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Abstract 

Pbotonic crystals (Ph Cs) are artificial periadie dielectric media with a pbo
tonic band gap (PBG), enabling light flow control at a wavelength scale. 
Bragg scattering causes the PBG, a frequency region for which light cannot 
propagate inside the PhC. Planar InP-based PhCs are a practical realiza
tion of PhCs for opto-electronic applications, made by etching cylindrical 
air holesintoa InP-InGaAsP waveguide. 

The PBGs of these Ph Cs can be tuned by infiltration: filling the air holes 
with an optically active materiaL A practical method has been developed 
for infiltrating PhCs under ambient conditions. A model was developed to 
identify essential infiltration parameters, yielding successful infiltration. A 
solid infill was accomplished by infiltration with a liquid monomer, succeeded 
by in situ polymerization. Cross-sectional scanning electron microscopy and 
optica! characterization confirm infiltration and show a 35% PBG shrinkage. 
After infiltration with a liquid crystal, thermal PBG tuning is shown. Both 
plane wave expansion and finite difference time domain calculations show 
consistency with optica! data. 
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Chapter 1 

Introduetion 

1.1 Motivation and Technology Assessment 

As photonic crystals (PhCs) are able of controlling light at a wavelength 
scale, they have been drawing everincreasing research interest since their 
discoveryin 1987 [1], [2]. After first experimental demonstration for the mi
crowave regime in 1991 [3], current research focusses on (the much shorter) 
optical wavelengths, with opto-electronic communication their main appli
cation area. While basic optica! techniques and building blocks are still 
under development, interesting devices such as lasers [4], [5] and sensors [6] 
have already been demonstrated. 

As PhCs are distributed Bragg-refiectors in 1, 2 or 3 dimensions, their 
optica! properties depend on the index contrast between the high and the low 
dielectric. A common realisation is the one used in this work: cylindrical air 
holesintoa semiconductor hetero structure. By infiltration (replacing the air 
with another material) the PhC's optica! properties can be tuned. Various 
attempts have already been made on PhC infiltration [6]-[11], especially 
using liquid crystals. 

This work presents the infiltration of planar Ph Cs with organic materials. 
A first goal is fully filling the PhC holes with a solid polymer. Infiltration 
with a solid would enable direct inspeetion of the infill by cross-sectional 
scanning electron microscopy (X-SEM). Furthermore, it opens the road for 
infiltration with other (solid) organic materials, e.g. electro-optically active 
ones. Secondary advantages are loss reduction and planarization abilities. 
A second goal is to infiltrate with liquid crystals (LCs), to demonstrate PhC 
tunability. A third goal to infiltrate with dissolved polymers. These type 
of materials are used for e-beam lithography (EBL). Infiltrating with these 
so-called e-beam resists (EBRs) enables reopenening individual holes with 
EBL. This would give the opportunity of selecting which holes are infiltrated, 
and which holes are not: selective infiltration. Combining the abovemen
tioned techniques would greatly enhance the degrees of freesom in designing 
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dedicated PhC deviceso Before all these goals can be achieved, a basic un
derstanding of infl.uence of infiltration on planar PhCs should developed by 
using numerical modelingo But most importantly, the process of infiltration 
has to be investigated and critical parameters should be pinpointedo After 
this, a practicle and controllable method can be developed to achieve the 
infiltration of PhCs with organic materialso 

1.2 Outline 

The remainder of this chapter introduces the concept of planar InP-based 
PhCso Their basic optical properties are derived and modeled, after which 
the fabrication procedure is describedo Chapter 2 uses numerical simulation 
to show the optical effects of infiltration on planar PhCso Chapter 3 is the 
main chapter of this thesis, in which the actual infiltration is demonstratedo 
The physics behind the infiltration procedure is explained, the infiltrants 
are described and the infiltration procedure itself is discussedo Most impor
tantly, this chapter directly proves ability of infiltrating Ph Cs under ambient 
conditions using cross-sectional scanning electron microscopy [12]0 In addi
tion, initial experiments on EBR infiltration are showno In chapter 4 the 
optical characterization of infiltrated Ph Cs is demonstrated using an end-fire 
set-up, both for solid polymers and liquid crystalso Initial thermal tuning 
results display the ability of active infl.uenceo Lastly, conclusions are given 
in chapter 50 

1.3 Introduetion to Photonic Crystals 

Photonic crystals are periodic dielectrics that form a forbidden region for 
light in a certain frequency range, called the photonic band gap (PBG) 0 This 
photonic band gap shows striking resembienee with the electronk band gap 
of semiconductors, which is why PhCs are also called "the semiconductors 
of light" [13]0 

1.3.1 Master Equation 

Macroscopie electromagnetism is goverened by the four macroscopie Maxwell 
equationso A lossless dielectric medium is considered (E is real), free of 
charges and currentso Linear isotropie dielectric properties are assumed, 
yielding a scalar dielectric constant E = E ( r, w) 0 These assumption relates 
the displacement field to the electric field by D(f) = E(T)E(f), while for 
the magnetic field a similar relation exists: fi ( f) = -d:rJ Ë ( T) 0 Fr om these 
assumptions, the Maxwell equations yield relations from which the fields 
inside a PhC can be calculatedo The two divergence Maxwell equations give 
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the condition: 
V1· iÏ(f') = V1· D(f') = o, (1.1) 

while the two curl equations are decoupled into: 

( 1 - ) (w)2-V1 x ~:(f') V1 x H(f') = ; H(f'). (1.2) 

Equation (1.2) is called the master equation of photonic crystals [14]. 
It is an eigenvalue problem for H with a Hermitian operator, reminiscent 
of the Schrödinger equation in quanturn mechanics. In addition to (1.1), 
it completely determines H(f') inside the PhC. The solution of equation 
(1.2) is therefore a set of harmonie modes Hwn (f') with real and positive 
eigenval u es Wn. In addition, modes Hwn ( f') with different eigenvalues are 
mutually orthogonal. After knowing H, Ë can be calculated from: 

(1.3) 

An intuitive statement on the favoured field distribution in a PhC is 
as follows. Roughly stated, to minimize the electromagnetic energy func
tional, a mode tends to concentrate its displacement energy in regions of 
high dielectric constant, while remaining orthogonal to the modes below it 
in frequency [14]. For instance, in a lattice as depicted in figure 1.1, the 
lowest mode concentrates its displacement field in the blue, high dielectric 
region. The second mode is forced out of the high dielectric region because 
of the orthogonality, and is therefore forced into a less preferred energy 
configuration that causes the band gap. 

A very useful property of electromagnetism in dielectric media is that 
there is no fundamental length scale ( except for the assumption that the 
system is macroscopie, see [16]). When introducing ~:'(f') = ~:(f'/s), f" = sf' 
and V1' = V1 js forsome sealing parameters, Eq. (1.2) can be written as: 

( 1 - - ) ( w )2 - -V1'x ---V1'xH(r'js) =- H(r'js), 
t:1(r 1

) CS 
(1.4) 

This equation shows that mode profiles of structures on different scales can 
be compared, just by sealing the frequency with the same parameter. This 
scalability is frequently used in PhC research as it enables the use of nor
malized units, relative to the lattice parameter a. Two commonly used 
normalized units are the normalized hole radius r ja and the normalised 
frequency af À. 

1.3.2 Photonic Band Diagrams 

PhCs have PBGs due totheir periodicity. In solid crystals, discrete transla
tional symmetry in the potential of the positive ion cores (V ( f') = V ( f' + R) 
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for all lattice veetors R) leads to Brillouin zones and Bloch modes 'lj;k(r) 
[15] . In electromagnetism, periodicity in the dielectric (t:(i") = t:(f + R) for 
alllattice veetors R) does the same, but then for functions fik(r). So, dis
crete translational symmetry allows to write the harmonie modes in a Bloch 
form, that can be inserted into (1.2) , which result into functions wn(k), 
giving the frequencies of the allowed harmonie modes. Crystal symmetry 
makes the dispersion relations Wn(k) to have redundancies. The coneetion 
of non-redundant k-vectors is called the irreducible Brillouin zone. 

Crystal Directions 

A practical PhC realization for opto-electronic applications is a planar InP 
based slab with cylindrical air holes on a hexagonal lattice. The 2-D pe
riodicity in this structure is shown in figure 1.1, together with the PhC's 
two primary lattice veetors rM and rK . Any crystal direction can be con
structed from a linear combination of these two. rK has a length of a and 
rM has a reciprocal length of av'3 1. 

-
•• •• 

Figure 1.1: Cross-sectional view of a 2-D hexagonal PhC lattice with lattice con
stant a. The blue regions indicate the high dielectric (thus high-n) semiconductor; 
the white regions indicate the cylindrical air holes of radius r. The rM and rK 
lattice veetors are indicated by the black arrows. The green rhombus shows the 
unit cell that is used for band calculations. 

Just like semiconductors have energy bands En(k) that can be plotted 
in electrooie band diagrams, pbotonic crystals have frequency bands wn(k) 
that can be plotted in pbotonic band diagrams2 . 

Planar PhCs 

The PhCs as used in this work are planar. A schematical representation of a 
planar PhC, including ridge waveguides for injection and extraction of light, 
is given in figure 1.2. Light in this structure is guided in the y-direction by 

1In redprocal space, this gives 21r j a and 27r/a../3, respectively 
2 Strictly speaking, the pbotonic band diagram is only valid for a 2-D PhC that is 

infinitely large in the out-of-plane direction. In practice the light experiences a 2-D PhC 
if it is concentrated in a region that has 2-D periodicity. 
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a high-n region. The PhC periodicity is limited to the (x,z)-plane, which 
makes a planar PhC "2-D-like" . Simulations in 2-D are therefore very in
sightful for planar PhCs, but do not give a complete picture as they for 
instanee do not take out-of-plane losses into account. 

Mirror refl.ection symmetry in 2-D PhCs allows to separate the eigen
value equation into separate equations, one for each polarization [14]. Con
sequently, modes of a 2-D PhC can be classified into TE and TM modes. 
For TE the electric field is confined to the PhC plane, while for TM the mag
netic field is confined to the PhC plane (and the electric field out-of-plane)3 

. These polarizations, in combination with the used coordinate system and 
orientation during both simulations and experiment is depicted in tigure 
1.2. Note that the depicted structure shows a contiguration where light sent 
through the ridge waveguides experiences the PhC's dispersive properties in 
the rK direction. 

~M) 

7TE) 

Figure 1.2: Coordinate system and polarization direction definitions . The z
direction is the direction of propagation for the light that is coupled into the system. 
The polarizations are indicated by their electric field. For the TE polarization, the 
electric field is in the (x, z )-plane. TM polarization has the electric field in the 
y )-direction. 

Plane Wave Expansion 

Band diagrams in this work are calculated using the plane wave expansion 
method [17]. The PhC structure is discretized and refractive indices are 
assigned to each grid cell. Next, the specified number of bands for the 
specified polarizations are calculated. The k-space path rMKr 4 is usually 
followed, with a k-space resolution of 16. The commonly used unit cell 

3 Planar photonic crystals are not two-dimensional as they do not extend infinitely long 
into the vertical direction. However, their modes can still be divided according to their 
polarization. These polarizations should, strictly spoken, be called TE-like and TM-like. 
However, for convenience this work will simply refer tothese polarizations as TE and TM. 

4For the rM and Kr paths, k changes only in magnitude, but not in direction. In the 
MK path, k changes both in magnitude and direction. 

10 



discretization is with 32 x 32 grid cells5 . 

To properly simulate the planar PhC in 2-D, an effective refractive index 
netr has to be adressed to the region of high refractive index. A mode solver 
is used to calculate netr [18]. For a waveguide stack consisting of 500 nm 
n1nP = 3.17 upper cladding, a 500 nm nlnGaAsP = 3.35 layer and a nlnP 

= 3.17 substrate, taking À= 1.55 pm and air on top, yields neff = 3.258 for 
the TEa mode, and 3.252 for the TMo mode. For convenience, netr = 3.25 
is taken for both polarizations. 

Photonic Band Diagram of a Planar InP-based Hexagonal Lattice 

Before the band diagram can be interpreted, a few important expressions 
from the field of photonic crystals should be defined here. The diagram 
shows a zero speetral density of states (DOS) for specific areas. In a pho
tonic stop band there are no allowed states for a certain polarization for 
a certain crystal direction. In a photonic band gap there are no allowed 
states for a certain polarization but for all crystal directions. In a complete 
photonic band gap there are no allowed states for all polarizations and crys
tal directions. It is important to note that these expressions will often be 
used without mentioning "photonic". Unless explicitly stated elseway, the 
"photonic" quantity is intended. 

A 2-D photonic band diagram for r /a = 0.30 and neff = 3.25 has been 
calculated, for the lowest four bands of both polarizations, see figure 1.3. 
Note that the rM and the rK axes are not on the same scalé. This structure 
is representative for the (unfilled) PhC structures as investigated in this 
work. 

From figure 1.3 the very polarization dependent optical properties of 
the PhC structure are derived. The PhC has arM stop band fortheTE 
polarization for 0.195 ::::; a/ À ::::; 0.287, a rK stop band for 0.220 ::::; aj À ::::; 

0.303 and a band gap for 0.220 ::::; aj À ::::; 0.287. The TM polarization has 
arM stop band for 0.191::::; a/À::::; 0.222 and no band gap, which implies 
that this PhC does not exhibit a complete band gap. 

Transmission Spectrum of a Planar lnP-based Hexagonal Lattice 

Using FDTD (Finite Difference Time Domain) 2-D and 3-D calculations on 
transmission spectra have been performed. All presented FDTD calcula
tions in this work are in 3-D, while the much faster 2-D calculations were 
extensively used for exploration. First, a structure design is made, and exci
tors and sensors are placed. The engine discretizes the PhC device that has 
been designed, and assigns a refractive index per cell, see figure 1.4. A pulse 

5It was verified that this reproduces literature values. 
6Figure 1.1 shows that the rM and rK lattice veetors have different lengths, so also 

their reciprocal counterparts that are depicted in the band diagrams. 
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Figure 1.3: Band diagram of a 2-D InP PhC. The r/a value is 0.30, and the 
effective refractive index neff = 3.25. Both TE and TM polarization are shown. 
Along the horizontal axis, that is not to scale, the in plane wave vector goes from 
r to M, to K and back to r. Note that only from M to K it changes direction, in 
the other two regions it only changes in magnitude. 

is excited from the excitor, that evolves in time. The pulse is sinusoidal 
around À = 1.55 pm, with a bandwidth large enough to cover the spectrum 
of interest. In the final stage of the calculation, a Fourier transfarm is per
formed on the sensor data, producing speetral information. The number 
of time steps in the calculation is therefore of influence on the frequency 
resolution of the sensor output. 

Also shown in figure 1.4 is the field profile of the TE mode. Most of 
the field is concentrated in the upper 1.5 pm of the structure, centered the 
InGaAsP quarternary layer. Significant field strength is present outside of 
the quarternary layer though. Somewhat more energy is concentrated below 
the quarternary layer than above, due to TIR at the InP /air interface. 

This work uses samples as depicted in figure 1.2 for transmission spectra, 
as well in modeling as in measurements. Normally, ten rows are taken for 
the PhC sample thickness. The TE polarization transmission diagrams in 
normalized units are depicted in figure 1.5, with stop bands indicated. The 
relative transmission of "dummy" sample, consisting of the same transmis
sion structure, but without the holes etched, showed neglegible transmission 
loss for the frequency region of interest. The upper scale for a = 400 nm 
shows that almost 99.999% of the light at the optical communication wave
length À = 1.55 pm is reflected. 

It is important to recognize the link between the transmission diagrams 
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Figure 1.4: Discretization of the PhC structure. The left image shows a top view 
of the holes and edges. Note that care has been taken that the PhC field edges 
and holes exactly match the grid. The right image shows a cross-section of the 
structure, visualizing the hole depth discretization. A calculated TE mode profile 
is depicted, tagether with excitor and sensor positions. The dimensions in pm are 
visible at the sicles of bath images. 

and the band diagrams. The stop bands are not the only transmission 
dips in the diagrams. The higher frequency side shows another decrease 
in transmission, around af>.. = 0.40. As these transmission dips do not 
correspond with a zero speetral DOS for the crystal directions, they are not 
stop bands. These are so-called pseudo-gaps, caused by a mismatch between 
the waveguide modes and the PhC modes [19]. Both the stop bands and the 
pseudo-gaps will show infiltration-dependent behaviour. The diagrams also 
show Fabry-Perot fringes, best visible at high transmission levels, caused by 
reflections between the PhC boundaries. 

The transmission level does not go to absolute zero in the stop bands. 
This is because although no extended modes may exist in a PhC, a PhCs 
field edge may be considered a defect that allows localized states, that decay 
exponentially into the PhC lattice. Now look af>.. = 0.22, which is a band 
gap edge. In the fK direction, this is the location of the stop band edge. 
In the fM diagram it also indicates a boundary. This can be explained 
by assuming that the pulse has some components in te fK direction, even 
though effort was taken to minmize this effect. 

In fK direction this effect becomes disturbing. A large artefact in the 
stop band can be seen at af>.. = 0.29, which is not present in transmission 
measurements or found in literature. This indicates the generation of large 
fM components. The origin of this is not fully understood, but a considered 
effect is that the edge of the PhC field acts as a scatterer. The impinging 
pulse experiences distributed scatterers along the PhC interface. The scat
ters for the fK transission structure are distributed with a mutual distance 
J3 larger than for the fM direction. This causes refraction, resulting in 
waves that do not travel in the pure fK direction anymore. As this artefact 

13 



I. 
Î. 

~wc 
'""'3000 

lOOO -
1cf 10. 

10'' 10' 

10' 10 ' 

~ 
10"' 

10"' 

10'' 
~ 

10~ 

.l m: dummy 

10' 

10 .. 

0.1 0.2 03 

a/i. 

0.4 0.5 

10 5 

10 .. 

0.1 0.2 0.3 

a/i. 
0.4 

Figure 1.5: Transmission spectra for the TE polarization of Ph Cs with r ja = 
0.30, made with 3D FDTD calculations. The horizontal scale gives the normalized 
frequency aj >., while the vertical scale gives the normalized transmission T through 
the crystal. The insets show the used devices. The upper scale is for a = 400 nm. 

is not visible in plane wave expansion simulations with periodic boundary 
conditions (for instance, see [22]), effort has been made to remove all compo
nents from the impinging pulse, by enlarging excitors and waveguides, and 
placing only small sensors in the center of the waveguide. These result into 
smaller artefacts, but to keep the simulation as representative to the ex
periment as possible, only the larger excitors were used in the transmission 
spectra as presented. 

Another interpretation is that the effect is real, but suppressed in sim
ulations with periodic boundary conditions. The reason that the effect is 
not measured by experiment would then be due to waveguide losses. It is 
imaginable that higher order refracted modes, that are damped out, possibly 
due toscattering caused by waveguide sidewall rougness. 

The TM transmission diagrams are depicted in tigure 1.6. The fM 
direction shows a small stop band at the predicted position (0.191 ::; af À ::; 

0.222), while the fK direction does not. The rK diagram does show a lot 
of structure in its transmission diagram, which however is not caused by a 
zero DOS. 

1.4 Photonic Crystal Fabrication 

In this section fabrication process is briefl.y discussed. A detailed descrip
tion can be found in [20] and [21] . Electron beam lithography (EBL) is used 
instead of optical lithography to achieve the high resolution needed for a = 
400 nm structures. This dimension is needed to have a band gap at À = 1.55 
}liD, the optical communication wavelength. There are two types of samples 
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Figure 1.6: Transmission spectra for the TM polarization of the PhC with r /a = 
0.30 , made by 3D FDTD calculations. 

used: those withand those without in InGaAsP layer. The first type is used 
for the bulk of experiments in optimizing the etch process and infiltrating 
the holes. The second type contains a quartemary layer that requires epi
taxial growth, which is only necessary for transmission measurements, . The 
quartemary layer consistsof 500 nm Ino.73G3Q.27Aso.59P0.41, for guiding the 
EM field through the crystal. It is lattice matebed to the InP layer and has 
a band gap at 1.25 pm. 

Figure 1. 7: PhC fabrication steps. 

The PhC fabriacation, divided into four steps, is depicted in figure 1. 7. 
On these sample a layer of ZEP520A (positive e-beam resist, EBR) is spun 
(step 1), that is used to pattem the PhC field's design into the sample. The 
sample's design is made in the GDSII file format. EBL is is used to write 
the pattem into the EBR (step 2), after which the sample is developed. 
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This pattem is transferred to a 400 nm thick SiN masking layer by CH3F 
RIE etching (step 3). Inductively coupled plasma (ICP) etching with aCh 
chemistry and N2 or 02 passivation is used to deeply etch the PhCs (step 
4). An example of the resulting PhC structure is depicted in figure 1.8, that 
shows a cross-sectional scanning electron microscopy (X-SEM) image of a 
processed sample. 

Figure 1.8: The result of cleaving: a cross-section of the PhC. The thin layer on 
top is the SiN mask, the rest of the material is bulk InP. The white dashed lines 
indicate the position where the quarternary lnGaAsP layer lies in our index-guided 
structures. Notice that the holes are straight in the upper 2 11m. 

1.4.1 Etching Depth 

The influence of hole depth on the transmission diagram has been simulated 
with 3-D FDTD, whose results are depicted in figure 1.9. At first, when 
the hole depth is increased from zero to the quarternary layer at 0.5 11m, 
the transmission lowers due to vertical outcoupling of the light. Minimal 
transmission is observed for 1.0 11m, already showing a small air band and 
dielectric band. This indicates that the absolute minimum etch depth for 
planar Ph Cs is the lower boundary of their waveguiding layer. Deeper holes 
result into higher air bands and dielectric bands, while the transmission 
inside the band gap stays low. The transmission diagram does not change 
anymore when the holes get deeper than 1.5 11m. 

It can be concluded from the data that the upper 1.5 11m of the PhC 
is most important for its optical properties. PhC fabrication process de
velopment should therefore concentrate on the upper 1.5 11m. Tapering or 
other imperfections in the lower parts of the hole can be considered less 
important. 
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Chapter 2 

Simulations 

Numerical simulation is extensively used to better understand Ph Cs (e.g. , 
see [14]). This chapter uses plane wave expansion (PWE) and finite dif
ference time domain (FDTD) calculations to develop a basic understanding 
of the effect of infiltration on the optical properties of PhCs. After start
ing with investigating the influence of infiltration on the PhCs dispersion 
relations, transmission structures that optically will be characterized are 
simulated. A transmission structure containing a cavity is simulated to give 
insight into future PhC applications. The generally used refractive index 
throughout the simulations is ninf = 1.465, which is the refractive index of 
the polymer that is used in the experimental work. 

2.1 Simulation software 

The used modeling tool is CrystalWave, a commercial software package of 
Photon Design that is capable of simulating PhC structures based on a 2-
D lattice. With the purchased options, photonic band structures can be 
calculated, and additionally it can perform 2-D and 3-D FDTD (Finite Dif
ference Time Domain)calculations. Most of the workas presented was clone 
using version 2.4.1, while the current version is 3.2 (December 2005). The 
used computer system is a Dell Diroension 5000, a Pentium 4 with a doek 
speed of 3 GHz and 1 GB of DDR2 RAM working memory. For improved 
performance, more and faster RAM is a first priority, though the computer 
system has not been considered a limitation in most of the performed work. 
Only for extensive 3-D simulations that require a lot of time steps limita
tions have been found. Because FDTD works in time domain, frequencies 
are calculated using fast fourier transform (FFT), so that the resolution is 
dependent on the number of time steps. 
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2.2 Band diagrams 

First, a basic analysis of the influence of infiltration is made: what happens 
to the field distribution when the refractive index in the air holes is in
creased? The fundamental consequence of infiltration becomes visible when 
comparing the Bloch modes of an infiltrated PhC to an uninfiltrated PhC. 
An illustrating example is given in figure 2.1, showing the magnetic field of 
the TE air band at the structure's M-point in the reciprocallattice, before 
and after infiltration of a lnP PhC with rja = 0.30. The dark areas exhibit 
small magnetic field, while the bright red areas exhibit large magnetic field. 
The magnetic field is shown as it is a scalar for TE modes in the (x,z)
plane and therefore easier to visualize. Equation (1.3) relates the electric 
field to the magnetic field in a PhC. From figure 2.1 can be seen that after 
infiltration, the magnetic field shows less contrast from the high dielectric 
region to the low dielectric region. This indicates that the electric field is 
spread out more from the high dielectric region to the low dielectric region. 
As stated in the introduction, modes tend to concentrate their displacement 
field in regions of high dielectric constant, while staying orthogonal to the 
lower order modes. The band gap develops because of the air band mode, 
that has to be orthogonal to the dielectric band mode, is forced into the low 
dielectric region. As the depicted Bloch modes show that infiltration causes 
a higher displacement field in the holes, this brings us to the condusion that 
infiltration causes a redshift of the air band. 

Figure 2.1: Change of TE air band Bloch mode at the M-point by n;nf = 1.465 
infiltration. The left image shows the uninfiltrated crystal, while the right image 
shows the infiltrated crystal. The green diamond indicates the unit cell used for 
calculating the dispersion relations in the crystal. The corners are situated in the 
centers of the PhC holes, that are indicated by a blue circle. The edges have the 
length of the lattice constant a. Compare with figure 2.2. 

In figure 2.2 the Bloch modes at the M point of the TE dielectric band 
are compared. The change of the Bloch mode ( and therefore the dielectric 
field concentration) in the high dielectric region (the lnP) is very little, which 
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indicates that the dielectric band is much less affected by infiltration than 
the air band. 

Figure 2.2: Change of TE dielectric band Bloch mode at the M-point by ninf = 
1.465 infiltration. The left image shows the uninfiltrated crystal, while the right 
image shows the infiltrated crystal. Compare with figure 2.1. 

These predictions ( redshift of the air band, small effect on the dielectric 
band) should become visible by comparing photonic band diagramsof the 
infiltrated to the empty PhC. These band diagrams are shown in figure 2.3. 
The lowest four bands are plotted, which is sufficient for the frequency region 
of interest. For clarity, the dispersion relations are plotted in two seperate 
images, grouping the dispersion relations to their polarization, to focus on 
the effects of infiltration. Again, ninf = 1.465 is taken for the infiltrant. 

The effect of infiltration on photonic dispersion relations of infiltration 
with ninf = 1.465 can now he quantified. The stop bands of figure 2.3 are 
compared in table 2.1. As predicted, the air band edge shifts are much 
larger than the dielectric band edge shifts. These shift ratios are 6. 7 and 
9.7 at repectively the (TE,M) and (TE,K) point, and 2.8 at the (TM,M) 
point. This shows that the effects of infiltration are much larger for the TE 
polarization than for the TM polarization. 

Table 2.1: Change of band gap and stop bands resulting from infiltration with 
ninf = 1.465, as calculated with the plane wave method. 

empty ninf = 1.465 shrinkage 
TE band gap 0.220 :::; aj À :::; 0.287 0.219 :::; a/ À :::; 0.257 43% 

TE stop band rM 0.195 :::; a/ À :::; 0.287 0.257 :::; aj À :::; 0.192 29% 
TE stop band rK 0.220 :::; a/ À :::; 0.303 0.219 :::; aj À :::; 0.277 30% 
TM stop band rM 0.191 :::; a/À:::; 0.222 0.189:::; a/À:::; 0.217 10% 

A more complete picture on infiltration is given when the stop bands are 
given for a large range of ninf : an infiltration gap map. This is shown in 
figure 2.4, for a 2-D InP-based PhC with r /a = 0.300. The refractive index 
of the infiltrant ninf is increased from ninf = 1 until it matches the nhost , at 
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Figure 2.3: Influence of t he infilt ration of a PhC on its band diagram, with nhost 

= 3.25 and r /a = 0.300. T he frequencies are normalized to the lattice constant a 
divided by wavelength in vacuum >.0 . Note t hat the scales for the rM direction and 
the rK direction differ. 
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n = 3.25. Note that stop bands do not close until the infiltrant's refractive 
index reaches the value of the host material (n = 3.25), which shows that 
even a small periodic index contrast will cause stop bands. The band gap 
of the material already doses at ninf = 2.25. It can be seen that the band 
gap edges depend almost linearly on the infiltrant's refractive index. 
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Figure 2.4: Gap map showing the effect of infiltrating planar r/a = 0.300 PhC 
with nhost = 3.25. 

An important experiment in this work is infiltration of an InP-based 
PhC with PTMP-3A. As fabrication of deeply etched InP-based PhCs is 
still under development, the rIa value of the fabricated structure may differ 
from the design value. This gives the practical need of an r Ia gap map that 
shows the stop bands of a ninf = 1.465 InP-based PhC. This rIa -dependent 
gap map is given in figure 2.5. First of all, take a look at the stop bands of 
the uninfiltrated structure, that are already very insightful for understand
ing the optical properties of Ph Cs. A larger rIa gives larger stop bands 
and band gaps up to, roughly said, ~ rIa ~ 0.40. This gives a nice rule 
of thumb for practical rIa values: larger holes give larger gaps. This can 
be understood from the larger index contrast in the PhC following from the 
larger holes, when keeping in mind that the optical path in high-n regions 
is much shorter than in low-n regions. Even though, larger holes decrease 
mechanical stability of the structure. Compromising, rIa = 0.300 has been 
chosen. Now look at the infiuence of infiltration on the stop bands. The fig
ure confirms that, due to lower index contrast, infiltration causes stop bands 
to shrink, mainly because of an air band redshift. For the ria-region that is 
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most of our interest, 2.0 :::; rIa :::; 4.0, also for the infiltrated crystal the rule 
of thumb applies that a larger hole radius gives a larger stop band and or 
band gap. For all rIa values, the air band edge is redshifted u pon infiltra
tion. For the dielectric band, however, the relation is less straightforward. 
Approximately at rIa = 0.35, infiltration does not affect the dielectric band 
of both crystal directions. For lower rIa values, the dielectric band shows 
a blueshift, while for larger rIa values, infiltration causes a redshift. Note 
that when using this diagram for interpretation, it is assumed that the hole 
is fully infiltrated. For smaller infiltrant fill fractions, a correction has to be 
made. 
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Figure 2.5: Gap map of an empty planar PhC with nhost = 3.25 material, com
pared to a PhC infiltrated with PTMP3-a. 

2.3 Calculated transmission spectra 

The effect of infiltration on band diagrams should become visible in PhC 
transmission spectra. 3-D FDTD simulations of structures as in figure 1.2 
were performed. As usual, ninf = 1.465 is used. Transmission spectra of 
rM and rK crystal directions, for TE and TM polarizations will be shown. 
The given transmission levels are relative, which means that the signal is 
normalized with respect to the ingoing signal. 
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Figure 2.6: Effect on ninf = 1.465 infiltration for the rM direction, with TE 
polarization. 

2.3.1 rM direction 

A 3-D FDTD simulation of the TE polarization is given in figure 2.6, where 
the transmission diagram of an infiltrated PhC sample is compared to its 
uninfiltrated equivalent. Note that the transmission diagrams are plotted 
on a logarithmic scale. Even outside of the stop band, relative transmission 
is limited to 30-70%, dependent on the position of the Fabry-Perot fringes. 
This is improved by infiltration, especially at the air band side, where trans
mision is >50% for a large frequency region. The rM stop band corresponds 
well to the transmission dip. The location of the band gap is also clearly 
visible at af À = 0.22, which is due to light that travels not purely in the 
rM direction, as discussed in the introduction. The stop band transmission 
depth is 4000 times lower than for the uninfiltrated sample, while for the 
infiltrated sample this ratio lowers to a factor of 1000. This effect is largely 
due to the smaller stop band size. The fringes that are present at the bot
torn of both stop bands, that are most visible for the uninfiltrated case, are 
due toa simulation artefact. Increasing the number of time steps solves this 
problem for 2-D calculations, however, for 3-D this was not possible because 
of limited computer memory. 

The TM transmission diagram in figure 2. 7 shows much less shift of the 
optical properties in respons to infiltration, as could be expected from the 
calculated band diagram. This effect may be exploited though, when the 
infiltrant has optical anisotropy, which is the case for liquid crystals. 
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Figure 2. 7: Effect on ninf = 1.465 infiltration for the rM direction, with TM 
polarization. 

2.3.2 rK direction 

The effect of infiltration in the rK direction, see figure 2.8, is comparable 
to that of the fM direction. The artefact as discussed in the introduetion 
is also present for the infiltrated sample. 

Even though the TM polarization for the fK has no stop band, trans
mission dips are clearly visible. Even though these effects are not explained, 
they can be used to aid the interpretation of infiltration results. 

2.3.3 Cavities 

Defect cavities can exploit the tuning effect of infiltrants, as they can produce 
small peaks in the band gap whose position is strongly dependent on the 
infiltrant's refractive index. Cavity simulations are therefore important in 
respect to future PhC applications, such as sensors and lasers. 

A 3-D FDTD simulation of a single hole cavity has been made, that 
is compared both to its defectless counterpart and its infiltrated variant in 
figure 2.10. The cavity causes a peak at af>..= 0.253. When using a= 400 
nm, the cavity has its maximum at 1582.3 nm, and has a ~À = 19.4 nm. 
This gives a Q-factor of 82. lnfiltration of the PhC structure causes a shift 
of the peak to af À = 0.243, which is for a = 400 nm a shift of 65 nm - a 
large effect. 
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Figure 2.8: Effect on ninf = 1.465 infiltration for the rM direction, with TE 
polarization. 
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Figure 2.9: Effect on ninf = 1.465 infiltration for the rK direction, with TM 
polarization. 
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Chapter 3 

Theory and X-SEM results 
on infiltration 

This chapter describes the actual infiltration process and shows its results 
using cross-sectional scanning electron microscopy (X-SEM) inspection. The 
desciption begins with an infiltration model that pinpoints the important 
parameters in the infiltration process. This resulted into the needed sur
face treatment to enable full infiltration of the sub-pm diameter holes, even 
under ambient conditions. The infiltrants are described and the infiltration 
procedure is shown, after which X-SEM inspeetion is applied to display the 
results. The chapter doses with a view on possible scenarios in selectively 
infiltrating InP PhCs. 

3.1 Static infiltration model 

To understand the infiltration of photonic crystals, first, a static infiltration 
model of a single hole is introduced, based on three forces. Even though we 
are workingin the field of nanophotonics, the structures' dimensions are still 
much larger than the molecular scale. This implies that the infiltrant may 
be considered a continuous medium, and can be described with a density 
p(r, t) . Note that the macroscopie effects of a PhC field instead of a single 
hole are neglected, such as altered (macroscopie) wetting angles and porosity 
of the macroscopie surface. 

We will consider the monomers and liquid crystals as Newtonian fluids, 
having a constant viscosity J.l, as they consist of small a-polar molecules. 
In addition, we do not expect high velocity flows that might cause non
Newtonian behaviour. Dissolved polymers, however, are non-Newtonian 
because of their typical elongated and entangled molecular structure [23] 
[24]. 

A schematic representation of the model can be found in figure 3.1. An 
infiltrant is applied on top of the photonic crystal and pulled into the hole 
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by the capillary force, to a certain extent helped by the gravitational force. 
Viscosity and compressed air in the bottorn of the hole generate possible 
counteracting forces, while siclewall friction is neglected. 

This static force model considers the capillary force Fcap, the gravita
tional force Fg and the opposing force of the encapsulated air Fencap. These 
forces are discussed in the following sections. 

Figure 3.1: Schematical representation of the infiltrant penetrating the hole. In
dicated are the contact angle (), the hole height h, the infiltrated column length l 
and the hole radius R . 

3.1.1 Capillary action force 

Surface free energy and contact angle 

The capillary force originates from surface free energy, which can be thought 
of as a (virtual) surface tension. When a small (liquid) droplet is deposited 
on a fiat solid surface, three phases come into contact with each other: 
the solid S , the liquid L, and the corresponding liquid vapor V. The wetted 
portion of the surface, where Lis in contact with S, is delimited by a certain 
contact line C, where the three phases are in equilibrium. 

For a small droplet, the contact line will form a circle. Each interface 
contains a certain free energy per unit area. This is a measure of the energy 
required to form a unit area of new surface at the interface. This free 
energy corresponds toa so-called "surface tension" : 'YSL, 'YSV and 'YLV, that 
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Figure 3.2: A smal! droplet of liquid on a surface. (a) shows a non-wetting liquid, 
that has a contact angle (} > 90, while (b) shows a wetted surface. (c) shows 
complete wetting. The contact line .C is indicated by a black dot. Image from ?? , 
slighly adjusted. 

represent the amount of energy that is required to farm a unit area from 
"bulk" materiaL At the edge of the droplet, the liquid will make an angle 
to the solid, called the contact angle (), which is illustrated in figure 3.2. 

Without detailed knowledge of the situation at ,C (the near-field), it is 
possible to relate () to the far-field energies 'Yij, which was clone by Thomas 
Young, who derived: 

'YSV - 'YSL = 'Y COS(), (3.1) 

where 'Y = 'YLV as this is the quantity normally referred to when consicler
ing surface free energies or surface tension. Equation (3.1) shows that the 
contact angle () can completely be defined in terms of surface energies. 

Capillary force expression 

The infl.uence of surface free energy has a clear manifestation in capillary 
rise, see figure 3.3. If the contact angle is below 90°, the capillary force will 
pull the infiltrant into the air cylinder. As surface tension 'Y is defined as 
force per meter, the Fcap fora cylinder is the hole's circular perimeter times 
the surface tension: 

Fcap = 2n R"(cos(}, (3.2) 

with R the PhC hole radius. When () < 90°, the capillary force as directed 
downward. 

From (3.2), a typical capillary force value can be calculated to give an 
estimate of Fcap 's order of magnitude. The radius is taken R = 120 nm, 
which is the design value of the PhC holes. For the surface tension the value 
for TMP-3a is used, 'Y = 36.1 mN/m (Sartomer company). Assuming good 
wetting, cos() ::::::: 1 is taken, yielding Fcap = 3 x w-s N. 

3.1.2 Gravity 

The gravitational force F9 is given by: 

(3.3) 
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Figure 3.3: A capillary exhibits good surface-to-liquid interaction. lf a liquid 
wets well to a certain type of surface, this may cause a capillary force that can be 
of considerably high influence when compared to gravity. Image from [23] , slighly 
adjusted. 

with p the density of the infiltrant, g the gravitational constant and l the 
infiltrated column length (see also figure 3.1). The gravitational force is 
directed downward. 

The infiuence of gravity is expected to be small for small hole sizes. To 
quantify this statement, typical values for filling the PhC holes are inserted 
into equation (3.1.2). The density of the monoroer is taken p = 1.102 gjcm3 

(Laromer company), the radius R = 120 nm and the gravitational constant 
g = 9.81 m/s2 . The depthof the hole is taken a typical h = 2.5 p.m. Inserting 
these numbers, the gravitational force is F9 = 1 x 10-15 N As the capillary 
force is Fcap = 0(10-8 ) and the gravitational force is of order F9 = 0(10-15 ) 

the gravitational force may be neglected. 

3.1.3 Encapsulation pressure 

When the fiuid column progresses to the bottorn of the hole, the air below 
is compressed. The pressure of the encapsulated air increases, which causes 
a counteracting force on the capillary action. This Fencap is equal to the 
pressure of the encapsulated gas Pencap times the cross-section of the air 
cylinder. Using the ideal gas equation for Pencap' this yields to: 

with Vencap the encapsulated volume, Po the pressure under which the sample 
is infiltrated, and Vhole the total volume of the PhC hole, modeled by an air 
cylinder. The definition of h and l follows from figure 3.1. 

Note that this model assumes that the air cannot escape from its en
capsulated volume. Whether this is an acceptable assumption or not is 
discussed in section 3.3. 
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3.1.4 Static equilibrium 

As stated in section 3.1.2, gravity can be neglected in this model for PhC 
holes. Even though friction might cause pinning (see section 3.3.2) , infiu
encing the equilibrium situation, it is neglected in this static model. 

This leaves just two forces to balance: the capillary force and the en
capsulation force. For convienience, forces are converted to pressures by 
dividing by surface: 

27f R"(cos() 
Pcap = 

2"(cos() 

R 

h 
Pencap = Po h _ l , 

(3.5) 

(3.6) 

This gives us an indication of the equilibrium pressure inside the holes: 
p = Pcap ~ 6 bar. In equilibrium, Pencap = Pcap, yielding: 

h-l PoR 
h 2"(cosB' 

(3.7) 

in which (h -l)/h is the unfilled fraction of the hole. 
This shows that, to a first approximation, successful infiltration (with 

given hole dimensions and a given infiltrant) depends on a low pressure 
when applying the infiltrant, and having the proper surface treatment to 
minimize the contact angle, by improving the solid-liquid interaction. Note 
that viscosity also does not play a role, however, it will become important 
for the infiltration time estimation in the next section. 

What would happen if we would infiltrate under atmospheric pressure? 
A typical hole diameter is R = 120 nm. The surface tension of TMP-3A 
is 36.1 mN/m (Sartomer company).When assuming good wetting behaviour 
(cos()~ 1), this yields: 

h - l _ 1000 mbar · 120 nm _ 01 

h - 2 · 36.1mN/m -
1710

' 

or a filling fraction of 83%. A good filling fraction could be considered to be 
more than 99% ((h -l)/h = 1%). What kind of infiltration pressure would 
that require? Again, from (3.7): 

Pinf · 120nm 
2 36 1 d / < 1% => Pinf < 60mbar. · . yne cm 

From this it can be concluded that a vacuum of a few tens of mbars 
would be sufReient for a good filling fraction. 
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3.2 Infiltration time 

The infiltration procedure typically takes tens of seconds. To see whether 
this is long enough to ensure optimal infiltration, it is useful to make an 
estimation of the time it takes to infiltrate a PhC hole. In the previous 
section it was shown that viscosity has little to no effect on the ability of an 
infiltrant to succesfully fill a hole. This section will show that it does have 
an effect on the infiltration time. 

The Reynolds number is defined as Re = P~ L , with p the density of 
the fluid, V a "typical" velocity, L a "typical" dimension and J.L the fluid's 
viscosity. When the Reynolds number of a tube flow is Re « 2300, a flow is 
friction dominated and laminar. For our flow, we have p = 0(103 ) kgjm3 , 

L = 2R = O(lo-7 ) m and J.L = 0(10-3) kg/ms or larger. This shows that 
even for a flow velocity of V = 0(106 ) m/s our flow may he considered 
friction dominated: a viscous flow. 

When a laminar tube flow develops, it will become a Poiseuille tube flow. 
In this case, the velocity profile is parabolic, with a maximum in the center 
of the cylinder and zero velocity at the sidewalls. For a Poiseuille tube flow, 
the Hagen-Poiseuille law for tubular volume flow gives the volume flux ~v 
[25]: 

(3.8) 

Assuming infiltration under vacuum circumstances gives the following 
approximation for dp j dx: 

dp _Pcap 

dx h 
(3.9) 

A first estimation of the fill time Tfin can now he made: 

(3.10) 

using (3.5) for Pcap· This equation, except for a constant, also is used in 
liquid penetrant testing [26]. 

When the numbers that already were used in the static model, plus J.L = 

150 mPa·s1 (Laromer company), this yields Tfin = 1 ms. This indicates that 
the time scale to infiltrate is short enough to he neglegible in the infiltration 
process. As the fluid needs 1 ms to infiltrate a hole of 2.5 pm deep, the fluid 
advances with approximately 0.3 mjs. When this value is used to calculate 
the Reynolds number, it reinforees the statement that the flow is viscosity 
dominated. 

It should he noted however that this model does not take into account 
entrapped gas that could he present in a closed end capillary. When inserting 

1 Some other typical surface tensions are P,water = 0.89 mPa·s, P,o liveoil = 81 mPa·s, 
/-Lcasteron = 985 mPa·s and /-Lmoltenpolymers = 106 mPa·s 
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an opposing encapsulated air suppression force, this could rise the infiltration 
time. This is because an opposing force would lower the driving pressure 
difference in this model. 

3.3 Discussion on infiltration model 

Wetting theory considers the spreading of a liquid on a solid, giving insight 
into the infiltration process. A good introduetion in wetting theory has 
been written by De Gennes [23]. The statistics and dynamics of wetting 
are still not completely understood, which has a number of reasons. One of 
the reasons is that all interfacial effects are very sensitive to contaminations 
and physical modifications of the surface. Another reason is that it is much 
harder to investigate these phenomena than fortheir solid-to-vacuum coun
terpart. An illustrating example in this respect is that one cannot X-SEM 
a liquid, which is one of the reasons that a solid infill of PhCs has been 
investigated in this work. 

3.3.1 Air Ditfusion 

Calculations from section 3.1.4 indicate that the air hole as formed under 
atmospheric conditions should be clearly visible on X-SEM images. Even 
though, as is will be shown in section 3.7.1, PhC holes can become fully 
infiltrated under atmospheric conditions. Possible explanations for this phe
nomenon are dissolving and ditfusion of the encapsulated air, also called gas 
permeability. In section 3.1.4 was predicted that the pressure inside the 
holes may become as high as 6 bars, which assists ditfusion or dissolving. 
For a more detailed discussion, information on pressure dependent ditfusion 
coefficients of both monomer and substrate should be gathered. 

The time it takes for the air to diffuse out of the hole can be estimated 
as follows [27]. The ditfusion rate <P through solids is given by Fick's first 
law, which can be combined with Henry's law to: 

""= PA!lp 
'+' d , (3.11) 

where A is the hole cross-sectional surface, D..p is the pressure drop, d is the 
thickness of the polymer layer that the air has to diffuse through, and P is 
the gas permeability, given by: 

P=SD. (3.12) 

The degassing time Tdegas is equal to the hole volume divided by the ditfusion 
rate, which yields: 

V hd 
Tdegas = -;j; = Ptlp" (3.13) 
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Inserting a N2-permeability typical for polymers [27], the gas flow through 
the liquid infill gives 7degas < 1 s. The permeability of the liquid monomer 
is expected to be even higher. 

3.3.2 Contact angle issues 

Hysteresis and pinning 

A droplet of liquid lying on a surface may may still have its triple line .C 
moving. The contact angle thus need not be the equillibrium angle (), but 
may lie in an interval: 

(3.14) 

where ()r is the receding angle and ()a is the advancing angle, as defined in 
figure 3.4. As infiltration concerns a spreading droplet, it can be assumed 
that the actual contact angle of interest is more likely to be the advancing 
angle, instead of the equilibrium contact angle. 

~ ...... 

Figure 3.4: Definition of the advancing angle Ba and the receding angle Br. 

In [23] , three major sourees have been recognized for this hysteresis: sur
face roughness, chemical contaminations and solutes. This enforces that a 
clean PhC surface is required for developing a well controlled infiltration 
process. The effect of edges, or mesa defects, on wetting behaviour is also 
cleary recognized in [23]. An illustration of this is also given in figure 4.6, 
where one of the waveguides acts as a mesa defect . This effect may possibly 
prevent infiltrants from entering a PhC hole. An rougher PhC hole struc
ture though, may improve infiltration as it increases the effective surface of 
the hole. Note also that at an edge, the contact angle is not defined, and 
therefore the abovementioned wetting theory is not applicable. 

3.3.3 Liquid penetrant inspeetion 

The presented infiltration models suggest that having a smaller hole size 
just improves infiltration, even though some research on liquid penetrant 
inspeetion (LPI) [26] suggests otherwise. It has been observed that tighter 
defects require longer dwell times. This would mean that the capillary force 
would not be the driving force. Furthermore, minimum dwell times of 5 to 
60 minutes are suggested, which would be very significant in our infiltration 
process. However, this research considers fatigue cracks in met als, which 
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makes not likely to be comparable to the situation of PhC holes, that have 
much larger dimensions. 

3.3.4 Polymers 

Dissolved polymers and molten polymers cause additional compliations to 
the infiltration process. First of all, dissolved polymers contain solvents, that 
are likely to boil at low pressures. This makes them unsuit for infiltration 
under vacuum circumstances. Another complication is that molten poly
mers and even dissolved polymers may be entangled, giving them deviating 
properties in spreading from monomers. This has a simple manifestation 
already from their droplet in molten form. Instead of the simple spherical 
cap that normal liquids form, they show a "foot", illustrated in figure 3.5 . 

. , 
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Figure 3.5: Wetting characteristic of a polymer melt, from [23]. 

Furthermore, polymers have non-Newtonian viscosity, which is also not 
taken into account in our infiltrant model. A polymer's entanglement severely 
influences its viscosity (28], and therefore its infiltration time (see equation 
(3.10). Both solvent concentration and molecular weigth (MW) affect this 
entanglement. For illustration, the viscosity of a eertaio type of polymer 
above a critical MW Me scales with (29]: 

(3.15) 

This indicates that when a polymer's MW doubles, its infiltration time 
can be multiplied by 10. Another complication is that polymers have non
Newtonian viscosity; they characteristically respond visco-elastic. Also, for 
very high MWs and very small holes, the polymer's size might become of 
the order of the hole size, which also influences the infiltration behavior 
(24]. Also, keep in mind that temperature influences viscosity and therefore 
infiltration behaviour. 

3.4 Contact angle measurements 

Because the critical factor in the infiltration process is surface wetting, which 
strongly depends on surface pre-treatment, contact angle measurements on 
InP were performed consiclering various surface treatments. The resulting 

36 



contact angle measurements of TMP-3A on InP are depicted in figure 3.6. 
The resulting contact angle measurements show that hydrofluidic acid (HF) 
and HF + 2-propanol (IPA) treatment are promising in preparing an InP 
sample for infiltration. 

Figure 3.6: Contact angle measurements of TMP-3A on InP after various surface 
treatments. "Ref'' shows the contact angle at a non-treated surface. Next to the 
solvent IP A, mostly acids have been applied to the surface. 

To predict the feasibility of LC infiltration, the contact angles of the 
liquid crystalline E7 and K15 were measured and compared to those of 
TMP-3A, see figure 3. 7. The results shows that if TMP-3A would infiltrate 
an InP PhC, this would likely be the case for bath E7 and K15 because their 
cos(} is almast the same. 

TMP E7 K15 IPA TMP alter lP A 

Figure 3. 7: Contact angle measurements for camparing TMP-3A to the liquid 
crystalline E7 and Kl5. 

Note that equation (3.1) indicates that wetting results from interaction 
between three phases, and that the influence of the vapor is significant, as it 
is present in 'YSV and 'Y· Thus, wetting angles measured under atmospheric 
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conditions can be used to predict infiltration behavior under ambient con
ditions, but only give an indication for infiltration in vacuum. Another 
consideration about pressure dependent wetting behaviour, is the behaviour 
under high pressures. When a PhC field is infiltrated at ambient atmosphere, 
the pressures inside the hole can become several bars high. Just as wetting 
behaviour in vacuum differs from ambient atmosphere, high pressures may 
also influence the infiltrant's behaviour. 

3.5 Infiltrants 

3.5.1 Monoroers 

Monomers are small molecular building blocks that can be linked together to 
form long polymer chains. They are typically small molecules of low mole
cular weight, while polymers may consist of tens of thousands of monomers 
linked together. Most polymers, also called macromolecules, are organic as 
of their carbon backbone, but inorganic polymers exist too. 

Polymerization 

Polymerization is the processof converting monomers toa polymer, which is 
the process used in this work to convert an liquid infiltrant (the monomer) to 
asolid PhC infill (the polymer). A polymer's name is usually derived from its 
monomer. In this work, TMP-3A (Aldrich) is polymerized to poly-TMP-3A, 
simply called PTMP-3A. This material was chosen for ease of polymerization 
and negligible absorption for a considerable wavelength region around À = 
1.55 pm. Ellipsometry measurements on a thin PTMP-3A layer on a Si wafer 
yielded a refractive index of 1.465 at À = 1.55 pm. Radical polymerization 
requires monomers to be unsaturated organic molecules: they have double 
or triple boncis between their carbon atoms. These molecules are able to 
form additional boncis with other molecules. Polymerization may occur by 
a chain reaction; polymers that are grown this way are called chain-growth 
or addition polymers. This is a very common way to produce polymers, 
and also is the method that has been used in this work. The polymerization 
process can be divided in three steps: the initiation reaction, the propagation 
reaction and the termination reaction [30]. These steps are explained in the 
next few paragraphs. 

The common free radical polymerization is used for solidifying monomers. 
Free radical polymerization is a form of addition polymerization, which 
means that the monomers are added to a growing chain one by one. Ad
dition polymerization starts with an initiation reaction, which in this case 
causes free radicals. A free radical is a molecule with an unpaired electron, 
which makes it very reactive and able of breaking double boncis that are 
present in an unsaturated monomer. In this case we use the initiator o:,o:'-
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Figure 3.8: The initiation reaction: AIBN produces upon thermolytic (heating) 
cleavage 2 AIBN radicals plus nitrogen gas (N2) . The black dots indicate dangling 
honds. These AIBN radicals start up the polymerization process. Image from 
http:/ /www.pslc.wsj. 

Azoisobutyronitrile (AIBN, from Fluka), that under influence of ultra-violet 
radiation or heat can decompose into AIBN radicals under the formation of 
nitrogen gas, see figure 3.8. 

It is expected that the InP absorption might hamper UV penetration 
into the holes. For this reason, an initiator that also can be decomposed by 
heating is chosen: a thermo-initiator. AIBN's decomposition temperature 
is at T = 50 oe, at which it has a decomposition rate of kd = 2.2x1o-6 s-1 

[31]. At T = 70 oe this is kd = 3.2x10-5 s-1. This can be converted to 
half life times t1;2 by: 

ln2 
t1/2 = kd , (3.16) 

giving t1/2(50 oe) = 87.5 hour and t1/2(70 oe) = 6.0 hour. It has a half 
life of 10 hours at 65°e, and a 1 hour half-life at 81 oe [30]. These times 
are much longer than the time that is taken for the polymerization process, 
which is less than one hour. However, these times indicate the decomposition 
of the initiator, and not the time needed for the polymerization process2. As 
a matter of fact, the initiator should not decompose too fast, as this would 
end the propagation reactions. 

Now the initiation reaction has produced free AIBN radicals, these radi
cals initiate the propagation reactions that link the monomers together. The 
AIBN radicals cause the double bond that are present in TMP-3A to break 
up, forming a single bond and two radicals. This process is illustrated in 
figure 3.9. A double bond in TMP-3A opens up and forms a dangling bond 
and two unpaired electron. One of these electroos bincis with the AIBN 
radical, while the other one remains unpaired. At this new dangling bond 
site (or at the other double-e bond sites), new connections may form with 
other monomers, startinga networkof PTMP-3A. When each monomer has 
more than one double bond, like TMP-3A has, there will form a network 
instead of a polymer chain. 

Free radical polymerization has to be performed in a nitrogen box, as 
this process is severely inhibited by oxygen. This would lead to slow poly-

2 Each polymerization experiment had a reference droplet next to the PhC structure. 
This was used to test if the monomer was hardened, which always was the case. 
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Figure 3.9: Example of a propagation reaction. An AIBN radical, the molecule 
intheupper left corner, reacts with TMP-3A. Image from http:/ jwww.pslc.ws/. 

merization rates, low conversion, and shorter polymer chain lengtbs [32] . 
Polymerization conditions have an infiuence on the resulting polymer. 

For example, chain size and polymer density are infiuenced by the heating 
process. Slower heating will generally cause denser polymers, as already 
solidified partsof the material may mechanically hinder eertaio radical sites 
to come into contact with each other. 

3.5.2 Liquid crystals 

Infiltrating liquid crystals (LCs) into PhC fields makes the PhCs tunable 
[33] . LCs were chosen for their large optical switching properties (~n ~ 
0.05 - 0.5 [34]) plus their ease of tuning by both temperature and electric 
field . A disadvantage of LCs is that they have low switching speeds (O(ms)). 
Our first goal is to tune the transmission diagrams of "bulk" PhC fields, as 
is shown in section 4.3. Better applicable tuning effects will be possible after 
infiltrating cavities with LCs, see section 2.3.3. 

Liquid crystals (LCs) have a phase of matter that has properties lying 
in between those of a liquid and of a (solid) crystal [35]. A solid crystal 
has both positional and orientational order: their molecule's centers of mass 
occupy specific locations, and their molecular axes point towards eertaio 
directions. These types of order usually vanish when the solid melts to a 
liquid. The molecules however gain the ability to move freely in random 
directions. The molecules in a LC state combine these properties: they can 
move freely as in the liquid state, but still show orientational ordering. This 
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gives the LC state interesting optica! properties (e.g. birefringence) that 
can be exploited when infiltrating them into PhCs. 

Most LCs are molecules, but polymers and colloidal suspensions may 
also exhibit LC properties. In the case of LC molecules, also called meso
gens, the LC phase usually originates from molecular asymmetry: a rigid 
axis, much longer ( or shorter) than the other two axes. The combination of 
this asymmetry with rigidity makes LCs preferring an aligned state. A com
mon schematic representation ofrod-like mesogensis given by the elongated 
shapes as depicted in figure 3.11, that can be used to explain a few basic 
LC phases (also called mesophases). Note that this text uses a rod-shaped 
image for LCs, but also disk-like ("disco tic") molecules may show a liquid 
crystal phase. 

Order parameter 

A microscopie analysis of liquid crystals begins with descrihing its order, 
using the order parameterS. A common definition is: 

(3.17) 

where () is the angle between the mesogen molecule axis and the preferred 
local director ii, see figure 3.11. This is a convenient definition because 
the isotropie phase, that has total disorder, is indicated by S = 0, while 
a perfectly aligned phase gives S = 1. Note that this definition of the 
order parameter does not take positional order into account, which is in 
this casenotimportant because our LC (as will be shown) does not exhibit 
positionally ordered phases. 

Typical order parameter behaviour of a liquid crystal as a function of 
temperature is given in figure 3.10. If the temperature of a crystalline liq
uid crystal is lowered below the so-called clearing temperature, S i= 0 and 
increases with decreasing temperature, typically to 0.3 :::; S :::; 0.8. This 
phase shift occurs at the transition temperature Tc and may be continuous 
or discontinuous, and occurs, see also figure 3.10. 

Liquid crystal phases 

The nematic phase, depicted in figure 3.11, is the simplest LC phase: there 
is directional order, but no positional. The molecules may still freely move, 
but their directional order causes anisotropic behaviour. Most nematic LCs 
are uniaxial [35], which means that they have only one optical axis [36]. 

The isotropie phase has, as stated before, no order at all. This fase, 
see figure 3.11, has no direction dependent properties. A great number of 
additional LC phases exist, such as smectic and chiral, that are described 
into detail in e.g. [35]. 
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Figure 3.10: Change of order parameter as a function of relative temperature, at 
continuous (a) and discontinuous (b) transition. Tc is the transition temperature. 
Image taken from [35]. 

Figure 3.11: Liquid crystal phases: nematic and isotropic. Note that these phases 
are dynamic: the molecules move in time, and their order is on average. The images 
given are only snapshots of the LC in time. The nematic LC phase. B represents the 
angle relative to the director rî, that indicates the preferred direction of orientation. 
Original image taken from [35]. 
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Optical properties 

The liquid crystal's anisotropy implies direction-dependent properties such 
as anisotropic viscosity and direction dependant electric and magnetic sus
ceptibility. The latter is responsible for the orientation of the director of a 
liquid crystal to an applied static field. 

Optically, the Le's anisotropy causes birefringence, which in combination 
with its ability to change phase can give interesting effects when infiltrated 
into a Phe. Birefringence, explained in e.g. [36], is defined as: 

(3.18) 

where ne is the extraordinary axis and n 0 the ordinary axis. 
But how does this birefringence relate to the orientation of a Le? As 

might be expected, the refractive index that light experiences when propa
gating through the Le is dependent on its direction of propagation relative 
to the liquid crystal's director, and the light's polarization. First of all, it 
is important to know the optical axis of the Le. The rod-like K15 (4-n
pentyl-4-cyanobiphenyl) will be used, also known as 5eB, see figure 3.12. 
K15's optical axis (in the oernatie phase) coincides withits director.K15 is a 
thermotropie Le, which means that its phase is temperature dependent. It 
is crystalline below 22.5 oe, oernatie just above this temperature, and has 
its transition temperature to the isotropie phase at Tc = 35 oe. It has no 
smectic phase nor chiral. It is commercially available and selected above E7 
because 5eB consist of only one type of molecule. The composition of E7 
might be different for an enclosed environment. 

Figure 3.12: The liquid crystalline K15, also known as 5CB. 

The effect of the orientation of the electric field in respect to the Le's 
director is explained in figure 3.13. If the electric field is polarized parallel 
to the director, it experiences the ne. If it is polarized perpendicular to the 
director, it experiences n 0 • 

The orientation dependent properties of a Le have their maximum effect 
at S = 1. These effects disappear for S = 0 and the Le becomes isotropie 
in all of its properties. The refractive index in this phase, niso , is now in 
between ne and n 0 • As a Le is usually rotationally symmetrical, one of 
these refractive indices will be dominant. Assuming that n 0 is dominant, 
which is the case for rod-like Les, the refractive index in the isotropie phase 
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Figure 3.13: E-field orientation dependent refractive indexfora nematic LC. The 
blue waves indicate the electric field . Images from http:/ / www.barrettresearch.ca/ 
and http: / / www.uwgb.edu/ were used. 

niso can he approximated by: 

niso = V~(2n~ + n~). (3.19) 

K15 has n 0 = 1.516 and ne = 1.682 for the oernatie phase for À = 
1.55 pm [37], which gives niso = 1.575. The maximal measurable shift 
in refractive index for temperature tuning a PhC for light with a eertaio 
polarization ~n = lniso- nel = 0.107 or ~n = lniso- nol = 0.059. However, 
it is in general not ease to fully control the orientation of LCs in confined 
spaces, so maximal refractive index shift is not to be expected. 

LC orientation in confined geometries 

The order of liquid crystal is limited to domains. These domains may be of 
the order of micrometers, but can be extended to the macroscopie scale by 
e.g. applying an electric field. Due to strong surface ancboring behaviour 
and the small hole size, we expect LCs to form a single domaio in our PhC 
holes. A possibly important issue bere is that we use different hole sizes for 
lithotuning, which may cause varying LC orientations in our transmission 
measurement samples. 

The orientation of a LC in its oernatie phase is dependent on the type 
of surface ancboring and the hole diameter. The surface ancboring might 
be borneotropie (perpendicular to the wall) or planar (parallel to the wall). 
Planar orientation may be along the hole's axis, or radial. Depending on 
the LCs ancboring strength, mixed forms may occur. To complicate even 
further, towards the center of the hole all sorts of alignments may occur, 
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that do not necessarily have to have cylindrical symmetry. The type of 
orientation may also differ for different hole sizes. For illustration, a few 
possible orientations are depicted in figure 3.14. ForTE polarization, expe
riencing ne in the nematic phase without applying an external force seems 
impossible. TE would experience n 0 in the nematic phase for uniaxial align
ment, which is a reachable goal when selecting an LC with the right surface 
anchoring abilities. Most orientations tend to average out the birefringent 
effect of LCs, which gives an estimated neff for these alignments: 

an approximate value to expect for all sorts of "exotic" orientations. This 
gives neff = 1.601 for K15, which differs from niso by t:m = 0.026. 

d 

Figure 3.14: A number of possible LC alignments. Alignment a is the uniaxial 
alignment. 

Light propagating through LCs can have its polarization state rotated. 
As PhCs have strongly polarization dependent optical properties, this might 
become an issue. For fully TE or TM polarized light, however, this is not 
expected. The orientation of the LC is expected to have cylindrical symmetry, 
which does not cause fully TE or TM polarized light to rotate. 

3.5.3 Dissolved polymers 

The dissolved polymers used are polymethyl methacrylate (PMMA) and 
ZEP520A, two e-beam resists (EBRs), used for e-beam lithography (EBL). 
lnfiltrating them into the PhC holes would modify the band diagram and 
transmission of the PhCs. The main reason for using these specific infil
trants, however, is that EBL can remove these materials again with high 
precision. lnfiltrating with EBRs opens up possibilities for selective infiltra
tion. 

PMMA 

PMMA (polymethyl methacrylate) can be used as positive EBR, meaning 
that it decomposed after electron beam exposure. Development removes 
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the exposed EBR, positively leaving the designed pattern. It is standardly 
available in 495,000 and 950,000 molecular weight (MW) while 50,000 -
2,200,000 MW is available on request. All infiltration experiments were 
with MW = 495,000 PMMA. 

ZEP520A 

ZEP520A is a positive EBR from ZEONREX Electronk Chemicals, with 
MW 57,000 and viscosity f..LZEP = 11 mPa · s. The viscosity of ZEP can be 
expected to be much lower than PMMA's viscosity, see equation (3.15). 

3.6 Infiltration procedure 

One of the major goals in this work is the development of a practical infil
tration procedure. The developed procedure is explained step by step in the 
following sections, 

3.6.1 Sample preparation 

After the ICP process (described insection 1.4), the sample is prepared for 
infiltration. First, the heat paste is removed using a solvent. Then an oxygen 
plasma is applied to the sample, to removes all organic residue. This plasma 
treatment, however, causes an oxide layer to be formed on the sample's 
surface. These oxides are removed from the surface with hydrofiuoric acid 
(HF), which also etches the SiN mask. The sample is kept in 10% HF 
for 30 to 60 seconds, which is sufficient to remove our SiN layer. After 
this, the sample is rinsed in de-ionized water to remove remaining HF. Now 
the sample is put under IPA (iso-propanol) . This is prevent oxidation and 
organic contamination of the sample surface. IPA acts as a surfactant and 
is an important aid in our infiltration process. Before application of the of 
monomer, the sample is blown dry with nitrogen. 

3.6.2 Infiltrant preparation 

Two easy polymerizable monomers were selected: trimethylolpropane tri
acrylate (TMP-3A) and 1,4 butanediol diacrylate. A few exploring infil
tration experiments indicated that TMP-3A was most promising, so 1,4 
butanediol diacrylate was discarded. They were mixed with 0.5% AIBN, a 
thermal initiator. When the temperature of the mixture rises above 50 oe 
the polymerization process starts, as explained in section 3.5.1. Care was 
taken that the chemieals were not kept outside of the fridge, respectively the 
freezer, to suppress the temperature driven polymerization process. More 
detailed information on TMP-3A can be found in the appendix. 
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3.6.3 Infiltrating 

At first it was expected that the infiltrant would capture air in the PhCholes, 
a vacuum set-up was used, see figure 3.15. It has tweezers on the sicles to 
manouvre the monomer containing tube above the sample. The PhC sample 
is situated on a glass plate. The vacuum is only low, capable of reaching 
approximately 10 mbar. Most infiltration experiments were performed at a 
pressure in between 15 and 30 mbar. The monomer is poured on while using 
hand-controlled tweezers, and infiltrates the holes by capillary force. After 
applying the monomer droplet, vacuum is carefully released. Polymerization 
is performed on a heating stage, consisting of a hotplate in a box. Nitrogen 
gas flow is applied to replace oxygen that would inhibit the polymerization 
process. 

Figure 3.15: (a) The vacuum bell jar as used for infiltrating PhC samples. (b) 
Pouring the monomer on the sample. This set-up is located at the laboratory of 
the TU/ e polymer chemistry group. 

The infiltrant was poured onto the sample using a simple tube, held by 
hand-controlled tweezers, see figure 3.15. As soon as the vacuum is at the 
required level, the tube is carefully brought close to the sample. The vacuum 
bell jar gives a high degree of distortion, so viewing from various angles is 
necessary to deposit the right amount of infiltrant on the right spot. 

After application of the infiltrant to the sample surface, within a few 
seconds the vacuum is slowly released to atmospheric pressure in approxi
mately one minute. During this procedure, no monomer is spilled over the 
edges of the sample. SEM inspeetion confirms that the polymer does not 
hinder light to couple in or out of the waveguides. 

3.6.4 Excessive infiltrant removal 

Because a macroscopie droplet is applied to the surface, after polymeriza
tion this leaves a layer of hundreds of micrometers thick on the subsrate. 
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Removing excessive monoroer could have several advantages, such as ease 
of cleaving, better view of the Phe holes under the polymer layer (e.g. for 
aligning purposes), and planarization3 . 

3.6.5 Solidification 

The solidifying polymerization procedure is performed on a heating stage 
in a nitrogen box, see figure 3.15. The temperature of the heating stage is 
gradually risen from room temperature to 50 oe to prevent crack formation 
in the polymer. It is kept at that temperature for 20 minutes, after which 
the temperature is risen to 70 oe, where it is kept another 20 minutes. In 
this stage, the higher temperature increases the mobility of the unreacted 
monomers, to complete the polymerization process. After this process the 
monoroer has transformed to a solid polymer, and the sample is ready for 
further processing. 

When the radicals in the propagation reaction react with another free 
radical, this will link the two radicals together. This is a form of a termina
tion reaction. This explains why not too much initiator should be added to 
a monoroer, as it will cause termination of the propagation reactions. The 
polymerization process of course also stops as soon as mechanica! entrap
ment prevents more monoroers to become interlinked. 

3.6.6 Cleaving 

eleaving enables making cross-sections of Phe samples, which is possible as 
they are InP-based material. InP is a III-V semiconductor with a zine-blende 
lattice, which consists of two coinciding fcc-lattices (diamond structure). 
eombining this cubic symmetry with InP's brittleness and (relative) ease of 
growing it as a single crystal (that is, having no domains) makes it easy to 
break along a crystal direction, which we call cleaving. The substrate has a 
{001} surface, which makes the crystal cleavable in the {110} planes4

. 

The Phe structures are patterned under a 3°angle with respect to the 
crystal's cleaving directions. This ensures successful cleaving through the 
holes every try, and gives additional information as each type of holes gets 
cross-sections at various off-axis positions. After cleaving, cross-sectional 
scanning electron microscopy (X-SEM) is performed on the sample. 

3 A few experiments were performed on this, but after achieving successful infiltration 
a structural investigation was considered a lower priority than, for instance, transmission 
measurements and LC infiltration. 

4 While ( ... ) indicates a plane in solid state physics, { ... } indicates all plan es that are 
equivalent by symmetry [15], page 14. 
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3. 7 X-SEM images of PhC infiltration 

This section will show cross-sectional scanning electron microscope (X-SEM) 
images of succesful infiltration of solidified monomers under both vacuum 
and ambient conditions, and of infiltration with dissolved polymers. Liquid 
crystal infiltration could not be inspected directly, as X-SEM requires solid 
samples5. For making the non-conducting polymers better visible, 10 nm 
Au/Pt coating layers were sputtered onto the samples to prevent charging 
caused by the electron beam of the SEM. 

3. 7.1 Solidified monomers 

Vacuum conditions 

Figure 3.16 shows the images of a cleaved sample that has been TMP-3a 
infiltrated at Po = 20 mbar6 . These images show succesful full infiltration of 
PhC holes of various sizes, downtod = 180 nm. As the polymer plugs are 
non-crystalline and far less brittie than InP, they do not cleave. Note that 
these holes were made with a non-optimal etching process, resulting into 
non-straight sidewalls. Even though the lower part of the hole is tapered, 
the holes are infiltrated down to the bottom. The dark edges indicate poly
mer shrinkage, possibly the 10-15% as predicted in section 3.5.1. Also, an 
impression on the siclewall roughness is given by the structures in the poly
mer plug, as this was imprinted on it by the siclewall at the other side of the 
cleave. Note that the cleaving of the sample causes the excessive infiltrant to 
rip of the sample's surface at the cleaved edge, but still the polymer remains 
inside the hole. To prove reproducibility, the experiment was performed 
under the same circumstances, which again showed full infiltration. 

Ambient conditions 

To date, all published results on infiltration rely on vacuum conditions. 
This seems plausible, as the presented static equilibrium infiltration model 
(see section 3.1.4) prediets that infilration with a non-porous liquid under 
ambient conditions would cause a fill fraction of 83%, leaving a large void in 
the hole, possibly at the bottom, filled with air at 5 bar pressure. This fill 
fraction would still infiuence the optical properties of the infiltrated PhC. 
However, it should become visible in X-SEM examination. To investigate 
this, infiltration under ambient conditions was performed. The result, as 
shown in figure 3.17, however shows full infiltration of the PhCs. This 
means that the holes are degassed, most probably through the liquid, as 
explained in section 3.3.1. 

5 First of all, the liquid would just pour out of the holes. And second, you don't want 
a liquid evaporating in your SEM's vacuum chamber. 

6 sample nr. SE-416-026-14 
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Figure 3.16: Infiltration of an InP PhC sample with an in situ polymerized 
monomer, infiltrated at Po = 20 mbar. (a) d = 240 nm holes. (b) d = 480 nm 
holes. (c) d = 180 nm holes. Most ofthe infiltrated plugs have broken off, which is 
indicated by the polymer plug on the left. (d) 480 nm wide trenches. 
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Figure 3.17: Infiltration of an InP PhC sample with in situ polymerized TMP-3a 
monomer, infiltrated at Po = 1 bar. (a) d = 240 nm holes. (b) d = 180 nm holes. 
(c) d = 480 nm holes. (d) d = 960 nm holes. 
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Cleave counterpart comparison 

It is observed that the polymer plugs are not cleaved. A possible scenario 
is that the plugs will stay in the holes at the cleave side that it has most 
surface contact with. This would produce half of the holes appearing empty 
on the X-SEM images, just as schematically shown in figure 3.18. 

Figure 3.18: Schematic top view of cleaving of an InP PhC sample containing a 
solidified polymer. The brittie lnP cleaves, while the polymer plugs stayintact and 
stick to the side wall that they are most in contact with. 

To illustrate this, X-SEM images of one side of a cleave side have been 
compared with their "negative" counterpart, see figure 3.19. Several X-SEM 
pictures of a d = 240 nm field were combined and holes were identified on 
both parts, so that they could be compared. Note that every empty hole on 
one side is compensated by an infiltrated hole at the other side of the cleave, 
indicating that all holes are filled and no polymer plugs are lost during the 
cleaving process. This confirms the successful infiltration process. 

Polymer Plugs 

One of the infiltrated samples showed a remarkable feature for the largest 
(d = 960 nm) holes, see figure 3.20. Cleaving, which sometimes causes the 
polymer layer to be detached from the semiconductor surface, causes the 
polymer plugs to be partly taken out of the PhC holes. This may open up 
a possibility for mechanical tuning of a PhC, which would be a slow but 
very large effect in the order of ~n = 0.5 for polymers. Another possible 
application is using the PhC pattem as a template for high-aspect ratio 
polymer structures of sub-micron diameter. 

3. 7.2 Dissolved polymers 

Next to liquid monomers, infiltration with dissolved polymers has been per
formed. The infiltrants used are polymethyl methacrylate (PMMA) and 
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Figure 3.19: Comparing the cleaves of an InP PhC sample containing a solidified 
polymer. The images below are the (horizontally mirrored) counterparts of the 
holes above, only on the other si de of the cleave. The arrows link two corresponding 
holes. 

Figure 3.20: Polymerer shrinkage may cause the infill to detach from the sidewalls 
to form plugs, that can be (partially) pulled out of the PhC holes. 
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ZEP520A, two e-beam resists (EBRs), standardly used for e-bearn lithogra
phy (EBL), see section 3.5.3. After applying the dissolved polymer to the 
surface, the sample is spun to achieve a thin polymer layer and baked as for 
normal EBL applications. Note that the infiltration was always performed 
under ambient conditions as the solvent is expected to boil at low pressure, 
making infiltration impossible. 

PMMA 

The results with PMMA are shown in figure 3.21. PMMA enters the PhC 
holes and reaches the bottorn of the hole, but does not fill them fully, con
trary to the monomers. Figure 3.21(a) shows that even the smallest holes 
are filled, but that voids still are present. X-SEM images indicate that the 
polymer seems is flexible at this scale, even though PMMA is known to be 
a hard polymer. This observation could possibly be explained by the sub
micron scale of the plugs. In (b), the left hole is possibly filled, however, 
interpretation is difficult. This result was not reproduced in any other hole, 
and is therefore considered an incident or a misleading side-view. The next 
image, (c) shows PMMA infiltrated in large (1 pm wide) trenches, which 
are poorly filled. This is caused by solvent evaporation. The shape of the 
polymer infills indicate that the infiltrant fully occupied the trenches, but 
shrinkage caused the infilrant to let go of the sidewalls. The origin of shrink
age is different though, as this shrinkage is caused by solvent evaporation 
and not by polymerization. Figure 3.2l(d) results from drying the sample 
instead of baking it, which makes the voids even more severe. 

In conclusion, PMMA infilration has not been succesful, probably caused 
by solvent evaporation issues. Suggestions for full infiltration of the holes 
are to use lower MW PMMA with low solvent concentration. Spinning is 
advised to have a thin top that improves solvent diffusion. 

ZEP520A 

The results on ZEP520A are shown in figure 3.22. This material, which 
is expected to have lower viscosity than PMMA, causes plugs in the holes. 
This is contrary to PMMA, which tends to stick to the wall. This effect has 
also been reported in the field of nanotubes [39]. The smaller holes have 
infill at the bottom, and a small plug on top. The larger holes only have 
little infiltrant in the lower part of the holes. ZEP520A was concluded to 
be less promising than PMMA for our purposes. 

3.8 Selective infiltration procedures 

The freedom to determine the refractive index of individual holes, or even 
the ability to tune individual holes, would open up a whole new field of 
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Figure 3.21: (a) Spun and baked PMMA on a 200 nm hole diameter InP PhC 
sample. A PMMA layer of approximately 300 nm lies on top. The dark layer 
indicates a 250 nm thick SiN layer. (b) 480 nm diameter holes, ofwhich the second 
to the left seems filled. ( c) 1 p.m wide trenches, showing the shrinkage caused by 
solvent evaporation. ( d) Result of drying the PMMA instead of baking for 480 nm 
diameter holes. 

opportunities for PhCs and add functionalities to their devices [40]. In 
the previous section, infiltration results of EBRs are shown. This section 
explores selective infiltration procedures using these EBRs, and discusses 
the usability of the EBR infiltration results. The two proposed procedures 
for selective infiltration procedures using EBRs are illustrated in figures 3.23 
and 3.24. 

The fust process requires fully infiltrated holes. Although this has been 
accomplished for polymerized monomers, results from the previous chapter 
show that EBRs do not show full infiltration. lt was already suggested in 
section 3.7.2 that lower MW PMMA with low solvent concentration could 
imprave the infiltration results. Another possibility would be infiltration 
with a monomer that can be polymerized to an EBR. This possibility is yet 
to be investigated. 

The second process requires a thin sheet of EBR over the PhC field. The 
subsequent procedure is simpler than for the other suggested process, as it 
only requires one EBL step. Furthermore, EBL deep into the PhC holes 
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Figure 3.22: X-SEM result for applying ZEP520A to an InP PhC sample. (a)240 
nm holes. (b) 480 nm holes. 

might cause additional issues. This makes the second procedure preferable. 
The X-SEM images from the previous section indicate that also this proce
dure cannot be applied yet , as the EBRs infiltate all the holes to a certain 
extent. A few remarkscan be made though. First of all, the ZEP520 results 
suggest using plugs instead of a small sheet. As this effect has not yet been 
simulated, the effect is not yet known. Another possibility is using a very 
high MW EBR, that has a very long infiltration time. The EBR should 
then be baked before the EBR significantly enters the hole. However, it is 
not expected that even very high MW polymers would mechanically hinder 
infiltration. A third suggestion is making a thin EBR sheet seperate from 
the PhC sample, and applying the sheet to the PhC sample later. 

In conclusion, development of a well-controlled selective infiltration process 
appears to be non-trivial. In practice, a feasible process for applying the 
EBR has to be developed. After this, alignment and resolution issues have 
to be overcome. Although selective infiltration of individual holes may be 
difficult, opening a limited number of holes would already be feasible, for 
e.g. creating multiple hole cavity defects. 

E-beam lnflttrate with polymer E-beam 

Figure 3.23: Suggested procedure for selective infiltration using e-beam pattern
ing, requiring full EBR infiltration. The excess EBR has to be removed. Then, 
using EBL, a number of holes is selectively opened. A polymer is infiltrated into 
the sample, after which the excess material again has to be removed, possibly with 
an oxygen plasma. EBL is used again to open up the holes that still are EBR 
infiltrated. 
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lnfiltrate wîth polymer 
E-beam resist 

Figure 3.24: Suggested procedure for selective infiltration using e-beam pattern
ing, requiring a thin sheet of EBR over the PhC field . After selectively opening a 
number of holes, these opened holes can be infiltrated with a polymer. 
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Chapter 4 

Optical transmission 
measurements 

4.1 Measurement method 

4.1.1 Lithograpbic tuning 

As electromagnetism in dielectric media is scalable, a dimensionless fre
quency af>.. has been introduced, see section 1.3.1. To have a transmission 
diagram to cover the band gap plus the pseudo-gap, a 0.18 :::; af>.. :::; 0.41 
range is required. Covering this range by tuning >.. calls for a laser with a 
very wide tuning range, which suggests tuning a instead. This possibility 
is exploited in a method called lithographic tuning [41]: measuring equiva
lent PhC structures that differ in a only, and combining their transmission 
diagrams. Note that lithographic tuning implies having a relatively small 
wavelength region. This keeps the waveguide and material properties con
stant for the whole transmission diagram. 

Figure 4.1: Schematical zoom in on a transmission measurement sample. The 
blue fields are the PhC fields, that are connected by the narrow ridge waveguides. 
The laser couples into the quarternary layer, indicated by red. 
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4.1.2 End-fire set-up 

The optica! characterization of the planar PhCs is done by end-fire [42]. A 
schematical representation of the set-up is given in figure 4.2. A tunable, 
polarization controllable diode laser (GN Nettest Tunics-BT) is used, whose 
output is guided by a polarization maintaining fiber. An objective coupled 
to the fiber outcouples and collimates the beam towards a Glan-Thompson 
(GT) prism, which sets the light's linear polarization even further. Having 
strict linear polarization is important as PhC structures show strong polar
ization dependent behaviour. A chopper, rotatingat 314Hz, in combination 
with a lock-in amplifier, is used to filter out stray light. Objectives (N.A. 
= 0.65) are used to couple the light in and out the PhC structure. After 
outcoupling, an additional pinhole is used to filter out scattered light and 
stray light. After a beam splitter, the signal is detected by both a camera 
and a InGaAs photodetector. The camera is used for alignment, while the 
detector is used for (automated) intensity measurement. 

' ' ' 
' ' 

PhC i 
(zoomed in) i 

' ' ·-------------------- ~ 

IR camera 

photodetector 

++--!-+++-,~'-!--] ~ 

Figure 4.2: Schematical representation of the end-fire set-up. 

Alignment and operation 

A>. = 635 nm (visible) diode laser with fiber outcoupling is used for initial 
aligning purposes. After alignment with the tunable laser, the InGaAsP 
quarternary layer has to be found. After reaching this layer, the PhC struc
tures can be measured one by one after horizontal shift and minor realign
ment, including refocusing, at each waveguide. If this is possible for the 
whole wavelength region, the transmission measurement is divided into two 
wavelength regions, 1470 nm ::; >. ::; 1520 nm and 1520 nm ::; >. ::; 1570 nm, 
to reduce chromatic abberations. As in between every four lithotuned PhCs 
there is a 2.5 pm wide ridge waveguide, even in stop bands, good alignment 
can be achieved. 
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Figure 4.3: K15-infiltrated sample on heating stage. 

Data processing 

Lab View software is used to automate part of the transmission measure
ments. A program was written to sweep the wavelength region of the laser 
with 1 nm resolution. A resolution of 1 pm is achievable, but currently not 
needed for our purposes. After a number of measurements, the transmis
sion spectra can be combined as described in section 4.1.1, resulting in a 
transmission diagram as a function of a j >. . 

4.2 Monomer infiltrated photonic crystals 

An InP /InGaAsP sample1 that has been processed according to section 1.4 
was infiltrated with TMP-3A. The sample contains 17 rK PhC structures, 
aligned with the rK crystal direction parallel to the waveguides, see figure 
4.4(a). These structures, all with design rja = 0.30, have lattice constants 
a[nm] E {280, 293, 307, 321, 336, 352, 369, 386, 405, 424, 444, 465, 486, 509, 
533, 559, 585}. ASEM side view of the uninfiltrated InP /InGaAsP sample 
is depicted in figure 4.4(b) . 

The etch process campromises between hole quality and waveguide qual
ity. An InP dummy sample2 was etched in the same run, for cross-sectional 
scanning electron microscopy (X-SEM) inspeetion of the hole quality, see 
figure 4.5. So note that although this dummy sample gives a good indica
tion of the hole quality (see [43]), it is not exactly the same structure as the 

1sample M0139-s4b 
2sample 302602-116-s2d 
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Figure 4.4: Sample M0139-s4b before infiltration (a) topview (b) sideview 

actually infiltrated and measured sample. The holes show a slight "neck" at 
the top, are straight until 1.3 pm depth, then show a slight tapering towards 
the bottom, at 2.2 pm. The sample is cleaved under 3% to the rK direction. 
This slightly distorts the image (cos(3°) = 0.14%), but ensures that each 
time the holes are sliced at various distauces from their axes, giving a more 
detailed view on their profile. 

Figure 4.5: X-SEM image of InP reference sample, giving a good indication of 
the hole quality of the TMP-3A-infiltrated sample. 

This sample was measured for the TE polarization, after which it was 
treated and infiltrated as described in section 3.6. SEM images of the in
filtrated sample can be seen in figure 4.6, showing both an overview of the 
sample and a zoom-in on one of the waveguides. The overview image clearly 
shows the polymerized monomer and the waveguides. Also it can be seen 
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that the infiltrant does not hinder light coupling to the ridge waveguide. 
The uninfiltrated sample was cleaved perpendicular to the ridges through 
the endsof its waveguides, producing very smooth facets for in and outcou
pling. After infiltration, the facets were not cleaved again, which makes the 
facets probably covered with a thin layer of polymer which does not seem 
to hinder the transmission measurements. 

Figure 4.6: Sample M0139-s4b after infiltration (a) Overview image of the infil
trated sample. Two distinguishable features are the droplet of solidified monomer 
on top of the sample and the straight waveguides along the sample. (b) Zoom-ion 
on a facet of the infiltrated sample, showing where the light is in- or outcoupled 
to the samplet. The polymer is in contact with the waveguide but leaves the facet 
smooth. 

The optica! characterization of the infiltrated sample has been clone for 
both the TE and the TM polarization. The TE spectra of both the infiltrated 
and the uninfiltrated sample can be found in figure 4.7. 

First, notice the spectrum of the uninfiltrated sample on its own. The 
datahasnot been renormalized, the depicted arbitrary units (a.u.) are the 
raw detector voltages. This makes it stunning that the transmission data of 
each individual transmission structure, together with their waveguides, fit 
together very smoothly, which emphasizes the strenght of lithograpic tuning 
in an end-fire environment. Transmission data precisely reproduces after a 
new set-up alignment and for various experimenters. 

The most distinguishing feature of the transmission diagram is the large 
photonic band gap in the centre of the diagram, running from aj >. = 0.22 
to aj>. = 0.30. This is well comparable to calculated band edges for rja 
= 0.30 in section 2.2. The artefact in the calculated rK transmission dia
gram (see section 2.3.2) was not reproduced experimentally. The system's 
detection limit, due to stray light, prevents exposing the full wavelength de
pendent transmission contrast of the photonic crystal structure. Even with 
this limitation, the transmission level drops more than three decades from 
the dielectric band, visible at low frequency side. The air band height and 
shape can be considered an important measure for PhC quality, as these 
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Figure 4. 7: Measured transmission spectra of M0139-s4b. The left image shows 
the TE polarization for the infiltrated sample and its uninfiltrated counterpart . 

are most influenced by out-of-plane losses. The air band edge not as steep 
as the dielectric band edge, which is due to out-of-plane losses [44). As the 
air band edge is best indicator of the influence of infiltration on the sam
ple, it is important to notice that the transmission level of the air band 
at 10% of the (air band) maximum transmission level, corresponds to the 
calculated position of the air band edge. Another distinguishable feature 
is the pseudo-gap at af>.. = 0.37, which is at the predicted position in the 
calculated transmission diagrams. 

Infiltration causes the red data curve in figure 4. 7. The most important 
feature is also the best seen: a large air band edge redshift, to af>.. = 0.285 ± 
0.05. Band edge shifts are better visible and interpretable without dispute 
than absolute band edge positions, which makes shift a better measure for 
change of optica! PhC properties due to infiltration. No significant shift of 
the air band edge, nor the pseudogap is seen, even though the pseudo-gap 
shift was expected to be visible from the calculated transmission diagrams. 
From the air band edge's redshift, the average refractive index of the holes 
can be calculated. This indicates the filled volume fraction of the holes, see 
figure 4.8. The calculated filling degree, 0.8 - 1.0, is consistent with com
plete monomer infiltration ofthe holes, followed by a 10-15% polymerization 
shrinkage. Infiltration also causes an increased transmission level, both at 
the dielectric band and the air band. The transmission increases with 30% 
for the dielectric band, and 50% for the air band. These results suggest that 
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Figure 4.8: Calculated band edge shift as a function of the PhC hole's filling 
fraction. n;nr = 1.465 is assumed and rIa = 0.30 are assumed for the measured 
sample. For comparison, rIa = 0.28 data is also depicted. 
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infiltration reduces out-of-plane losses, mainly for the air band. 
The TM spectrum of the infiltrated sample, along with a 3-D FDTD 

simulation, is depicted in figure 4.9. The positions of the two pseudo-gaps in 
the measured diagram correspond well to those in the calculated spectrum in 
shape. The transmission levels differ, however, probably again due to out-of
plane losses. Some finer structure in the pseudogaps, that is not considered 
noise, seems to correspond with calculated spectra. As it is difficult to have 
a 1 to 1 correspondence between the measured and the calculated features, 
no conclusions on this are given for this sample. 
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Figure 4.9: TM transmission spectrum of the infiltrated sample, compared to a 
3-D FDTD simulation. 

4.3 Liquid crystal infiltrated photonic crystals 

The K15 infiltration sample contains both rM and rK PhC structures, 
which should give the direct proof of a TE band gap in InP-based PhCs. To 
cover the range af À= 0.18- 0.41, with 10 nm overlap between the individual 
spectra, 14 lattice constants are used: a[nm] E {282, 299, 317, 337, 357, 
379, 402, 427, 453, 481, 510, 541, 574, 609} nm. The ridge waveguide is 2 
mm long, at both sides of the PhC. After every four lithotuned structures, 
a 2.5 pm wide ridge waveguide is included. This sample was fabricated 
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with different parameters than the monomer-infiltrated sample, reflecting 
the development of the etching process. 

Figure 4.10: (a,c,d) SEM images of M0139-s6a befare infiltration. (a) shows 
etched trenches, while (c) and (d) show top views ofthe etched PhC structures (b) 
X-SEM image of the InGaAsP sample that was etched in the same run. 

Figure 4.10(a) showsaSEM image of the region in between waveguides. 
The "grass"-like material could act as scattering centers that increase the 
propagation loss. Even though, transmission levels seemed promising, and 
after shortening the waveguides in an extra cleave step, good quality trans
mission diagrams were measured, as will be shown later. 

Figure 4.10(b) shows an X-SEM image of the reference sample that was 
present on the same chip. This sample also contains the InGaAsP wave 
guiding layer, that can now also be judged. The holes are 3.3 pm deep, 
and are slightly tapered around the quarternary layer. A thin SiN mask 
layer is visible at the top. This will be removed later before infiltrating 
with Kl5. Except for the tapering in the quarternary layer, the holes are 
straight in the upper 2 pm. As the sample is cleaved in the rM direction, 
cross-sectional hole distance is a\1"3. The lattice constant of the depicted 
structure is a = 282 nm. The hole diameter as effectively experienced by the 
TE polarized light is difficult to determine, as the hole width varies from rIa 
= 0.20 to rIa = 0.30 as of the tapering at the InGaAsP layer. Furthermore, 
the relative tapering is a-dependent. The effective hole radius the light 
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experiences at the band edges has to be determined from the transmission 
diagram itself. This radius is needed for analysis of the effective refractive 
index the light experiences after infiltration. 

Figure 4.10(c) and (d) show a top view of the sample, of both the rM 
and the fK direction. The transmission structure contains 10 times the 
lattice region of both directions. The corners of these images also show the 
"grass" next to the waveguides. 

4.3.1 Influence of K15 on the transmission spectrum 

The sample's TE transmission spectrum has been measured both before 
and after infiltration, for both crystal directions. The results are depicted 
in figure 4.11 and 4.12. Again, almost all spectra link together seamlessly. 
The largest exception is the rM air band edge for the uninfiltrated sample. 
The progress that has been made in the etching process results into the high 
transmission level in the air band and the steepness of the air band edge, 
when compared to the TMP-3A infiltrated sample. Also, the signal shows 
much less noise. The combination of a steep air band edge and low noise 
makes the uncertainty in the air band edge shift lower. This results into a 
better measurement of the influence of infiltration. 
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Figure 4.11: Measured TE, rK transmission spectra of a LC-infiltration sample 
at room temperature, before and after K15 infiltration. 

The stop band for the fM direction shifts from 0.183 ~ af .X ~ 0.229 
to 0.183 ~ aj.X ~ 0.220. The stop band for the fK direction shifts from 
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Figure 4.12: Measured TE, rM transmission spectra of a LC-infiltration sample 
at room temperature, before and after K15 infiltration. 

0.207 :S: af>.. :S: 0.253 to 0.207 :S: r /a :S: 0.238. Also for the LC-infiltrated 
sample, the prediction that the air band edge is much more affected than 
the dielectric band edge is seen in the optica! characterization. 

The transmission spectrum of the empty structure can be used to esti
mating the r /a of the sample. The band diagram of figure 2.5 gives r /a = 
0.22 for this structure, which indicates the tapering of the InGaAsP layer 
has a large influence on the optica! properties of the sample. This value is 
lower than the design value of r /a = 0.30, resulting into smaller stop bands. 
Because the optica! effects of infiltration are larger for larger stop bands, 
the optica! effects of infiltration, than for the design r /a = 0.30. Note that 
as rK and rM transmission diagram result into the same rIa , the "rK 
-artefact" does not appear in the measured diagrams, are therefore indeed 
is an artefact. When looking at the air band in the rM direction (0.26 
:S: af>.. :S: 0.32), the signa! shows a repeating pattern. It is believed that 
this is not caused by the PhC structure, but possibly by theset-upor the 
waveguides. Understanding its origin and filtering the signa! would imply a 
significant improverneut of the measured transmission diagrams. Again, the 
pseudogap at higher frequencies is clearly distinguishable. 

The horizontal distance between the air band edges is dependent on the 
chosen transmission level. Note that for the rK direction, the edges shifts 
from one transmission structure to another, due to lithograpbic tuning. E.g., 
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for the rK direction, the shift is ~(a/À)= 0.013 at T = 5x1o-5 and ~(a/À) 
= 0.015 at T = 5 x 10-4 . As the band edge indicates where the transmission 
drop starts, ~(a/À) = 0.015 would hethebetter choice. This would result 
into ninf = 1.68, which is the ne of K15, implying an unlikely LC orientation. 
However, the uncertainty in this number is high. The transmission diagrams 
show an uncertainty in between lithographically tuned structures of at least 
~(a/À) = 0.01. The air band edge shift is dependent on the transmission 
level, giving another ~(a/À) = 0.01 uncertainty. When also consiclering the 
uncertainty in the hole radius, this makes the uncertainty in the refractive 
index of the infiltrant ~n = 0.1 at least. A gap map for rja = 0.220 for n 0 

~ netr ~ ne is depicted in figure 4.13. As n 0 = 1.52 and ne = 1.68, no 
quantitative statements on the orientation of the infiltrant can he made. 
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Figure 4.13: Air band shift as a function of ninf , rja = 0.220. 

4.3.2 Temperature tuning of the photonic crystal 

The LC infiltrated sample has been heated to inspeet the effect of temper
ature on the transmission diagram. 

Temperature tuning sample holder 

A temperature controllable sample holder was developed to rise the sample's 
temperature in order to change the phase of the LC. The holder is heated by 
a resistor, connected to a power source, while temperature is measured from 
a copper-constantane thermocouple. The sample holder itself is made out of 
brass. An Teflon insulation layer of 2 mm thickness prevents the translation 

69 



stage from being too severely heated. The stage is capable of heating up to 
over 60 °C, which is well above the isotropie transition temperature of K15. 
As the temperature tuning stage is still in its development, no temperature 
regulation has been realised yet. The stage's temperature heating charac
teristics were measured. In approximately 1 hour the stage's temperature 
becomes stable, which is a workable situation for exploring measurements. 
For detailed measurements, a temperature regulator is recommended. 

The LC was applied to the sample after surface treatment, under ambient 
conditions, using a mounted injection needle. Care was taken not to spoil 
LC over the sample's edges or touch the sample. Already when discussing 
the set-up, an image with the temperature tunable sample holder was shown, 
see figure 4.3. Notice the LC droplet lying on the sample, in between the 
objectives. Also, the wires connecting the stage to the current souree and 
the thermocouple wire are visible. 

Optical characterization 

Temperature rise caused set-up realignment due to thermal expansion of the 
heating stage and possibly other elements. The TE measurements, shown in 
figure 4.14 and 4.15, show that LC-infiltrated PhCs can thermally be tuned. 
The issue here is to seperate the temperature tuning of the LC from the 
temperature tuning of the Inp/InGaAsP. 

LC temperature tuning, rM direction 
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Figure 4.14: Thermal tuning of the optical transmission in the rM direction. The 
insets zoom in on the stop band edges. 
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LC temperature tuning, rK direction 
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Figure 4.15: Thermal tuning of the optica! transmission in the fK direction. 

The band edge shifts are ~(a/>.) = -0.007 for the fM dielectric band 
edge and ~(a/>.)= -0.010 for therM air band edge. The band edge shifts 
are ~(aj>.) = -0.005 for the rK dielectric band edge and ~(a/>.) = -0.011 
for the rK air band edge. The minus signs indicate a redshift. 

The tuning effect by heating is not only caused by an orientational phase 
shift of the LC, but also by temperature induced refractive index change of 
the InP-structure. From literature it is known that InP has dneff/dT = 
+2x w-4 ;oe dependenee [45], which makes the refractive index of the PhC 
shift with ~n = 0.008. Band diagram calculations have been performed on 
empty Ph Cs whosen shifts from neff = 3.250 to neff = 3.2583 . This makes 
the fK dielectric band edge shift ~(a/>.) = -0.0005 and the air band egdge 
~(aj>.) = -0.0006. The fM dielectric band edge shifts ~(aj>.) = -0.0005 
and the air band edge shifts ~(a/>.) = -0.0005. 

Concluding, InP tuning causes the majority of the band edge shifts. The 
dielectric band edge shift can completely he explained by the temperature 
shift of the InP. If this was the only effect, however, the air band edge shift 
should he just as large as the dielectric band edge shift, which is not the case. 
This indicates that the orientation of the LC has changed to some extent. 
Quantitave statements, however, cannot he given. The LC causes a small 
redshift, which indicates a higher experienced neff to niso . This neff could 

3 Remember that n etr = 3.250 was chosen as an effective refractive index for 2-D 
calculations as a campromise for all modes. The refractive index shift is the important 
parameter here, not the absolute value of netr = 3.258. 
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originate from uniaxial configuration (neff = n 0 ), but other configurations 
are just as likely (see section 3.5.2). As expected, TE polarized light does 
not experience ne . 

72 



Chapter 5 

Concluding remarks 

The concluding remarks are catagorized per topic. First, conclusions are 
made on the basic tool of insight: the simulation program. Then, the etching 
process is discussed, that was a technology needed before this work could 
be started. The main conclusions are on the infiltration process and the 
transmission measurement results following on this process. Conclusions 
on the selective infiltration have to be seen more in the context of future 
applications. 

Simulation software 

Consiclering the simulation software, the following conclusions are made: 

• CrystalWave produces 2-D band diagrams that conform to literature, 
which makes it reliable in predicting infiltration consequences. 

• PhC stop bands never close as aresult from infiltration. An rja = 
0.30 InP-based structure still has a TE band gap after infiltration with 
a material of ninf < 2.25. 

• Infiltration redshifts the air band edge. The dielectric band edge red
shifts or blueshifts, dependent on the structure's r /a . 

• The effect of infiltration is much larger on the TE polarization than 
on the TM polarization. 

• CrystalWave is reliable and 2-D and 3-D rM transmission diagram, 
but shows an artefact in the rK transmission. 

• Simulations indicate that for this planar PhC configuration that is 
used in this work, the upper 1.5 11m of the air holes have the most 
influence on the PhC's transmission diagram. 
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Etching process 

The etching process has been developed to the stage required to optically 
characterize the influence of infiltration. The etching process development 
should focus on the upper 1.5 pm of the holes to imprave transmission 
diagrams. 

lnfiltration and transmission measurements 

The conclusions on infiltration and transmssion measurements are: 

• A TE band gap for InP-based planar PhCs has been shown in end-fire 
transmission measurements. 

• Infiltration of InP Ph Cs with PTMP-3A produces a TE rK stop band 
shift of a/ À = 0.025 that is consistent with the performed simulations. 

• The liquid crystal Kl5 was successfully infiltrated into the PhC. Op
tical characterization proves this by showing a photonic band edge 
shift. 

• Active thermal tuning of the Ph C's optical properties is shown, which 
changes both the effective index of the PhC structure and the liquid 
crystal. 

• Infiltration times for rnanamers in PhCs are short enough to not in
fluence infiltration results in practice. 

• HF + IPA treatment can be used to infiltrate PhCs with a monomer, 
even under ambient conditions. This is directly proven by X-SEM 
inspeetion and indirectly by end-fire transmission measurements. Dif
fusion times of the encapsulated air are < 1 s. 

• Cleaving of a TMP-3A-infiltrated InP PhC does not cleave the infil
trated TMP-3A plugs. They remain in the holes and can are visible 
by X-SEM inspeetion in one of the cleave edges. 

• Due to capillary pressure driven gas permeability, encapsulated air in 
PhC holes can diffuse out, which enables fully infiltrated PhC holes 
under ambient conditions. 

Selective infiltration 

A few exploring suggestions and tests were performed to start up the process 
of developing methods for selective infiltration of 2-D PhC structures. Dis
solved polymers were applied to PhC structures, but were not successfully 
infiltrated like monomers, probably due to solvent evaporation and possibly 
higher viscosity. This makes selective opening and infiltration by EBL still 
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under development. After developing a well controlled process for selectively 
opening PhC holes, either by EBL or by using other methods, selective in
filtration is likely to be possible using the infiltration process as developed. 
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Appendix: TMP-3A 

Laromer TMPTA BASF 

Trimethylolpropane triacrylate 

(CH2 = CH - C - 0 - CH2)3C - CH2 - CH3 
11 
0 

Properties 

Water content by K Rscher methad iDIN 51777) 
Acid~y (as acrylic acd) 

s0.1% 
:<0.1% 
s 150 Colour (APHA method, DIN 53409) 

exworks 
Standerd stabilisation 
Viscosity at 23 •c (DIN EN ISO 3219), 

Shear rate 500 s·1 

• Moocroethyi ether of hydroquinone 

200 ± 50 ppm MEHQ' 
100-t50mPa·s 

Product 
Code 

Chemica! Description 

SR351 Trimethylolpropane Triaaylate 

Appearance 
Physical form 
Odour 
Density at 25 •c (DIN 51757) 
Refractlng index n0 at 20 •c (DIN 531 69) 
Boiüng point (DIN 51751) 
Soüdification point (8S 523110041 
Specific heat capadty (30 •C) 
Heat of polymerisation 
Vapo~r pressure at 50 •c 

1oo•c 
Penek}--Martens flaeh point iDIN 51756) 
lgnition temperatu"' (DIN 51794) 
VbF Qroup and hazard class 
Tempersture cateoory (VDE 1701171) 
Soltbil~ in water at 25 •c 
Soltbil~ of water n Laromer TMPTA 

oolourless to }'ellowish 
Jiquid 
ester-~ke 
1.102 gicm3 

1.475 
126 •C/0,3 mbar 
-22 ~ 
t. 7 kJ!ko ·c 
578 kJ/kg 
< 0.01 mbar 
0. t nt>ar 
1oo•c 
J50•C 
not applicable 
T3 
5 g/1 
ernulsion formed 
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