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Abstract

Photonic crystals consist of an ensemble of periodic optical scatterers
which, through their coherent interaction, induce a photonic band struc-
ture and eventually a band gap for certain optical frequencies. Pho-
tonic crystals promise to greatly enhance the control over the flow of
light and, consequently, to initiate important technological developments
in the fields of semiconductor lasers, LED-based lighting or highly inte-
grated all-optical signal processing. The fabrication of photonic crystals
at telecommunications (1.3-1.55µm) or visible wavelengths requires fab-
rication methods (patterning and pattern transfer) with nanometer-scale
accuracy. In view of optoelectronic applications, the first part of this dis-
sertation describes technology developments to fabricate planar photonic
crystal structures in the InP material system. In the second part, trans-
mission and near-field optical measurements are described to characterize
the fabricated devices.

As the first step in fabrication, the lithography determines to a large
extent the accuracy with which nano-structures can be fabricated. Using
electron-beam lithography, special emphasis has to be put on correcting
proximity effects which are particularly sever due to the combination of
the high electron backscatter efficiency of InP and the high density of ob-
jects in a photonic crystal design. In the course of this work, a proximity-
effect correction software was developed which is tailored to the needs of
photonic-crystal fabrication. In collaboration with Raith GmbH the soft-
ware was extended to fulfill the requirements of general nano-patterning
and was commercialized under the brand name “NanoPECS”. As a step
further, a newly developed simulation method based on the energy de-
position in the resist, was used to assess the accuracy limits of different
proximity-effect correction methods and to investigate the effect of prox-
imity and geometrical parameters on the lithography result. It was found
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ii Abstract

that the conventional energy-equalization correction method imposes a
lower limit on the best attainable hole size uniformity. However, the
new midpoint-equalization method with an adjusted pre-factor does the-
oretically yield perfect accuracy at the optimal dose regarding process
latitude. Furthermore, it was shown, that proximity effects impose severe
limitations in terms of achievable accuracy, resist shrinkage and process
latitude on the patterning of photonic crystal structures with small lattice
constants and/or high fill ratios.

The low index contrast, which the InP material system allows for ver-
tical slab waveguides, results in a vertically extended mode profile which
requires deeply etched holes to ensure sufficient mode overlap with the
holes. Consequently, a plasma etching process was developed and charac-
terized which allows one to transfer electron-beam written patterns into
a 400nm thick SiNx layer with a high accuracy and an excellent selectiv-
ity between PMMA and SiNx. The ability to transfer photonic crystal
patterns into this intermediate mask contributed for a subsequent fabri-
cation of high aspect ratio holes which penetrate more than 3.5µm into
an InP-based slab waveguide. The characterization of the plasma etching
process revealed, that cyclic etching of fluorocarbon-based processes can
greatly improve the plasma-etch selectivity up to a factor of two between
an electron-beam resist and hard mask materials such as SiO2, SiNx or Ti.
On the other hand, lag effects in plasma etching limit the achievable depth
of 150nm diameter holes in SiNx to approximately 400nm when using a
≈250nm thick resist layer. An electron-beam micrograph-based investi-
gation of the hole radius variation was carried out over several processing
steps. This investigation revealed that very little additional disorder is in-
troduced during the fabrication and that the hole radius variation remains
on the few-nanometer level.

In order to couple optical signals from a fiber to the micron-scale
photonic crystal devices, a process was developed for the integration of
electron beam patterned nano-photonic devices with standard III-V wave-
guides which are defined by optical lithography. The electron-beam writ-
ten structures and the subsequently optically defined waveguides were
aligned at previously defined Au markers. The marker recognition with
the electron beam and the etch protection of deeply etched nano-structures
were identified as critical issues and were solved with a Mix&Match tech-
nology and with a conformally deposited SiNx protection layer, respec-
tively. The overlay accuracy between optical and electron-beam written
structures (300-400nm) was shown to induce not more than 0.5dB mea-
surement uncertainty when using a nearby located calibration structure.
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Two optical characterization methods were employed to investigate the
properties of fabricated photonic crystal waveguides. With the help of the
end-fire transmission technique, a new method was introduced to quantify
the impact of electron-beam proximity-effects on the optical properties
of photonic crystal waveguides. The obtained results revealed that the
mini-stop band in W3 waveguides (three missing rows of holes) exhibits a
large shift for not corrected structures (∆λ ≈10nm) and a near-zero shift
(i.e. near-to-perfect correction) for the midpoint-equalization correction
method when the number of holes on each side of the waveguide is varied.
Consequently, the best available correction method must be employed to
avoid an undesired influence of the environment on the waveguide prop-
erties. A near-field microscopy based method was introduced to measure
dispersion and loss of photonic crystal waveguides by measuring the field
pattern of a standing wave. The method reaches an unprecedented level of
accuracy (1%) for the dispersion measurement and allowed us to demon-
strate material dispersion effects of 0.8% for the first time in photonic
crystal waveguides. The simultaneous measurement of the propagation
constant and the propagation loss enabled a clear experimental evidence
for the loss being proportional to the hole area for a fixed value of the
propagation constant.

In the course of this thesis, an advancement of the understanding of
the patterning and pattern transfer accuracy in photonic crystal fabrica-
tion was achieved as well as an improvement of the quantitative optical
measurement of photonic crystal waveguides.





Zusammenfassung

Photonenkristalle bestehen aus periodisch angeordneten dielektrischen
Streuzentren, die durch ein kohärentes Zusammenspiel eine photonische
Bandstruktur erzeugen können, oder sogar eine Bandlücke für bestimmte
optische Frequenzen. Photonenkristalle versprechen dadurch eine stark
verbesserte Kontrolle über die Strömung des Lichts auf kleinsten Di-
mensionen und damit verbunden wichtige Entwicklungen auf den Ge-
bieten der Halbleiterlaser, der Leuchtdioden und der hochintegrierten
voll-optischen Signalverarbeitung. Die Fabrikation von solchen Bautei-
len für sichtbares oder nahinfrarotes Licht verlangt nach Strukturierungs-
methoden mit Toleranzen im Nanometerbereich. Mit dem Ziel von An-
wendungen in der Optoelektronik vor Augen, wurden in der vorliegen-
den Dissertation hochgenaue Methoden zur Fabrikation von InP basier-
ten Photonenkristall-Strukturen entwickelt. Im zweiten Teil der Arbeit
werden optische Transmissions- und Nahfeldmessungen beschrieben mit
denen die fabrizierten Bauteile charakterisiert werden konnten.

Die Lithographie als der erste Schritt in einem Fabrikationszyklus be-
stimmt schon zu einem grossen Teil die Genauigkeit mit der Strukturen
hergestellt werden können. Bei der Verwendung von Elektronenstrahl-
Lithographie muss ein spezielles Augenmerk auf die Korrektur des “Pro-
ximity Effekts” gelegt werden. Dieser Effekt ist besonders ausgeprägt,
weil InP ein Material ist das die Elektronen mit einer hohen Effizi-
enz zurückstreut und weil Photonenkristalle eine sehr hohe räumliche
Dichte von Objekten aufweisen. In dieser Arbeit wurde eine Softwa-
re zur Korrektur des Proximity Effekts entwickelt, welche speziell auf
die Bedürfnisse von Photonenkristall-Strukturen abgestimmt ist. Die ur-
sprüngliche Software wurde weiterentwickelt und in Zusammenarbeit mit
der Firma Raith GmbH unter dem Markennamen “‘NanoPECS” kommer-
zialisiert. In einem weiterführenden Schritt wurde eine Simulationsmetho-
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vi Zusammenfassung

de entwickelt zur Berechnung der im Elektronenstrahl-Lack deponierten
Energie. Diese Methode erlaubte eine Untersuchung von verschiedenen
Proximity Korrekturmethoden hinsichtlich ihrer Genauigkeit, sowie den
Einfluss von geometrischen Parametern des Photonenkristall Designs und
den Eigenschaften des Elektronenstrahls. Es stellte sich heraus, dass die
üblicherweise verwendete Korrekturmethode der Energienivellierung limi-
tiert ist bezüglich der maximal erreichbaren Genauigkeit. Die neue Me-
thode der Mittelpunktsnivellierung erreicht mit einem angepassten Vor-
faktor theoretisch eine perfekte Genauigkeit mit der optimalen Dosis für
den Prozess-Spielraum. Zusätzlich geht aus den Simulationen hervor, dass
Proximity Effekte die Genauigkeit und den Prozess-Spielraum stark be-
schränken falls kleine und dichte Photonenkristalle fabriziert werden sol-
len.

Das InP Materialsystem weist nur kleine Unterschiede bezüglich des
Brechungsindexes auf, was zu vertikal schwach geführten Wellenleitern
führt. Aus diesem Grund müssen tief geätzte Löcher fabriziert werden
die einen genügenden Überlapp mit der vertikal ausgedehnten Lichtmode
haben. Im Rahmen dieser Arbeit wurde daher ein Plasma-Ätzprozess ent-
wickelt und charakterisiert, der es mit seiner hohen Genauigkeit und Selek-
tivität gegenüber dem Polymer basierten Lack (PMMA) erlaubt, Löcher
mit 150nm Durchmesser in 400nm dickes SiNx zu übertragen. Dieser Pro-
zess hat dazu beigetragen, mit dem nachfolgenden auf Chlor basierten
Prozess mehr als 3.5µm tiefe Löcher in den InGaAsP/InP Wellenleiter
zu Ätzen. Die Prozesscharakterisierung zeigte, dass zyklisches Ätzen von
Fluor-Karbon basierten Prozessen die Ätzselektivität zwischen PMMA
und Abdeckungsmaterialien wie SiNx, SiO2 oder Ti um bis zu einem Fak-
tor zwei verbessern kann. Auf der anderen Seite zeigte sich, dass “Lag-
Effekte” wie sie üblicherweise beim Plasma-Ätzen auftreten, die maximal
durchdringbare Dicke von SiNx auf ca. 400nm beschränken wenn nur ca.
250nm Elektronenstrahl-Lack verwendet wird. In einer zusätzlichen Un-
tersuchung in der Elektronenstrahl-Mikroskopie Bilder graphisch ausge-
wertet wurden, konnte festgestellt werden, dass die Fabrikationsgenauig-
keit der Photonenkristall-Löcher über mehrere Prozess-Schritte in Bereich
von wenigen (1-3) Nanometern bleibt.

Um die optischen Signale von einer optischen Faser zuverlässig in
die mikrometergrossen Photonenkristall-Bauteile einzukoppeln wurde ein
Prozess entwickelt, der mit einem Elektronenstrahl geschriebene, nano-
photonische Strukturen mit grösseren Wellenleitern kombiniert, die mit
optischer Lithographie hergestellt werden. Die nanophotonischen Struk-
turen und die nachfolgend hergestellten grösseren Wellenleiter wurden an
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Gold Markierungen ausgerichtet die in einem ersten Prozessschritt her-
gestellt wurden. Die Erkennung der Markierungen mit dem Elektronen-
strahl wurde mit einer Mix&Match Technologie realisiert. Eine konfor-
mal abgeschiedene Schicht SiNx wurde verwendet um die tiefgeätzten
Nano-Strukturen vor dem nachfolgenden Ätzschritt zu schützen. Es wur-
de gezeigt, dass die Überlagerungstoleranzen der beiden Lithographie-
schritte einen Fehler der optischen Transmissionsmessung von weniger als
0.5dB verursachen wenn eine nahegelegene Kalibrations-Struktur verwen-
det wird.

In dieser Arbeit wurden die zwei optischen Messmethoden der Trans-
missionsmessung und der Nahfeld-Mikroskopie verwendet um die fabri-
zierten Proben zu charakterisieren. Mit Hilfe der “End-Fire” Transmis-
sionsmessung konnte nachgewiesen werden, dass die Proximity Effekte
in der Elektronenstrahl-Lithographie grossen Einfluss auf die Wellenlei-
tereigenschaften haben können, wenn man die Anzahl der Lochreihen
verändert, die den Wellenleiter auf beiden Seiten begrenzen. Die Re-
sultate einer Untersuchung in der die Anzahl der Begrenzungslochrei-
hen erhöht wurde zeigen, dass das Ministopband eines W3 Wellenlei-
ters (3 fehlende Lochreihen) eine spektrale Verschiebung von ∆λ ≈10nm
erfährt im nicht korrigierten Fall und nahezu keine Auswirkungen zeigt
wenn die Mittelpunktsnivellierungs-Methode zur Proximity Korrektur an-
gewandt wird. Aus diesem Grund muss bei der Fabrikation von Photo-
nenkristallen darauf geachtet werden die beste Methode für die Korrektur
der Proximity Effekte (Mittelpunktsnivellierung) zu verwenden. Mit Hilfe
der zweiten Messtechnik, der Nahfeld-Mikroskopie, wurde eine Metho-
de entwickelt die es erlaubt die Dispersion und den Propagationsverlust
von Photonenkristall-Wellenleitern aufgrund eines abgebildeten Stehwel-
lenfelds sehr genau zu bestimmen. Diese Methode erlaubte es mit vor-
her unerreichter Genauigkeit (1%) sogar Materialdispersions-Effekte in
der Grösse von 0.8% in den Wellenleitereigenschaften nachzuweisen. Die
Möglichkeit mit der Nahfeld-Mikroskopie gleichzeitig die Verluste und die
Propagationskonstante zu messen erlaubte eine klare experimentelle Evi-
denz dass die Verluste proportional sind zur Lochfläche bei konstanter
Propagationskonstante.

Im Rahmen dieser Arbeit konnte das Verständnis zur Genauigkeit
der Strukturierung und der Übertragung von Strukturen mittels Plasma-
Ätzen erweitert werden. Zusätzlich konnten neue Erkenntnisse zur quan-
titativen optischen Charakterisierung von Photonenkristall-Wellenleitern
gewonnen werden.
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Chapter 1

Introduction

1.1 More Control over Photons

The western culture in general and its attitude towards information in
particular has been fundamentally influenced in the last few decades by
two major technical trends, namely the ability to process information elec-
tronically and to transport it over large distances optically. Both devel-
opments are expected to continue in the coming years and also penetrate
stronger into countries such as china, india or brazil.

The enormous success of microelectronics for information processing
is fundamentally based on the fact that electrons interact strongly with
each other and the surrounding materials by means of electromagnetic
forces. The interaction can be controlled spatially and temporally by,
e.g., applying voltages. Only in recent years with the computer clock-
cycles reaching into the picosecond regime it became apparent that the
strong interaction which lays at the foundation of electronic logics limits
the electronic transport of information even over short distances, e.g., due
to resistive losses and cross-talk [1].

Concurrently, information transport over large distances was revo-
lutionized by another fundamental particle: the photon. Photons (i.e.
electromagnetic fields) interact only weakly among each other and with
dielectric materials, such as glass fibers. This weak interaction of elec-
tromagnetic waves lays at the foundation of the success of fiber optic
communication, which makes it nowadays possible to send optically en-
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2 Chapter 1. Introduction

coded data with Tbits/s data rates over thousands of kilometers with very
little signal distortion and only re-amplification being necessary along the
way [2]. However, at routing nodes of the optical network, the data has to
be processed to be delivered to the correct address. This involves packet
switching and logical operations which up to date still have to be per-
formed electronically due to the absence of reasonably integrated optical
logics which still fails at the lack of strong non-linearities and the required
areal density.

At this stage we already see that a greatly improved spatial, spectral
and temporal control over photons and their interactions with matter
could stand at the origin of important technical break-throughs, such as:

• spatially dense optical communication to solve the data transport
bottleneck between electronic boards or even chips and thus enhance
distributed electronic information processing.

• all-optical packet switching or even all-optical logics which could
make routing in optical networks faster and more efficient regarding
energy and costs if complex opto-electro-optic conversion could be
avoided.

• optoelectronic devices such as laser, detectors or amplifiers with
improved performance and reduced cost thanks to tailored light-
matter interactions.

• improved external efficiency of light emitting diodes (LED’s) by ma-
nipulating the spontaneous emission, enhancing light extraction and
avoiding thermal losses.

Such developments may not only have a huge economic impact, but also
save energy and resources in general.

One of the concepts which promise to greatly enhance the control over
photons are photonic crystals which were proposed by Eli Yablonovitch
[3] and Sajeev John [4] at the end of the 1980’s. Photonic crystals consist
of an ensemble of periodic optical scatterers which through their coherent
interaction induce a photonic band structure and eventually a band gap
for certain optical frequencies for which energy propagation in the crystal
is forbidden, much like the periodic electronic potential in solids does for
electrons. Whereas dielectric photonic crystals in one dimension are the
well-known and widely used Bragg gratings, the generalization to two and
three dimensions (see Fig. 1.1) brings in a huge increase of control over
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Figure 1.1: Schematic view of photonic crystals, i.e., a medium with a
periodically alternating refractive index (n1, n2), realized with a lattice in
1, 2 or 3 dimensions.

the propagation of light. Full control and complete confinement of light is
only possible if the propagation is forbidden in all three directions. This,
however, requires “sculpting” of high-index materials in three dimensions
[5], which is a very difficult task if specific optical functionalities are to
be targeted. Hence 3D photonic crystals are still far away from real-life
applications.

Photonic crystals with a periodicity in two dimensions (see Fig. 1.1 b))
are the compromise between fabrication difficulty and light control, which
many application-oriented researchers investigate. The operating schemes
can be divided into “through-plane” and “in-plane” concepts. In the first,
the light travels orthogonal to the photonic crystal plane. This concept is
very successfully applied in photonic crystal fibers which are already pen-
etrating the fiber-optic market [6] and photonic crystal enhanced vertical-
cavity surface-emitting lasers which are on the brink to commercialization
[7].

In planar photonic crystals (PPC’s) the light is traveling in the plane
of the photonic crystal periodicity and is guided in the third direction
by total internal reflection inside a higher index material. In this way
two highly successful fabrication methods can be combined, namely the
thin-film and the planar micro- and nano-structuring technologies which
achieved a remarkable maturity thanks to the microelectronics industry.
PPC promise to enable full in-plane control of light. Now the question
arises whether the planar photonic crystal approach offers sufficient op-
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portunities for applications in general and in the field of integrated optics
at telecommunication wavelengths in particular. Next, we will explore
possible answers to this question.

1.2 Planar Photonic Crystals for Commer-
cial Applications

At the culmination of the telecommunications hype around the millen-
nium, PPC-based devices in integrated optics and optoelectronics were
claimed to be the solutions to all bottlenecks for the ever growing de-
mand for bandwidth. Meanwhile, the remaining smoke of the burst tele-
com bubble has lifted and it has become clear that commercial success
with products relying on an entirely new waveguiding concept in a nowa-
days highly competitive telecommunication market is difficult and market
introduction may in the best case require several years of development.

However, PPC’s do exhibit unique properties which are not available
from conventional index-guiding schemes. Thus, let us first look at possi-
ble commercial applications of PPC’s in the light of the properties which
make them unique.

Backfolded modes in the 1st Brillouin zone: The fact that photonic
crystals are periodic structures for which the Bloch theorem applies
causes optical modes to be folded back into the 1st Brillouin zone.
This enables the coupling of guided modes to modes above the air
light line for which radiation can propagate away from the surface.
While this effects causes detrimental losses for integrated-optics ap-
plications, LED’s can greatly benefit as the external efficiency is
enhanced and directed out-coupling of the spontaneous emission is
possible [8]. PPC’s combined with GaAs- or GaN-based LEDs cov-
ering the whole visible and near infrared spectrum may enable a
high extraction efficiency, long lifetimes and consequently savings in
energy and resources.

Two dimensional (2D) optical feedback: The combination of 2D in-
plane feedback and vertical out-coupling, which is possible with a
PPC operated at the band edge, has recently resulted in a new class
of laser sources with excellent properties, such as low thresholds
and tailored beam characteristics. This concept has already been
realized with polymers [9] or InGaAs [10] as gain materials.
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In-plane photonic band gap: In combination with high index-contrast
planar waveguides, i.e. air-bridge membranes, PPC’s offer a low-
loss guiding mechanism because the light cannot escape the wave-
guide when operated below the light line. Impressively low losses
of 2dB/cm [11] have been achieved with this technology together
with highly efficient bends and splitters. If passive applications are
aimed at, Silicon-on-Insulator (SOI) photonic-wire waveguides are
a competitive alternative to PPC’s. They enable comparable losses
in straight lines and tight bends [12]. Furthermore, a simple and ef-
ficient coupling scheme to conventional optical fibers is available for
photonic wires thanks to the low-index SiO2 substrate [13]. There-
fore, integrated optics with purely passive operations (waveguiding,
bending, power splitting, etc) may see an advantageous implementa-
tion with photonic wires [14]. However, if a high spectral resolution
is required for highly integrated optics devices, e.g. for chip-level
dense wavelength division multiplexing, PPC structures seem to be
the best option to date because they offer the highest spatial density
and the possibility for vertical outcoupling, i.e. an optical via. Fur-
thermore, active materials such as GaAs or InP wafer-bonded onto
SiO2 combined with PPC resonators or micro-lasers offer a vision
for highly integrated light sources [15].

The in-plane photonic band gap is as well the enabling factor of the
recently realized wavelength-scale cavities with quality factors on
the order of Q=106. Apart from add-drop filtering applications for
which the spectral line width of such cavities satisfies dense wave-
length division multiplexing requirements (50GHz) [16, 17], an ex-
treme field enhancement was realized with such structures which
opens the door to non-linear optics, highly integrated sensing appli-
cations, mechano-optic switching [18] and ultimately optical logics
on the wavelength scale [19].

Slow modes for enhanced light-matter interaction: Some modes of
PPC waveguides exhibit strong dispersion and a dramatically re-
duced group velocity. The first might find applications in highly-
integrated dispersion-compensators for fiber-optic links. As for the
group velocity, values down to c/100 have been measured [20]. Slow
light experiences higher losses but also a greatly enhanced inter-
action with the material. Slow light in a PPC W1 waveguide has
already been exploited to demonstrate thermo-optic switching on an
SOI platform [20] and also all-optical-switching seems to be within
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reach using the slow light to reduce the switching power in the GaAs
[21] or InP-based materials [22]. For InP-based optoelectronic de-
vices such as lasers or semiconductor optical amplifiers (SOA’s), slow
light could provide improved gain and a robust frequency-selection
scheme [23] which works over a wide and continuous tuning range.
Furthermore, the option to integrate highly reflective mirrors [24]
and avoid regrowth steps for distributed feedback gratings may bring
PPC structures into industrial products for the sake of efficiency and
cost savings in fabrication.

1.3 Motivation for this Thesis

The above-mentioned applications at telecommunications (1.3-1.55µm)
and visible wavelengths require PPC structures with lattice constants on
the order of 0.5µm or less to be accurately fabricated. The corresponding
holes with diameters of 100-300nm have to be etched into materials such
as InP, GaAs, Ti, GaN or Si with aspect ratios often much larger than
1. This makes the fabrication of such devices by itself an ambitious task
which requires research at the forefront of nano-technology.

In the case of InP-based optoelectronic PPC devices, which are pur-
sued in our project, a highly accurate patterning technology based on
electron-beam lithography (EBL) is required to achieve a control of crit-
ical dimensions (i.e. hole diameters) in the few-nm regime. To achieve
this goal, special emphasis has to be put on correcting proximity effects
which are particularly sever due to the combination of the high electron
backscatter-efficiency of InP and the high density of objects in a PPC
design.

For electrical pumping of optoelectronic devices, usually substrate-
type PPC structures are favored compared to air-bridge membranes. Con-
sequently, the low index contrast, which the InP material system offers
for vertical slab waveguides, results in a vertically extended mode profile
which requires deep etched holes to ensure sufficient mode overlap with
the holes. Accurate EBL patterning and a high etch resistance for ver-
tical and deep holes are to a certain extent contradictory requirements:
the first necessitates thin resists for nm-scale patterning accuracy and for
the second a resistant mask is compulsory to enable plasma etching of
deep holes. Therefore, the careful optimization of plasma-etch processes
for pattern transfer is vital.
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Optoelectronics devices usually are coupled to optical fibers. There-
fore a scheme is necessary to connect the micron-scale PPC devices with
the outside world. Only then can the devices be optically characterized to
confirm their functionality and determine further design optimizations. In
order to distinguish between fabrication effects and design issues or even
unexpected physical properties, the optical characterization has to reach a
level of accuracy which is not easily achieved with conventional transmis-
sion techniques. Furthermore, substrate-type PPC structures exhibit ver-
tically extended mode profiles and consequently require deep etched holes.
To numerically represent such structures, huge computational cells are
necessary which impedes accurate modeling of more complicated devices.
Thus, the experimental visualization of electromagnetic fields represents
a valuable method to understand the characteristics of fabricated devices.
Scanning near-field optical microscopy (SNOM) is a tool which allows
an in-situ visualization of optical fields at the surface of PPC structures.
Therefore, SNOM is an attractive optical characterization method with
properties which are complementary to end-fire transmission techniques,
because SNOM offers highly accurate spatial and spectral information at
the same time.

All of these issues are treated in this thesis for the case of passive,
InP-based PPC structures which aim to set the basis for future active,
PPC-based optoelectronic components such as all-optical switches [22] or
semiconductor optical amplifiers [25].

1.4 Objectives and Achievements
of this Work

The overall objective of this thesis was to develop the technology for PPC-
based integrated optics circuits in the InP material system and to assess
the accuracy limits of the fabrication processes. Furthermore, using the
developed coupling scheme to optical fibers, the fabricated PPC struc-
tures were to be optically characterized using transmission and near-field
techniques and compared to electromagnetic simulations.

This thesis is structured as follows:

Chapter 2 - The physics of planar photonic crystals: A short in-
troduction will be given which covers the fundamental properties
of triangular lattice PPC’s and its most common waveguiding con-
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cepts. Differences between 3D and 2D simulations of substrate-type
PPCs will be discussed for the first time for the specific examples of
the spectral location of band-gap edges and the dispersion relation
of a W1 waveguide (one row of holes missing).

Chapter 3 - Electron beam lithography for PPCs: EBL patterning
accuracy in general and proximity-effect correction (PEC) in par-
ticular are vital for functional PPC devices. The main objective of
this chapter was to find highly accurate methods for PEC and to
assess their limits concerning the achievable accuracy and process
latitude. Due to the lack of a suitable commercial software, we de-
veloped and implemented a new and very efficient PEC tool which
is tailored to the needs of PPC fabrication. The method was further
extended to solve general nano-patterning problems and was com-
mercialized under the brand name “NanoPECS” by Raith GmbH.
In the second part of this chapter the energy-intensity distribution
(EID) simulation method will be described which was used for the
first time to assess the achievable accuracy of different PEC meth-
ods in the context of PPC fabrication and to further improve the
best of them. Moreover, with the help of extensive simulations we
demonstrated for the first time the limits on the PPC design space
which are imposed by proximity-effects.

Chapter 4 - Plasma etching of hard masks for PPC fabrication:
The need to transfer hole patterns from a 200nm-thin layer of
PMMA for up to 4µm into InP requires an intermediate etch
resistant hard mask to boost the overall plasma etch selectivity.
The objective of this work was to transfer holes with a minimal
diameter of 150nm into a resistant hard mask which subsequently
enabled the fabrication of low loss PPC devices. Our new developed
plasma-etching processes for SiO2 and SiNx hard masks increased
the state-of-the-art etch selectivity in PPC fabrication by more than
a factor of two and achieved a highly accurate pattern transfer of
150nm diameter holes into 400nm of SiNx. This technology enabled
us to etch deep and vertical holes through the InP-based slab
waveguide and achieve state-of-the-art low losses in W1 waveguides
for the first time with an ICP-RIE plasma etching system which
is capable to process 2-inch wafers and a low voltage (30kV)
EBL system. Furthermore, the limits of the hard mask thickness
imposed by RIE lag and its interdependence with the verticality of
high aspect ratio holes will be discussed in this chapter.
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Chapter 5 - Disorder in PPC fabrication: The objective of this
chapter was to investigate the disorder (radius, placement, shape)
which is introduced by the individual fabrication steps to the PPC
structures. We considered for the first time the development of dis-
order over several processing steps. We found that the measured
figures of merit of the disorder of our process are at the brink of the
resolution limit which is imposed by the use of an electron micro-
scope, as is the case for all state-of-the-art disorder figures found in
the literature.

Chapter 6 - Optical integration with Mix&Match EBL: Most in-
tegrated optical devices need to be connected to the outside (fiber)
world. Therefore our objective was to implement a process which
allows for the characterization of passive PPC devices with an end-
fire transmission setup. We chose to implement a process which
combines optically defined single mode low-loss access waveguides
with EBL-written PPC structures. The chapter further comprises
an evaluation of several alternative integration concepts, the descrip-
tion of the finally implemented process and a discussion of problems
which had to be solved. The successful measurement of the coupling
efficiency and loss of a W1 waveguide is demonstrated as well.

Chapter 7 - Optical characterization of PPC waveguide devices
is a prerequisite to distinguish between fabrication and design re-
lated issues of more complex devices. The objective was to provide
a quantitative analysis of the impact of proximity effects on PPC
waveguide properties and a W1 waveguide characterization concern-
ing the dispersion and loss in a highly accurate manner using SNOM.
The first investigation is not yet covered in literature and the sec-
ond allowed us for the first time to conclusively demonstrate the
relevance of material-dispersion effects on the modal properties of a
W1 waveguide.

Chapter 8 - Conclusion and outlook summarizes the achievements
and results of this thesis. In the outlook we present possible fu-
ture directions for InP-based PPCs.





Chapter 2

The Physics of Planar
Photonic Crystals

2.1 Fundamentals of Photonic Crystals

In this section, a brief overview of the fundamentals of photonic crystals is
given. The main scope is a definition of concepts and notations rather than
a full development of the background. The interested reader is referred to
excellent textbooks [26, 27, 28] which treat the topic in depth, including
the electromagnetic theory of photonic crystals.

2.1.1 Electromagnetic Waves in Periodic Dielectric
Media

The propagation of electromagnetic waves in a macroscopic medium is
governed by Maxwell’s equations [29] which describe the interactions of
electric ~E(~r, t) and magnetic ~H(~r, t) fields with a medium in time and
space. If we exclude charges and currents and restrict our interest to ma-
terials which can be fully described with a scalar, local dielectric constant
ε(~r) (non-magnetic, linear and isotropic), the problem reduces to the wave
equation for harmonic magnetic fields:

∇×
(

1
ε(~r)

∇ ~H(~r)
)

=
(ω
c

)2
~H(~r) (2.1)

11
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Figure 2.1: A triangular lattice of (air) holes is shown, with a) the real-
space structure as the direct lattice and b) its representation in reciprocal
space with the 1st and the irreducible Brillouin zone.

with ω=2πf the angular frequency and c the speed of light in vacuum.
The general solution of this “master equation” can be written as a super-
position of plane waves.

Let us now study photonic crystals which exhibit a periodically alter-
nating refractive index n(~r)=

√
ε with the periodicity given by the lattice

constant a of the crystal. The periodicity can apply to 1, 2 or 3 dimen-
sions as sketched in Fig. 1.1. From the Bloch theorem for periodic media
[30], the solutions of the wave equation (Eq. 2.1) must be a superposition
of elementary functions ~Hk:

~Hk(~r, t) = Re
[
~uk(~r) · e−i~k(ω)·~reiωt

]
(2.2)

where the Bloch functions ~uk(~r) exhibit the same periodicity as the refrac-
tive index. The wave vector ~k indicates the propagation direction and has
a magnitude of k= 2π

λBl
where λBl is the wavelength of the corresponding

Bloch mode.
Solutions of the master equation are often discussed in the reciprocal

space [30] of the k-vectors. In Fig. 2.1 we depict, as an example, the
direct and the reciprocal lattices with the associated irreducible Brillouin
zone of a 2D triangular lattice of holes, which is the most commonly used
lattice for integrated optics applications. All possible solutions, called
Bloch modes, can be reduced to the solutions in the 1st Brillouin zone.
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Thanks to the symmetry of the lattice, only the irreducible part of the
Brillouin zone (see Fig. 2.1 b)) has to be considered to fully represent the
dispersive properties of the structure. Typically, the crystals dispersion
relation ω(k) is shown along the boundaries of the irreducible Brillouin
zone, e.g. Γ−M −K − Γ. Important photonic crystal properties such as
the band gap, mode gaps, the phase velocity and the group velocity of a
mode can be deduced from such a dispersion relation as will be shown in
the next section.

Due to the absence of an absolute scale in the Maxwell equations and
the periodicity of the Bloch modes, the solutions of the wave equation
for strictly periodic media with a constant ε are scalable with a/λ. This
allows for the definition of the reduced frequency u=ωa/2πc=a/λ, with c
the speed of light, ω the angular frequency and λ the vacuum wavelength
of the electromagnetic wave. The scalability furthermore allows us to
experimentally probe photonic crystal properties by either changing the
wavelength or the lattice constant. By doing so, a large range of reduced
frequencies can be accessed with a restricted source band width and a
limited number of fabricated structures over a range of lattice constants.
This method is called lithographic tuning.

2.2 Plane Wave Simulations

The wide range of methods which are used to simulate photonic crystals
can be roughly divided into the classes of frequency domain and time
domain. In the first approach the time independent properties of the
structure are calculated, e.g. the dispersion, modal patterns, transfer
properties, just to name a few. The second class comprises methods which
solve the Maxwell equations discretized in time and space (e.g. finite
differences in time domain). A discussion of frequency domain methods
applied to photonic crystals can be found in [26] and [31], whereas an
introduction to FDTD for photonic crystals is given in [32].

In this work a plane-wave method was used to calculate band struc-
tures and dispersion relations in 2D and 3D. We used the freely avail-
able [33] MIT Photonic Bands (MPB) package which computes the fully-
vectorial eigenmodes of Maxwell’s equations with periodic boundary con-
ditions by performing a preconditioned conjugate-gradient minimization
of the block Rayleigh quotient in a plane-wave basis [34]. For a chosen
set of k-vectors, the MPB solver calculates the eigenmodes and the eigen-
values of a structure. For k-vectors chosen along the boundaries of the
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Figure 2.2: Calculation cells for MPB with dimensions given in units of
the lattice constant a: a) 2D primitive cell for a infinite crystal with a
triangular lattice of holes, b) 2D supercell of a W1 line defect (single
row of missing holes) in the ΓK direction for the same triangular lattice,
c) 3D super-cell for a perfect triangular lattice PPC with an InP-based
slab waveguide, d) 3D super-cell for a W1 waveguide in the same PPC
structure as c).

reduced Brillouin zone the eigenvalues represent the band structure, very
similar to electronic band structures in solid-state physics. The accuracy
of the method is determined by the number of plane waves used to repre-
sent the Bloch functions, and the tolerance, which serves as a convergence
criterion. Both are input parameters of the software.

Planar photonic crystals with a low vertical index contrast can be ap-
proximated in two dimensions using the effective-index method [35, 36, 37]
so that the band structure of the perfect crystal can be obtained from
MPB with a calculation cell as is indicated in Fig. 2.2 a). Arrows indicate
the periodic continuation imposed by periodic boundary conditions. To al-
low the calculation of simple defect structures in 2D such as straight wave-
guides, the super-cell approach can be employed as depicted in Fig. 2.2 b).
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This example also shows a limitation of the supercell approach: whereas
parallel to the waveguide the periodic continuation represents the desired
geometric situation, in the transverse direction an infinite number of wave-
guides are created which undesirably could couple with each other if not
separated by a sufficient number of rows of holes. In a numerical exper-
iment no change in the 2D dispersion relation of a W1 waveguide was
observed if more than 6 rows of holes were introduced into the calcula-
tion cell. Thus, in this thesis simulations were performed with 6 rows of
holes separating the waveguides. 2D calculations are fast and the result-
ing eigenmodes are well resolved without ambiguities. However, as the
real structures are three dimensional, the 2D calculations relying on the
effective-index method can not be trusted unconditionally although they
can give very valuable qualitative insights. For air-bridge type structures,
2D simulations are valid for only a very limited range of frequencies due
to the large waveguide dispersion in such thin membranes which results
in a strong frequency dependence of the modal effective index. The 2D
approximation is discussed in more detail in Sect. 2.3.

MPB also allows one to calculate accurate eigensolutions of the full
three-dimensional (3D) structure of planar photonic crystals as is depicted
for a perfect crystal and a waveguide structure in Fig. 2.2 c) and d),
respectively. The periodic boundary conditions in the vertical direction
result in artificially stacked slab waveguide structures which have to be
separated by a sufficient air gap to prevent vertical coupling. Thanks to
the strong exponential decay of the guided modes in air, air gaps of 500nm,
as used in the simulations of this thesis, are sufficient. The geometry of
the super-cell was defined in a way that the holes are not penetrating
through the whole layer stack, but the lowest ≈500nm of the substrate
remains unpenetrated, which mimics the real situation of holes with a
finite etch depth. The size of the computational cell of substrate-type
structures easily becomes large because deeply etched holes have to be
represented carefully as well. The combination of calculation cells on
the order of 70a3 (see the W1 waveguide in Fig. 2.2 d)) and a sufficient
number of plane waves (16 per a3) to obtain a reasonable accuracy (≈2%)
results in weeks of CPU time and GBytes of memory for the calculation
of a waveguide dispersion relation. This of course strongly limits the
application of this method for tasks like structural optimization, which
requires a large number of simulations.

For substrate-type PPC’s, in the frequency region around the band
gap, i.e. above the light line of the substrate, many modes exist which
couple to the substrate and are not a property of the photonic-crystal
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structure itself but rather of the vertical waveguide. These modes only
have a small part of their energy in the guiding layer, whereas the true
photonic-crystal modes are confined to the core layer. Monitoring the
energy of the mode in the guiding layer gives us a criterion that can be
used to discriminate the true photonic-crystal modes from substrate- or
air-type modes [38].

2.3 Planar Photonic Crystals

The combination of a lattice of air holes structured in the horizontal plane
with a conventional slab waveguide to confine light vertically is the con-
cept behind planar photonic crystals (PPC). Such structures are relatively
simple to fabricate for telecom applications with state-of-the-art micro-
electronics technology and offer in-plane photonic-crystal properties.

2.3.1 Planar Waveguides

InP-based integrated optics uses slab waveguides of either high refractive
index contrast (air-bridge membranes) or low index contrast waveguides
in a substrate configuration. The second option is depicted schematically
in Fig. 2.3 a) and is the structure of interest for this thesis. It exhibits an
InP (n=3.17) top cladding layer and a guiding layer of variable thicknesses
and refractive indices on top of an InP substrate. For λ=1500-1600nm the
index of the lattice-matched quaternary guiding layer can be at maximum
n=3.45. Quaternary materials lattice-matched to InP with a higher re-
fractive index indeed have an electronic band gap close to λ=1500nm and
material absorption can no more be neglected. The low index contrast
results in a vertically extended mode profile, as indicated in Fig. 2.3 a)
for the case of a single mode waveguide structure with cladding and core
layer thicknesses of 300nm and 522nm, respectively. The PPC is realized
by perforating this slab waveguide with a lattice of air holes. Holes have
to be 3-4µm deep and cylindrical in order to fully overlap with the mode
profile and avoid excess losses. The vertical waveguide structure shown
in Fig. 2.3 a) emerged from an optimization to achieve low propagation
losses (600dB/cm in a W1 waveguide [39]) given the limits of achievable
hole depth of 3-4µm [40].

In slab waveguides the solutions to Maxwell’s equations can be divided
into transverse electric (no out of plane E-field component) and transverse
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together with the TE photonic band gap for a fill ratio of R/a=0.34.

magnetic (no out of plane H-field component) modes, called TE and TM
respectively. See Fig. 2.3 a) for a schematic of the definitions. These two
polarizations are decoupled for perfectly planar and vertically symmetric
systems such as air-bridge type membranes, but not for substrate type
PPC’s. Nevertheless the modes can be assigned to the dominant polar-
ization and are thus called TE- and TM-like. For the sake of simplicity
we use the terms TE and TM for such slightly mixed polarization modes
as well.

Due to the low index contrast of the slab waveguide and the asso-
ciated weak confinement, the modes resemble to a certain extent plane
waves in the vertical direction. This allows for the description of the ver-
tical mode properties with an effective index, and the treatment of the
planar photonic-crystal properties with a 2D model [35]. The method is
called the “effective-index approximation” and consists in replacing the
planar waveguide with a homogeneous dielectric material having an effec-



18 Chapter 2. The Physics of Planar Photonic Crystals

tive refractive index neff defined as:

neff =
∫ +∞

−∞
Ψ(z) n(z) dz (2.3)

with Ψ(z) the normalized vertical field distribution and n(z) the vertical
refractive index profile of the slab waveguide. The effective-index ap-
proximation allows many problems to be treated qualitatively, and some
quantitatively with much less computer resources than a full 3D calcula-
tion would require. Some of the problems of substrate-type PPC’s would
not be tractable at all in 3D (e.g. coupled waveguides). As the method
is based on an approximation, questions about its accuracy and applica-
bility arise. One of the shortcomings relates to waveguide dispersion, i.e.
the fact that a change in wavelength also implies a change in mode profile
and consequently a different effective index. This effect introduces for an
InP substrate-type slab waveguide an error of 0.3% in frequency over a
100nm wavelength span around λ=1550nm. Some publications [36, 37]
found good agreement of 2D methods with full 3D calculations for InP-
based PPC’s, others [41] also state to have found considerable differences.
We will come back to this point in Sects. 2.3.3 and 2.4.1 to show both
cases of good and poor agreement.

2.3.2 Planar Photonic Crystals in Two Dimensions

Much exciting conceptual research about PPC’s was based on 2D simula-
tions using the aforementioned effective-index approximation [42, 43, 44].
Although the real world sometimes looks different, we will also use a 2D
band structure diagram as an initial approximation to explain basic pho-
tonic crystal concepts.

Using a slab waveguide mode solver [45] the effective index of the
vertical structure depicted in Fig. 2.3 a) with ngl=3.38 was determined and
used to calculate the TE and TM band structure of a perfect triangular
lattice of air holes with MPB in two dimensions. TE and TM bands
were resolved clearly and behave differently as can be seen in Fig. 2.3.
Whereas the TM bands show predominantly a “linear” behavior with
the exception of a small stop gap in the ΓM direction, the TE bands
exhibit a large omni-directional photonic band gap (35% of the center
frequency). At the lower and upper gap edges flat bands appear which
are an indication of slow light and a peak in the photonic density of states
[38]. The frequency regions below and above the band gap are called
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dielectric and air band, respectively, because the electromagnetic fields
at this frequencies are mainly located in the dielectric veins or in the air
holes, respectively.

2.3.3 InP Slab Waveguide based Planar Photonic
Crystals

In a next step we consider the band structure resulting from 3D simula-
tions of the same structure as in Fig. 2.3 b). To simplify things, only
the TE bands are displayed in Fig. 2.4. Modes are depicted as circles
with diameters corresponding to the square of the energy located in the
guiding layer. The calculation cell is inset in the top right corner of the
figure.

The striking difference between the band structures calculated in 2D
and 3D are the numerous substrate modes which are found above the so-
called substrate light line in 3D. The light line represents the magnitude of
the wave vector in a certain medium, for instance in the substrate. Each
mode above the light line has a wave vector smaller than the wave vector
of that medium and can therefore couple to modes in the medium. All
modes shown in Fig. 2.4 are above the substrate light line and are therefore
intrinsically leaking into the substrate. This makes substrate type PPC’s
very sensitive to any kind of optical perturbation, e.g. at waveguide tran-
sitions, as this induces coupling of guided light to substrate modes and
hence introduces losses. Consequently, waveguide transitions have to be
designed to transform the optical modes as smoothly as possible. The air
light line is the analog limit for coupling of k-vectors to vacuum modes.

The fraction of the modal energy in the guiding layer now allows us to
discriminate substrate modes, which are located anywhere in the struc-
ture, from vertically guided modes which exhibit photonic-crystal prop-
erties. Chains of large circles indicate the dielectric-band edge around
u=0.24 and the air-band edge around u=0.33. In between these we
find the TE photonic band gap which is filled with non-guided substrate
modes. The relatively low energy contrast between substrate and guided
modes in this band diagram reflects the vertically extended mode profile
resulting from the low index contrast. The same figure would, for a mem-
brane PPC, show much more distinct modal features thanks to the strong
mode confinement and the resulting guided-energy contrast.

Although lithographic tuning keeps all in-plane properties of PPC’s
constant for a given u=a/λ, the slab waveguide itself can normally not
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Figure 2.4: MPB calculated 3D band structure of a perfect triangular
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by the calculation cell shown in the top-right corner. Solid lines represent
the air and substrate light lines. Circles correspond to modes of the
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λprobing ncl (InP) ngl (InGaAsP ) uLBE uUBE

1350nm 3.20 3.43 0.2292 0.3279
2000nm 3.13 3.31 0.2360 0.3350

Table 2.1: Impact of material dispersion on material refractive indices
(ncl, ngl) and the lower (LBE) and upper (UBE) edges of the photonic
band gap calculated with 3D MPB for the same structure as in Fig. 2.4
and two probing wavelengths λprobing.

be tuned. This changes the ratio between the lattice constant a and the
vertical mode extension. The consequence is a shift of the band gap edges
when changing the lattice constant. In Fig. 2.5 we depict as a numeri-
cal experiment the upper and lower band edges calculated with 3D MPB
for a range of lattice constants when all other parameters are kept con-
stant. The band edges originating from the 2D calculation of Fig. 2.3 are
given as well. It can be seen that the upper and lower band edges shift
by 1.5% and 2%, respectively, when increasing the lattice constant from
a=300nm to a=520nm. This is not negligible as the following example
shows: for the case that the PPC’s fill ratio R/a is determined with the
upper band edge measured with a=520nm, the lower band edge measured
with a=350nm would exhibit a shift of ∆λ=+29nm compared to 3D cal-
culations performed for a=520nm. Therefore, the extraction of the fill
ratio R/a from optical measurements has to be performed by a compar-
ison with 3D simulations with the correct vertical waveguide parameters
employed. However, band edges are the most sensitive features of a band
diagram—presumably due to the strong light-matter interaction of slow
light at these frequencies—so we can expect modes used for waveguiding
in PPC to be less affected by these effects.

The impact of material dispersion on band edges was examined for
the same vertical structure and fill ratio as in Fig. 2.4 with a lattice
constant of a=450nm. The refractive indices were determined from [46]
for λ=1350nm and λ=2000nm (see Tab. 2.1). We assume that the en-
tire photonic band gap can be probed with a very broad band optical
source for the chosen lattice constant. 3D MPB calculations show that
the band edges are blue-shifted for lower material refractive indices which
are found at higher probing wavelengths. Because the lower band edge
would be found around a probing wavelength of λprobing=2000nm and the
upper band edge at λprobing=1350nm (as indicated by the bold numbers
in Tab. 2.1) the photonic band gap is actually reduced by 7% in terms of
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frequency or by ∆λ=56nm compared to calculations with fixed refractive
indices for λprobing=1350nm. Consequently, to extract the fill ratio R/a
of a device from optically measured band edges, it is mandatory to use
the correct refractive indices at the probing wavelength in combination
with 3D simulations.

2.4 Waveguiding in Planar Photonic Crys-
tals

For PPC’s being used in highly integrated optics or optoelectronics, waveg-
uiding by itself may not be the key mode of operation, but still is an essen-
tial functionality of PPC’s. PPC waveguides offer a wide range of prop-
erties, from conventional linear propagation over spectrally well-defined
stop gaps, to slow-light regions. The spectral position of such features
can be locally adjusted by simple tuning of the hole radius or the lattice
constant. Following the scope of this thesis, we will now consider the prop-
erties of the two most commonly-used waveguides in a triangular lattice,
namely the W1 and the W3 waveguides which are created by omitting
one or three rows of holes in the ΓK-direction, respectively.

2.4.1 W1 Waveguides

W1 Waveguides in 2D

In Fig. 2.6 a) the TE dispersion relation of a W1 waveguide is shown.
It was calculated with 2D MPB for the same vertical structure as in
Fig. 2.3 but with slightly larger hole radii of R=0.36a. Such a structure
corresponds to the end-fire transmission measurements shown later in
Fig. 6.11.

The grayed-out regions correspond to the continuum of bulk photonic
crystal modes projected onto the ΓK-direction. Between those two regions
we find the TE photonic band gap for u=0.236-0.354. Inside the band gap
two kinds of modes are found: modes for which the Hz modal pattern
shows a laterally even symmetry (solid lines in Fig. 2.6) and modes with
a laterally odd symmetry (dashed lines). Odd modes show mostly a flat
dispersion and a modal pattern which is substantially different from con-
ventional strip waveguides, which are potential access structures. Hence,
coupling to odd modes is inefficient. Furthermore, these modes exhibit
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Figure 2.6: MPB simulated TE dispersion relation of a W1 waveguide with
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high propagation losses which makes them unsuitable for waveguiding ap-
plications. Even modes on the other hand are easier to couple to, as a
result of their symmetry, and a mode pattern which (in the linear regime)
closely resembles that of a strip waveguide.

The even mode in Fig. 2.6 a) exhibits a cut-off at u=0.24 and a mode
gap at the Γ-point around u=0.325. In between there is a large frequency
window with linear dispersion properties. Single mode regions which are
important for reliable waveguiding are found in the even mode dispersion
above and below the laterally odd mode (Fig. 2.6 b)). Interesting for
applications is as well the slow light region near the cut-off, because a low
group velocity promises to enhance light-matter interaction. This could
lead to improved performance of lasers, modulators or optical amplifiers.

W1: Comparison of the 2D Effective Index Approximation with
a full 3D Simulation

To test the validity of the 2D effective-index approximation, the W1 dis-
persion relation calculated in 2D as shown in Fig. 2.6 a) will now be
compared to a 3D simulation of the full structure.

The 3D simulation was performed with a super-cell similar to that in
Fig. 2.2 d), and slab waveguide parameters as given in Fig. 2.3 a). The
lattice constant was chosen as a=435nm, with a fill ratio of R/a=0.36.
Modes which contain less than 16% of their energy in the guiding layer
were filtered out to avoid crowding of the diagram with substrate modes.
The filter threshold has to be chosen according to the confining strength
of the vertical waveguide in order to show the waveguide modes which are
identified in the 2D simulations.

TE modes in the band-gap region are depicted for 2D simulated even
(solid) and odd (dashed) modes, and the 3D calculated modes (squares)
in Fig. 2.6 b). In the linear regime of the even mode we find a convincing
agreement with deviations of less than 0.6% between 2D and 3D data and
even the mode gap location shows only minor differences. The slope of
the mode, i.e. the group velocity is slightly lower in the 3D than in the
2D case. This is due to geometry-induced dispersion of the planar slab
waveguide. However, for the slow light, i.e. regions with flat modal disper-
sion or band edges, the modes experience a considerable shift of roughly
∆u≈0.005 towards higher frequencies. For a=435nm and λ=1550nm this
corresponds to a wavelength shift of roughly ∆λ=27nm. Consequently,
the design of PPC devices exploiting the slow light region requires careful
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simulations in 3D. This effect was observed to be stronger for more tightly
confined slab waveguides because of the larger deviation of modes in such
waveguides from the vertical plane-wave approximation which is adopted
for the effective-index method.

From this comparison we can state that the 2D effective index ap-
proximation is valid for the linear regime of InP-based substrate type
W1 waveguides. This means that 2D simulations with a carefully chosen
effective index—including effects of slab-waveguide dispersion and mate-
rial dispersion—can be used to determine the structural properties (R/a)
of PPC’s in combination with accurately determined pairs of (u,k) from,
e.g., SNOM measurements. This method is discussed in a recent article by
Stark et. al. [47] and a similar experiment will be discussed in Sect. 7.3.

2.4.2 W3 Waveguides

In substrate-type PPC’s W1 waveguides exhibit large losses on the order
of 500dB/cm due to the relatively strong mode overlap with the adjacent
rows of holes and the associated coupling to out-of-plane substrate modes.
Less tightly confining W3 waveguides (three missing rows of holes) offer
losses which are more than an order of magnitude lower [48] thanks to
the lower field overlap with the adjacent holes. Although, they do not
possess any single mode frequency window, W3 waveguides are possible
candidates for waveguides of PPC-based laser sources [23] and can be used
as an intermediate waveguide when coupling light into a W1 waveguide
via a taper structure as was proposed in [39].

In Fig. 2.7 the TE dispersion relation of a W3 waveguide is depicted
for the same parameters as used in Fig. 2.6 a). The pronounced multi
mode behavior of this waveguide becomes immediately apparent with sev-
eral laterally even (solid) and odd (dashed) modes within the TE band
gap. Modes of equal symmetry avoid crossing and form so-called mini-stop
bands (MSB). MSBs represent the Bragg stop-bands which are associated
to the corrugation introduced by the first row of holes adjacent to the W3
waveguide. The fundamental even mode, which is indicated in Fig. 2.7,
is commonly used for waveguiding as it has a modal pattern much like
a strip waveguide and also a very small mode overlap with the adjacent
rows of holes. Both properties result in low losses concerning coupling and
propagation, respectively. Higher order modes would also allow waveguid-
ing but are hard to couple to due to the complicated mode profile and
extend further into the PPC surroundings which results in higher losses.
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The fundamental mode exhibits a MSB around u=0.27 for the case
depicted in Fig. 2.7. MSB’s are associated with a strong drop in trans-
mission due to the absence of photonic states in the fundamental mode
and a flat dispersion above and below this region. Although the waveguide
is not single mode at this frequency, the reduced group velocity which is
associated to flat bands influences coupling properties as will be shown
in an experiment in Sect. 7.4. The position of the MSB does substan-
tially depend on the size of the adjacent row of holes, which will be used
in Sect. 7.2 to determine the impact of fabrication methods on W3 hole
diameters.

2.4.3 Impedance Effects on Waveguide Coupling

Waveguides and the coupling between them can be described in analogy
with electromagnetic transmission lines with the help of the impedance
concept. In absence of dispersion, according to [49, 50] the impedance of
a wave in a waveguide can be written as:

Z =
E

H
=

√
µ

ε
' Z0

neff
, with Z0 = 377Ω (2.4)

Where Z0 denotes the wave impedance in vacuum, neff is the effective
index of the waveguide mode and ε = ε0εr. Now we consider the situation
of TE light (see Fig. 2.3 a)) in a vertical slab waveguide but we restrict
the description to the 2D case and use the effective index approximation
to account for the third (z)-direction. According to [49, 50], the wave
impedance ZW is then at each point in the transverse plane (x, y) given
as:

ZW (x, y) =
Ex

Hz
=
|Ex|2
E∗xHz

' 1
ε
· U
Py

(2.5)

The energy density U ' ε · |Ex|2 is used as an approximation which
would be correct for the case of a TE plane wave. On the other hand
Py=E∗xHz is the y-component of the Poynting-vector in our situation (TE
polarized light), i.e. the energy flux in propagation direction. This wave
impedance is constant for a ridge-type waveguide but exhibits a strong
spatial variation for PPC waveguides. To obtain an impedance ZB of
a Bloch mode which is correlated with power flow, in [49] an averaging
procedure is proposed which involves an integration orthogonal to the
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waveguide at y=0:

ZB(y = 0) =
1
ε
·

∫ +∞
−∞ Udx

∫ +∞
−∞ Pydx

(2.6)

The integration is carried out at y=0 as all involved quantities are real at
this point due to symmetry reasons [49]. The quantity 1

ZB(y=0) represents
the ratio between the energy flux and the field energy at a plane y=0.
This is proportional to the velocity with which the energy moves, i.e. the
group velocity vg of the mode which can be described as:

ZB =
1
εvg

=
ng

cε
(2.7)

with c the speed of light in vacuum and ng the group index defined as
c=ngvg. This proportionality was not yet documented in the literature so
far. Only the correlation between the group velocity and the impedance
was vaguely indicated in [49, 50]. The group velocity of a dispersive wave-
guide can now be determined with the dispersion relation of a waveguide,
as e.g. in Fig. 2.6, with vg=dω/dk.

The impedance associated to the waveguide can then be used to eval-
uate the reflection at the interface between two waveguides. Based on the
continuity of waves at interfaces, the intensity reflection (R) and trans-
mission (T) coefficients are given as [51]:

R =
(Z1 − Z2)2

(Z1 + Z2)2
=

(ng1 − ng2)2

(ng1 + ng2)2
, T =

4Z1Z2

(Z1 + Z2)2
=

4ng1ng2

(ng1 + ng2)2
(2.8)

with Z1 and Z2 the impedances of the two waveguides which are given by
Eq. 2.7 and ng1,2 the respective group indices. To make an example, let
us consider the situation of a photonic wire waveguide with ng1=neff '3
which is butt coupled to a PPC W1 waveguide in the slow light regime
with ng2=100 as was realized in [20]. The reflection coefficient which is
expected according to Eq. 2.8 is R=89% which is in reasonable agreement
with the measurements in [20].

As a consequence of Eq. 2.8, direct coupling to the slow modes of PPC
waveguides is inefficient (T → 4ng1

ng2
for ng1 ¿ ng2), which impedes the

use of devices such as waveguides couplers in this frequency window.
Modelling of PPC’s in two and three dimensions can reveal fascinating

properties of these structures, however, to have a lasting impact, devices



30 Chapter 2. The Physics of Planar Photonic Crystals

with the desired functionalities have to be realized in suitable materials
and at the correct dimensions. For PPC’s to be valuable for active and
passive telecommunication applications the material of choice is based on
InP and the dimensions have to be adapted to the low loss window of
the glass fiber around λ=1550nm. This shrinks lattice constants to below
0.5µm and increases hole depths to several microns. The technology to
master these requirements will be the topic of the next chapters, starting
with electron-beam lithography which is used to create the initial pattern.



Chapter 3

Electron-Beam
Lithography for Planar
Photonic Crystals

3.1 Introduction

Material combinations with a high refractive index contrast (e.g. silicon on
insulator or any semiconductor material against air) are often considered
to be the best choice for future highly integrated nano-photonic applica-
tions. Single mode waveguides in these material systems exhibit lateral
dimensions in the range of λ0/neff=300-500nm. To obtain reproducible
waveguide properties, such as the propagation constant, the waveguide
width has to be reliably fabricated with an accuracy in the range of a few
percent. Hence, for highly integrated-optics fabrication—photonic wires1

or photonic crystals—a patterning technology is needed which can reli-
ably control critical dimensions to an accuracy of 20nm or better. To
date, four alternative lithography techniques are available with the fol-
lowing properties:

Deep Ultraviolet Lithography (DUV): is widely used in semicon-
ductor fabrication (λ=248nm or 193nm). It allows for fast and cheap

1A change in waveguide width by 20nm causes a shift of the photonic wire TE1
mode cut-off of ∆λ=70nm (5%) according to [52].

31
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mass fabrication, but is slow and extremely expensive for prototyp-
ing purposes. The masks need to be written by EBL. There is still a
question mark for high accuracy in combination with high dynamics
in structural density. However, the development of DUV lithogra-
phy is strongly driven by huge investments of the microelectronics
industry and may therefore soon deliver the required performance.

Optical Interference Lithography (Holography): This technique en-
ables large-scale patterning of perfect lattices of holes or pillars. De-
fects have to be introduced with one of the other techniques, which
makes overlay accuracy highly critical.

Focused Ion Beam (FIB): is flexible, extremely slow and limited for
direct patterning of holes. However, it exhibits excellent capabilities
for post-processing, e.g., to trim an individual hole diameter after
fabrication [53]. Costs-of-ownership are comparable to EBL.

Electron Beam lithography (EBL): is very flexible, fast and cheap
for prototyping, but slow and rather expensive for mass fabrication.
It exhibits the highest accuracy demonstrated to date.

From the list above it can be seen that EBL (in combination with dry
etching) is best suited for fast prototyping of densely integrated optics in
general, and planar photonic crystals (PPC) in particular due to its com-
bination of flexibility and patterning accuracy. Of course, the accuracy
which needs to be achieved depends on the application. The properties
of PPC structures and devices depend strongly on the exact diameters
of holes and their uniformity. This is particularly true for highly reso-
nant applications, e.g. cavities [54, 55] or superprism effects [56, 57]. For
waveguiding, recent investigations have shown that in a low-index-contrast
approach (substrate type PPC) hole-radius variations of a state-of-the-art
technology of σ(R)/R≈1% [58] induce negligible losses compared to intrin-
sic effects [59]. This investigation was performed for the most sensitive ex-
ample of transmission through the air band of bulk PPC structures. How-
ever, for high-index-contrast (membrane type) PPC waveguides—which
are theoretically lossless below the light line—the loss is dominated by
fabrication induced disorder [60] and it scales quadratically with the hole
radius variation [61, 62]. State-of-the-art propagation losses of 5dB/cm
are obtained with hole radius variations of 1-2nm (≈1-2%) [60].

Proximity effects (PE) are the main source of patterning errors in EBL.
The required accuracy with hole radius variations of σ(R)/R ≈ 3% or bet-
ter [59] makes proximity-effect correction (PEC) vital for EBL patterning
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of finite PPC structures. This is particularly true at an electron-beam en-
ergy of 30kV and with InP as substrate material because the backscatter
range of this system is on the order of the PPC device dimensions and
the backscatter efficiency of InP is one of the highest among semiconduc-
tor substrate materials (η ≈1.2-1.4). PEC techniques have already been
developed in the 1980’s and 1990’s [63, 64, 65, 66, 67, 68, 69]. Available
commercial software packages (e.g. [70]) have been optimized for the de-
mands of micro electronics and related applications. Such programs are
expensive but experiments revealed that they are unable to handle designs
with a high structural density (e.g. PPC devices) in a reasonable time
with a sufficient accuracy2. Therefore, there existed no low-cost PEC so-
lution on the market for PPC-like EBL designs at the time when the work
for this thesis started.

After a short introduction into the fundamentals of EBL in Sect. 3.2
we show in Sect. 3.3 how the special geometric properties of PPCs al-
low for a very efficient formulation and solution of the PEC problem.
Straightforward extensions of the method to support a general class of
PEC problems in nano-fabrication will be discussed as well. A systematic
assessment of patterning accuracy and its limits for the special needs of
PPC fabrication was lacking before the work of this thesis. Therefore, we
developed an original EBL simulation method which offers an intuitive
understanding of the involved processes and deposited energies. It also
allowed us to quantify the performance of different PEC strategies and to
develop the best of them even further. In Sect. 3.4 we present the simula-
tion methodology, fundamental results and its experimental verification.
Our method also enables a straightforward investigation of the process
latitude and the patterning accuracy which is possible in EBL and its de-
pendence on proximity (Sect. 3.5) and geometrical (Sect. 3.6) parameters
of the patterned PPC. The chapter ends with conclusions and an outlook
on possible further developments of PEC and EBL simulations for PPC’s.
An experiment which demonstrates the impact of proximity effects on the
optical properties of fabricated PPC waveguides is described in Sect. 7.2.

2Proprietary packages available and maintained in specialized high-end fabrication
facilities (e.g. IBM, NTT) of course are able to deliver the performance needed for
PPC fabrication.
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3.2 Fundamental Principles of
Electron-Beam Lithography

An excellent and thorough introduction to EBL can be found e.g. in [71]
or [72]. Here the discussion will be restricted to concepts which are impor-
tant for this thesis. The goal of EBL is the formation of a pattern (digital
or grey-scale) in a resist medium which is mostly polymer-based. For this
purpose, an electron beam is extracted from a filament, accelerated by a
voltage of 1-100kV and focused onto the resist layer. The electron beam
is scanned over a grid of pixels whose exposure is controlled by a geomet-
rical design file. Positive/negative resists become more/less soluble upon
electron beam irradiation, so that subsequent rinsing in an appropriate
developer solution transfers the desired pattern into the resist layer. In
this work, only positive polymer based PMMA resists are used.

Resist Characteristics

One of the characteristic figures of an EBL process is the clearing dose
Dcl. It is defined as the charge deposited by the electron-beam (in units
of µC/cm2) needed to fully develop the center of a large circle with a
radius much larger than the range of proximity effects. Ecl is the corre-
sponding clearing energy deposited in the resist. Ecl comprises the energy
deposited by the direct exposure and all contributions from backscattered
electrons. All doses/energies in a process description are usually normal-
ized with respect to the clearing dose/energy. The clearing dose increases
for higher acceleration voltages as the interaction efficiency of more en-
ergetic electrons with the resist drops and furthermore depends on the
substrate materials through the backscattered electrons.

Another characteristic figure of a process is the resist contrast curve,
which describes the resist solubility depending on the deposited energy. In
the upper inset of Fig. 3.1 the experimentally determined resist contrast-
curve of PMMA on InP is shown. The resist contrast is defined as
ψ = |log10 (D100/D0)|−1, where D100 and D0 represent the limits for
100% and 0% remaining resist thickness obtained for a linear extrapola-
tion, as depicted in the inset of Fig. 3.1. The resist contrast was mea-
sured to be ψ ≈5 for PMMA with our development process, which is
somewhat smaller than best values (7-9) found for PMMA in literature
[73]. Increased contrast results in more vertical resist profiles, reduced
resist shrinkage, less lateral development and improved process latitude



3.2. Fundamental Principles of EBL 35

(see Sect. 3.6).

Proximity Effects

The main limiting factors for EBL accuracy are “proximity effects” [72].
They are caused by the interaction of the electron beam with (i) the re-
sist layer (forward scattering) and (ii) the substrate (backscattering). The
proximity function f(r) (r=|~r|) represents a model for the radial distribu-
tion of energy deposition E(~r) in the resist for a point exposure. It shows
two components: a narrow and high peak representing the direct exposure
and a broad background from backscattered electrons. The normalized
proximity function is often approximated by the sum of two Gaussian
terms:

f(r) =
1

π(1 + η)

(
1
α2
e−

r2

α2 +
η

β2
e
− r2

β2

)
, with

∫ ∞

0

2π f(r) r dr = 1 ,

(3.1)
where α is the beam broadening parameter, β is the backscattering range
and η the backscatter efficiency (i.e. the total energy deposited by backscat-
tered electrons compared to the direct exposure). The 1D proximity func-
tion which is applicable for an infinite line (in y-direction) centered at x=0
reads then as:

f(x) =
1√

π(1 + η)

(
1
α
e−

x2

α2 +
η

β
e
− x2

β2

)
(3.2)

Accuracy limitations of EBL are always a combination of both electron-
solid interactions. If one of them would be absent (α, η→0) the accuracy
would not be limited by proximity effects.

Forward scattering and slow secondary electrons: Elastic and in-
elastic small angle scattering of the incident electron beam with
atoms in the resist will:

• cause a broadening of the electron beam which results in a
conical exposure profile across the resist depth.

• generate slow secondary electrons (2-50eV) which propagate
only a few nm. They account for an effective widening of the
beam diameter by ≈10nm. This effect limits the smallest pos-
sible feature which can be patterned to roughly 10-20nm [72].
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Figure 3.1: Determination of the proximity parameters with the
doughnut technique [74]. The normalized dose D/Dcl (circles, with
Dcl=110µC/cm2) to fully expose the center of the doughnut (see lower
inset) is fitted with g(Ri) (see Eq. 3.5). Best-fit values of proximity pa-
rameters when using a proximity function with a Gaussian and an expo-
nential term (see Eq. 3.8) which is suitable for 220nm thick PMMA on
InP at 30kV are: η=0.72, β=1.59µm, ν=0.58, γ=0.76µm. Because no
physical effect is associated to the individual parameters, a possible am-
biguity in their determination does not hinder a correct PEC as long as
the model represents the experimental data as close as possible. Upper
inset: Contrast curve for the same process. The remaining percentage
of the initial resist thickness depending on the deposited dose is given.
Large pads (>30µm) were exposed and measured after development with
surface profiling.
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The lateral distribution of the deposited energy in the resist due
to the combination of these two effects is normally described with
the first Gaussian term in Eq. 3.1 of width α =10-50nm. A simple
model describes the forward scattering in the resist [75]:

α2(h) = α2
0 +A · h

3

V 2
(3.3)

with α the beam width at resist depth h, α0 the initial beam width
including the effect of slow secondary electrons, A an empirical pa-
rameter measured to be ≈7.5kV2/µm for PMMA [75] and V the
beam voltage in kV. Because patterning accuracy is closely rated
to α−1 (see Sect. 3.6.2) and the maximum plasma etch duration is
proportional to the resist thickness, Eq. 3.3 formulates a fundamen-
tal trade-off between accuracy and pattern transfer depth. If the
contribution to the α-parameter due to forward scattering should
be limited to ≈20nm (roughly twice the minimal beam width and
equal to the required accuracy in integrated optics), the maximum
resist thickness would be in the range of 300nm at 30kV beam en-
ergy.

Electron backscattering: Electrons which enter dense substrates are
strongly scattered by atoms and may experience large angle deflec-
tions. They may reenter the resist layer from the substrate side
and cause a second energy deposition which can be described by the
second Gaussian term in Eq. 3.1. The energy dependence of the
backscatter range β obeys a power law β ∝ Ep with p being an em-
pirical parameter. η is mainly dependent on material properties for
midrange acceleration voltages (10-40kV) [75]. More elaborate func-
tions are found in literature [76] to account for material dependent
backscatter characteristics.

In order to correct for proximity effects its parameters have to be mea-
sured or simulated. Monte-Carlo simulation methods offer this possibility
but do not account for additional physical processes like resist heating
or charging. Therefore, a simple experimental approach [74], based on
doughnut-shaped structures with an outer radius Ro À β and varying
inner radii Ri is favored (see lower inset of Fig. 3.1). In the experiment
shown in Fig. 3.1 the values of Ri were chosen to be large enough to
neglect the beam width, i.e. the α-term, in the fitting procedure. This
is justified, because the α-term does not enter the PEC algorithm. The
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dose to fully develop the resist in the center of a doughnut is equal to the
clearing dose. This can be expressed for the situation of a doughnut as:

1 =
D

Dcl
= g ·

∫ ∞

Ri

f(r) r dr (3.4)

where g denotes the dose which is applied to the doughnut in units of
the clearing dose. The minimal dose g(Ri) to fully develop the doughnut
center—which is not directly exposed (i.e. with backscattered electrons
only)—is experimentally measured for a range of inner radii Ri and is
fitted with

g(Ri) =
D

Dcl
(Ri) =

[∫ ∞

Ri

f(r) r dr
]−1

(3.5)

The proximity parameters are then obtained from fitting Eq. 3.5 to the
experimental data points (see Fig. 3.1). For the case of InP as substrate
material and 30kV beam voltage, an extended proximity function f(r) was
used with an additional exponential term (see Eq. 3.8) in order to correctly
describe proximity effects on InP [77]. The experimental determination of
proximity parameters is depicted in Fig. 3.1 for the system PMMA/InP.
The corresponding proximity function fB(r) of the backscattered electrons
can be seen in Fig. 3.2.

Proximity effects can be mitigated through avoidance or correction.
Avoidance can be accomplished by: (i) reducing the backscatter efficiency
[78], (ii) high voltage electron beams (50-100kV) [79] or (iii) low voltage
electron beams (1-5kV) [80]. These methods have the drawbacks of: (i)
limited material choice, (ii) high equipment costs and (iii) very thin re-
sists, respectively.

The most common proximity effect correction schemes are:

Dose modulation: The dose of each primitive shape is adjusted to cor-
rect for differences in the energy deposition of backscattered elec-
trons. This method is computationally expensive for large designs,
however, it is the most commonly used method and several com-
mercial packages are available.

Pattern biasing: Adjust feature size to correct for proximity effects;
drawback: reduced process latitude, loss of resolution [72].

GHOST: The use of a second exposure with defocused inverse image
to equalize background energy; drawback: loss of contrast, loss of
resolution, second exposure.
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Figure 3.2: The proximity function for backscattered electrons fB(r)
(solid line) for the situation of PMMA on InP at 30kV with parameters
as determined in Fig. 3.1. The additional exponential term, compared
to proximity functions used for materials like Si, is necessary to correctly
describe proximity effects on InP [77]. The difference has its origin in
enhanced large angle electron scattering from the comparatively heavy In
atom. k(r) represents the sensitivity of the proximity effect (dashed line)
to dose variations at different radial distances r in a cylindrical geometry
(see inset).
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Because photonic crystal designs employed in research projects are of
limited design size and complexity, a dose modulation approach for PEC
was implemented in the course of this thesis. It will be described and
evaluated in the following sections.

3.3 Proximity Effect Correction for Planar
Photonic Crystals and Nano-Patterning

As mentioned above, tests revealed that commercially available PEC soft-
ware, e.g., the PEC software implemented in the former Raith Elphy Plus
package, did not meet the requirements of PPC designs, because of the
high density of individual objects which is generally found in PPC de-
signs. Another shortcoming of commercial software was the lack of flexi-
bility for the proximity function (e.g. no additional exponential or Gaus-
sian terms). Such functions are required to describe proximity effects of
certain materials (e.g. InP) more accurately. Of course an adaption of
the correction scheme itself (as described in Sect. 3.4.2) would not have
been possible either with a commercial PEC software. Indeed, in a test
our program achieved a 35% reduction of the hole size variation down
to σ(R)/R=1.3% for a W1 waveguide structure, compared to the former
PEC software (σ(R)/R=2%) which used to be implemented in the Raith
Elphy Plus package, as was measured in [81]. A correction which is as
good as possible is essential for the fabrication of photonic crystal devices,
as will be shown in an experiment in Sect. 7.2.

In the following subsections we will show that certain PPC properties—
namely the mostly small, circular shape of the objects and their arrange-
ment on a regular lattice—allow for important approximations and for an
efficient implementation of the self consistent dose modulation approach.
The last subsection will be used to present natural extensions of the con-
cept for handling a general class of PEC problems in nano-patterning.

3.3.1 Proximity Effect Correction for Photonic Crys-
tals: the Concept

Calculation of Energy Contributions

PPC’s typically consist of a regular arrangement of cylindrical holes. This
means in the context of optical communication wavelengths (1.3-1.5µm)
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that typical hole diameters are 2R=100-400nm and lattice constants are
in the range of a=200-600nm. The two important length scales of prox-
imity effects on the other hand, are either considerably smaller (beam
broadening α ≈10-30nm) or much longer (backscatter range β ≈1.5-3µm
for a beam voltage ≥30kV). This allows for the following approximations
to the full (continuous) treatment of PEC which simplifies the calculation
considerably:

• All holes are of circular shape and hole-to-hole distances are in gen-
eral ≥3α. Therefore, the beam broadening effect (i.e. the α term)
can be neglected, as hole-to-hole energy contributions from beam
broadening are on the order of 10−4.

• Because energy contributions from backscattered electrons show only
small variations over the area of a hole (for R ¿ β), it is justified
to assign each hole a homogeneous dose.

• The backscatter contribution of hole i to its neighbor j can be ap-
proximated by a point dose at the corresponding lattice site of hole
i since proximity effects show a flat sensitivity curve k(r) to dose
variations in the range of a few lattice constants and only a small
sensitivity to variations on distances on the order of the diameter of
a hole, as can be seen in Fig. 3.2.

In order to calculate the energy which each hole receives from direct
exposure and backscattered electrons we distinguish two cases:

Cross-dose-contribution The energy which the i-th hole receives from
its j-th neighbor (distance ≥3α) is

Ei,j

Ecl
=
Dj

Dcl
Aj · f(ri,j) (3.6)

Where Dj is the dose and Aj = R2
jπ the exposed area of the j-

th hole, ri,j is the distance between their centers and f(ri,j) the
proximity function.

Self-dose-contribution The energy which a hole receives from its own
exposure is composed of the direct exposure and the energy which
backscattered electrons deposit in its area. To calculate the energy
level due to backscattered electrons, the contribution of all exposed
pixels to an individual pixel have to be summed up. However, thanks
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to the reciprocity principle [82], the contribution of an exposed area
A to one point yields the same result as the contribution of a δ-dose
integrated over the same area A. Hence, for a circular hole with a
radius RÀα the following approximation can be used:

Ei,i

Ecl
(R) =

Di

Dcl

∫ 2π

0

∫ R

0

f(r) r drdφ (3.7)

where f(r) is defined for the case of InP as a substrate material as:

f(r) =
1

π(1+η+ν)

[
1
α2

e
−
“

r2

α2

”
+

η

β2
e
−
“

r2

β2

”
+

ν

2γ2
e−( r

γ )
]

(3.8)

The additional exponential term, compared to proximity functions
used for materials like Si, is necessary to correctly describe proximity
effects on InP [77]. The difference has its origin in enhanced large
angle electron scattering from the comparatively heavy In atom.
Integration of Eq. 3.7 leads to:

Ei,i

Ecl
(R) =

Di

Dcl

1
(1 + η + ν)

·

·
[
1+η

(
1−e−R2

β2

)
+ν

(
1−

(
R

γ
+1

)
e−

R
γ

)]
(3.9)

Equation 3.9 can be further simplified for small circles (i.e. R ¿
β,γ) if exponential and Gaussian functions are expressed up to sec-
ond order with the corresponding Taylor expansion:

Ei,i

Ecl
(R) =

Di

Dcl

1
(1 + η + ν)

[
1 + η

R2

β2
+
ν

2
R2

γ2

]
(3.10)

These approximations reduce the numerical load considerably. Equation
3.10 is exact to within 5% for circles with diameters below 1µm (R≤0.3β).

Matrix Representation of PPC Structures

A fundamental property of PPC structures is their overall periodicity. In
a typical design, the holes lie on a regular lattice (e.g. square, triangu-
lar or honeycomb). This allows to represent the device structure as an
m× n matrix R, where each matrix coefficient Rp,q represents the radius
of a hole written on the lattice site (p,q). Rp,q=0 indicates an empty
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Figure 3.3: The matrix Rp,q (simplified), representing the triangular
photonic-crystal structure, serves as input to calculate the proximity-effect
correction. b) Adjusted exposure doses D (in units of the clearing dose
Dcl) are used to write the design into a GDSII file which is depicted in
c). In c) darker circles denote a higher dose for the subsequent exposure.

lattice site (see Fig. 3.3 a)). Such a matrix (generated for example in a
table calculation program) together with the lattice constant a contains
the complete information to describe a PPC structure in square geometry.
Other lattice symmetries (e.g. triangular, honeycomb) can be represented
by sacrificial columns (x-direction) and rows (y-direction) with individual
distances ax and ay. As an illustration, the (simplified) matrix repre-
sentation of a generic bend structure on a triangular lattice is depicted
in Fig. 3.3 a). The zeros in between the holes (“ones”) are necessary to
represent a triangular lattice on a rectangular symmetry. The rectangu-
lar symmetry is inherent to a matrix representation. To allow holes to
be shifted away from their initial lattice sites it is possible to introduce
a finer grid to account for a higher placing resolution on the expense of
a higher numerical load for setting up the proximity matrix Ei,j . The
numerical effort scales linearly with the increase in resolution for each
direction (x,y).
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3.3.2 Proximity-Effect Correction for Photonic Crys-
tals: the Algorithm

Dose modulation based PEC means balancing the received energy of all
elements simultaneously by considering the contribution of all relevant
neighbors in a self-consistent way [63]. Mathematically it is formulated
as a (dimensionless) linear equation problem,

~b = E ~D (3.11)

which has to be solved for the unknown vector of element doses ~D. El-
ements are geometric objects (circles, rectangles, etc) which are small
enough to assign a single dose to each of them. The coefficients of the prox-
imity matrix E represent the energy contributions from each individual
element to a specific element3 and are calculated according to Eqs. 3.9 and
3.6 for diagonal and off-diagonal coefficients respectively. Thus if one fixes
~b the vector of intended energies after PEC (i.e. normally bi= Ei

Ecl
=1 for

full development), we arrive at a standard linear-algebra matrix-inversion
problem. Solving systems of linear equations is a classical topic in linear
algebra. Ready-to-use packages (e.g. LAPACK [83]) which can solve the
problem exactly are available on the web. However, for large-scale prob-
lems, iterative methods such as Bi-CGSTAB [84] have favorable CPU-time
and memory scaling properties and are accurate and stable enough for our
needs.

For setting up the coefficient matrix E, the distance between each pair
of elements rij has to be calculated to obtain the proximity coefficient. A
direct calculation of each distance would scale numerically like o(k2), with
k being the number of elements (holes). Since for PEC problems normally
k is large, we developed an improved algorithm for this operation which
we will describe now. In the algorithm, an intermediate matrix W is set
up which is roughly twice as big as the structure matrix Rp,q. From W all
coefficients in a row of the proximity matrix E can be obtained from the
hole areas multiplied with the coefficients of a window matrix F which is
overlayed onto W . The idea of the algorithm is to use the fact that for a
regular grating the environment of all holes has an identical structure, i.e.
the same number of lattice sites at the same distances. Consequently, the
window matrix F which represents the exact environment of the hole (p, q)

3The connection between indices from the proximity matrix Ei,j (Eq. 3.6) and the
structure matrix Rp,q is given by i,j = (q−1) ·m+p, because all holes of the structure
appear in every row/column of the proximity matrix.
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Figure 3.4: The diagram shows the algorithm for setting up the system
of linear equations of the PEC problem. Please see text for explanations.

can be shifted inside the matrix W which corresponds to the extended
environment (correct for all holes), instead of moving the origin of the
distance calculation for each hole individually. A graphical representation
of the algorithm is shown in Fig. 3.4, which now be explained.

1. A matrix U is formed with the same size (m × n) as the structure
representation matrix Rp,q. The lower left corner (p, q=0) is defined
as the origin. The distance to the origin rp,q =

√
(pax)2 + (qay)2

for all the coefficients Up,q is calculated (see Fig. 3.4 a)). ax and
ay denote the distances between columns and rows respectively, i.e.
ax = ay = a for square symmetry and 2ax = 2ay√

3
= a for triangular

symmetry. Then the strength of the proximity effect is calculated
from the distances, i.e. Up,q = f(rp,q) according to Eq. 3.8.

2. The matrix is expanded into a (2m-1)×(2n-1)-matrix W using ma-
trix mirroring operations, with the origin now situated in the middle
(see Fig. 3.4 a)).

3. The coefficients of the proximity matrix E are determined by over-
laying and shifting a window-matrix F on top of W . For the hole
(p, q) we consider F p,q, a part of matrix W , with F p,q

s,t = [(m− p+
1) . . . (2m− p)]× [(n− q+1) . . . (2n− q)]. The matrix F p,q contains
the correct coefficients of the proximity effect which act on the hole
i = (q − 1)m + p. The coefficients of F p,q are now multiplied with
the corresponding hole areas to gain the coefficients of the i-th row
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of the proximity matrix which represents all energy contributions to
the hole (p, q): Ei,j = F p,q

s,t · (Rs,t)
2
π, where i = (q − 1)m + p and

j = (s−1)m+ t. To minimize memory requirements only nonempty
lattice sites are taken into account. All the diagonal coefficients
Ei,i correspond to self dose contribution and have to be calculated
separately according to Eq. 3.9.

Our algorithm scales numerically like o(m×n) which is advantageous
for large and nearly full structure representation matrices compared to
the direct method. The coefficient matrix E is now ready to be inverted
in order to yield the solution vector ~D. In short, the complete PEC
algorithm for PPC’s, which is schematically represented in Fig. 3.5, reads
like:

1. Set-up the structure representation matrixRp,q from either a GDSII-
file or a table calculation program.

2. Compute the distance matrix as rp,q =
√

(pax)2 + (qay)2.
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3. Choose the appropriate proximity function f(r) (with parameters
β, η, γ, ν) and calculate its value for each distance: Up,q = f(rp,q).

4. Calculate each row of the proximity matrix E. The i-th row (i=1 . . . k)
represents the energy contributions from all the holes to the i-th
hole, with i = (q − 1)m+ p.

5. Determine the desired energy of each element, i.e. the coefficients
of the vector ~b.

6. Solve ~b = E ~D for ~D, the dose each element must be exposed with
in order to receive the energy as given in ~b.

7. Generate a GDSII-file with the calculated doses for exposure or write
a dose matrix as an input-file for EID simulations (see Sect. 3.4).

A first version of the PEC program was implemented in Matlab, later
the software was migrated to C++ and extended (partitioning, fracturing,
etc.) by Franck Robin, Glen Stark and Sorin Costea in collaboration
with Raith GmbH. Our program achieves a 35% reduction of the hole size
variation down to σ(R)/R=1.3% for a W1 waveguide structure, compared
to the former PEC software (σ(R)/R=2%) which used to be implemented
in the Raith Elphy Plus package as was measured in [81]. The basic
version of the software however experienced speed limitations for high
placing accuracies and the design size was limited by memory resources
to roughly 15’000 elements for 2GByte of RAM. Both limitations could
be circumvented with the extensions described in Sect. 3.3.4.

3.3.3 Experimental Verification

In order to assess the performance of the PEC implementation described
above, a specifically designed test was carried out. We patterned 220nm
PMMA 950K on an InP substrate with a generic photonic crystal bend
structure (a=200nm, R=70nm). The design was corrected with measured
proximity parameters from Fig. 3.1 and using Eq. 3.8. Corrected doses can
be seen in Fig. 3.3 b). They vary by up to 15% over the whole design and
are around 2Dcl. Figure 3.3 c) shows the corresponding design in GDSII
format with the doses encoded as grey-scale values. The exposure was
carried out with corrected and uncorrected structures on a 30kV Raith150
EBL system. PMMA was developed for 60 seconds in MIBK:Isopropanol
(3:1) at 22◦C.
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Figure 3.6: Close-up micrograph of a) uncorrected and b) corrected bend
structure written into 220nm PMMA 950K. Analysis of the hole-size vari-
ations c) and d) using image processing techniques. R̄ denotes the average
hole radius and σR its standard deviation which is clearly improved for
the corrected structure.
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To quantify the improvement in hole-size distribution, an automatic
image-processing technique based on Matlab functions was developed to
evaluate the area of each hole. The algorithm is based on an edge-
detection scheme which can recognize the change in brightness at the
border of each hole and thus determine the hole edges. The detected
edges where then transformed into a binary image by thresholding. Due
to the weak contrast in the SEM micrographs some spurious pixels re-
mained which had to be removed manually. Holes, which up to this point
only consisted of their periphery, were automatically filled to obtain well
defined binary shapes. The area and the corresponding radius of each
hole was measured to reveal statistical figures of the whole ensemble such
as the average radius R̄ and its standard deviation σ(R) (see Fig. 3.6 c)
and d)). As a comparison, hole diameters measured manually with the
SEM were roughly 138nm, which is smaller than the values found with
the automatic image processing technique (R̄=148nm). The reason is,
that the automatic analysis method slightly overestimates the hole areas
because the edge region adds up to the actual hole area. Note that a con-
stant overestimation of each hole area does not influence the hole radius
variation, which is the figure of merit of a PEC software.

As seen in Fig. 3.6 our PEC improved the hole size homogeneity for
this particular structure by a factor of two. The hole radius variation σR

decreased from 6.3% to 2.8% for the corrected structure. This corresponds
well to simulation results in Sect. 3.6.2 which reveal that the achieved
accuracy is close to the theoretical limit of the “energy-equalization PEC”
for this lattice constant (see Fig. 3.24). As will be discussed in more detail
in Sect. 5.4.3, the hole-edge-roughness of a perfect but pixelized circle can
be seen as the uncertainty interval of the radius extraction procedure
for images with a perfect contrast. According to simulations, this hole-
edge-roughness is ≈0.3 pixel, i.e. for the SEM images of Fig. 3.6 the
minimum uncertainty of the hole radius extraction is ≈1.5nm. Because
those SEM micrographs exhibit noise due to a weak image contrast we
expected the measured hole radii to possess a 50% higher uncertainty, i.e,
an uncertainty of the extracted radii of ≈2.2nm. This implies that the
measured hole radius variation of σ(R)=2.1nm of the corrected structure
is at the detection limit of the extraction procedure, but the value for the
uncorrected structure of σ(R)=4.4nm is clearly above this limit.
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3.3.4 Extension for General Nano-Patterning

To be useful for arbitrary designs, a PEC tool needs to be able to handle
a more general class of problems than only a number of circles lying on
a regular grid, i.e. all kinds of polygons. It will now be shown that the
most important functionalities can be implemented as natural extensions
into the above described underlying concept.

Continuous placing accuracy: The maximum required resolution, i.e.
the smallest calculation-grid step which is needed to accurately per-
form PEC, is on the order of β/10, because the energy landscape
of backscattered electrons is generally flat on such length scales and
consequently PEC is not sensitive to such small lateral shifts. There-
fore, the exact location of each object can be stored while its contri-
bution to proximity effects is calculated from the closest grid point.
Such a procedure allows for continuous placing without loss of ac-
curacy.

Fracturing of large polygons: Polygons which have a lateral dimen-
sion on the order of the backscatter range β or larger need to be cut
into small pieces to fulfill the approximations made in Sect. 3.3.1.
These primitive shapes should ideally be as quadratic as possible.
They are placed as well on a lattice site of the calculation grid and
are treated the same way as discussed above for circles. The frac-
turing of concave and self-intersecting polygons requires non-trivial
algorithms. Furthermore, large polygons may be fractured more
coarsely towards the center. The dose of rectangular shapes can not
be accurately calculated with a radially symmetric proximity func-
tion f(r) using the circle with the same area as an approximation.
As an improved approximation for rectangular primitive shapes with
its centers at (0,0), the self dose contribution based on Eq. 3.1 can
be expressed with the help of the Gaussian error function erf(x)4:

Ei

Ecl
([b− a], [d− c]) = Di

Dcl

∫ b

a

∫ d

c
f(x, y) dx dy =

= Di

Dcl

η
4(1+η)

[
erf

(
b
β

)
− erf

(
a
β

)]
·
[
erf

(
d
β

)
− erf

(
c
β

)]
(3.12)

Partitioning of large designs: The memory requirements for the ma-
trix inversion grows with k2, with k the number of primitive shapes

4erf(x)= 2√
π

R x
0 e−t2dt
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in a design. To increase the size of manageable designs, we partition
them into non-interacting clusters for which the closest elements are
farther apart from each other than a chosen interaction length Lp.
If k is still too large, the design has to be further partitioned into
even smaller regions. To ensure the accuracy of the PEC at the
partition boundaries, all objects within one interaction length Lp

outside of the region-to-be-corrected have to be taken into account
for the calculation (but are not corrected themselves). This is done
for all regions separately. The choice of the interaction length (e.g.
Lp ≈ 3β for errors of ≈10−4) determines the accuracy and the cor-
rection time. Although for very dense and large designs (> Lp)
the interaction length and therefore the attainable accuracy may
be limited by memory resources, this case is rare for contemporary
computer resources (≥2GByte RAM) for 30kV EBL systems.

Midpoint-equalization PEC: The alternative correction scheme of the
“midpoint-equalization PEC” [85] (for details see Sect. 3.4.2) can
easily be implemented in our software by replacing the direct ex-
posure term with a variable factor w. The self-dose contribution
of Eq. 3.9 reads then for R → 0 as: Di

Dcl
× w

(1+ηtot)
with ηtot being

the sum of backscatter efficiencies. For conventional PEC it simply
holds w = 1. For “midpoint-equalization PEC” w may be chosen
different than “1” e.g. w = 0.5 according to the original work in
[85]. To correct for the increased energies which result from this
method, all doses of corrected objects should be normalized with a
factor w+ηtot

1+ηtot
in order for large areas to be exposed with the clearing

dose Dcl.

Grey-scale lithography: The dose modulation approach allows for the
choice of energy values other than bi= Ei

Ecl
=1 on the left hand side

of the system of linear equations. Those values can be taken from
the design file and will act as the target energies of the (energy-
equalization) PEC. This enables grey-scale lithography in combi-
nation with the resist contrast curve (as measured in Fig. 3.1) to
fabricate devices such as diffractive optical elements [86].

The functionality of our PEC software described so far, was sufficient for
Raith GmbH to commercialize it under the brand name “NanoPECS”
[87]. Although the concept initially developed for PPC’s proved to be
very successful, some limitations should be mentioned here as well:
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• The limited spatial accuracy due to a coarse grid (100-200nm) lead
to small (≈1%) but recognizable errors for corrected doses. Cor-
rected doses of triangular PPC structures showed a certain waviness
due to this effect. This can in principle be avoided by using a finer
grid, but a trade-off for speed and memory is unavoidable with this
method as was discussed above. A grid-less, (direct) computation
of the distances between the individual elements and thus the coeffi-
cients of the proximity matrix avoids these problems and exhibits a
comparable performance for arbitrary designs, i.e. designs without
an underlying PPC lattice.

• Small and lengthy polygons have to be cut down into small pieces
for fracturing, which may induce some problems when calculating
their dose with α 6=0 (dose overshoot). Furthermore, highly fractured
objects are prone to inaccuracies caused by dynamic effects during
the exposure.

3.4 Accuracy of PEC methods: Energy In-
tensity Distribution

Fabrication accuracy and process latitude of EBL can be addressed by the
computation of the energy-intensity distribution (EID) in the resist. Ex-
tensive work in this direction has been performed that includes 2D simula-
tions of grating-like structures [76, 88, 89, 79, 90] and full 3D simulations
of resist shape upon exposure and development [91, 92, 93]. However,
to limit computational efforts, the 3D investigations must be restricted
to small areas, thus allowing only a qualitative comparison to experi-
ments. Furthermore, to the best of our knowledge, these investigations
do not evaluate feature-size standard deviation vs. applied dose and do
not address the specific requirements of high structural-density layouts.
However, when looking closer it turns out that PPC structures are ideal
for testing and benchmarking of PEC methods. This is because many
nominally identical circles allow to measure the average and the standard
deviation of the radius with a single SEM micrograph. The assessment
of patterning accuracy enables one to draw conclusions which are gener-
ally valid for nano-patterning. Previous investigations from gratings can
not be readily applied to PPC due to the 2D nature of small circles (see
Sect. 3.4.2). Therefore we filled an important gap in the literature as we
evaluated PEC methods for PPC patterning and developed the best of
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them even further.

In this work, 2D EID’s are computed. They enable the evaluation of
the average hole radius and the uniformity for the EBL patterning of PPC
structures. In Sect. 3.4.1, we present our method of analysis. Hole-radius
variations are analyzed in Sect. 3.4.2 for (i) no correction, (ii) conven-
tional energy-equalization PEC and (iii) the midpoint-equalization PEC
proposed by Watson et al. [85]. It is shown that the midpoint-equalization
PEC method theoretically yields a perfect correction for homogeneous
hole radii. In Sect. 3.4.3, the theoretical results are compared to fabricated
structures in order to validate our approach. Additionally, this method
offers a simple approach to reliably measure the beam-broadening pa-
rameter α. Applications of the EID technique to the patterning of PPC
structures are presented in further sections. We investigate the impact
of proximity parameters (beam voltage and measurement accuracy) in
Sect. 3.5 and of geometrical parameters (i.e., lattice constant and fill ra-
tio) in Sect. 3.6 on the quality of the correction.

3.4.1 EID Simulation Method and its Numerical Val-
idation

In Sect. 3.3, a method was presented that takes advantage of the period-
icity of PPC structures to yield a fast and accurate PEC. As a next step
we now compute the energy intensity distribution (EID) to study pat-
terning accuracy. The overall methodology for PEC analysis using EID
computations is shown in Fig. 3.7.

Our PEC method is used to correct a generic double bend PPC de-
sign (see Fig. 3.7 d)). Geometrical parameters (RD, a) as well as the
proximity parameters for correction (βcorr, ηcorr) are used in this initial
correction step (Fig. 3.7 a)). The corrected design will then be used to-
gether with the proximity parameters for the simulation (αsim, βsim ηsim)
to calculate the EID on a grid with pixel size d (Fig. 3.7 b)). The dis-
tinction between measured proximity parameters which are used for the
correction and the so called real/physical parameters which are a prop-
erty of the “substrate/electron-beam” system and which enter the EID
simulation will allow us in Sect. 3.5.2 to assess the correction’s sensitivity
on measurement tolerances of the proximity parameters. In a next step
(Fig. 3.7 c)), the EID will be used to determine the shape of each individ-
ual hole depending on the overall dose factor G. Statistical analysis then
yields results such as average hole radius and its standard deviation.
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Figure 3.7: Schematic presentation of the EID simulation method. The
geometric design and backscatter proximity parameters (βcorr, ηcorr) enter
the computation of the PEC. The resulting design is numerically convo-
luted with the full proximity function f(r) with the parameters αsim, βsim

and ηsim. The developed structure is then analyzed depending on an
overall dose factor G. Further details are found in the text.

As a first step of the EID simulation, the normalized deposited energy
E(x,y)

Ecl
is calculated by summation (convolution in the continuous case) of

the proximity function f(r) weighted with the local dose G · D(~r)
Dcl

on a
calculation grid [69]:

E(x, y)
Ecl

= G ·
∫

2D

D(~r ′)
Dcl

f(| ~r − ~r ′ |) d~r ′2

=̂ G · d2
N∑

l=1

D(xl, yl)
Dcl

· f
(√

(xl − x)2 + (yl − y)2
)
, (3.13)

where D(x, y) is the applied dose, Dcl is the clearing dose of the process,
Ecl is the clearing energy, i.e., the energy required to fully develop the
resist, d is the pixel size of the discretized computation grid, and N is
the total number of exposed pixels. D(x,y)

Dcl
is the dose factor assigned to

each element in the design file and G can be used as an overall dose factor
which is applied to the whole design.

For the EID computation, we make the following assumptions: (i)
the energy deposition is constant along the resist depth which is valid for
thin resists [94] and (ii) the resist contrast curve is approximated by a
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Figure 3.8: Simulated hole-radius standard-deviation σR for the generic
double-bend structure with pixel sizes d =3nm, 5nm, 8nm and α=35nm,
a=300nm, RD=100nm, conventional PEC.

step function which is valid if hole sizes at one specific height (e.g. top
or bottom) of the resist layer are compared. Therefore, the shape of the
developed pattern can be extracted from an energy-intensity contour by
nominally slicing the energy distribution at the height E(x, y) = Ecl,
i.e., the energy for thorough resist development (this method was already
described in [95]). From the resulting black-white image, the average
radius R̄ and its relative standard deviation σR are extracted as a function
of G (see Fig. 3.7d)). Only correctly resolved structures are evaluated,
i.e. those for which the slicing threshold lies between the background and
the lowest maximum hole energy.

The discretization E(x, y) of the continuous function E(~r) introduces
systematic errors that result in altered values for σR. In order to estimate
the error associated with the pixelization, we have computed σR for three
different pixel sizes, as shown in Fig. 3.8. It was found that a coarse
pixel size results in increased scattering in σR but does not change the
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Figure 3.9: Hole radius standard deviation σR at the design radius RD

for a quadratic PPC pad of length L. The simulations are performed for
triangular lattice with a=300nm, RD=100nm and conventional PEC.

overall trend. A fine resolution results in a smooth curve, suggesting that
systematic errors are negligible for grid resolutions d ≤3nm. Therefore,
we used d=3nm for all further EID investigations in this chapter.

We have investigated as well the impact of the overall structure size
on the pattern quality. Figure 3.9 shows the behavior of σR vs. L the
length of a quadratic PPC pad which was corrected with the conven-
tional energy-equalization PEC method. σRD

first increases dramatically
from low values to a maximum for L ≈ 3 · β and then decreases slowly
for larger corrected areas. This behavior can be understood as follows:
proximity effects have only a marginal impact on tiny structures, while
only affecting the edge of large designs, for which the surface-to-edge ra-
tio decreases. Quantitative EID analysis is therefore unique to each set
of chosen design parameters, however the qualitative insights gained with
the EID technique remain generally valid for nano-patterning.
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3.4.2 Performance of PEC methods

The following analysis is based on a generic double-bend PPC design
(Fig. 3.7 d)) with a lattice constant of a=300nm and a design hole-radius
of RD=100nm. The EID method was applied to three cases: no PEC,
conventional energy-equalization PEC [65] and the midpoint-equalization
PEC scheme [85]. To investigate the impact of beam broadening, three
values of αsim were chosen (15nm, 35nm, 55nm). In contrast to PEC,
for EID simulations the beam-broadening α can not be neglected, be-
cause it affects the hole diameter dependence on the overall dose factor
G. We used a proximity function that consists of two Gaussian plus an
exponential term (Eq. 3.8) to describe proximity effects on InP with ex-
perimentally determined parameters (see Sect. 3.4.3). We identified the
following criteria to evaluate the relative performance of PEC methods.
These criteria should all be met at the same dose factor Gopt:

1. the lowest achievable hole-radius variation min(σR)

2. the dose yielding the design radius GRD

3. the minimum of the slope of R̄(G) to minimize sensitivity towards
process variations (beam current stability, development process)

4. the minimal sensitivity of R̄ towards fluctuations in beam broad-
ening and focal plane, ie., the intersection of the R̄(G) curves for
different values of α.

No Proximity-Effect Correction

Without PEC applied to the design, the relationship D(~r)
Dcl

= 1 holds for
all elements. An EID cross-section for no PEC is shown in Fig. 3.10
(lowest curve). The broad background due to backscattering is clearly
visible. The exposed elements all have equal heights above the background
but different maxima of the energy intensity E(x, y) due to the varying
intensity of the background. Figure 3.11 shows simulated R̄ and σR versus
G for different beam-broadening values. α has a major impact on the
quality of the EBL process in terms of: (i) the lowest achievable hole-
radius variation min(σR), (ii) the slope of the hole-radius curve R̄(G),
due to the increasingly gentler flanks of the energy cones for higher α
and (iii) the dose window IG(α) = Gmax − Gmin, due to the merging of
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the energy cones above the background for large α’s. The minimum dose
factor to properly develop the structure is G ≈ 2. The minimum σR lies in
the range 2-7% depending on α for corresponding dose factors G=3-3.5.
However, independently of α, the slope minimum of R̄(G) occurs close to
the design radius RD.

Energy-Equalization Proximity-Effect Correction
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Figure 3.12: Simulation for energy-equalization PEC. Average radius R̄
and standard deviation σR vs. dose factor G for αsim = 15, 35, 55nm.

The energy-equalization PEC technique modulates the dose D(x, y) of
each element in order to achieve a uniform energy deposition E(x,y)

Ecl
= 1, as

is illustrated in Fig. 3.10 (middle curve). It is clearly seen, that the energy
cones are all levelled to the same height. In Fig. 3.12, we show R̄ and σR

vs. G. As in the case of no PEC, a strong impact of α on R̄, σR and the
dose window IG is still observed. Whereas min(σR) is strongly reduced
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to a range of 0.5-3%, the slope of R̄(G) still markedly increases with
α. Furthermore, dose factors for minimal hole-radius variation Gmin(σR)

are considerably lower — i.e. close to the equalized energy maxima —
than the dose factors GRD

that yield the design radius and are optimal for
process latitude (i.e. minimal slope of R̄(G)). This means that patterning
at the correct doseGRD for the design radius results in reduced a accuracy.

Midpoint-Equalization Proximity-Effect Correction

Watson et al.[85] proposed a midpoint-equalization PEC technique that
inherently accounts for beam-broadening. It performs energy equalization
at the midpoint of the direct-exposure energy-cone via “ 1

2 · direct expo-
sure + background = 1”. In fact the implementation of this method is
achieved by replacing the first summand in Eq. 3.9, which represents the
direct exposure, with the Watson-factor w = 1

2 . The use of w = 1
2 re-

sults in an EID (Fig. 3.10 uppermost curve) for which the development
threshold E(x,y)

Ecl
= 1 intersects for G=1 all energy cones halfway between

background and maximum energy, i.e. for a beam energy width of α
2 .

This technique should therefore theoretically yield the design radius RD

for all elements independently of the local structural density, in contrast
to the conventional energy-equalization PEC technique.

In Fig. 3.13, we show R̄ and σR vs. G for the midpoint-equalization
PEC technique. Due to increased element dose values, lower overall dose
factors G are necessary compared to the conventional PEC. R̄(G) has
the same qualitative behavior as in the previous cases, but for G = 1
the hole variation σR reaches zero for all values of α (within numerical
accuracy). α only affects the slope of the σR(G) curve. The midpoint-
equalization PEC in fact yields R̄(G) = RD for G >1, i.e., the dose
that yields the design radius — and is optimal for process latitude —
is slightly offset from G = 1, where σR is zero. The reason for this
residual offset relates to the fact that the assumption made by Watson et
al. — that an α

2 -beam broadening always occurs halfway between peak
and background (for α ≤ 3· feature size) — is rigorously only valid for
quasi-1D features such as, e.g., Bragg gratings (see Fig. 3.14 left side).
For 2D patterns such as circles, EID simulations show that an α

2 -beam
broadening is reached for values somewhat below the midpoint, as can be
seen in Fig. 3.14 on the right side. Thus, the pre-factor of the “direct
exposure” can be numerically computed with EID simulations. The best
value of the pre-factor depends on the ratio R

α . Simulations with an
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Figure 3.13: Simulation for midpoint-equalization PEC. Average radius
R̄ and standard deviation σR vs. dose factor G for αsim = 15, 35, 55nm.

adapted pre-factor of 0.41 show that the doses for design radius GRD

and zero radius variation Gmin(σR) coincide for the considered design.
Furthermore, R̄ is independent of α and the slope of R̄(G) is minimal at
GRD .

Discussion of Simulation Results

EBL-patterning of PPC without PEC is possible within an appropriate
dose range, but patterning uniformity is rather poor. On the other hand,
energy equalization — the most widespread PEC technique — improves
the situation considerably but perfect pattern-transfer fidelity is still not
achievable with this method. This is due to the fact that no dose exists
where all elements are properly developed at the same relative height of
the beam-broadened energy cone. The midpoint-equalization PEC over-
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comes this problem and theoretically allows for perfect accuracy at G=1
independently of α.

Process latitude is — in the context of PPC fabrication — related
to the slope of the R̄(G) curve (regarding exposure dose and develop-
ment) and to R̄(α) (regarding sample planarity, beam focusing quality
and beam stability). Thus, the optimum overall dose factor G concerning
process latitude is given by the minimum of the R̄(G)-slope and the low-
est dependence of R̄ on α. This is — in all considered cases — satisfied
where R̄ ≈ RD, hence at GRD . However, when working with conventional
energy-equalization PEC, GRD does not occur for the minimum of σR,
which is obtained at lower doses. Working at the dose GRD

consequently
results in a loss of accuracy. For the midpoint-equalization PEC, perfect
pattern-formation accuracy is achievable in the vicinity of the optimal
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dose for process latitude and design radius GRD . This important result is
not affected by a variation of α as can be seen in Fig. 3.13, however, the
pre-factor of the ”direct exposure” has to be adjusted according to EID
simulations.

3.4.3 Experimental Verification of the Simulation
Method and Measurement of the Beam
Broadening Parameter α

The experimental determination of α is usually done by spot exposures
[96] but suffers from beam instabilities and local resist inhomogeneities
[76]. To overcome this problem, statistical approaches have been pro-
posed [95, 76] where measured resist-pattern sizes after development were
fitted to EID simulation data. In the context of PPC, the image analysis
of micrographs containing a large number of holes allows the statistical
determination of the average radius in a relatively straightforward and
elegant manner.

The generic double-bend structure was corrected for proximity effects
according to the two methods described in Sect. 3.4.2 with w=1 (energy-
equalization PEC) and w=0.5 (midpoint-equalization PEC). A proximity
function consisting of two Gaussian and one exponential terms (Eq. 3.8)
was used with previously measured backscatter parameters (see Fig. 3.1):
β=1.59 µm, η=0.72, γ=0.76 µm, ν=0.58. Exposure of a 230nm-thick
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PMMA 950K layer on an InP substrate was performed with a 30kV
Raith150 EBL tool followed by development in MIBK:IPA=1:3 at 22◦C
for 60s. The overall dose factor G was varied in an interval that did
yield under- to overexposed structures. After development, SEM micro-
graphs were taken that included ca. 25% of the overall structure as seen
in Fig. 3.15 a) in order to offer simultaneously sufficient resolution and
enough objects for statistical analysis. To estimate the hole-radius distri-
bution for each structure, an automatic image-processing technique was
developed that evaluated the area of each hole. The contrast of the pic-
tures was improved by spatial filtering to reduce the noise and brightness
equalization followed by thresholding to obtain the hole areas in a black-
white image. Statistics on individual objects revealed the hole-radius dis-
tribution (R̄exp, σexp

R ). As will be discussed in more detail in Sect. 5.4.3,
the hole-edge-roughness of a perfect but pixelized circle can be seen as the
uncertainty interval of the radius extraction procedure. According to sim-
ulations, this hole-edge-roughness is ≈0.3 pixel, i.e. for the SEM images
of Fig. 3.15 a) the uncertainty of the hole radius extraction is ≈2nm.

The EID for the exposed structure was computed with different beam-
broadening parameters (α = 15nm. . . 55nm) and structure-development
analysis (with a step-like contrast curve) was performed for the area in-
cluded in the micrographs to obtain R̄sim and σsim

R . The best estimate for
α was obtained by performing a least-squares fit on the experimental and
simulated values for R̄(G). Because the analysis of the SEM micrographs
does not reveal the cleared area at the bottom of the holes, but rather the
top edge, the experimentally determined radii correspond to an energy Ete

instead of the clearing energy Ecl, as illustrated in Fig. 3.15 b). There-
fore, a second parameter k = Ecl

Ete
, which accounts for finite resist contrast,

was introduced into the fitting procedure as a multiplication factor of the
overall dose G. The best fit between experimental and simulated radii is
shown in Fig. 3.16 and 3.17 for conventional and midpoint-equalization
PEC techniques, respectively. An excellent agreement between experi-
mental and modeled radii was obtained with best fit values of α=32.5nm
± 3nm and k = Ecl

Ete
= 1.53 ± 0.03 for both sets of data independently.

The fitting parameter k corresponds as a physical quantity to the ratio
D0/D100 = 1.6 from the contrast curve measurements as can be seen
when comparing Figs. 3.15 and 3.1. The nice agreement between k and
D0/D100 from two independent experiments confirms the quality of our
method.

Experimental values σexp
R follow the trend of — but are a bit offset

from — σsim
R in Figs. 3.16 and 3.17. We believe that the pixelization
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Figure 3.16: Experimental (symbols) and simulated (lines) dependency of
R̄ and σR. Best fit of average radii yields α = 32.5nm and k = Ecl

Ete
= 1.53

for energy-equalization PEC.

noise inherent to SEM micrographs and the low image contrast of PMMA
structures is responsible for additional hole-radius variations during the
extraction procedure. Because this process is stochastic by nature, it does
negligibly affect R̄exp and the determination of α. Overall, better results
are obtained for the midpoint-equalization PEC technique with an ex-
cellent minimal hole-radius variation of σR=1.4%. The good agreement
between experimental and simulated values of σR confirms that EID sim-
ulations are a valuable tool to investigate accuracy and process latitude
in EBL fabrication of PPC and the influence of basic parameters thereof.
The uncertainty of the simulation which is introduced by the measurement
tolerance of the proximity parameters is discussed in Sect. 3.5.2.
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3.5 Influence of Proximity Parameters on Pat-
terning Accuracy

In this section we apply the EID method to study the influence of proxim-
ity parameters on the patterning accuracy. In Sect. 3.5.1 we investigate
an increase in beam voltage from 30kV to 50kV and in Sect. 3.5.2 it will
be shown how tolerances in the determination of proximity parameters
influence the patterning accuracy.
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3.5.1 Beam Voltage

According to literature [78], for sub-micron EBL patterning the influence
of proximity effects may be reduced with increased acceleration voltages,
as β increases and α is reduced. The following proximity parameters
for InP substrates at 50kV acceleration voltage are found in the liter-
ature [97]: βcorr = βsim = 3.7µm, ηcorr = ηsim = 1.4, for the double-
Gaussian proximity function (Eq. 3.1). As an example, we treat here the
“energy-equalization PEC” because trends between 30kV and 50kV are
very similar for all the methods. R̄ and σR of the generic double bend
were simulated for 50kV acceleration voltage. The results are shown in
Fig. 3.18.

If we compare these results with the simulation for 30kV in Fig. 3.12
both cases show, a similar qualitative behavior. However, the hole-radius
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uniformity is clearly improved (mind the different scales and values for the
beam-broadening parameter α) and the available dose interval (IG) is con-
siderably increased. One can understand this behavior by the reduction
of the overall relative structure size compared to β and therefore a lower
background dose. Thus, increasing the acceleration voltage is an effective
measure to improve pattern quality if the overall structure size is of the
same order as the backscatter range β. However, as the backscattering
efficiency η is not reduced when increasing the beam voltage, the princi-
pal limitations of energy-equalization PEC for large and dense structures
remain (i.e. no perfect accuracy). On the other hand an improved α value
reduces the hole size variation σR and may also allow the use of a thicker
resist layer due to decreased forward scattering in the resist. It should be
mentioned here as well, that for the case of “no PEC” the available dose
window IG is greatly improved when increasing the beam voltage from
30kV to 50kV.

3.5.2 Proximity-Parameter Sensitivity Analysis

Even though various methods are presented in the literature that allow the
measurement [74, 94, 96] or simulation [98] of backscatter parameters, an
accurate determination of these parameters is no simple task, especially in
the case of highly insulating layers or complicated multi-layer structures.
Insulating layers cause charging effects during the doughnut exposures
which are used to measure the proximity parameters. At high (≈10Dcl)
doses the resulting measurement data becomes unreliable.

EID simulations offer a straightforward means to assess the sensitivity
of σR on the accuracy of proximity parameters, although it can also be
done experimentally [99]. In this study we are interested how differences
between the real/physical parameters and the parameters used for the
correction affect the result of the correction, i.e. the hole radius variation
σR. We proceed as follows:

1. Using the parameters βcorr and ηcorr, we correct the generic double-
bend structure (a=300nm, RD=100nm) and by applying different
values, we study the effect of inaccuracies in their determination on
the quality of the correction, i.e. the hole radius variation.

2. [αsim, βsim, ηsim] is the set of reference parameters which is used to
model the energy deposition in the resist. These parameters are
given by the beam voltage and the substrate material.
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In order to simplify the interpretation, the double-Gaussian proximity
function (Eq. 3.1) was used and the values for ηcorr and βcorr were varied,
while αsim=35nm, ηsim=1.05 and βsim=1.72 µm were held constant at
the “best fit to measurement”-values for 30kV beam energy on InP (see
Fig. 3.1). The two methods “energy-equalization PEC” and “midpoint-
equalization PEC” are compared regarding their sensitivity to measure-
ment uncertainties in the proximity parameters, as can be seen in Figs. 3.20
and 3.19, respectively.

A full sensitivity analysis of the hole-radius variation at the design
radius σRD for the midpoint-equalization PEC is shown in Fig. 3.19. It can
be seen that a 10% deviation of ηcorr from ηsim results in a small increase
of σRD

of roughly 0.3%. Due to the inaccuracy of the approximation
by Watson et.al. [85] for circles, a minimum of σRD

≈ 0 is reached at
ηcorr = 1.1 · ηsim.
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In the case of energy-equalization PEC with βcorr = βsim, Fig. 3.20
shows that for all ηcorr > ηsim a dose factor G and a corresponding radius
R̄ exists where min(σR) ≈ 0 (within numerical accuracy). Additionally it
can be seen that σRD

decreases for increasing values of ηcorr and reaches a
minimum of σRD

≈ 0 at ηcorr = 2.2 ·ηsim. Such a behavior was to the best
of our knowledge only qualitatively mentioned in literature [85] without
any further evidence given. Concerning the backscatter range β on the
other hand, we found for both methods that a 10% deviation of βcorr from
βsim results in approximately 0.3% increase of σR.

From these findings, we can draw the following conclusion: it is possi-
ble to achieve perfect accuracy with the conventional energy-equalization
PEC technique by overestimating ηcorr compared to the true physical
value. In this way the energy deposition in the regions of low structural
density (e.g., the edges and corners) is artificially enhanced and thus mim-
ics to some extent the midpoint-equalization method. However, it has to
be mentioned, that the exact value of ηcorr and G for which σRD

reaches
zero, depends on the design topology and would have to be determined
using extensive EID simulations. Therefore, the midpoint-equalization
PEC method with an adjusted pre-factor is superior as it inherently ac-
counts for beam-broadening effects and yields σRD

= 0 for all corrected
structures at the correct values of η and β.

3.6 Influence of Geometrical PPC Parame-
ters on Patterning Accuracy and Pro-
cess Latitude

The physical properties of PPC are dominated by geometrical parameters:
lattice constant a, hole radius R and the fill ratio R

a . The EID method was
applied to the patterning of PPC structures and an investigation of the
impact of geometrical parameters on the quality of the lithography was
performed. In this study, we compare conventional energy-equalization
PEC with the midpoint-equalization PEC for the generic double-bend
design. The proximity parameters as determined in Fig. 3.1 for Eq. 3.8
were used.

The available dose window IG and the more generally defined dose
contrast DC = (Gmax−Gmin)

(Gmax+Gmin) [100] are a measure for process latitude [79]
and deserve consideration when comparing PEC methods. We have found
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that both methods show an almost identical performance concerning dose
contrast when changing overall geometrical constants. However, values for
maximal and minimal doses determined with EID simulations only set up-
per and lower boundaries because resist development effects — such as e.g.
finite resist contrast and resist swelling — may further degrade the process
window. It is seen that reduced background levels, due to decreased fill ra-
tios R

a or smaller overall structure sizes, require slightly higher doses GRD

to reach the design radius in the case of energy-equalization PEC. For the
midpoint-equalization PEC, deviations of GRD

from G=1 are found when
changing geometrical parameters. This is caused by a change in the R

α
ratio which induces a shift of the α

2 energy level (see Sect. 3.4.2).

3.6.1 Fill Ratio R/a

For a triangular lattice of air holes, the band gap for TE-polarized light
widens considerably for increased R

a and even a polarization-independent
band gap may open. Therefore, EID simulations were performed for dif-
ferent values of RD

a and α. The lattice constant was fixed to a=300nm
and RD represents the design radius.

In Fig. 3.21, we show GRD , the dose that yields the design radius and
for which σ(GRD ) ≈ 0 holds. Further, the maximum dose (Gmax) on
the brink of overexposure and the minimum dose (Gmin) are depicted for
midpoint-equalization PEC. The energy-equalization PEC showed quali-
tatively similar results. Gmin increases slightly for structures with higher
fill ratio. However, Gmax drops dramatically when R

a is increased with
additionally a significant dependence on α because energy cones start to
merge sooner above the raised background for larger values of α. There-
fore, the dose window between Gmin and Gmax gets substantially narrower
for large values of RD

a . Large values of α and RD

a result in Gmax < GRD
,

hence, patterning at the design radius is no more possible.

If patterning at GRD
is performed then PPC structures for which the

maximal background energy EBG (i.e. the energy deposited between the
holes) is too close to the clearing energy Ecl will experience serious resist
loss between the holes due to the limited contrast of PMMA. From the
inset of Fig. 3.1 we know that D0

D100
≈ Ecl

Ete
≈ 1.6. Therefore, structures

which exhibit Gmax <1.6·GRD
as indicated by the line in Fig. 3.21 will

suffer from resist loss between the holes.

In Fig. 3.22 the relative standard deviation at the design radius σRD

is shown for both methods. For energy-equalization PEC σRD
is in the
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range of 1-4%, increases with RD

a and shows a strong dependence on α.
Midpoint-equalization PEC performs much better with σRD in the range
of 0.5% or below even for high fill ratios.

To summarize, patterning of PPC’s with RD

a ≥ 0.4 is difficult, very
sensitive to process-parameter variations and shows a low accuracy in the
case of energy-equalization PEC. This behavior is pronounced for large
values of α and for material systems with a large backscatter efficiency η,
as e.g. InP. We conclude that midpoint-equalization PEC must clearly be
favored for achievable hole-size accuracy.
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3.6.2 Lattice Constant a

PPC characteristics scale with the wavelength λ by a corresponding scal-
ing of the lattice constant a. EID simulations for various lattice constants
and α parameters were performed to investigate the technological limits of
this scaling. The fill ratio was kept constant at RD

a = 1
3 . In Fig. 3.23, we

show Gmin, GRD
and Gmax versus a for the midpoint-equalization PEC.

Simulations for energy-equalization PEC produced very similar results.
GRD

shows a weak dependence on α whereas Gmax drops sharply when
the lattice constant falls below a ≈ 10 ·α, i.e., when the distance between
hole edges is less than 3 · α and the energy cones start merging. Thus,
the process window gets narrower for small a and large α. Gmin only
shows a weak dependence on α for small values of a, which occurs when
energy cones no more reach their nominal height for large α’s. Similarly
to Fig. 3.21 a line indicates for which structures serious resist loss between
the holes has to be expected due to the limited resist contrast. Structures
which exhibit Gmax <1.6·GRD

are affected.

In Fig. 3.24, the hole-radius variation σRD is shown for both methods.
It increases by up to 5 times when reducing the lattice constant from
0.5µm to 0.15µm and reaches high values for large α’s when using the
energy-equalization method. In the case of midpoint-equalization PEC,
σRD remains mostly below 1%, but still shows a clear dependence on α and
a. Furthermore, the dose window between Gmin and Gmax as well as σRD

depend substantially on α. This implies that fabrication of PPCs with
small a and reasonable accuracy is a challenging task, requiring excellent
control of the lithographic step. This would, for example, be needed
for the fabrication of PPC structures in semiconductor materials for the
visible light regime. Comparing the two methods midpoint-equalization
PEC is clearly favorable concerning accuracy.

In the inset of Fig. 3.24 a normalized hole-radius variation σN=σRD · aα
is shown for the energy-equalization PEC. It shows that σRD · aα≈const
holds for a ≥0.25µm. A similar approximative conservation law holds as
well for the filling ratio investigations of the previous section for energy-
equalization PEC, namely: σN=σRD

· a
RDα≈const (not shown). Both re-

lations can be understood when keeping in mind that hole radius vari-
ations are proportional to the differences of the background energy over
an individual design and to the steepness of the energy cones which is
proportional to α and the inverse of the inter-hole distance. Hole-radius
variations for midpoint-equalization PEC seem not to obey such relations.
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3.6.3 Chirped Radius Photonic Crystals

Recent investigations [101] show that some interesting properties of PPC’s
only appear if hole radii can be continuously changed, as e.g. for wave-
guide tapers. Therefore, using EID simulations, we investigate the pat-
terning accuracy of a chirped PPC of 30×40 holes with hole radii linearly
increasing in 2nm steps from 50nm to 110nm (see inset of Fig. 3.25).
The lattice constant of the triangular structure is a = 300nm. In the
structure development analysis every measured hole radius Rm was com-
pared with its nominal (designed) radius RD and a normalized radius
was assigned Rn = Rm

RD
. From these normalized radii the average R̄n

and its relative standard deviation σRn
= std(Rn)

R̄n
were computed. Such

chirped PPC turn out to be much more challenging for accurate pattern-
ing compared to previously discussed structures. Midpoint-equalization
PEC features minimal values of σRn

= 0.5% − 6% for beam broadening
parameters α = 15, 35, 55nm (see Fig. 3.25). We expect that the situation
can be improved if adapted pre-factors are chosen to compensate for small
radii. It is not surprising that the achievable accuracy is much worse when
energy-equalization PEC (2%−12%) or no PEC (> 4%) is used for correc-
tion. In contrast to previous discussions, the dose contrast DC of chirped
PPC does depend on the chosen PEC method. Calculated DC values are
considerably larger for midpoint-equalization PEC compared to energy-
equalization PEC for medium to high values of beam-broadening (e.g. a
factor of 2 for α = 55nm). Therefore chirped PPC make a strong point
for midpoint-equalization PEC — even if perfect accuracy is not achiev-
able with a single value of the pre-factor — because this method performs
much better than energy-equalization PEC concerning dose contrast and
accuracy.

3.7 Conclusions and Outlook

Summary and Conclusions

In this chapter, we have presented a tool to correct proximity effects in
EBL patterning. It is the first PEC method which was developed for the
specific needs of PPC structures and, therefore, it is tailored to the spe-
cific requirements of PPC structures and nanopatterning. The regularity
of the PPC structures allowed us to use a matrix approach and special
approximations which made the method accurate and fast at the same
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time. The matrix approach and the use of specific approximations where
discussed for the first time in the context of PEC for PPC. Our method
turned out to fill a gap in the market of PEC tools for nano-patterning.
We therefore developed our method further in order to be useful for the
correction of a general class of PEC problems. The original approach was
flexible enough to be extended with new functionalities for fracturing of
large objects and partitioning of designs to improve the memory manage-
ment. In collaboration with Raith GmbH the project emerged into the
software package NanoPECS which is commercially available since mid
2005 [87].

In the second part of this chapter an EID simulation method was
introduced and verified with experimental exposures. The EID simula-
tion method was applied for the first time in the context of PPC struc-
tures which represent an ideal benchmarking system for PEC methods.
The following new conclusions can be drawn from our investigations in
the context of PPC patterning, which, however, are generally valid for
nanopatterning:

Performance of PEC methods: While PPC patterning without PEC
is in principle possible but inaccurate, the conventional energy-
equalization strategy improves the situation considerably. However,
it imposes a lower limit on the best attainable uniformity. The
midpoint-equalization PEC on the other hand theoretically yields a
perfect correction with an adjusted pre-factor and is therefore favor-
able. We showed for the first time, that this pre-factor needs to be
determined by simulations for objects with a 2D nature, e.g. small
circles. The importance of performing PEC at the highest level of
accuracy will be discussed in Sect. 7.2 with an experiment which
demonstrates that only the midpoint-equalization PEC can correct
proximity effects well enough to avoid a measurable impact of the
waveguide environment on the optical waveguide properties.

Sensitivity analysis on the proximity-effect parameters: We have
shown for the first time quantitatively that conventional energy-
equalization PEC can mimic the midpoint-equalization PEC to a
certain extent and achieve perfect accuracy by overestimation of
the backscatter efficiency ηcorr. Such a behavior—an improvement
using wrong input values—demonstrates that the conventional PEC
method is suboptimal.

Impact of PPC geometrical parameters: Proximity effects impose se-
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vere limitations for the patterning of PPC structures with large fill
ratios and/or small lattice constants concerning resist shrinkage,
process latitude and accuracy. This explains why patterning of high
fill ratio PPC (e.g. a triangular lattice with a TM band gap) or
PPC for visible wavelengths are technologically very demanding.
The proportionality between hole-radius variations and beam width
(i.e. σRD ∝ α) was indicated for energy-equalization PEC.

Outlook

From the point of view of PPC patterning a better understanding of the
development process in dense 2D arrays of holes would be desirable. This
should include the two effects of forwards scattering along the resist depth
and the limited contrast of resists in conjunction with the natural beam
width. In such a simulation one would then be able to tackle the ultimate
patterning accuracy by using realistic 3D hole shapes. Open questions
in this context are the impact of the resist loss in the middle of large
PPC pads due to the background dose or the validity of the midpoint-
equalization PEC method in three dimensions. As there is a trade-off in
the choice of EBL resists/their thicknesses concerning etch resistance and
dose contrast/forwards scattering, it would be interesting to relate the
achievable hole size accuracy (in 3D) with the maximum possible plasma
etch duration. In this way the performance of different resists could be
assessed concerning dose contrast and etch resistance properties, and also
the optimum thickness for each product could be determined.

As EBL patterning is only the first step in PPC fabrication, the next
chapter will be devoted to the transfer of EBL structures into an un-
derlying hard mask layer and then to the deep etching of holes into the
InGaAsP/InP slab waveguide. The emphasis of this chapter will be on
the etch selectivity toward PMMA and on the verticality of the holes,
which have to be achieved in order to ensure a successful fabrication.



Chapter 4

Reactive Ion Etching of a
Hard Mask for PPC
Fabrication: Selectivity
and Verticality

4.1 Introduction

In the previous chapter it was shown how PPC structures can be accu-
rately patterned with advanced EBL methods. Now let us turn to the
transfer of such patterns from the electron-beam sensitive resist (PMMA
or another polymer) into an underlying material using plasma etching.
The maximum resist thickness was shown in Sect. 3.2 to be limited by
forward scattering which degrades the resolution. Whereas for high-end
EBL systems with 100kV acceleration voltage thick resist layers (up to
1µm) can be used [102], the maximum resist thickness for accurate pat-
terning with a 30kV system lies in the range of 200-300nm (see Sect. 3.2).
This, of course, limits the etch duration and hence the maximum thickness
of the underlying hard-mask layer. Furthermore, high resolution electron-
beam resists in general and PMMA in particular are known to exhibit a
low etch resistance in fluorine-based plasmas.

The low vertical index contrast, which is offered by InGaAsP/InP

83
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slab waveguide materials, results in a vertically extended mode profile
(≈2µm). In order to achieve low propagation losses, deep (>3µm) and
vertical holes must be etched through the slab waveguide. Good results
with up to 5.5µm deep holes and propagation losses of ≈400dB/cm in a
W1 waveguide have been achieved with chlorine-based chemistries using
chemically assisted ion beam etching (CAIBE) [48, 103], electron cyclotron
resonance reactive ion etching (ECR-RIE) [104] or inductively coupled
plasma reactive ion etching (ICP-RIE) [102, 105, 106]. Masking strategies
for chlorine-based plasma etching often involve stable SiO2 or SiNx hard-
mask layers of sufficient thickness (≈400nm) which are etched beforehand
by reactive ion etching (RIE) using fluorine-based chemistries.

The combination of a low PMMA etch resistance and the need of rela-
tively thick hard mask layers makes a careful optimization of the plasma-
process technology for pattern transfer mandatory. In particular, the etch
selectivity between PMMA and the hard-mask material must be opti-
mized. State-of-the-art etch selectivities between PMMA and SiO2/SiNx

in photonic-crystal fabrication are mostly below 2:1 for large etch areas
[102, 104, 107]. This turns out to be insufficient for work with a 30kV EBL
system and its limitations concerning maximal resist thickness. Therefore,
the emphasis of this chapter will be put on the development of high selec-
tivity plasma processes for pattern transfer from 200nm of PMMA into
a SiNx or SiO2 hard mask which improves the current state-of-the-art
selectivities by a factor of two. Because SiNx exhibits a superior etch re-
sistance in high density ICP-RIE plasmas compared to SiO2 [108] thanks
to a higher material density, SiNx is the material of choice for the hard
mask. Therefore, further discussions on RIE-lag and optimizations for
vertical holes will be restricted to the SiNx process.

After a brief recapitulation of plasma etching principles using CHF3

in Sect. 4.2, cyclic RIE processes for SiO2 and SiNx and their selectivities
against masking layers such as PMMA and Ti are discussed in Sect. 4.3.
A high selectivity process to etch Ti from PMMA and its optimizations is
discussed in Sect. 4.4. The SiNx etching process introduced in Sect. 4.3.3
will be characterized with respect to RIE-lag in Sect. 4.5. Section 4.6
is dedicated to the optimizations of the gas chemistry and the pressure
for finding a process window which simultaneously fulfills high demands
concerning verticality and selectivity. The trade-off between these two
goals will be shown as well. After a short discussion of the deep etching
of InP based compounds with ICP-RIE in Sect. 4.7, conclusions and an
outlook are found at the end of this chapter.
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Figure 4.1: Schematic of the plasma reactor used in this work: a plasma
discharge is generated between a capacitively RF driven electrode and
grounded chamber walls. Gases enter the high vacuum chamber at the
top and are pumped out below the electrode. The sample position on the
electrode is indicated as well.

4.2 Fundamental Principles of Plasma Etch-
ing

Surface structuring by wet or dry etching is one of the basic steps in
semiconductor fabrication. Whereas wet chemical etching offers selectivity
to materials and/or crystalline directions, dry plasma etching allows for
high directionality and fidelity in pattern transfer from a (lithographically
defined) mask. Particularly, when nano-scale features with a high aspect
ratio have to be fabricated, plasma etch technologies are indispensable.

Generation of a Plasma

A physical plasma is an electrically neutral, ionized gas composed of ions,
electrons, and neutral particles. It can be created between two electrodes
of a capacitor by applying a sufficiently strong alternating electromagnetic
field. Impact ionization leads to free ions and electrons. While electrons
follow the alternating fields in the MHz regime instantaneously, ions will
not be able to do so because of their much higher mass, and will instead



86 Chapter 4. RIE of a Hard Mask for PPC Fabrication

mask

s
u

b
s
tr

a
te

mask

s
u

b
s
tr

a
te

chemical etching

isotropic

underetch

bombarding

ions
+b)

positively

inclined

profiles

physical sputtering

a) bombarding

ions
+

protective ion enhanced

sidewall

passivation

layer

c) bombarding

ions

ion induced etching

+
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respond to the time averaged field. For capacitor configurations with
unequal electrode areas (see Fig. 4.1) a self-bias will arise, i.e. a negative
voltage on the smaller electrode compared to the plasma potential will
appear. The potential difference generates strong DC electric fields in the
region between the electrode and the plasma and accelerates positively
charged ions towards the sample on the electrode. A schematic of the
plasma reactor used in this work (Oxford Plasmalab 80) is depicted in
Fig. 4.1. A thorough introduction to plasma concepts can be found in
[109].

Reactive Ion Etching Characteristics

Reactive ion etching (RIE) is a plasma etching technique which is charac-
terized by a combination of physical sputtering and the chemical reactivity
of the species (see Fig. 4.2 a) and b)). This combination enables material
selectivity and etch anisotropy. Physical sputtering causes the erosion
of material which takes place when highly energetic but chemically inert
ions hit a surface and kick out atoms. As momentum transfer onto surface
atoms is generally most effective under an angle of ≈60◦ [110], positively
inclined sidewalls are formed. Of course, physical sputtering erodes the
mask as well (see Fig. 4.2 a)). The chemical etching regime is dominated
by reactive species created in the plasma which form volatile products
with the substrate material. It can be highly selective against the mask
material and results in under-etched and rounded profiles as indicated in
Fig. 4.2 b). Balanced physical and chemical components lead to verti-
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cal etch profiles. Sidewall passivation layers are another way to achieve
etch directionality. Etch-inhibiting films (e.g., polymer, oxide, etc.) are
formed in-situ at the sidewall but not on horizontal surfaces where they
are constantly removed by ion bombardment (see Fig. 4.2 c)).

Fluorocarbon Based Reactive Ion Etching of SiNx

Plasma etching of Si, SiO2 or SiNx with fluorocarbon type gases (CF4,
CHF3, C2F6, C3F8) is a well studied [111, 112, 113, 114] and very suc-
cessful process in microelectronics fabrication. To achieve certain etch
characteristics (e.g., verticality, selectivity, etch rates) additives such as
O2, H2 or N2 are common. However, gas phase and etch reactions are
rather complicated and still not fully understood [114]. In this work, a
CHF3-based process was chosen for etching the hard-mask, because this
gas offers excellent selectivity between PMMA and SiO2/SiNx and si-
multaneously the potential for highly directional etching [115]. A brief
overview of the most important mechanisms in CF4 and CHF3 etching of
SiNx will be presented now.

In a CF4 or a CHF3 plasma, F and CFx (x = 1−3) radicals and ions are
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generated and transported to the substrate surface via diffusive processes
or accelerated by the electric field of the DC-bias, respectively. Gas phase
oligomerization of CFx results in large CxFy molecules [113] which form a
fluorocarbon polymer film on all surfaces [114]. The main etchants of SiNx

are F radicals according to [116]. Volatile etch products (SiFx, CNF, NO,
N2) are generated and pumped away, as indicated in Fig. 4.3. Moreover,
F radicals and ion bombardment are responsible for etching the CxFy

layer by forming again volatile CF4 molecules and by physical sputtering.
As a useful but only qualitative plasma parameter, the fluorine-to-carbon
(F/C) ratio indicates the balance between etching (large F/C) and CxFy

deposition (small F/C) [117]. The transition depends on process param-
eters such as pressure and RF power which influence ion bombardment
and F-radical density. The momentum of the bombarding ions is angle
dependent and follows a cosine-like distribution (|~p| ≈ cosϑ, see Fig. 4.3).
This allows for directional etching with sidewalls being protected by thick
(≥3nm) CxFy layers and horizontal surfaces being etched through a thin
(≈1nm) CxFy layer [114]. In general, we can state that increasing the
pressure favors CxFy deposition and a more intense ion bombardment
results in etching of CxFy and consequently of SiNx [118].

Characteristics of fluorocarbon plasmas can be controlled by adding
O2, H2 or N2 gases (see also Fig. 4.3) with the following mechanisms:

H2 extracts fluorine radicals from the plasma (H+F→HF). Therefore,
etching of SiNx and CxFy is suppressed and fluorocarbon deposition
is increased [111].

O2 captures hydrogen and carbon (H+O→OH and C+O→COx). This
suppresses CxFy deposition and increases the amount of free fluorine
and consequently the chemical etch rates [111].

Ar, N2 mainly cause more intense ion bombardment and a dilution of
CFx molecules, both resulting in thinner CxFy layers and therefore
enhanced SiNx etching. N2 is also responsible for promoting the
etch rate enhancing reaction 2N+2SiN→2Si+2N2 [116].

For CHF3, the hydrogen contribution is already built into the molecule
which leads to a lower F/C ratio of a pure CHF3 plasma than a similar CF4

plasma would exhibit. This is often corrected by adding a small amount
of O2 to the gas composition. The correct combination of reactive species
and ion-bombardment allows for highly vertical etching of SiNx and a
high selectivity towards PMMA as will be described in Sect. 4.6.
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4.3 Cyclic Processes for Enhanced Etch Se-
lectivity of PMMA and Ti vs. SiO2 and
SiNx

The selectivity of an etching process, i.e. the ratio of etch rates between
two materials determines how deep a pattern can be transferred into the
underlying layer given the fact that the thickness of the initially patterned
layer is limited. As discussed in the previous chapter, accuracy require-
ments limit the maximum PMMA thickness which can be patterned with
30kV EBL to roughly 250nm. If dense PPC structures are considered
where serious resist shrinkage has to be expected (see Sect. 3.6), not more
than ≈200nm PMMA are available for a reliable transfer of the pattern
into the underlying hard mask layer. Let’s furthermore keep in mind that
PMMA shows a low etch resistance against fluorine containing plasmas.
This emphasizes the importance of plasma etch processes which offer a
high selectivity against PMMA. Selectivity can be gained by optimiza-
tion of e.g. (i) feed gas composition, (ii) DC-bias and (iii) pressure.
All of these parameters normally affect the sidewall verticality as well.
Therefore, the sidewall profile can no more be optimized independently.
Hence, a method which improves the selectivity without impeding the
optimization for vertical profiles—such as cyclic etching—is favorable. In
this section we describe the impact of cyclic etching on etch rates of SiO2,
SiNx and the corresponding masking properties of PMMA and Ti which
can be used as an intermediate masking layer.

4.3.1 Experimental Procedure

Both types of hard-mask layers, SiO2 and SiNx, were deposited on an InP
substrate using plasma-enhanced chemical vapor deposition (PECVD).
The thicknesses of the layers were chosen to be large enough to allow etch
rate determination. The deposition parameters are listed in Tab. 4.1.
The refractive index of the SiNx layer was determined with ellipsometry
to be n=1.88 (at λ=633nm) which is an indication of Si content and con-
sequently of its density and etch resistance. Experiments revealed that
the etch resistance of SiNx does not measurably improve for refractive in-
dices above n=1.88 [108]. Ti layers, which were used as a thin hard mask
for SiNx etching, were electron-beam evaporated at a rate of 0.3nm/s. A
layer of 220nm PMMA 950K was spun onto the samples and subsequently
baked for 60min at 180◦C. We wrote large pads with a 30kV Raith150
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Material SiO2 SiNx SiO2 SiNx Ti Ti
Method PECVD PECVD RIE RIE RIE RIE

Electrode 300◦C 300◦C 18◦C 18◦C 18◦C 18◦C
temperature

Pressure [mT] 900 900 30 45 40 30
RF power [W] 20 20 200 140 300 140
DC bias [V] 500 375 570 255

Gas 1 SiH4 SiH4 CHF3 CHF3 Ar SF6

Flow [sccm] 340 800 25 50 50 40
Gas 2 NO2 NH4 Ar O2 N2

Flow [sccm] 710 30 25 5 10
Duration 10:00 50:00 6:00 4:00 0:30 1:10

Table 4.1: Parameters for plasma processes used to deposit (PECVD)
and etch (RIE) the materials SiO2, SiNx and Ti. The processes for SiO2

and SiNx are standard recipes of the equipment. The Ti etch process
was obtained through an optimization described in Sect. 4.4. Process
durations are given as [min:sec].

EBL system and developed the exposed resist for 65s in MiBK:IPA=1:3 at
22◦C. We performed the plasma-etching experiments in an Oxford RIE80
parallel-plate reactor without a load-lock system. The corresponding pa-
rameters are summarized in Tab. 4.1. The SiO2 and SiNx plasma pro-
cesses were subdivided into etch cycles which were interleaved with N2

flushing steps at a pressure of ≈30mT. The total etch time remained con-
stant but the length of the etch cycles was varied. The N2 flushing steps
had a duration of 90s (SiO2) and 3min (SiNx), respectively. Etch rates of
large open areas were measured by standard surface profiling after plasma
etching.

4.3.2 Cyclic Etching of SiO2

SiO2 is a common hard mask in the fabrication of InP based PPC when a
combination of EBL patterning and pattern transfer with CAIBE is used
[48, 119]. It can be etched with a PMMA mask using, e.g., a CHF3/Ar
plasma [120]. This process shows a relatively high self-bias of ≈500V,
which leads to elevated sample temperatures up to 150◦C according to
simulations in [121]. Such high temperatures increase the PMMA etch
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rate within the first few minutes of the plasma process before reaching
a saturation value [122]. Hence, temperature control is important for a
low etch rate of PMMA and a high selectivity towards SiO2. Cooling
the electrode to control the substrate temperature proves to be inefficient
since the thermal equilibrium is dominated by heat radiation instead of
thermal conductance [121] due to rough surfaces of the electrode and the
wafer backside.

As a more efficient method to avoid elevated sample temperatures,
we introduced a cyclic RIE process for SiO2 using a CHF3/Ar plasma
(for process details see Tab. 4.1). The total etch duration of 6min was
subdivided into 1 to 12 etch cycles which were interleaved with N2 flush-
ing (cooling) steps of 90s. In this way, the substrate is prevented from
reaching high temperatures as the N2 flushing step allows the sample to
cool down. In Fig. 4.4, we show the effect of reducing the plasma cycle
duration from (1×6min) to (12×30s). With shorter plasma cycles the
substrate is expected to show a lower average temperature and as a con-
sequence the etch rate of PMMA is reduced by 50% when the etch cycle
length is decreased from 6min to 30s. The etch rate of SiO2, on the other
hand, shows very little dependence on temperature in this experiment and
remains constant at 40nm/min. Therefore, we observe a doubling of the
etch selectivity between SiO2 and PMMA to almost 4:1 as can be seen in
Fig. 4.4. To demonstrate the potential of this process, holes with 200nm
diameter were etched into a 600nm thick SiO2 layer with an initial PMMA
mask thickness of only 220nm (see the inset of Fig. 4.4).

In order to characterize our process, we estimated the saturation value
of the PMMA etch rate and the time needed to reach it by fitting the mea-
sured data to an adequate growth curve. The differential PMMA etch rate
ER(t) was assumed to obey approximately a logistic growth behavior in
time. Such a curve is able to describe an etch rate which increases over
time and eventually saturates. Furthermore, it is easily analytically inte-
grable which facilitates the fitting procedure. The measured average etch
rates ER(T ) can, therefore, be represented by the average of the logistic
distribution function [123] over the time interval [0 . . . T ] as described by
equation 4.1.

ER(T ) =
1
T

∫ T

0

ER(t)dt =
1
T

∫ T

0

(
A+ C/

(
1 + e−

t−T0
B

))
dt (4.1)

The extracted parameters from the fitting procedure are: A≈0nm/min,
B=(1±0.5)min, C=(25±4)nm/min and T0=(0.5±0.3)min. The fitting re-
sult (solid line in Fig. 4.4) shows a saturation value of ER∞ = A+C =
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Figure 4.4: Large area etch-rates for SiO2 and PMMA (open symbols)
and etch selectivities (filled symbols) depending on etch-cycle duration.
Solid line: best fit of ER(T ) to PMMA etch-rate measurements according
to equation 4.1. Dashed lines are only guides to the eye. Inset: Photonic
crystal holes (diameter≈200nm) with residual PMMA on top, etched for
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process parameters see Tab. 4.1.
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(25±4)nm/min and an etch rate at the beginning of each etch cycle (i.e.,
at low temperature) of ≈10nm/min. The etch rate ER(t) reaches its sat-
uration value after 3-4min of etching. The flushing time in between the
etch steps should be long enough in order to let the sample cool down
reliably after the plasma was switched off. In order to validate the chosen
cool down time, we experimentally checked the N2 flushing time of 90s
vs. 3min and found no measurable deviation in the PMMA etch rate. A
preliminary experiment using another EBL resist, namely ZEP520, which
is known for its higher resistance to plasma etching compared to PMMA,
reveals an etch rate of 4nm/min for the same cyclic CHF3/Ar plasma
process. This corresponds to a selectivity of SiO2 towards ZEP of 10:1
for an etch cycle duration of 30s. Unfortunately, the ZEP resist could
not be patterned as accurately as PMMA up to now due to its increased
sensitivity. The resulting fast writing causes pattern distortions due to an
inaccurate dynamic beam placement.

4.3.3 Cyclic Etching of SiNx

For the fabrication of InP-based PPCs using chlorine-based chemistries
with an ICP-RIE [102, 105], SiNx is often chosen as a hard-mask mate-
rial. Indeed, SiNx exhibits a higher etch resistance against high-density
plasmas compared to SiO2 [108]. A similar cyclic method as discussed in
the previous section, where etch cycles were interleaved with N2 flushing
steps, was investigated using a popular plasma process with CHF3 and
O2 [124]. Process parameters can be found in Tab. 4.1. Results from
an experiment with decreasing etch cycle duration (but a constant total
etch time of 4min) are depicted in Fig. 4.5. In contrast to the previous
section, no enhancement of PMMA etch resistance was observed. On the
other hand, a 15% increase of the SiNx etch rate for short etch cycles was
observed. In a similar experiment, holes with a diameter of 300nm were
etched for 7min. Hole profiles are shown in Fig. 4.6: a) for continuous
etching, b) for a cyclic etching of 14×30s. Two striking differences are vis-
ible between the two structures: (i) The re-deposition of material which
is visible around the continuously etched holes is totally absent when the
cyclic process is used. (ii) Reduced lateral etching and, therefore, a sig-
nificantly improved verticality and pattern transfer fidelity is observed for
cyclic etching compared to the continuous case.

The lower RF power of the SiNx etching process to drive the plasma
and hence the lower self-bias (see Tab. 4.1), combined with the absence
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of the heavy element Ar result in a plasma process with a less physical
characteristic as compared with the SiO2 process. This can explain why
no thermal effects seem to affect the etch rate of PMMA. On the other
hand, these effects could also be masked by the time dependence of the
fluorocarbon polymer deposition which will be discussed next. A slow-
down in the etch rate of SiNx for CHF3 [124] as well as for CHF3/O2

[118] plasmas was already reported and attributed to the build-up of a
CxFy fluorocarbon layer. This layer increasingly inhibits the etching of
SiNx by fluorine radicals, which are the main etchants in this process.
The enhanced average SiNx etch rate and the suppressed re-deposition
for short etch cycles, which can be seen in Figs. 4.5 and 4.6, respectively,
may therefore be attributed to the desorption of the CxFy layer within
the 3min of N2 flushing. Hence, cyclic etching can benefit from enhanced
SiNx etch rates within the initial etching phase. Cyclic etching also affects
the sidewall verticality due to an enhanced ratio between vertical and
lateral etch rates within the very first minutes. As discussed above, when
no cyclic etching is employed, the vertical SiNx etching is increasingly
inhibited by a growing CxFy layer. On the other hand the lateral etch rate
for deep holes with an aspect ratio > 1.5 is dominated by ions impinging
under an angle of ≈30◦ off the vertical axis (i.e., 60◦ incidence angle on
the sidewalls) due to the reduced acceptance angle. Earlier investigations
[110] showed that physical ion bombardment is most efficient under an
angle of 60◦ and can therefore strongly suppress the build-up of CxFy-
layers at the sidewalls. Consequently, the lateral etch rate is not reduced
over time in contrast to the vertical etch rate as was measured in [110].
Cyclic etching restores a more favorable balance with less vertical etch
rate reduction.

As a preliminary conclusion, we can state that cyclic etching of SiNx

with CHF3/O2 has superior properties compared to the continuous pro-
cess concerning verticality, suppression of re-deposition and etch rate.
However, it does not achieve a selectivity to PMMA of 4:1 which is re-
quired for the etching of small holes into a 400nm thick SiNx layer with
200nm of PMMA as an initial mask. As already stated, high selectivity
is even more essential if we consider both RIE-lag (see Sect. 4.5.1) and a
reasonable process tolerance to compensate, e.g., for resist shrinkage (see
Sect. 3.6).
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Figure 4.6: Photonic crystal holes (diameter=300nm) etched into SiNx

with a CHF3/O2 plasma (for parameters see Tab. 4.1), a) after 7min
continuous etching, b) after 14×30s cyclic etching with N2 flushing steps
of 3min.
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4.3.4 Titanium as a Masking Material for Cyclic Etch-
ing of SiNx

In order to enhance the overall selectivity of SiNx to PMMA, a 30nm
thick Ti layer was introduced between SiNx and PMMA. The idea behind
a masking strategy with Ti lies in the possibility to etch it as a relatively
soft metal and to employ the resulting hard TiO2 surface layer after “in-
situ” oxidation as a stable mask in, e.g., fluorocarbon-rich plasmas as was
demonstrated in [125]. Furthermore, metallic Ti can reduce detrimental
charging effects during EBL writing, which occur due to the highly insu-
lating nature of SiNx and PMMA. An optimized process to transfer the
pattern from 200nm of PMMA into 30nm of Ti will be discussed in the
following Sect. 4.4.

The same etch process for SiNx as discussed in the previous section
was used to investigate the Ti etch rate under cyclic etching. In Fig. 4.5,
it is shown that the etch rate for large Ti areas decreases linearly by 15%
to 3.7nm/min when the etch cycle duration is reduced from 4min to 30s.
This amounts to an excellent etch selectivity between Ti and SiNx of more
than 20:1. It should be noted that for both materials, Ti and SiNx, the
influence of the cycle length on the selectivity favors short etch cycles.
In the case of Ti etching, this behavior can be explained by an oxidation
of Ti due to the presence of O2 in the plasma and a re-formation of the
hard TiO2 layer at the surface during the N2 flushing steps. A complete
oxidation of the Ti layer in the course of the process is evidenced by the
fact that the Ti layer is metallic opaque under ambient light before the
CHF3/O2 step (below the PMMA layer) but appears transparent after
SiNx etching although there remains a 10-20nm thick layer of Ti as was
apparent in SEM-micrographs (see e.g. Fig. 4.6 b)). Deliberate oxidation
and hence hardening of the Ti layer can be achieved as well with a soft
O2 plasma step (e.g. 200mT pressure, ≈80V DC-bias). An increased
resistance against erosion of the Ti mask was experimentally confirmed
for such an oxidation step. It can be assumed that a fully oxidized TiO2

layer is predominantly eroded from sputtering with energetic ions.
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4.4 High Selectivity Etching of Ti
from PMMA

The excellent etch resistance of “in-situ” oxidized Ti against CHF3-based
plasmas as discussed in the previous section is only useful, if a suitable pro-
cess is available to transfer the pattern into Ti from ≈200nm PMMA. To
gain some process latitude, especially for dense PPC structures which may
suffer from resist shrinkage (see Sect. 3.6), the pattern transfer through
TiO2 should be reliably completed after etching away ≈160nm of PMMA.
Hard, but thin masking layers (as e.g. 30nm Ti) offer two advantages:

• sidewall verticality has only a negligible impact on pattern transfer
accuracy

• aspect ratio dependent etching (ARDE) effects are small

It is known from literature that Ti can be etched using either F- or
Cl-containing chemistries [126, 127]. However, as Ti is very easily oxidized
under ambient conditions [126], a 2-3 nm thick, hard TiO2 layer inevitably
forms at the surface. To ensure reproducibility of a Ti-etching process this
surface layer has to be reliably broken through first [125, 127].

4.4.1 Process Optimizations

In order to etch 30nm of partially oxidized Ti from a PMMA mask, SF6

was chosen as a reactive gas due to its expected superior Ti etch rate
compared to CF4 or CHF3. N2 or Ar were considered as neutral gases to
account for the physical etch component. The following process param-
eters were optimized to achieve the necessary selectivity between Ti and
PMMA for reliable processing.

Ar pre-sputtering: A 30s Ar sputtering step with an optimized pres-
sure of 40mT and a high RF power of 300W (DC bias ≈570V) can
break through the hard TiO2 layer and hence successfully suppress
the induction time of SF6 based Ti etching .

Gas composition: As can be seen in Fig. 4.7, the Ti etch rate exhibits
a maximum at a SF6 content of 80%, for both, Ar and N2.

Ar or N2 as neutral gas: SF6 based processes showed higher Ti and
lower PMMA etch rates with N2 compared to Ar.
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PMMA etch Ti etch SiNx etch
Process rate [nm/min] rate [nm/min] rate [nm/min]

Ar sputtering 20-30 5-8 —
SF6/N2 120-140 30-35 150-170

Table 4.2: Etch rates of Ti 2-step etch process.

Pressure: A maximum Ti etch rate was measured for a pressure of
30mT.1

DC-bias: The Ti layer was etched reliably for a DC-bias above ≈240V.
However, the PMMA etch rate increases rapidly with the bias volt-
age at a rate of: 0.5-1nm/(min·V). Therefore, the DC-bias should
be kept at 250-255V for reliable processing and a low PMMA etch
rate.

4.4.2 Results

Based on the optimizations discussed above, a 2-step Ti-etching process
was chosen consisting of (i) 30s of Ar sputtering at a high DC-bias of
≈570V and (ii) a 70s long RIE step using a SF6/N2 plasma. Optimized
process parameters (pressure, gas fluxes, etc.) can be found in Tab. 4.1.

We found that the 30nm Ti layer was reproducibly etched through
after 30s of Ar sputtering and 45-50s of SF6/N2 plasma etching. The
inset in Fig. 4.7 shows a sufficient sidewall verticality of the holes through
the thin Ti layer. The holes are etched smoothly into the underlying
SiNx (≈60nm) during the last 20-25s of the SF6/N2 plasma step. A
conservative estimate of the etch selectivity between Ti and PMMA would
amount to ≈1:5. The PMMA etch rate during the Ti etch process reaches
values of 120-140nm/min, but is strongly dependent on the precise DC
bias voltage. The Ar sputtering, on the other hand, was measured to have
only a small impact on the PMMA thickness (10-20nm). A summary of
the measured etch rates of these processes for the involved materials is
shown in Tab. 4.2. A remark should be made regarding the oxidation of
the Ti layer: Although the native oxide layer on top of the Ti can hardly
be avoided, a careful sample handling to suppress further oxidation is
absolutely crucial for the reproducibility of the process. Therefore, a
freshly evaporated Ti layer should be covered immediately with PMMA.

1Investigation performed at: SF6/N2=35:15 sccm, 100W.
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Concluding, the results of the discussed processes for SiNx and Ti
exhibit an excellent overall selectivity of roughly 5:1 between SiNx and
PMMA as is computed in Fig. 4.5. This enables us to accurately etch
photonic crystal holes of 200nm diameter more than 400nm into SiNx, as
can be seen in Figs. 4.9 and 4.14 b).

4.5 Aspect Ratio Dependent Etching of SiNx

using a CHF3-based Plasma

Reactive ion etching depends on the presence of (i) radicals adsorbed on
the surface and (ii) bombarding ions which deliver the necessary reac-
tion energy. The transport of both species to surfaces deep inside narrow
features is suppressed by ion shadowing and neutral diffusion processes
[128]. Therefore, etching characteristics such as sidewall verticality and
etch rates (RIE-lag) are altered inside high aspect ratio features compared
to the large area properties of the corresponding process. Such phenomena
are summarized under the term “aspect ratio dependent etching” (ARDE)
[129]. Fluorocarbon based processes are known to exhibit strong ARDE
effects, particularly for increased pressures and circle-like holes compared
to long trenches (see [113] and references therein). Microscopic modelling
of plasma etching processes is an active area of research for materials
which are relevant for microelectronics fabrication such as Si and SiO2,
but is virtually absent in the literature for other materials such as SiNx.
Such tools model several physical processes (neutrals diffusion, surface
reaction, ion transport) which are relevant for the plasma etching. Fur-
thermore, the models rely on empirical parameters such as ion flux and
the exact plasma composition (e.g. F, CF, CF2, CF3, CF4) which have to
be measured with specific plasma diagnostic tools. Neither the tools nor
the software were available in the course of this work. Therefore, we are
using a macroscopic/phenomenological model to describe the RIE-lag of
the SiNx etching process (see Tab. 4.1).

4.5.1 RIE-lag

RIE-lag denotes the phenomenon that the etch rate of small features de-
pends on their aspect ratio, or in other words: decreasing the hole diame-
ter results in a reduced etch depth after a given etch time. To characterize
RIE-lag, we will combine argumentations found in [129] and [130]. As a
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starting point, it was assumed that the differential etch rate ER(t) over
time only depends on the actual aspect ratio A. This is a reasonable
assumption for the considered SiNx etching process with a constant etch
time. We will compare the continuous and the cyclic process for a total
etch time of 7min. The average etch rate of each cycle is expected to
remain constant during the process. Hence, we can write:

ER(t) = ρ(A(t)) =
dD(T )
dt

=
d

dt
[w A(T )] = w

dA

dt
(4.2)

where D(T,w) is the etch depth of a feature of width w (diameter) after
an etch duration T and ρ(A) denotes the differential etch rate depending
on the aspect ratio [130].

To account for various situations (plasma characteristics, geometries),
we introduce Γ, a dimensionless parameter which characterizes the strength
of the lag effect. Γ is used to express the dependence of the differential
etch rate on the aspect ratio: ρ(A,Γ). For the case of chemically assisted,
ion bombardment enhanced etching, Gottscho et al. [129] pointed out
that ρ(A,Γ) depends on the diffusion of neutrals and on ion energy flux.
For moderate aspect ratios as is considered here (A≤3), the etch rate
shows a close-to-linear behavior. Therefore, it can be approximated by
ρ(A,Γ) = ρ0(1 − ΓA), with ρ0 the large area etch rate. Reshuffling and
integration of Eq. 4.2 leads to

∫ T

0

dt

w
=
T

w
=

∫ A

0

dA

ρ(A,Γ)
=

1
ρ0Γ

· ln 1
1−AΓ

(4.3)

which can be compared to experimentally measured etch depths for any
combination of (T,w).

Processes as described in Tab. 4.1 were used to etch through the Ti
layer and then, for T=7min, into a thick SiNx layer. Analysis of cross-
section micrographs resulted in experimentally determined etch depths
for a range of hole diameters. The SiNx etch duration T was corrected to
account for etch depths after the Ti etch step. Equation 4.3 was used to
fit etch depth data D(T,w) for continuous and cyclic etching as seen in
Fig. 4.8. Results generally show a strong lag-effect. Measured values of
Γ≈ 0.2 are somewhat larger than those found in [130] of Γ≈ 0.1 for another
F-based chemistry. We found that the continuous process shows a more
pronounced lag-effect compared to the cyclic case. This is a further strong
motivation to favor the cyclic process. If we assume the linear model
for ρ(A,Γ) to be correct for all A, a maximum achievable aspect ratio
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Figure 4.8: Experimental characterization of RIE-lag for continuous (tri-
angles, dashed lines) and cyclic (squares, solid lines) etching of SiNx by
fitting the equation shown at the top to the measurement data (triangles,
squares). Only Γ was used as a fitting parameter. ρ0 was determined
from large area etch rates. Process details are given in Tab. 4.1. Straight
lines represent the case if no RIE-lag were present (Γ=0).
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Amax=1/Γ can be calculated for both processes: Acw
max≈4.2 and Acy

max≈6.1
(see Fig. 4.8) for which the etch rate would become zero. Because ρ(A)
adopts a more hyperbolic behavior for larger A, the linear model and
hence the calculated Amax are not rigorously correct, but they give an
indication for the aspect ratios at which the differential etch rate becomes
marginal.

Using determined values for ρ0 and Γfit, the etch depth D(T,w) can
now be expressed as:

D(T,w) = wA(T,w) =
w

Γfit

(
1− exp

[
−Γfitρ0T

w

])
(4.4)

In Fig. 4.9, the corresponding, more intuitive representation of the lag-
effect is shown for continuous and cyclic etching, i.e., the etch depth after
process completion. The curves represent Eq. 4.4 with independently
measured large-area etch rates ρ0 and the lag parameter Γfit from Fig. 4.8.
It can be seen that, down to hole diameters of ≈200nm, not more than
25% reduction in etch depth is measured. But if holes smaller than 150nm
are to be transferred, it becomes almost impossible to etch them reliably
through 400nm of SiNx with an etch time of 7min. Therefore, PPC designs
are limited to holes with diameters larger than 150nm when using this
process. Insets in Fig. 4.9 show cross-sections of holes which correspond
to the indicated measured data points. It can be seen as well, that lateral
etching (i.e. sidewall bowing) is more severe for continuous than for cyclic
etching as will now be discussed.

4.5.2 Sidewall Bowing

Sidewall bowing denotes lateral etching inside a high aspect ratio feature
although an isolated sidewall would etch perfectly vertically with the same
process. It is strongly associated with ARDE and is mostly caused by
ions which erode the sidewall passivation due to (i) scattering within the
feature (opposite walls, mask or bottom) or (ii) deflection towards the
sidewall caused by local electrostatic fields of a highly insulating material
[131].

For the SiNx etching process described above, sidewall bowing is quite
severely present for the continuous etching case and somewhat less for
the cyclic process (see Figs. 4.6 and 4.9). Sidewall bowing in PPC mask
etching must be avoided because (i) it represents a loss of feature size con-
trol, (ii) closely located holes may get connected through lateral etching
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and (iii) non-vertical mask sidewalls result in conical hole shapes during
the subsequent deep InP etching and, consequently, in increased optical
losses. Methods to suppress lateral etching in SiNx holes will be the main
topic in the next section.

4.6 Accurate Etching of High Aspect Ratio
Holes into SiNx

As a short recapitulation of this chapter so far, we can state that in
the preceding sections a SiNx etching process was demonstrated which
achieves high total selectivity toward PMMA but still suffers from pro-
nounced RIE-lag and sidewall bowing. The strength of the RIE-lag is
closely associated with the high selectivity offered by CHF3-based plas-
mas as both process properties have their origin in a chemically dominated
etching characteristic and relatively high pressures. For relatively large
holes (D >200nm), an increased etch selectivity can compensate for the
moderate effects of RIE-lag for these aspect ratios. Only if very small
holes (≤100nm) have to be transferred, the strongly increased RIE-lag
dominates and limits the achievable hole depth. A more serious limita-
tion for the fabrication of dense PPCs with moderate hole diameters arises
from sidewall bowing as discussed in Sect. 4.5.2. In fact, such PPC struc-
tures totally collapse during InP etching when holes are connected due
to additional lateral SiNx etching. Therefore, sidewall bowing has to be
suppressed. Methods and their limitations to achieve vertical etching of
a 150nm diameter hole into 400nm of SiNx will be discussed as the main
topic of this section.

4.6.1 Process Optimizations

CHF3/O2 Gas Ratio

According to the discussions in Sect. 4.2, increasing the CHF3/O2 ratio
makes more CxFy molecules available to protect the SiNx sidewall against
etching by F radicals. To overcome the CxFy protection layer at the bot-
tom, ion bombardment is needed which gives the process a more physical
etching characteristic. This can be seen in Fig. 4.10 where an experiment
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Figure 4.10: SiNx sidewall angles change from negative (>90◦) to
positive(≤90◦) inclination for increased CHF3/O2 ratio. Process pa-
rameters: cyclic etching 8×30s, pressure 45mT, DC-bias 365V and a)
CHF3:O2:N2=50:5:5sccm, b) CHF3:O2:N2=80:5:5sccm

is depicted which shows the impact of increasing the CHF3/O2 ratio2.
The process with low CHF3/O2 ratio produces steep sidewalls which are
slightly negatively inclined (overhanging) inside the hole. Increasing the
CHF3 content results in positively inclined profiles (see Fig. 4.10 b)). The
facts that both holes exhibit the same top edge radius and that the selec-
tivity towards the PMMA increases for more CHF3, substantiates that the
positive profiles of the process in b) are caused by an improved sidewall
protection through the enhanced deposition of fluorocarbon polymers and
not by mask erosion. However, the positive slope and hence the sidewall
protection decrease in strength deeper inside high aspect ratio features
as can be seen in the same figure. Nevertheless, the improved sidewall
protection can be used to counteract lateral etching and sidewall bowing.
It should be mentioned at this point that an excess CxFy concentration
near the surface due to increased CHF3 flow results in detrimental fluo-
rocarbon (FC) deposition as is visible in Fig. 4.6 a). It is mandatory to
suppress any excess FC deposition inside the holes, because the hydrogen
content in the polymer can react with the chlorine in the ICP-InP etching
process and form HCl, which causes wet-etching-like indentations around
the hole borders as is indicated by recent experiments with Cl-based ICP

2This process is very similar to the one discussed in Sects. 4.3.3 and 4.5. A small
flow of N2 was shown to have little impact on the hole shape in another experiment.
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Process PMMA etch SiNx etch SiNx/PMMA
gas flow [sccm] rate [nm/min] rate [nm/min] Selectivity

CHF3:O2:N2=50:5:5 43 75 1.7
CHF3:O2:N2=80:5:5 35 65 1.9

Table 4.3: Impact of CHF3/O2 ratio on etch rates and selectivities for the
same process as in Fig. 4.10.

etching [108]. Polymer suppression can be achieved with a lower pressure
or the addition of an inert gas, as discussed below. Table 4.3 illustrates
the impact of an increase of CHF3 content on the etch rates: SiNx as
well as PMMA are better protected and hence both etch rates decrease.
The selectivity between SiNx and PMMA, on the other hand, shows a
slight improvement. A similar behavior was qualitatively observed for the
selectivity between SiNx and Ti.

Pressure

Decreasing the pressure is expected to reduce FC-depositions as well as
ARDE effects (RIE-lag and sidewall bowing) [129]. Hence, the verticality
of high aspect ratio features is expected to be improved, partly by an
improved directionality of the ion momentum distribution. To investigate
such conjectures, we performed an experiment for which the results are
depicted in Fig. 4.11. As seen on the left side, a relatively high pressure
of 55mT results in:

1. a perfectly intact Ti masking layer

2. a strongly under-etched shape with adjacent holes connected in the
upper half through a broken wall

3. some fluffy structures around the hole entrance which are attributed
to FC deposition

Figure 4.11 b) shows the resulting hole for a markedly lower pressure of
40mT and a correspondingly higher DC-bias. This process results in:

1. a thinned Ti mask

2. no visible FC deposits
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Figure 4.11: Hole shape is improved and Ti mask erosion is increased for
lower pressure and higher DC-bias. Process parameters: cyclic etching
14×30s, CHF3:O2=50:5 sccm and a) pressure 55mT with 345V DC-bias,
b) pressure 40mT with 385V DC-bias.
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3. an improved verticality of the hole shape thanks to the widened
opening

Hence, a lower pressure does reduce FC-depositions but Fig. 4.11 b)
also makes apparent, that the Ti mask thickness would not allow further
etching (or higher DC-bias). Furthermore, the visible connection between
neighboring holes—which is very similar for both processes depicted in
Fig. 4.11—suggests that the total lateral etch rate is not dependent on
pressure.

Addition of N2

As discussed in Sect. 4.2, the introduction of N2 into the CHF3/O2 process
is expected to increase the ion bombardment and to dilute CFx molecules.
We confirmed such a behavior by experiments where the addition of N2

led to reduced FC depositions and to a more physical characteristic of the
process. This allows for a higher CHF3 content in the plasma without the
detrimental “clogging” of the holes by polymer depositions. Additional
experiments revealed that an increased CHF3 content and the addition
of N2 seem to balance each other in terms of FC deposition and Ti mask
erosion. Therefore, the strengths of both adverse effects remain acceptable
if the N2 gas flow is equal to the excess CHF3 flow above 50sccm. The
alternative to N2 as a sputtering gas would be Ar. It shows similar effects
on the hole shape and on the suppression of FC deposition but, due to its
higher mass, results in much worse Ti mask erosion.

Discussion

A systematic summary of process parameter impacts on hole shape and
etch rates is presented in Tab. 4.4. Apart from the effects discussed above,
the RIE-lag gets worse with increased CHF3-content and pressure. There-
fore, a pressure decrease can compensate for aggravated RIE-lag due to a
higher CHF3 density in the plasma. Furthermore, a distinction is made in
Tab. 4.4 between “hole widening” which means a diameter increase at the
opening of the hole and “sidewall bowing” which denotes under etching
roughly halfway inside the hole (see Fig. 4.11 b)). The former results from
Ti mask erosion and the latter is a consequence of ARDE effects inside
confined geometries.

From the trends in Tab. 4.4, it can be seen that vertical etching of high
aspect ratio holes can be accomplished with (i) a higher CHF3 content
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Hole Sidewall FC- RIE-
widening bowing deposition lag

CHF3/O2 ratio ↑ ↘ ↘ ↑ ↗
N2 ↑ ↗ → ↓ →

Pressure ↑ ↓ ↗ ↑ ↗
DC-bias↑ ↗ ↘ ↘ →

SiNx etch Ti SiNx/Ti
depth erosion selectivity

CHF3/O2 ratio ↑ ↘ ↘ ↗
N2 ↑ → ↑ ↘

Pressure ↑ ↗ ↓ ↑
DC-bias↑ ↗ ↑ ↘

Table 4.4: Impact of process parameters on hole shape and etch rates.
Up/down arrows denote an increase/decrease of the corresponding pa-
rameter/property. Changes of parameters are relative to the standard
cyclic process from Tab. 4.1: 14×30s, CHF3:O2:N2=50:5:0 sccm, 45mT,
375V DC-bias.

and (ii) lower pressures. Because an increase in CHF3 has to be accompa-
nied by an addition of N2 to counteracted FC deposition, both measures
inevitably result in a reduced etch resistance of the Ti mask, i.e. shorter
etch times and hence smaller etch depths. This formulates a fundamental
trade-off between hole shape and hole depth as improvements in shape
have to be payed with reductions in depth.

Nevertheless, we can define a working recipe how to optimize a process
under these constraints:

1. Start with the optimum process for large area etching, i.e. with
vertical sidewalls and a high selectivity

2. Increase the CHF3 and N2 flow to achieve vertical hole profiles at
the intended aspect ratio without FC deposition

3. Choose the lowest pressure which leaves the Ti mask intact and for
which the smallest holes of the structures still reach the desired etch
depth

The usefulness of this recipe, of course, is limited for high aspect ratios
and thin (Ti) masks. Note as well, that optimum parameters depend on
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Step Mask Large Oxi- Aspect Pressure CHF3:O2:N2

(min) surface dation ratio [mT] [sccm]
1 (2’) PMMA SiNx no small 50 55:5:0
2 (2’) TiO2 SiNx yes medium 45 60:5:10
3 (3’) TiO2 InP no high 40 70:5:20

Table 4.5: Graded 3 step process which emerged from optimizations as
discussed in Sect. 4.6.1. The pressure is reduced and the CHF3 and N2

flows are increased due to the growing hole aspect ratio. The oxidation
step is adapted to exposed mask and substrate materials. The DC-bias
is held constant at ≈380V by a 5W reduction of the RF power for each
5mT pressure decrease.

the hole aspect ratio and are, therefore, changing with proceeding etch
depths.

The last point to be discussed here is an oxidation step which is realized
as a soft O2 plasma (RF power=30W, pressure=200mT, DC bias=90V)
which can be introduced between etching steps of the cyclic etching. It
results in:

- reduced lifetime of the PMMA resist

+ improved etch resistance of the increasingly oxidized Ti mask

- hardening of FC deposits which inevitably form on bare InP surfaces

Therefore, an oxidation step is only advantageous after the PMMA has
already been etched away and before InP surfaces inside large areas are
laid bare, i.e. during step 2 of the SiNx etching process (see Tab. 4.5).

4.6.2 Results

The discussion in the previous section concerning oxidation and aspect
ratio dependent process characteristics suggests to divide the process into
three steps. The resulting optimized process steps can be found in Tab. 4.5
and the flow of the total plasma etching process is depicted in Fig. 4.12.
The soft oxidation is only carried out in the second step, whereas pressures
are reduced and CHF3/N2 flows are increased along with the growing hole
aspect ratio. Such a graded process saves the Ti mask at the beginning of
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Figure 4.12: The flow of the total plasma etching process including all
steps is schematically shown. Processes for Ar sputtering and RIE etching
of Ti are given in Tab. 4.1, the optimized parameters for the SiNx etching
process steps can be found in Tab. 4.5. The ICP-RIE etching process for
InP/InGaAsP is discussed in Sect. 4.7.

the process and hence maximizes the etch duration while simultaneously
ensuring vertical hole profiles.

In Figure 4.13, two PPC holes from the same sample etched into 400nm
of SiNx with the optimized process from Tab. 4.5 are depicted. The only
difference between the hole on the left and the one on the right hand side
are the diameters. Whereas the larger hole is fully etched through, the
smaller one barely touches the InP surface due to the RIE-lag. This offers
the opportunity to investigate the effect of an opened InP surface which
is not etched but reflects impinging ions back toward the hole opening.
The smaller hole exhibits an excellent verticality with sidewalls which are
close to 90◦ all along the depth and enough remaining Ti on top for at
least another minute of etching. This proves that our process does deliver
the performance which was stated above to be required, i.e. 150nm holes
vertically etched through 400nm of SiNx. Top and bottom hole borders of
the larger hole on the right hand side are very nicely aligned. This allows
for an accurate pattern transfer in the underlying InP. However, a small
amount of lateral etching is visible as well in Fig. 4.13 b). It is caused by
ions which are diffusively back-reflected from the atomically rough InP
surface. The momentum distribution of the back reflected ions, therefore,
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Figure 4.13: PPC holes from the same sample etched into 400nm of SiNx

with the optimized process from Tab. 4.5 for hole diameters of a) 160nm
and b) 220nm.

resembles a cos θ function [128] (see Fig. 4.13 b)). Such ions, therefore,
acquire additional lateral momentum, partially hit the sidewall and induce
lateral etching. This means that opened InP surfaces unavoidably lead to
a certain amount of lateral etching which, of course, is proportional to the
time for which the holes are over-etched. This effect was clearly visible in
most experiments down to very small hole radii.

4.7 Introduction to deep ICP-Etching of InP-
based Compounds

The figures of merit in the fabrication of a hard mask for InP based PPCs
are depth, verticality [132] and surface roughness of small-diameter holes
etched through an InGaAsP/InP slab waveguide. The pattern transfer
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Cl2:Ar:N2:He flow 15:5:2.4:15 sccm
ICP- / RF-power 600W / 160W
Pressure, DC-bias 2.2mT, 310V
Stage temperature 200◦C

Table 4.6: Optimized process parameters for high aspect ratio InP ICP
etching according to [133].

from the hard mask into InP is performed by inductively-coupled plasma
reactive-ion etching (ICP-RIE, on an Oxford Plasma-lab 100 system) us-
ing a chlorine based chemistry. Process development and results are dis-
cussed in depth in the thesis of P. Strasser [108]. Therefore, only a brief
summary of the achievements will be given at this point.

Compared to the conventional parallel plate plasma-reactor depicted
in Fig. 4.1, an ICP reactor features an additional RF-driven coil around
the plasma chamber which inductively couples energy into the plasma.
The independent control of inductive and capacitive power insertion to
the plasma allows to decouple the plasma density (ions per cm3) from
the DC-bias (ion energy), in contrast to the conventional RIE reactor
were these characteristics are interrelated. With the coil, a stable plasma
can be generated at low pressures and DC-biases. Optimized process
parameters as used in this work are summarized in Tab. 4.6. The impact
of the parameters is now briefly discussed according to [133]:

Cl2 is the main etchant of In, forming InCl3. It has a low vapor pressure
which makes its desorption the etch rate limiting factor. Etching at
200◦C instead of room temperature improves the InCl3 desorption
and avoids micro masking and low etch rates.

Stage temperature has to be elevated to 200◦C to enhance InCl3 des-
orption from the surface. The samples are thermally contacted to
the carrier wafer with vacuum grease.

Ar, He are inert gases in the plasma. Ar+ and Cl+ dominate the physical
etching component. He dilutes the plasma density but does not
contribute to sputtering due to its low atomic mass.

N2 enables sidewall passivation by forming N-P bonds [134]. It reduces
undercut but causes micro masking. The N2 flow has to be opti-
mized carefully [133].
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The pressure was reduced to the technical limit of the pumps to ensure
a high ion directionality and a low plasma density.

ICP- and RF-power control the plasma density and the DC-bias. The
plasma density is kept low to adapt the ion bombardment and thus
the mask erosion to the reduced etch rate inside deep holes.

Because optical losses are determined by hole shape, hole depth and sur-
face roughness, the plasma process has to be optimized regarding all cri-
teria. Particularly, the N2 content in the process gas requires a trade-off
between hole depth and shape [133]. With an optimized process a se-
lectivity towards the SiNx mask of 10:1 is achieved for hole diameters of
≈500nm. The selectivity is limited by the faceting of the mask at the
edge of the holes which is caused by the physical sputtering inherent to
the process [108].

In Fig. 4.14, the potential of our combined Ti/SiNx-RIE and InP-
ICP etching processes is demonstrated. We managed to transfer holes
with a diameter of 200nm from an EBL patterned 200nm thick PMMA
layer more than 3.5µm deep into the InGaAsP/InP slab waveguide. Fig-
ure 4.14 demonstrates the excellent verticality and accuracy which was
achieved throughout the process, as is visible after a) Ti etching, b) SiNx

etching and c) deep ICP etching into an InP substrate. The etch depth
of 3.5µm achieved with this technology resulted in W1 waveguide losses
of ≤500dB/cm [108] which corresponds to the current state-of-the-art of
400-500dB/cm [135].

4.8 Conclusion and Outlook

Conclusion

The results described in this chapter demonstrated for the first time that
accurate and deep ICP-RIE etching into an InP-based slab waveguide can
be done as well with a 30kV EBL system and that 100kV EBL equipment
is not a prerequisite. The imposed limitations in resist thickness required
to develop a hard mask RIE technology with a selectivity beyond state-
of-the-art in PPC fabrication. This was successfully achieved with our
process incorporating Ti and cyclic plasma etching.

As a first step, we introduced CHF3-based cyclic plasma etching in
Sect. 4.3 and showed that the selectivity between SiO2 and PMMA can
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Figure 4.14: Fabrication of photonic crystal holes with processes given
in Tabs. 4.1 and 4.6. Micrographs show 200nm diameter holes after a)
etching through 30nm of Ti using Ar-sputtering and an SF6/N2 plasma,
b) etching through 400nm of SiNx with a CHF3/O2 plasma, c) etching
3.5µm deep into an InP-based waveguide structure with a Cl2/Ar/N2/He
ICP-RIE plasma process [105].
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be doubled to ≈4:1 when reducing the etch cycles to 30s. The cause of this
effect was argued to be the reduced thermal degradation of PMMA. To
achieve a similar selectivity toward SiNx as a hard mask—which is better
suited for ICP etching—a 30nm Ti layer was introduced below the PMMA.
Cyclic etching again proved to be beneficial for the SiNx/Ti selectivity and
additionally improved the hole shape, the RIE-lag and suppressed detri-
mental fluorocarbon depositions. The Ti layer was successfully etched
with an initial Ar sputtering step and optimized SF6/N2 process parame-
ters. The resulting excellent overall selectivity between PMMA and SiNx

of almost 5:1 made it possible to etch small holes (≈150nm) into 400nm
of SiNx from an initial mask of only 200nm PMMA. A lower limit for
feasible hole diameters of 150nm implies a PPC design space of roughly a
factor of 2 for hole sizes when telecom applications are targeted.

Although an etch selectivity of almost 5:1 seems to be luxurious, the
etching of SiNx with at the same time a high selectivity and vertical side-
walls proved to be tricky for high aspect ratio holes. The characterization
of RIE-lag and an increased Ti erosion due to hole profile related opti-
mizations suggest that 400nm seems to be close to the maximum SiNx

thickness which can be reliably and accurately patterned with small holes
of diameters down to ≈150nm. In order to further optimize the SiNx

etching, the process was subdivided into three steps to account for dif-
ferent surface materials and growing aspect ratios. This allowed us to
demonstrate excellent vertical profiles of 160nm holes through 400nm of
SiNx down to the InP layer. This result was used as a starting point to
fabricate vertical and more than 3.5µm deep photonic crystal holes in a
InGaAsP/InP slab waveguide.

Outlook

For every micro/nano fabrication process, improvements are always pos-
sible. This is particularly true for plasma etching, as the parameters to
tune are manifold. At this point we would like to make a few suggestions
in which direction a promising path for further developments in the hard
mask technology could go. Two main targets can be identified:

Profile control in high aspect ratio SiNx hole etching relies on a delicate
balance between sidewall protection and suppression of fluorocarbon
depositions. It is expected that lower pressures are favorable in this
respect. However, lower pressures would require a more resistant
Ti/PMMA mask.
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SiNx thickness: Although the characterization of RIE-lag in Sect. 4.5.1
suggests that 400nm is close to the maximum thickness which can
be reliably patterned with small holes, of course, there are options
to improve the process in this respect. As the limitations arise from
lag effects, a restriction to hole diameters ≥200nm would certainly
allow for 50-100nm more of SiNx to be etched. Another straightfor-
ward improvement would be a moderate (5-10nm) increase of the
Ti thickness, which should be possible with careful process control
alone (moderate increase in PMMA thickness and Ti etch time). In
order to etch a doubled Ti thickness, switching to ZEP as an EBL
resist or the introduction of a more efficient [136], Cl and F con-
taining, etch chemistry would be necessary. Unfortunately, the ZEP
resist could not be patterned as accurately as PMMA up to now
due to its increased sensitivity. The resulting fast writing causes
pattern distortions due to an inaccurate dynamic beam placement.
Even more innovative technologists could consider to replace Ti by
Al which offers an even harder oxide (Al2O3), but presumably is
also more difficult to etch as a metal.

The stringent requirements for the hard mask process would, of course,
be loosened if an increased electron beam voltage and, consequently, a
thicker resist could be used or if less deep holes for membrane type PPCs
would be needed.

At this point, the basic processing steps (EBL, hard mask RIE and
deep InP ICP-RIE) to fabricate passive PPC devices are successfully
demonstrated. All of them were individually optimized to achieve an
optimum fabrication accuracy by, e.g., PEC methods in EBL or vertical
holes in plasma etching. The next chapter will present a short overview
on the fabrication of passive PPC structures and then concentrate on the
question of how fabrication disorder and accuracy evolve with the different
processing steps.





Chapter 5

Fabrication Disorder in
Planar Photonic Crystals

5.1 Introduction

The basic EBL and plasma etching processes discussed in the two previ-
ous chapters already allow us to fabricate planar photonic crystal (PPC)
structures. Such a technology enables fundamental investigations on the
physics and functionality of PPC devices such as loss, temperature tun-
ing, waveguide properties and carrier recombination mechanisms. Poten-
tial characterization techniques for PPC structures without access wave-
guides are: (i) the internal light source method [105, 132], (ii) ultra-fast
pump&probe measurements [137] or (iii) an evanescent coupling tech-
nique [138].

It is well known that disorder and imperfections in PPC fabrication
may induce additional losses or even impede device functionality. Apart
from hole radius variations due to proximity effects in EBL which were
discussed in Chapt. 3 other sources of fabrication disorder are:

• hole radius variations due to resist inhomogeneity, beam current
fluctuations, or loading effects during plasma etching

• ellipticity of holes due to EBL system instability or non-ideal cor-
rection of the astigmatism

121
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• hole-edge-roughness from EBL rasterization, development effects or
etching induced sidewall roughness

• positioning accuracy of holes due to EBL system instabilities (drift,
inhomogeneous magnetic fields, inaccurate dynamic beam place-
ment).

In substrate type PPC‘s, disorder-induced losses were shown to be negligi-
ble compared to those caused by intrinsic coupling to radiating modes, if
disorder does not exceed values of σ(δx)/R≤6% and σ(R)/R≤3% for po-
sitional and radius disorder, respectively, according to [59]. These figures
were obtained for losses in the air band of bulk PPC structures, which
are most sensitive to any kind of imperfections. In this context R denotes
the hole radius, δx the lateral displacement from the ideal hole position
and σ their standard deviations. The situation, however, is different for
membrane type PPC structures. Due to the theoretically lossless guid-
ing mechanism, any kind of fabrication disorder introduces excess loss
[61], e.g. roughly 9dB/(cm·nm) for random positional disorder (expressed
in nm standard deviation) according to [139]. In the case of cavities,
hole-edge-roughness and radius variations are major factors which pre-
vent Q-factors to rise into the multi million regime [140]. Investigations
on fabrication tolerances using SEM micrographs are already found in lit-
erature [58, 140, 141, 142, 81] and best reported σ-values are on the order
of 1-2nm for radius and positional disorder. Nevertheless, it is important
to characterize one’s own process in order to identify potential problems
and the main source of inaccuracies. Furthermore, in contrast to the pub-
lications cited above, the main topic of the experiment described in this
chapter is how fabrication disorder evolves from lithography to the final
InP etched structures, and in particular the transfer fidelity of our plasma
processes.

After a short overview of the PPC fabrication process in the next sec-
tion, the method to assess disorder in PPC’s will be discussed in Sect. 5.3.
Results and discussions concerning the hole radius variation, the hole
shape and its positioning accuracy will be presented in Sect. 5.4. Conclu-
sions will wrap up this chapter in Sect. 5.5.
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c)  Ti and SiNx

     RIE etching

d)  InGaAsP/InP
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Figure 5.1: Overview of the fabrication process for planar photonic crystal
structures. a) Build-up of the vertical layer stack on a planar substrate,
b) nano-patterning by EBL exposure and development, c) RIE of Ti and
SiNx (Sect. 4.6), d) deep ICP-RIE through the InP-based slab waveguide
(Sect. 4.7).

5.2 Overview on the Planar Photonic Crys-
tal Fabrication

A discussion of the fabrication steps, which were introduced in the pre-
vious chapters, will now be given first in order to serve as a base for the
following detailed discussion of inaccuracies and their sources. The fabri-
cation of planar photonic crystal structures consists of 3 main steps: (i)
build-up of vertical layer stack, (ii) lithography and (iii) plasma etching.
The last step may be subdivided into the plasma etching of the hard mask
layer and the subsequent etching into the slab waveguide. At this point a
brief summary of the process to fabricate substrate type InP-based PPC’s
will be given. The details of the major EBL and plasma etching steps are
found in Chapts. 3 and 4. Figure 5.1 shows schematically how the samples
look like after each step.

a) An InP/InGaAsP/InP slab waveguide is grown with standard MOCVD1

onto a planar, n-doped InP substrate to reduce charge build-up dur-
ing the EBL exposure. The thicknesses of cladding and core layers
are 200-300nm and 300-500nm, respectively, and the core layer re-
fractive index is n=3.35-3.45, depending on the material compo-
sition. These layers will constitute the low-index contrast PPC
structure (∆n=0.2-0.3). Pattern-transfer layers such as the hard

1MOCVD: metal organic chemical vapor deposition
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mask, are 400nm of SiNx and 30nm of Ti deposited by PECVD2

and electron-gun evaporation, respectively. 200-240nm of PMMA
950K as an EBL sensitive resist is spin coated and baked at 180◦C
for 60min shortly after the Ti deposition to avoid oxidation.

b) Proximity effect corrected PPC designs are EBL exposed with a 30kV
Raith150 system. Development of the PMMA structures is per-
formed in MiBK:IPA3=1:3 at 22◦C for 65 seconds.

c) After development, the structures are immediately etched in the pre-
viously cleaned RIE reactor to avoid Ti oxidation. Process details
of the Ti and SiNx plasma etching are described in Chapt. 4.

d) Deep etching of the PPC holes is performed in the ICP-RIE reactor
as described in Sect. 4.7. The remaining SiNx is finally stripped in
HF to complete the fabrication.

The suitability of the process is demonstrated by fabricated samples which
were successfully characterized with the internal light source technique to
determine the PPC losses [105]. Furthermore, pump&probe investigations
carried out with our samples allowed to assess the carrier life time in PPC
structures and revealed that it is dominated by surface recombination at
the hole edges [137].

5.3 Assessment of Fabrication Disorder: Ex-
perimental Method

Large PPC pads were written by EBL onto 3 individual chips. Pattern
transfer was performed as described above. The holes were written as do-
decagons, to ensure a close-to-circular shape with a 155µm EBL writefield
resulting in a 2.5nm address grid spacing. The address gird spacing was
minimal for the chosen writefield and is not expected to introduce rough-
ness because the minimal beam diameter in the PMMA is on the order of
20nm. SEM micrographs were acquired after (i) development, (ii) SiNx

RIE etching and (iii) InP ICP etching as depicted in Fig. 5.2. The resolu-
tion limit (beam width) of the SEM is 2-3nm according to manufacturer
specifications. Hole widening during etching processes lead to collapsed

2PECVD: plasma enhanced chemical vapor deposition
3MiBK: methyl-isobutylketanone, IPA: isopropanol
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Figure 5.2: Experimental procedure to determine pattern-transfer fidelity
and positioning accuracy. a) SEM micrographs (2.4nm/pixel) were ac-
quired of Pt coated structures after PMMA development (chip 1), SiNx

RIE etching (chip 2) and InP ICP etching after an HF dip (chip 3). b)
Micrographs were taken from the edge and the center region of a large
PPC pad (RD/a=0.3).

PPC structures in the pad center for high dose values. Therefore, expo-
sure doses of D/Dcl = 0.8 (corrected with midpoint-equalization PEC)
and D/Dcl = 1.6 (uncorrected) were chosen for the analysis, where Dcl

denotes the clearing dose. Corrected structures were somewhat under-
exposed compared to optimum values for PEC (D/Dcl = 1). In order
to discriminate between proximity effect induced hole size variations and
other effects such as micro loading [111] or dynamic electron beam in-
stabilities during exposure, the edge and center regions of corrected and
non-corrected pads were analyzed (see Fig. 5.2 b)). In the center of such
a large pad no proximity effects are present (apart from the reduced dose
contrast). The edge region, however, presents the worst case scenario from
this point of view. Therefore, tolerance figures are not directly compa-
rable with those determined in Chapt. 3. Nevertheless, we can compare
radius variations and hole-edge-roughness at the edge and in the center
of the pad and in this way assess a possible correlation of these two fig-
ures. Examples of SEM micrographs (as acquired) from the corrected
edge regions are shown in the lower part of Fig. 5.2 a).

Areas of individual holes were revealed by thresholding from the gray
scale images (see also the method described in Sect. 3.4.3). The threshold
values were chosen in the middle between the histogram peaks of dark pix-
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Figure 5.3: Geometrical properties are determined for each hole individ-
ually. Ensemble disorder figures are calculated accordingly. a) Effective
radius R determined from the hole area, b) distance of each perimeter
pixel to the hole’s center of mass, c) hole ellipticity and d) x- and y-offset
of the center of mass from an ideal lattice. The ideal lattice was deter-
mined from the lowest left hole as the origin and the average lattice vector
of the leftmost column.

els (inside the holes) and bright pixels (between the holes). The analysis
was performed from binary images with the help of Matlab. We can dis-
tinguish between figures of merits of individual holes, such as an effective
radius Reff and figures of hole ensembles, e.g. the average effective radius
R̄ or its standard deviation σ(R). Disorder figures and their computation
are schematically shown in Fig. 5.3 a)-d).

a) Reff , the effective radius, is calculated from the area of a hole, i.e. the
number of black pixels. The center of mass of each hole (x, y) is
determined as well. An ensemble of holes can be characterized by
the average radius R̄ and its standard deviation σ(R). The tolerance
of SEM-extracted hole diameters is discussed in Sect. 5.4.2.

b) ρ(θ), the so-called pixel radius, is calculated as the distance of each
perimeter pixel to the center of mass of the hole. Each hole exhibits
an average pixel radius ρ̄ and its standard deviation σ(ρ) which can
be understood as the hole-edge-roughness. An important character-
istic of hole ensembles is the average hole-edge-roughness σ̄(ρ).

c) The non-circularity of a hole is measured as the eccentricity ε=
√

1− q2

p2

and the relative difference φ=p−q
p+q between the two major axes (p, q)

of the ascribed ellipse. When looking at ensembles, we consider their
averages ε̄ and φ̄.
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d) The positioning accuracy is given by the offset (δx, δy) of each hole
from the “ideal” triangular lattice. The “ideal” lattice vector ~a
is calculated from the holes in the leftmost column (see Fig. 5.3).
Columns correspond to the fast writing direction (see upper inset of
Fig. 5.4) which implies that drift in y-direction (column) is expected
to be marginal, while drift in x-direction (rows) can be larger and
would be detectable. The average x- and y-offsets (δ̄x, δ̄y) and their
standard deviations (σ(δx), σ(δy)) are calculated for each column
separately.

5.4 Fabrication Disorder: Results and Dis-
cussions

Extracted tolerance figures are in general very good, i.e. on the few-
nm-level (exceptions will be discussed in detail below). However, this
also implies that some values are very close to the resolution limit of the
available equipment which is given by the address-grid step-size (2.4nm)
for the exposure and the beam width (2-3nm) for the detection process.
Therefore, only conclusions and trends which on our opinion are significant
will be discussed below.

5.4.1 Average Hole Radius

R̄ [nm] Chip 1 (PMMA) Chip 2 (SiNx) Chip 3 (InP)
No PEC, Center 98 135 149

PEC, Center 94 132 146

Table 5.1: Development of average effective hole radii R̄ over three pro-
cessing steps, measured in the pad center for corrected and non-corrected
structures.

Average hole radii R̄ measured in the center region of each chip are
summarized in Tab. 5.1. Hole radii of chip 1 represent the shape at the
hole bottom, i.e. the cleared-off area, in contrast to the measurements of
chip 2 or 3, where the sharp top-edge is revealed. Measured radii of chip
1 are somewhat smaller than the design radius of R=108nm due to the
chosen exposure dose. However, the bright rim around each hole (visible
in Fig. 5.2 a) for chip 1) indicates that the resist profile is not abrupt but
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a bit rounded-off at the top edge. The transition regions have a width
of roughly 20nm and are partly transferred as well into the underlying
SiNx. This effect is to some extent responsible for the ≈40% increase in
hole radius after SiNx etching. Additionally, hole widening due to physical
sputtering of the Ti mask, as discussed in Sect. 4.6.1, contributes as well to
enlarged hole openings. Finally, the radii measured at the InP surface are
further enlarged, coming close to an inter-hole distance of ≈50nm which
empirically emerged as a technological limit for deep etched structures
from various experiments. The radius increase from chip 2 to chip 3
originates presumably from mask erosion which is caused by the intense
ion bombardment in the ICP-RIE process or a slight sidewall bowing
during SiNx etching.

A reproducible increase in hole radius over several processing steps is
not uncommon in nano-fabrication [24] and can in principle be dealt with
at the design stage of the specific devices. However, from the point of view
of design flexibility such an effect is undesirable. RIE-lag in SiNx limits
the minimal hole diameter to be transferred from PMMA to ≈150nm
which is then further enlarged during ICP etching. This would imply
that the minimal hole radius which can be fabricated in InP is on the
order of 220nm. This clearly reduces the available design space and limits
the smallest hole which can be fabricated for, e.g., a W3-W1 waveguide
taper structure and consequently reduces the coupling performance of
such taper structures as was discussed in[39]. At this point it is however
not clear how much the effect of resist shrinkage due to a small dose
contrast in the middle of a large pad contributes to the hole enlargement.
Such an effect would consequently be weaker for smaller structures.

5.4.2 Hole Radius Variation

σ(R) [nm, %] Chip 1 (PMMA) Chip 2 (SiNx) Chip 3 (InP)
No PEC, Center 1.8nm, 1.9% 2.0nm, 1.5% 1.8nm, 1.2%
No PEC, Edge 14nm, 16% 14nm, 12% 21nm, 17%
PEC, Center 2.0nm, 2.1% 2.1nm, 1.6% 1.8nm, 1.2%
PEC, Edge 3.2nm, 3.5% 2.6nm, 2.0% 2.0nm, 1.4%

Table 5.2: Evolution of hole radius standard deviation σ(R) over three
processing steps, measured in the center and the edge of the pad for
corrected and non-corrected structures. All numbers are given in nm and
relative to the average radius as a percentage. One pixel is 2.4nm.
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In Tab. 5.2 the variations of the effective hole radii (σ(R)=σR) are
given for the different chips. The impact of PEC is demonstrated with the
striking difference in hole radius variation for the corrected (σR=3.2nm)
and not corrected (σR=14nm) edge region of the PMMA structure. Al-
though a remaining variation of σR/R̄=3.5% is quite high, it can be at-
tributed to the chosen exposure dose ofD/Dcl=0.8 which is lower than the
optimal dose for midpoint-equalization PEC (see Sect. 3.4.2). Moreover,
this structure shows a very interesting decrease in hole radius variation
after the two etching steps from σR=3.2nm measured for the PMMA
structure to σR=2.0nm for the holes in InP. The cause for this reduction
is not entirely clear, though it might be explained by a micro loading ef-
fect during the plasma etching [111]. Microloading effects result from the
local consumption of reactive species, which depends on the particular
local density of holes. Consequently, holes in the middle of large pads
experience a slower etching compared to holes located at the edge which
etch faster and grow larger. This effect results in an improved radius
homogeneity through plasma etching, which, in this particular case com-
pensates for imperfect PEC. Hole radius variations in the pad center are
consistently smaller than one pixel, i.e. close to the sensitivity limit of our
method, which confirms the high quality of our lithography and etching
processes and corroborates that effects of resist inhomogeneity and beam
fluctuations are under control. The hole-edge-roughness of a perfect but
pixelized circle is constant at ≈0.3 pixel according to several simulations
with decreasing pixel sizes for a constant radius. This can be seen as the
uncertainty interval of the radius extraction procedure for images with a
perfect contrast, i.e. the upper limit for the sensitivity of this method.
SEM micrographs which exhibit noise due to a limited image contrast are
expected to possess a lower sensitivity, i.e. a higher uncertainty. This
reasoning is supported by the fact that the smallest hole radius variation
measured with this method was σR=1.4nm, i.e. ≈0.6 pixel, in the course
of this work. The smallest values measured with SEM micrographs found
in literature are roughly 1.2nm [141, 142, 81].

5.4.3 Hole-Edge-Roughness and Eccentricity

Table 5.3 displays the average hole-edge-roughness as measured for the
different chips and regions. All measurements show values of σ̄(ρ)=2-
4nm, i.e. 1-2 pixel. These numbers are in good agreement with similar
SEM investigations from several state-of-the-art PPC fabrication facili-
ties which resulted in a hole-edge-roughness of σ̄(ρ)=2.7-3.6nm for PPC
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σ̄(ρ) [nm, %] Chip 1 Chip 2 Chip 3
No PEC, Center 2.5nm, 2.5% 2.7nm, 2.0% 3.1nm, 2.1%
No PEC, Edge 2.8nm, 3.4% 3.7nm, 3.1% 4.1nm, 3.2%
PEC, Center 2.5nm, 2.6% 2.9nm, 2.2% 3.2nm, 2.2%
PEC, Edge 2.3nm, 2.5% 2.8nm, 2.1% 3.0nm, 2.1%

Table 5.3: Development of hole-edge-roughness σ̄(ρ) over three processing
steps, measured in the center and at the edge of the pad for corrected
and non-corrected structures. All figures are standard deviations of the
perimeter-center distance averaged over the ensemble and are given in nm
and relative to the average radius as a percentage. One pixel is 2.4nm.

holes in InP or Si [141]. The hole-edge-roughness introduced by the finite
resolution itself, i.e. for a perfect pixelized circle, is already 0.3 pixel.
The absolute value of σ̄(ρ) in nm increases by roughly 25% from chip 1
to chip 3. This suggests that plasma etching (or maybe further process-
ing in general) introduces a limited amount of additional roughness. As
a general remark, when comparing Tabs. 5.2 and 5.3 we can state that
trends for effective hole radius variations are different from trends of hole-
edge-roughness over the processing steps. This implies that these two
effects are not correlated. The fact that world record PPC cavities (Q ≈1
million) [140] and lowest loss PPC membrane waveguides (5dB/cm) [60]
were fabricated with hole-edge-roughnesses of 2nm and 3nm respectively
suggests that figures measured for our process do not introduce significant
additional loss in substrate-type PPC devices.

The hole eccentricity for all measurements (except the non-corrected
edge region which exhibits distorted shapes) was ε̄=0.25±0.01. Expressed
as a main axis deviation this amounts to φ̄=(p−q)/(p+q)=1.9±0.2%,
where p, q are the major and minor ellipse axis lengths respectively. This
value is slightly lower than the hole-edge-roughness, as would be expected
for well defined close-to-circular holes.

5.4.4 Positioning Accuracy

The EBL exposure for this experiment was performed column wise from
left to right (see upper inset of Fig. 5.4). Therefore, the construction of
the ideal lattice uses the leftmost column to determine the lattice vector
~a and the lattice origin (see Fig. 5.3 d)). The determination of the lattice
vector with any other column does not change the results significantly.
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In order to assess the positioning accuracy, the x- and y-deviation (δx,
δy) of the center of mass of each hole from the ideal lattice point is calcu-
lated. The average x- and y- offsets (δ̄x, δ̄y) and their standard deviations
(σ(δx), σ(δy)) are analyzed column wise, i.e., all holes with the same x-
coordinate are seen as an ensemble. This allows to identify a possible
sample drift during the EBL writing as a trend of δ̄x and δ̄y observed
over several columns. The standard deviations of the x- and y- offsets
(σ̄(δx), σ̄(δy)) are averaged over all columns and can be identified as the
stochastic positioning disorder which is induced by the limited accuracy
of the dynamic beam placement.

It should be noted that the fast and slow scan directions of the SEM
have to be calibrated in order to acquire non-distorted, orthogonal im-
ages. This is usually not the case in a conventional SEM for which the
electronics for the deflection plates in the x- and y-directions are slightly
detuned. However, the writefield calibration procedure of a lithography
tool can ensure the orthogonality of the scan directions by relying on
the laser-interferometer stage which is accurate down to 2nm. Images of
non-orthogonally scanned PPC structures reveal distorted lattices even if
the structures would be perfect. Such a distortion could be wrongly in-
terpreted as mechanical drift. The column-wise analysis of the standard
deviation of the positioning offset does, nevertheless, reveal the correct
stochastic positioning disorder. This is substantiated by the fact that cal-
ibrated and non-calibrated images of the same structure yield identical
results.

As a typical example, the x-offset (from the slow writing direction) as
recorded from chip 3 (PEC, edge) is depicted in Fig. 5.4 together with a
section of the processed and analyzed SEM micrograph. The image was
acquired with a calibrated scan manager to ensure orthogonality. The
asterisks represent the calculated ideal lattice sites. The position of each
individual hole scatters around its average column position. The scatter
width remains roughly constant at 2σ̄(δx)=3nm. The average column
position changes in jumps of ≈5nm (indicated by arrows in Fig. 5.4) but
seems to be constant in between. The jumps are presumably caused by
a (meanwhile repaired) defective compressed-air suspension. The y-offset
(fast beam direction) of the same structure shows a roughly doubled scat-
ter width of 2σ̄(δy)=5.4nm. This might be induced by dynamic beam-
placement errors caused by the choice of time-saving exposure parameters
(settling time 2ms, flyback factor 0.03). Settling parameters, which de-
pend on the beams distance-of-flight, seem to alleviate these errors to a
certain extent according to [143].
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Figure 5.4: Positioning accuracy analysis of chip 3 (PEC, edge). As an
example, the hole center x-offset (δx) from the ideal lattice site is given for
each hole depending on the holes x-position. The scatter width (standard
deviation σ(δx)) around the average column position is averaged over all
columns to yield the stochastic part of the disorder: σ̄(δx). Upper inset:
Writing sequence of the holes with y as the fast writing direction, i.e. the
pad is written columnwise. Lower inset: section of the post-processed
SEM micrograph with holes in white and asterisks representing the ideal
lattice site.
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per column Chip 1 (PMMA) Chip 2 (SiNx) Chip 3 (InP)
σ̄(δx) [nm] 1.9 3.7 1.7
σ̄(δy) [nm] 4.1 3.5 2.7

Table 5.4: Positioning accuracy relative to an ideal lattice which is con-
structed according to Fig. 5.3 d). The random locational disorder (σ(δx),
σ(δy)) is analyzed column wise and given as an average value for each
chip (center regions of corrected structures). Numbers are expected to be
correct to within 20%.

The positioning disorder results, summarized for each chip, are given
in Tab. 5.4. Except from the structure whose results are depicted in
Fig. 5.4, the positioning disorder figures have been obtained from con-
ventional SEM images which show quasi-drift arte-facts but for which
the column wise analysis, nevertheless, leads to the correct result. Mea-
sured values of the positioning accuracy are on the order of 2-4nm for
all considered structures. This is at the limit of the writing accuracy
(2.5nm address-grid resolution for these structures) and of the measure-
ment resolution (2.4nm/pixel). Whereas the positioning disorder for the
slow beam direction is low, optimized exposure parameters (i.e. a slower
exposure) should be used to improve the positioning accuracy also for the
fast beam direction. Nevertheless, all values for locational disorder are
well below the limit of noticeable excess loss in substrate type PPC which
is σ(δx)/R≤6% (σ(δx) ≈6-9nm) according to [59].

5.5 Conclusion

The investigations on fabrication induced disorder presented above prove
that radius variations and hole-edge-roughness remain on the nm-level
and, therefore, are subcritical for losses in substrate type PPC‘s over all
three processing steps (EBL, SiNx RIE and InP ICP). An undesired in-
crease in the hole radius caused by a combination of resist shrinkage and
ion bombardment induced mask erosion, however, reduces the design flex-
ibility. This problem could be tackled with an optimized combination of
masking materials and plasma processes. Positioning disorder was shown
to be at the resolution limit of both, the analysis method and the exposure
address grid, for the slow beam direction. For the fast beam direction a
somewhat increased disorder was found. First results of ongoing research
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revealed the impact of exposure parameters (writing speed) on the posi-
tioning accuracy of the fast beam direction [143]. Furthermore, it became
apparent that the system mechanical stability has to be ensured to avoid
even smallest sample displacements (5-10nm) during the exposure.

In order to go a step further and characterize structures, designs and
devices optically with the end-fire or the SNOM method (see Sect. 7.1)
the light has to be coupled reliably from a fiber or lens via a standard
waveguiding scheme to the PPC device and vice versa. The description
and discussion of a suitable optical integration technology for this task
will be the topic of the next chapter.



Chapter 6

Optical Integration with
Mix&Match Electron
Beam Lithography

6.1 Introduction

Efficient coupling of light from a standard telecom single-mode fiber (mode
diameter ≈9µm) to a single-mode PPC W1 waveguide (mode diameter
≈500nm) is not straightforward. With direct butt coupling, more than
90% of the light would be lost. Furthermore, the length of current PPC
test devices is often on the order of 100 µm. They are placed in the
center of larger chips to allow easier handling. Therefore, such structures
need a scheme to couple light reliably and with low loss (≤5dB) from a
fiber or lens to the PPC device under test. One option to solve both of
these problems are access waveguides which guide the light with low loss
(≤5dB/cm) to and from the PPC device and which offer an advantageous
coupling scheme to single mode fibers.

For low index contrast III-V based integrated optics there are three
waveguide types which can guide the light from the chip facet to the PPC
device: (i) narrow, deep etched trench waveguides (single mode, high
loss), (ii) broad, deep etched trench waveguides (highly multi mode, low
loss) and (iii) weakly confining shallow ridge waveguides (single mode,
low loss) as schematically depicted in Fig. 6.1. Narrow trench waveguides

135
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-  narrow trench,

+ single mode

+ broad trench,

-  multi mode

+ shallow ridge,

+ single mode

InP
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InGaAsP

~250nm 1-2µm 1-2µm

Figure 6.1: Schematic representation of waveguide options for InP-based
integrated optics with the modal properties and approximate waveguide
widths indicated.

which are single mode are difficult to fabricate over long distances due to
stitching and exhibit very high losses. This makes them an inappropriate
choice for access waveguides. Broad and highly multi-mode trench wave-
guides on the other hand are simple to fabricate and capable to guide
the light with low losses. As several modes can be excited and reach
the structure under test, the incoupling is irreproducible which impedes
the trustworthiness of the end-fire characterization results. The best op-
tion are ridge waveguides which offer single mode and low loss opera-
tion at the same time for the price of a second lithography and etching
step. Most end-fire transmission characterization of III-V based PPC’s
so far has been carried out with the broad deep trench-waveguide ap-
proach [39, 119, 48, 144, 135] which allows to write and etch the PPC and
the waveguides together in one step but requires many writefields to be
stitched. The accuracy specifications of the Raith150 manufacturer for
stitching of 100µm writefields are 30nm, whereas high end systems reach
values of 20nm stitching for 400µm writefields [142]. For PPC waveguides
measured with the deep (highly multi-mode) trench approach, state-of-
the-art values for propagation loss and reflections for a W1 waveguide are
400dB/cm and -19dB, respectively, according to [135]. Integration con-
cepts of PPC devices with shallow etched ridges are found less often in
the literature [24, 145] partially because they require a second lithography
and etching step. No figures are found in the literature for propagation
and coupling loss of W1 waveguides measured with a shallow ridge access
waveguide approach. Using optical lithography to define the access wave-
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guides allows for a full-wafer-technology with many devices fabricated in
one run and greatly reduced EBL writing times because only the central
mesa, where all the nano-structures are located, requires to be written
with EBL.

Considering the pros and cons of trench and ridge waveguides as sum-
marized in Tab. 6.1, we opted for the integration of optically defined
shallow ridges with deep etched EBL written PPC devices. This makes
the use of the so-called Mix&Match (M&M) technology mandatory [146]
which allows to overlay EBL written structures very accurately (40-50nm)
with respect to predefined markers.

narrow broad shallow
trench trench ridge

TE mode number 1 many 1
number of etch steps 1 1 2

width [µm] ≈0.25 1-2 1-2
waveguide loss [dB/cm] ≈100 ≤15 ≤5

fiber coupling loss -25dB -15dB -(5-10)dB
coupling reproducibility critical bad good

EBL writing time high high low
sensitivity to stitching high medium low
& machine instabilities

Overlay tolerance ≈40nm ≈40nm a) 300-400nm
/writefield /writefield b) 40-50nm

Table 6.1: Properties of single/multi mode deep etched trench waveguides
and shallow single mode ridges. Overlay tolerances for shallow ridge wave-
guides are: a) for 2 individual optical masks, b) for an EBL M&M process
aligned at pre-existing markers. Approximate figures for propagation and
coupling loss are taken from [108].

The focus of this chapter is on the development of the technology for a
M&M-based integrated optics process for PPC devices. After presenting
the general design layout scheme of our design in Sect. 6.2, alternative pro-
cess concepts are discussed in Sect. 6.3 and our choice is motivated. The
implementation of the chosen process is presented in Sect. 6.4, including
the discussion of critical technological issues such as (i) marker recogni-
tion, (ii) protection of nano-structures and (iii) overlay tolerance induced
excess loss. To demonstrate the viability of the developed technology, the
measurement of propagation and coupling losses of a W1 waveguide will
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~3mm
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Figure 6.2: Schematic chip overview with light coupled in with a lensed
fiber at the left facet and an objective lens (L) to collect transmitted light
from the right facet.

be presented in Sect. 6.5.

6.2 Layout

For the optical characterization with the end-fire technique or with scan-
ning near-field optical microscopy (SNOM) devices are placed in the center
of a chip with accessing waveguides on each side. In this section, we will
discuss layout considerations on the chip level.

A chip for end-fire characterization measures roughly 3mm from facet
to facet. It contains typically about a hundred optically defined paral-
lel input waveguides which guide the light to the central mesa where the
EBL patterned device under study is located (see Fig. 6.2). The parallel
waveguide arrangement allows for an efficient comparison of neighboring
devices as only the chip has to be moved along the chip facet to change
from one device to the next. Light from a lensed fiber is coupled into the
cleaved facet of a single mode ridge waveguide with a width of 1.5µm and
propagates to the mesa in the center of the chip. At the boundary of the
mesa an optimized taper design of a deep etched trench waveguide (see
Fig. 6.3 b)) was realized which achieves 80% coupling efficiency over a wide
spectral range (λ=1.4-1.7µm) according to 3D beam-propagation simula-
tions as discussed in the thesis of K. Rauscher [147]. From the trench, the
light is fed directly into various PPC devices using butt coupling as can be
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Figure 6.3: The central mesa of a sample for transmission measurements
fabricated with optical lithography and EBL M&M is depicted. a) Optical
microscopy image with markers, ridge and trench waveguides indicated,
b)-d) SEM micrographs showing the ridge-trench, the trench - PPC W1
and the trench-ridge coupling regions respectively.
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seen in Fig. 6.3 c) for the case of a W1 waveguide. The width of the trench
waveguide was chosen to be 500nm which makes the waveguide to support
two TE modes (even and odd). A single mode trench (≈250nm) would
be difficult to fabricate due to mask erosion and would exhibit very high
losses. The coupling from the single mode ridge waveguide to the trench
was designed to be symmetric in order to excite only the even mode of
the trench waveguide. To cope with the limited overlay accuracy between
electron-beam and optical lithography, the taper design exhibits 150nm
tolerance margins in transversal and longitudinal direction (Fig. 6.3 b)).
After coupling back into the ridge waveguide (6.3 d)), the light is collected
by a lens from the end-facet and its intensity is visualized in a camera for
alignment purposes or measured with a power meter.

The central mesa can be restricted to a single writefield (150µm),
thereby avoiding writefield stitching and distorted beam-placement for
large writefields. The writefield size and thus the extent of the mesa is a
trade-off between EBL accuracy (address grid resolution = writefield size
/216, writefield distortion) and space for PPC functionality. Distortions of
the beam placement at the border of the writefield become unacceptably
large for writefields which are larger than 150µm. This limits the usable
writefield size to roughly 150µm. The alignment between optically defined
ridge waveguides and EBL written PPC devices is performed with a M&M
technology which requires 4 small (1-2µm) EBL markers (e.g. crosses or
elbows). Such EBL markers are located at the edges of each mesa. They
are realized in a separate step either as Au structures or etched into the
underlying InP layer (see Fig. 6.3 a)). Alignment between two optical
masks is performed with conventional µm-sized Au markers distributed
over the whole 2-inch wafer.

6.3 Process Concepts for PPC Optical Inte-
gration in III-V Materials

For the success of a multi mask technology various demands have to be met
which are associated to the processing steps and their sequence. Before
the evaluation of alternative process concepts in Sect. 6.3.2 we will first
discuss the relevant criteria.
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6.3.1 Process Criteria

Overlay accuracy: Misalignment between optically and EBL defined
waveguides induces excess loss. Manual overlay accuracy between
two masks in optical contact lithography is on the order of 200-
400nm when processing 2-inch wafers but worse for smaller samples.
M&M EBL techniques, on the other hand, achieve excellent overlay
accuracies on the order of 40nm.

EBL patterning accuracy: For 30-50kV EBL systems, resist thickness
inhomogeneity due to sample non-planarity impedes the patterning
accuracy, particularly near pre-existing features (top-right inset in
Fig. 6.5). EBL resists which undergo additional processing steps
before development, may suffer from reduced resolution or repro-
ducibility.

Etch protection: Protection of pre-existing structures is crucial for any
integrated optics process. Lithography steps which are operated at
the resolution limit of the technology are restricted to relatively thin
resists. Typical resist thicknesses are 200nm for PPC patterning
with 30kV EBL and 500-800nm for optical lithography of 1-2µm
wide waveguides. As a rule of thumb, steps of roughly the same
height as the resist thickness can be covered. Typical heights of
shallow ridge waveguides are 0.2-2µm and ICP-RIE etched PPCs
and deep trench waveguides exhibit depths of 3-4µm.

Process complexity: A high process complexity results in long process-
ing time, bad reproducibility, a low yield and increased risk for total
wafer failure. Process complexity can be defined as the number of
process steps or the risk for an individual step to fail (reliability).

Sample size flexibility allows to perform fast prototyping of designs
or etching processes with small samples and fabrication of a large
number of devices on 2-inch wafers with the same process.

Further integrability: The favored process concept should allow for the
future integration of membrane-type PPC devices and the fabri-
cation of electrical contacts for optoelectronic functionality. Fab-
rication of membranes is facilitated if the mechanical stability of
waveguides is not impaired by the selective wet etch which is used
to release the membrane. The application of electrical contacts is
simplified on samples with a good planarity.
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Figure 6.4: Schematic representation of concept 1 in which the EBL writ-
ten nano-structures (PPC’s, trench waveguides) are patterned first, on a
planar sample. Optically defined micro-structures are then etched subse-
quently. See text for a more detailed discussion.

6.3.2 Process Concepts

In the following, 3 process concepts will be discussed. They are catego-
rized by the order of the nano or micro patterning steps. Nano-structures
are EBL written and etched deeply (≈4µm) through the slab waveguide
(PPCs, trench waveguides). Micro-structures are optically defined and
normally employ a shallow etch to reach the core layer of the vertical
waveguide (mesas, ridge waveguides). Processing details are found in
Sect. 6.4.

Concept 1: Nano-Structures before Micro-Structures

In process concept 1, the nano-structures are patterned first on a planar
substrate to ensure a high accuracy of the EBL writing (see Fig. 6.4).

Step 1: optical lithography, deposition of metal markers with a lift-off
process for the alignment of EBL and optical lithography
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Step 2(i): deposition of the SiNx/Ti/PMMA layer stack for PPC fabri-
cation, M&M EBL of nano-structures, resist development and pat-
tern transfer through Ti and SiNx layers with RIE

At this point the process can follow either one of two options. Option a)
results in shallow ridge waveguides and deeply etched nano-structures1

which need to be protected with conformally deposited SiNx before the
last etching step (see Sect. 6.4.2). This option is the one we have followed
up to now and which is described in more detail in Sect. 6.4.1.

a) Step 2(ii): deep etching of nano-structures with ICP-RIE

a) Step 3: sample cleaning, including a HF dip, deposition of SiNx for
protection of nano-structures, optical lithography of micro-structures,
pattern transfer through SiNx and InP with RIE, strip of SiNx with
HF

With option b) all access waveguides are deeply etched trenches and there-
fore highly multi mode, which is no problem for investigations with SNOM
but makes this process less suitable for accurate characterization with the
end-fire technique. There are no protection problems with this process
because only shallow structures in SiNx (≈400nm) have to be covered
with photo resist.

b) Step 3(i): optical lithography of micro-structures, pattern transfer
through Ti/SiNx layers with RIE

b) Step 3(ii): removal of photo resist residuals, deep etching of all struc-
tures with ICP-RIE, strip of SiNx with HF

The overlay accuracy of both process options is limited to 200-400nm
by the optical lithography which has to be aligned at the pre-defined
metal markers. The necessary protection of nano-structures with SiNx in
option a) increases the process complexity as an additional plasma-etch
step has to be introduced (see Sect. 6.4.2). Reduction of the sample size
for ICP etch-tests is easily possible with option b) but results in degraded
overlay accuracy when using option a). Further integration (membrane
or electrical contacts) is expected to be feasible with the shallow ridge
waveguides of option a) but very difficult with option b) because isolated,
deeply etched trench waveguides (≈4µm) are difficult to protect before any
successive etch or metallization step unless a sophisticated planarization
process is available.

1A similar process was used at Heinrich Hertz Institute, Berlin [148].
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Figure 6.5: Schematic representation of concept 2 in which the opti-
cally defined micro-structures (ridge waveguides, mesa) are patterned
first. EBL defined nano-structures are patterned subsequently on the
non-planar sample. See text for a more detailed discussion. The SEM
micrograph on top-right shows the coverage behavior of 200nm PMMA
spun onto a ridge waveguide of 400nm height.

Concept 2: Micro-Structures before Nano-Structures

In the second group of processes, micro-structures are fabricated first, to
alleviate the problem of the protection of the deep etched nano-structures.
At this point two options are discussed to fabricate the metal markers and
the shallow etched micro-structures as depicted in Fig. 6.5.

Option a) is the conventional approach of fabricating the metal mark-
ers and the micro-structures individually.

a) Step 1: optical lithography, deposition of metal markers with a lift-off
process for the alignment of EBL and optical lithography

a) Step 2: optical lithography of micro-structures, pattern transfer into
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InP with RIE

Option b) enables a better overlay accuracy because the metal markers
are fabricated self-aligned to the shallow etched micro-structures2.

b) Step 1: deposition of marker metal, SiNx and photo resist, optical
lithography of micro-structures and markers, pattern transfer through
SiNx with RIE, wet metal etching to create markers for EBL and
optical lithography, pattern transfer through InP with RIE

b) Step 2: sample cleaning, including a HF dip, optical lithography to
protect only metal markers, selective wet metal etch

Both options converge for the third step in which the deep etched nano-
structures are fabricated.

Step 3: deposition of the SiNx/Ti/PMMA layer stack for PPC fabrica-
tion, M&M EBL of nano-structures, pattern transfer through Ti
and SiNx with RIE, deep etching into InGaAsP/InP with ICP-RIE,
strip of SiNx with HF

The overlay accuracy between micro- and nano-structures of option a)
is limited to 200-400nm by the optical lithography, whereas option b)
achieves the excellent alignment tolerance of M&M EBL (≈40nm) thanks
to the self-aligned fabrication of the markers. However, for both options
thickness variations of the EBL resist close to feature edges (ridge wave-
guides, mesas) are likely to impair the EBL patterning accuracy. Further-
more, protection of the micro-structures (e.g. ridge waveguides) against
the aggressive, deep ICP-RIE etching process is critical for this concept.
Small arrows in Fig. 6.5 indicate a possible weak coverage of the micro-
structures and the SEM micrograph in the top-right illustrates the cover-
age problems of thin resists at the edges of ridge waveguides (only ≈20%
left). Both issues can be relaxed for limited ridge heights (≤ 1µm) with
a high voltage (100kV) EBL system as this allows one to use thick re-
sists (≈1µm) which are able to planarize the substrate without a serious
loss of accuracy. Furthermore, EBL with 100kV is less sensitive to resist
inhomogeneities. This concept would enable a high flexibility as small
samples can be EBL written individually for fast prototyping of design
testing. The potential for further integration is given as well thanks to
the use of ridge waveguides, very similar to process 1a).

2A similar process was in discussion at TU Eindhoven [149].



146 Chapter 6. Optical Integration with M&M EBL

Ridge MarkerPPC Ridge MarkerPPCTrench Ridge MarkerPPCTrench

Step 2:  selective photoresist strip, 

M&M EBL, SiNx RIE

Step 1: SiNx deposition, 

PMMA, optical lithography, 

PMMA & SiNx RIE, InP RIE

Step 3: Al2O3 lift-off, InP ICP-RIE

InPInP

InGaAsPInGaAsP

InPInP

SiNxSiNx

PMMAPMMA

PhotoresistPhotoresist

Al2O3Al2O3

3

Figure 6.6: Schematic representation of concept 3 in which the resist for
optical lithography protects the EBL resist for later nano-structuring. See
text for a more detailed discussion.

Concept 3: Micro-Structures with Nano-Structures

Process concept 3 is new and enables both, a high overlay accuracy thanks
to the self-aligned fabrication of micro- and nano-structures and no prob-
lems with etch protection of pre-patterned structures. A schematic rep-
resentation of concept 3 is shown in Fig. 6.6. Details about critical pro-
cessing issues are found in App. A.

Step 1: deposition of the SiNx/Ti/PMMA/photo resist layer stack, op-
tical lithography of micro-structures and markers, pattern transfer
through PMMA, Ti, SiNx and InP with RIE

Step 2: selective removal of photo resist (PMMA remains intact), M&M
EBL of nano-structures, pattern transfer through Ti and SiNx with
RIE

Step 3: deposition of Al2O3 to protect the micro-structures using optical
lithography and a lift-off process, deep etching of nano-structures
with ICP-RIE, strip of SiNx and Al2O3 with HF

This concept features an excellent overlay accuracy between micro-
and nano-structures (≈40nm) thanks to the self-aligned markers used in
M&M EBL. Furthermore, etch protection problems are avoided because
the EBL resist is spin-coated on the planar substrate before the photo
resist. EBL accuracy is not affected by the planarity of the resist, but
the resist may degrade during plasma etching and consequently loose its
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excellent properties for pattern formation. However, this issue requires
further investigations. The fabrication of shallow ridge waveguides with
this concept facilitates further integration (membranes or electrical con-
tacts).

This is a more exploratory concept with a high degree of innovation,
i.e. not found in literature. However, for a successful implementation, the
following novel processing steps have to be mastered which causes this
process to exhibit a high degree of process complexity and initially a low
reliability:

• plasma etching of PMMA/Ti/SiNx/InP

• selective removal of the photo resist leaving the PMMA intact

• recognition of markers (crosses) etched through PMMA/Ti/SiNx/InP

• EBL of plasma treated PMMA

• deposition of Al2O3 with a lift-off process to protect micro-structures

In the course of this thesis some work to implement this process has been
undertaken. However, due to time constraints in the project schedule we
switched to concept 1a) which allowed us to faster obtain results thanks
to a simpler implementation and a more mature technology. A discussion
on solved and open processing issues of concept 3 is presented in App. A.

6.3.3 Discussion

The process concepts presented above exhibit various strengths and limi-
tations. There is not one single concept which performs best for all crite-
ria, but rather several processes which are suitable for different purposes.
A summary of the discussed processes and their merits and weaknesses
concerning the established criteria is given in Tab. 6.2.

Processes 1b) and 2a) are relatively straightforward to implement
thanks to their low complexity. Whereas 1b) could well be used for rapid
optical characterization of InP etch processes, the choice of 2a) is rather
unlikely due its low accuracy and etch protection problems. Process con-
cepts 2b) and 3 would both offer an excellent overlay accuracy of ≈40nm.
However, process 2b) will fail because of the resist thickness limitations
of 30kV EBL systems and the associated etch protection problems. Pro-
cess 3, on the other hand, seems to be best suited for high accuracy
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Process 1a) 1b) 2a) 2b) 3
concept
Process medium low low- medium- high

complexity medium high
Overlay ≈300nm ≈300nm ≈300nm ≈40nm ≈40nm
accuracy

EBL good good impaired impaired unclear
accuracy

Etch solved very critical critical good
protection good
Sample low etch design design etch

flexibility test test test test
Further feasible difficult feasible feasible feasible

integration

Table 6.2: Process concepts: summary of properties and accomplishment
of criteria. Under the criteria “sample flexibility” we understand the
alternative to perform tests on small samples for either different designs
(“design test”) or only to test different etching processes (“etch test”).
Concepts for further integration are discussed in Sect. 6.3.1.

applications but the time consuming development of the required rather
complex novel processing steps was not compatible with our tight project
schedule. A discussion on solved and open processing issues of this con-
cept is presented in App. A.

For the purpose of research on passive PPC structures we choose to
implement process 1a). It offers good EBL accuracy, a manageable process
complexity and good prospects for further integration. The alignment
tolerance between ridge and trench waveguides is limited to 200-400nm
by the optical lithography. However, the alignment difference between
individual mesas on a single chip (distance of few mm) is determined by
the placing accuracy of the EBL step relative to the markers (≈40nm).
Such a placing tolerance exhibits in a worst case scenario—if ridge and
trench waveguides are misaligned by 400nm—an impact on the optical
transmission of less than 0.5dB. Therefore, the spectral response of the
PPC device-under-test in an end-fire measurement can be obtained with
the help of closely located calibration structures (e.g. ridge or trench
waveguides). For a detailed discussion on the analysis of transmission
data from end-fire measurements refer to [108].
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Figure 6.7: Integrated optics process for end-fire transmission measure-
ments. Mask 1: Au marker lift-off using optical lithography. Mask 2:
PPC fabrication with deeply etched holes and trenches (for details see
Sect. 5.2), aligned at Au markers using M&M EBL. Mask 3: Shallow RIE
etched access ridge waveguides using optical lithography aligned at Au
markers.

6.4 Implementation of an Integrated Optics
Process

As a consequence of the above discussion, process 1a) was implemented
to fabricate a large number of passive PPC devices on a 2-inch InP wafer.
This process will be described in detail first. Two issues which were
faced upon the practical implementation of the process are discussed in
Sect. 6.4.2: marker recognition and protection of deep nano-structures for
the second etching step. Afterwards, the process is characterized with
respect to the optical impact of ridge-trench waveguide misalignment in
Sect. 6.4.3.

6.4.1 Process Description

Process 1a) was chosen thanks to its manageable complexity, an optimum
EBL accuracy and an overlay accuracy which is sufficient for the charac-
terization of passive PPC devices as it does induce an uncertainty ≤0.5dB
for measurements calibrated with a nearby located calibration structure
(see Sect. 6.4.3). The process features three lithographic masks, two for
optical and one for electron beam lithography. Figure 6.7 depicts the
sample after completion of each patterning step.

Mask 1: Au markers of 200nm thickness are deposited for alignment of
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successive optical and electron-beam lithography steps. A standard
lift-off process using a chlorobenzene hardened, 500nm thick photo
resist is used. The choice of marker thicknesses and materials is
discussed in the first part of Sect. 6.4.2.

Mask 2: Pattern transfer layers are built up first as described in Sect. 5.2.
Then, M&M EBL, as developed in [146], is used to automatically
align and expose roughly 1000 individual PPC devices. Such an
exposure takes up to several days on a Raith150 system. After de-
velopment, the pattern is transferred through the hard mask and
then into the InGaAsP/InP slab waveguide. Before the next lithog-
raphy step, the sample has to be cleaned including a HF dip.

Mask 3: The deeply etched nano-structures are protected with SiNx

and a photo resist layer as will be discussed in the second part
of Sect. 6.4.2. The resist also serves to define the patterns for ridge
waveguides and mesas with optical lithography. Because optical
properties of the ridge waveguide do depend strongly on its width,
this lithography step requires a high accuracy and hence a relatively
thin resist layer (≤1µm). The critical alignment is greatly facilitated
by the use of 2-inch wafers. The pattern is transferred through the
SiNx layer using a combination of CHF3 and SF6-based processes
(for details see Tab. 4.1). The first exhibits good verticality and
selectivity between photo resist and SiNx but deposits detrimental
fluorocarbon polymers on the InP surface. This is avoided by the
SF6 process, which, however, shows a high degree of anisotropy. In
order to switch from the first to the second plasma process shortly
before the InP surface is reached, etch rates have to be determined
accurately, taking into account macro-loading effects [111]. This
way, a vertical profile with a clean InP surface is achieved, which is
crucial for the following methane-based process. The InP-cladding
layer is etched with a CH4/H2/Ar plasma as described in [150, 108].
This plasma process has an etch rate of ≈11nm/min and a very high
selectivity to photo resist and SiNx [108]. It slows down markedly
when reaching the InGaAsP layer. This enables a good etch depth
homogeneity over the whole 2-inch wafer if stopping at the InP-
InGaAsP interface is aimed at. As the final step, the sample is
cleaned, including an HF dip to remove the remaining SiNx.

This process features the following properties:
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Figure 6.8: Schematic representation of the coupling from the ridge access
waveguide to a W1 waveguide. The propagation losses of the different
waveguides are given as α and the loss from symmetric in- and outcoupling
is denoted as R. All figures represent the best achieved values as discussed
in the thesis of P. Strasser [108].

• typically more than 1000 individual PPC devices placed on a 2-inch
wafer which can be characterized using end-fire or SNOM

• a processing time of roughly 2 weeks

• sufficient overlay accuracy of better than 400nm between optical
and EBL defined structures which is constant across one chip (≈100
PPC devices)

• an overlay uncertainty of ≈50nm between optical and EBL de-
fined waveguides; this translates into an optical coupling uncertainty
(i.e. uncertainty of the normalized measurement) of ≈0.5dB (see
Sect. 6.4.3)

• single mode, low loss (3dB/cm [108]) ridge access waveguides, com-
bined with deep etched trenches (80dB/cm) and up to 4µm deep
PPC structures; this results in an overall insertion loss (except the
fiber-ridge coupling) into a W1 waveguide of 4-5dB; the coupling
and propagation loss figures are summarized in Fig. 6.8
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6.4.2 Processing Issues

Marker Recognition

In order to place EBL written nano-structures accurately on a sample,
pre-existing markers have to be located. In Fig. 6.9 a) a possible marker
layout is depicted. For accurate placement, crosses with 1-2µm branch
width are often used like the one indicated in the figure. The signal of the
secondary electron detector of a line scan across a marker branch is shown
in Fig. 6.9 b). Two orthogonal scans are used to correct the beam position
with respect to the sample. A threshold or cross-correlation algorithm can
be used to determine the marker position. This is usually done for each
mesa individually.

The markers should be recognized reliably to allow the use of auto-
matic algorithms. The reliability depends on the feature contrast during
the detection process. Sufficient contrast can be gained either from mate-
rial choice or from distinct topographic features. Tests revealed that heavy
metals such as W, Pt or Au are suitable to obtain a good contrast against
InP, on the other hand, marker recognition at 30kV becomes unreliable if
materials with smaller atomic masses such as Ti or Cr are used. Because
the markers will be buried below 400nm of SiNx and 200nm PMMA for
the specific process step, a minimum metal thickness of 200nm turned
out to be required. Figures 6.9 a) and b) show a marker-detection test for
250nm thick Au markers below 400nm SiNx. Crosses are clearly visible in
the SEM micrograph and the quality of the line scan allows to use a sim-
ple threshold algorithm to determine the feature location. The threshold
can be adapted prior to the exposure of a full 2-inch wafer with a test
such as the one seen in Fig. 6.9 b). Another viable option is the fabrica-
tion of markers as distinct topographic features. Unfortunately, shallow
etched crosses buried below SiNx and PMMA do not offer the required
contrast. However, deep etched holes or not buried, thick layer stacks are
also suitable to serve as EBL markers (see App. A).

Protection of deep Nano-Structures for further Plasma Etching

The PPC structures which are fabricated first, have to be protected for
the second etching step, during which the optically defined ridges are
fabricated. A CH4-based plasma which is described in detail in [108] is
used for this purpose, which requires only a thin masking layer thanks
to its very high selectivity to photo resist. First tests, however, revealed
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Figure 6.9: Left side: recognition of 250nm thick Au markers below 400nm
SiNx for 30kV M&M EBL, a) SEM micrograph for manual writefield cor-
rection, b) secondary electron detector signal for automatic marker recog-
nition and writefield correction. The non-symmetric line scan is caused
by the position of the detector at one side of the column. Right side:
cross-section micrographs showing the protection of deep etched nano-
structures. c) PPC holes after conformal PECVD deposition of 400nm
SiNx, d), e) trenches covered with SiNx and remaining the photo resist
after the SiNx RIE step of mask 3 (see Sect. 6.4.1).
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that even two 500nm thick layers of photo resist are sucked into the holes
(diameter=200-300nm) if directly spun onto the PPC structures. This
results in an InP cladding which is exposed to the plasma and partially
etched. Therefore, an additional conformal layer of 400nm SiNx (PECVD)
was introduced, which closes the holes reliably and also protects the edges
of deeply etched trenches (see Fig. 6.9 c)). SiNx can readily be removed
with HF at the end of the process due to the excellent wetting properties
of HF on SiNx. The spun-on photo resist(≈500nm) fills the remaining
openings. The micro-structures are defined with optical lithography and
transferred through the SiNx layer using CHF3 and SF6-based RIE pro-
cesses (Sect. 6.4.1). Figures 6.9 d) and e) show the successful coverage of
trench waveguides after the SiNx RIE step. Subsequently, the CH4-based
process transfers the pattern into the InP cladding.

The combination of 400nm conformally deposited SiNx and 500nm
spun-on photo resist protects all nano-structures up to a maximum width
of ≈1µm reliably. This is sufficient for the fabrication of narrow trench
waveguides because the optical intensity of the fundamental mode has
decayed to 10−6 at a distance of 1µm outside of the waveguide as compared
to the mode maximum in the center of the waveguide. Tests have shown
that edges of even larger, isolated openings are mostly protected due to
the conformity of the SiNx layer. However, the protection is limited for
structures in between clustered openings. In these cases, the photo resist
sinks into the deep openings and the thickness on top of such structures
(e.g. isolated trench waveguides) becomes insufficiently thin. In Fig. 6.9
e) it can be seen, that only very little photo resist is left on top of the
trench after the SiNx RIE etch in comparison to non-patterned areas to
the left and right. For wider openings, the SiNx would be etched away,
leaving the InP unprotected.

Consequently, reliable protection of deeply etched nano-structures was
achieved up to a width of ≈1µm by using 400nm conformally deposited
SiNx and photo resist. This is sufficient for the fabrication of PPC de-
vices and waveguides which are defined by narrow trenches. However, the
borders of large open areas can not be protected with this process.

6.4.3 Misalignment Induced Excess Loss

As described in Sect. 6.4.1, light is guided along weakly confining ridge
waveguides and coupled into tight trenches at the border of the mesa.
Transversal and longitudinal misalignment between the ridge and the
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trench waveguides due to the overlay tolerance of optical lithography in-
duces reflections and loss at the transition. Intentional tolerance margins
of 150nm in all directions have been introduced into the design of the
ridge-trench transition by the use of a trench taper design [147] as de-
picted in Fig. 6.3 b). Because the exact loss depends on the ridge wave-
guide design (mode extension), a tolerance width for coupling loss was
determined for several fabrication runs experimentally with the help of
end-fire transmission measurements (see also [147] and [108]).

In order to assess the particular impact of transversal misalignment,
a characterization structure was placed on all fabricated wafers. It con-
sists of a Vernier-like configuration, i.e. transversally shifted trenches as
seen in the inset of Fig. 6.10. Such a configuration enables to determine
the misalignment of the waveguides on a particular wafer as the (shifted)
trench with the maximum optical transmission marks the correct align-
ment. Furthermore, the Vernier structures allow us to quantify the optical
impact of transversal misalignment with the assignment of a 3dB toler-
ance width. The measurement of a tolerance width is independent of the
specific measured power level and does not require to be calibrated. Due
to the weak confinement in the 1.5µm wide ridges, longitudinal misalign-
ment of maximally 400nm is expected to have much less impact and was
not investigated.

The optical transmission through “ridge-shifted trench-ridge” wave-
guides of the Vernier structures was measured. Subsequently, the data was
averaged over the available wavelength range of λ=1465-1630nm. Results
from three wafers which were fabricated between February 2005 (02’05)
and January 2006 (01’06) are depicted in Fig. 6.10. The averaged opti-
cal transmission depending on the trench off-set I(x) was fitted with a
parabola as a first order approximation. The resulting best-fit parabola
for each set of data is given in the figure as well. Additionally, a 3dB
tolerance width was extracted for each wafer. These tolerance figures for
the alignment are, for all cases, on the order of ±500-600nm. This im-
plies that a maximum overlay misalignment of the optical lithography of
400nm—as manually achieved—induces not more than 2dB excess loss.

Such a misalignment and consequently also the excess loss is constant
over the length of one chip (≈7mm). Misalignment induced by thermal
expansion was determined to be less than ≈400nm over the width of a
2-inch wafer. This results in ≈20nm placement uncertainty between the
device-under-test (DUT) and the closest of 3 calibration structures per
chip. As a consequence, the placing uncertainty between the DUT and
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Figure 6.10: Impact of transversal misalignment (x) on the ridge-trench-
ridge (shallow-deep-shallow) optical transmission (I(x)) for several fab-
rication runs which were performed at 02.’05 (red circles), 09.’05 (green
squares) and 01.’06 (blue diamonds). The corresponding best-fit parabola
are indicated together with the measurement data and also given in their
functional forms. Inset: concept of the Vernier-like structures. Trench
waveguides (T) are transversally shifted compared to their accessing ridge
waveguides (R) by a range of off-sets (-0.75µm . . . +0.75µm).
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the nearest calibration structure is determined by the placing tolerance of
the M&M EBL step (≈40nm), which results in a total placing uncertainty
of 50-60nm when the DUT and the calibration structure are compared.

The tolerance margin of the optical transmission I, which is induced by
the placing uncertainty, is proportional to the constant misalignment of an
individual chip due to the manual alignment procedure, i.e.: dI = 2qx·dx,
where x is the constant misalignment between ridge and trench waveguides
on an individual chip and dx is the EBL induced placing uncertainty. The
proportionality constant q is obtained as the x2-coefficient of the fitted
parabola as given in Fig. 6.10. The resulting transmission uncertainty in-
duced by the overlay uncertainty is approximately ±0.4dB for the worst
case scenario of an initial misalignment of 400nm. If the initial misalign-
ment is lower, e.g. 50nm, the measurement tolerances are well below
0.1dB. However, the scatter of the data points in Fig. 6.10 suggests that
the uncertainty in fiber-chip coupling, which could be caused by, e.g.,
non-identical waveguide facets, is as well on the order of 0.5dB. An anal-
ysis and the optimization of the fiber-chip coupling reproducibility can be
found in [108].

The greatly increased measured power levels between fabrication runs
02.’05 and 01.’06 reflects the following improvements which were achieved
in the course of this work:

Design: larger vertical waveguides with better coupling efficiency from a
fiber and a lower lying mode profile for which the ridge waveguide
exhibits lower losses

Fabrication: smoother sidewalls of the trench waveguides thanks to im-
provements in the EBL writing strategy and a better PEC method

Measurement techniques: increase of launched laser power

As for overlay tolerance induced coupling loss, we can conclude that
manual misalignment of optical masks induce not more than 2dB excess
loss which is constant over the length of an individual chip and which
consequently can be de-embedded with nearby located calibration struc-
tures. The uncertainty of calibrated optical intensity measurements is
determined by the placing uncertainty of the M&M EBL step (≈0.4dB)
and the reproducibility of the fiber-chip coupling (≈0.5dB).
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Figure 6.11: Normalized optical transmission of a cut-back end-fire mea-
surement of a W1 PPC waveguide with lengths of 60a, 120a and 180a.
The transmission data was normalized to a trench waveguide located in
the center of the chip. Upper inset: schematic of the cut-back method
where different lengths of W1 waveguides are inserted in between the
trench waveguides.

6.5 Loss and Coupling Efficiency of a
W1 PPC Waveguide

To demonstrate the viability of the developed technology, the characteri-
zation of a W1 PPC waveguide will now be discussed.

TE polarized light from a laser source (λ=1470-1630nm) is coupled
with a lensed, polarization maintaining fiber into the cleaved facet of a
ridge waveguide. The light is guided along the ridge and trench wave-
guides to the PPC device and back in the reverse order to the cleaved
facet on the other side where it is collected by a microscope objective
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(see Fig. 6.2). Its intensity is measured with a camera or a power meter.
The principle of end-fire transmission measurements will be explained in
further detail in Sect. 7.1.1.

Thanks to the scaling law of electromagnetic fields in periodic me-
dia, lithographic tuning allows one to assess a large range of normal-
ized frequencies even with a light source of limited wavelength range. In
this experiment, PPC waveguides made of five different lattice constants
(a=400-500nm) are investigated to cover the reduced frequency range of
u=a/λ=0.25-0.34 (see Fig. 6.11). In order to determine the propagation
loss and the coupling efficiency of the waveguides, a cutback method was
employed which uses three lengths of PPC waveguides (L=60a, 120a,
180a). The PPC waveguides are placed in between trench waveguides
whose lengths were chosen to match the 150µm width of the mesa (see
upper inset of Fig. 6.11). The propagation loss of the trench waveguide
was determined in a similar experiment to be ≈440dB/cm for this partic-
ular chip. The loss was approximately constant over the whole wavelength
range. This relatively high loss figure is due to a large sidewall roughness.
The sidewall roughness originates from a fine fracturing (small border el-
ements) of the trench waveguides which was introduced in the course of
the PEC and a non-optimized plasma process at this stage of the devel-
opment. In a later experiment, this loss figure was reduced by factor of
5 to ≈80dB/cm by the use of an improved EBL writing strategy (merged
elements and an improved PEC method) and an optimized plasma etching
process [108].

The measured transmission of the considered structures is also dis-
cussed in the thesis of K. Rauscher [147] and is shown in Fig. 6.11. The
raw data was smoothed with a moving average over a wavelength win-
dow of 12nm in order to reduce the effects of Fabry-Perot fringes which
are caused by reflections between the two chip facets. The transmitted
intensity was normalized to the average optical transmission of a trench
waveguide located in the center of the chip which exhibits a roughly con-
stant detected power of -5dBm over the whole wavelength range of the
laser sources. Apart from reproducibility problems of the fiber-chip cou-
pling, which are visible where frequency ranges of the different lattice
constants overlap (see Fig. 6.11), the data nicely shows the effect of PPC
waveguide lengths and the spectral characteristics of the W1 waveguide.

A relatively flat transmission is seen for u=0.28-0.32 which falls off on
the low frequency side to reach the noise and stray light level at roughly
-27dB below u=0.25. The marked dip at u ≈0.323 (indicated with an ar-
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Figure 6.12: Extracted propagation loss at λ=1550nm and coupling ef-
ficiency into the W1 waveguide. The coupling efficiency is extrapolated
from the measured transmission and is defined as the transmission through
a W1 waveguide of length zero normalized to a trench waveguide located
in the center of the chip.

row) corresponds to the W1 mode gap at the Γ-point of the Brillouin zone.
The mode gap position is in good agreement with 3D MPB simulations
for this structure (see Fig. 2.6) for which the fill ratio R/a=0.36 was de-
termined with SEM micrographs. The band gap of the structure stretches
from u=0.237-0.357 and the W1 mode cut-off is found at u=0.242 as de-
termined by the same simulation technique (see Fig. 2.6). This result
implies, that for the presented measurement, the actual mode cut-off is
hidden by the noise floor due to a drastically reduced coupling efficiency
around the cut-off frequency.

From the measurements of Fig. 6.11 the propagation loss of the W1
waveguide can be calculated. The difference in transmitted optical power
between the waveguides of different lengths, results in the “W1 propaga-
tion loss” minus the “trench propagation loss”, because each PPC wave-
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guide section is replaced by a trench waveguide of the same length. With
the previously determined trench waveguide propagation loss of 440dB/cm
the W1 propagation loss was calculated and is displayed in Fig. 6.12. The
waveguide shows propagation losses of 1600-1800dB/cm for u≤0.31, which
is high and was remarkably lowered to ≈500dB/cm with a further im-
proved etching technology [108]. Wiggles around u=0.27 are presumably
measurement artifacts caused by irreproducible fiber-chip coupling. The
uncertainty of the extracted loss figure due to the placing tolerance of the
EBL written trench waveguide is 50dB/cm (see Sect. 6.4.3). Interestingly
above u=0.31 losses drop drastically down to the level of the trench wave-
guide. This behavior is interrupted by a loss peak around the mode gap
frequency of u=0.323 due to the absence of photonic states (see Fig. 2.6).
A similar behavior around the W1 mode gap was theoretically predicted
for membrane type PPC’s above the air light line [151].

With the help of the loss figure, an effective coupling efficiency can
be calculated by extrapolating the transmitted optical power for a PPC
waveguide of zero length. This figure is dominated by the trench-W1
coupling efficiency because all other components (ridge, trench, taper)
exhibit a flat spectral response over the considered wavelength range (see
[147]). If this were not the case, the frequency dependence should repeat
several times over the measured range of reduced frequencies, which is
not observed. The coupling efficiency exhibits a maximum near u=0.29
with the loss being ≈0.5dB. Furthermore, it falls off on both sides, with
the decrease being rather dramatic on the low frequency side towards the
mode cut-off, where the slow-light regime [152] is located (see Fig. 2.6).
This behavior reflects the fact that the modal pattern of a W1 waveguide
changes considerably over the considered frequency range and extends
transversely into the adjacent rows of holes in the slow light region [153],
whereas the trench does not show such a behavior. Furthermore, the low
group velocity results in a reduced coupling efficiency due to the large
impedance miss-match. Consequently, a miss-match in the mode cross-
section and the group velocity leads to reduced coupling efficiencies on
both sides of the maximum. A more detailed analysis of the loss extraction
from end-fire measurements can be found in [108].

With the extraction of propagation loss and coupling efficiency of a W1
waveguide we have demonstrated the viability of the developed integrated
optics technology for the characterization of passive PPC devices.
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6.6 Conclusion and Outlook

Conclusion

In this chapter we have indicated that the integration of PPC devices
with conventional III-V based integrated optics is best performed with
optically-defined shallow etched ridge waveguides and EBL written, deeply
etched nano-structures. Such a scheme enables the characterization of
passive functional devices with an end-fire or near-field optics technique
(see Chapt. 7). The evaluation of possible process concepts was performed
based on the most important criteria. It turned out that none of the pro-
cesses could fully satisfy all of the criteria. Based on the needs for the
characterization of passive structures, a process was implemented which
offers an excellent EBL accuracy, a manageable complexity and good per-
spectives for further integration of membranes and active optoelectronic
functionality. Furthermore, this process represents a platform to fabricate
passive PPC devices in large numbers (≥1000) which is a prerequisite for
efficient collaboration with scientific groups around the world.

The implemented process was described in detail and it was shown
how critical processing issues such as marker recognition and protection
of nano-structures were solved. Characterization of the optical impact
of the manual overlay accuracy of optical lithography revealed that a
misalignment of ±400nm induces less than 2dB of excess loss. The fact
that this loss is constant over hundreds of devices on a single chip enables
the de-embedding of the spectral response of the device under test with the
help of calibration structures. The EBL induced placing uncertainty limits
the accuracy of optical transmission measurements to within ±0.5dB.

To demonstrate the performance of the technology, we showed the
characterization of a W1 waveguide using the cut-back method with re-
spect to propagation loss and coupling efficiency. We found a loss of
1600dB/cm over a large frequency range with a minimum around the
mode gap on the order of 400dB/cm. The coupling from the trench to
the W1 waveguide shows a minimal loss of ≈0.5 dB.

Outlook

Optical integration of PPC-based devices into conventional integrated op-
tics schemes has just about started in the scientific community in general
and particularly in the field of III-V photonics. Therefore the develop-
ments presented in this chapter have to be seen as a starting point for
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future work.
In order to fabricate more complex PPC devices with the same EBL

writing accuracy, a method has to be developed to expose PPC structures
over several stitched writefields. The sample offset after a movement of
the stage can be corrected for with the help of a single, optically defined
marker. This is a fast and sufficiently accurate method.

The further integration of PPC devices will follow two routes:

Membrane based PPCs offer extremely low loss waveguides, resonators
of highest quality and slow light frequency windows where enhanced
light-matter interaction can be expected. To integrate them with
shallow ridge waveguides, a suitable wet etch technology, a further
lithographic step to define the etching areas and a novel vertical
coupler design for coupling the light from a weakly confining ridge
waveguide into a membrane PPC waveguide is required.

PPC-based optoelectronic functionality could offer new schemes for
wavelength stabilization of lasers [23] and enhanced performance of
semiconductor optical amplifiers (SOA) thanks to slow light. How-
ever, metal contacts require deep lying modes and consequently
deeper etched ridges (1-2µm) and PPC holes (4-5µm). Fabrication
of metallic nano-contacts will require advanced protection schemes
for PPC holes in combination with a high placing accuracy. For
reflection sensitive applications such as SOAs, a very good overlay
accuracy and excellently performing coupling designs are needed.
The first would call for an integration process such as concept 3
in Sect. 6.3.2 and the second requires extensive 3D simulations for
design optimizations.

Now that the technology is in place, we can move a step further to the
optical characterization of PPC structures which is discussed for the case
of scanning near-field optical microscopy and the end-fire transmission
technique in the next chapter.





Chapter 7

Optical Characterization
of PPC Waveguide
Devices

After the presentation of fabrication methods in the previous chapters,
we will discuss in this chapter optical measurement results from PPC
waveguide devices. Waveguides are fundamental building blocks of any
integrated optics device and must therefore be thoroughly characterized.
Such characterization ought to be accurate enough to allow for the dis-
tinction between fabrication effects and design issues. Highly accurate
characterization thus can provide essential input for further optimization
of design concepts and fabrication technologies.

7.1 Measurement Methods

The three most common measurement methods for the characterization
of PPC waveguides are:

The internal light source (ILS) technique uses optically excited quan-
tum dots or quantum wells located in the guiding layer of the PPC
structure. The light transmitted through the waveguide is collected
from a cleaved facet and spectrally analyzed [154]. ILS is commonly
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used to measure the PPC band gap. Measurement of W3 wave-
guides is often performed as well, but a low coupling efficiency im-
pedes measurements of W1 waveguides. Loss measurements suffer
from reabsorption in unpumped regions of the waveguides.

In scanning near-field optical microscopy (SNOM) the light of a
tunable laser source is coupled to the planar waveguide and is then
collected partially with a sharp fiber tip orthogonal to the surface
plane and analyzed spatially and spectrally [155]. SNOM is ideally
suited to investigate the physics of PPC structures and to under-
stand unexpected behavior of fabricated devices. It is not yet a
standard method and the instrumentation and the data analysis is
still a topic of ongoing research.

End-fire is the standard method to assess the performance of integrated
optics devices. For end-fire (EF) transmission measurements the
light is coupled from an external source (laser or white light source)
via an access waveguide to the device under test and the transmitted
light intensity is analyzed spectrally [156].

In this chapter the EF and SNOM technique are used to character-
ize PPC waveguides. Brief introductions to EF and SNOM set-ups are
given in Sects. 7.1.1 and 7.1.2, respectively, and a comparison of the two
methods regarding waveguide characterization is presented in Sect. 7.1.3.

7.1.1 End-Fire Transmission

For end-fire transmission measurements, light is launched into optical
waveguides through a cleaved facet, the transmitted light is collected at
the opposite end of the sample and its intensity is measured. The setup
used in this work is schematically depicted in Fig. 7.1 [108].

The linearly polarized light of two tunable laser sources from Agilent
(81940A: λ1=1470-1575nm, 81980A: λ2=1520-1630nm), is fed into two
polarization maintaining (PM) fibers. In normal operation only one of the
lasers is used at a time. A PM 2×2-coupler splits the light equally into two
PM fibers. The first branch is continuously monitored by a power meter
for calibration purposes and the second is fed into the cleaved facet of the
access waveguide with a lensed PM fiber. By rotating the fiber around
its axis (Φman), the polarization can be selected. On the other side of the
sample, the light is collected from the cleaved facet of the waveguide with
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Figure 7.1: End-fire transmission measurement setup with motorized and
manual stages to position the lensed fiber, the device-under-test (DUT)
and the microscope objective [108].

a microscope objective. The image of the outcoupling facet is projected
onto an infrared camera for aligning purposes or a power meter to measure
the light intensity. A pinhole in the light path is used to suppress stray
light.

The sample holder is equipped with a manual translation stage in
transversal direction (Xman) and in-plane rotation (Θman). The fiber
and objective holders are motorized in transversal (Xmot) and vertical
(Zmot) directions. This allows for an automated coupling optimization as
is described in the thesis of P. Strasser [108]. The longitudinal (Yman)
alignment is done manually.

Properties of End-Fire Transmission Measurements for PPC
Waveguides

An in-depth introduction into the details of measuring losses in PPC wave-
guides for the case of the SOI material system can be found in [157]. The
same techniques applied for InP-based substrate-type PPC structures is
discussed [108]. At this point we will only briefly point out the advantages
and drawbacks of the end-fire technique.
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The coupling reproducibility to the accessing ridge waveguide de-
pends on the exact position of the fiber lens focus relative to the
waveguide facet and the quality of the facet. In- and out-coupling
can be automatically optimized by maximizing the transmitted light
intensity in vertical and transversal direction but in longitudinal di-
rection, the alignment is still done manually. The coupling repro-
ducibility is limited by the reproducibility of the fiber-chip distance
and the quality of the facet (for details see [108]).

The coupling reproducibility between ridge and trench
waveguides on an individual chip is determined by the placing
accuracy of M&M EBL (≈50nm). This results in an uncertainty for
end-fire measurements of ≈0.5dB as was discussed in Sect. 6.4.3.

Fabry-Perot (FP) fringes are induced by the reflecting chip facets and
internal interfaces (e.g. ridge-trench transitions). The fringes which
are caused by the reflections between the two chip facets exhibit
a free spectral range of ∆λ <0.5nm depending on the chip width
and show modulation depths of ≈3dB (e.g. see Fig. 7.9). For cut-
back measurements, the FP modulation depth has to be compared
to the differences in the transmitted intensity between different
PPC waveguide lengths which are typically 2-4dB as can be seen
in Fig. 6.11. Consequently, for an accurate EF measurement with a
laser source, the wavelength has to be scanned with a fine resolution,
e.g. ∆λ≤0.1nmm to correctly represent the oscillating signal. This
makes EF an inherently slow technique as a 160nm wavelength scan
requires several hours. On the other hand, the modulation depth of
FP fringes can be used to determine waveguide losses without the
need to compare several structures, as is discussed [108, 157]. As
another solution, FP fringes can be avoided by using a broadband
light source together with an optical spectrum analyzer to average
over many fringes or by the implementation of tilted waveguides or
anti-reflection coatings.

Versatility: EF is a very versatile tool for which neither the complex
growth of quantum dots or quantum wells is necessary as for ILS,
nor the restriction to thin cladding layers applies as this is the case
for SNOM (see Sect. 7.1.2).

The localization of sharp spectral features (e.g. waveguide mode
gaps, resonances, etc) can be done quickly and accurately with the
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EF technique. This property will be used in Sect. 7.2 to measure the
impact of EBL proximity effects on optical properties of waveguides.

Because transmission measurements correspond to the mode of opera-
tion of future integrated optics devices, EF is in principle the preferred
characterization method for all devices aimed at fiber-optic applications.
However, as end-fire data represents cumulative information along the
whole path of light, the accurate determination of PPC device properties
such as dispersion and loss is non-trivial and requires a fair amount of de-
embedding of parasitic effects such as FP oscillations caused by internal
interfaces. Alternatively, SNOM can be employed as a characterization
method for PPC waveguides as this method relies on the local measure-
ment of the spatial distribution of light intensities and is therefore not
sensitive to reproducibility issues of the fiber-chip coupling as will be dis-
cussed next.

7.1.2 Scanning Near-field Optical Microscopy

Introduction

After the discussion of the EF method in the previous section, SNOM
will now be described as a complementary characterization method. In
SNOM, a sharp scanning probe in close proximity to the sample is used to
acquire a map of the spatial distribution of the electromagnetic fields at
the surface for the chosen probing wavelength. The optical data is mea-
sured simultaneously with the topography, allowing for a very accurate
assignment of optical features to the exact location on the structure and
enabling an accurate calibration of the involved distances.

In SNOM, optical properties such as dispersion and loss are measured
directly along the waveguide, thus avoiding the difficult de-embedding of
end-fire data which represents cumulative information along the whole
path of light. Furthermore, SNOM allows for the simultaneous determi-
nation of the modal propagation constant, i.e. the k-vector, and proper-
ties such as the propagation loss α [158, 159] and the group velocity vg

[160] at a given optical frequency. Consequently, this information can be
compared directly with numerical modeling to determine the exact crys-
tal parameters, predict the optical characteristics of same-chip devices
and characterize fabrication processes. This is especially important for
InP-based substrate-type PPC devices, because deep holes and vertically
extended mode profiles require huge computational cells. This impedes a
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rigorous computational analysis or optimization of more complex devices
such as interface structures, bends or couplers.

Several groups have already applied the SNOM technique to asses the
performance of photonic crystal devices with optical resolutions around
100 nm, which is the current state-of-the-art [161, 162, 160, 163, 164,
165, 166]. It has been shown, that the combination of numerical model-
ing and the measured modal distribution of a resonator enables to derive
hole diameter deviations of single holes [165]. In another experiment, an
elegant combination of heterodyne interferometry and SNOM has been
demonstrated on PPC waveguides [160, 164, 167]. The measured disper-
sion relation showed good qualitative agreement with numerical modeling.
Furthermore, the method yields a direct measurement of the group veloc-
ity and the group velocity dispersion by a time-resolved imaging of the
light propagation of short pulses.

Before turning to the description of our SNOM setup, we have to
mention conventional optics as the natural choice to image the surface of
devices. It was successfully employed using a standing wave structure to
measure the dispersion of a W1 waveguide near the Γ-point and get an
estimate of the associated loss [168]. However, this method is restricted
to waves propagating towards the objective, which represent undesirable
out-of-plane losses. Furthermore, it exhibits a resolution limit of λ/(2NA)
according to E. Abbe [169]. While the numerical aperture NA of the imag-
ing optics is particularly limited in photonic crystal applications because
the use of an immersion medium would strongly perturb the device opera-
tion, the relevant features of the electromagnetic field appear on the length
scale of the lattice constant, i.e. at λ/n=400-500nm with n=3-3.5 for
semiconductor materials. Because SNOM also detects non-propagating
evanescent fields, it is not confronted with these problems [155].

SNOM Setup

Our measurement setup is depicted in Fig. 7.2 and consists of a collection
mode SNOM with an uncoated, sharp fiber tip. Transverse electrically
(TE) polarized light from a tunable laser source (HP 81680: λ=1480-
1570nm) is coupled with an objective lens (NA=0.3) into the cleaved
facet of an access waveguide, which guides the light to the PPC device.
To map the local electromagnetic field intensity, the tip is scanned along
the sample surface. A tip-surface distance of 10-20 nm is maintained with
the help of shear force feedback [170]. The tip is made to oscillate with
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Figure 7.2: SNOM setup in collection mode with the electrical excitation
of a quartz tuning fork and the lock-in detection of the forks amplitude
and phase which are used for the shear-force feedback. The light picked
up by the sharp fiber tip propagates along the fiber to an InGaAs APD
photon counting module.

a motion parallel to the surface with the help of a quartz tuning fork.
As soon as the tip comes close enough to the surface, the oscillation is
damped by a frictional force which is under ambient conditions induced
by a thin water film at the surface [171]. Detection of the oscillation
phase and amplitude can then be used as input to a servo-control system
to hold the tip at a fixed height above the sample. The exact height is
determined by the parameter of the servo-loop (set-point) and remains
constant during an individual scan. The control signal of the shear-force
servo can be used to retrieve a topographical map of the sample. This
is very useful as the topography can then be compared to the optical
signal which is collected simultaneously by the tip. The tip is glued onto
a quartz tuning fork which can be excited at roughly 32kHz to perform
the surface parallel motion. Electrodes on the tuning fork are used to
excite and detect the oscillation.

The tip acts as a small scatterer interacting with the surrounding elec-
tromagnetic field which contains both low spatial frequency modes that
are scattered from the structure, and high spatial frequency ”near-field”
modes that can only be observed using SNOM. The radiation scattered
by the tip is partially collected by the fiber itself and propagates along the
fiber to an InGaAs APD photon counting module. By using coated fiber
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tips, the resolution can be further improved and the picked up stray-light
can be reduced. However, it should be kept in mind that higher resolution
in SNOM generally implies a lower signal and that narrow, metal-coated
fibers exhibit a mode cut-off. Therefore, metal apertures to measure PPC
structures with SNOM found in literature are relatively large (≈230nm,
[164]) and very sensitive heterodyne techniques are required to keep the
acquisition time per pixel below 100ms. Techniques which necessitate
longer integration times, e.g. lock-in, are not realistic for measurements
of more than 50’000 pixels per wavelength. Furthermore, the presence
of metal in the vicinity of the optical mode may seriously influence the
properties of the structure under investigation. Metal coatings of ≥100nm
[164] also result in large fiber tips which impede the resolution of the to-
pography measurement because the coated tip can not enter small holes.

To reduce the influence of light scattered at the incoupling facet which
can propagate above the surface and would be picked up by the tip very
efficiently, we implemented two alternative designs:

• A 90◦ bend fabricated as a deep etched trench routes the light to the
PPC structure which then could be located outside of the stray-light
cone from the incoupling facet (see Fig. 7.2).

• Long access waveguides (≈1mm) as fabricated for the end-fire mea-
surement technique (see Chapt. 6) result in a strongly reduced in-
tensity of the direct stray-light at the location of the PPC structure.

Properties of SNOM Investigations on PPC Waveguides

The goal of investigations with SNOM is to locally measure the elec-
tromagnetic field distribution of a device and from this data deduce its
properties. However, a standard SNOM, as the one used in this work, can
at best measure the fields which are present at the surface and deliver a
spatial representation of their intensities. Such SNOM images allow for
two methods of analysis: (i) comparison of the relative spatial distribution
of measured fields, i.e. the evaluation of spatial patterns such as oscilla-
tions and (ii) the measurement of the absolut magnitude of the optical
signal at a certain location. To analyze the optical data with the second
method and to compare the signal magnitude between different devices
or probing wavelengths, all coupling efficiencies (laser-to-chip, waveguide-
to-PPC, near-field-to-fiber, FP oscillations) have to be under control. In
this work, however, only relative field intensities are analyzed to deduce
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device properties and consequently no assumption has to be made on the
reproducibility of the magnitude of the signal between individual scans
when changing, e.g., the frequency. All images shown in this work exhibit
a maximized image contrast to show spatial patterns as clear as possible.

Nevertheless, the following requirements have to be met to allow a for
reliable extraction of device properties:

The coupling efficiency of the optical field to the fiber tip should be
identical for each pixel of a scan. This is fulfilled for PPC structures
as the sample-tip distance varies negligible (few nm) compared to
the wavelength of light and the sample-tip orientation is constant.

Temporal coupling stability: During the acquisition time of one
SNOM scan (≈1h) all involved coupling efficiencies (laser-chip, ac-
cess waveguide-PPC, sample-tip) should remain constant to allow
for the comparison of relative intensities. Thermal drift in the opti-
cal setup is expected be the main influencing factor in this respect.
The measurements in this thesis were made in a temperature stabi-
lized lab to avoid these problems.

The signal-to-noise ratio (SNR) must be sufficient to allow for the
analysis of spatial field patterns (see the discussion below). The
APD dark count rate (≈60counts/s) contributes negligible to the
noise when compared to a typical signal of 50’000 counts/s. The
main source of noise is caused by stray light from the facet of the
access waveguide. This coherent light is randomly scattered at the
rough backside of the wafer and results in a speckle pattern which
is also present away from the waveguide. The noise level of the
speckle background is proportional to the output power of the laser
source. Therefore, the SNR is determined by the efficiency with
which the light from the laser can be coupled to the PPC waveguide,
by the ratio of the energy above the surface (for a discussion on the
influence of the cladding thickness see below) and by the coupling
efficiency of the spatial oscillation to the tip (see discussion below).
The speckle noise of the measurements presented in Sect. 7.3 results
in a SNR of ≈30 (15dB) if the average signal strength (Ī=Imax

- 1
2 · modulation depth) at the end of the waveguide is compared

with the standard deviation σN of the background noise signal (see
discussion in Sect. 7.3).

Sufficient optical resolution is required to resolve the targeted optical
patterns, e.g. spatial oscillations. The resolving power of SNOM is
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determined by the ability to couple high spatial frequencies to the
tip. For the situation of a standing wave configuration, the spa-
tial frequencies associated to the Bloch modes in the first Brillouin
zone of PPC waveguides are at maximum 1/a near the K-point.
Consequently, this is the highest spatial oscillation which has to be
resolved to measure the dispersion relation of a PPC waveguide. Al-
though the coupling efficiency is known to decrease in SNOM when
increasing the spatial frequency (see [172] or the discussion below),
all measurements shown in Fig. 7.13 b) demonstrate a spatial oscil-
lations at 1/a, which indicates that we achieve the necessary optical
resolution to characterize W1 PPC waveguides throughout the first
Brillouin zone. As an illustration, a SNOM measurement of a stand-
ing wave close to the W1 mode cut-off, i.e. close to the K-point, is
shown in Fig. 7.4 b) measured on a GaAs membrane [173] with a
spatial frequency of 1/a.

Evanescent vs. scattered fields: The efficiency to couple energy to
the tip is much higher for waves which are propagating towards
the tip (≈1-10%), i.e. scattered light, than it is for evanescent fields
(10−3-10−5 depending on the in-plane k-vector) according to simu-
lations in [172]. Consequently, for structures with strongly scatter-
ing features (e.g. bends or waveguide transitions) the SNOM mea-
surements are dominated by the scattered light from these spots.
Whereas for the measurements presented in Sect. 7.3 no spots of
significant scattering are present along the waveguide, in Sect. 7.4
the exact location of the scattering source is the topic of the inves-
tigation.

Accuracy of distance measurements: To measure spatial frequencies
in units of microns, the distances in SNOM scans have to be cal-
ibrated and corrected for piezo-nonlinearities. This can be done
very accurately with an uncertainty of ≈1% (see Fig. 7.13 b)) and
for each scan individually with the help of the PPC lattice which
is recorded simultaneously in the topography data. Measurements
taken with an interval of 10 hours did yield identical propagation
constants within better than 0.5%. The procedure to correct and
calibrate line scans along a PPC waveguide, is described in App. B.

As for substrate-type PPC devices typically a top cladding layer is
employed to reduce surface-related losses (due to roughness or electrical
contacts) and to obtain a more symmetric waveguide mode, the question
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on the thickness d of the cladding layer. Results are from a 2D slab wave-
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arises how the SNR of SNOM investigations is affected by the thickness
d of the cladding layer. To obtain a rough estimate, we computed the
percentage of the energy above the surface of a vertical slab waveguide
as shown in the inset of Fig. 7.3. The energy ratio was obtained by in-
tegrating the intensity of the electric field |Ex|2 for 0 . . . +∞, i.e. above
the surface. A fitted function shows that the energy ratio drops off ex-
ponentially with a decay length of ≈130nm. Because the magnitude of
the speckle background remains constant (for a constant laser power), the
SNR is proportional to the energy percentage above the surface. For the
measurements in Sect. 7.3 a SNR≈30 was obtained. The SNR= Ī

σN
was

estimated as the average signal strength (Ī=Imax - 1
2 · modulation depth)

at the end of the waveguide divided by the standard deviation σN of the
speckle background signal off the waveguides (see Sect. 7.3). The SNR
for other cladding thicknesses was estimated by a comparison of the en-
ergy above the surface with the case of d=200nm, as can be seen on the
right scale in Fig. 7.3. The results indicate that for a cladding thickness
of d=500nm the estimated SNR falls below 3 which we estimate to be the
limit for a reliable measurement of the spatial frequencies, i.e. the disper-
sion. Loss measurements are much more sensitive to a deteriorated SNR
as the exponential decay over the scan length enters the loss extraction.
Based on a simple exponential decay model, we estimate the necessary
SNR which has to be achieved at the end of the waveguide with Eq. 7.1:

SNR ≥ 4
Ω
· Φ
Φ2 − 1

(7.1)

with Ω the desired loss tolerance and Φ the ratio of average intensities Ī
between the beginning and the end of the waveguide. For the case of an
allowed uncertainty in the loss figure of Ω=10% and an intensity ratio of
Φ=2, the required signal to noise ratio is SNR≥26 (14dB). Consequently,
d=220nm is the maximum cladding thickness for which propagation losses
with an accuracy of ±10% can be measured with a standing wave meter
structure if the intensity drops from the start of the waveguide to the end
by a factor of two. For a comparison with the numbers in Fig. 7.3, the
energy ratio above the surface of a membrane structure is ≈25% according
to simulations, which clearly indicates that SNOM measurements on PPC
membranes profit from a much better signal quality as can also be seen
in Fig. 7.4 b).

The ability of SNOM to measure the spatial distribution of the optical
fields at the surface, to deduce device properties from spatial patterns and
compare them between probing frequencies and different devices, makes
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SNOM suitable for the following, non concluding, list of investigations on
PPC structures:

• simultaneous measurement of dispersion and loss with the standing-
wave structure as presented in Sect. 7.3

• simultaneous measurement of the coupling length and the excess
loss (through the separating rows of holes) of a waveguide coupler

• characterization (loss, reflection) of functional elements (power split-
ter, bend) between identical W1 waveguides

• localization of scattering points in transitions, e.g. W3-W1, W1-
waveguide coupler

• with a heterodyne SNOM as in [160]: simultaneous measurement of
the propagation constant, the group velocity, the group velocity dis-
persion and the third order dispersion for the use of W1 waveguides
as dispersion compensating devices [167].

Whereas for certain investigations (characterization of W1 waveguides and
couplers) SNOM exhibits superior properties thanks to its local charac-
ter as compared to end-fire, for other investigations (loss and reflection of
functional elements) EF is favorable as a characterization method because
it can measure the transmission of light in a quantitative manner. Fur-
thermore, SNOM is not suited to measure quantitatively the coupling ef-
ficiencies between non-identical waveguides as (e.g. W3 and W1) because
the percentage of energy above the surface is not the same in non-identical
waveguides.

Qualitative Information from Near-Field Images

The spatial distribution of the optical field provided by SNOM measure-
ments on the one hand allows for a quantitative characterization of PPC
waveguides e.g. with a standing wave structure as discussed in Sect. 7.3
and on the other hand represents qualitative information such as the spa-
tial light distribution, points of strong scattering or spectral coupling
properties. As an example, we will discuss now an investigation on a
waveguide coupler device.

Waveguide couplers using two W1 waveguides separated by 1, 2 or 3
rows of holes were shown in 2D simulations to exhibit coupling lengths
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Figure 7.4: Topography and the corresponding optical SNOM data for
waveguide devices with light coupled in from the right side: a) A wave-
guide coupler including the incoupling region (from right to left): W3
waveguide, taper section with increasing holes, W1 waveguide, waveguide
coupler with 2 rows of separating holes. Two sets of optical data are dis-
played: the large image was simultaneously acquired with the topography
and the small image represents an additional measurement of the coupled-
waveguide section with begin and end indicated with arrows (same spatial
scale, increased color contrast). b) SNOM measurement of a W1 wave-
guide with a standing wave, fabricated as a GaAs-based membrane-type
PPC at a reduced frequency u=0.261, i.e. below the light line and close
to the W1 cut-off [173]. It shows spatial oscillations at 1/a as expected
for a standing wave near the K-point.
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down to a few tens of microns when operated in the slow light regime
where a large separation in k-space can be achieved between the two su-
permodes [174]. Such a device was successfully fabricated and measured
for a membrane-type PPC structure with coupling lengths down to 200µm
[175]. A similar device was envisioned to be implemented with substrate-
type PPC waveguides. The SNOM topography image of a fabricated
structure is shown in Fig. 7.4 a). Since 3D simulations of such complex
devices are impractical due to limited speed and memory resources, the
loss and coupling performance of the waveguide coupler could not be pre-
dicted beforehand for the substrate-type approach.

In Fig. 7.4 a) the topography and two sets of optical measurements
acquired with SNOM are shown for a coupler design with two rows of
separating holes (on the left). On the right, the incoupling region can
be seen which consists of a W3 waveguide, a taper with increasing hole
diameters and an intermediate W1 waveguide section. The measurement
was performed at a reduced frequency of u=0.264, where the light starts
to slow down and is expected to couple from one waveguide to the other
and back. The dispersion relation of the corresponding W1 waveguide is
shown in Fig. 2.4.1. The optical SNOM data shows that most of the light
coupled to the W3 waveguide is not coupled into the W1 waveguide but
is rather reflected at the interface as shown by the high-intensity spot at
this location. Furthermore, the light intensity strongly decreases along the
intermediate W1 waveguide and what arrives at the start of the coupler
is mostly reflected back as is evidenced by the standing wave pattern seen
on the right of the small optical image.

These SNOM measurements show that waveguide couplers fabricated
as substrate-type PPC structures can not be used in the slow light regime
due to very high coupling and propagation losses. On the one hand,
both sources of loss are caused by the fact that the transversal mode
profile at these frequencies starts to extend into the adjacent rows of
holes as was shown in [153]. On the other hand, a slow group velocity
itself causes an inefficient coupling as was discussed in Sect. 2.4.3. This is
also indicated by EF transmission measurements of the corresponding W1
waveguides (same fabrication run) which were discussed in Sect. 6.5. For
a reduced frequency of u=0.264 the W1 waveguide exhibits a propagation
loss of≈1700dB/cm and a coupling loss of≈15dB from a trench waveguide
according to Fig. 6.12. To avoid reflections at the start of the coupler,
the second waveguide should be redesigned with holes becoming gradually
smaller until they vanish as was implemented for a similar coupler design
in [108].
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Image Formation for SNOM Measurements of PPC Waveguides

The image which is formed during SNOM measurements of PPC wave-
guides is determined by the coupling of optical fields to the fiber tip. The
exact near-field coupling mechanism is not known quantitatively for PPC
waveguides and it moreover depends on the particular shape of the used
tip. Therefore, we will employ a qualitative model at this point which was
discussed in [176, 172] to explain the major results of Sect. 7.3 such as the
dominant frequencies in the measurement and the fact that the standing
wave is proportional to the intensity of the E-field, i.e. to |E|2.

As for the coupling of optical fields in the near-field of a surface to a
fiber tip, 3D vectorial simulations [172] show that the coupling efficiency
h(kp) is 1-10% for waves which travel towards the tip i.e., for kp < k0,
where kp is the in-plane projection of the wavenumber and k0=2π/λ de-
notes the wavenumber in air with λ the wavelength of light. For evanescent
fields (kp > k0), the coupling efficiency drastically drops from h(kp)=10−2

down to h(kp)10−5 when the in-plane k-vector increases from kp = k0 to
kp = 2k0. Consequently, scattered light is much more efficiently coupled
to the tip than evanescent light and might dominate the optical image of
a SNOM scan.

The situation of a PPC waveguide investigated with a collection mode
SNOM will now be considered as this is the situation described in Sect. 7.3.
According to measurements in [177], SNOM probes the electric field and
not the magnetic field. The mode field distribution for TE light inside
the PPC waveguide can be written as an expansion of Bloch modes:

E(x, y, z) =
∑
m

um(x, z) · e[i(β+mK)y] (7.2)

where E(x, y, z) is the field of the waveguide mode propagating in the
y-direction, K = 2π/a is the reciprocal lattice vector along the direction
of the waveguide (ΓK) and β the propagation constant of the mode with
β ≤ 0.5K. The sum runs over m=0, ±1, ±2, . . . in order to comprise all
Bloch modes with amplitudes um. However, only Bloch modes withm=0,-
1 do provide a significant contribution to the field as has been measured in
[163] with SNOM. We are interested in the electric field above the surface
(z≥0) and in the center of the waveguide (x=0). Thus, the field of purely
evanescent modes present above the sample surface can be approximated
with [162]:

Etip(y, z) ∝
∑

m=0,−1

um · e[i(β+mK)y] · e−z
√

(β+mK)2−k2
0 (7.3)
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Each of the Bloch components in Eq. 7.3 contributes to the fiber mode
amplitudes which are then detected at the end of the fiber. The coupling
efficiency h(kp) drops drastically when increasing the wave-vector surface
projection kp = |β +mK| of the Bloch mode as mentioned above, thus
h(β) À h(K − β). In order to detect the signature of Bloch modes in
the form of spatial oscillations, interference of different modes is required
unless the phase of the optical signal can be detected with a heterodyne
technique [160]. For the measurements presented in Sect. 7.3 two counter
propagating modes are present which are induced by the reflection at the
end of the waveguide. Modal contributions of the order of h2(K − β)
can be neglected because h(β) À h(K − β) due to the reduced coupling
efficiency of high spatial frequencies. Consequently, the dominating terms
of the detected signal are given according to [162] as:

S(y, z) ∝ 2g [h(β)u0]
2 · e(−z/d0,0) · cos (2βy) +

+2h(β)u0h(K − β)u−1 · e(−z/d0,−1) · cos (Ky) (7.4)

where g <1 is the amplitude reflection coefficient of the standing wave.
As a consequence of Eq. 7.4, we expect to see the spatial oscillations
which correspond to 2β and K=2π/a as the strongest contributions in a
Fourier transform of a scan line along the waveguide (see Fig. 7.13 b)).
For k-vectors close to the K-point, i.e. close to the mode cut-off, spa-
tial oscillations at 1/a are expected. This is illustrated in Fig. 7.4 b) for
the case of a GaAs-based membrane-type W1 waveguide [173] where the
strongest spatial oscillation at a frequency of 1/a can be recognized. Fur-
thermore, according to Eq. 7.4, the signal of the main oscillation at 2β
is proportional to u2

0 ∝ |E|2. Therefore, the detected optical signal along
the waveguide can be represented with |E|2 of two counter-propagating
electromagnetic waves. This will be used later in Sect. 7.3 to describe the
standing-wave meter with Eq. 7.5.

7.1.3 Comparison of End-Fire and SNOM for the
Characterization of W1 Waveguides

Although, SNOM and the end-fire technique are complementary methods
with different strengths and drawbacks, both can be used to characterize
W1 waveguides. Whereas SNOM yields a spatial map of field intensi-
ties for each frequency, end-fire acquires spectrally resolved transmission
data. As a next step we will compare the two methods regarding the
characterization of W1 waveguides concerning dispersion and loss.
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Dispersion

SNOM: Using SNOM, the standing-wave meter method (see Sect. 7.3)
allows for a direct measurement of the modal k-vector for any chosen
frequency u. The simultaneously acquired topography can be used
to correct and calibrate distances, which results in an uncertainty of
the measured dispersion of better than 1% (for details see App. B).
For each structure, the dispersion can be measured over the available
wavelength range of the laser source, e.g. ∆λ=90nm in this thesis. A
40µm scan takes roughly one hour and allows to measure k-vectors
down to ≈0.02 in units of 2π/a. Obtained pairs of (u,k) can be
matched with numerical models to find an accurate value of the fill
ratio R/a.

End-fire: EF in combination with interferometric methods can be used
to measure the propagation constant of waveguides on a very fast
time-scale [178]. However such methods require a Mach-Zehnder
structure to be incorporated into the light path and consequently
exhibit a large complexity and measurement effort and may not
serve as a standard characterization tool. For SOI-based membrane-
type PPC waveguides a Fabry-Perot-type measurement method was
employed to measure k-vectors with the end-fire technique [179].
However, for this measurement one access waveguide was omit-
ted to reduce the complexity of the involved Fabry-Perot cavities
and furthermore, no such method was found in the literature for
substrate-type PPCs due to problems with reflections at internal
interfaces [180]. The standard method to determine the dispersion
of substrate-type W1 waveguides [181, 142] uses distinct spectral
features, such as the mode gap or the mode cut-off. In Fig. 6.11,
the transmission dip associated with the mode gap is marked with
an arrow. Such features can be matched with numerical simulations
to obtain the dispersion and fill ratio for this specific structure as
this has been done with the simulations shown in Fig. 2.6. The op-
timization of simulation parameters (R/a) is mostly performed in
2D, because in 3D such a procedure is extremely time consuming
(weeks/months). With this method at maximum one data point
can be obtained per structure (lithographic tuning step) due to the
limited spectral range of the light sources.
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Propagation loss

SNOM: Extraction of the propagation loss with SNOM can be per-
formed simultaneously with the dispersion measurement. For the
case of the standing wave meter in Sect. 7.3, an analytical function
(Eq. 7.5) which represents two counter-propagating waves is fitted
to the measured scan line along the waveguide. The measurement of
propagation losses with SNOM is not sensitive to the reproducibility
of the coupling of light to the waveguide. The accuracy of the mea-
sured loss figures is determined by the SNR which is determined by
the stray-light speckles. For the measurements discussed in Sect. 7.3
an SNR≥30 was achieved which results in an uncertainty of the
propagation loss of (≈10%). The sensitivity of the method is good
for losses larger than 200dB/cm (≈1dB over 50µm maximal scan
length), i.e. for substrate type PPC waveguides. However, best
reported losses for membrane type PPC waveguides (2dB/cm [11])
would not be detectable with SNOM due to the limited scan range
and SNR. With SNOM, coupling loss between non-identical wave-
guides (e.g. trench-W1) can not be measured in a straightforward
manner, but for the W1 waveguide itself SNOM enables a simulta-
neous measurement of the k-vector and the loss for each frequency
(see Sect. 7.3.5).

End-fire: W1 loss measurements with the end-fire method are mostly
performed with the cut-back method as in Sect. 6.5 for which several
individual structures of different length have to be measured. The
accuracy of the cut-back method is limited by the reproducibility of
the involved coupling efficiencies. The positioning tolerance of M&M
EBL induces an uncertainty of ≈0.5dB for each waveguide length
as discussed in Sect. 6.4.3. This results in an uncertainty of the
measured propagation loss of ≈50dB/cm. Measurement tolerances
which are associated to other sources of unreproducibility (e.g. facet
quality, access waveguide roughness) are discussed in [108]. Fabry-
Perot fringes require the measurement to be performed with a very
fine spectral resolution, which results in a measurement effort of
roughly 1h per structure. End-fire-based methods yield losses as
a function of the frequency. The corresponding k-vectors have to
be inferred from simulations of the dispersion relation as discussed
above. In contrast to SNOM, EF allows for the measurement of
coupling efficiencies between any kind of waveguides.
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As for the measurement effort, a W1 characterization concerning dis-
persion and loss with a high accuracy and roughly 5 independent mea-
surements, requires for both methods approximately one day per litho-
graphic tuning step of a waveguide. SNOM exhibits the advantage that
one obtains simultaneously a highly accurate measurement of the prop-
agation loss and the k-vector for each frequency. End-fire, on the other
hand, provides clear advantages as soon as very low loss values have to
be measured and when thick cladding layers are present. Coupling ef-
ficiencies between non-identical waveguides are favorably measured with
EF. As a last point we would like to mention that for the investigation of
more complex devices a combination of SNOM and end-fire would be a
very powerful characterization tool to compare characteristic features in
transmission with the associated spatial map of optical fields.

7.2 Impact of Proximity Effects in EBL Pat-
terning on Optical Properties of PPC
Waveguides

The most obvious way to assess the performance of PEC methods is the
analysis of SEM micrographs as it is often found in literature [89, 81, 142]
and is also shown in Sects. 3.3 and 3.4. Nevertheless, the final benchmark
of PEC methods in PPC fabrication is the control and reproducibility of
the optical properties of fabricated devices. Therefore, in this section we
will introduce a new method to measure the impact of EBL proximity
effects and their correction on the optical properties of PPC W3 wave-
guides. After a motivation of the concept, we used EID simulations, as
discussed in Sect. 3.4, to obtain a qualitative estimate of the optical im-
pact of proximity effects. SEM micrographs of the fabricated structures
were analyzed and the resulting hole diameters served as input parameters
for 2D MPB simulations of W3 waveguides, which agree well with opti-
cal transmission measurements. Measured shifts of W3 mini stop bands
(MSBs) show that PEC is strictly required for PPC waveguides to be re-
producible over different designs and that the midpoint-equalization PEC
method yields a near-to-perfect correction.
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7.2.1 The Concept

In principle every spectrally distinct feature in the optical transmission
measurement of a PPC structure, which depends on the size of adjacent
holes, e.g., the resonance frequency of a cavity, could be used to measure
proximity effects. It is, however, advantageous not to depend on the fine
details of individual holes which could also be altered by etching pro-
cesses, but instead consider optical features which are determined by a
large number of holes, e.g., from a waveguide. Waveguides exhibit further
the advantage that they can easily be modeled with MPB. This allows for
a comparison between (i) optical transmission measurements, (ii) disper-
sion relations computed using hole diameters from SEM micrographs and
(iii) EBL simulations using the EID method (Sect. 3.4) in combination
with MPB to simulate the expected shift of the waveguide feature due to
proximity effects.

To measure the optical impact of proximity effects we propose a spe-
cific design, called “PECmeter”, which consists of 3 nearly identical wave-
guides which only differ in the number of rows of holes on each side of the
waveguide (see Fig. 7.7 b)). These three waveguides are located on the
same mesa and are EBL written simultaneously. Because the remaining
processing steps (development and plasma etching) are of parallel nature
and thus do not introduce any additional differences between the three
waveguides, any optically measurable discrepancy between the three wave-
guides ought to be caused by the difference of rows of holes alongside the
waveguides. The concept of the PECmeter is schematically shown as well
in the inset of Fig. 7.5 and will now be explained. The optical fields of
PPC waveguide modes are concentrated in the center of the waveguide.
Therefore, only diameters of holes located in the rows next to the wave-
guide influence its properties significantly. 2D MPB simulations for a W3
waveguide revealed that changing the radius of the holes in the 7th row
from R/a=0.1-0.5 does change the position of the W3 MSB by less than
∆u≤0.00002, i.e. ∆λ≤0.1nm at λ=1500nm which is below the tolerance
with which the W3 MSB can be spectrally located. As an example for
the concentration of the fields, the Hz component of the W3 fundamen-
tal mode is shown in the inset of Fig. 7.5. EBL proximity effects, on the
other hand, exhibit a characteristic length of the Gaussian-like interaction
function given by the backscatter range β of the electrons which in our
case is ≈2µm. This is indicated as well in the inset of Fig. 7.5 for the 1D
proximity function (see Eq. 3.2). Therefore, additional rows of holes are
not seen by the mode but do influence the diameters of the holes adjacent
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Figure 7.5: Waveguide dispersion of the W1 and W3 fundamental modes.
Indicated are three optical features (W1 mode gap, W3 mini stop band
(MSB), W1 mode cut-off) whose spectral locations are sensitive to the
hole diameters of the adjacent rows (see Tab. 7.1). Inset: Transverse
extent of the Hz-field component of the W3 fundamental mode and the
1D EBL proximity function (Eq. 3.2) with η=1.17 and β=2.12µm which
are both compared to W3 waveguides with 6, 12, 18 rows of holes on each
side.



7.2. Impact of Proximity Effects on PPC Waveguides 187

Sensitivity Fill ratio Spectral
Characteristic ∆λ per ∆R

a =0.01 range width
W1 mode gap 6.1 nm R

a ≥ 0.34 ≈15nm
W3 MSB 10.5 nm full range 30-50nm

W1 mode cut-off 16.2 nm R
a <0.37 hard to locate

Table 7.1: Summary of optical waveguide features as indicated in Fig. 7.5
with a comparison of their spectral sensitivities to changes in hole diam-
eters, the suitable range of fill ratios and their spectral width for the case
of InP-based substrate type PPCs. Numbers are obtained from 2D MPB
simulations and for wavelengths around λ=1500nm.

to the waveguide through proximity effects.

In the main graph of Fig. 7.5 the fundamental even modes of W1
and W3 waveguides are indicated, comprising three distinct optical fea-
tures which are suitable for our purposes, namely the W1 mode gap, the
W3 MSB and the W1 mode cut-off. Their spectral location depends on
the size of the adjacent holes with a sensitivity which is summarized in
Tab. 7.1 together with the range of fill ratios for which they are within
the photonic band gap. An estimate of their spectral width is given as
well. The sensitivity to quantify the impact of proximity effects depends
on the spectral resolution with which the optical feature can be located
and its sensitivity towards changes in hole diameters. The numbers in
Tab. 7.1, which were obtained from 2D MPB simulations, show that the
W1 mode cut-off exhibits the largest sensitivity to hole-size variations but
is very hard to locate in InP-based substrate type PPCs because of diffi-
culties to couple light to the slow-light region (see Sect. 2.4.3) and due to
excessive losses of the transversely extended mode. The W1 mode gap on
the other hand is very distinct and can be located accurately, but it does
not shift much when changing hole diameters. The W3 MSB presents a
compromise, both regarding spectral width and sensitivity and offers the
advantage that it is observable over the full range of fill ratios. For cou-
pling from a photonic wire waveguide, the fundamental mode of the W3
waveguide is predominantly excited due to the good mode profile over-
lap. In general, the impact of proximity effects on waveguide properties
becomes stronger with an increasing fill ratio and for a decreasing lattice
constant.

To give an estimate of the sensitivity of the method, we consider the
case of a W3 waveguide with a lattice constant of a=400nm whose MSB
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can be located with an accuracy of ∆λ=1nm (see Sect. 7.2.4). The method
then is sensitive to hole radius changes of ∆R=0.4nm. This should be
compared to techniques using SEM micrographs for which best reported
values are on the order of 1-2nm (see Chapt. 5) limited by the diameter
of the electron beam.

Spectrally distinct optical features lend themselves naturally to investi-
gations with the end-fire method, as no reproducibility on the transmission
level is required and in our case a considerable number of structures have
to be measured (10-20). We just note, that a similar investigation with
a comparable sensitivity could also be performed using SNOM to mea-
sure the dispersion relation with the standing-wave meter method (see
Sect. 7.3), however, the measurement effort is expected to be significantly
larger for an in-depth analysis as the one performed in this section.

We chose to implement the PECmeter design with W3 waveguides for
which the spectral location of the MSB was determined with the end-fire
method. Designs without PEC were implemented to check the pertinence
of the proximity parameters when compared to EBL EID simulations.
Furthermore, the expected performances of energy-equalization PEC and
midpoint-equalization PEC (see Sects. 3.4.2 and 3.4.2) were evaluated by
simulations. In the next section we will start with a qualitative assessment
of the PECmeter design and give an estimate of the expected effects using
EID simulations.

7.2.2 Assessment of the PECmeter with EID Simula-
tions

EID simulations are a suitable tool to predict the influence of proxim-
ity effects on hole diameters in a qualitative manner. However, due to
the lack of models for the 3D resist development and the plasma etching
processes, no quantitative prediction of final hole diameters is possible.
Since in the PECmeter design all parameters except the proximity effect
induced background dose are kept constant, we expect that EID simula-
tions, nevertheless, can predict the change of hole diameters for the three
PECmeter designs. Furthermore, 2D MPB simulations can then be used
to give an estimate on spectral shifts of the optical features.

As an example, in Fig. 7.6 cross-sections of EID simulations of W3
waveguides with 6, 12 and 18 rows of holes on each side are depicted for
the central 9µm. The simulations were performed for the case when no
PEC is applied, with parameters given in the figure. For the hole radius
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Figure 7.6: Cross-section through EID simulations as introduced in
Sect. 3.4 shown for W3 waveguides with 6 (red rectangles), 12 (green
ellipses) and 18 (blue diamonds) rows of holes on each side for the case
when no PEC is applied (D/Dcl=2). Hole radii of the 3 rows adjacent on
each side of the waveguide (R−4, R−3, R−2, R2, R3, R4,) are extracted
from binary images (see inset at the top) obtained at a development en-
ergy of E/Ecl=1/1.53 (according to Sect. 3.4.3).
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extraction, only the central part (20a) of the totally 60a long simulated
waveguide was considered to avoid effects of the edge regions. The figure
is divided into the bottom part, where details of the background energy
distribution can be seen, and the top part, where the maximum of the
energy-cone of exposed holes is marked with a symbol. The hole size after
development can be approximated by the area which receives more en-
ergy than the fixed development threshold E/Ecl= 1

1.53=0.65 (according
to Sect. 3.4.3). Because the slope of the energy-cones is roughly constant,
the height of the background and the energy-cone maximum, indicate the
change of hole diameters. Consequently, a lower background or energy-
cone maximum indicates a reduced hole radius. In the bottom part of
Fig. 7.6 it can be seen, that the background in the center of the wave-
guide for the 6 row PECmeter is significantly lower than for 12 and 18
rows, between which no difference in background energy is visible. Con-
sequently, the energy-cone maximums of the 3 rows adjacent on each side
of the waveguide are very similar for the PECmeter versions with 12 and
18 rows but are reduced for 6 rows on each side. From this qualitative ob-
servation we expect a shift of optical features between 6 and 12 rows but
a vanishingly small difference between 12 and 18 rows. The 1D proximity
function seen in the inset of Fig. 7.5 points in the same direction as it is
close to zero for all holes outside of the 12th row. As a consequence of the
reciprocity principle, the dose applied to these outer holes influences the
background energy in the center of the waveguide only marginally.

A linear relationship fitted to experimental data1 was used to obtain
an estimate of final fabricated hole sizes using extracted hole diameters
from EID simulations. The thus obtained fill ratios R/a were used as
input parameters for 2D MPB simulations to estimate the influence of
the number of rows on the spectral shift of the W3 MSB. The resulting
spectral locations of the MSBs can not be compared quantitatively to fab-
ricated structures because development and plasma etching effects were
not taken into account and may differ when changing the lattice constant
or the correction method. Nevertheless, it is interesting to compare quali-
tatively the spectral shifts obtained from simulations with those measured
at fabricated structures, because fabrication effects other than proximity
effects are expected to be identical for all structures as the structures are
EBL written, developed and plasma etched simultaneously. Consequently,
MSB shifts are caused by proximity effects in first approximation. The

1The final hole radius in the InP Rf (in units of nm) is given by Rf= 1.1·Rd+38nm
according to an evaluation of SEM micrographs where Rd denotes the radius in the
design.
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MSB shifts according to EID simulations are shown in Fig. 7.10 b) as
green diamonds. For all PECmeter designs no shift is expected between
12 and 18 row waveguides. The shift between 6 and 12 row structures
is expected to become smaller when increasing the lattice constant from
385nm to 415nm because the integral of the proximity function from 6th

to 12th row is smaller for a=415nm than for a=385nm. For the energy-
equalization PEC a small effect is expected and for the theoretically per-
fect correction with the midpoint-equalization PEC no shift should be
observable according to EID simulations.

7.2.3 Fabrication of PECmeters and Analysis of SEM
Micrographs

W3-PECmeters were fabricated with the process described in Sect. 6.4
for the three cases of no PEC, the conventional energy-equalization PEC
and the new midpoint-equalization PEC, for a range of lattice constants
a=(385, 415, 450)nm with a waveguide length of 180a.

Figures 7.7 a) and b) give an overview on the fabricated PECmeter
structures with the incoupling from the ridge waveguide to the trench
visible in a) and the interface between the trench and the W3 waveguide
depicted in b). Three structures with 6, 12 and 18 rows on each side
of the waveguide were placed on the same mesa and simultaneously ex-
posed with EBL. This minimizes parasitic differences between the three
PECmeter structures which could be caused by a drift of the EBL beam
current or focus. All further processing (e.g. development, plasma etch-
ing) is of parallel nature and therefore not expected to introduce further
differences. A high resolution SEM micrograph taken from the central
part of one of the structures is shown in Fig. 7.7 c). Such images were
recorded for all considered waveguides and analyzed using image process-
ing techniques to extract the diameters of individual holes from binary
images (see Fig. 7.7 d)). 18-20 holes were analyzed per row to ensure an
accurate determination of the average hole radii for the 3 rows adjacent
on each side of the waveguide.

Results from the extraction procedure are shown in Fig. 7.8. The
structures for which no PEC was applied show a clear increase of central
hole diameters from 6 to 12 row structures but no significant difference
between 12 and 18 row structures. As expected from the EID simula-
tions, differences between the individual rows are small. For the case of
midpoint-equalization PEC (far right), extracted radii are the same for
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Figure 7.7: Fabrication and analysis of W3 PECmeters: a), b) optical
microscope images of three W3 waveguides (length 180a) with 6, 12 and
18 rows of holes on each side, simultaneously written by EBL on the same
mesa, c) high resolution SEM micrograph (4nm/pixel) taken from the
central part of the waveguide, d) binary image of the central 6 rows of
holes obtained by thresholding the SEM micrograph. A matlab routine
was used to extract the average radius of each row (18-20 holes per row).
The hole radius of each row is labeled as indicated on the right side.
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all structures within a few nm of extraction tolerance. This proves the
excellent patterning quality which can be achieved with this PEC method.
The structures corrected with the energy-equalization PEC method ex-
hibit very small holes whose diameters are not well controlled. This be-
havior was caused by an underexposure of these structures which in turn
originates from inaccurate proximity parameters. The clearing dose and
implicitly the electron backscatter efficiency η was measured to be cor-
rect with a test exposure. Consequently, for the chosen material system
the backscatter range β is presumably larger than it was measured. The
reason for this is expected to be the charging of the highly insulating
SiNx layer during the exposure of the doughnuts with high doses as it is
performed when measuring the proximity parameters (see Fig. 3.1). An
underestimation of β leads to more energy which leaks out of a small
structure and consequently a reduced back ground dose which is wrongly
anticipated by the PEC program.

Extracted hole radii were used as input parameters for 2D MPB sim-
ulations, from which the position of the W3 MSBs and their shifts for 6,
12 and 18 rows were calculated. Such simulations can then directly be
compared to MSB positions from optical transmission data as is shown in
Fig. 7.10 and will be discussed in Sect. 7.2.5.

7.2.4 Measurement and Data Analysis

Transmission measurements were performed on the PECmeter structures
with the end-fire setup as shown in Fig. 7.1. In order to reliably determine
the spectral position of the W3 MSB the laser was scanned with a fine
resolution (∆λ=0.1nm) over a wavelength range which was large enough
to allow for a normalization of the transmission level outside the MSB. The
W3 MSB of the PECmeter designs with no PEC and energy-equalization
PEC happen to be only partly within the wavelength range of our lasers for
a single lattice constant. Therefore, PECmeter structures with a=385nm
and a=415nm were measured for these two designs. However, the energy-
equalization PECmeter with a=415nm did not show a distinct MSB due
to significant underexposure and was therefore not included in the results.

In Fig. 7.9 a) the 2D MPB simulation of the W3 even mode with
hole diameters obtained from the SEM micrograph extraction procedure is
shown for a midpoint-equalization corrected PECmeter (18 rows, a=415nm).
Arrows indicate the edges of the MSBs which are given for all structures
in Fig. 7.10 a). Figure 7.9 b) shows the measured and normalized optical
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Figure 7.9: a) Dispersion of the W3 fundamental even mode around the
MSB simulated with 2D MPB with hole radii as determined from SEM mi-
crographs (18 rows, a=415nm, midpoint-equalization PEC, see Figs. 7.7
and 7.8). b) Measured optical transmission (red squares: raw data, green
line: smoothed over 1nm) normalized to the transmission at short wave-
lengths, of the same waveguide as simulated in a). The procedure to
determine the upper and lower edges of the MSB is indicated for both,
simulation and measurement data with arrows (see text for details). The
frequency range depicted is the same for the simulation and the measure-
ment data.
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transmission for the same structure as in a). Red symbols indicate the raw
data and the solid green line represents the same data after application of
a 1nm moving average filter. Both flanks of the MSB were fitted individu-
ally with a polynomial of sufficient order (6th order) and its crossing with
the -5dB level was assumed to be a good indicator of the experimental
MSB edge. This method allows for the determination of the MSB edges
with a tolerance of approximately ±1nm as was estimated from the scat-
ter of the measurement curve around the fitted polynomial function. The
width of the MSB transmission dip is determined to a large extent by the
losses of the waveguide as has been demonstrated with measurements and
2D simulations in [103]. The reason is, that optical modes close the the
MSB extend further into the adjacent rows of holes and are, consequently,
much more prone to non-ideal hole shapes than those found in the linear
regime of the W3 waveguide. The width of the MSB in Fig. 7.9 b) implies
that the losses of the measured waveguides are rather high which is caused
by an insufficient hole depth (≈2.1µm) due to an overly conservative etch
duration. The difference between measured and simulated centers of the
MSB is an indication that the 2D model does not account for material
and waveguide dispersion effects [47]. For our purposes only the shift of
the consistently determined MSB edge is relevant for the interpretation
of the results and not their absolute positions.

7.2.5 Results and Discussion

Results of optically measured MSB edges together with 2D MPB simula-
tions based on micrograph-extracted parameters (see Fig. 7.8) are shown
in Fig. 7.10 a). The trends for the MSB locations generally show a satis-
factory agreement between measurements and simulations. The absolute
spectral locations of the MSBs depend on the fill ratios, which leads to
significant differences between, e.g., midpoint-equalization corrected and
non corrected waveguides.

Because the absolute spectral locations of the MSBs are influenced by
resist development and etching effects which depend e.g. on the lattice
constant, we concentrate in our study on the shift of the MSB of 12 and
18 row waveguides relative to PECmeter structures with 6 rows which is
caused by proximity effects. These results are shown in Fig. 7.10 b). We
found that the edges of the MSBs can be determined with an uncertainty
of ∆λ=1nm which corresponds to the scatter of the measurement curve
around the fitted polynomial. The resulting error bars for the MSB shifts



7.2. Impact of Proximity Effects on PPC Waveguides 197

are ∆u=0.00033 as indicated in Fig. 7.10 b). For the case of no PEC,
with a=385nm, an excellent agreement can be seen between measured and
simulated shifts. Furthermore, EID simulations do predict nearly the same
result with the exception of a shift between 12 and 18 row structures which
is not predicted by EID simulations. The difference is presumably caused
by an underestimation of the electron backscatter range β due to strong
charging effects during the exposure for the parameter measurement.

Results from the PECmeter with energy-equalization PEC, show a
spectral shift which is smaller than for non corrected structures but larger
than expected by EID simulations. However, due to the underexposed
holes and the resulting excessive loss of these structures, the differences
between measurements and simulations are difficult to interpret. EID sim-
ulations show that the energy level of energy-equalization PEC structures
is smaller than for not corrected structures, hence the point of operation is
closer to underexposure which is in agreement with the fact that energy-
equalization corrected structures did not receive sufficient dose, whereas
midpoint-equalization and not corrected structures are well resolved. The
operation point close to underexposure is known to be a general problem
of the energy-equalization PEC method if a high accuracy is required (see
Sect. 3.4.2).

The MSB position of midpoint-equalization corrected PECmeters is
well resolved and not expected to depend on the number of rows accord-
ing to MPB simulations based on SEM micrographs as well as EID simu-
lations. This is in good agreement with the optical measurements which
show identical positions of the MSB edges within the tolerance margins
of the measurement. Well within the error margins, a slight shift of the
MSB center (or the average of the MSB edges) can be recognized. This
minute effect can be interpreted as the consequence of an underestimated
electron backscatter range β. Nevertheless, we can state that midpoint-
equalization PEC achieves a near-to-perfect correction which manifests
itself in a vanishingly small shift of the MSB.

As a conclusion, in this section we showed, that PEC for EBL pat-
terning of PPC devices is strictly required to avoid the dependence of
optical properties of waveguides and other devices on the number of holes
in the extended environment. The PECmeter method, which was newly
introduced in this section, is shown to be a very sensitive tool to control
the effectiveness and accuracy of PEC in EBL patterning of PPC devices.
When applied to the W1 mode cut-off, which can be accurately located
in the case of membrane-type PPC waveguides, this method is well suited
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EID simulations (green diamonds). Error bars indicated for the measured
MSB shifts correspond to an uncertainty of ∆λ=1nm in the determination
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to determine changes of average hole diameters along the waveguide on
the sub-nanometer level. For an improved design of the PECmeter we
would suggest to use, e.g., 6, 10, 14, 18 rows of holes on each side of the
waveguide. For substrate type PPCs the well defined W1 mode gap with
large fill ratios is the optimal choice. For membrane type PPCs the W1
mode cut-off is most favorable as it is most sensitive.

7.3 Near-field Measurements of Dispersion
and Loss in W1 Waveguides

7.3.1 Introduction

After the investigation of modified spectral properties of waveguides with
the end-fire transmission technique we will now discuss SNOM as a tool
to measure the fundamental properties of W1 waveguides, namely the
dispersion relation and propagation loss.

The most common methods to determine the dispersion relations of
fabricated substrate-type PPC waveguides are:

• Fill ratios obtained from top-view SEM micrographs serving as in-
put parameters for numerical simulations to calculate the dispersion
relation. This method suffers from the non-cylindrical shape of the
holes [133, 103] which causes the optical mode to experience another
hole radius than is visible at the surface of the structure [47].

• For the second method, the band edges or characteristic features of
PPC waveguides (W3 MSB, W1 mode gap or cut-off) are measured
in transmission with the EF or ILS technique. The spectral location
of the feature is then matched with numerical simulations to obtain
the effective optical radius and the dispersion relation. This method
was applied to obtain the dispersion relation (see Fig. 2.6) which
corresponds to the W1 waveguide which was measured with the EF
technique (see Fig. 6.11). In this case the spectral position of the
W1 mode gap (indicated with an arrow in Fig. 6.11) was used to
determine the correct fill ratio R/a of the simulation and thus the
dispersion relation which corresponds to the measurement.

Both methods are of indirect nature and their accuracy depends on the
pertinence of the input parameters and the accuracy of the model it-
self. Previous work has also demonstrated dispersion measurements using
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Figure 7.11: Dispersion relation of a W1 waveguide (2D MPB) with the
region of interest for Fig. 7.13 indicated.

standard optical microscopy on the light scattered out from a standing
wave in a W1 waveguide [168]. In the case where the scattering is small
or nonexistent, as expected for high quality PPC structures, the method
will fail. To fill this gap, we developed a SNOM-based method to measure
the dispersion and loss of a PPC W1 waveguide simultaneously and with
an unprecedented accuracy.

In the experiment described in this section we use a standard SNOM
setup as described in Sect. 7.1.2 to measure the intensity of a stand-
ing wave formed by coupling light into a W1 waveguide which is termi-
nated inside the PPC. A comparison of the dispersion extracted from this
“standing-wave meter” with 3D numerical models shows excellent agree-
ment. In fact, we even observe a 0.8%-variation in material dispersion
intrinsic to the InP and InGaAsP materials from which our devices are
made. The decay of the standing wave also allows an accurate determi-
nation of the waveguide loss when fitting the data with the appropriate
analytical expression (Eq. 7.5). The simultaneous measurement of the
dispersion and loss is very valuable for the comparison to numerical mod-
eling and to directly relate loss figures from structures with different hole
sizes for a fixed field distribution, i.e. k-vector.
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7.3.2 Experiment

The sample used for the extraction of the dispersion relations consisted
of a slab waveguide with a core of InGaAsP (400nm, lattice matched
to InP) and an upper InP cladding layer (200nm). The refractive in-
dices of the materials decrease from n=3.45 and 3.176 (for InGaAsP and
InP, respectively) at λ=1480nm to n=3.423 and 3.165 at λ=1570nm [46].
This is the wavelength range accessible with our tunable laser source.
The vertical slab waveguide supports one TE mode. The PPC structure
uses a triangular array of holes (depth=3µm) with a lattice constant of
a=430nm [105, 182]. As indicated in the 2D band structure simulation
[34] in Fig. 7.11, the structure exhibits a TE band gap for u=a/λ=0.27-
0.43. For the frequency interval accessible (u=0.274-0.291) we expect to
excite the laterally even mode of the W1 waveguide, because the odd mode
shifts out of the probed frequency range to higher frequencies. In fact,
for this structure the odd mode does not exist below u=0.29 according
to 3D MPB simulations. For an example of differences in mode positions
between 2D and 3D simulations, see Fig. 2.6 b). An SEM image of the
terminated waveguide that formed our “standing-wave meter” is shown
in Fig. 7.12 a).

SNOM measurements were carried out by scanning an area of roughly
6×30µm2 along the waveguide. The fast scan direction was orthogonal to
the waveguide. Typical topography b) and optical data c)-f) can be seen
in Fig. 7.12. The topography data resolves individual PPC holes, there-
fore, allowing an accurate correlation between the device geometry and
the optical information. This correlation can be used to correct for piezo
non-linearities and accurately calibrate distances. The correction and cal-
ibration procedure is described in App. B. The optical data exhibits a
very clear signature of two counter-propagating attenuated electromag-
netic waves which form a standing wave pattern. The spatial modulation
at 1/a is present in the measured data, but can only be seen in the FFT
image (Fig. 7.13 b)) and not in the scans itself due to limited image con-
trast. It is interesting to note that the last optical maximum is located at
the first hole after the waveguide-end and exhibits a phase slip and hence
a different shape compared to the other maxima along the waveguide.
This is due to the local decay of the mode field within the proper PPC.
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holes. b) SNOM topography data simultaneously acquired with d). c)-f)
SNOM optical data at several wavelengths. g) Optical intensity of d) along
the waveguide (black symbols) and best fit of the electric field intensity
of a standing wave (solid red line, see Eq. 7.5) with the corresponding fit
parameters.
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7.3.3 Dispersion Relation

To extract the periodicity of the optical modulation, we take a line cross-
section of both the optical data along the waveguide and the topography
signal parallel to the waveguide along the nearest row of crystal holes.
The topography data is then used to correct for piezo nonlinearities and
to calibrate distances in the optical data. The procedure is described in
App. B. The ability to correct the distances is critical since our piezo-
electrical scanner has significant nonlinearity, as evidenced by the com-
pression of the crystal lattice on the right hand side of Fig. 7.12 b). A
corrected line section of the optical data is shown in Fig. 7.12 g). The
spatial Fourier transform (FT) spectra for all measured frequencies are
combined in the color plot of Fig. 7.13 b). The peak positions in the spa-
tial FT spectrum correspond to 2β, where β is the propagation constant.
We denote the normalized k-vectors as k = βa/2π. Figure 7.13 b) shows
a clearly resolved waveguide mode around a spatial frequency of 0.3/a for
high optical frequencies. The waveguide mode decreases in strength as
the optical frequency approaches the band edge at u=0.277. Also visible
in this plot is a small peak in the spatial FT data at exactly 1/a, which
is due to the interference of the two Bloch modes located in the first (β)
and the first negative (β-K) Brillouin zones (K=2π/a) (see the discus-
sion in Sect. 7.1.2 or [162]). The center of this peak varies by less than
1%, which validates our piezo calibration. Hence, we are confident that
we can determine spatial frequencies in the optical signal with very high
accuracy. The extracted values for the k-vectors of the waveguide mode
are depicted in Fig. 7.13 a) with error bars of 1% (red points).

To assess the dispersion properties of the fabricated W1 waveguide
we employ a 3D plane wave simulation package [34]. The simulation
of the W1 waveguide was performed with 16 plane waves per unit cell
and a super-cell measuring 1a by 7a laterally and 10a vertically. Since
we are interested in the light guided through the waveguide core, other
modes have to be filtered out. Therefore only those modes are displayed
for which the energy preserved in the slab waveguide exceeds a chosen
threshold (15.5%). The 3D simulations were performed for two sets of
refractive indices corresponding to the material properties at λ=1480nm
and λ=1570nm. For a fill ratio of R/a=0.415 we achieve a very good
agreement between measured and calculated dispersion relations. Fur-
thermore, the systematic trend of measured k-vectors from one simula-
tion to the other conclusively reveals material dispersion effects on the
band structure (see Fig. 7.13 a)). We therefore have been able to isolate a



204 Chapter 7. Optical Characterization

0.27

0.28

0.29

0.15 0.175 0.2 0.225

Measurements

0.28

0.2 1

103

10-2

0.29

a)

b)

0.02 0.04 0.06

Loss [dB/mm]

348174 522

c)

Band edge for R/a=0.415

O
p
ti
c
a
l 
fr

e
q
u
e
n
c
y
 a

/λ

Spatial frequency

[1/a]

k-vector  along ΓΚ-direction [2π/a]

R
e
d
u
c
e
d
 o

p
ti
c
a
l 
fr

e
q
u
e
n
c
y
 u

=
a

/λ

Loss α [1/µm]

3D Simulation

n @ λ=1480nm

3D Simulation

n @ λ=1570nm
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waveguide; c) waveguide loss measured by fitting Eq. 7.5 to the optical
intensity along the waveguide [see Fig. 7.12 g)].
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variation of 0.8% in material dispersion by comparing measured k-vectors
with k-vectors simulated in 3D using two sets of material indices.

7.3.4 Local Loss

To extract the loss amplitude coefficient α and the field reflection co-
efficient b/a, we fit the optical intensity along the waveguide with an
expression which represents the electric field intensity of two counter-
propagating, attenuated electromagnetic waves:

|E(x)|2 = |a · e(x−φ)(α+iβ) + b · e−(x−φ)(α+iβ)|2 (7.5)

where φ is an arbitrary spatial phase and a, b are real amplitudes. The best
fit to the optical intensity at λ=1485nm can be seen in Fig. 7.12 g) together
with the corresponding fit parameters. Over the whole wavelength range,
extracted values for the field reflection coefficient lie within b/a=0.3-0.6.
The observed reflection coefficients b/a <1 are caused by radiation losses
at the first hole after the waveguide which result from a mode-profile
mismatch at the waveguide-mirror interface as was discussed in [183].
Values for α are depicted in Fig. 7.13 c). Starting at high frequencies well
inside the band gap we find a loss of α≈0.02/µm. This corresponds to a
waveguide loss of about 180dB/mm. Although a factor of 2 higher than
the lowest loss reported for this type of W1 waveguides [181], this loss
figure can be explained by the large fill ratio (see discussion below) and
the slight conical shape of the air holes in our structure as was discussed
in [132]. As the frequency approaches the band edge, the loss increases
due to changes in the mode pattern, i.e. an increased intensity along the
first row of holes. The location of the band edge was confirmed to be
at u=0.277 (light blue area indicated in Fig. 7.13) with the help of a 3D
MPB simulation for the perfect crystal. Furthermore, below the band
edge we find in Fig. 7.13 b) less pronounced FT peaks and a multi mode
behavior of the waveguide due to the excitation of bulk crystal modes.

In Eq. 7.5 no fitting parameter was introduced for a constant back-
ground signal, because all evaluated scan lines drop to values very close
to zero after the end of the waveguide as this can be seen in Figs. 7.12 g)
and 7.14 e). Furthermore, tests revealed that the fitting algorithm could
not find a well defined optimum in the ratio between the background sig-
nal and the reflection ratio. To obtain an estimate of the the stray-light
induced noise level in our measurements, we evaluated several scan lines
located parallel but away from the the waveguide where only the back-
ground signal is present. The average signal and its standard deviation
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Average signal / Average signal / Modulation depth /
average(background) std(background) std(background)

≈19 (13dB) ≈30 (15dB) ≈45 (16.5dB)

Table 7.2: Comparison of the average and the standard deviation (std) of
the background signal (taken along a scan line away from the waveguide)
with the average signal strength (Ī=Imax - 1

2 · modulation depth) and the
modulation depth at the end of the waveguide.

were calculated for these background scan lines. An evaluation where
the average and the standard deviation of the background signal (bg) are
compared to the signal strength and the modulation depth of the stand-
ing wave is presented in Tab. 7.2. To estimate the uncertainty of the
extracted loss values in Fig. 7.13 c), a constant c was introduced into the
fitting procedure and varied according to c=average(bg)±std(bg). This
test indicated that the extracted loss values are accurate within ≈10%.

7.3.5 Effect of the Hole Size on Dispersion and Loss

The impact of hole diameter changes on the dispersion relation of a W1
PPC waveguide is well understood and can be assessed by simulation
programs such as MPB. The behavior of losses, however, is more compli-
cated and no generally valid rule can be found in the literature to describe
the dependence on hole size and frequency. This applies particularly for
InP-based substrate type PPCs, for which an accurate model-based loss
analysis is hindered by the huge calculation cells which are required to
correctly represent the structures.

A popular method to account for losses in a 2D model is based on
the effective index approximation (see Sect. 2.3.1). It assigns a complex
refractive index to the (air-) holes [132]. The imaginary part of the sus-
ceptibility, called ε

′′
, causes the electromagnetic field to suffer from losses

inside the holes. It is assumed that the value of ε
′′

is characteristic for
the vertical waveguide and the technology which is used to fabricate the
structures, i.e., hole depths, roughness, etc. Thus, ε

′′
should remain con-

stant for two structures fabricated simultaneously on the same chip, i.e.
with the same vertical structure and the same hole shape and roughness,
even if they exhibit different hole diameters. Using the ε

′′
-model, the loss

in a waveguide becomes proportional to the field intensity in the holes.
Therefore, the losses should be approximately proportional to the fill ra-
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R
a

)2
for a fixed field distribution, i.e. a given k-vector. An

observation of loss scaling with the hole area would therefore be an indi-
cation that the ε

′′
-model is valid for InP-based waveguides in the linear

regime.

We employed the standing-wave meter method to compare the re-
sults from the waveguide SWM1, as shown in Fig. 7.13, with similar data
from a nearly identical structure (SWM2) which was patterned with EBL
on the same chip but with a 6% reduced hole diameter. The etching
steps are identical and the holes are therefore expected to feature the
same shape and sidewall roughness and consequently the same value of
ε
′′
. SNOM measurements of the standing-wave meter measured for the
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structure SWM2 are shown in Fig. 7.14 together with the best fit of Eq. 7.5
to the corrected intensity along the waveguide for λ=1485nm. The mea-
surements show an excellent quality over a length of more than 40µm,
which allows for an accurate determination of the k-vectors and the loss
for several wavelengths.

The dispersion relations for SWM1 and SWM2 are obtained through
the same analysis as described in Sect. 7.3.3 and are shown in Fig. 7.15 b).
2D MPB simulations with an effective index of neff=3.31 (for λ=1480nm)
were used to determine the fill ratio for each waveguide. A good agreement
between simulated and measured dispersion relations was obtained for
fill ratios of R

a =0.422 (SWM1) and R
a =0.395 (SWM2) as can be seen in

Fig. 7.15 b). A small difference in the extracted hole diameters compared
to the 3D simulations of Fig. 7.13 can be attributed to the dispersion of the
vertical waveguide, which is left unaccounted for in the 2D simulations.
The ratio of hole areas, which is relevant for the loss analysis, is not
expected to be affected by the difference between 2D and 3D models.

Losses determined by fitting Eq. 7.5 to optical intensities along the
waveguides are shown in Fig. 7.15 a) for SWM1 and SWM2 depend-
ing on the k-vectors. As expected, losses are reduced for the waveguide
with smaller hole diameters, particularly for k-vectors closer to the Γ-
point which can be accessed with smaller hole diameters for the available
wavelength range. For the measurement, which yields a k-vector around
0.152× 2π

a , the fitting procedure is influenced by the effects of the multi
modal nature of the waveguide. The presence of the odd mode at the mea-
sured frequencies is seen in Fig. 7.15 b) and appears as a weak long-range
wiggle in the scans of Fig. 7.14 (indicated with arrows). Therefore, a loss
value obtained from a reduced fit range (15-45µm) is shown additionally
in Fig. 7.15 a) (indicated with an arrow).

To verify the
(

R
a

)2
dependency of the ε

′′
-model, loss figures of the

SWM1 structure were multiplied with the ratio of hole areas which were
obtained from the 2D MPB simulations: αSWM1×(0.395/0.422)2. The
resulting values are represented in Fig. 7.15 a) as blue diamonds and can
be seen to fall excellently in line with the loss values of SWM2. This
result, although only of qualitative nature due to the limited number of
measurement points, is a strong indication that the ε

′′
-model is valid for

hole size dependent losses in the linear regime of the W1 waveguide.
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7.4 Near-field Characterization of the Cou-
pling Behavior of PPC Waveguide Ta-
pers

7.4.1 Introduction

PPC waveguide tapers, which form the transition from W3 (multi mode,
low loss) to W1 waveguides (single mode, high loss), present potentially
important building blocks in future highly integrated optical circuits [184].
To compare tapered and abrupt transitions and to investigate the cou-
pling mechanism and its spectral behavior close to a W3 MSB, we employ
SNOM to visualize the spatial distribution of scattered fields and its de-
pendence on the wavelength. This example shows the importance of an
accurate correlation of optical and topographical information as well as
the opportunities which the sample characterization with the standing-
wave meter offers for a reliable interpretation of the measurements.

The PPC structure was etched through a slab waveguide and relies
on a triangular array of holes with a lattice constant of a=430nm and a
fill ratio R/a=0.375 as determined with the standing-wave meter method.
The samples vertical structure is the same as in Sect. 7.3, but holes exhibit
a depth of only ≈1.3µm. This results in a photonic band gap for TE light
for a range of reduced frequencies of u = a/λ=0.25-0.38.

7.4.2 Tapered vs. Abrupt W3-to-W1 Transition

Figure 7.16 shows near-field measurements of a linearly tapered (hole
radii: 0.24a –0.375a) and of an abrupt transition from a W3 to a W1
waveguides at λ=1500nm (middle plots). The color scale is normalized to
maximize the contrast of each measurement. Next to the optical data the
simultaneously acquired topography is displayed, which agrees well with
the SEM micrographs (far right- and left in Fig. 7.16) of the fabricated
structures. The optical data shows that the two designs have a remark-
ably different effect on the flow of light through the transition region.
The abrupt transition exhibits strong out-of-plane scattering right at the
waveguide transition and only a small part of the light is coupled into the
W1 waveguide, whereas the taper manages to funnel the light efficiently
into the W1 waveguide. We note that the signal level in the W1 wave-
guides is generally much higher than in the W3 waveguides. This is due
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Figure 7.16: SNOM measurements at λ=1500 nm of a tapered (left) and
an abrupt (right) W3-to-W1 transition together with the corresponding
topography and SEM micrographs.

to a more concentrated mode profile and much higher out-of-plane losses
for the W1 waveguide. Nevertheless, for both waveguides a characteristic
spatial oscillation with a frequency of 1/a is apparent (see also Fig. 7.17).
This feature is due to the interference of different Bloch components (β
and (K-β)) as discussed in Sect. 7.1.2 and clearly demonstrates that sub-
wavelength resolution is obtained in these measurements as the measured
spatial oscillation 1/a is smaller than the wavelength in air.

7.4.3 Spectral Dependence of the Taper Coupling

To gain further insight into our measurements, we compare them with
simulations. Such simulations can only represent the structure correctly
if the input parameters are known accurately enough. Due to fluctua-
tions in fabrication, geometrical parameters like the fill ratio R/a have to
be determined after fabrication in order to ensure the pertinence of the
simulations. As discussed in the previous section we developed a method
to measure the wave vectors k of light propagating in a W1 waveguide
by deliberately setting up a standing wave. Wave vector measurements
from a standing-wave meter structure located on the same sample are
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Figure 7.17: Simulated dispersion relation of the two fundamental even
modes of a W3 waveguide (green circles) and the one of a W1 waveguide
(blue diamonds). Black open squares denote measured k-vectors of the
W1 waveguide. On the right: Optical data of SNOM measurements of
the W3-W1 gradual taper transition at different wavelengths. Red ar-
rows indicate the corresponding frequency in the dispersion relation. The
location of the taper section is indicated by a white bar.
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shown as squares in Fig. 7.17 and were used together with 2D plane wave
simulations [34, 47] to determine the exact fill ratio R/a = 0.375 for the
W3-W1 transition that we characterize here. The slight offset between
the measured k-vectors and the simulation in Fig. 7.17 is due to material
dispersion as discussed in the previous section. Figure 7.17 shows the dis-
persion relation of the two fundamental laterally even modes of the W3
waveguide and of the W1 waveguide (calculated with MPB considering
input parameters R/a = 0.375 and neff = 3.29 at λ=1550nm). For the
frequency interval accessible with our laser system (u=0.274-0.291) we ex-
pect to excite these even modes of the W3 and W1 waveguide. The modes
show a linear dispersion with the exception of the W3 mini stop band
(MSB) which appears in the simulation around a frequency of u=0.272.
On the right-hand side we depict optical SNOM data measured at differ-
ent wavelengths on the gradual W3-W1 taper. Red arrows indicate the
respective positions of the measurements in the dispersion relation. The
location of the taper section is marked with a white bar in the SNOM
images.

It is expected that coupling from a W3 to a W1 waveguide depends
on the properties of the respective modes, such as mode profile, k-vector
and group velocity (see Sect. 2.4.3). The measurements in Fig. 7.17 show
a clear dependence of the coupling properties on frequency. For frequen-
cies well above the MSB a strong signal inside the W1 waveguide was
measured, indicating efficient coupling. As the wavelength increases and
approaches the W3 MSB the optical signal level strongly decreases. Fur-
thermore, the coupling efficiency is drastically reduced and a region of
strong scattering appears that shifts towards a location in front of the
taper section. This suggests that the profile of the W3 mode arriving at
the transition is not well matched to the W1 waveguide, nor to the modes
in the taper section at λ=1570nm. The reason lies presumably in the
fact that at wavelengths close to the MSB the W3 fundamental mode ex-
hibits a slow group velocity (evidenced by the flattened dispersion) which
causes an inefficient excitation from a photonic wire (see discussion on
impedance matching in Sect. 2.4.3). Instead, the third order even mode
is excited (found around k=0.25 for λ=1570nm in Fig. 7.17) which rep-
resents the major part of the light arriving at the junction. The third
order mode exhibits a transversely extended mode distribution. Conse-
quently, this mode is strongly scattered towards the SNOM tip already at
the first hole of the taper. The scattering due to a transversely extended
mode distribution prevents coupling to the fast and tight fundamental W1
mode.
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This example demonstrates the ability of SNOM to characterize same-
chip devices with the standing-wave meter method, and to correlate opti-
cal information highly accurate with the underlying topography. This is
essential for the correct interpretation of the functionality of complex de-
vices, such as a waveguide taper. Nevertheless, we would like to mention
at this point, that in these measurements the signal is mainly comprised
of the radiation scattered towards the SNOM tip and only to a small part
of the evanescent field tail of the guided mode (1/a spatial oscillations).
Therefore, these SNOM images do not represent the internal distribution
of the electromagnetic field as this would be the case with a signal of
purely evanescent origin, but rather give a map of the spatial distribution
of the scattering strength of the structure. Furthermore, because the sig-
nal level in a W3 is much lower than the signal from a W1 waveguide due
to a much tighter mode confinement and higher out-of-plane losses in the
second, coupling efficiencies for the W3-to-W1 taper can not be obtained
from such SNOM images.

7.5 Conclusion and Outlook

Conclusion

In this chapter two methods to characterize PPC waveguides, namely the
end-fire transmission and the SNOM technique were described and com-
pared. Both methods were applied according to their specific strengths to
investigate the dependence of PPC waveguide properties on fabrication
methods, material properties, and design choices. The end-fire technique
is well suited to accurately measure the spectral position of distinct wave-
guide features. Such features can then be used as very sensitive probes
to characterize the optical impact of fabrication methods. On the other
hand, in end-fire, losses are measured as a function of the probing wave-
length. This impedes a direct comparison of loss figures from structures
with different hole diameters, because the k-vector, i.e. the field distri-
bution, at a given frequency changes when the fill ratio is altered. For
an investigation of loss-dependence on hole radius, we found the SNOM-
based standing-wave meter method a better choice, as k-vectors and loss
figures are measured simultaneously.

PECmeter: W3 waveguides with a varying number of rows of holes on
each side were used to demonstrate for the first time the impact of



7.5. Conclusion and Outlook 215

EBL proximity effects on optical properties. EBL simulations with
the EID method were used to obtain expected MSB shifts with MPB
simulations. A comparison with measurements indicated that the
backscatter efficiency β was underestimated due to charging effects
during the EBL exposure of doughnut structures. A nice agree-
ment was found between the optically measured MSB positions and
those simulated with MPB using SEM micrograph extracted hole
diameters. Furthermore, while not corrected structures showed a
significant impact of proximity effects on the MSB position, the
midpoint-equalization PEC method results in a correction which
is perfect within the tolerances of the measurement method. This
clearly demonstrates that PEC is strictly required for EBL pattern-
ing of PPC devices.

Standing-wave meter: SNOM measurements of a standing wave from
a terminated W1 waveguide allowed us to determine the dispersion
and the propagation loss of the waveguide with an unprecedented ac-
curacy. Fourier analysis or fitting of the real-space intensity patterns
obtained on the W1 waveguides allowed us to extract loss and disper-
sion with an accuracy of 10% and 1%, respectively. In combination
with 3D numerical simulations, it was possible for the first time to
reveal 0.8% variation in material dispersion over a wavelength span
of 90nm thanks to the superior sensitivity of the method. Because
this method allows for a simultaneous determination of propagation
loss and k-vectors, it was possible to show that losses scale with the
ratio of hole areas for identical field distributions, i.e. fixed k-vectors
as predicted by the ε

′′
-model for losses.

W3-to-W1 waveguide transitions: The coupling behavior of W3-to-
W1 transitions was visualized for the first time with SNOM. While a
gradual taper transition manages to funnel the light into the narrow
W1 waveguide, the abrupt transition causes reflections and strong
out-of-plane scattering. Furthermore, a standing-wave meter struc-
ture placed on the same chip allowed us to determine geometric pa-
rameters of the structure with the help of MPB simulations. Thus
obtained dispersion relations of W3 and W1 fundamental modes
lead to the interpretation that the suppressed coupling which was
observed for λ ≥1550nm is caused by the presence of the W3 MSB
at this spectral position.
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All three investigations are new to the field of PPC waveguide charac-
terization. They represent the state-of-the-art and also provide a signif-
icant contribution to the understanding, analysis and design of photonic
crystal devices.

Outlook

The characterization of PPC devices with the end-fire technique will be
used further, as this is the normal mode of operation for integrated optics.
Nevertheless, more complex devices such as switches or add-drop filters
render the characterization with SNOM advantageous to obtain in-depth
information about the field distribution in fabricated devices, particularly
for membrane type PPCs. Another promising direction for the combina-
tion of PPCs and scanning probe techniques is local mechanical tuning of
highly resonant devices, e.g., cavities [18]. Exciting proposals for SNOM-
based spatial and spectral investigations on single emitters (e.g. quantum
dots or molecules) inside PPC cavities [185] point even further into the
direction of basic research and may boost the field of quantum computing
into reality.



Chapter 8

Summary, Conclusions
and Outlook

8.1 Summary and Conclusions

The focus of the work described in this thesis was on the development,
implementation and evaluation of fabrication techniques for InP-based
substrate-type PPC devices as well as a highly accurate characterization
of PPC waveguides with transmission and near-field measurements. The
emphasis of the work was on the EBL patterning and the pattern transfer
into a hard mask. The developed fabrication methods represent a valuable
contribution to the state-of-the-art and are applicable for a broad range
of problems in nano-fabrication.

The following key issues in fabrication and characterization of InP-
based PPC devices were addressed and successfully solved:

Electron-beam lithography: Development of an accurate and efficient
PEC technique for PPC- and nano-structure patterning; analysis of
accuracy and design space limitations imposed by proximity effects
and PEC methods.

Pattern transfer into SiO2 and SiNx hard masks: Optimization
and characterization of a plasma etching process which transfers
EBL-generated patterns into a sufficiently resistant hard mask for
further ICP-etching.
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Device integration: Evaluation and realization of process concepts
which allow for the integration of EBL patterned nano-photonic
devices with fiber-optics compatible standard III-V waveguides.

Optical characterization of the optical impact of EBL proximity ef-
fects and PEC on the modal properties of PPC waveguides; highly
accurate characterization of PPC W1 waveguides concerning disper-
sion, loss and coupling properties.

The following achievements and conclusions emerged from the work
described in this thesis:

Development of a PEC software: In collaboration with Franck
Robin, Glen Stark and Sorin Costea, we developed, implemented
and experimentally validated an efficient and accurate PEC tool,
which is well suited for PPC fabrication and general nano-patterning
and was commercialized by Raith GmbH in 2005 under the brand
name “NanoPECS”.

Accuracy of PEC methods: PPCs turned out to be ideal benchmark
structures to evaluate PEC methods experimentally and simulation-
wise. For this purpose a new EID simulation method of the EBL
exposure process was developed, implemented and experimentally
validated. Its application to PPC structures lead to the following
main conclusions:

• Conventional energy-equalization PEC imposes a lower limit
on the best attainable hole size uniformity. The new midpoint-
equalization PEC method with an adjusted pre-factor does the-
oretically yield perfect accuracy at the optimal dose regarding
process latitude.

• For the case of a generic double bend structure, midpoint-
equalization PEC exhibits an increase of hole-radius varia-
tion of 0.3% for a 10% deviation of proximity parameters
from their correct values. The conventional energy-equalization
PEC method reaches an optimum hole size homogeneity for an
overestimated value of the backscatter efficiency.

• Proximity effects impose severe limitations in terms of achiev-
able accuracy, resist shrinkage and process latitude on the pat-
terning of PPC structures with small lattice constants and/or
high fill ratios.
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Development of a plasma etching process: We developed and char-
acterized a plasma etching process to transfer EBL written patterns
into a 400nm thick SiNx layer with a high accuracy and an excellent
selectivity between PMMA and SiNx. This process contributed for
a subsequent fabrication of high aspect ratio holes which penetrate
more than 3.5µm into an InP-based slab waveguide [108].

Characterization of the plasma etching process: The conclusions
drawn from the characterization of our new plasma etch process
are:

• Cyclic etching of fluorocarbon-based processes can greatly im-
prove the plasma etch selectivity up to a factor of two between
an EBL resist like PMMA and hard mask materials such as
SiO2, SiNx and Ti.

• Cyclic etching can improve the profile verticality, suppress
polymer deposition and reduce RIE-lag.

• Due to RIE-lag, 400nm is close to the maximum SiNx hard
mask thickness which can be patterned reliably with holes of
diameters down to 150nm, given a maximal PMMA thickness
of ≈250nm.

Fabrication-induced disorder: An investigation on fabrication-
induced disorder which was conducted for the first time over
several fabrication steps proved that hole-diameter variations,
hole-edge-roughness and placing accuracy of our process are on the
few nm-level, i.e. at the detection limit for SEM micrograph based
investigations as this is the case for all state-of-the-art values found
in the literature.

Optical integration: We developed and implemented a process for the
integration of EBL patterned nano-photonic devices with standard
III-V waveguides (fiber-optics compatible) which are defined by op-
tical lithography. The suitability of the process was demonstrated
with the characterization of a W1 waveguide with respect to loss
and coupling efficiency.

Evaluation of process concepts: Process concepts which combine op-
tical lithography for shallow etched ridges and EBL patterned PPC
structures were evaluated and the most suitable was implemented.
The following conclusions were found:
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• No concept was found which exhibits simultaneously optimal
properties such as: low process complexity, high overlay and
EBL accuracy, good etch protection and simple further inte-
grability.

• EBL marker recognition and etch protection are critical issues
for any multi-step integrated PPC process. Due to the lack
of contrast of photolithographically-defined shallow markers,
we had to resort to intermediate Au markers which limited
the overlay accuracy to that given by the mask aligner (300-
400nm).

• The transition between optically-defined loosely confining ridge
waveguides and EBL written tight trench waveguides does
not exceed a coupling loss of 2dB for alignment tolerances of
±400nm as are commonly attributed to optical lithography.

Optical impact of proximity effects: A newly introduced method to
quantify the impact of EBL proximity effects and their correction on
the optical properties of PPC waveguides revealed that the W3 MSB
exhibits a large shift for not corrected structures and a near-zero
shift (i.e. near-to-perfect correction) for the midpoint-equalization
PEC when the number of holes on each side of the waveguide is
varied.

Near-field measurement of dispersion and loss: A near-field mi-
croscopy based method was introduced to measure dispersion and
loss of W1 waveguides by measuring the field pattern of a stand-
ing wave. The method reaches an unprecedented level of accuracy
and allowed us to demonstrate material dispersion effects for the
first time in PPC waveguides. The simultaneous measurement of k-
vectors and propagation loss enabled a clear experimental evidence
for loss being proportional to the hole area.

Near-field visualization of waveguide transition: We measured the
coupling behavior of W3-to-W1 waveguides with SNOM and visu-
alized the difference between abrupt vs. tapered transitions and the
impact of a W3 MSB on the flow of light.
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8.2 Outlook

The technological methods developed in the course of this thesis are aimed
to set the fundament for novel PPC-based active optoelectronic or all-
optical functionality which can be integrated into standard InP-based
photonic circuits. Some of the major issues which have to be addressed
to be successful in this promising and largely unexplored area of research
are:

Electrical contacting: The implementation of a PPC device concept
with a electrical contacting scheme which provides simultaneously
low optical loss, low electrical resistance, as well as good current
and mode confinement is required.

Usage of slow light in PPC waveguides for enhanced light-matter in-
teraction combined with electrical current injection to enable optical
functionality is very promising for, e.g. switching or amplification
applications [25], but requires to overcome current limitations on
coupling efficiencies and propagation losses.

Membrane integration: All-optical functionalities, e.g. fast all-optical
switches or logics, require high field concentrations which are best
achieved with slow light or high-Q cavities in membrane-type PPCs.
The integration of such InP-based structures with high coupling
efficiencies, either into standard optoelectronic circuits or directly
coupled to optical fibers is mandatory for practical success.

Integration concepts for active and passive PPC functionality
on the same chip are necessary for optoelectronic integration of
more complex elements, e.g. optical logic devices [186].

Heterogeneous integration with bonding of III-V materials onto SiO2

may facilitate the solution of these issues considerably [15]. It enables
a membrane-like optical confinement together with mechanical support,
access from both sides of the active layers and thermal management.

As for PPC fabrication, the natural continuation of reducing the op-
eration wavelength of PPCs into the visible range, represents a major
challenge. The first reason is that the impact of EBL proximity effects
and RIE-lag becomes stronger when lateral dimensions are shrunk and
secondly to obtain low losses with high refractive indices one has to resort
to technologically less mature materials such as GaN, TiO2, GaP. Never-
theless such developments would enable novel devices for LED lightning,
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fundamental quantum optics and micron sized laser sources with GaN-
based [187] or polymer-based [188] gain materials.

As more complex PPC devices start to appear for which the spectral
response is a complicated function of several interacting sub-structures,
SNOM can provide an otherwise not accessible local map of field intensi-
ties from which loss, mode properties, reflection and transmission efficien-
cies can be obtained. Phase sensitive measurements with pulsed, hetero-
dyne SNOM can provide additionally the group velocity, group velocity
dispersion and pulse distortion. Such information is invaluable for the in-
vestigation of highly integrated dispersion compensating devices. SNOM
will, however, only be capable to provide such data with high accuracy
for membrane-like structures.



Appendix A

Technology Developments
for a Highly Accurate
Integrated Optics Process

The process concept number 3 for a highly accurate integrated optics
process employing M&M EBL and optical lithography was discussed in
Sect. 6.3.2. It offers excellent properties with respect to EBL and overlay
accuracy and the protection of pre-existing structures against successive
etch steps. Despite of the promising perspectives, the development of this
novel process concept was abandoned due to the discrepancy between the
required time for the development and a tight project schedule. At this
point we would like to present the status of the solved and open processing
issues of this concept.

As a reminder, the schematic representation of the process concept 3
from Sect. 6.3.2 is shown in Fig. A.1. As discussed in Sect. 6.3.2, the
following novel processing steps have to be mastered for a successful im-
plementation of the process:

Plasma etching through PMMA/Ti/SiNx/InP with an initial pat-
tern transfer mask of ≈500nm of photo resist: A preliminary test
for step 1 of Fig. A.1 revealed that the relatively thin layer of
photo resist shows enough resistance against F-based plasma etch-
ing with processes described in Tab. 4.1 to transfer the pattern
through all the layers into the InP cladding. Figure A.2 shows a
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Figure A.1: Schematic representation of the process concept 3 from
Sect. 6.3.2 in which the resist for optical lithography protects the EBL
resist for later nano-structuring.

sidewall profile after etching through the following layer stacks: a)
PMMA/Ti/SiNx-layers and b) additionally for ≈100nm into the InP
cladding. The sidewall exhibits a relatively high roughness in these
experiments.

Selective removal of photo resist: At the stage of Fig. A.2 b), i.e.
after RIE etching of the InP cladding, the remaining photo resist
has to be removed selectively against PMMA. Options are a 10%
solution of NaOH or KOH developer after an optical flood exposure.
Our first experiment with NaOH proved to be successful.

EBL lithography with plasma treated PMMA: Experiments
depicted in Fig. A.3 indicate that PMMA still exhibits EBL capa-
bilities after the indirect plasma treatment during the RIE etching
and the photo resist removal. However, it is fully unexplored
whether the accuracy, reliability or contrast of PMMA is seriously
impaired after the undergone treatment. The experiment shown
in Fig. A.3 b) indicates that the PMMA has suffered from resist
shrinkage due to partial exposure during the plasma etching.

Recognition of M&M EBL markers was tested in the experiment
depicted in Fig. A.4 a) with an isolated etched structure which
consist of a PMMA/Ti/SiNx/InP layer stack. The signal of the
secondary electron detector showed sufficient contrast to allow for
an automatic writefield correction.
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a) after SiNx RIE etching b) after InP RIE etching
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Figure A.2: Experiments to test the plasma etching of a
PMMA/Ti/SiNx/InP layer stack with an initial mask of 500nm of photo
resist: a) sidewall profile after etching through PMMA/Ti/SiNx with F-
based RIE processes as described in Tab. 4.1, b) sidewall profile after
additionally etching into the InP cladding layer with a CH4-based RIE
process as described in Sect. 6.4.1.

Deposition of Al2O3 with a lift-off process (785nm) was performed.
Subsequently the resistance of Al2O3 against the InP ICP-RIE
(4min) process (similar as the one described in Tab. 4.6) was tested
in an experiment depicted in Fig. A.4 b). The remaining thickness
of 670nm proves the protection capabilities of the Al2O3 layer and
suggests that thinner layer of Al2O3, e.g. 300nm, would be enough
to withstand the InP ICP-RIE etch step.
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Figure A.3: Experiments to test the EBL capability of indirectly plasma
treated PMMA after selective removal of the photo resist: a) EBL exposed
and developed PMMA with lines of ≈200nm width, b) patterns in PMMA
were transferred with the RIE processes of Tab. 4.1 through the Ti and
SiNx layers.
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Figure A.4: a) Test for automatic marker recognition and writefield cor-
rection: secondary electron detector signal from an isolated etched struc-
ture composed of PMMA/Ti/SiNx/InP as the one shown in Fig. A.2 b).
b) Test for the Al2O3 lift-off process and the protection capabilities of
the Al2O3 layer in an InP ICP-RIE process similar as the one described
in Tab. 4.6: the remaining Al2O3 layer (670nm) from an initial 785nm
thickness after 4min of ICP etching is seen.
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Correction for
Piezo-Nonlinearity

In this appendix we give a description of the algorithm which was used to
correct and calibrate the spatial distances of the optical SNOM data in
Sect. 7.3 for the nonlinearity of the scanning piezo. Such a procedure is
necessary because the piezo-nonlinearity causes distortions in the scanning
grid and consequently results in a inconstant distance between the pixels
δp(x). Furthermore, the PPC grid measured in the topography allows for
a very accurate calibration of the distances in a scanned image. Both are
crucial for an accurate determination of optical spatial frequencies as this
is done for the analysis of the standing-wave meter.

The algorithm to correct for piezo-nonlinearities in a line scan as the
one depicted in Fig. 7.12 g) will now be outlined:

1. Extract a parallel scan line cross-sections of the optical data along
the waveguide and the topography signal along the nearest row of
holes.

2. The topography data exhibits a spatial oscillation with a frequency
which corresponds to the lattice constant. Piezo-nonlinearities cause
this frequency to change along the scan line for typically 30-40% as
can be seen in Fig. B.1 a).

3. The extracted scan line is now split into 20-30 sections and the
spatial frequency of the lattice constant modulation is determined
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Figure B.1: a) Topography data of a scan line along the nearest row of
holes next to a W1 waveguide. The topography is recorded as the voltage
applied to the Z-piezo (mV) relative to a mean value. b) Spatial frequen-
cies (blue circles) determined for each of the 18 sections of the topography
scan line relative to the mean frequency. A third order polynomial (f(x))
is fitted to the frequency data to model the piezo-nonlinearity. This model
is then used to correct distances in the topography and the optical data.
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for each section individually (FFT or fit of a cosine-function).

4. The extracted spatial frequency along the scan line is fitted with a
third order polynomial model f(x).

5. The distance between the pixels δp(x) along the scan line is multi-
plied with the frequency model, i.e. δp(x)·f(x) to correct the dis-
torted spatial coordinate. The data is then mapped back onto a
regular grid by an interpolation between two neighboring pixels to
allow for FFT. The FFT of the topography yields a peak which
corresponds to the lattice constant and which is used to calibrate
distances in the data.

6. The previous point (application of frequency model to correct pixel
distances, mapping corrected distances onto regular grid, calibrate
distances) is repeated for the optical data set.

The application of this algorithm reduces the scatter of measured spa-
tial oscillations along the waveguide to typically 1-2%, which is determined
by the extraction procedure of the noisy topography data and not by the
suitability of the used polynomial model. The success of the correction
algorithm is demonstrated by the fact that for all measured scans the spa-
tial oscillation in the optical data at 1/a could be recovered and is visible
in Fig. 7.13 b).
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ence of proximity effects in electron-beam lithography on the optical
properties of planar photonic-crystal waveguides”, J. Appl. Phys.,
vol. 102, no. 8, pp. 083110, 15th October, 2007.



B.2. Submitted Journal Articles 255

14. P. Strasser, G. Stark, F. Robin, D. Erni, K. Rauscher, R. Wüest, H.
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4. R. Wüest, C. Hunziker, F. Robin, P. Strasser, D. Erni, and H.
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Robin, “Focused ion beam modifications of indium phosphide pho-
tonic crystals”, in Int. Conf. Micro- & Nanoeng. ’06, September
17-20, Barcelona, Spain, pp. P-MST19, 2006.

15. L. O’Faolain, X. Yuan, D. O’Brian, T. F. Krauss, F. Robin, R.
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