gap.

(a) (b)

Figure 1.5: (a) Example of the layer-by-layer fabricated structure from Reference [67].
The structure is a 3D photonic crystal diamond structure made by micro-manipulation
in GaAs. The number of layers reaches up to N = 28. Image courtesy of T. Tajiri and
S. Iwamoto. (b) Example of structure fabricated via inversion of woodpile template
made by multiphoton lithography [63]. The image is a cross section made by milling
under 45 ◦ of a T iO2 partially infiltrated woodpile. Image courtesy of F. Scheffold.

layer has to be carefully aligned with respect to the previous one so no corre-
lation ensured between layer N and N + 1. Therefore it is debatable whether
there is a long range order in Z direction. Here we call such an alignment a
planar alignment since the layers that are being aligned are in parallel planes.
In complementray metal oxide seimiconductors (CMOS) industry the parameter



16 Introduction

characterizing the planar alignment between two layers is called overlay [71]. For
the fabrication of an N -layer thick structure N-1 alignment steps are needed with
N-1 overlay requirements.

In order to avoid a large number of alignment steps a third class of fabrication
methods has been proposed, where 3D nanostructures are created by consecu-
tively patterning an etch mask on only two adjacent oblique wafer surfaces with
only a single alignment step (n=1 ), followed by deep etching [50, 72, 73]. It is
important to highlight that in this case the alignment is not planar anymore, as
the masks that are aligned with respect to each other are in oblique planes. For
the diamond-like photonic crystal under study her, the out-of-plane alignment
should be better than 50 nm [50]. In practice an out-of-plane alignment of 15
nm was reached [72]. Nevertheless, even one such out-of-plane alignment step
introduces a significant complexity in the fabrication procedure, introducing de-
viations from perfect alignment and extending the time needed for fabrication.
In Chapter 2 we introduce a novel single-step etch mask approach that allows to
fabricated the 3D etch mask on the oblique surfaces with ensured on the design
stage alignment. The approach allows flexible design of nearly arbitrary geome-
tries to be patterned on he inclined surfaces with better than 5 nm alignment
of features located in different planes with respect to each other. We propose
design and realize etch mask for 3D inverse woodpile photonic crystal with and
without embedded defects discussed in the later chapters. We also investigate
the alignment of the resulting etch mask and prove it to be close to resolution of
SEM on the example of a mask for 3D hexagonal crystal lattice.

It is important to push nanofabrication beyond academic facilities and pro-
vide fabrication solutions for novel structures that are not only interesting for
scientific purposes but also for industry. Recent developments in the field of
non-volatile memories are already directed towards the 3D integration [74]. One
of the most important industrial requirements to nanofabrication is low cost
and high throughput. This can be achieved by using wafer scale fabrication of
nanostructres with CMOS compatible techniques. Therefore in Chapter 3 we
propose a possible way to extend the single-step etch mask approach on a wafer
scale by means of conventional DUV lithography. The attempts has been made
earlier to use highly corrugated surfaces in combination with focused ion beam
lithography for nanopatterning such as in the Reference [73]. Nevertheless the
minimum feature size achieved in the earlier work stayed in a micrometer scale
when the semiconductor industry in steadily moving towards a nanometer fea-
ture sizes. In Reference [75] the tilt of the substrate together with the photomask
was applied to fabricated 3D microstructures with inclined UV exposure. In this
way the microstructures fabricated in the thick layer of negative photoresist first,
strongly limited in geometries and second, not transferable into the underlying
substrate. Here we propose to employ the conventional UV lithography on the
pre-structured silicon substrate to obtain the 3D mask pattern in a single expo-
sure. The substrate is pre-patterned with V-trenches on which photoresist layer
is spin coated and DUV exposure is performed. We obtained developed in pho-
toresist features as small as 180 nm located at different depth on the slope of Si
V-trenches.
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After the etch mask is defined the next step in nanofabrication procedure
is pattern transfer from the etch mask to the substrate material. The typical
requirements for the pattern transfer are high amplification, reproducibility, small
roughness and CMOS compatibility. Pattern transfer is done by a large variety
of techniques including anisotropic wet etching [76], electrochemical etching [77],
dry (plasma) etching [78] and others [79]. While wet etching of Si allows to
fabricate impressive structures with the aspect ratio up to 600 it is fundamentally
limited in the geometries of fabricated structures as they are defined by the crystal
plane orientations [80]. In the approach of electrochemical etching the advantage
is that it allows to etch large volumes [77]. The drawback of it is that when
the geometry of the structure becomes complex and multiple etching steps are
required, the etchant will pour into already existing structure and inevitably
destroy it. To achieve both high aspect ratio etching and flexibility in design
allows deep reactive ion etching (DRIE). In DRIE the geometry of the feature
and etching selectivity controlled by the etch mask [81]. Most of the reported
high aspect ratio structures etched by DRIE are trenches with dimensions in
nanometer scale in two directions and large extent in third direction. Great
difficulties arise when the etched feature is limited in all three directions such
as in case of cylindrical pores. Cylindrical pores are important building blocks
both for photonics (including 3D inverse woodpile photonic crystals) and CMOS
industry. In this thesis we choose DRIE as the most promising type of etching of
3D photonic nanostructures with high aspect ratio. In Chapter 4 we describe
the process to etch ultra-high aspect ratio nanopores in Si. The example of the
high aspect ratio nanopores etched in Si by DRIE and viewed in the cross section
by helium ion microscope with unprecedented resolution is shown in Figure 1.6.
The aspect ratio achieved in our experiments reaches up to a world record of 42.
High aspect ratio nanopores are the building blocks for fabrication of 3D inverse
woodpile photonic crystals.

Figure 1.6: High aspect ratio nanopores etching in Si be DRIE and viewed with a
helium ion microscope. 1 micron scale bar is shown on the picture.
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The optical properties of photonic nanostructures are in essence determined
by their complex internal structure that consist of sub-wavelength-scale 3D ar-
rays (periodic, aperiodic, random) of spheres, rods, pores, split-ring resonators,
and other structural units [83–85, 108]. Inevitably, a fabricated structure dif-
fers from the initial design, both systematically as with structural deforma-
tions [50, 86], and statistically as with size polydispersity and random positional
disorder [87, 88]. Consequently, the observed performance differs from the ex-
pected one. It is therefore critical to assess the structure of a 3D material and
verify how well it matches the design. The conventional approach is to perform
SEM imaging of the fabricated structures [89]. In spite that it is a non-destructive
method and provides high resolution images, it only allows to investigate struc-
ture from the outside. Moreover, SEM images are generally of a qualitative
nature, that is it is difficult to obtain quantitative structural information. Com-
bining the SEM with micromachining or ion beam milling makes it possible to
remove a part of the structure and look inside the structure [90]. The disadvan-
tage of such an approach is that the structure under investigation is inevitably
irreversibly destroyed. Among the non-destructive methods of materials inves-
tigation the family of X-ray methods stands out. A standard X-ray diffraction
patterns provide information about microscopic atomic arrangement but informa-
tion about mesoscopic structure is missing. Structural information at mesoscopic
length scale is accessible by small-angle x-ray scattering. Quantitative data on
photonic crystals were notably obtained by our group [91, 92]. This brings us to
a field of tomography techniques, which provide a three-dimensional image of a
sample [93]. In traditional tomography, the contrast is provided by the sample
absorption that is simply related to the brightness of the transmitted image or
radiograph. However, since silicon and materials that prevail in nanophoton-
ics and CMOS industry are weakly absorbing, other tomography methods are
required. In the Chapter 5 of this thesis we obtain real space structural infor-
mation directly from the optical phase change of an X-ray beam that propagates
through the sample and that depends on the real part of the refractive index.
The phase change is quantitatively retrieved from a set of radiographs taken
at multiple sample-to-detector distances while rotating the sample (see Meth-
ods) [94]. Following a conventional tomographic reconstruction of the retrieved
phase maps, the 3D electron density ρe(X,Y, Z) is obtained in real space. To
achieve nanometer spatial resolution, projection microscopy or zoom tomography
is employed [95, 96]. Its main features are that the X-ray beam is focused, and
that the sample is placed at a small distance zs downstream from the focus to
collect magnified Fresnel diffraction patterns on the detector [97, 98]. We con-
sider several phase retrieval algorithms and experimental settings to achieve the
best reconstruction for our kind of samples. From tomography data we extract
important parameters of 3D photonic crystals such as pore radii, pore depth,
mutual alignment of the pores and R/a ratio.

Once photonic structure is realized and verified to be matching the design it is
time to discover its optical performance. Depending on the functionality of the
structure different experiments serve to evaluate its performance [99–101]. The
most intriguing feature of 3D photonic crystals is the existence of a 3D photonic
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band gap - a range of frequencies for which light is forbidden to propagate in
any direction and for any polarization. In the ideal case of an infinite photonic
crystal the density of optical states (DOS) as well as local density of states
(LDOS) are zero in the band gap [42, 102–104]. In reality though the actual
fabricated samples are always finite size and their optical properties differ from
the infinite size crystal. Thus it was shown that the LDOS in the band gap of the
finite size crystal are non-zero and depend on frequency, position and crystal size
[105–107]. Multiple different approaches are used to verify the presence of the
complete band gap in a crystal. One method is to probe the LDOS and thus verify
the presence of complete photonic band gap is emission measurements since the
radiative decay rate of emitters is proportional to LDOS [100, 101]. The accuracy
of this method depends strongly on the precision with which the emitter is placed
inside the crystal and quantum efficiency of the emitters. Another method is to
measure reflected or transmitted light from photonic structure. In the case of
stop gap, light with incident k vectors satisfying Bragg condition will be reflected
as it cannot propagate inside the crystal. In case of a complete photonic band gap
all incident k vectors will be reflected back and in all polarizations. To investigate
the photonic behavior of our samples in the Chapter 6 we choose to perform
broadband microscopy reflectivity measurements on fabricated structures. We
also study the intriguing polarization behavior of the parent 2D structures of 3D
inverse woodpiles by systematically rotating polarization and keeping analyzer
parallel or perpendicular to polarizer.
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[52] J.F. Galisteo-López, M. Ibisate, R. Sapienza, L.S. Froufe-Pérez, Á. Blanco ,
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CHAPTER 2

Single-step etch mask for 3D monolithic

nanostructures

We present a method to fabricate a 3D mask that allows to etch
three-dimensional monolithic nanostructures by using only CMOS-
compatible processes. The mask is written in a hard-mask layer that
is deposited on two adjacent inclined planes of a Si wafer. By project-
ing in a single step two different 2D patterns within one 3D mask on
the two inclined planes, the mutual alignment between the patterns is
ensured. After the mask pattern is defined, the etching of deep pores
in two oblique directions yields a three-dimensional structure in Si.
As a proof of concept we demonstrate 3D mask fabrication for three-
dimensional diamond-like photonic band gap crystals in silicon. The
fabricated crystals reveal a broad stop gap in optical reflectivity mea-
surements. We propose how 3D nanostructures with five different Bra-
vais lattices can be realised, namely cubic, tetragonal, orthorhombic,
monoclinic, and hexagonal, and demonstrate a mask for a 3D hexag-
onal crystal. We also demonstrate the mask for a diamond-structure
crystal with a 3D array of cavities. In general, the 2D patterns on
the different planes can be completely independently structured and
still be in perfect mutual alignment. Indeed, we observe an alignment
accuracy of better than 3.0 nm between the 2D mask patterns on the
inclined planes, which permits one to etch well-defined monolithic 3D
nanostructures.

2.1 Introduction

In this chapter we present a new fabrication method for monolithic 3D nanos-
tructures. The key step is to define and make a single step etch mask on two
inclined planes simultaneously with an out-of-plane alignment ensured at the de-
sign stage. As an example for a single step etch mask, we realise a pattern that
yields a (110) plane of a cubic inverse woodpile structure on one surface and (11̄0)
plane on a perpendicular adjacent surface. We describe the fabrication process
of such a so-called “3D mask”, as well as the subsequent etching process to fabri-
cate 3D photonic band gap crystals with diamond-like inverse woodpile structure
(see Figure 2.1). We investigate the ensured alignment at the design stage by
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carefully characterizing the realised structures on the inclined planes. We study
nanophotonic behaviour of the fabricated crystal by reflectivity measurements.
We discuss other 3D structures that are feasible using our method such as dis-
ordered structures and different 3D Bravais lattices; as a proof of principle, we
demonstrate a 3D mask for a hexagonal 3D nanostructure, and a 3D cavity array.
Finally we discuss the use of various lithography techniques with our method.

5 micron

(110)

(110)

Figure 2.1: SEM image of a monolithic 3D photonic band gap crystal fabricated in
Si using a single step etch mask. The crystal has the inverse woodpile structure with
a cubic diamond-like symmetry that consists of two sets of perpendicular pores. The
top surface in the image is the (110) crystal plane and the perpendicular surface at the
bottom is the (11̄0) crystal plane. The scale bar is shown in the image. The typical
radius of the pore is R=160 nm and the lattice constant a=680 nm.

2.2 Fabrication process for the 3D single-step etch
mask with built-in alignment

The generic scheme to fabricate a 3D etch mask on two inclined planes is shown
in Figure 2.2. First, the hard mask material that serves as an etch stop is
deposited on two inclined planes, see Figure 2.2(a). Next, the desired pattern is
written onto the oblique surfaces, as shown in Figure 2.2(b). The projection is
made from a side such that both inclined planes can be reached. The projected
pattern consists of two parts: pattern a, designed for one surface and pattern
b, designed for the second surface. We emphasize that our method allows for a
complete freedom to independently design the two patterns a and b. In Figure
2.2(b) the two patterns are designed to be similar and in Figure 2.7(b) and (c)
examples are given where patterns on oblique planes are designed to be different.
The two patterns are written in one projection and are therefore by design in
perfect mutual alignment. Mask apertures for subsequent etching are opened
during the third step of the mask fabrication process (Figure 2.2(c)).

The fact that the pattern is projected on a non-normal surface must be taken
into account in the pattern design. The pattern is designed in such a way that
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Figure 2.2: Scheme for the single step etch mask fabrication on two perpendicularly
inclined planes. a) Deposition of a hard mask layer on two inclined planes of a Si wafer.
b) Patterning of mask layer in one step on both planes - projection of single 2D mask
on 3D surface. Patterns for both perpendicular planes are written in one projection and
therefore alignment is ensured. c) Apertures are opened in the mask layer to obtain an
etch mask for two intersecting 2D structures that yield the desired 3D structure.

after projection on the inclined planes it yields the desired structure. As is shown
in Figure 2.2(b), the x′ and y′ coordinates in the design plane differ from the x
and y coordinates on the sample surface.

We demonstrate our fabrication process using as an example a 3D cubic diamond-
like photonic band gap crystal made from silicon. Due to its physical properties
silicon plays an important role both in optics and electronics. As a material
that is widely used in research and manufacturing, silicon is widely available,
cheap, and has a very high purity. Among the diamond-like photonic band gap
structures [2] we chose the inverse-woodpile photonic crystal. Inverse-woodpile
photonic crystals deserve particular attention in view of the broad band gap with
relative width (∆ω/ωc) of more than 25% [1, 3, 4]. These crystals consist of two
mutually perpendicular rectangular arrays of cylindrical pores etched in a high
refractive index material. Conceptually the fabrication of an inverse-woodpile
structure is easy, although its fabrication remains a challenge due to the required
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a’
c’

Pattern a

Pattern b
x’

y’

Figure 2.3: Geometry of the pattern that is projected on two inclined planes. The
structure is designed to consist of two centred rectangular arrays shifted with respect to
each other by x′ = c′/4 such that after being projected on two 45◦ inclined surfaces it
gives the (110) and (11̄0) faces of a cubic inverse woodpile photonic crystal with lattice
parameters a = sin 45◦ × a′ and c = c′. The basic building blocks are designed to be
elliptical, in order to yield circles on the mask after projection. The dashed line delimits
the top part of the pattern (pattern a) that is projected on one surface of the wafer
and the bottom part (pattern b) that is projected on the second surface.

precise alignment of the perpendicular sets of pores [5, 6, 24].
We start the fabrication procedure from a single crystalline Si wafer. We

fabricated the 3D etch mask on two polished adjacent perpendicular surfaces of
the wafer. In the first step we deposited a 50 nm thick Cr layer that serves as
a hard mask material on two adjacent planes of a wafer (Figure 2.2(a)). We
choose Cr as a hard mask material due to its sustainability to SH6 etching [7],
but other possible mask materials such as SiN or SiC are also compatible with
our method. The deposition of Cr is done in a home-built sputtering machine
and takes around 4 minutes for a 50 nm thick layer.

The patterning of the etch mask can be performed using several types of lithog-
raphy [8] such as e-beam, focused ion beam (FIB), deep UV (DUV) step-and-scan,
or nanoimprint. Since the patterning of the etch mask is performed under an an-
gle θ, the depth of focus F of a lithography tool will limit the mask size along the
y-direction (Figure 2.2(b)) to ∆y = F/ sin θ. E-beam lithography tools and FIB
may be refocused during patterning and thus the depth of focus can be extended
to the desired value [9, 10]. For DUV lithography the depth of focus (DOF)
and the lateral resolution that is also called critical dimension (CD) depend on
the wavelength of UV source λ, numerical aperture of the illumination lens NA
and technological factors k1, k2: CD=k1

λ
NA , DOF=k2

λ
NA2 . For photonic appli-

cations considered here the length scales are in the order of the wavelength of
light which is much larger (about 20×) than typical length scale in electronic
integrated circuits and therefore more than a micron-sized depth of focus may be
expected. In case of nanoimprint lithography (NIL) the stamp can be fabricated
using e-beam lithography and later transferred into a conformal mask pattern as
described for example in Ref. [11]. In our case we had focused ion beam (FIB)
milling equipment at our disposition to project the mask and open the apertures.
We placed a sample in a FEI Nova 600 Nanolab FIB chamber under 45◦ angle
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with respect to the ion beam gun so that both adjacent planes of the wafer can
be reached (Figure 2.2b).

The design of a single pattern that is projected on two adjacent planes consists
of two parts as shown in Figure 2.3: pattern a intended for one plane and pattern
b intended for the second plane. In our case the planes are orthogonal to each
other and aligned at 45◦ angle with respect to the ion beam gun in y direction
(Figure 2.2(b)). In the pattern design it is taken into account that projection of
the pattern is made under an angle θ = 45◦ to the planes, meaning that x′ and
y′ coordinates in the pattern design are related to the x and y coordinates on a
surface of fabricated mask as following: x′ = x and y′ = y/ sin θ. In order to form
a cubic diamond-like structure inside the silicon wafer we patterned each plane
of the wafer with a centred rectangular array of holes with lattice parameters a
and c, where a

c =
√

2 to fulfil the criterion for a cubic crystal. Arrays of holes for
two surfaces are shifted by c/4 in the x -direction. The pattern is shown in Figure
2.3 and yields (110) and (11̄0) crystal planes on a surface of a wafer. The mask
pattern is projected on both planes in one step. Since the two patterns intended
for different planes are contained in one image, the alignment between them is
ensured. A patterning of a 3D mask consisting of two arrays of 30 by 30 holes
each takes 7 minutes.

After the etch mask is created, the next step is to etch deep pores inside Si
through the openings. Etching can be done using a variety of techniques [12]
such as reactive ion etching (RIE) [13], cryogenic etching, wet etching, photo-
electrochemical etching [14, 15], or other types of etching depending on a desired
structure ans mask material. Nanopores are first etched in one direction, then
the sample is rotated by 90◦ and pores are etched in the second perpendicular di-
rection. We etched deep nanopores using deep reactive ion etcher (DRIE) Adixen
AMS 100SE as described in reference [13]. It has been shown earlier that the
air-silicon interface deflects ions by only a small angle [6]. Moreover for diamond-
like inverse woodpile 3D photonic crystal it has been shown that its band gap
is robust to deviations of the pore directions [16]: even with misalignments as
large as 5◦, the relative band gap width is only reduced from 24% to 21% . Since
we etch both sets of pores one after another we introduce an additional oxygen
plasma cleaning step after etching each set of pores. The cleaning step is needed
to remove the protective polymer layer remaining after the etching process into
the front surface of the sample.

2.3 Results and discussion

2.3.1 Fabricated structure characterization

The result of patterning a 3D etch mask in a single step is shown in Figure 2.4.
Figure 2.4(a) shows four 3D masks in a row on the edge of a Si wafer. Each of
the 3D masks was written in one step and consists of (110) and (11̄0) crystal
planes of the cubic inverse woodpile crystal. The number of 3D mask structures
written along the edge of a Si wafer is only limited by the size of the wafer. The
maximum width in the x -direction of a single structure that is written in one



32 Single-step etch mask for 3D monolithic nanostructures

step is determined by the horizontal field of view of the lithography tool which is
in our case a FIB setup. In this study the horizontal field of view was 12.8µm as
set by the magnification of 10000×. By decreasing the magnification or stitching
the fields of view, it is possible to increase the size of a continuous structure in
the x direction. Thus, we may effectively consider the four closely spaced 3D
patterns in Figure 2.4(a) as one large Lx = 40µm sized nanostructure. The size
in the y-direction is limited by the depth of focus of the tool and can be extended
by performing for example multiple milling runs at different depths.

a)

20 micron

5 micron

1 micron

a
c

b)

c)

Pattern a

Pattern b

y
x

Figure 2.4: a) Overview of a Si wafer with four 3D etch masks milled in one step.
The coordinates (x,y) are indicated. b) Side view on one of the mask patterns. The
dashed line in the middle indicates the 90 degree edge of the Si wafer. c) Zoom-in on
one surface of a mask pattern. a and c are lattice parameters with a

c
=
√

2 . Scale bars
are shown in each image.

Figure 2.4(b) shows one complete mask patterned on both wafer planes. Above
the dashed red line there is a surface that contains pattern a corresponding to
a (110) crystal plane of the targeted photonic crystal. Below the dashed line
there is a perpendicular surface that contains pattern b corresponding to a (11̄0)
crystal plane. The design for this mask shown in Figure 2.3 is such that centres
of the apertures in pattern b are shifted by ∆x = a/4 to be exactly in the middle
between apertures of pattern a. The lower surface of the wafer has some deep
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lines that are the result of manual polishing and which slightly reduce the quality
of the mask layer on that side. Fortunately, the effect of such lines was found
to be insignificant in subsequent processing, although it may introduce optical
scattering.
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Figure 2.5: The out-of-plane alignment defined as a deviation ∆x of the position of
an aperture in pattern a relative to an aperture on the oblique plane in pattern b. The
data were taken on the pattern shown in Fig. 9. (a) Circles show measurements taken
for four pairs of apertures close to the wafer edge; apertures in pattern a are located
at y = 1.42 µm and in pattern b at y = −1 µm. Squares show measurements for four
pairs of apertures further from the edge; in pattern a at y = 1.42 µm and in pattern b
at y = −5.42 µm. (b) Out-of-plane alignment averaged over four pairs of apertures ∆x
within one structure is shown for four different structures. In both figures error bars
represent the resolution of the SEM.

Since patterns a and b are located on oblique planes we characterize the align-
ment between patterns a and b that we refer to as the out-of-plane alignment.
We foresee two sources of possible misalignment: first, the sample may be placed
under an angle different from 45◦ during the mask projection step (Figure 2.2(b)),
second, the mask pattern can be rotated with respect to the edge of the sam-
ple. In the first case the sample tilt is precisely set by a positioning stage and
controlled with SEM image, therefore we expect the tilt alignment to be always
better than a few degrees. For a misalignment by 2◦ the dimensions of a projected
pattern result in a structural strain of only 3%. In the second case if the projected
pattern is rotated with respect to the wafer edge by an angle δ, the apertures
located at a distance y from the edge will be displaced by ∆x = y · sin δ from
their designed positions. In practice we expect the angular misalignment to be
less than δ = 2◦, which is sufficiently small to realise bonafide 3D nanostructures.

To characterize the out-of-plane alignment we digitally take the grey value
cross-sections from the SEM images through a row of apertures. First we select
an aperture in pattern a and take a grey value cross section from the SEM image
to define its central position. Then we select an aperture in pattern b, take a
grey value cross-section to define its position and compare the relative position
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∆x of these two apertures. In this way we determine a mutual alignment of the
apertures located on inclined planes. In Figure 2.5(a) we have collected two sets
of data for the structure shown in Figure 2.8. In the 1st set indicated as circles
we plot the out-of-plane alignment between pairs of apertures where one aperture
in pattern a is taken in the row at a distance y =1.4 µm from the edge and the
second aperture in pattern b is taken in the row at a distance y = −1 µm from
the edge. From the data we conclude that the deviation of apertures positions
from the design is within the error bar of SEM accuracy. To verify the alignment
over further distances from the edge, in the 2nd set of alignment data, shown
as squares in Figure 2.5(a), we take the second aperture in pattern b in a row
located at y = −5.42 µm and compare their positions to the same apertures in
pattern a as before. We see that the out-of-plane alignment stays within the
resolution of SEM for both sets of data, independent of the distance from the
edge, thus providing an upper boundary of 0.05◦ for rotational misalignment
discussed earlier. We find here the deviation from the designed structure (Figure
2.3) to be at most 5 nm. In Figure 2.5(b) we plot the out-of-plane alignment data
∆x that are averaged over four pairs of apertures within one structure for four
different structures (as illustrated, e.g., in Fig. 4(a)). It is seen that the average
over a mask varies between ∆x=2.3 nm and ∆x=4.3 nm with a mean of 3.0 nm.
The error bars in both Figures 2.5 (a) and 2.5(b) indicate the typical accuracy
of ±4 nm of the scanning electron microscope. Thus, we conclude that the out-
of-plane alignment data are mostly determined by the SEM error and are better
than 3.0 nm. Therefore, the out-of-plane alignment for individual apertures is
consistent with zero deviation, in agreement with the starting point of our 3D
mask method that the two oblique pattern have built-in mutual alignment.

Figure 2.4c shows a zoom-in to the front surface of a wafer. We see that the
elliptical apertures in the pattern design (see Figure 2.3) have been correctly
projected to become circular apertures with the diameter of 273 nm on the sam-
ple surface. From Figures 2.4 and 2.5 we conclude that we have successfully
fabricated a desired 3D mask structure on two inclined planes. We emphasize
that the alignment between the patterns on two inclined planes is ensured at the
design stage since both patterns are written in one projection and is within the
resolution of SEM.

After etching of deep pores in silicon in two perpendicular directions, we have
sacrificed one crystal in order to view the internal structure of the sample by
milling it with a focused ion beam. Figure 2.6(b) shows a schematic represen-
tation of the cut and a surface plane that is open for viewing. The cut was
made under 45◦ angle to both planes. Since the pore depth is finite, starting at
a certain depth in the structure the perpendicular pores will not overlap inside
the crystal. Pores that are far from the edge of a wafer are not deep enough
in order to reach the corresponding perpendicular pore, see green line in Figure
2.6(c). Therefore we expect to see a region inside the crystal closer to the edge
where pores overlap and form a 3D structure. Further from the edge we expect a
region where the structure will be two dimensional. The SEM image of a crystal
cross section is shown in Figure 2.6(a). We see that using a single step etch mask
deep pores were successfully etched in silicon. Pores etched in both perpendicular
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Figure 2.6: (a) The fabricated 3D diamond-like photonic crystal that was opened
up by focused ion beam milling. Scale bar is shown in the picture. (b) Schematic
representation of how a cross-section is milled on a fabricated sample. The cut is made
at 45◦ to the side of silicon bar. Dashed lines indicate the pore geometry. (c) Schematic
cross-section that illustrates how limited pore depth appears on the milled structure.
The black line shows where pores overlap with each other and the green line shows the
depth beyond which the arrays of pores are two dimensional. (colour online)

directions form a 3D diamond-like structure in the bulk. Far from the surface
of the Si wafer the pores are not overlapping. In the present case, the depth of
the pores is determined to be 4 µm deep with an aspect ratio (depth to width
ratio) of 14. The size of the fabricated photonic crystal is limited by the depth
of the pores in the silicon [13]. We conclude from the cross-section that single
step etch mask with ensured alignment allows us to fabricate a 3D monolithic
nanostructure in bulk silicon.

2.3.2 Structures feasible for fabrication

There is a large variety of structures that can be fabricated using the presented
technique. In general mask patterns projected in one step on inclined planes
have an arbitrary structure and still be in perfect alignment with respect to each
other. We consider 3D Bravais lattices that can be created with the described
fabrication process. Using different pattern designs, it is possible to achieve
structures with five Bravais lattice systems: cubic, monoclinic, orthorhombic,
tetragonal and hexagonal. In Figure 2.7(a) on a left side is shown the simple
cubic lattice. On the right side there is a pattern design for the fabrication
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of a simple cubic structure, where all lattice parameters are equal (a=b=c).
Taking into account that the pattern is projected on a θ = 45◦ inclined planes,
in the design a′ = a/ sin 45◦, c′ = c/ sin 45◦ and b′ = b. This design consist of
two rectangular arrays of apertures aligned with no shift with respect to each
other. For completeness we note that this design for a cubic structure is not
unique, as many different designs are feasible. In particular, the mask design
presented in Figure 2.3 confirms that there are multiple possible designs for cubic
structure, notable depending on the type of cubic symmetry (simple versus face
centred). Figure 2.7(b) shows a simple tetragonal structure on the left side and
the design pattern for realisation of such structure on two perpendicular planes
on the right side. In case of tetragonal structure a=b 6=c, therefore in the design
pattern c′ 6= a′. That means that the complete mask pattern for a tetragonal
structure consist of two different rectangular arrays of apertures, one with lattice
parameters a′ and b′ and other one with parameters c′ and b′. Figure 2.7(c) shows
the orthorhombic structure on the left and the corresponding design pattern on
the right. For an orthorhombic structure a 6=b 6=c, which means that in the design
pattern all lattice parameters are different. Hence the complete design consist of
two different rectangular arrays of apertures with parameters a′,b′ and c′,b′. In
Figure 2.7(d) on the left side the monoclinic structure is shown, where a=b=c
and the angle between two lattice vectors is α 6= 90◦. In the pattern design
this means that the rows of apertures are shifted with respect to each other
so that the angle between vectors a′,b′ and c′,b′ is α′ = α/ sin 45◦. In Figure
2.7(e) the hexagonal structure is shown on the left side and the pattern design
on the right side. The structure consist of two hexagons shifted with respect
to each other. Lattice parameters are a=b 6=c and lattice angle α = 120◦. The
pattern design consist of two completely different patterns. Pattern a is similar
to the well known hexagonal graphene-like pattern [18], whereas pattern b has
a rectangular array of apertures. Due to projection on the inclined planes the
lattice parameters in the design are a′ = a/ sin 45◦, c′ = c/ sin 45◦ and b′ =
b/ cosα′, where α′ = α/ sin 45◦. The hexagonal mask has been realized in Cr on
a Si wafer by means of a fabrication procedure described earlier in this article
and is shown in Figure 2.8. The red dashed line shows the 90◦ edge of a wafer.
The top side on the picture is the (0001) crystal surface of hexagonal structure
and the bottom side is a (1010) crystal plane. The 3D mask for this hexagonal
structure shows clearly the flexibility of fabrication method to realise structures
with independent patterns on inclined surfaces with an unprecedented out-of-
plane alignment better than 5 nm. All described 3D structures, except cubic,
are predicted to reveal sub-Bragg diffraction [19] which makes them interesting
subject for optical study, moreover, simple cubic and hexagonal structures have
been predicted to reveal 3D band gaps [20, 21].

Besides different periodic structures it is possible to fabricate masks that yield
non-periodic three-dimensional structures structures or periodic structures with
controlled defects. An interesting example is the fabrication of a 3D photonic
band gap crystal with a cavity inside. The geometry of cavity described in Refer-
ence [22] can be straightforward realised with the presented fabrication method
by making two apertures for crossing pores on oblique planes smaller. Moreover,
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Figure 2.7: Pattern designs for different lattice systems fabrication. The 3D scheme
of the structure is shown on the left and corresponding pattern for etch mask is on the
right. (a) Cubic (b) Tetragonal (c) Orthorhombic (d) Monoclinic (e) Hexagonal

it is possible to realize an array of such cavities in a 3D photonic crystal. In Fig-
ure 2.9 the mask pattern for an array of 2× 2× 4 cavities in 3D photonic crystal
is shown. The resulting 3D array of band-gap cavities would represent the pho-
tonic version of the Anderson tight-binding model [23] that may reveal intricate
nanophotonic phase transitions for light. Another example is the fabrication of
three-dimensional disordered or aperiodic structures. In this case patterns a and
b can be arrays of randomly distributed apertures or incommensurable lattices
[25].

Since patterns a and b are independent from each other, it is also possible to
fabricate functionally different components on inclined planes. Figure 1 in Ref-
erence [24] shows an illustration of a suggested chip consisting of two integrated
circuits on adjacent planes that are interconnected. Using the presented fabrica-
tion method it is possible to make interconnection between different integrated
circuits with ensured alignment. In addition, it is possible to project optically
functional device on one surface and electronic components on the other sur-
face. Such architecture greatly increases density of components on chip, makes
interconnections between them easier and gives a possibility to spatially separate
optics and electronics on chip.

The limitation for a number of possible structures comes from the subsequent
silicon etching step. So far we assume that etching is always done with pores
direction normal to the surface of the sample. Nevertheless there are examples
where etching under an angle has been demonstrated [26] which can further
increase the number of feasible structures.
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y
x

Figure 2.8: SEM image of a mask for hexagonal 3D crystal fabrication. The dashed
line shows the 90◦ edge of a wafer. Top side is a (0001) crystal plane of hexagonal
structure and the bottom side is a (1010) crystal plane. The scale bar is shown on the
picture.

Figure 2.9: SEM image of a mask for an array of 2 × 2 × 4 cavities in 3D photonic
band gap crystal. Smaller pores that form cavities inside a structure are marked with
red circles. (colour online)

2.4 Conclusions and outlook

In summary, a novel method has been proposed to fabricate a three-dimensional
etch mask in one step with built-in alignment. The out-of-plane alignment be-
tween structures on to oblique adjacent planes has been characterized by means
of deviation from the designed structure. The out-of-plane alignment has been
found to be better than 3.0 nm. A three-dimensional band gap photonic crys-
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tal with an inverse woodpile structure has been realized using a mask that we
propose. The masks designs for 3D nanostructures with five different Bravais
lattices, namely cubic, tetragonal, orthorhombic, monoclinic, and hexagonal has
been shown. The mask for 3D hexagonal structure and for a 3D array of cavities
had been realised on a Si wafer.

The presented method allows fabrication of 3D nanostructures that enable
exciting prospects in nanophotonics including the pursuit of cavity resonances
in 3D photonic band gap crystals [22] and 3D Anderson localization of light in
photonic crystals [23, 27]. The next step for further development of the single-step
etch mask technique is to broaden it to different types of lithography discussed
earlier. DUV lithography is particularly interesting since it is widely used in
CMOS industry and therefore opens new possibilities notably for 3D photonic
integrated circuits [28, 29]. Also, patterning of inclined planes with accurate
alignment allows one integrate on-chip different functional devices: for example
an optical device on one surface and an electronic device on adjacent surface. We
therefore foresee novel applications of our method in opto-electronics, integrated
photonics and sensing.
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CHAPTER 3

Deep UV lithography on the inclined sidewall of a

wafer

In this chapter we present an original method to use conven-
tional deep-UV step and scan lithography in combination with a pre-
structured substrate to pattern monolithic 3D nanostructures in only
one step, with ensured out-of-plane alignment [1]. For the proof-of-
concept demonstration of the method we start with a silicon wafer
structured with V-shaped trenches. Following the photoresist spin
coating on the sidewall of the V-trenches, a deep UV exposure is per-
formed to pattern the resist on the inclined sidewall of the Si. Thus
apertures developed on the sidewall are located at different depths
with respect to the Si wafer surface and therefore form the basis of a
3D structure made by etching. Apertures with diameter between 180
and 500 nm were successfully exposed up to 1.8 µm deep on a silicon
sidewall.

3.1 Introduction

Current fabrication technology in semiconductor industry is steadily develop-
ing and expanding in the direction of three-dimensional (3D) architectures. A
large progress towards 3D architectures was achieved in the area of non-volatile
memories driven by the increase of memory capacity while going from 2D to 3D
architecture [2]. Modern flash memories, such as BiCS (”bit cost scalable”) and
NAND are already 3D structures [3, 4]. A large demand for 3D nanostructures
also arises in microelectroechanical (MEMS) or nanoelectromechanical (NEMS)
technology [5, 6] where the structures typically have a very complex 3D geometry
and are produced in a multiple-step layer-by-layer fabrication processes (that are
in themselves planar steps). Besides an increasing commercial interest to push
technologies to three dimensions, many new fundamental questions arise when
the materials are structured in a 3D way. An example of a phenomena occurring
only in 3D nanostructures is the full photonic band gap meaning that for a range
of frequencies light is forbidden to propagate in any direction and for any polar-
ization leading to the ultimate control of spontaneous emission [7]. Current open
questions are whether 3D photonic crystals with embedded defects are suitable
media for the long awaited experimental observation of 3D Anderson localization
of light [9] or even suitable building blocks for 3D photonic integrated circuits
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(so-called PICs) [8]. To answer those questions there needs to be a way to fab-
ricate in a CMOS-compatible manner 3D photonic crystals in a large scale to
prevent finite size effects and fulfill industrial demands and with good alignment
for controlling the geometries.

Despite the rapidly growing attention to 3D architectures, the platform for
their fabrication are at this time purely two dimensional (2D). The most com-
mon way for industrial fabrication of 3D structures is layer-by-layer fabrication
[10]. In this approach each layer is fabricated separately as a two-dimensional
structure and all layers are stacked to form the 3D structure. An obvious issue in
this approach is overlay: the alignment of every layer to the previous one. Thus,
for fabrication of N layered structure one needs N − 1 alignment steps. Every
alignment step introduces errors in the structure and moreover slows down the
fabrication speed and thus the overall throughput of the fabrication process. A
second issue in the layer-by-layer approach is interconnections between layers [11].
Some components that need to be connected to each other may often be located
in different layers and thus the interconnection between them is complicated. On
the other hand, features that are located close to each other within one layer
have the problem of electrical and optical cross talk. Solving these problems is
possible if the entire structure is built in a non-planar way such as, for exam-
ple, feasible in the fast-rising multiphoton lithography also known as direct laser
writing (DLW) [12]. The main current disadvantage of DLW is that fabrication is
currently processed with polymer materials that are not typically used in optical
or electronics. Thus in order to fabricate optically or electronically active device
one needs to employ additional processing steps such as multiple infiltrations and
calcinations that usually reduce the quality of the resulting structure by intro-
ducing the impurities, structural cracks, incomplete filling, see e.g. References
[13, 14].

In this Chapter we introduce a novel concept for 3D nanofabrication using
conventional UV lithography on a non-planar substrate. We propose to start fab-
rication process of 3D structures immediately from a non-planar pre-structured
Si wafer and describe a process flow for making an etch mask on the inclined
sidewalls of the wafer. The etch mask on the inclined sidewalls allows to directly
etch structures in different depths of the wafer to form a 3D architecture. The
wafer is pre-structured to differ from the planar geometry as shown in Figure
3.1(1). For the proof-of-principle experiment we choose to start from V-shaped
trenches on a Si wafer. The dimensions of the trenches can be varied depending
on the required applications.

The next step for lithographic process is covering of the substrate with back
anti-reflection coating (BARC) and photoresist as shown in Figure 3.1(2). Since
the aim is to perform lithography on a sidewall, it is important that the side-
wall of the trenches is covered with the photoresist homogeneously. After the
sidewall is covered with photoresist, features can be exposed at different depths
of the sidewall. Being exposed at different depths features are thus located in
different planes with respect to each. As indicated with the black dashed line in
Figure 3.1(3), the center of the aperture on the left sidewall is located in between
the apertures on the right sidewall to form a 3D structure. Notably even when
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Figure 3.1: Concept of our lithography process for a 3D etch mask. The process
starts with a pre-structured silicon wafer (1) with V-shaped trenches with width w and
depth d that are made by standard cleanroom technologies. (2) The layer of photoresist
is spin coated on the wafer and covers the sidewall of the trench to form a homogeneous
layer. (3) Exposure of the features on the sidewall. Features are located on different
Z-depths from the top of the trench and therefore are in different (x, y) planes. As
indicated with the black dashed line the center of the aperture on the left sidewall is
intentionally in between the apertures on the right sidewall.

being located in different planes features are in perfect alignment with respect
to each other since they are initially designed and projected as one image. Thus
with just a single UV exposure on the pre-structured substrate, we realize a
mask for etching in two non-parallel directions that allow to achieve a fully 3D
structure.

3.2 Experimental results

3.2.1 Process flow for V-trench fabrication

To fabricate pre-structures silicon wafer with V-trenches as shown in Figure 3.1
we have designed a CMOS compatible process flow consisting of 7 steps that are
schematically shown in Figure 3.2) and listed with detailed of process parameters
in Table 3.1. In this process flow we use KOH anisotropic wet etching of Si to
etch long trenches with well-defined sidewalls and inclination [15]. We start with
a (100) silicon wafer covered with SiN layer that serves as a hardmask material
for KOH etching (Figure 3.1, step 1). In the second step the photoresist layer is
spin coated on top of the wafer. In order to etch trenches in a Si wafer using KOH
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Figure 3.2: Schematic fabrication process for V-trenches on Si wafer. The detailed
description of each fabrication step is given in Table 3.1.

wet etching [15] one needs to align the array of rectangles in the mask material
parallel to the < 110 > direction of the wafer. Thus special care has to be taken
to carefully align the array of rectangles that are exposed in photoresist with
respect to Si crystal planes. The alignment of the rectangles can be done either
manually or by using standard procedure involving the fan alignment pattern
described in reference [16, 17]. After exposure and development of the pattern
in photoresist it is transferred into SiN layer (step 3). The transfer is done by
reactive ion etching (RIE) of SiN with parameters listed in Table 3.1. The etching
time is chosen to be slightly shorter than needed to completely etch away SiN
layer in order to prevent unwanted etching of Si underneath SiN. Therefore after
stripping of photoresist with oxygen plasma (Step 4), a thin layer of SiN is still
left in the lines that are supposed to be open. To completely remove both this
layer as well as the native silicon oxide layer underneath a short wet etching in
hot 50% HF is applied (Step 6). The seventh step is anisotropic etching of the
trenches in Si. KOH wet etching is chosen for anisotropic Si etching due to its
known large ratio between etch rates of (110) and (111) Si crystal planes [20].
The wafer with SiN mask is placed in the KOH solution. Etching of the long
lines parallel to 〈110〉 direction in silicon wafer results in the grooves with 54.7
◦ inclined sidewall [16] as shown in the Figure 3.2(7). The etching time in KOH
defines the depth of the resulting trenches. After 6 minutes of etching the depth
of the trenches will be 6 µm [21] meaning that the trenches with a width of
more than w = 8.76 µm will have flat bottom (see Figure 3.2(7)). The optical
microscope image of the resulting trenches on Si wafer is shown in Figure 3.3.
The blue layer on the image is the remaining SiN mask layer. Bottom of the
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Step Description Comments
Start (100) Silicon wafer
1 100 nm of silicon nitrite

deposition
Serves as an etch mask

2 Photoresist spin coating
1.7 µm

For pattern transfer to SiN

3 UV lithography exposure
and development

Array of rectangles parallel to
the < 110 > crystal plane

4 RIE of SiN Pattern transfer from photoresist
CHF3: 5 sccm to SiN
O2: 5 sccm
Pressure: 10 mTorr
Time: 1 min 50 sec

5 Photoresist stripping
6 Hot HF 50%: 2 min 50 sec To remove remaining SiN and

native oxide
7 KOH 25%: 6 minutes Anisotropic etching of Si

Temp.: 750C

Table 3.1: The process flow for V trenches fabrication on Si wafer

trenches are visible sharp since the microscope is focused on the bottom. The
sidewall of the trenches is seen blurred since it is going in depth out of the focus
range of the optical microscope.

20 m
icrron

Top

Bottom
Sidewall

Figure 3.3: Optical microscope image of the trenches etched in silicon. Blue covering
is the SiN etch mask. The width of the trenches is w = 15 µm. The 20 µm scale bar is
shown on the picture.
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3.2.2 Spin coating of the sidewalls with photoresist

After the trenches are formed the next step for UV lithography is the coating of
the substrate consecutively with back anti-reflection coating (BARC) and pho-
toresist. For the proof-of-principle experiment we require photoresist layer to
have homogeneous withing 10 nm thickness along the area of exposure. In case
of the flat substrate spin coating method is typically used to apply BARC and
photoresist coatings. Alternative ways to coat the substrate are for example spray
coating, dip coating or roll coating [18]. For the proof-of-principle experiment we
choose spin coating as it is the most commonly used method. In a spin coating
process the coating material is applied to the center of the rotating substrate.
Fast spinning of the substrate ensures an even distribution of the coating along
the substrate from the center to the edges. Although this method works well
in case of a flat substrate it requires optimization in order to be applied for the
non flat substrate such as Si with V-trenches. The experiments for optimization
of the spin coating recipe were performed both in University of Twente Nanolab
and in Nanolab of Technical University of Eindhoven (TU/e). In the Univer-
sity of Twente the coating experiments were performed on a Primus SB15 spin
coater and in the TU/e the coating was applied using JDS-Uniphase Primer-oven
system. The target of the experiments was to identify the thickness of the pho-
toresist on the sidewall of the trenches on the Si wafer at different spin coating
speeds and verify that homogeneous layer of photoresist is formed on the slope
of a sidewall. For this experiment wafers were prepared according to the pro-
cess flow described in section 3.2.1 consisting of the trenches with widths varying
from 15 to 100 µm. After the spin coating wafers were cleaved and viewed with
SEM in the cross section to identfy the thickness of the photoresist layer on the
sidewalls. The pieces of the wafer chosen for the viewing were typically located
in the central part of the wafer. The left sidewall and the right sidewall of the
trench in a cross section are shown in the Figure 3.4(a). To verify the thickness
along the slope of the sidewall multiple measurements were taken at different
points. At 5 different positions on the slope of the sidewall photoresist thickness
varied as little as 256 nm and 263 nm on both the left and the right sidewall. The
important conclusion from this measurements is that the photoresist thickness is
homogeneous on both sidewalls of the trench to within 7 nm along 2.6 microns
of the slope which is sufficient for our proof-of-principle experiment.

Similar measurements were performed on the cross sections of the trenches
with different widths and for wafers that were coated with two different spinning
speeds: 4000 rpm and 3000 rpm. The photoresist thickness measured at the half
depth of the slope depending on the width of the V-trenches is plotted in the
Figure 3.4(b). For both coating speeds there is a clear increase in the photoresist
thickness with the increase of the trench width. This means that by designing
trenches with different widths on the same wafer it is possible to achieve different
resist thicknesses on the sidewalls depending on the requirements for the further
processing. At the same time by varying the speed of the spin coating it is also
possible to get different photoresist thicknesses on the sidewalls of the trenches.
Thus there are two ways to achieve targeting resist thickness on the sidewall of
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the silicon wafer: first is to design trench width with respect to the given spin
coating speed and second is to optimize the spinner speed to the given width
of the trenches. This flexibility allows to vary the thickness of the targeted
photoresist coating at multiple steps during fabrication process starting from the
design of the pre-structured substrate and till the last moment before the spin
coating. For our further exposure the targeted resist thickness was chosen to be
225 nm. Given the targeted resist thickness for the DUV exposure we choose to
have a substrate pre-structured with V-trenches with the range between 20 µm
and 40 µm and spin coated with 3000 and 2500 rpm.
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Figure 3.4: (a) SEM image of photoresist spin coated on the left and right sidewalls
of the V-trench. The corresponding resist thickness measured at different points on
the sidewall is indicated on the figure. The thickness of photoresist is similar on both
sidewalls. The scale bar is shown on the image. (b) Thickness of the photoresist on a
sidewall depending on a width of the V-trench. Red line shows the resist thickness spin
coated at 3000 rpm, black line shows the resist spin coated at 4000 rpm. The error bar
indicates the

3.2.3 DUV exposure with step-and-scan lithography

For the exposure experiment we prepared two sets of wafers with V-trenches.
Each set of wafers had trenches with depth varying from 20 to 40 µm. One
set of wafers was spin coated with 3000 rpm spinning speed and the second set
of wafers was coated with 2500 rpm spinning speed. The process flow for the
coatings of the wafer is shown in Table 3.2. Each wafer was first coated with
BARC, then with photoresist and last with top coating. The exposures of the
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photoresist on the sidewalls of Si wafer were performed with the ASML PAS
5500/1100B stepper located in the TU/e NanoLab 1. The stepper is equipped
with a 193 nm ArF laser and 0.75 NA lens providing 90 nm nominal spatial
resolution. The exposure dose during the experiments was set to 25 mJ/cm2.
The layout of each wafer is made in such a way that there is a flat area in the
middle of the wafer without any V-trenches that is used for leveling in the stepper.
Since our target is to expose apertures in depth on the inclined sidewall of the
silicon wafer we set the nominal focus of the stepper to be 500 nm below the flat
wafer level.

Step Description Parameters Comments
1 Silicon wafer Pre-structured with

V-trenches with 15
to 40 µm width
(Table 3.1)

2 Prime HMDS
3 Chill 21oC for 60 sec
4 Bottom anti reflection

coating BARC 1c5d
38± 3nm

5 Bake 200oC for 90 sec
6 Chill 21oC for 60 sec
7 Photoresist TARFP6111 225± 5nm
8 Soft bake 125oC for 90 sec
9 Chill 21oC for 30 sec
10 Top coat TCX041 90± 3nm
11 Soft bake 90oC for 60 sec
12 Chill 21oC for 30 sec
13 Exposure 25 mJ/cm2

14 Developing OPD5262
15 Rinsing
16 Hard bake 160oC for 90 sec

Table 3.2: The process flow for the coating and exposure of silicon wafers using ASML
PAS 5500/1100B stepper.

For the exposure of the apertures on the sidewalls of the V-trenches a special
reticle was designed and bought by us. Our target is to expose circular apertures
on the sidewalls that are inclined with 54.7o with respect to the flat surface of
the wafer (see Figure 3.2(7)). In order to get circles on the inclined surface one
needs to project ellipses from above in the same way as it is done in the single
step etch mask described in in chapter 2 section 2.2. Thus the design of the
reticle consist of large fields of ellipses that result in the circular apertures on the

1It is a pleasure to thank Robert van der Laar, Jeroen Bolk, Kevin Williams, Huub Ambrosius
and Meint Smit from TU/e for their advice and assistance in photoresist spin coating and
DUV exposures and Eddy van der Heijde, Jo Finders and Arie den Boef from ASML for
their help with DUV exposures.
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slope of the sidewalls. The small extraction from the reticle is shown in Figure
3.5. Elliptical apertures to be exposed in a photoresist are shown in blue. The
arrangement of the apertures is centered rectangular with ratio c/a =

√
2. The

size of the apertures varies across the reticle but the ratio c/a is kept constant. By

c

a

Figure 3.5: Detail of our new reticle design. The layout consists of large arrays of
ellipses designed to appear as circles on the inclined slope. Apertures are arranges in
a centered rectangular lattice with ratio c/a =

√
2. Scale bar of 1 micron is shown on

the picture.

design, the apertures on the sidewall have a range of the diameters from 100 nm
to 1000 nm. The apertures are designed to form the centered rectangular lattice
that is suitable for fabrication of for example 3D photonic band gap crystals (see
Chapter 2, Figure 2.3). For the proof of principle experiment we aim to project
apertures on anywhere on the sidewalls. To make it easier to find apertures
in SEM after exposure we fill the entire wafer with apertures. Since there is
are slight variations in the photoresist thickness along the sidewall we expect
exposure to be successful at the point of the slope where resist thickness will be
matching the dose, focus depth and aperture size.

3.3 Results and discussion

After the exposure all wafers were viewed with a critical dimensions SEM (CD
SEM) Hitachi S-9920 to evaluate the exposure. The typical CD SEM image of
the photoresist layer on the sidewalls of the wafers spin coated with 3000 rpm
after the exposure and development is shown in Figure 3.6. Wafers that were
spin coated with 3000 rpm speed did show neither individual apertures on the
slopes of the sidewalls nor on the flat parts of the wafer.
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The flat top of the V-trench is on the left side of the image and the sidewall is
going downhill from right to left. It can be seen that there are traces of apertures
on the sidewall of the trench however the geometry of single apertures was lost
likely due to the mismatch of the exposure dose and photoresist thickness .

TopSlope

449 nm

Figure 3.6: Typical exposure and development result on the wafers coated with 3000
rpm spinning speed. Traces of rows of apertures are visible on the slope of the trench.
The geometry of individual apertures was lost likely due to the mismatch of the exposure
dose and photoresist thickness.

However wafers that were spin coated with 2500 rpm were exposed and devel-
oped successfully. Figure 3.7 shows the CD SEM images of the wafer that was
coated with 2500 rpm speed. In Figure 3.7(a) the top of the trench is on the
right and the slope of the sidewall is going down from right to left. It is clearly
seen that apertures of 509 nm size are fully open in the photoresist layer. Below
the first row of apertures there is seen a signature of the second row of apertures
thought apertures from the second row are seen less clear. We associate it with
the fact that second row of apertures is located deeper on the slope thus further
from the nominal focus of the exposure. Nevertheless for the proof of principle
experiment even not fully developed apertures we count as a successful exposure.
In Figure 3.7(b) another exposure and development on the slope of the sidewall
is shown. The flat top of the wafer in on the left side and the sidewall slope is on
the right side. The size of the fully developed aperture here is 412 nm. There are
two other rows of apertures apparent deeper down on the slope. Figure 3.7(c)
shows exposure and development of apertures on another V-trench. In this case
the right side of the trench is shown in order to prove that successful exposures
are possible on both sides of the V-trenches. Here the flat top part of the wafer
is on the right side and the slope downhill is on the left side. The size of the open
in photoresist aperture is 470 nm. Figure 3.7(d) shows the smallest apertures
that was found open on the wafers. Here the size of the apertures here is 180 nm.
Typically as feature size decreases their sensitivity to the focus errors increase
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Figure 3.7: Apertures open in the photoresist on a sidewall of Si V-trench. (a) The
flat top of the trench is on the left side and the sidewall is on the right side. A row of
apertures is clearly visible to be developed on the sidewall close to the top surface. The
size of each aperture is 509±5 nm. One more row of apertures is less clearly seen deeper
towards the bottom of the trench. (b) A row of apertures is open in the photoresist
close to the top surface of the trench. The size of each aperture is around 412± 5 nm.
Two more rows of apertures are visible deeper on the sidewall. (c) A row of apertures
with 470± 5 nm size is seen on the right side of the trench. We show here another side
of the trench to indicate that successful exposure and development are possible on both
sides of the trenches. (d) A row of apertures with the smallest size that was found on
the wafer are seen on the sidewall. The size of each aperture is 180± 5 nm.

dramatically [23]. Thus it is reasonable that the smallest apertures are exposed
best close to the nominal focal planes.

To evaluate the exposures in depth on the sidewall of V-trenches we measured
the depth of the furthest open aperture of each size on the slope. The maximum
depth at which we can still see the signatures of open apertures we call here
maximum depth of exposure in order to not confuse with conventional definition
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Figure 3.8: The maximum depth of exposure achieved on the sidewall of Si wafer
depending on the aperture size. The purple dashed line indicates the nominal depth of
the focus during the exposures. The dose during the exposure was 25 mJ/cm2. Black
dashed dotted line has a slope 0.45, as a guide to the eye.

of depth of focus [23]. Figure 3.8 shows the maximum depth of exposure observed
for apertures of each size. The largest apertures of around 500 nm were exposed
up to 1.18 µm down on the slope of the sidewall whereas the smalles apertures of
180nm were successfully exposed at the maximum depth of 450 nm. It is clearly
seen that the maximum depth of exposure is larger for the large apertures which
agrees with similar trend for the exposures on the flat wafers.

3.4 Summary and outlook

We have demonstrated first experiments for DUV lithography on the sidewall of
Si trenches. We developed a process flow for pre-structuring Si wafers with V-
trenches for further DUV exposures. We showed that spin coating of photoresist
on highly corrugated non planar substrate provides homogeneous coverage of
the sidewalls with photoresist. The photoresist thickness on the sidewalls of
V-tenches was found to vary within 7 nm over the depth of 2.6 microns. We
demonstrated exposure and development of apertures with diameters between 180
and 509 nm on located on the sidewalls of Si trenches. We found the maximum
depth of focus for each aperture size. Apertures with largest size of 509 nm are
located on the maximum depth of 1.18 µm. The smallest exposed and developed
apertures are the apertures with 180 nm and the corresponding maximum depth
of focus is found to be 449 nm. In our experiments we observed only one row
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of apertures to be fully exposed and developed on the sidewall. While one row
of apertures is not sufficient to fabricate a 3D photonic crystal, the required
4 to 5 rows (from Equation 1.6 we derive LBragg ≈ 3.2d, where d is a lattice
spacing) could be achieved by for example consecutive lithography imaging on
consecutive depths. In order to improve fabrication process care needs to be
taken in the design of the trenches since photoresist thickness on the sidewalls
depends on the width of the trenched and should be optimized. A special reticle
with apertures that will be aligned with respect to the trenches on located exactly
on the slope will also help in achieving better exposure results. A process flow
needs to be designed to transfer the pattern from photoresist to silicon. This
can be done with deep reactive ion etching. This results open a number of new
opportunities for 3D nanofabrication by means of conventional DUV lithography
such as for example possibility to fabricate wafer scale 3D photonic band gap
crystals with seemingly endless length along the trenches or hybrid functional
nanostructures such as photonic integrated circuits (PIC) in close proximity to
e.g. memory circuits or electronic data processing circuits.
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CHAPTER 4

Deep reactive ion etching of silicon

We present advanced nanofabrication process realized in two steps on
two inclined surfaces of a silicon wafer. Such process is required for the
fabrication of 3D nanostructures in silicon. We discuss here Cr hard
mask deposition and milling on two faces of silicon wafer as well as deep
reactive ion etching (DRIE) process required for successful fabrication
of 3D nanostructures. We fabricate 3D inverse woodpile photonic band
gap crystals using our single step Cr etch mask discussed in details
in the previous chapter and DRIE process described here. We also
present nanopores with the highest reported aspect ratios etched by
means of DRIE in silicon: the etched structures have a diameter of
510 nm and a depth of 21.5 microns resulting in a high aspect ratio of
42. The advances in the etching of deep pores in silicon offers exciting
opportunities for both two-dimensional and three-dimensional silicon
fabrication in the areas of photonic crystals, sensing, solar cells, high-
frequency electronics and many others.

4.1 Introduction

Since silicon is the main material in modern CMOS industry, its processing at-
tracts particular attention [1]. Growing attention for three-dimensional devices
requires creative approaches in their fabrication. One of the challenges related
to the increasing dimensionality of the devices is the fabrication of structures in
silicon with high aspect ratio. One of the most used tools for high aspect ratio
(HAR) structures fabrication in silicon is deep reactive ion etching (DRIE) [2].
In order to form a three-dimensional structure it is necessary to perform etching
in multiple directions. This can be done by simultaneous multidirectional etch-
ing with the control over the ion sheath as shown in Reference [9]. Even though
there are successfully fabricated photonic crystals using this approach, a strong
limitation on the size of fabricated structure to 2 lattice periods may prevent the
formation of the complete band gap. Moreover, there is a strong limitation on the
geometry of fabricated structure since one and the same mask is necessarily used
for etching in different directions. Another approach for multidirectional etching
is shown in Reference [10] with the use of Faraday cage around the sample in
the etching chamber. The cage provides the equipotential surface for the etching
plasma ensuring that ions propagate normal to its surface. Such an approach
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requires a significant modification to the etching chamber and extensive simula-
tions of the cage angle, mesh size and the sample placement. Thus for fabrication
of our structure of inverse woodpile (see Chapter 1, Figure 1.2) consisting of two
perpendicular array of pores we choose to perform etching in two steps with 90
deg rotation of the sample in between. The first successes in this respect were
reported by van der Broek et. al. [11] and here we extend this approach to much
deeper pores and new two-step etch mask.

4.2 General description of deep reactive ion etching

Deep reactive ion etching is a dry plasma type of etching [2]. While DRIE
can be performed with many various types of etching gases, in this Chapter we
choose SF6 gas as an etchant for Si, and O2 for cleaning. The schematic of
the etching chamber is shown in Figure 4.1. The pressure in the chamber is
regulated by vacuum pumps and valves. The gas flow that is fed to the chamber
is regulated with the entry valves. For stability and temperature control the
helium backside cooling is provided. For high aspect ratio etching the chamber is
typically featured with capacitive coupled plasma source (CCP) and inductively
coupled plasma source (ICP) for separate control of ion energy and ion density
respectively (Figure 4.1). The ICP plasma source generates plasma remotely and
CCP generator is coupled to the lower electrode to induce the DC bias. Hence
the ion density is controlled by ICP power and ion energy is controlled by CCP
power supply. High ion densities increase the directionality of the etching but at
the same time due to the ions collisions the angular distribution of ions leads to
the unwanted sidewall erosion. The composition of the plasma in the chamber is
very complex but generally in case of SF6 etchant it contains F · radicals and SF+

x

ions [3]. The radicals are not influenced by the electric field in the chamber and
thus do not have a preferable direction of movement. The directionality of the
etching is employed by the ions that are directed towards the lower electrode by
the electric field (see Figure 4.1). If the applied electric field is high then physical
sputtering of the material from the surface may occur. Micro-masking effects
appearing due to the physical sputtering [4] may also contribute to the sidewall
erosion. The etching process that is used in this Chapter for the fabrication
of deep structures in silicon is the two-step Bosch process [8]. In this process
the etching step and the protective deposition step are continuously alternated.
During the deposition step a passivation gas is entered into the reaction chamber,
in our case it is C4F8. From the C4F8 plasma a protective layer of polymer is
deposited over the whole surfaced present in the chamber including sidewalls and
and bottom of the etched structures. During the next etching step the protective
layer is removed from the horizontal surfaces due to the vertically directed ions
bombardment. Thus passivation layer protects the sidewalls and ensures high
aspect ratio etching. Careful manipulation of both etching and deposition steps
duration, gas flows and powers of the plasma sources is required to achieve deep
structures without significant sidewalls erosion. The maximum depth of the
structure that can be etched with the Bosch process depends on the opening in
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Figure 4.1: The schematic picture of a DRIE chamber with inductively coupled
plasma source (ICP) and capacitively coupled plasma source (CCP). Vacuum pumps
and entry valves regulate the pressure and the flow of etchant gas. The plasma consisted
of ions and radicals is generated by the ICP plasma source and ions are accelerated to-
wards the sample (gray ellipsoid) by CCP plasma source. Helium backside cooling
provides temperature regularization of the substrate. The figure is adopted from the
Reference [7].

the etch mask through which the etching is occurring. In the case of pores the
maximum depth of the etched pore will depend on the pore diameter thus to
characterize the etching process we will use aspect ratio rather than pore depths.
The maximum aspect ratio that is possible to achieve with Bosch process is
limited due to the changes in ions angular distribution in the depth of the etched
structure and the difficulty for the etching gas to penetrate deeper in the pores.

4.3 Experimental

In this Chapter we study DRIE etching with Bosch process performed on two
etching machines - Adixen Alcatel AMS100SE (from now on shortly referred to
as Adixen) and SPTS Pegasus etching machine (referred to as SPTS). Due to
the differences in two machines the optimized recipes for etching deep pores in
Si will be listed separately for each machine. We use single crystalline silicon
< 110 > p-type wafer as a substrate to be etched. For fabrication of 3D photonic
crystals small Si bars are etched from the substrate such that there are two
perpendicular surfaces open for etching. Both perpendicular surfaces are covered
with 50 nm layer of sputtered Cr that is used as a hard mask material. We
define the apertures in the etch mask for 3D photonic crystal fabrication by
means of focused ion beam lithography as described in the Chapter 2. For the
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test of etching parameters we use flat Si wafers with Cr etch mask patterned
with centered rectangular array of apertures by means of DUV lithography. The
pattern is chosen such that the wafer always cleaves through a set of pores and
thus is referred to as an “easy cleave” pattern. The pattern design has 84.5 deg
angle between the axis of the primitive lattice. The details of the “easy cleave”
pattern can be found in Reference [7]. For the test of parameters wafer with 2D
pattern is cleaved into small pieces that are then places in the etching chamber
on top of a dummy wafer. Si bars for etching of 3D photonic crystals are placed
on the dummy wafer as well. Since DRIE etching is known to have the load effect
[4] such that the etch rate depends on the amount of the surface that is being
etching it is important to control the amount of surface that is etched. Thus we
need to coat the silicon surface of a dummy wafer. To do so a dummy silicon
wafer is always covered with a photoresist layer according to the recipe in the
Table 4.1. For better temperature conductivity between the sample and dummy
wafer a droplet of a vacuum oil is applied underneath the sample.

Step Comments
Primer spin coating HMDS
Photoresist coating Olin OIR 907-17

Baking T=120 C for 3 min

Table 4.1: The process flow for the coverage of dummy wafer with the photoresist

4.4 Ultra-high aspect ratio nanopores in Si

2D arrays of deep pores are the building blocks for 3D inverse woodpile photonic
crystal structures (see Chapter 1 Figure 1.2) that are discussed in this thesis. To
maximize the size of the 3D structure it is necessary to make pores as deep as
possible. Moreover for the good optical performance the sidewall erosion should
be minimized to reduce undesirable light scattering in the structure. Thus care
needs to be taken of this two parameters. Let us first consider the sidewall
erosion present in the pores after the etching. Bosch process is known to have a
systematic roughness arising from the cycling nature of the etching process. Such
roughness is a sequence of rims and is shown closely on the top inset in Figure
4.2. This type of erosion is commonly referred to as a scallop in literature[5].
The scallop is typically more pronounced in the top part of the etched structure
as can be seen from Figure 4.2 and this is because the top part of the etched
structure is experiencing larger number of etching cycles. The top part scallop
present in the Figure 4.2 is periodic with periodicity around 180 nm and thus we
expect it to have small influence on the scattering of light of wavelengths within
the range of our interest (fλ from 800 nm to 2500 nm). The lower inset in Figure
4.2 shows the image of the bottom of the etched pores taken with helium ion
microscope (HIM) at ultra high resolution of less than 1 nm. It reveals for the
first time that scallop of the Bosch etching is also present at the very bottom of
the etched structure and moreover shows the extreme smoothness of the walls of
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5 µm

500 nm

200 nm

Figure 4.2: SEM image of the cross section of the 2D array of pores with 250 nm
radius etched with Bosch process. 2 micron scale bar is shown on the picture.

the pores above the scalloping region and impressively flat bottom. From this
images we conclude that no further specific optimization of the sidewall erosion
is needed for our structures at the current stage.

The deepest pores we achieved were etched with the Bosch process on the
SPTS etching machine. The process flow that was used for etching is listed in
the Table 4.2. The process flow is based on the etching method reported in the
work by L.A. Woldering et al. [6, 7]. The difference between the process flow we
are using and the process flow suggested in the Reference [7] is the CCP power.
The optimum CCP power differs due to the differences in matching the CCP

Parameter Value
SF6 gas flow 62 sccm
C4H8 gas flow 200 sccm

Etching step duration 3 seconds
Deposition step duration 2 seconds

CCP power Varied from 30 to 70 W
ICP power 1500 W

Table 4.2: The process flow for DRIE of HARS in Si with the SPTS machine.

source in the SPTS etcher used in this section and Adixen etcher used in the
work of Reference [7]. The CCP power of 150 W suggested in the Reference [7]
resulted in a strong overetching of the structure such that it is not feasible to
define pore depths or diameters after etching. Thus we tuned the CCP power
down and performed series of experiments with CCP power in the range between
20 and 70 W. As a figure of merit for the etching process we provide here the
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maximum aspect ratio measured from the cleaved pores. The maximum aspect
ratio obtained in the etched structures at different CCP is shown in Figure 4.3.
SPTS etcher has a possibility to ramp the CCP power during etching cycle. Thus
when we plot a value of 35 W, this implies that the power was set to be ramped
up from 30 to 40 W. It is seen from Figure 4.3 that the larger CCP power leads
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Figure 4.3: Aspect ratio dependence on the power of CCP plasma source. When the
power is set to be ramped up from 30 to 40 W during etching cycle the data point is
placed at the value of 25 on the plot. The straight line is a guide to the eye.

to the higher aspect ratio of etched structures. This is due to the increase in the
ions energy when CCP power is increased. With the higher energy ions reach the
bottom of the pores with higher kinetic therefore can reach deeper into the pores
with sufficient energy for removing the protection layer. Tuning the CCP power
even higher introduces a risk to reach the point when the physical sputtering
of the hard mask occurs due to the extensive ion bombardment. Thus a CCP
power ramp from 50 to 60 W was chosen as the optimum value for etching. Using
an etching recipe listed in the Table 4.2 with the CCP power ramp from 50 to
60 allowed us to achieve the world record high aspect ratio nanopores in Si. We
performed the series of experiments with different total etching time to determine
the maximum aspect ratio that can be achieved with this parameters. Figure 4.4
shows the aspect ratio measured for different total etching times. Figure 4.5
shows the etching result with 21.4 µm deep pores etched in Si with total etching
time of 20 minutes. The diameter of one pore is 509 nm employing the aspect
ratio as high as 42. Up to our knowledge these are the highest aspect ratio pores
etched in Si with DRIE. In 20 minutes there are 240 full cycles consisting of an
one etching and one protection step. The large amount of particles visible on top
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Figure 4.4: Aspect ratio dependence on the total etching time for the Bosch process
described in Table 4.2. The straight line is guide to the eye.

of the pores is the result of the cleaving of a wafer.

4.5 Advanced two-sided etching for 3D
nanofabrication

For fabrication of inverse woodpile structure (see Chapter 1, Figure 1.2) con-
sisting of two perpendicular array of pores it is necessary to etch pores in two
perpendicular directions. We chose to do so it two steps. After the etch mask is
fabricated on two oblique faces of Si bar (see Chapter 2) one face of the Si bar is
etched first then the sample is rotated by 90 deg and second side is etched. This
approach brings complications in the etching process since, firstly, the mask on
the second etch side is present in the etching chamber during the first etching
step and thus being affected by all the plasma components present in the cham-
ber. Secondly, the when etching the second set on pores the first set of pores
is already etched and so the etching is happening in the non-bulk but struc-
tured material. The present of a complicated structure in the material affect
ions angular distribution inside the structure and thus affects the etching result.
Thirdly, it is a complicated task to evaluate the etching result of a 3D structure
since a precise cross sectioning is required to view the inner structure or a non-
destructive method such as X-ray tomography described in the Chapter 5 of this
thesis. The etching of 3D photonic crystals described in this section was done
with two different etching machines.
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10 micron

Figure 4.5: Ultra high aspect ratio pores etched with DRIE according to the process
flow listed in Table 4.2 in Si. The depth of 21.4 µm and diameter of 510 nm yield the
world record aspect ratio of 42. 10 microns scale bar is shown on the picture. The
particles on the surface are residuals from the cleaving.

4.5.1 Choice of ICP power

The process flow that was used for two-step etching of 3D inverse woodpile pho-
tonic crystals with Adixen was initially adopted from the Reference [7] as listed in
the Table 4.5 with ICP power set to ICPhigh = 1500W during both etching and
protection step. The etching time was set to 10 minutes (120 etching and pro-
tection cycles) as suggested by Reference [7]. The etching was performed twice:
on one side of the Si bar and on the perpendicular side. The etching resulted in
the typical for micro masking and strong over etching effect of nanowires all over
the surface of Si bar and complete destruction of the structure. We associate this
with ions bombardment of the etch mask especially aggravated because there
two etching steps in total. Due to the ions bombardment Cr mask was physi-
cally sputtered and Cr particles spread over the chamber landing on the Si bar
randomly providing micro masking effect. In Figure 4.6 we show the SEM im-
age of the Cr mask (a) after 6 minutes of etching and (b) after 12 minutes of
etching. It is clear from the images that after 12 minutes of etching (144 etching
cycles) Cr mask is already significantly damaged and the diameter of individ-
ual apertures expands so much that the apertures are connected to each other.
Naturally this implies that the structure etched under the mask after 12 min-
utes is also destroyed. To observe the evolution of the Cr etch mask depending
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Parameter Value
SF6 gas flow 62 sccm
C4H8 gas flow 200 sccm

Etching step duration 3 seconds
Deposition step duration 2 seconds

CCP power 160 W
Etching step ICP power ICPhigh= 1500 W

ICPlow=500 W

Deposition step ICP power 1500 W

Table 4.3: The process flow for the etching of deep pores in Si with Adixen etcher.

(a) (b)

2 micron 2 micron

Figure 4.6: Evolution of the etch mask after 6 minuted (a) and 12 minutes (b) of
etching with the Bosch process described in the Table 4.5 and a high ICP power
ICPhigh = 1500W .

on the total etching duration we performed a series of experiments where we
measured the diameter of the apertures on the etch mask after each minute of
etching. Figure4.7(a) shows the result for the etching process with ICP power
ICPhigh = 1500W . It is seen from the plot that aperture size on the mask level
starts to steadily increase already after 8 minutes of etching. The smallest pitch
between the pores in the design used for this experiment is c = 288 nm thus it is
clear that when the aperture diameter increases to values larger that 277±15nm
such as at 12 minutes etch the apertures start to overlap. With the etching time
more than 12 minutes the mask is destroyed thus it is not feasible to measure
the aperture diameter anymore. From the plot in Figure 4.7(a) we conclude that
the total etching duration with the set of parameters given in the Table 4.5 can
not exceed 8 minutes. The depth of the pores d depends strongly on the etch-
ing duration and for 8 minutes is determined from the cross sections to be only
d = 3.2µm. Therefore we choose to modify the recipe such that we can reduce
the ion bombardment and physical sputtering of the mask in order to increase
etching time. In order to reduce the risk of physics sputtering one can change
the CCP or ICP power that control energy of ions or density of ions respectively
[12, 13]. The decrease of CCP power results in a poor directionality of ions and
thus significant tapering of the pores [7]. Therefore we tune the ICP power down
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Figure 4.7: The pore radius on the etch mask depending on the total etching time with
the Bosch process described in the Table 4.5 and high ICP power ICPhigh = 1500W
(a) and low ICP power ICPlow = 500W .

during the etching step. Changing the ICP power may change the etch rate as
well therefore we measured the etch rate at high ICP power ICPhigh = 1500W
and low ICP power ICPlow = 500W . The etch rate measured from the cross
sections of the pores is shown in Figure 4.8. It is seen that the etch rate drops
by a factor of 2 from 0.4 µm/min to 0.2 µm/min with decrease of ICP power
from 1500 to 500 W. This change in the etch rate has to be taken into account
when determining the total etching time required for the fabrication. Now let
us consider the evolution of the etch mask for the Bosch process etching with
parameters listen in Table 4.5 and low ICP power ICPlow = 500W . Figure 4.9
shows the view of the Cr etch mask (a) after 7 minutes of etching and (b) after
12 minutes of etching. It is clear from the comparison of two SEM images that
after 12 minutes of etching with lower ICP power Cr mask is not damaged. We
performed a series of experiments to determine the aperture size on the mask
level depending on the total etching time. Figure 4.7(b) shows the aperture size
measured on the Cr mask after the etching depending on the etching duration.
It is seen from the plot that aperture diameter on the mask level changes in-
significantly up to 10 minutes of etching then there is an increase in the aperture
size up to 23% of its diameter and it stays nearly constant up to 25 minutes
of etching. From the etch rate of 0.2 µm determined in the Figure 4.8 for the
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Figure 4.8: The etch rate dependence on the ICP power. Error bars are withing the
symbol size. Straight line is a guide to the eye.

(a) (b)

2 micron 2 micron

Figure 4.9: Evolution of the etch mask after 7 minuted (a) and 12 minutes (b) of
etching with the Bosch process described in the Table 4.5 and low ICP power ICPlow =
500W .

etching with low ICP power ICPlow = 500W the depth of the pores d after 25
minutes of etching is d = 5 µm.
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4.5.2 Polymer residuals after the Bosch process

It was observed during the fabrication that after the first side of the photonic
crystal is etched with the Bosch process described above there is a thick layer
of polymer present on the perpendicular face of the Si bar that is to be etched
second. This layer originates from the protection step of the Bosch process since
the process is design to cover vertical surfaces with protective polymer layer.
Figure 4.10(a) shows the corner of Si bar after the etching of the first side. In the
bottom of the image there is a thick blurred layer of polymer covering the second
etch side. Naturally this layer must be removed before the second etching can be

2 microns

2 microns
(a) Before cleaning (b) After cleaning

1st etch side

2nd etch side

2nd etch side

Figure 4.10: (a) The residuals of the polymer layer on the second etch side (bottom)
after the Bosch process. The polymer layer is seen as thick blurred layer in the lower
part of the image. (b) Second etch side after cleaning with oxygen plasma according to
the process flow in Table 4.4. 2 microns scale bar is shown on the picture.

done. There are several possibilities to remove polymer residuals after the Bosch
process. One of the standard approaches to remove polymer residuals from the
surface is oxygen plasma stripping [14]. We developed a recipe for removal of the
polymer layer from the second etch side using the same etcher as for the etching
of the pores. The usage of the same equipment for several process steps decreases
the amount of sample handling and transportation which is always preferable.
The process flow for oxygen plasma cleaning in Adixen etching machine is listed
in Table 4.4. The result of 5 minutes oxygen plasma cleaning according to the

Parameter Value
O2 gas flow 200 sccm
CCP power 0
ICP power 2000 W

Substrate temperature -10 C
Time 5 min

Table 4.4: The process flow for oxygen plasma cleaning in Adixen etching machine.

flow listed in Table 4.4 is shown in Figure 4.10(b). From the SEM image shown
in Figure 4.10 it is seen that polymer layer is removed from the second etch side
sufficiently to open the second side etch mask for further etching. Thus after the



Advanced two-sided etching for 3D nanofabrication 71

polymer layer is removed from the second etch side the sample is ready to be
etched second time. We etch the second set of pores with the same recipe (see
Table 4.5 with low ICP power) as the first set of pores. To evaluate the resulting
structure we mill a cross section in the XY plane after two etching steps and
view the inside of fabricated photonic crystal. The non-destructive inspection of
3D photonic crystals is presented in Chaper 5 of this thesis. The cross section
view is shown in Figure 4.11. Two set of pores are clearly seen to be etched in
perpendicular directions along X and Z axis. Due to the difficulty to precisely
mill cross section parallel to XY plane there is a small tilt in the opened plane
thus the pores running along X direction are viewed under an angle. The inset in
the Figure 4.11 shows the zoom into two crossing pores. From the zoomed image
it is clearly seen that the pores are well aligned with the pores in Z direction
centered between pores in X direction. Notably the zoom image reveals that
no significant scalloping has occurred during the etching and the walls of the
pores are smooth. From the cross section in Figure 4.11 we conclude that we

500 nm

2 microns

X

Y

Figure 4.11: Cross section milled in XY plane through the 3D inverse woodpile pho-
tonic crystal after two consecutive etching steps. The inset shows zoom image taken at
the higher resolution into the pores where the alignment of pores in X and Z direction
is clearly seen as well as the smooth sidewalls of the pores.

have successfully etched 3D inverse woodpile photonic crystal structures with
two step DRIE process using Adixen etcher. 2D photonic crystal samples and
Sample E that are studied by microscopic optical reflectivity in Chapter 6 and
listed in the appendix B were fabricated using the process flow described in this
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section.

4.5.3 Process flow transfer to SPTS Pegasus etcher

Due to the technical reasons the process flow for 3D photonic crystal fabrication
had to be transferred to the more advanced etcher SPTS Pegasus (shortly SPTS).
Due to the differences in the etching machines some changes in the process flow
were made. In particular the CCP power was tuned down to be ramp from 50 to
60 W as was described earlier in the section 4.4 and ICP power was set to 1500 W
during both etching and deposition steps. The resulting process flow is listed in
Table 4.2. The oxygen plasma cleaning recipe for the polymer residuals removal

Parameter Value
SF6 gas flow 62 sccm
C4H8 gas flow 200 sccm

Etching step duration 3 seconds
Deposition step duration 2 seconds
CCP power etching step ramp 50 to 60 W

CCP power deposition step 0 W
ICP power etching step 1500 W

ICP power deposition step 1500 W

Table 4.5: The process flow for the 3D photonic crystal fabrication with SPTS etcher.

on the second etch side was as well transferred to the SPTS etcher using the
standard oxygen plasma chamber cleaning recipe as the basis. The process for
cleaning of the second etch side before processing is listed in Table 4.6. Photonic

Parameter Value
O2 gas flow 200 sccm
CCP power 0
ICP power 1500 W

Substrate temperature 20 C
Time 5 min

Table 4.6: The process flow for oxygen plasma cleaning in SPTS etcher.

crystal samples A, B, C, D studied in Chapters 5 and 6 were fabricated using
DRIE process on SPTS etcher.

4.6 Summary

In this Chapter we described the process flow for fabrication of ultra high aspect
ratio 2D nanopores in Si with the aspect ratio up to 42. For fabrication of 3D
photonic crystals we considered two process flows with high and low ICP powers
powers and chose the one providing the deepest pores yet not destroying the etch
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mask by physical sputtering. We addressed the issue of residual polymer layer
deposition on the second etch face of the mask for 3D photonic crystal fabrication.
We provide the oxygen plasma cleaning recipe for polymer layer removal. We
successfully fabricate inverse woodpile 3D photonic crystal structures and provide
the cross section view on the etched pores. From the cross section we observe
that the structure geometry matches the design and show the little amount of
roughness on the sidewalls of the pores.
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CHAPTER 5

Looking inside 3D photonic nanostructures with

X-ray tomography

To critically assess the performance of three-dimensional (3D) pho-
tonic nanostructures, it is vital to view their internal structure. To this
end, we have performed synchrotron X-ray tomography on diamond-
like photonic band gap crystals made from silicon. In this chapter we
describe the scientific background and experimental details of zoom X-
ray nanotomography for 3D imaging of photonic nanostructures. As
the result of data analysis we obtain the real space 3D density distri-
bution of a number of complete photonic crystals with as low as 10
nanometer resolution. We also observe a number of hitherto buried
deviations from the initial structure design that help to shed new light
on optical performance.

5.1 Introduction

Three-dimensional (3D) photonic nanostructures are drawing a fast-growing at-
tention for their advanced functionalities such as cloaking [1], metamaterials [2,
3], and photonic band gaps [4–6]. The optical properties of photonic nanostruc-
tures are in essence determined by their complex internal structure that typi-
cally consist of 3D arrays (periodic, aperiodic, random) of spheres, rods, pores,
split-ring resonators, and other structural units [2–5]. Inevitably, a fabricated
structure differs from the initial design, both systematically in case of structural
deformations [7, 8], and statistically in case of size polydispersity and random
positional disorder [9, 10]. Consequently, the observed performance differs from
the designed one. It is therefore critical to assess the structure of a 3D material
and verify how well it matches the design.

In case of one-dimensional or two-dimensional nanostructures, the dimension-
ality is sufficiently low to assess the detailed structure with 2D planar imaging
techniques such as scanning electron microscopy (SEM) [11], or atomic force,
or scanning tunneling microscopy[12]. In case of 3D materials, one supplements
SEM with micromachining or ion beam milling [13] to slice away part of the
nanostructure in order to view inside. Unfortunately, however, this approach is
destructive and irreversible, moreover milling damage may modify the viewed
structure compared to the true structure. Alternatively, transmission electron
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microscopy (TEM) is used for 3D imaging with high resolution, however, since
the required sample thickness is typically less than one micron [14], it is not
suited for 3D photonic nanostructures.

For in situ and non-destructive structural characterization of 3D nanostruc-
tured materials, X-ray techniques are ideal in view of the high penetration of
X-rays, and the short wavelength. Small-angle X-ray scattering (SAXS) is widely
used to study 3D nanoparticle arrays [15]. Due to the statistical averaging, how-
ever, it is difficult to obtain information about local nano-sized features from
SAXS [16, 17]. A powerful technique to study 3D structures with nanometer
resolution is X-ray tomography that yields the real space 3D distribution of the
material density [18, 19]. In traditional tomography, the contrast is provided by
the sample absorption that is simply related to the brightness of the transmitted
image or radiograph [20]. Nevertheless, silicon and similar materials that are
prevalent in nanophotonics and in CMOS industry are so weakly absorbing that
other tomographic methods are required. For such weakly absorbing samples the
real space structural information can be obtained from the optical phase change
of an X-ray beam that propagates through the sample. Since the phase change
of the beam depends on the real part of the refractive index, this method is even
suitable for weakly absorbing samples.

5.2 Zoom nanotomography

5.2.1 General scheme

In order to improve spatial resolution from the micron scale in previously existing
tomography techniques [21] to the nanometer scale, a hard x-ray projection mi-
croscopy or zoom tomography is employed [22–24]. The schematic of a projection
microscopy is shown in Figure 5.1. The main difference from the conventional
tomography scheme is that a sample is set at a small distance zs downstream of
the focus and therefore magnified Fresnel diffraction patterns are recorded at the
distance zd from the sample. The experimental parameters are given in section
5.3.2. Changing the out of focus distance zs allows to vary the magnification
of the diffraction patterns, but at the same time will modify the pattern, as in
Fresnel regime the diffraction pattern depends on the propagation distance, as is
seen from our calculations in Appendix A. While focusing, the sample is illumi-
nated with a spherical wave which relates to a plane wave illumination with an
equivalent propagation distance D and a magnification M equal to [25]

D =
zszd
zs + zd

, M =
zs + zd
zs

, (5.1)

For each sample position zs the projection radiographs are recorded for a
number of angles in the order of 103 within 1800. Before a three-dimensional
reconstruction can be applied, the collected radiographs must undergo three pre-
processing steps to obtain projections of the sample.
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Figure 5.1: A scheme of the zoomed-in tomography setup using focused beam [24].
The x-ray beam is focused using Kirkpatrick-Baez (KB) optics [26] into a 20× 30 nm2

size focus. The sample is placed at multiple distances zs from the focus point and zd
from the detector.

A first step is a correction related to the deviations with respect to a spherical
wave of the sample illumination. The correction is implemented in a following
way: two-dimensional phase grids are used as a calibration samples. The grids
are imaged at the same position as the sample. Since real positions of maxima
and minima of the grid image are known, the angular displacements of measured
extrema to the calculated ones are determined. This information is used to
undistort the radiographs [24].

The second preprocessing step is related to imperfections of Kirkpatrick-Baez
(KB) optics. Due to the surface roughness of the KB mirrors, the incoming wave
has non-flat phase profile. In order to correct for this fact, extra images besides
an object image Iobject are taken. One image is taken without an object and
is called flat image Iflat and another image is taken without the beam and is
called dark image Idark. The dark image must be subtracted from all measured
intensities including the flat one and then the intensity measured in presence of
the object are normalized to the flat intensity:

Iexp =
Iobject − Idark

Iflat − Idark
, (5.2)

Another way to get rid of distortions introduced by KB optics is to randomly
slightly change the sample position at every measured distance. In this way the
position of the artifacts introduced by KB optics is also changed and therefore
averages out in later reconstruction steps.

The third preprocessing step is to bring the raw images to the same magni-
fication and origin using Equations 5.1. After all preprocessing corrections are
done, the in-line holograms of the sample are obtained as in the parallel beam
case. There the phase retrieval algorithm is applied [21], see section 5.2.2.
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5.2.2 Phase retrieval

A special phase retrieval algorithm is required to distinguish the phase and at-
tenuation modulations introduced by the object. Let us consider an object with
a transmission function

T (x, y) = exp[−B(x, y)]e[jφ(x,y)] (5.3)

that is illuminated with an incident monochromatic X-ray beam uinc(x, y) prop-
agating along the Z axis, where

B(x, y) =
2π

λ

∫
β(x, y, z)dz, (5.4)

φ(x, y, ) =
2π

λ

∫
[1− δ(x, y, z)]dz = φair −

2π

λ

∫
δ(x, y, z)dz, (5.5)

and where δ is the real part and β is the imaginary part of the refractive index
n described in Equation A.3. The field directly behind the object is equal to

u0(x, y) = T (x, y) · uinc(x, y). (5.6)

To obtain the field at a distance z behind the sample we use the same approach
as in section A.7.2. In this approach the field at a distance z from the object is
a convolution of the field at z = 0 and the Fresnel transfer function. The con-
volution in real space corresponds to a multiplication in Fourier space, therefore
from now on we will consider field and intensity in the Fourier domain (fX , fY )

uz(fX , fY ) = H(fX , fY ) · u0(f2
X + f2

Y ), (5.7)

with Fresnel transfer function H from equation A.45. The intensity of the field
is equal to I(x, y) = |u(x, y)|2, or, at the distance z in the Fourier domain
Ǐz(fX , fY ) = (uz ? u

∗
z). From now on symbols with a tilde indicate a Fourier

transform. Here we limit the equation to a one-dimensional case as in References
[27, 28].

Ǐz(f) = (uz ? u
∗
z)f = (5.8)

= e(−jπτf)T (τ) ? e(jπτf)T ∗(τ) = (5.9)

=

∫ ∞
−∞

e(−jπηf)T (η)e(jπ(τ−η)f)T ∗(τ − η)dη = (5.10)

= e−jπλzf
2

∫ ∞
−∞

ej2πηfT (η)T ∗(η − λzf)dη (5.11)

In the derivation we change variable to λzf = τ and use the definition of a
convolution:

(g(t) ? f(f)) ≡
∫ ∞
−∞

g(τ)f(t− τ)dτ, (5.12)

To equation 5.8 we now apply the slowly varying phase (SVP) approximation [28].
Supposing

|φ(η)− φ(η − λzf)| << 1, (5.13)
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we obtain under the integral in equation 5.11

T (η)T ∗(η − λzf) ≈ 1 + j[φ(η)− φ(η − λzf)]. (5.14)

Neglecting the absorption (B << φ) and substituting 5.14 into equation 5.11 we
simplify 5.11 to

Ǐz(f) = e−jπλzf
2

∫ ∞
−∞

ej2πηf (1 + j[φ(η)− φ(η − λzf)])dη =(5.15)

=

∫ ∞
−∞

e−jπλzf
2

ej2πηfdη +

∫ ∞
−∞

e−jπλzf
2

ej2πηf j[φ(η)− φ(η − λzf)]dη =(5.16)

= δ(f) +

∫ ∞
−∞

je−jπλzf
2

ej2πηfφ(η)dη −
∫ ∞
−∞

je−jπλzf
2

ej2πηfφ(η − λzf)dη =(5.17)

= δ(f) + je−jπλzf
2

φ̌(f)− jejπλzf
2

φ̌(f) =(5.18)

= δ(f) + 2sin(πλzf2)φ̌(f),(5.19)

where φ̌ is the Fourier transform of φ(η). Equation 5.19 shows a linear relation-
ship in reciprocal space between the observed intensity Ǐz(f) and the pursued
phase φ̌(η), also found in Reference [29].

Taking into account the finite source size (therefore finite coherence γc), as well
as the detector’s point spread function R causes the real intensity measured in
the experiment to differ from the theoretical one by multiplication in reciprocal
space (convolution in real space) of above mentioned characteristics:

Ǐexpz (f) = Ǐtheoryz (f) · Ř(f) · γc(λzf). (5.20)

Since the result of equation 5.19 is obtained using the SVP approximation, the
formula used to retrieve the phase information from the measured intensity is
obtained by performing a least square minimization of the difference between the
measured intensity and the approximated one. Let the cost function in reciprocal
space be defined as

Sc ≡
1

N

N∑
m=1

∫
df |Ǐexpzm (f)− Ǐapproxzm |2. (5.21)

The summation here is applied over multiple propagation distances zm where
images are taken. Taking into account the result of derivation (5.19)

Ǐapproxzm (f) = δ(f) + 2sin(πλzmf
2)φ̌(f) (5.22)

we find the minimum of equation 5.21 to occur when

∂Sc

∂φ̌
=
∂[(Ǐexpzm )2 − 2Ǐexpzm Ǐapproxzm + (Ǐapproxzm )2]

∂φ̌
= 0,

φ̌ =

∑
m Ǐ

exp
zm sin (πλzf2)∑

m 2 sin2 (πλzf2)

(5.23)
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Now admitting the presence of weak absorption (B(x) << 1), described by the
imaginary part of the sample’s refractive index, we obtain an expression with an
extra cosine term for the absorption [27]:

Ǐz(f) ≈ δ(f) + 2 sin (πλzf2)φ̌(f)− 2 cos (πλzf2) · B̌(f) (5.24)

Applying the least square minimization approach in the same way as it is done
above, the retrieval formulas for φ̌ and B̌ are:

B̌(f) =
1

2∆

(
A ·
∑
m

Ǐexpzm sin (πλzmf
2)−K ·

∑
m

Ǐexpzm cos (πλzmf
2)
)
, (5.25)

and

φ̌(f) =
1

2∆

(
C ·
∑
m

Ǐexpzm sin (πλzmf
2)−A ·

∑
m

Ǐexpzm cos (πλzmf
2)
)
, (5.26)

with the following coefficients:

A =
∑
m

sin (πλzmf
2) cos (πλzmf

2)

K =
∑
m

sin (πλzmf
2)

2

C =
∑
m

cos (πλzmf
2)

2

∆ = KC −A2.

(5.27)

Using equations (5.26) and (5.27) we obtain the object transmission function
from the intensity distribution measured at several distances behind the sample.
In practice there are few approaches to simplify the equations above that depend
on prior knowledge about the sample.

Phase retrieval approach 1: phase-only object

Approach 1 is used in case the sample is purely a phase object. In this case the
absorption term B̌ in equation (5.24) is neglected, therefore the relation between
intensity and phase becomes

Ǐz(f) ≈ δ(f) + 2 sin (πλzf2)φ̌(f) (5.28)

Following the same procedure as shown in equations 5.20-5.23, the phase is found
by using only one equation 5.23. This simplified approach has a difficulty when
the denominator vanishes at zero frequencies (f = 0). In order to overcome this
problem the regularization of equation 5.21 is needed. The simplest regularization
is the Tikhonov regularization [30] when the energy of the solution is added to
the cost function 5.21 with a coefficient α to be determined:

Sc ≡
1

N

N∑
m=1

∫
df |Ǐexpzm (f)− Ǐapproxzm |2 + α

∫
df |φ̌(f)|2. (5.29)
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In this case the equation for the phase will be

φ̌ =

∑
m Ǐ

exp
zm sin (πλzf2)∑

m 2(sin2 (πλzf2) + α)
(5.30)

When a prior estimate of the phase of the object φ̌prior is known, the regulariza-
tion term is written as

Sc ≡
1

N

N∑
m=1

∫
df |Ǐexpzm (f)− Ǐapproxzm |2 + α

∫
df |φ̌(f)− φ̌prior|2. (5.31)

In this case the equation for the phase is

φ̌ =

∑
m Ǐ

exp
zm sin (πλzf2) + αφ̌prior∑
m 2(sin2 (πλzf2) + α)

(5.32)

The estimation of the φ̌prior can be extracted from the prior knowledge about
the sample.

Phase retrieval approach 1.a: homogeneously absorbing object

In case the absorption can not be neglected but the sample is homogeneous such
that the ratio between real and imaginary parts of refractive index is constant
over the sample

δ

β
= const., (5.33)

one can use prior knowledge about the refractive index of the material to link the
phase φ and attenuation B(x, y) in equation 5.24. Phase and absorption terms
can be written using β and δ as shown in equations 5.4 and 5.5:

B(x, y) =
2π

λ

∫
β(x, y, z)dz,

φ(x, y) = −2π

λ

∫
δ(x, y, z)dz.

(5.34)

Now we consider φ and B to be dependent and therefore we can express B in
terms of φ as

B(x, y) = −φ(
β

δ
) (5.35)

With this assumption the equation for the intensity (5.24) becomes

Ǐz(f) ≈ δ(f) + 2[sin (πλzf2) + cos (πλzf2) · β
δ

]φ̌(f) (5.36)

This equation does not tend to zero in the low frequency limit, therefore there
is no need for regularization. Nevertheless it is still necessary to measure the
intensity for a number of distances zm since the combined term sin (πλzf2) +
cos (πλzf2) can vanishes at certain frequencies f . In case of our 3D photonic
crystal samples we neglect the spatial β

δ change inside the pores in order to use
this approach.
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Phase retrieval approach 2: non-homogeneous absorbing sample

Another approach to phase retrieval is based on additional absorption measure-
ments of the sample Iabsz=0. In this case an extra image of the sample is taken at a
very close distance to the detector so that the influence of the phase contrast is
minimal. After that the ratio between the intensity at every distance zm to the

absorption image in real space is calculated
Izm (x)

Iabsz=0
. This approach can not be

used in case of zoom tomography since at the very close distance to the detector
the magnification is equal to 1 and the resolution is equal to the resolution of the
detector, therefore the gain of resolution due to magnification is lost.

Phase retrieval approach 3: general dispersive and absorptive object

In this general approach the phase φ and attenuation B are considered to be
totally independent and the full set of equations (5.25) -(5.27) is used for phase
retrieval. This is the most complicated approach which is rarely used.

The group of above mentioned approaches are called contrast transfer func-
tion (CTF) methods. The contrast transfer function is a term sin (πλzf2) that
appears in each of the approaches.

Paganin approach to phase retrieval using the transport of intensity equation

In addition to the CTF group of methods there are methods based on the trans-
port of intensity equation (TIE) [31, 32]:

∂I(r, z)

∂z
= − λ

2π
∇(I(r, z)∇φ(r, z)), (5.37)

where I(r, z) is the irradiance at the point (x, y, z) defined as

Iz(r) ≡ |uz(r)|2. (5.38)

The wave amplitude can be expressed in terms of the irradiance I and the phase
φ as follows:

uz(r) = Iz(r)
1/2e[iφz(r). (5.39)

To derive equation (5.37) let us consider light propagating in the z direction
and time-dependent wave amplitude is written as uz(r)e

(−i2πωt), where r is a
two-dimensional vector in the transverse direction. The amplitude then satisfies
approximately the parabolic equation [32]

(
i
∂

∂z
+
∇2

2k
+ k
)
uz(r) = 0, (5.40)

where ∇2 = [(∂2/∂x2) + (∂2/∂y2)] and k = 2π/λ. This is shown in Reference
[32] by direct substitution of Fresnel diffraction result (see equation A.19) in the
appendix A.
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Let equation (5.40) be multiplied on the left side by u∗z and the complex con-
jugate of equation (5.40) be multiplied on the left side by uz. The two resulting
equations are subtracted, one gets

2π

λ

∂

∂z
I = −∇ · I∇φ, (5.41)

which is known as the transport-of-intensity equation. We first consider the case
when the sample is illuminated with a collimated X-ray beam and therefore unit
magnification. At the end of the derivation the modifications will be made for the
non-collimated case. We also assume that the object under study is homogeneous.
For normally incident plane-wave radiation of uniform intensity over the sample
area, the intensity of the radiation right behind the sample (z = 0) is assumed
to be approximated by Bouguer-Lambert-Beer’s Law of absorption:

I(r, z = 0) = Iine(−µT (r)), (5.42)

where T (r) is the projected thickness of the homogeneous object onto a plane
where the image is taken, µ is the linear attenuation coefficient, and Iin is the
uniform intensity of the incident radiation. If the object is sufficiently thin, the
phase φ(r, z = 0) of the illuminating beam right behind the sample is proportional
to the projected thickness:

φ(r, z = 0) = −2π

λ
δT (r), (5.43)

We substitute equations (5.42) and (5.43) in the transport of intensity equation
(5.41) to we obtain:

2π

λ

∂

∂z
I(r, z = 0) = ∇ · (Iine(−µT (r)∇2π

λ
δT (r)), (5.44)

where using the equality

δ∇ · e(−µT (r))∇T (r) = − δ
µ
∇2e(−µT (r)) (5.45)

equation (5.44) is written as

∂

∂z
I(r, z = 0) =

δ

µ
Iin∇2e(−µT (r)). (5.46)

Let us estimate the left side of equation (5.46) using the intensity measurements
in two sufficiently closely spaced planes separated by a distance R2:

∂

∂z
I(r, z = 0) ≈ I(r, z = R2)− I(r, z = 0)

R2
=
I(r, z = R2)− e(−µT (r))Iin

R2
.

(5.47)
Substituting equation 5.47 into equation 5.46 and re-arranging, gives(

− R2δ

µ
∇2 + 1

)
e(−µT (r)) =

I(r, z = R2)

Iin
. (5.48)
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To proceed we represent both images at the distance z = 0 and at the distance
z = R2 as Fourier integrals:{

Iine(−µT (r)) = Iin

2π

s
F{e(−µT (r))}e(ikr)dk

I(r, z = R2) = 1
2π

s
F{I(r, z = R2)}e(ikr)dk

(5.49)

Substituting into equation (5.48) gives

F{e(−µT (r))} = µ
F{I(r, z = R2)}/Iin

R2δ|k|2 + µ
(5.50)

Taking the inverse Fourier transform of equation (5.50) and solving for T (r), we
arrive at:

T (r) = − 1

µ
loge

(
F−1

[
µ
F{I(r, z = R2)}/Iin

R2δ|k|2 + µ

])
. (5.51)

To conclude the derivation we need to remove the assumption of a collimated
beam. To do so we take into account the magnification factor M given earlier in
equation (5.1):

T (r) = − 1

µ
loge

(
F−1

[
µ
F{M2I(Mr, z = R2)}/Iin

R2δ|k|2/M + µ

])
. (5.52)

Equation (5.52) shows how to solve the transport-of-intensity equation (5.37) for
the projected thickness T (r) of the sample. The phase of the radiation at the
exit surface of the sample can be found by substituting the derived equation into
equation (5.43).

The approach above is more exact in case of strong absorption, although in
the limit of high frequencies the solution is not converging. This method can
be used in order to find a good estimation of φprior for iterative phase retrieval
approaches.

5.3 Experimental

5.3.1 Samples

As a first example of a 3D nanophotonic structure viewed by zoom tomography,
we focus on 3D silicon photonic band gap crystals [33]. The density distribution
ρe(X,Y, Z) of the inverse woodpile structure is designed as two perpendicular
two-dimensional (2D) arrays of pores, as discussed in Chapter 1.

Three 3D photonic crystal samples were chosen for tomography experiments.
For the ease of reading samples are named A, B and C here. The corresponding
names of the samples in the lab are given in Table B in Appendix B. Samples A
and B are 3D photonic crystal samples that were fabricated with the two-step
etch mask process. The detailed description of the fabrication process is given in
Reference [36]. Typical SEM image of the crystal fabricated with two-step etch
mask approach is shown in Figure 5.2. The fabrication of the 3D photonic crystal
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with two-step mask approach starts with the complete Si wafer where deep pores
are etched through the chromium mask filling the entire wafer. The wafer is then
cleaved to open a perpendicular face for the second set of pores. The mask for
the second array of pores is defined using focused ion beam lithography (FIB)
and thus limited to be 10× 10 µm2 by the FIB field of view. Thus the extent of
the 3D structure where both sets of pores are overlapping is at most 10×10 µm2

and there is a large 2D array of pores surrounding the 3D structure as seen in
the Figure 5.2. Sample A was additionally kept in a quantum dot suspension for
spontaneous emission measurements [35].

Z

Y
X

Figure 5.2: Typical SEM image of the external surface of a sample fabricated in the
same way as samples A and B. Two sets of pores are running in Z and X directions.
The 3D crystal’s estimated extent is delimited by the red dashed lines. The 3D crystal
in surrounded by a large array of 2D pores running in Z direction due to the properties
of a fabrication process. The scale bar is shown.

Sample A was studied in three different experiments. First, the sample was
measured with 20 nm resolution. In a second measurement a small random
displacement of the sample position was applied during the rotation. This is
a step performed to average out beam artifacts with a fixed position on the
detector as is described in section 5.2.1. The third measurement on this sample
was performed with 10 nm resolution to compare to the experiment with 20 nm
resolution.

Sample B was measured once with a resolution of 20 nm.

Sample C is an inverse woodpile 3D photonic crystal sample that was fabricated
on a silicon bar using the novel single step etch mask approach described in
chapter 2. A typical SEM image of the sample fabricated with a single step etch
mask is shown in Figure 2.1 in chapter 2. The 3D structure is located on the
edge of the silicon bar and surrounded by bulk silicon and air. The sample was
measured with 10 nm resolution.
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5.3.2 Experimental setup of beamline

X-ray tomography experiments were performed in collaboration with the team
guided by P. Cloetens at the European Synchrotron Radiation Facility (ESRF),
beamline ID16A [37]. The beamline has the possibility to focus x-ray beam using
Kirkpatrick-Baez optics down to 20 by 30 nm2 size and operate in a photon energy
range between 17 and 33.6 keV. During all our experiments the photon energy
of the beam was 17 keV that corresponds to the wavelength λ = 0.07 nm. Every
sample was measured at 4 different sample to detector distances zd, see Figure
5.1 and section 5.2.2. At each sample position between 1500 and 1800 images
were recorded while rotating the sample from 0 to 180 degrees. For every image
the exposure time was set to 0.3 seconds. The rotation axis was chosen to be
approximately 12 micron deep inside the silicon.

The experimental data are collected as sets of transmission radiograms for
every rotation angle θ and every distance zd. A typical transmission radiogram
from our sample is shown in Figure 5.3. There are three regions distinguished
on the radiogram, firstly, at the top of the image there are black and white lines
which are the result of Fresnel diffraction on the edge of the sample. Secondly,
in the region indicated with the yellow rectangle the 3D structure is located.
Thirdly, below the silicon to air interface the sample consist of a periodic array
of pores in silicon that are oriented along the propagation of the x-ray beam,
therefore in transmission such a structure results in the periodic pattern. The
period of the pattern is 480 nm which corresponds to the period of 2D photonic
array. The images taken at different sample to detector distances have different
magnification and due to imperfections of mechanical translation are not always
well aligned. Therefore the first step in data analysis is to bring all the images
taken at one angle θ to the same magnification and align them with respect to
each other. Typically translation shifts between images are calculated for every
100 images and then fitted with smooth curves to obtain shifts for remaining
images. The lateral shift for every 100 images can be calculated automatically
using image correlations, but in some cases such an automatic shift alignment
does not lead to a good result and the manual alignment of the images needs to
be applied. In most cases it is enough to apply manual alignment for all measured
distances at rotation angle θ = 0 and use the obtained shifts as a starting point
for automatic alignment of all remaining angles. It appears that images taken
from periodically ordered structures such as a photonic crystal are surprisingly
difficult to align since the shifts by an integer number of lattice parameters can
not be distinguished by automatic alignment algorithms. Since our samples are
very well ordered and periodic, manual shift alignment needs to be applied. Shift
of the images varies a lot from sample to sample and from distance to distance
and typical values of the shift are within 50 - 150 nm in all directions. After
all images at the different distances for every angle are aligned with respect to
each other, the phase retrieval can be launched. After the phase retrieval is
finished the data consist of a stack of phase maps for every rotation angle. In
order to obtain a 3D structure from the phase maps we need to apply a standard
tomographic 3D reconstruction based on filtered back projection.
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Figure 5.3: A typical transmission radiogram from 3D photonic crystal sample A
measured with 20 nm resolution. The sample consists of a 2D photonic crystal structure
and a 3D structure. The area of the 3D photonic crystal structure is indicated with
the yellow rectangle. The straight red line indicates the approximate position of silicon
to air interface. Black and white lines at the top of the image are the result of Fresnel
diffraction on the edge of the sample. The periodic pattern visible in the lower portion
originates from the 2D array of pores.

5.4 Results and discussions

5.4.1 Choice of the phase retrieval algorithm

For comparison of phase retrieval algorithms we used two different phase retrieval
approaches for sample A: approach 1.a for homogeneous absorbing object and
Paganin phase retrieval approach based on the transport of intensity equation.
In the approach 1.a for homogeneous absorbing object the ratio between δ/β is
used as a prior knowledge. For silicon at 17 keV the ratio δ/β = 174 was obtained
from the look up table [38]. A typical phase map out of the stack is shown in the
figure 5.4 and the gray value cross section taken along the yellow line is shown
in the figure 5.5(a). The gray value is proportional to the relative phase delay
in the transmission and exhibits a linear behavior. The linear behavior of the
phase delay is explained by the linear increase in sample thickness along the X
axis where the cross section was taken.

Sample A was also analyzed using the Paganin phase retrieval approach. The
Paganin approach was used in the recursive way - the phase maps obtained after
the first phase retrieval iteration are used as a preliminary information for the
next iteration. The gray value cross section through the phase map is shown in
Figure 5.5(b). The gray value that is proportional to the relative phase delay of
the beam transmitted through the object exhibits a linear behavior which agrees
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Y

X

Figure 5.4: A typical phase map obtained for sample A at 0 degree rotation angle
using phase retrieval approach 1.a. The gray scale represents relative phase delay of
the transmitted beam with white color corresponding to zero relative phase delay. The
3D structure is located inside the yellow rectangle. The straight yellow line indicates
where the gray value cross section was taken in Figure 5.5(a).

with the linear increase in sample thickness along the X axis. It is noticed that
there are less fluctuations in case of Paganin approach compared to approach
1.a. In order to make a quantitative comparison we obtain the maximum gray
value contrast between air and silicon for both phase retrieval approaches. The
gray value is proportional to the phase delay obtained after the x-ray the beam
is propagated through the sample. The sample is a silicon slab of homogeneous
thickness and thus the projected thickness of the sample is linear along the X
axis resulting in the linear phase delay. The fluctuations of the phase especially
at the silicon to air interface indicate the presence of artifacts and thus will result
in the distorted image after the reconstruction. It is seen from Figure 5.5 that
both phase retrial approaches give smooth linear dependence of the phase delay
but in case of Paganin phase retrieval approach there are less phase fluctuations
of the phase near the Si to air interface. Therefore we conclude that the Paganin
phase retrieval approach is more preferable for this kind of sample.

After obtaining the stacks of phase maps from the two approaches the tomo-
graphic reconstruction is applied to both of them. The output of the reconstruc-
tion process is a stack of 2D slices in plane with the beam propagation direction
and with gray values proportional to the electron density of the material. A com-
parison of reconstructed result for two slices - from the middle of 3D structure
(a) and from the area with only 2D structure (b) is shown in figure 5.6. The
dark regions show high material density and the light regions show low material
density. The 2D array of pores is indicated on the picture with the red rectan-
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Figure 5.5: Gray value cross section taken from the retrieved phase maps of the
sample A. The white color corresponds to the zero relative phase delay. Silicon to the
air interface is located approximately at the distance 450 pixels. (a) The cross section
from the phase map retrieved with approach 1.a for the homogeneous absorbing object.
(b) The gray value cross section for the phase map retrieved using Paganin approach.

gle. The straight periodic lines in 2D region are the pores etched in the silicon,
whereas the lines in air or in bulk silicon are measurement artifacts. The 3D
structure is located within the yellow rectangle. The white area within the 3D
structure gives an indication of the internal void inside the crystal. We associate
the formation of a void in the structure to the capillary drying “stiction” after
the infiltration of a quantum dot suspension for optical measurements and pos-
sible fabrication errors. Notably, the presence of the void inside the structure
is invisible for the external inspections such as SEM imaging. There is a clear
difference in the quality between images obtained with phase retrieval approach
1.a for the homogeneous absobtive object and Paganin approach based on the
transport of intensity equation. Both in 3D and 2D areas the structure appears
to be sharper in case of Paganin recursive phase retrieval. The air area contains
no sample, therefore in the case of perfect reconstruction the material density
should be constant and close to zero. Therefore we conclude that the distortions
appearing in the air area are tomographic reconstruction artifacts. It is clear
from the images that the number of artifacts is smaller in case of the Paganin
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recursive phase retrieval approach than in the case of 1.a approach. From this
comparison we conclude that for our structures the Paganin approach reveals
the better image quality and with less artifacts. In combination with the phase
behaviour we dedcided to emply only Paganin approach from here on.

1.a approach for homogeneous
absorbing sample

Paganing approach 
based on TIEa)

b)

c)

d)

Figure 5.6: (a,b) Two slices of sample A reconstructed from the experiment using
phase retrieval approach 1.a. (c,d) Two slices of sample A reconstructed with Paganin
phase retrieval approach. Slices (a) and (c) are located in the middle of the 3D structure
and slices (b) and (d) are located in the 2D region. Dark region is bulk silicon and light
region is air. The 3D structure is indicated with yellow rectangle, the 2D array of
pores is indicated with red rectangle. The straight periodic lines in the 2D region
represent pores etched in the silicon. The lines outside 2D region in the bulk silicon
are measurement artifacts. The white area within the 3D structure is an internal void
inside the crystal due to stiction.

One of the common tomographic artifacts appears as circular rings centered
around the rotation axis of the sample. Such rings are the results of beam imper-
fections that are independent on the sample rotation and thus do not move on the
detector when the sample is rotating. There are two possible ways to overcome
this distortion. A first one is a post processing of the image and computational
correction for the rings. Another one is to adjust the experiment is such a way
that a sample performs a small random move at every measured angle. Thus
the relative position of distortions introduced by the beam shifts for each angle
and therefore after tomographic reconstruction averages away. The comparison
between the reconstructed image after the experiment with and without random
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displacement of the sample and is shown in Figure 5.7 (a) and (b). Image in the
Figure 5.7 (a) has clear ring distortion artifacts centered at the top of the image
causing the blurriness of the structure. In comparison the image in the Figure
5.7 (b) is clear from the circular distortions and thus the structure of interest has
better contrast.

a) b)

Figure 5.7: Comparison between the reconstructed image (a) without use of random
displacement of the sample between scans and (b) with random displacement of the
sample. It is clearly seen that circular distortions of the image vanish when the sample
is randomly displaced.

5.4.2 Choice of the resolution

To compare the tomography results at different resolutions samples were studied
in experiments with 20 and 10 nm resolution. Sample A reported above in a study
with 20 nm resolution was also studied with the experiment with the ultimate
10 nm resolution. Based on the results of previous subsection 5.4.1, the Paganin
recursive algorithm was chosen for the phase retrieval.

Figure 5.8 shows the comparison between the reconstructed slices of sample A
with 10 and 20 nm resolutions. The lateral shift of the images is caused by the
shift in the sample position in the chamber in between the two experiments. From
Figure 5.8 it is seen that the image obtained with 10 nm resolution is sharper than
the image obtained with 20 nm resolution. To characterize the contrast on both
images we take a gray value cross-section through the reconstructed slices. To
compare the data taken in different experiments and to estimate the resolution,
we propose a model consisting of a binary density function for silicon ρSi and
vacuum ρvac, convoluted with a Gaussian resolution function [39]. This model
serve two purposes, one is to obtain Gaussian width σ as an effective resolution
of the image and second is to obtain the value of pore diameter and thickness
of Si walls from the fit. Here we consider the Gaussian width σ since we are
interested in the choice of resolution and in the section 5.4.3 we will discuss the
pore diameter and Si walls thicknesses obtained from the model. The density
function assumes two values, namely ρSi for silicon and ρvac for vacuum:
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a) b)

Figure 5.8: Comparison between the reconstructed slices from the data (a) obtained
with 10 nm resolution and (b) with 20 nm resolution. Red lines indicate the positions
where electron density profile was taken to model the data.

ρ(x) ≡


ρvac if x < −a/2
ρSi if − a/2 < x < a/2

ρvac if x > a/2.

The density ρ(x) is convoluted with a normalized Gaussian resolution function
with center b and width σ:

ρmod(x) = ρ(x) ∗G(x) =

∫ ∞
−∞

ρ(τ)G(x− τ)dτ =

ρSi
2

(
erfc

(
b− a/2− x√

2σ

)
− erfc

(
b+ a/2− x√

2σ

))
+ ρvac,

(5.53)

with erfc(x) the complementary error function. The density model ρmod(x) is
fitted to the experimental data. The adjustable parameters of the model are
the width a and center position b of a silicon wall, the Gaussian width σ, the
silicon gray scale ρSi, and the vacuum gray scale density ρvac. Thus we can
compare extracted σ for images taken at different resolutionss. We take a cross
section through the single pore at each slice as shown in Figure 5.8 with the red
lines. The resulting cross section, convolution function and the model density are
shown in Figure 5.9 (a) for the slice measured with 10 nm resolution and (b) for
the slice measured with 20 nm resolution. The pore diameters and a Gaussian
resolution widths for slices measured with different resolutions are the following:
from the data obtained at 10 nm resolution the pore diameter is found to be
dmodel10nm = 392 nm, the Gaussian resolution width σ10nm = 18 nm. From data
obtained with 20 nm resolution the pore diameter is dmodel20nm = 380 nm with a
Gaussian resolution width σ20nm = 41 nm. The Gaussian width is nearly twice
smaller in case of data measured with 10 nm resolution than the Gaussian width
for the data measured with 20 nm resolution which agrees with the experimental
resolution setting. The amplitude of the gray value contrast between the silicon
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Figure 5.9: Electron density profile through the single pore for the data (a) measured
with 10 nm resolution and (b) with 20 nm resolution. The position where the electron
density profiles were taken are shown in Figure 5.8 with red lines. The black dashed
curve is the convolution of a square density function (blue hatched bars) and a Gaussian
resolution function.

and air is clearly larger in case of data obtained 10 nm resolution (Figure 5.9
(a)) than in case of 20 nm resolution (Figure 5.9 (b)). With 10 nm resolution
the amplitude contrast between the Si and air obtained from the fit model is
∆ρ10nm = 45 and with 20 nm resolution data the contrast is ∆ρ10nm = 34. We
associate the larger contrast of the gray value in case smaller resolution with
the smaller voxel size and thus the electron densities are averaged over a smaller
volume. This results in a sharper image in case of 10 nm resolution experiment
as is clearly seen in Figure 5.8 . On the other hand, a 10 nm resolution can
sometimes not be employed when the field of view (equal to a number of pixels
times the set resolution) is too small for a sample under study.
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After comparing multiple phase retrieval approaches and different experimental
procedures we conclude that for our structures the best way of performing x-ray
tomography is with 10 nm resolution using the random sample displacement to
remove artifacts and applying Paganin recursive phase retrieval approach to the
obtained data.

5.4.3 Results and discussion on photonic crystals

Combining all 2D slices of the electron density distribution, we obtain a full
3D real space representation of the structure. The list of samples with their
internal lab names and fabrication history is in the Appendix C. The full 3D
representation of the sample A measured with 10 nm resolution and retrieved
with Paganin phase retrieval approach is shown in Figure 5.10.

(a) (b)

Z

Y
Z

YX

Air 

Si 

Figure 5.10: (a) Volume rendering of the sample A. The air is shown transparent
for the clarity. The internal void is seen inside the structure in ZY plane. The void
is attributed to the capillary forces while sample was drying after being kept in the
quantum dots suspension. (b) Cross section in the Y Z plane through the middle of
the reconstructed volume. The internal void is clearly seen in the center of the slice. 2
microns scale bar is shown on the picture.

The internal void hidden from the outside observer is clearly seen inside the
structure of the sample after tomographic reconstruction. The void formation
is attributed (1) to the fabrication error resulting in the larger pore radius than
designed and thus thinner silicon walls between pores and (2) capillary forces ap-
pearing after the sample was dried multiple times from a quantum dot suspension
for spontaneous emission measurements. Since the 3D structure in this sample
appeared to be broken the analysis was performed on the remaining surround-
ing 2D array of poress. The pore radius obtained from the tomography data is
rA = 190± 20nm and the pore depth is dA = 6080± 20nm. Comparing the pore
radius to the design rdesign = 163 nm it is clear that the errors were made during
fabrication process resulting in wider pores than designed. The tapering of the
pores was analyzed by measuring the pore radius at the different depths: at the
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top, in the middle and at the bottom. The pore radius at the top was found to
be rtopA = 190± 20 nm, at the middle it increased to rmiddleA = 200± 20 nm and
at the bottom the radius decreased to rbottomA = 160± 20nm. The summary of
the characteristic values for each sample is given in table 5.4.3 below.

Sample B was measured with 20 nm resolution and reconstructed using the Pa-
ganin recursive phase retrieval approach. A bird’s-eye view of the reconstructed
3D structure is shown in Figure 5.11(a). This sample reveals a 3D structure
inside and is thus analyzed in more details. The reconstructed sample volume
is a cube that includes the 3D photonic crystal structure that is surrounded by
bulk silicon below, and by the 2D array of deep pores. To keep the rich set of
tomographic data tractable, we choose for analysis three 2D slices in arbitrary
planes in the reconstructed volume, as shown in Figure 5.11(b). The slices are
chosen in the ZY , ZX and XY symmetry planes of the photonic crystal struc-
ture. For simplicity, we first discuss the simple 2D array of pores that is shown in
the XY slice in Fig. 5.11(c). The array reveals the designed centered rectangular
structure. Several pores the top of the image are connected by pores running in
the X-direction that are made in a second etch-step to obtain the 3D structure.
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Figure 5.11: 3D rendered images of a 3D photonic band gap crystal sample B. X,Y, Z
axes are shown with each panel. a) Bird’s-eye view of the reconstructed sample volume.
The color scale is the normalized electron density interpolated between silicon (ρn =
1) and air (ρn = 0). For clarity, electron densities close to air are transparent. b)
Locations of the 2D slices of the electron density chosen for detailed investigation. The
reconstructed volume is shown as the outline and the view point is the same as in (a). c)
Zoom-in of a 2DXY slice located at a depth Z = 400 nm below the crystal surface. Gray
and black lines show trajectories where the gray value profiles were taken (Fig. 5.12).
(d) 2D slice in the ZX plane. Black dashed line indicated a 2◦ misalignment of the
pores. (e), (f) 2D slices of electron densities located in ZY and XY planes respectively.
A 1 micron scale bar is shown on each slice.
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Figure 5.12: (a) Density profile in the X-direction, and (b) in the Y -direction through
pores shown in Figure 5.11(c) (red circles). The black dashed curves are the convolution
of a square density function (blue hatched bars) and a Gaussian resolution function.

We now discuss one-dimensional cross-sections through the 2D pore array along
lines shown in Fig. 5.11(c) for a detailed comparison between the tomographic
data and the structural design. Fig. 5.12(a) shows a cross-section in the X-
direction, starting from a pore via a Si wall to a second pore and a second
Si-wall into a third pore. The distance between the centers of the Si walls is
∆X = 520 ± 20 nm. Fig. 5.12(b) shows a cross-section in the Y -direction, also
from a pore via a Si-wall, a second pore and a second Si-wall to a third pore. The
distance between the centers of the Si walls is ∆Y = 750± 20 nm. Importantly,
the ratio ∆X

∆Y = 1.44 ± 0.06 agrees with the designed
√

2 ratio required for a
cubic structure. Analyzing the neares neighbor distance in the X-direction over
14 unit cells (see Figure 5.13) yields a statistical mean ∆Xm = 481±20 nm with
a standard deviation σm = 30 nm, which agrees excellently with the designed
lattice parameter c = 488 nm. The obtained mean value is shown in the Figure
5.13 with black dashed line, standard deviation is shown with the gray bar and the
design lattice parameter is shown with red solid line. In the Y -direction, we find
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Figure 5.13: Nearest neighbor distance between pores in a 3D photonic crystal sample
B measured from tomography data over 15 unit cells. The distance between pore in
the 1st unit cell and it the 2nd unit cell is shown number 1.5. Mean value ∆Xm =
481 ± 20 nm is shown with black dashed line and standard deviation σm = 30 nm
is shown with the gray bar. The mean value agrees well with the designed lattice
parameter c = 488 nm shown with red solid line.

∆Ym = 700 nm with σm = 27 nm standard deviation, in very good agreement
with the designed lattice parameter a = 686 nm. The results confirm that the
structure is periodic over many unit cells, with average lattice parameters that
match the designed ones very well.

The data in Fig. 5.12(a) are modeled as described in a section 5.4.2 above with
a binary model consisting of two Si walls and air in between them. From the
fit model a width of one wall was found to be w1 = 140 nm with a Gaussian
resolution width σ1 = 32 nm, and the second wall has w2 = 176 nm width with
σ2 = 37 nm. Given the voxel size of 20 nm, the widths of the Si walls agree within
the resolution with the designed width w = 156 nm, thus the structural design
was faithfully realized. The corresponding pore diameter of 340 nm obtained
from the cross section agrees well with the designed diameter of 328 nm. The
model for Y -cross-sections shown in Fig. 5.12(b) consist of two Si walls with
w1 = 441 nm, with a Gaussian resolution width σ1 = 41 nm and w2 = 484 nm
with σ2 = 52 nm. The widths of the Si walls are somewhat wider than the
designed width of 358 nm, possibly due to a slight deformation of the pore. The
Gaussian resolution of 30 nm in the X-direction (45 nm in the Y -direction) agrees
well with the focus size of 20 nm (30 nm in the Y -direction); it is reasonable that
the modeled resolution is somewhat larger in view of the fact that it is the result
of a tomographic reconstruction where several data analysis steps described above
were taken.
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Figure 5.11(d) shows a ZX slice that contains both arrays of pores and allows
us to determine the maximum depths of both sets of pores. The Z-pores have
a depth of 6280 ± 20 nm and a diameter of 366 ± 20 nm at the middle of the
depth, and a correspondingly high aspect ratio of 17.20± 0.04, as expected from
the deep reactive-ion etching settings [40]. Previously, the aspect ratio of pores
deeply etched in silicon could only be assessed ex-situ and destructively, by SEM
inspection of ion-milled slices or of a cleaved structure [36, 40]. The Z-pore
diameter at the surface is found to be 322±20 nm and is reduced to 300±20 nm
at the bottom due to the tapering. The X-pores have an even greater depth of
8000±20 nm, corresponding to a high aspect ratio of 24.3±0.04. This is the first
unequivocal observation that a second set of deep-etched pores runs even deeper
than a first set. This effect can be explained as follows: one limiting factor in
the deep etching of pores is the diffusion of reaction products that cannot easily
diffuse out of a deep and narrow pore. This limitation affects the first set of
pores, but not the second set of pores: While the second set of pores is being
etched, the reaction products diffuse outwards through the first set of pores. The
X-pores pore diameter thus also differs from Z-pores diameter and is found to
be 272± 20 nm at the top surface, 328± 20 nm in the middle of the pore depth
and 200± 20 nm at the bottom.

A salient feature in Figure 5.11(d) is that the pores running in the X-direction
are not exactly perpendicular to the pores in the Z-direction. It appears that
the angle between the pore arrays systematically deviates from the 90o design
by 2◦; from results on several crystals we find at most 6◦. This means that the
crystal structure is slightly monoclinic. Nevertheless, plane-wave band structure
calculations reveal that the 3D photonic band gap is robust to a 6◦ shear of the
cubic crystal structure [8]: the gap hardly changes from 24% relative bandwidth
to more than 21%, plenty for strong spontaneous emission control and other
metamaterial applications.

Figure 5.11(e) shows an ZX slice that crosses the first set of pores along their
greatest depth. All pores in the slice have a similar etched depth of 6000 ±
20 nm confirming that the deep reactive etching process gives a homogeneous
pore formation in bulk Si, including a substantial etch depth. Figure 5.11(f)
shows an XY slice that contains the second array of pores. It is seen that
the depth of the pores varies between 5000 ± 20 and 8500 ± 20 nm at different
Y . We attribute this pore depth variation to changes in etching process due to
penetration of the etchant and the etching products through the array of pores
that was first etched. As a consequence, optical transport measurements will
reveal smooth spectra, without Fabry-Perot fringes. The main characteristics of
the sample measured from tomography data are listed in Table 5.4.3 at the end
of the section.

The next 3D photonic crystal sample under investigation is sample C that was
fabricated using a novel single step etch mask approach described in details in
chapter 2. This approach improves the alignment of the etch mask during fab-
rication process and allows to achieve less structural deviations from the design.
Figure 5.14(a) shows a volume rendering of the3D photonic crystal sample. Elec-
tron densities close the air are shown transparent for clarity. Two sets of pores
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Figure 5.14: (a) Volume rendering of the 3D photonic crystal sample C. Two sets of
pores are running in X and Z direction. Black lines are the guides for the eye indicating
the positions of the pores in the crystal. (b) Cross section in XZ plane through the
reconstructed volume. Two sets of pores in X and Z direction are seen to be crossing
each other under 89 degree angle.

are running in X and Z direction. Figure 5.14(b) shows the cross section in XZ
plane. The pore diameter for the pores running in Z direction which is the first
etch side is found to be 370 ± 10 nm at the top, 410 ± 10 nm at the middle
depth and 350± 10 nm at the bottom. Pores exhibit common trend to get wider
in the middle and reduce in diameter at the bottom known, as tapering effect.
The depth of the pores in Z direction is 3770 ± 10 nm. Pores in X direction,
the second etch direction differ from the first direction and have 300 ± 10 nm
diameter at the top, 310± 10 nm diameter at the middle and 155± 10 nm at the
bottom. Thus pores etched on the second side exhibit larger tapering and overall
smaller radius than pores that were etched first. This is explained with residuals
of the protective layer left from the Bosch etching process on the mask for the
second etch side. The depth of the pores in X direction is 4630± 10 nm. In this
sample two sets of pores are seen to be crossing each other under 89± 1 degree
angle. All the characteristics of the sample measured from tomography data are
listed in Table 5.4.3 at the end of the section. The angular angular alignment
of pores is thus significantly improved to be within the error bar compared to
observed above misalignment of 2 degrees in the sample B. Thus tomography
data shows improvement in the fabrication process of the photonic crystal. Ad-
ditionally one more sample D was studied in tomography experiments. On the
sample D two photonic crystal structures were investigated - Structure D1 and
Structure D2 that are 3D inverse woodpile photonic crystals without embedded
defects intended for reflectivity study described in Chapter 6. From tomography
pores in the structure D1 have the depth lZ = 4580± 10 nm in Z direction and
lX = 2940± 10 nm in X direction. As listed in Table 5.4.3 dimeter of the pores
in Z direction on the top surface is found to be dtopz = 304 ± 10 nm, in the



102 Looking inside 3D photonic nanostructures with X-ray tomography

middle of the pore dmidz = 318 ± 10 nm and at the bottom dbotz = 300 ± 10 nm.
For pores in X direction the diameters are found to be dtopx = 270 ± 10 nm,
dmidx = 246±10 nm and dbotx = 160±10 nm. For the Structure D2 in Z direction
the depth of the pores is lZ = 3440 nm and in X direction lX = 2800 ± 10 nm.
The Z-pores diameter at the top is found to be dtopz = 301 ± 10 nm, at the
middle depth dmidz = 280 ± 10 nm and at the bottom dbotz = 280 ± 10 nm. For
the pores running in X direction dtopx = 300 ± 10 nm, dmidx = 266 ± 10 nm and
dbotx = 222 ± 10 nm. Tomography data are obtained for the Structures D1 and
D2 are used in order to extract an important for optical properties averaged over
structure ratio of R/a where R is the pore radius and a is the lattice spacing. To
do so we obtain the electron density of the air ρair by averaging the gray value
in the region outside the crystal and silicon bar, the density of silicon rhosi by
averaging the gray value in the bulk silicon regions and the average density of 3D
structure ρ3D by averaging the gray value over the entire volume of 3D structure.
Considering the following relations:

ρSi · vSi + ρair · vair = ρ3D

vSi + vair = 1
(5.54)

where vSi is the volume fraction of Si in the structure and vair is the volume
fraction of air in the structure, we can find the volume fraction of air in the
structure that is directly related to the R/a ratio as is shown in Figure 1.3 in the
Chapter 1. The obtained from tomography data ratio of R/a we call R/atomo
and in the later chapter compare to the R/a ratio extracted from reflectivity
measurements. For the Structure D1 the R/a ratio obtained from tomography
data is R/atomo = 0.197 ± 0.010 and for the Structure D2 R/atomo = 0.21 ±
0.015. The good correspondence of the obtained ratios to the optical reflectivity
measurements is discussed in Chapter 6.

Below we provide a table summarizing the characteristic values of pore diam-
eter, depth and angular misalignment for all samples discussed above.

5.5 Summary

In this chapter we describe recently developed technique zoom in nanotomog-
raphy which allows to perform 3D imaging of the material with nm resolution.
We are the first to apply zoom in nanotomography with ultimate 10 and 20
nm resolution to the fabricated 3D photonic nanostructures. We provide exper-
imental scheme as well as detailed theoretical description of the required phase
retrieval algorithms for zoom in tomography. We use our experimental data of
tomographic scans measured on 3D silicon photonic crystal samples to compare
different phase retrieval algorithms and different experimental approaches for X-
ray nanotomography. After comparing multiple phase retrieval approaches and
different experimental procedures we conclude that for our structures the optimal
way of performing X-ray tomography is with 10 nm resolution using additional
the random displacement of the sample in order to remove artifacts. In the pro-
cess of data analysis due to periodic geometry of our structures it appeared to
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Sample Pore diameter d in Pore depth l in Angle
Z and X directions Z and X direction between sets

of pores
A dtopz = 380± 20 nm

dmidz = 400±20 nm
dbotz = 160± 20 nm

lz = 6080± 20 nm Not possible
to determine
since the
structure is
destroyed

B dtopz = 322± 20 nm
dmidz = 366±20 nm
dbotz = 300± 20 nm

lz = 6280± 20 nm 88± 1o

dtopx = 272± 20 nm
dmidx = 328±20 nm
dbotx = 200± 20 nm

lx = 8000± 20 nm

C dtopz = 370± 10 nm
dmidz = 410±10 nm
dbotz = 350± 10 nm

lz = 3770± 10 nm 89± 1o

dtopx = 300± 10 nm
dmidx = 310±10 nm
dbotx = 155± 10 nm

lx = 4630± 20 nm

D1 dtopz = 304± 10 nm
dmidz = 318±10 nm
dbotz = 300± 10 nm

lz = 4580± 10 nm 89± 1o

dtopx = 270± 10 nm
dmidx = 246±10 nm
dbotx = 160± 10 nm

lx = 2940± 10 nm 89± 1o

D2 dtopz = 301± 10 nm
dmidz = 280±10 nm
dbotz = 280± 10 nm

lz = 3440± 10 nm 89± 1o

dtopx = 300± 10 nm
dmidx = 266±10 nm
dbotx = 222± 10 nm

lx = 2800± 10 nm 89± 1o

Table 5.1: Main characteristics of the samples measured in X-ray tomography exper-
iments. The pore diameters are listed separately for pores in Z direction dz and X
direction dx. Z direction is the first etch direction and Y direction is the second etch
direction. Diameters are measured for each direction at the top of the pore close to the
surface dtop, at the middle dmid and at the bottom dbot.
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be necessary to perform manual shift alignment of projections taken at different
distances. The best phase retrieval results are achieved using recursive Paganin
approach.

We have studied a number of 3D photonic band gap crystals made from silicon
by CMOS-compatible methods. We have managed to obtain the 3D material
density throughout the fabricated crystals. We observed that the structural de-
sign is in most aspects faithfully realized by the fabricated nanostructure, apart
from a shear of the cubic crystal structure for the sample fabricated with the
two-step etch mask. We observed an improvement in structure alignment after
applying a single step etch mask fabrication approach. We suggested a binary
model that describe tomography data and allows to use them as an input for ab
initio numerical models in order to compute optical properties free from assump-
tions. We conclude that 3D X-ray tomography is a powerful tool for the structural
characterization of any complex photonic nanostructure with arbitrary short- or
long-range order with no need for irreversible sample preparation. Therefore,
X-ray tomography has great potential to solve a wide variety of outstanding
questions in metamaterial research and applications.
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CHAPTER 6

Reflectivity of silicon photonic crystals with and

without embedded point defects

To probe and evaluate optical properties of photonic crystals we
discuss broadband microscopic reflectivity measurements on two-
dimensional (2D) and three-dimensional (3D) photonic crystals. We
present the broadband optical microscopy setup that is used. We study
reflectivity spectra of 3D inverse woodpile diamond-like photonic band
gap crystals. We identify the spectral features that match with stop
gaps obtained from theory. We investigate the effect of embedding
controlled defects in a 3D photonic band gap crystals. We also study
in detail the polarization behavior of light in 2D photonic crystals that
are the parent structures of the 3D crystals. We investigate the an-
gular dependence of both the incident and the reflected polarization
while these polarizations are mutually parallel or perpendicular. We
find evidence for strong birefringence in the 2D stop gap.

6.1 Introduction

To achieve desired control over light propagation beyond designing and fabricat-
ing photonic crystal structures it is necessary to evaluate their optical perfor-
mance and understand their optical properties. Depending on the functionality
of the structure different experiments serve to evaluate its performance [1–3].
Nevertheless it remains a challenging task to experimentally demonstrate the
presence of a complete photonic band gap in a sample. One possibility is to
place light emitters inside the crystal and study the spontaneous emission spec-
tra [2, 3]. The great advantage of such approach is that it is free from theory
assumptions and directly probes the local density of states (LDOS) inside the
structure. The difficulties with spontaneous emission measurements are that it
is hard to control the spatial position of the emitters inside the crystal and fil-
ter the signal from the emitters located outside the crystal. Another possibility
to verify the presence of stop gaps and band gaps is to measure light reflected
from or transmitted through the photonic crystal. In the presence of the stop
gap, light with a certain incident wave vectors k will be reflected since it can not
propagate inside the crystal. When light is tuned to the frequency range of the
3D photonic band gap, light will be reflected for any incidence k vector. The
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disadvantage of such approach is the difficulty of the interpretation of reflectiv-
ity and transmission spectra. One needs a complicated theory to compare and
interpret experimental results and differences occur from the fact that calculated
geometries inevitably differ from the real structures. Moreover stop bands may
occur in the reflectivity or transmission due to so-called silent modes. These
modes appear when the incident plane waves can not couple to the modes inside
the crystal and thus being reflected.

One of the properties of the stop gaps is that the wave vector k has a com-
plex value inside the stop gap k=k′+jk′′ where the imaginary part is caused by
Bragg interference [4]. Thus light in the stop gap is attenuated and there is less
intensity in the transmission (trough) and conversely there is more intensity in
the reflection (peak). To prove the presence of 3D band gap one needs to study
all possible incident kin from 0 to 2π. This requirement means that one needs to
have the NA of the incident objective NAin = 1.0. Practically the consideration
arises how large NA can be achieved for reflectivity measurements and how large
NA is enough to be representative.

In this Chapter we concentrate on 3D inverse woodpile structures due to their
large predicted relative band gap ∆ω

ωc
= 25% [5]. Previous reflectivity and trans-

mission studies performed on the similar structures are reported in the references
[6] on the TiO2 infiltrated woodpile structures with nearly perfect reflectance,
[7] on the direct Si woodpile structure, [8] on the transmission measurements of
3D photonic crystals based on macroporous silicon and [16] on the reflectivity
measurements of Si inverse woodpile photonic crystals with similar structure to
the samples under investigation in this chapter but surrounded by the large array
of 2D photonic crystal.

In the present work we study 3D inverse woodpile photonic crystal with lateral
extend ∆X∆Y ≈ 10 × 10µm surrounded by quasi-infinite high refractive index
medium (Si) from 4 sides and low refractive index medium (air) from 2 other
sides. The extend in ∆Z direction (thickness) is less significant as is reported in
the Reference [9] and has negligible affect on the crystal reflectivity. Due to the
finite size in ∆X∆Y directions we need to precisely focus laser light on the surface
of 3D photonic crystal and thus employ microscopy setup to perform reflectivity
measurements. To study large range of k vectors we focus light with high NA
objective. Due to the broad width of stop gaps under study we need to carefully
select optics used in the experiments and perform spectroscopic measurements
for frequency resolution.

The parent 2D structure of 3D inverse woodpile is centered rectangular 2D
array of deep pores. Since the array of pores is highly anisotropic, it is relevant
to wonder about polarization behavior of light reflected from 2D photonic crystal.
Previously a large birefringence of 0.366 below the first photonic band edge at the
wavelength of 6.52 µm was reported by F. Genereux et al [10] in the triangular
lattice crystal of air cylinders in silicon. Birefringence in their study is defined
as a difference in the effective refractive indices of the electric fields polarized
parallel and perpendicular to the cylinder axis. Here we propose a polarization-
resolved study of our 2D photonic crystals where we rotate polarization and keep
analyzer parallel or perpendicular to polarizer.
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6.2 Optical setup for broadband reflectivity

For measurements of the reflectivity spectra from our nanophotonic structures
an optical reflectivity setup was built based on previous versions[11]. Since we
are interested in the optical properties of fabricated structures both inside and
outside of the predicted band gaps and stop gaps, the reflectivity needs to be
measured in large range of optical frequencies thus a broad band light source is
required. For our samples the expected stop gaps are located in the near infrared
(NIR) part of the spectrum (4000 - 10000 cm−1). This imposes the requirements
on the optical components of the setup to be dispersionless throughout the whole
range of interest. In order to avoid chromatic aberration the entire optical setup
should be built without use of lenses but with reflecting optics. For focusing and
expanding of the beam curved mirrors are used.

FTIR spectrometer

Supercontinuum 
white light source

0.65 NA

InGaAs
detector

CCD

z

y

x

LED

P2

P1BS

BSBS

BE

Objective

Sample

Figure 6.1: Schematic of the microscopic optical reflectivity setup. The beam of
the broadband supercontinuum white light source is expanded with reflective beam
expander BE and focused onto the sample using a dispersionless reflective microscope
objective with NA=0.65. The signal is reflected from the sample and analyzed using an
FTIR spectrometer and InGaAs detector. For imaging of the sample surface the light
from the LED illuminates the sample and then focused onto a CCD camera. Incidence
and reflected beams are separated with beam splitter BS. P1 polarizes the incident
beam and P2 analyzes the polarization of the reflected beam.

The scheme of the setup is shown in the Figure 6.1. It consists of a supercon-
tinuum source, a beam expander (BE), a high numerical aperture (NA) reflecting
objective and a Fourier-Transform infrared (FTIR)spectrometer equipped with
an external detector. The supercontinuum source covers the spectral range from
4000 cm−1 to 22 000 cm−1. The beam from the supercontinuum white laser
source is collimated at the fiber output of the source and spatially filtered with
an adjustable iris to select the central part with the most uniform spectral dis-
tribution. 96% of the laser power is dumped and the beam is expanded with
the reflective beam expander BE (Thorlabs BE06R) to cover fully the pupil of
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the reflective objective (Ealing 74x) with a numerical aperture NA=0.65. The
full width at half maximum (FWHM) of the focus was measured by scanning
along the sharp edge of wafer and was found to be around 4µm. The sample
was mounted on an (x, y, z) stage with piezomotors (Auttocube ECC100) for
precise positioning. In between the measurements we observed the position of
the beam on the sample with the white LED illumination and the CCD camera.
A polarizer and analyzer Thorlabs LPNIRA050 are used to investigate the po-
larization effects. The reflected signal is analyzed using the FTIR spectrometer
Biorad FTS6000 with a resolution of 8 cm−1 and detected with an external In-
GaAs detector Teledyne Judson J23. The electric output of the detector was fed
to the spectrometer electronics via a preamplifier and filter Stanford Research
Systems SR560. All reflectivity spectra were calibrated by taking the ratio of the
measured spectra to a reference spectrum that was measured on a gold mirror
before and after the measurements using the same experimental conditions as the
photonic structure under investigation. We also took reflectivity spectra of bulk
silicon near the photonic crystal structure that were sometimes used as reference
spectra in case there was no time to take gold reference spectra.

6.3 Reflectivity of 2D silicon photonic crystals

We have studied one 2D photonic crystal sample with internal sample name in
Ad3a-14112008. The crystal consists of an array of deep pores etched in silicon
using the Bosch reactive ion etching process [12]. The SEM image of the 2D
photonic crystal is shown in Figure 6.2. The pores are etched in the X direction.
The pore depth is 6 µm and the pore radius at half depth is r = 130±5 nm. Thus
the reduced pore radius equals r/a = 0.19, which determines the photonic band
structure[12]. The pores are ordered in a centered rectangular lattice in ZY plane
with lattice parameters a = 690 nm and c = 480 nm and ratio c/a =

√
2. The

high-symmetry ΓK direction of light propagation coincides with the Z axis. In
Reference [13] the reflectance of similar 2D photonic crystals is studied for TE-
and TM-polarized light. 2D photonic crystals exhibit different reflectance for
TE- and TM-polarized light but the detailed study of the polarization dependent
reflectivity was not yet reported.

Here we address the polarization behavior of 2D photonic crystals in the fol-
lowing way. Two sets of experiments are performed. In the first set the analyzer
is set parallel to the polarizer that sets the incidence polarization. The incident
polarization θ of the E field is set with respect to the X axis as shown in the
Figure 6.2. Both polarizer and analyzer are rotated by the same angle θ and the
reflectivity is measured for each polarizer angle θ. Thus if the incident polariza-
tion is set to θP = 450 the analyzer is also set θA = 450. We refer to this case
as “parallel polarizer” case. In the second set of experiments, called “crossed
polarizer”, the analyzer is set perpendicularly to the incidence polarization angle
θ. Thus if the polarizer is set to θP = 450, the analyzer is set to θA = 1250. The
reflectivity spectra are recorded for incidence polarization angles between 0 and
90 ◦ with 5 degrees step for both cases.
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Figure 6.2: SEM image of the 2D photonic crystal under investigation. Deep pores
in silicon are running along the X axis and are arranged in the centered rectangular
lattice in the ZY plane with the lattice parameters a = 690 nm, c = 480 nm and
pore diameter d = 260 nm. The angle of incident polarization of the electric field θ is
measured starting from the Y axis as shown in the picture. The propagation direction
of the axis of the incoming beam is parallel to the ΓK high symmetry direction.

Figure 6.3 shows reflectivity measured in the parallel polarizer case. The θ = 0
polarization case (6.3(a)) corresponds to the TM polarization for which stop gap
frequencies were calculated earlier in Reference [13]. The first observed reflectiv-
ity peak is centered at 5027 cm−1 and agrees well with the calculated stop gap in
ΓK direction centered at 4997 cm−1 and extending from 4882 to 5112 cm−1. The
second observed reflectivity peak centered at 6268 cm−1 may correspond to the
stop gap in the ΓB direction that extends outside the Brillouin zone and was not
a part of the band structure calculation. The third observed reflectivity peak is
centered at 9028 cm−1 and agrees well with the calculated stop gap centered at
8771 cm−1 and extending from 7812 to 9731 cm−1. Figure 6.3(c) shows the TE
polarized reflectivity spectra. The first observed reflectivity peak is centered at
4722 cm−1 and does not correspond to any known stop gap in the band diagram.
The second wide reflectivity peak observed with the center at 5899 cm−1 agrees
reasonably well with the calculated stop gap centered at 6187 cm−1 and extend-
ing from 5110 to 7265 cm−1. This stop gap is the sub-Bragg gap that was first
identified in Reference [13]. The third and the fourth reflectivity peaks centered
at 8289 and 9828 cm−1 respectively do not match known stop gaps in the band
diagram for ΓK direction, although they might be explained with calculations of
the band structure beyond ΓK direction. The fifth reflectivity peak centered at
10610 cm−1 matches well with the calculated stop gap centered at 10755 cm−1

and extending from 10010 cm−1 to 11500 cm−1. Figure 6.3(b) shows the reflec-



114 Reflectivity of silicon photonic crystals with and without embedded point defects

=0 deg.

0
20
40
60

(c)

(b)

=90 deg.

=45 deg.

2D
_T

T_
da

ta
_0

_4
5_

90
_p

lo
ts

,--

(a)

0
20
40
60

R
ef

le
ct

iv
ity

 (%
)

4000 6000 8000 1000012000
0

20
40
60

Wavenumber /c (cm-1)

0.4 0.6 0.8
Reduced freq. a/

Figure 6.3: Reflectivity measured from a 2D photonic crystal Ad3a-14112008 in case
of parallel polarizer for incidence polarization angles θ = 0◦ (TM mode) (a), θ = 45◦

(b) and θ = 90◦ (TE mode) (c). Gray bars indicate the extent of the calculated stop
gaps.

tivity spectrum collected with polarizer set to θ = 45◦, intermediate between the
TE and the TM incident polarizations. The spectrum exhibits features common
for both TE and TM reflectivity spectra such as peaks centered at 4910, 6185,
8458, 9786 and 10583 cm−1, yet shifted in frequency.

Figure 6.4 shows a reflectivity map in parallel polarizer case measured for
incident angles between 0 and 90 ◦. It is clear from the plot that high reflectivity
peaks decrease in frequency when the incidence polarization angle θ increases.
Two most pronounces reflectivity peaks centered around 6000 and 7000 cm−1 are
present for every measured incident polarization angle and are changing in the
bandwidth. Narrower reflectivity peaks centered around 5000 and 11000 cm−1

are only present for a range of incident polarization angles from 0 to 45 degrees
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Figure 6.4: Reflectivity of 2D photonic crystal at the different angles of polarizer θ
in the parallel polarizer case. The color scale represents the reflectivity value. On the
horizontal axis is the wavenumber in cm−1 and on the vertical axis is the incidence
polarization angle. The incident direction of the beam propagation is ΓK. Dashed lines
indicate frequencies where reflectivity cross sections were taken for the plots in Figures
6.8 and 6.7.

and from 45 to 90 degrees respectively.

The next set of reflectivity measurements is done for the crossed polarizer case.
Figure 6.5 shows reflectivity spectra collected in the crossed polarizer case. It is
clear from the plot that for purely TE and TM incident polarizations (0 and 90
degrees polarizer angles) the reflectivity detected after the perpendicular analyzer
is zero, which is expected for 2D photonic crystals since TE and T M are strictly
separated [4]. However with polarizer set to θ = 45 degree a reasonable reflec-
tivity peak of 34% is observed at 5289 cm−1. This frequency nearly corresponds
to the center of the stop gap observed with parallel polarizer described above
and confirmed with the band structure calculations. With crossed polarizers it
is expected from the Fresnel laws of reflection and refraction [17] that the reflec-
tivity vanishes for isotropic media at normal incidence. Non-zero reflectivity is
observed only when the medium is anisotropic and the refractive index tensor
has at least two different components n1 6= n2. From observed in our experiment
reflectivity peak of more than 35% in crossed polarizers case we conclude that
our 2D photonic crystal exhibits large birefringent behavior.

Figure 6.6(a) shows the reflectivity map measured versus incidence polarization
angle for the case of crossed polarizer. It is seen that a reflectivity peak of up to
35% appears in the range between 5125 and 5746 cm−1 at θ between 20 and 70 ◦.
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Figure 6.5: Reflectivity measured from 2D photonic crystal in case of crossed polarizer
for the θ = 0◦ (TM mode) (red), θ = 45◦ (blue) and θ = 90◦ (TE mode) (green)
incidence polarization angle.

Less intense reflectivity peaks are also observed at higher frequencies 6584, 7338,
9155, 10938 and 11417 cm−1 in the same range of incidence polarization angles.
The presence of a strong reflectivity peak in the frequency range of the stop gap
in crossed polarizer configuration reveals that 2D photonic crystal behaves as a
birefringent media inside the stop gaps.

To interpret the results that 2D photonic crystal exhibits birefringent behavior
a model was designed. In our model we describe the crystal as a semi infinite
slab of effective medium with the interface perpendicular to the Z axis with a

refractive index tensor equal to n =

n1 0 0
0 n2 0
0 0 n3

 . Thus there are two inde-

pendent components of the refractive index tensor n1 and n2. We calculate the
reflectance from the effective medium using the Fresnel coefficients derived in the
Appendix C. We distinguish the two cases of parallel and crossed polarizers by
considering separately TE- and TM-polarized components of the incidence wave
and projecting the reflected wave on the axis of the analyzer. Thus we obtain
the reflectivity of the semi infinite birefringent medium depending on the incident
polarization angle for parallel and crossed polarizer cases. Then we apply a least
square minimization of our model to the experimental data at each frequency
and each incidence polarization angle. The resulting parameters are the effective
refractive indices, whose dispersion is obtained n1 and n2. In this first attempt
to interpret the data we prefer to keep the model analytical and to minimize
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Figure 6.6: (a) Reflectivity map measured fan a 2D photonic crystal versus angle
of incident polarization of the E field and frequency. Incident and detection polariz-
ers are crossed. High reflectivity is observed for a range of frequencies indicating the
birefringent nature of the media. (b) Components (n1, n2) of the effective refractive
index tensor extracted from the model. Green dashed line shows n1 and blue solid
line shows n2. Purple dotted line is the absolute normalized difference between n1 and
n2. Dashed lines indicate frequencies at which reflectivity dependence on the angle of
incidence polarization is plotted in Figures 6.8 and 6.7.

the number of adjustable parameters, therefore we restrict the refractive index
components to be real.

Effective refractive index components n1 and n2 are plotted in Figure 6.6(b).
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In addition we show the absolute normalized difference between n1 and n2 defined
as ∆n ≡ 2× |n1−n2

n1+n2
| to characterize the degree of anisotropy. At low frequencies

below the calculated stop gap (ν/c < 4645cm−1) both components of refractive
index n1 and n2 are equal which means that photonic crystal behaves as an
isotropic media. The reflectivity at 4645 cm−1 and the corresponding model curve
are shown in Figure 6.7. It is clearly seen from the plot that at this frequency
reflectivity does not depend on the incidence polarization angle θ which agrees
with obtained equality of refractive index components.

0 10 20 30 40 50 60 70 80 90
0

10

20

30

40

50

60

0

10

20

30

40

50

60

R
ef

le
ct

iv
ity

 (%
)

Incident polarization angle (

Figure 6.7: Reflectivity of 2D photonic crystal measured in the parallel polarizer case
at different incidence polarization angles θ. Purple symbols shows reflectivity at 4645
cm−1 and green symbols shows reflectivity at 5293 cm−1 as indicated with red dashed
lines in Figures 6.4 and 6.6. These frequencies correspond to the smallest anisotropy
extracted from the effective media model. Dashed lines show corresponding fit curves
from the proposed effective media model.

Above 4800 cm−1 in Figure 6.6(b) a large anisotropy of the refractive index
is obtained from the model. Between 4800 and 5293 cm−1 the nx element (n1)
of the refractive index tensor is higher than the ny element (n2). This can be
rationalized with the hypothesis from Bragg stack [4] that waves concentrate
their energy mostly in the high refractive index media on the low frequency side
of the stop gap, which is in our case Si around the pores. The intuitive picture
for the wave energy concentrated in the Si around the pore suggests that in X
direction the vector of the electric fiend will oscillate along the long side of the Si
wall and in Y direction the electric field vector will oscillate along the short side
of the Si wall between two pores, thus the wave will “feel” the presence of air in
the pore with lower refractive index. The reflectivity dependence on the incident
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polarization angle at 5092 cm−1 is shown in Figure 6.8. The high reflectivity
when incident polarization is along the X axis (0 ◦ angle of incidence polarization)
agrees with the hypothesis above that the wave energy is concentrated in the high
refractive index media and thus x component of the refractive index is higher than
y component.

At 5293 cm−1 the two components of the refractive index in Figure 6.6(b) are
becoming equal n1 = n2. The reflectivity at 5293 cm−1 and the corresponding
model curve are shown in Figure 6.7. While the modeled refractive index com-
ponents are equal as in the case of isotropic media, the experimental reflectivity
as a function of incident polarization differs from the isotropic case. Reflectivity
has maximum of 40% at 0 and 90 ◦ incidence polarization and a minimum of
19% at 45 ◦. The unusual reflectivity dependence on the incidence polarization
indicates that at this frequency an effective medium with two different compo-
nents of refractive index [n1, n2, n2] cannot explain the behavior of the photonic
crystal.

At frequencies larger than 5293 cm−1 the first component n1 = nx of the
refractive index has become larger than n2 = ny = nz component as shown
in Figure 6.6(b). This can be explained with the change of the wave energy
distribution to a low refractive index media [4]. If in the high frequency side of
the stop gap the wave energy is concentrated more in the low refractive index
material (pores), then the x component of the refractive index aligned along the
pore depth is lower than y component of the refractive index which is aligned
along the short side of the pore and thus “feels” the presence of surrounding
Si. This hypothesis is supported with the experimentally observed reflectivity
dependence on the incidence polarization angle shown in Figure 6.8. The high
reflectivity of 60% is observed for 90◦ incidence polarization angle which means
the polarization along the Y direction.

At frequencies larger than 6125 cm−1 Figure 6.6(b) shows that the difference
between the components of the effective refractive index becomes close to zero
meaning that the medium behaves like in isotropic medium. Above 7329 cm−1

anisotropy of refractive index appears and notably refractive index components
alternate which one is larger n1 or n2 at frequencies 8363, 9860 and 10276 cm−1.
The variations of the effective refractive index components is most likely associ-
ated with the first order Bragg condition and the second order stop gap in 2D
photonic crystal.

Thus we observed for the first time large birefringence of 2D photonic crystals
inside the stop gaps. The value of anisotropy ∆n reaches up to ∆n = 0.9 and is
up to our knowledge the largest birefringence reported on 2D photonic crystals
exceeding more than twice the birefringence below the stop gap reported by F.
Genereux et al [10]. The effective refractive indices within the stop gap reaches
values up to 8 due to the high reflectivity of 2D photonic crystal within the stop
gap due to the Bragg diffraction. In order to void such unphysical values of
the effective refractive indices the model needs to be extended to the complex
values of the effective refractive indices to describe the behavior of the photonic
crystal withing the stop gap more physically. Moreover, in order to describe the
situation when the components n1 and n2 of the effective refractive index are
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Figure 6.8: Reflectivity of 2D photonic crystal measured in the crossed polarizer case
versus incident polarization angle θ. Green symbols shows reflectivity at 5092 cm−1

and red symbols shows reflectivity at 5725 cm−1 as indicated with black dashed lines in
Figures 6.4 and 6.6(b). These frequencies correspond to the largest anisotropy extracted
from the effective medium model. Dashed lines show corresponding fit curves from the
proposed effective medium model.

found from the model to be the same but the reflectivity nevertheless has strong
angular dependence we suggest that effective refractive index tensor might not
be diagonal.

6.4 Reflectivity study of 3D silicon photonic band
gap crystals

6.4.1 Inverse woodpile photonic crystal

In this section we consider reflectivity measured on four different 3D inverse
woodpile photonic crystal. The geometry of the inverse woodpile consists of two
arrays of cylindrical pores where each arry is arranged in a centered rectangular
lattice as shown in Figure 1.2 in Chapter 1. The pore radius R and the lattice
parameters a and c are chosen to be a/c =

√
2 such that the 3D crystal structure

is face centered cubic with a diamond-like basis [14]. The ratio R/a determines
the position and width of the expected band gap according to plane-wave band
structure calculations [13] and was varied from sample to sample. We study here
reflectivity from two different samples. All samples are listed in Appendix B with
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their lab names, fabrication and measurements history.
First sample under investigation is listed in the Appendix B as Sample D. On

the Sample D we study three structures: D1, D2 and D3. Structure D1 is a 3D
photonic inverse woodpile crystal without intended defects thus we refer to such
structure design as a quasi-perfect photonic crystal accounting for inevitable fab-
rication imperfections and finite size. The SEM image of the Structure D1 as an
example of a typical quasi-perfect photonic crystal is shown in Figure 6.9 (a). The
design R/adesign ratio for the structure D1 is 0.23 that is close to the optimum
to form the widest band gap according to calculations in reference [12]. Structure
D2 by design is equivalent to the Structure D1 thus we choose this two struc-
tures for comparison. Structure D3 contains the array of the cavities as shown
in the Figure 6.9 (b). For the regular pores design parameter R/adesign=0.23.
Each cavity is formed by the intersection of two pores with twice smaller radius
R′ = 1/2R. Every pore with smaller radius is indicated with the red circle on the
picture. Thus there are 80 cavities inside the crystal arranged in a cubic lattice.
The third sample studied in this chapter is sample E (see B for the name in the
lab) where we consider on this sample a single 3D photonic crystal Structure
E1 with 4 embedded cavities arranged diagonal along the crystal as is shown in
figure 6.9(c). Each cavity is formed at the intersection of the smaller pore with
radius R′ = 1/2R.

a

R

Z

Y
X

Z

Y

(a) (b) (c)

Figure 6.9: SEM image of (a) Structure D1 as an example of a typical quasi-perfect
3D photonic crystal without embedded defects, (b) Structure D3 with 3D array of
cavities based on smaller pores that are indicated with red circles and (c) Structure
E1 consisting of 4 cavities diagonally deeper inside the crystal. The dashed red line
indicates the 90 degree edge of silicon wafer. Scale bars are shown on the picture.

6.4.2 Reflectivity of 3D inverse woodpile photonic crystal
without embedded defects

In this section we study reflectivity from Structures D1 and D2 that are by
design equivalent quasi-perfect 3D photonic crystals without intended defects
with R/adesign = 0.23. For the broadband reflectivity measurements we use the
setup described in a section 6.2 above. Reflectivity of Structure D1 is shown
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in the Figure 6.10. There are three distinguishable peaks of reflectivity seen in
the spectrum. First observed stop band is centered at 5463 cm−1 and extends
from 5310 cm−1 to 5617 cm−1. Second stop band is a wide peak from 5876
cm−1 to 7414 cm−1 with the center at 6645 cm−1. Third observed stop band is
centered at 8556 cm−1 and extends from 8080 cm−1 to 9032 cm−1. The gap in
the spectrum around 9348 cm−1 is a result of filtering out the master source of the
supercontinuum white light laser. The maximum reflectivity normalized to the
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Figure 6.10: Reflectivity of the quasi-perfect photonic crystal Structure D1 with de-
sign R/a = 0.23 and without embedded defects. The observed stop bands are indicated
with the gray bars. The gap in the spectrum around 9339 cm−1 is filtered out to remove
artifacts from the pump source of the supercontinuum source.

gold mirror reaches up to 10%. We associate such low reflectivity from the crystal
with few aspects. Firstly, the 4 µm focus size of a laser beam is comparable to
the extent of the 3D photonic crystal determined from tomography measurement
∆X = 4.6µm and ∆Y = 3.6µm and since the crystal is located at the edge
of Si bar some of the beam intensity leaks above the edge into the air during
measurements close to the edge. Secondly, the crystal under investigation is a
finite size structure in ∆X∆Y directions surrounded by the quasi-infinite high
refractive index medium (Si) from 4 sides and low refractive index medium (air)
from 2 sides. Previously reported high reflectivity such as 67% in the Reference
[16] were measured for the 3D photonic crystal surrounded from 3 sides with
a quasi-infinite array of 2D photonic crystal. Thirdly, we can expect a surface
roughness to scatter light out of the collecting objective thus decreasing the
reflectivity. The band diagram of inverse woodpile photonic crystal depends
crucially on the (R/a) ratio of the structure (see Chapter 1 and Reference [16]).
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Figure 6.11 shows the lower and higher band edges calculated in reference [16]
and the central frequency ωc. It is clear that the width of the band gap ∆ω
strongly depends on the R/a ratio. We overlap the observed stop bands from
the reflectivity spectrum of the Structure D1 with the calculated positions of the
band edges. From the overlap we can see that observed wide stop band between
5876 cm−1 and 7414 cm−1 is in perfect agreement with calculated band gap width
∆ω and central frequency ωc for the inverse woodpile structure with R/arefl =
0.196 ± 0.001. The R/a ratio extracted from tomography data discussed in the
Chapter 5 R/atomo = 0.197 ± 0.01 is in an excellent agreement with the R/a
ratio obtained from reflectivity measurements R/arefl = 0.196± 0.001.
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Figure 6.11: Observed stop bands (pink bars) of the Structure D1 overlapped with
the calculated from the band structure positions of the lower (blue) and higher (black)
band edges and central frequency ωc of the inverse woodpile photonic crystal. The band
edges are plotted for different R/a ratios.

Figure 6.12 shows the reflectivity measured from the Structure D2. The struc-
ture is an equivalent to Structure D1 of a quasi-perfect 3D photonic crystal with
the design R/adesign = 0.23. The reflectivity spectrum exhibits three distinguish-

able stop bands. The first one is a broad peak centered at 5557 cm−1 and extends
from 4848 cm−1 to 6266 cm−1. This stop band appears as a triplet of peaks and
is located below the band gap. The second stop band extends from 6678 cm−1 to
8084 cm−1 with the center at 7381 cm−1. The third stop band is centered at 8773
cm−1 and is located in frequency range between 8578 and 8969 cm−1. In Figure
6.13 we overlap the observed stop bands with the band gap edges and central
frequency calculated for different R/a. It is seen from the Figure 6.13 that the
central frequency of the second stop band (6678 to 8084 cm−1) is matching the
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Figure 6.12: Reflectivity of the quasi-perfect photonic crystal Structure D2 with de-
sign design R/a = 0.23 and without embedded defects on the sample D. The observed
stop bands are indicated with the gray bars. The gap in the spectrum around 9339
cm−1 is filtered out to remove artifacts from the pump source of the supercontinuum
source.

central frequency ωc = 7381cm−1 of the band gap for R/arefl = 0.22 ± 0.007.
From X-ray tomography data we obtained R/atomo = 0.21 ± 0.015 which is in
very good agreement with R/a estimated from stop band position. Thus we
found two independent ways to determine the R/a ratio of 3D photonic crystal
that are in excellent agreement with each other and therefore strongly supports
the interpretation of optical reflectivity spectra. As was discussed in the Chapter
1 one of the characteristics of photonic crystal is photonic strength S = ∆ω

ωc
.

Photonic strength S calculated from the band diagram of inverse woodpile pho-
tonic crystal for different R/a is shown with the dashed line in Figure 6.14.
From our reflectivity measurements we obtained experimentally the width of the
stop band and the central frequency similarly as described above for the range
of structures with different R/a. Thus we can plot experimental results of the
photonic strength S = ∆ω

ω versus R/a (Figure 6.14). It is seen from the Figure
6.14 that one one data point is matching excellently within the error bar the
predicted photonic strength. This data point is obtained for the Structure D1.
The remaining data points are lying below the predicted photonic strength curve
which can be associated with fabrication imperfections such as tapering of the
pores resulting in the stop band narrower than the calculated one.
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Figure 6.13: Observed stop bands (pink bars) of the Structure D2 overlapped with
the calculated from the band structure positions of the lower (blue) and higher (black)
band edges of the inverse woodpile photonic crystal. The band edges are plotted for
different R/a ratios.

6.4.3 Signature of the cavity resonance in the 3D band gap

In this section we consider reflectivity from photonic crystal structures with em-
bedded defects. The defects are designed as an intersection of two defect pores
with radii twice smaller than the regular pore radius R′ = R/2. According to
the supercell band structure calculations in the Reference [15] for the infinitely
repeated 5 × 5 × 5 unit cells crystal with two crossing defect pores there are 5
isolated resonances appearing in the band gap the crystal. Considering the finite
size of our structures under investigation we may expect a different optical be-
haviour than an infinite structure. We consider the presence of a trough within
the stop band as a signature of a cavity resonance meaning that light propaga-
tion occurs inside the stop band. Figure 6.15 shows reflectivity spectra taken
at different X positions on the Structure E1 centered arounf the position of the
cavity defect. Every spectrum in Figure 6.15 is plotted with the bias of 10%
from the spectrum taken exactly at the position of crossed defect pores (blue) for
clarity. We can see that at the distance ∆X = 2µm away from the crossing pores
the spectrum (green in Figure 6.15) is flat in the range of calculated band gap
frequencies (gray bar in the Figure). When approaching closer to the crossing
pores at the distance ∆X = 1µm from the cavity position a trough centered at
5955 cm−1 starts to appear in the range of the expected band gap. The through
reaches the maximum depth of 22% of amplitude of the reflectivity peak exactly
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Figure 6.14: P hotonic strength (∆ω/ωc) calculated from band diagram (dashed line)
and experimentally observed from reflectivity spectra (red scatterers) as a function of
reduced pore radii of the inverse woodpile photonic crystal structure.

at the position where two defect pores crosses (blue spectrum in Fibure 6.15). At
the distance ∆X = −1 µm from the crossing point the trough amplitude slightly
decreases to 19.2% of the stop band peak amplitude. Reflectivity scan at the
distance ∆X = −2 µm from the cavity position exhibits flat spectrum in the
range of the calculated band gap alike to the spectrum at ∆X = +2 µm from the
cavity position but with lower amplitude. The decrease in the reflectivity ampli-
tude is associated with the end of photonic crystal. As is clear from the Figure
6.15 the central position of the laser beam during the scan at ∆X = −2 µm from
the cavity is close to the edge of photonic crystal structure and thus considering
4µm size of the laser beam we probe bulk silicon as well as few last unit cells
of photonic crystal. Figure 6.16 shows reflectivity spectra measured at different
∆Y distances around the crossing of two defect pores positions which is indicated
with yellow circle centered at the distance ∆Y = 2.3 µm from the edge of the Si
bar. The Y = 0 is located at the edge of the Si bar since it is easier to determine
the edge position from knife-edge measurements than any other position on the
bar. The amount of reflected light below the edge of the bar is low since most
of the laser beam energy is going into the air but due to the 4µm focus size
there is still some intensity on the Si bar as is seen from the spectra centered at
−0.4µm from the edge of the crystal. Reflectivity spectra at ∆Y = 0.7 µm and
∆Y = 1.3 µm distances from the edge are already close to the cavity located
at ∆Y = 2.3 µm from the edge and thus a through appears centered at 5955
cm−1 in the range of calculated band gap. The depth of the through is changing
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Figure 6.15: Reflectivity spectra taken on the Structure E1 along the X axis. The
X distance is measured from the position of the cavity where two defect pores cross.
The through in the reflectivity spectra in the area of the predicted band gap appears
when the laser beam approaches the cavity and disappears after the beam is receding
from the cavity. The spectra are separated in amplitude by applying a 10% bias.

from 45% of the peak amplitude at the distance 0.7µm from the edge to 39%
at the distance 1.3µm from the edge. At the ∆Y = 2.1µm from the edge the
spectrum changes its shape drastically with the significant asymmetry of the stop
band peak which makes it difficult to estimate the depth of the trough. Mov-
ing further away from the cavity position to ∆Y = 2.8 µm and ∆Y = 3.5 µm
from the edge (blue and black spectra in Figure 6.16) makes spectrum flatten
in the range of the calculated stop band as is expected. The presence of the
trough in the range of calculated band gap frequencies at the spatial positions
close to the crossing of two defect pores is and indication of the cavity resonances
present in the band gap. The differences between experimental observation of
the single trough within the stop band and predicted in the References [15] 5
isolated dispersionless resonances in the band gap can be explained due to first
of all differences in the structure design since in the calculations the supercell
model was used thus the band structure was calculated for the infinite crystal
with two defect pores crossing every 5 × 5 × 5 unit cells. Secondly the crystal
under investigation is a finite size structure surrounded by the high refractive
index medium (Si) and low refractive index medium (air)

Next we study Structure D3 (see Appendix B) that consists of the array of 80
cavities arranged in a cubic lattice as shown in Figure 6.9 (b). We choose this
design of the array in order to compensate for the finite size of the laser beam
and in future investigate light “hopping” from one cavity to another as depicted
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Figure 6.16: Reflectivity spectra taken on the Structure E1 along the Y axis. The Y
distance is measured from the crystal to air interface. The crossing of two defect pores
in located at the 2.1 µm distance from the crystal to air interface. The through in the
reflectivity spectra in the area of the predicted band gap appears when the laser beam
reached the crystal surface and disappears after the beam passes the cavity position.
The amplitude of each spectrum is unbiased.

in the Chapter 1 Figure 1.1. Moreover the ongoing work of S.A. Hack et al. is
concerned about band structure calculations for such 3D crystal of cavities inside
a 3D photonic band gap crystal [18]. Since the laser beam focus is not infinitely
small during the measurements we are probing all the area that is illuminated
withing the beam size as well as regions that are illuminated with the light
scattered from the defect. In our case for the broad band white light laser source
from the knife-edge measurements we found 90 to 10 % of the intensity to be
within 4 µm spot. Thus we arranged cavity defects periodically with the period
of 3 unit cells in each direction covering the entire crystal volume. Moreover
such design is closer to the model used for the 5× 5× 5 and 3× 3× 3 supercell
calculations in the Reference [15] of an infinite photonic crystal with the cavity
defect repeated every 5 or 3 unit cells respectively. The reflectivity measured
on a Structure D3 in comparison to the quasi-prefect photonic crystal Structure
D1 is shown in Figure 6.17. It is seen from the figure that in the reflectivity
measured from the Structure D3 that contains cavity array two troughs appear
within the range of the stop band (indicated with the gray bar). The troughs
are centered at 6365 and 6750 cm−1 with the depth of 39% and 70% of the
peak value respectively. Ongoing band structure calculations of S.A. Hack et
al. [18] report bands in this range of frequencies hence sensible that reflectivity
is lower. The experimental Q factor of the resonances can be estimated from
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Figure 6.17: Comparison of the reflectivity spectra taken on the quasi-prefect pho-
tonic crystal D1 with no intended defects (red) and photonic crystal Structure D3 with
the array of cavities (black). The stop gap is indicated with the gray bar. The band
gap in the spectrum around 9339 cm−1 is filter out to remove artifacts from the pump
source of the supercontinuum source.

the ratio Qexp = λ
∆λ and for the first trough centered at 6365 cm−1 is found to

be Q1 = 44.8 and for the second trough centered at 6750 cm−1 is found to be
Q2 = 40. The small value of the experimental Q factors for the resonances in
the stop band can be associated with the presence of multiple resonances close
to each other in the band gap that can not be resolved in the experiment due to
the limited resolution of the spectrometer 8 cm−1 and as well due to the light
leaking through the defect pores and scattering.

6.5 Summary

We studied optical properties of 2D and 2D photonic crystals by means of broad-
band microscope reflectivity measurements. We described the setup that was
build for reflectivity measurements of photonic structures. We investigated in
details polarization behavior of light reflected from the 2D photonic crystals with
different configuration of polarizer and analyser. We observed for the first time
a large birefringence within the stop bands of 2D photonic crystals. We inter-
pret polarization behavior of 2D photonic crystals with the model of semi-infinite
birefringent slab with the effective refractive index tensor and obtained the com-
ponents of the effective refractive index by fitting the model to the experimental
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data. We obtained from the fit model anisotropy of the effective refractive index
for frequency range between 4000 and 12000 cm−1. We studied reflectivity mea-
surements of 3D photonic crystal structures with and without embedded defects.
From the observed stop bands for quasi-perfect photonic crystal structures we
obtained R/a ratio and found an excellent match to the R/a ratios obtained from
tomography data. In the reflectivity spectra taken on the structures with embed-
ded defects we observed a trough within the calculated band gap. We found good
correspondence of the trough in the reflectivity peak with the spatial position of
the cavity defect in X and Y directions. We observed decreased reflectivity in
range of predicted extra bands as well as two resonances within the stop band of
the crystal containing an array of 80 cavities arranged in a cubic lattice.
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CHAPTER 7

Outlook

This thesis presents a proposal and proof-of-concept experiments for a CMOS-
compatible platform for the realization of 3D silicon nanophotonics. In addition
an original x-ray tomography analysis is presented and the optical properties of
fabricated structures are studied. In this Chapter we give an outlook for future
research in this direction.

To build up a platform for 3D silicon nanophotonics it is important to consider
fabrication issues. One of the most common issues with 3D nanofabrication is
so-called overlay - the alignment of features located in different planes or layers.
In Chapter 2 of this thesis we already presented a novel method to pattern the
etch mask in one step on two oblique surfaces thus with ensured alignment of the
features located in different planes. The method that we present allows to fabri-
cate apertures of any arbitrary shape. Hence in future it is interesting to expand
the method to more complex mask designs with possible interconnections be-
tween oblique surfaces or integrate on-chip devices with different functionalities:
for example an optical data detection device on one surface and data processing
electronic device in close vicinity on the adjacent surface, or an optical sensing
device on one surface and a magneto-electronic memory device on the adjacent
surface. The inspiration for the mask designs can be found in opto-electronics,
integrated photonics and sensing.

Another direction for development of the single-step etch mask approach for
3D is to expand it to different types of lithography than reported in Chapter 2.
The most promising type of lithography that is widely used nowadays in CMOS
industry is deep UV (DUV) lithography. DUV lithography allows to fabricate
samples on a wafer scale with high throughput and at low cost per device. The
proof-of-principle experiment for exposures of apertures in different depths on the
slope of Si wafer is presented in Chapter 3 of this thesis. The aim of the proof-
of-principle experiments was to show that it is possible to achieve exposures of
the apertures at different depths on the slope within a single DUV exposure.
For our test experiments the apertures were located randomly along the slope
of a Si wafer to investigate the positions where the exposures will be successful.
The future development of the experiment suggests to design the reticle for the
exposure and choose the width and the position of the V-trenches on a wafer
based on the previous results to maximize the chance of successful exposure on
the slope. Multiple exposures can be used to increase the depth of focus of
DUV lithography and hence increase the range of the depths on the slope where
apertures can be exposed. The next step in realization of 3D structures with
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DUV lithography is to transfer pattern from the photoresist either to the hard
mask material or directly to silicon. This can be done by means of reactive ion
etching (RIE).

Etching of pores in silicon is one of the main processes in current nanofabri-
cation. Developments in the etching equipment allow to constantly improve the
process flows to achieve deeper and smoother structures, as for example reported
in Chapter 4. To optimize the Bosch process durations of etching and deposition
steps, capacitively coupled plasma source and inductively coupled plasma source
powers and the gas flows can be tuned. We suggest that further improvements
of the etching process can be achieved by investigating in more detail the effect
of etching parameters on the resulting structure. For 3D nanofabrication we ob-
serve the need in finding an appropriate procedure to clean the polymer residuals
from the sample surface that accumulates during the protection steps of Bosch
process. Since the etching during the two-step etching process described in this
thesis for 3D nanofabrication is not equivalent on the first etch side and second
etch side, we also suggest that further investigations are needed to create sepa-
rate etching process flows for the first and second etch sides. For example CCP
and ICP powers can be adjusted for the second etching step taking into account
that the hard mask has already undergo one full etching step.

Imaging of 3D nanostructures with X-ray tomography at 10 nm resolution
allows to evaluate fabricated samples and obtain 3D material density distribution.
One of the main difficulties during tomography reconstruction that leads to the
lower quality of the reconstructed image is the alignment of radiograms taken at
different sample-to-detector distances (see Chapter 5). To improve the alignment
we propose to design markers of a sharp known shape in both perpendicular
surfaces of silicon wafer such that they are visible in transmission radiograms.
After the volume of the sample is reconstructed we suggest to expand the analysis
of the obtained data to taking cross sections in multiple parallel planes and
performing a cross correlation of the images to investigate how much deviations
are occurring in the sample with depth. The material density that describes the
structure can be used as an input into ab inito numerical models (e.g., FEM
or FDTD) to compute optical properties of the structure free from modeling
assumptions. Other possible analysis may include the detailed comparison of
the material densities inside the pores and outside the sample to obtain if there
are residuals of polymer layer in the pores that may hamper subsequent surface
chemistry as proposed by A. Schulz.

From the perspective of optical study of the structures described in this thesis
we foresee the following interesting future directions. The suggested model to de-
scribe large birefringence observed in 2D photonic crystal structures (Chapter 6)
can be expanded to include complex refractive indices and non diagonal elements
of refractive index tensor. A similar polarization study as was performed on 2D
photonic crystals are performed on 3D photonic crystal structures and need to be
analyzed. As a part of “Stirring of light!” program 3D photonic crystals studied
in this thesis are suggested to be considered as a back reflector for Si solar cells.
Due to the high reflectivity within the band gap for all incident angles and all
polarizations it is expected that photonic crystal back reflector will efficiently
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increase absorption of light in Si. A numerical study of the increase in efficiency
of solar cells with 3D silicon photonic crystal as a back reflector is currently being
carried out by Devashish. Another direction of investigations is to use wavefront
to avoid possible disorder and efficiently couple light to a cavity in 3D photonic
band gap crystal as studied by R. Uppu. Coupling light to a selected cavity out
of an array of cavities will allow to study light “hopping” from one cavity to
another and compare to ongoing calculation, as being done by S. Hack.





APPENDIX A

Background on X-ray wave propagation

A.1 Basic equations.

Based on Reference [2], in a linear, isotropic, homogeneous and non-dispersive
dielectric medium, all components of the electric and the magnetic field behave
identically and their behavior is fully described by the following scalar wave
equation

∇2u(P, t)− n2

c2
d2u(P, t)

dt2
= 0, (A.1)

where u(P, t) depends on position P and time t, and represents any of the scalar
components. The refractive index n of the medium is defined by

n = (
ε

ε0
)1/2, c =

1
√
µ0ε0

, (A.2)

where ε0 is the permittivity of vacuum. In the case of x-rays we describe the
refractive index of the media as

n = 1− δ + jβ, (A.3)

where δ = rcλ
2ρe/(2π) and rc is the classical electron radius and ρe is an elec-

tron density. It is convenient to use a Green function approach to solve the
inhomogeneous differential equation:

a2(x)
d2U

dx2
+ a1(x)

d2U

dx
+ a0(x)U = V (x). (A.4)

We choose here a one-dimensional variable x but equation A.4 can be generalized
to a multidimensional position vector −→r . When V (x) is replaced by a delta
function δ(x − x′) and with the same boundary conditions the solution of the
differential equation is called a Green function G(x). The general solution U(x)
can then be found from

U(x) =

∞∫
−∞

G(x− x′)V (x′)dx′. (A.5)

Let us consider the point of observation P0 and a closed surface S around it.
The problem is to express the optical disturbance at the point P0. To solve
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this question we apply the Green function approach and choose as an auxiliary
function a unit-amplitude spherical wave expanding from the point P0. Thus,
the value of G at an arbitrary point P1 with vector −→r is given by

G(−→r ) =
e(jkr01)

r01
. (A.6)

To exclude the discontinuity at P0, a small spherical surface S of radius ε is
inserted around the point P0. Green’s theorem is then applied, the volume of
the integration V being the volume lying between S and Sε and the surface of
integration S′ = S + Sε ((See Reference [2] 3.18-3.21). From here the integral
theorem of Helmholtz and Kirchhoff can be derived, that is used in order to find
a field at any point P0 (See Reference [2] 3-21):

U(P0) =
1

4π

∮
s

{∂U
∂n

[e(jkr01)

r01

]
− U ∂

∂n

[e(jkr01)

r01
.
]}
ds (A.7)

This result is known as the integral theorem of Helmholtz and Kirchhoff and it
allows the field at any point P0 to be expressed in terms of the boundary values
of the wave on any closed surface surrounding the point.

Figure A.1: Kirchhoff diffraction by a plane screen. A wave disturbance impinges
from the left on a screen with an aperture and the field is to be calculated at the point
P0.
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A.2 Kirchhoff diffraction

Let us consider the problem of diffraction of light by an aperture in an infinite
opaque screen (A.1) [2]. The wave disturbance impinges on a screen with an
aperture from the left and a field at the point P0 is to be calculated. Having
disposed of the integration over the surface S2 by taking the limit to infinite
radius:

lim
R→∞

R(
∂U

∂n
− jkU) = 0, (A.8)

(Goodman 3.4 p42), the disturbance at P0 is expressed as

U(P0) =
1

4π

x

s

{∂U
∂n

G− U ∂G
∂n

}
ds. (A.9)

Kirchhoff diffraction is considered under the following assumptions: 1. Across the
surface Σ, the field distribution U and its derivative ∂U/∂n are exactly the same
as they would be in absence of the screen, 2. Over the portion of S1 that lies in
the geometrical shadow of the screen, the field distribution U and its derivative
∂U/∂n are zero.

These conditions are known as Kirchhoff boundary conditions. These assump-
tions hold in case the dimensions of the aperture Σ are large compared to the
wavelength (Σ� λ2). Suppose the aperture to be illuminated by a single spheri-

cal wave, U(P1) = Aexp(jkr21)
r21

we obtain the Fresnel-Kirchhoff diffraction formula
for a field at the point P0: (Goodman 3-25 - 2-27)

U(P0) =
A

jλ

x

Σ

exp[jk(r21 + r01)]

r21r01

[cos(−→n ,−→r01)− cos(−→n ,−→r21)

2

]
ds (A.10)

This equation can be interpreted to imply that the field at the point P0 arises from
an infinity of fictitious “secondary” point sources located within the aperture,
that are related to the illuminating wave front and the angles of illumination and
observation.

A.3 Rayleigh-Sommerfeld diffraction

Kirchhoff theory has an inconsistency since both the normal derivative and the
field strength vanish on the boundaries, which mathematically means that func-
tion must vanish on the entire plane. Sommerfeld removed this inconsistency
by eliminating the necessity for both field strength and its normal derivative to
vanish at boundaries. Instead, either field strength or its normal derivative must
vanish at the boundaries. Suppose G is generated not only by a point source at
P0 but also by a source placed at the mirror imaged point P0 which in case when
this two sources oscillate with a 1800 phase difference gives a Green function as

G−(P1) =
e(jkr01)

r01
− e(jkr01)

r01
, (A.11)



142 Background on X-ray wave propagation

and in case when this two sources are in phase:

G+(P1) =
e(jkr01)

r01
+
e(jkr01)

r01
, (A.12)

which lead to the following Rayleigh-Sommerfeld diffraction formula (Goodman
3-30 - 3-44):

UI(P0) =
1

jλ

x

Σ

U(P1)
e(jkr01)

r01
cos (−→n ,−→r01)ds. (A.13)

In case of U(P1) = A e(jkr21)

r21
this gives us

UI(P0) =
A

jλ

x

Σ

e[jk(r21+r01)]

r21r01
cos (−→n ,−→r01)ds (A.14)

and

UII(P0) = − A
jλ

x

Σ

e[jk(r21+r01)]

r21r01
cos (−→n ,−→r01)ds (A.15)

The first Rayleigh-Sommerfeld solution gives a prediction to a well known Huygens-
Fresnel principle: the observed field U(P0) is a superposition of diverging spher-
ical waves exp(jkr01)/r01 originating from every point P1 withing the aperture
Σ.

From the equation (A.13), the intensity observed on the screen at the distance
r01 from the aperture is

IQ(x1, y1) = |uQ|2 =
∣∣∣ 1

iλ

x

Σ

up(x, y)
e(jkr01)

rr01
cos (−→n ,−→r01)ds

∣∣∣2 (A.16)

In rectangular coordinates the Huygens-Fresnel principle (that comes from the
first Rayleigh-Sommerfeld solution) can be expressed as (GM 3-15 and 4-9)

U(x, y) =
z

jλ

x

Σ

U(ξ, η)
e(jk(r01))

r01
dξdη (A.17)

Where r01 =
√
z2 + (z − ξ)2 + (y − η)2.

A.4 Fresnel diffraction

To reduce Huygens-Fresnel principle, we introduce the following approximation
for r01:

r01 = z

√
1 +

(x− ξ)2

z2
+

(y − η)2

z2
≈ z
[
1 +

1

2

(x− ξ)2

z2
+

1

2

(y − η)2

z2

]
(A.18)
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The error introduced by dropping all the terms but z in the denominator of
equation A.17 is small, however, for r01 in the exponent errors are more critical,
therefore, equation A.17 turns into

U(x, y) =
e(jkz)

zjλ

x

Σ

U(ξ, η)e

[
j k2z [(x−ξ)2+(y−η)2]

]
dξdη (A.19)

and, in another form (see Reference [2], eq. 4-17):

U(x, y) =
e(jkz)

zjλ
e(j k2z (x2+y2))

x

Σ

U(ξ, η)e

[
j k2z [ξ2+η2]

]
e(−j 2π

zλ (xξ+yη)dξdη (A.20)

In order to distinguish the Fresnel and the Fraunhofer regimes the Fresnel number
approach is useful: let us define the Fresnel number to be

F ≡ a2

Lλ
, (A.21)

where a is a characteristic size of the aperture, L is the distance between the
screen and the aperture. Physically Fresnel number describes the number of
zones in which wavefront phase changes by π counted from the center to the edge
of the aperture as seen from the observational point. If the Fresnel number is
less than 1, then the curvature of the wavefront is small and diffraction follows
more simple Fraunhofer description.

A.5 Fraunhofer diffraction

In the Fraunhofer approximation (z >> k(ξ2+η2)max
2 ), corresponding to a Fresnel

number F << 1, the field is described as ( Reference [2] equation 4-25)

U(x, y) =
exp(jkz)

zjλ
exp(j

k

2z
(x2 + y2))

∞x

−∞
U(ξ, η)exp(−j 2π

zλ
(xξ + yη))dξdη

(A.22)
Equation A.22 is a Fourier transform of the aperture distribution U(ξ, η) multi-
plied by a phase factor. In the experiment the observable quantity is the intensity
which is defined as I(x, y) ≡ |U(x, y)|2. This means that in Fraunhofer regime all
phase information is lost. Since in x-ray tomography we are interested in phase
information, the Fraunhofer regime is not suitable for this purpose.

A.6 Talbot effect for amplitude grating

Talbot effect is important to consider as a background for x-ray tomography since
the presence of a Talbot effect imposes a requirement to record diffraction pat-
terns at multiple sample to detector distances in a tomography experiment. Let
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us first consider a sinusoidal amplitude grating that is modeled as a transmitting
structure with an amplitude transmittance equal to

tA(ξ, η) =
1

2
[1 +m cos(2πξ/L)] (A.23)

In the Fresnel regime, the transfer function is (GM 4-21)

H(ξ, η) =
ejkz

jλz
e[j πλ (ξ2+η2)] (A.24)

Therefore, Fourier transform is

F{H(x, y)} = e[−jπλz(f2
X+f2

Y )] (A.25)

The frequency spectrum of the field transmitted by the structure is the Fourier
transform of the amplitude transmittance:

F{tA(ξ, η)} =
1

2
δ(fX , fY ) +

m

4
δ(fX −

1

L
, fY ) +

m

4
δ(fX +

1

L
, fY ) (A.26)

The transfer function in equation (A.25) is equal to 1 at the origin and at
(fX , fY ) = (± 1

L , 0)

H(± 1

L
, 0) = e[−j πλz

L2 ] (A.27)

Thus after propagation over distance z behind the grating, the Fourier transform
of the field becomes

F{U(x, y)} =
1

2
δ(fX , fY ) +

m

4
e−j

πλz
L2 δ(fX −

1

L
, fY ) +

m

4
e−j

πλz
L2 δ(fX +

1

L
, fY )

(A.28)
Applying inverse Fourier transform to this spectrum, we find the field in real
space at the distance z from the grating to be

U(x, y) =
1

2
+
m

4
e−j

πλz
L2 ej

2πx
L +

m

4
e−j

πλz
L2 ej

2πx
L =

1

2

[
1 +me−j

πλz
L2 cos(

2πx

L
)
]

(A.29)
Then the intensity distribution (I(x, y) = |U(x, y)|2) is given by

I(x, y) =
1

4

[
1 + 2mcos(

πλz

L2
)cos(

2πx

L
) +m2cos2(

2πx

L
)
]

(A.30)

If we consider the intensity distributions at the so-called Talbot distances (z =
2nL2

λ , or πλz
L2 = 2nπ), it is seen that the intensity distributions in such cases are

either exact images of the grating, or phase-reversed images (Figure A.2):
1. If πλz

L2 = 2πn, then the intensity is equal to

I(x, y) =
1

4

[
1 +m cos (

2πx

L
)
]2

(A.31)

which can be interpreted as a perfect image of the grating.
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2.If πλz
L2 = (2n+ 1)π, then the intensity is equal to

I(x, y) =
1

4

[
1−m cos (

2πx

L
)
]2

(A.32)

which corresponds to a perfect image of the grating but with a 1800 spatial phase
shift, in other words, a phase-reversed Talbot image.

3.If πλz
L2 = (2n− 1)π/2, then the intensity is equal to

I(x, y) =
1

4

[
1−m2 cos2 (

2πx

L
)
]
. (A.33)

In in this case the image has a doubled frequency compared to the original one
and a reduced contrast. This situation is a so-called subimage.

Figure A.2: Spatial location of Talbot images when a sinusoidal amplitude grating
grating is illuminated with a plane wave.

A.7 Talbot effect for a phase grating

In a holotomography experiment that we performed the contrast is provided
by the phase delay of the beam propagated through the sample rather than
amplitude change, therefore it is important to consider a Fresnel diffraction on
a phase periodic sample. Due to Talbot effect it appears to be necessary to
perform tomography scans for several distances in order to avoid blindness of
Fresnel diffraction to a certain spatial frequencies st every distance.

A.7.1 Numerical calculation in the Fresnel regime.

In Reference[4] the deep Fresnel diffraction (r >> λ/2π) of a sinusoidal phase
grating is considered. The “deep Fresnel regime” is defined as a regime in between
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near-field diffraction, when the propagation distance is confined to a few wave-
lengths from the grating and far-field Fraunhofer regime. Let the transmission
function of the grating t(x0) be

t(x0) = exp[jnka0 sin (2πx0/d) + jϕ0], (A.34)

where k is the wavenumber, a0 and d thickness and period of the grating re-
spectively, ϕ0 is an additional constant phase and n is the refractive index of
grating.

The transmission function can be rewritten in terms of Bessel functions of the
first kind using the equality

exp
[
j
m

2
sin(2πf0ξ)

]
=

∞∑
q=−∞

Jq
m

2
exp(j2πqf0ξ), (A.35)

which gives

t(x0) =

∞∑
m=−∞

Jm(nka0)e[
j2πmx0

d ], (A.36)

The diffraction field u(x, z) in the observation plane satisfies the Helmholtz
equation[3] (∇ + k2)u(x, z) = 0, and, using the Green’s theorem, the field in
the observation plane u(x, z) can be written as

u(x, z) =
1

4π

∫ {
u0(x0)

∂G(x0, x, z)

∂n0
−G(x0, x, z)

∂u0(x0)

∂n0

}
dx0, (A.37)

where G(x0, x, z) is the Green function, u0(x0) = At(x0) is the field immediately
after the grating and ∂/∂n0 is the normal derivative. In the one-dimensional

case the Green function is G(x0, x, z) = jπH
(1)
0 (kr), where H

(1)
0 is the zero-order

Hankel function of the first kind

H(1)
n (z) =

1

jπ

∫ ∞
0

e(z/2(t−1/t))

tn+1
dt, (A.38)

and r = [(x− x0)2 + (z − h)2]1/2 is the distance from the object point x0 to the
observational point x. Using the recurrence relation for the Hankel function[7]

(
(

1
z
d
dz

)m
(z−nfn(z)) = (−1)mz−n−mfn+m(z)), the derivative of the Green func-

tion can be written as

∂G(x0, x, z)

∂n0
=
−jπk(z − h)H

(1)
1 (kr)

r
. (A.39)

When the propagation distance z is larger than several wavelength and the thick-
ness a0 is much smaller than the period of the grating, the derivative of the
height function h(x0) = a0sin(2πx0/d) is so small compared to the derivative of
the Green function that it can be neglected. Therefore the term ∂u0(x0)/∂n0 in
equation A.37 can be neglected as well. Therefore, the diffraction field can be
written

u(r) =
−jkr

4

∫
[t(x0)(z − h)H

(1)
1 (kr)/r]dx0. (A.40)
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In the deep Fresnel regime kr >> 1, so that the Hankel function can be re-

placed by its asymptotic expression H
(1)
1 (kr) ∼

√
2/πkrexp(jkr− j2π/4). From

the equations above, the diffraction intensity of the one-dimensional sinusoidal
grating is

I(x, y) =
kA2

8π

∣∣∣ ∫ ∞∑
m=−∞

Jm(nka0)e(jm2π
x0
d ) × (z − h)e(ikr)/r3/2dx0

∣∣∣2 (A.41)

A numerical calculation of this integral was made with the following parame-
ters: grating size s = 3 cm, wavelength λ = 0.8 µm, n = 1.532, grating period
d = 20 µm, grating thickness a0 = 1 µm. Figure A.3 shows a cross section at
y = 0 of the intensity distribution behind the sinusoidal phase grating illumi-
nated with a plane wave. The wave is incident from the left side of the picture on
a grating (at z = 0) and propagates to the right side. The interference pattern
has a strong dependence on the distance from the grating.

Figure A.3: Diffraction pattern of the sine phase grating in the deep Fresnel region,
calculated in Reference[4]. Waves are propagating from left to right. The diffraction
pattern shown in the figure is a cross section at the fixed value of y = 0.

A.7.2 Diffraction using transfer function approach

Let us now consider a sinusoidal phase grating similar to the 2D photonic crystal
structures that surround our 3D crystal which is defined by a transmittance
function

tA(ξ, η) = exp
[
j
m

2
sin(2πf0ξ)

]
rect(

ξ

2w
)rect(

η

2w
), (A.42)

Where f0 = 1/L spatial frequency if the grating, w is a half width of the grating
and rect is a rectangular function which has a value of unit when the argument
is within ±1/2 interval. To simplify the analysis let us use the identity A.35,
where Jq is a Bessel function of the first kind, and order q. Given

F
{
exp
[
j
m

2
sin(2πf0ξ)

]}
=

∞∑
q=−∞

Jq
m

2
δ(fX − qf0, fY ), (A.43)
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A Fourier transform of a transmittance function in that case will be

F{tA(ξ, η)} = [Asinc(2wfX)sinc(2wfY )]⊗
[ ∞∑
q=−∞

Jq
m

2
δ(fX − qf0, fY )

]
=

∞∑
q=−∞

AJq
m

2
sinc[2w(fX − qf0)]sinc(2wfY )

(A.44)
The transfer function in case of Fresnel diffraction is (GM 4-21)

H(fX , fY ) = exp[−jπλz(f2
X + f2

Y )] (A.45)

Therefore, using a transfer function approach (3-74 GM), we multiply equations
A.44 and A.45 and find the Fourier transform of a field at the position z to be

F{U(x, y)} =
∞∑

q=−∞
AJq

m

2
exp[−jπλz(f2

X − f2
Y )]sinc[2w(fX − qf0)]sinc(2wfY )

(A.46)
Analytical form of the expression A.46 involves convolution integrals that are
difficult to interpret therefore it is more revieling to use numerical methods.

Applying numerically inverse Fourier transform to a in Equation A.46, we can
obtain field distribution U(x, y) for different distances from the grating. The
intensity behind the grating will be then I(x, y) = |U(x, y)|2. We plot inten-
sity distribution behind the grating in the Figure A.4. For comparison with
the reference[4] we applied the same parameters as described in section A.7.1.
In order to simulate the case of x-ray diffraction on photonic crystal sample,

Figure A.4: Diffraction pattern of the sine phase grating with parameters taken from
Reference[4] numerically calculated by us using transfer function approach.

the following parameters were chosen: λ = 0.072 nm, that corresponds to the
beam energy of 17 keV; grating period [6] of 690 nm, real part of the refractive
index[5] δ = 1.5. The diffraction pattern calculated for this case is shown in



Talbot effect for a phase grating 149

Figure A.5. It is seen that at the number of distances z such as from the grat-
ing there is no contrast. This is a result of Talbot effect for a phase periodic
object. The intensity cross sections in Figure A.6 have been taken for com-

Figure A.5: Diffraction pattern of the sinusoidal phase grating with a period d =
690 nm illuminated with an x-ray beam with photon energy of 17 keV corresponding
to λ = 0.07 nm.

parison at the Talbot distances (zTb = N2d2/λ = 130 µm) and at non-Talbot
distances z1 = zTb + 200 µm and z2 = zTb + 0.1 m. It is clearly seen that the
contrast at Talbot distance is close to zero, unlike the contrast at the distance
z1 = zTb + 200 µm. Zero contrast at the Talbot distance for the phase periodic
sample means that in order to reconstruct all the spatial frequencies of a periodic
sample one need to record diffraction patterns at multiple distances z.

Figure A.6: Cross section of intensity pattern shown in Figure A.5 at the Talbot
distance zTb (blue) and for a distances z1 = zTb +200 µm (purple) and z2 = zTb +0.1 m
(red).
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A.8 Diffraction pattern from a 2D centered
rectangular grating

Using the same transfer function approach as in the section above we have calcu-
lated the intensity distribution for a two-dimensional rectangular centered grat-
ing. The grating is chosen to represent the geometry of our 2D photonic crystal.
The 2D rectangular centered array of pores is the first step in the fabrication
process of our 3D inverse woodpile photonic crystals[6]. The grating consist of
10 µm thick material with real part of the refractive index equal to δ = 1.5,
which corresponds to refractive index of silicon for λ = 0.072 nm. The field
distribution U0 at the distance z = 0 just behind grating is shown in the figure
A.7. This distribution defines the transmittance of the grating. For calculations
we used following grating parameters: a = 2µm, a

c =
√

2 and the pore size
d = 200 nm. The calculated diffraction intensity distribution over the range of

Figure A.7: The field distribution at the distance z = 0 behind the 2D centered
rectangular grating.

distances for a fixed y value of y = 0.01µm from the center of the grating is shown
on the figure A.8. The cross section of intensity distribution for Talbot distance
zTb = 5.5 m and non-Talbot distance z1 = zTb + 1 m is shown in Figure A.9.
Notably, that since 2D rectangular centered grating has different periodicity in
x and y directions (namely a and c), the Talbot distances zTb differ for different
spacial frequencies of the grating, therefore even at Talbot distances the intensity
contrast is non-zero.

In this appendix we described basic theory required for understanding of x-ray
interaction with the dielectric media and propagation on the output side. We give
the background on such important for x-ray tomography phenomena as Fresnel
and Fraunhofer diffraction, Talbot effect. Besides calculations of Talbot effect
for an amplitude grating which is widely described in a literature, we provide
calculations of Talbot effect for a different types of 2D phase gratings - sinusoidal
and centered rectangular grating.
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Figure A.8: The diffraction intensity at distance z from the centered rectangular
phase grating. The y value is fixed to the y = 0.01µm from the center of the grating.

Figure A.9: The cross section of diffraction intensity shown in Figure A.8 at the
Talbot distance zTb = 5.5 m (blue) and at non-Talbot distance z1 = zTb +1 m (purple).
Intensity is normalized to the intensity of incoming wave.
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APPENDIX B

Sample list

Sample and
Structure name

Sample name History

in the text in the lab
A AD2A24082008 3D photonic crystal sample fabricated with

the two-step etch mask process [1] in Septem-
ber 2008. The 3D structure is surrounded with
a large 2D array of pores. This sample was
kept in a quantum dot suspension for optical
emission measurements reported in [2] subse-
quently rinsed, dried and re-infiltrated several
times.

B AD2A2909 3D photonic crystal sample fabricated with
the two-steps etch mask process [1] in August
2008. The 3D structure is surrounded with a
large 2D array of pores.

C Structure 1 PG-10062016-
EBAR-CH02,
Structure 10

3D photonic crystal sample fabricated with
the single-step etch mask process described in
the 2 in June 2016. Structure contains a line
defect at the row 3. The design R = 150
and a = 750. 3D structure is surrounded
by bulk silicon. Tomography is performed in
June 2016, experiment HC(2520). Optical re-
flectivity measurements reported in chapter 6
were performed in March 2017

D Structure 1 PG-EBAR-
16032017-
CH4B, Struc-
ture 5

3D photonic crystal sample fabricated with
the single-step etch mask process described in
the 2 in March 2017. Structure is a quasi-
perfect without embedded defects. The design
R = 160 and a = 686. 3D structure is sur-
rounded by bulk silicon. Tomography is per-
formed in April 2017, experiment CH(5092).
Optical reflectivity measurements reported in
chapter 6 were performed in March 2017.
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D Structure 2 PG-EBAR-
16032017-
CH4B, Struc-
ture 12

3D photonic crystal sample fabricated with
the single-step etch mask process described in
the 2 in March 2017. Structure is a quasi-
perfect without embedded defects. The design
R = 160 and a = 686. 3D structure is sur-
rounded by bulk silicon. Tomography is per-
formed in April 2017, experiment CH(5092).
Optical reflectivity measurements reported in
chapter 6 were performed in March 2017.

D Structure 3 PG-EBAR-
16032017-
CH4B, Struc-
ture 4

3D photonic crystal sample fabricated with
the single-step etch mask process described in
the 2 in March 2017. 3D photonic crystal con-
tains array of cavities. The design R = 160
and a = 686, defect pore R′ = 80. 3D struc-
ture is surrounded by bulk silicon. Tomog-
raphy is performed in April 2017, experiment
CH(5092). Optical reflectivity measurements
reported in chapter 6 were performed in March
2017.

E Structure 1 3D-Si-bar,
Structure 4

3D photonic crystal sample fabricated with
the single-step etch mask process described in
the 2 in October 2014. 3D photonic crystal
contains array of cavities. The design R = 160
and a = 686, defect pore R′ = 80. 3D struc-
ture is surrounded by bulk silicon. Optical
reflectivity measurements reported in chapter
6 were performed in October 2014
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APPENDIX C

Wave propagation in the birefringent media

C.1 Wave propagation in the birefringent media

Let us first consider a uniform plane wave propagating in a lossless isotropic
dielectric media [1] in the direction of a wave vector k given by:

E(r) = Ee−jk·r,H(r) = He−jk·r,with k̂ ·E = 0,H =
n

η0
k̂×E (C.1)

where n is the refractive index of the medium n =
√
ε/ε0, η0 = 1/c0ε0 the

free-space impedance. and k̂ the unit-vector in the direction of k, such that

k = kk̂, k = |k| = ω
√
µ0ε = nk0, k0 =

ω

c0
= ω
√
µ0ε0 (C.2)

and k0 is the free-space wavenumber. Thus, E,H, k̂ form a right-handed system.
For the k lying in the xz plane st the angle θ from z-axis, k̂ = x̂ sin θ−ẑ cos θ, then
there are two independent polarization solutions: TM, parallel (p=polarization)
and TE, perpendicular (s-polarization) with fields given by

TM,p− polarization : E = E0(x̂ cos θ − ẑ sin θ), H =
n

η0
E0ŷ

TE, s− polarization : E = E0ŷ, H =
n

η0
E0(−hatx cos θ + ẑ sin θ)

(C.3)

In both cases for TE and TM polarizations the propagation phase factor is

e−jk·r = e−j(kzz+kxx) = e−jk0n(z cos θ+x sin θ) (C.4)

From now on the dielectric interface is taken to be xy plane and the xz plane is
a plane of incidence.

Let us now consider a birefringent medium. We choose xyz coordinate axes to
coincide with the principal dielectric axes (so that permittivity tensor is diago-
nal). The wave vector k lies in the xz plane ant the angle θ from the z-axis as
shown in Figure C.1. The relation between B and H is assumed to be B = µ0H.
Let ε1, ε2, ε3 be the permittivity values along the principal axes with correspond-
ing refractive indexes ni =

√
εi/ε0, where i=1,2,3. Then the relationship between

D and E is:
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Figure C.1: The geometry of the TE and TM wave. The coordinate system xyz is
aligned with principal axis of the dielectric media and the coordinate system x′y′z′ is
aligned with the wave vector k. The dielectric interface is taken to be xy plane.

values along the principal axes with corresponding refractive indices

Dx

Dy

Dz

 =

ε1 0 0
0 ε2 0
0 0 ε3

ExEy
Ez

 = ε0

n2
1 0 0

0 n2
2 0

0 0 n2
3

ExEy
Ez


The wave vector k can be written as follows:

k = kk̂ = k(x̂ sin θ + ẑ cos θ) = x̂kx + ẑkz (C.5)

We now may define the effective refractive index N such that:

k = Nk0 = N
ω

c0
(C.6)

In order to derive N let us find propagating solutions for Maxwell equations.
Taking into account that gradient of the fields is equal to −jk, Maxwell equations
can be written as

5×E = −jωµ0H k ×E = ωµ0H

5×H = −jωD k ×H = −ωD

5 ·D = 0 k ·D = 0

5 ·H = 0 k ·H = 0

(C.7)

Replacing k = kk̂ = Nk0k̂, where N is the effective refractive index to be deter-
mined.

N
ω

c0
k̂ ×E = ωµ0H,

H =
N

η0
k̂ × E

(C.8)
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Where η0 = c0µ0. Then we write from equations C.7:

D = − 1

ω
k×H = − 1

ω
N
ω

c0
k̂ ×H =

N2

η0c0
k̂ × (E× k̂)

k̂ × (E× k̂) =
1

ε0N2
D

(C.9)

Using the vectorial multiplication rules we can transform k̂×(E×k̂) = E−k̂(k̂·E).
Thus we obtain

E =
1

ε0N2
D = k̂(k̂ ·E) (C.10)

This is a linear equation thus in order to have a non trivial solution its deter-
minant must be zero. This provides a condition to find N . Let us write the
equation C.10 separately for each component of E. Here we use the expression
for D and that k̂ ·E = Ex sin θ + Ez cos θ:

(1− n2
1

N2
)Ex = (Ex sin θ + Ez cos θ) sin θ

(1− n2
2

N2
)Ey = 0

(1− n2
3

N2
)Ez = (Ex sin θ + Ez cos θ) cos θ

(C.11)

Here we consider two cases separately: TE and TM polarizations.

C.1.1 TE polarization

In case of TE polarization Ey 6= 0 and Ex = Ez = 0. Thus second from the set
of equations C.11 immediately implies that N = n2. Then we obtain solution for
TE case:

E(r) = E0ŷe
(−jk·r)

H(r) =
n2

η0
E0(−x̂ cos θ + ẑ sin θ)e(−jk·r) (C.12)

and the TE propagation factor is

e(−jk·r) = e(−jk0n2(z cos θ+x sin θ)) (C.13)

C.1.2 TM polarization

For TM polarization Ex 6= 0, Ez 6= 0 and Ey = 0. Then linear system C.11
becomes

(1− n2
1

N2
)Ex = (Ex sin θ + Ez cos θ) sin θ

(1− n2
3

N2
)Ez = (Ex sin θ + Ez cos θ) cos θ

(C.14)
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Using sin2 θ + cos2 θ = 1 we can rewrite above equations in a matrix form:[
cos2 θ − n2

1

N2 − sin θ cos θ

− sin θ cos θ sin2 θ − n2
3

N2

] [
Ex
Ez

]
= 0

To have non trivial solutions the matrix has to have zero determinant, thus

(cos2 θ − n2
1

N2
)(sin2 θ − n2

3

N2
)− sin2 θ cos2 θ = 0 (C.15)

Solving the above equation we get

1

N2
=

cos2 θ

n2
1

+
sin2 θ

n2
3

N =
n1n3√

n2
1 sin2 θ + n2

3 cos2 θ

(C.16)

Solving the linear system we find for TM polarization

E(r) = E0
N√

n2
1 + n2

3 −N2
(x̂
n3

n1
cos θ − ẑ n1

n3
sin θe(−jkr)

H(r) =
E0

η0

n1n3√
n2

1 + n2
3 −N2

ŷe(−jkr)

(C.17)

with TM propagation factor

e(−jk·r) = e(−jk0N(z cos θ+x sin θ)) (C.18)

C.1.3 Reflection and refraction from birefringent medium

Here we now consider reflection and refraction of waves from the birefringent
media. Figure C.2 shows the geometry of TE and TM cases.

The plane wave is incident from both sides on a planar interface separating
two media ε and ε′. In case of TM polarization the electric fields lie on the plane
of incidence and magnetic fields are perpendicular to that plane when in TE case
it is other way around - electric fields are perpendicular to the plane if incidence
and magnetic fields lie in that plane. In case of birefringent media left and
right media are described with triplets of principal indices n = [n1, n2, n3] and
n′ = [n′1, n

′
2, n
′
3]. The principal indices are aligned along xyz axes, the xy-plane

is the interface plane, and the xz-plane is the plane of incidence. The boundary
conditions require that tangential components of electric field are matched, which
means Ex components in the TM case and Ey in the TE case. Thus we can
express equations C.12 in terms of Ey and equation C.17 in terms of Ex. Taking

into account that for the TM case E = x̂Ex + ẑEz = Ex(x̂− ẑ tan θ̂) we obtain

E(r) = Ex(x̂− ẑ n
2
1

n2
3

tan θ̂)e(−jk·r)

H(r) =
Exn

2
1

η0N cos θ
ŷe(−jk·r)

(C.19)
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Figure C.2: The geometry of the reflection and refraction for TE and TM wave. The
coordinate system xyz is aligned with principal axis of the dielectric media and the
coordinate system x′y′z′ is aligned with the wave vector k.

values along the principal axes with corresponding refractive indices

Similarly we write for the TE case:

E(r) = Ey ŷe
(−jk·r)

H(r) =
Eyn2 cos θ

θ0
(−x̂+ ẑ tan θ)e( − jk · r)

(C.20)

Where the propagation factors are:

e(−jk·r) = e(−jk0xN sin θ−jk0zN cos θ) (C.21)

with the corresponding effective refractive indices N . Assuming the interface is
at z = 0, the equality of the total tangential electric fields implies the prapagation
phase phactors to match at all values of x:

e(−jkx+x) = e(−jkx−x) = e(−jk′x+x) = e(−jk′x−x) (C.22)

which means that kx+ = kx− = k′x+ = k′x− and since kx = k sin θ = Nk0 sin θ:

N sin θ+ = N sin θ− = N ′ sin θ′+ = N ′ sin θ′− (C.23)

This equation provides us Snel’s law for the birefringent media:

N sin θ = N ′ sin θ (C.24)

Due to the dependence of N on polarization, there will be two different refraction
angles for the same angle of incidence. The Snel’s law can be thus written
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separately for two polarizations:

TM,p− polarization :
n1n3 sin θ√

n2
1 sin2 θ + n2

3 cos2 θ
=

n1n3 sin θ√
n2

1 sin2 θ + n2
3 cos2 θ

TE, s− polarization : n2 sin θ = n′2 sin θ

(C.25)

The Fresnel coefficients for the TE and TM case are the following:

ρTM =
nTM − n′TM
nTM + n′TM

=
n2
1

N cos θ −
n2
1

N ′ cos′ θ
n2
1

N cos θ +
n2
1

N ′ cos′ θ

ρTE =
nTE − n′TE
nTE + n′TE

=
n2 cos θ − n′2 cos′ θ

n2 cos θ + n′2 cos′ θ

(C.26)

Were we used transverse refractive indices

nTM =
n1n3√

n2
3 −N2 sin2 θ

nTE = n2 cos θ

(C.27)

We can also write analytical expressions for reflection coefficients in terms of the
angle θ only:

ρTM =
n1n3

√
n′23 −N2 sin2 θ − n′1n′3

√
n2

3 −N2 sin2 θ

n1n3

√
n′23 −N2 sin2 θ + n′1n

′
3

√
n2

3 −N2 sin2 θ

ρTE =
n2 cos θ −

√
n′22 − n2

2 sin2 θ

n2 cos θ +
√
n′22 − n2

2 sin2 θ

(C.28)

In Chapter 5 we use the absolute square of the equations C.28 to determine the
intensities of TE and TM reflected light.
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Nederlandse samenvatting

In deze dissertatie bestuderen en ontwikkelen wij een platform voor het realize-
ren van driedimensionale (3D) silicium nanofotonica. Het veld van de silicium
fotonica heeft zich in al afgelopen 20 jaar gestaag ontwikkeled. Alle benodigde
structuren worden tot nu toe gemaakt op planaire wijze in een tweedimensionale
vlak. Er wordt moeite gedaan om zulke 2D structuren te stapelen om zo 3D
structuren te vormen waarbij het een grote uitdaging is om 3D structuren mono-
litisch te maken. In hoofdstuk 2 van deze dissertatie doen we een voorstel voor en
demonstreren een enkelstaps etsmasker om 3D nanostructuren te fabriceren door
op twee loodrecht op elkaar staande vlakken in een stap een patroon te genereren.
Het gewenste patroon is op twee aanliggende vlakken geprojecteerd als een foto
zodat de uitlijning van de structuren op de verschillende vlakken is vastgelegd in
het ontwerp. Op deze manier ontwijken wij het probleem van uitlijning dat zo
centraal is in de huidige halfgeleiderindustrie. We tonen verschillende voorbeelden
van etsmaskers gemaakt met de enkelvoudige fotografische methode. De maskers
die worden getoond in dit hoofdstuk zijn ontworpen om 3D fotonische kristallen
te produceren. We tonen aan dat de uitlijning van openingen in verschillende
vlakken binnen 3-5 nm is, wat hoofdzakelijk bepaald wordt door de nauwkeurig-
heid van de elektronen microscoop. In hoofdstuk 3 doen we het voorstel en tonen
we aan hoe we de voorgenoemde enkelvoudige methode kunnen uitbreiden naar
diep Ultraviolet (DUV) lithografie en belichten van openingen op het hellende
vlak op een silicium wafel. Het hebben van masker openingen op loodrecht op
elkaar staande vlakken is de sleutel tot het bereiken van 3D structuren na het
etsen. We presenteren de eerste experimenten op het homogeen bedekken van de
hellende vlakken met een laag fotogevoelige lak. We laten zien dat het met een
enkelvoudige ultraviolet belichting mogelijk is om openingen te fabriceren op 1.18
micrometer diep op de helling. In hoofdstuk 4 bediscussiëren we het etsen van
diepe poriën in silicium. We beschouwen de diep reactieve etsprocesparameters
voor het etsen van poriën met extreem grote aspect verhoudingen in silicium. Het
proces dat we hebben ontworpen staat ons toe om nanoporiën te etsen met een
aspect verhouding van 42. Hierna beschouwen we het etsen van twee loodrechte
sets van poriën in silicium voor het vormen van drie dimensionale structuur en
het noodzakelijke bijstellen van de ets parameters. We stellen voor om een extra
zuurstofplasma schoonmaak stap toe te voegen tussen het etsen van de twee sets
poriën om de achtergebleven polymeer resten van de voorgaande stappen te ver-
wijderen. We fabriceren en presenteren 3D fotonische bandkloof kristallen met
en zonder ingebouwde defecten. In hoofdstuk 5 presenteren we de toepassing van
zoom tomografie met röntgestraling als niet invasieve beeld vormende techniek
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van 3D fotonische nanostructuren. We beschrijven het experimentele schema
en we geven de volledige afleiding van de theoretische beschrijving van het fa-
seherleidingalgoritme dat noodzakelijk is voor de reconstructie van de beelden.
We passen zoom tomografie toe op onze 3D fotonische bandkloof kristallen en
nemen 3D materiaal dichtheid verdeling in de gefabriceerde kristallen waar met
een ultieme resolutie van 20 en 10 nm. Ook presenteren we een binair model dat
tomografie data beschrijft en het toestaat om deze te gebruiken als invoer voor ab
initio numerieke modellen met als doel om de optische eigenschappen vrije vorm
aannames te berekenen. In hoofdstuk 6 bestuderen we de optische eigenschappen
van 2D en 3D fotonische kristallen door middel van breedband microscopische
reflectiviteit metingen. We onderzoeken het polarisatie gedrag van licht dat gere-
flecteerd wordt door 2D fotonische kristallen met verschillende configuraties van
de polarisator en analysator en nemen voor het eerst een grote mate van dub-
belbreking binnen de stop band waar. We interpreteren het polarisatie gedrag
van het 2D kristal met een model van een half oneindige dubbelbrekende plaat
met de effectieve brekingsindextensor door het model te passen op de experimen-
tele data en daardoor verkregen de anisotropie van de effectieve brekingsindex
We bestuderen de reflectiviteit van 3D fotonische kristal structuren met en zon-
der ingebouwde defecten. Van de waarneming van stopbanden in reflectiviteit
verkrijgen we structurele eigenschappen van fotonische kristallen welke we ver-
gelijken met de verkregen waarden uit het tomografie experiment en vinden een
overeenkomst. In de reflectiviteit spectra die genomen zijn van de 3D kristallen
met ingebouwde defecten nemen we zoals verwacht een trog waar binnen de bere-
kende bandkloof. We vinden goede overeenkomst van de trog in de reflectiviteit
piek met de ruimtelijke positie van het trilholte defect in het kristal. The results
presented in this thesis allow to kick off fabrication and metrology for 3D sili-
con nanophotonics. De resultaten welke in deze dissertatie gepresenteerd worden
geven aanleiding tot de start van fabricatie en metingen van 3D nanofotonica.
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