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Abstract

The subject of this thesis is passive two-dimensional and active one-dimensional

photonic crystals (PhCs) in InP-based material. PhC-based devices are attractive for the
realization of microphotonic integrated circuits due to their small sizes and novel
functionalities. Making PhC functionalities active can offer unique and ultra-compact
tunable components for modern optical networks. The fabrication of PhCs in InP
heterostructure gives access to several electro-optic effects and provides gain at the
telecommunications wavelengths of 1.3 and 1.55 pm.

As the first step on the way to the realisation of high-quality InP-based PhCs,
chlorine based chemically assisted ion beam etching was studied in the thesis. An etching

technique favourable for the fabrication of high-aspect-ratio features was developed.

Deeply etched (> 5 pm) PhC planar waveguides in InP/InGaAsP, with three air
rows removed, were fabricated making use of the above mentioned etching regime of the

chemically assisted ion beam etching. The processed PhC waveguides were optically
characterized and record low propagation losses (-1.8 dB/mm) were measured. A Fourier
transform technique was applied to an experimental transmission spectrum of PhC

waveguides in order to determine the propagation losses.
One-dimensional PhC-based cavities in InP/InGaAsP were designed to realise

tunable devices. Two tuning mechanisms, the quantum confined Stark effect and free

carrier-injection, were used in order to shift the cavity resonances. Blue- and red-shifts of
~ 2 nm were experimentally observed for cavities of only 20-pm in length. The

comparison of both these tuning mechanism was made, highlighting the advantages and

disadvantages of the methods.
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Chapter 1

Introduction and Motivation: Towards All-Optical
Photonic Crystal-based Integrated Circuits

1.1 The need for photonic integrated circuits

Integrated circuits in electronics have been in intensive use since they were first
released commercially in 1961. Their optical equivalent - photonic integration circuit - is
a very attractive goal for the modern telecommunications industry. Optical integrated
circuits have several advantages over electrical integrated circuits and conventional

optical systems. Among those advantages are: smaller size, lower power, higher speed,
and increased bandwidth. The possibility of the integration of many devices fabricated
and arranged in different ways simultaneously in one fabrication process reduces

significantly the cost of packaging individual components.

Microphotonic periodic structures, which are able to confine light on a wavelength
scale and can operate in the forbidden gap at the frequency of the interest- known as

Photonic Crystals (PhC) - are one of the most attractive and challenging candidates for

components of optical integrated circuits. Integration of photonic crystals into optical
circuits would provide additional ultra-miniaturization. Furthermore, PhCs promise to

provide additional functionalities (dispersion, slow light) over conventional waveguide

geometries.
Photonic crystal research aims to develop various novel nanophotonic devices and

then utilise these devices to design monolithic optoelectronic chips as replacements for
the racks of hybrid boxes that now switch and route optical networks. This will
revolutionize the dense wavelength division multiplexing (DWDM) [1] systems market

(at the moment, DWDM is the clear winner for the future of optical networks) by

integrating all of the optical elements on a single chip.
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PhC-based devices suitable for passive components for optical integrated circuits
have been intensively studied for some time. However, PhCs offering a realization of
active components for integration are still at the early stages of their development, with
fabrication being the main issue. Thus, in this thesis we mainly focus on means of
realisation and fabrication of such active PhC elements.

1.2 Existing photonic integrated circuits
To begin with, it is worthwhile to note that despite the impressive advances in the

photonics industry in the last decade, optical-electrical-optical (OEO) conversion [2] is
still required in core optical networks. OEO conversion involves the transformation of the

optical signals to electrical ones, after which they may be amplified, regenerated or

switched, and then reconverted to optical signals. Developing photonic switching can in
future replace existing electronic network switches with optical ones, removing the need
for OEO conversion.

Existing devices for photonic circuits can be divided into two main classes: silica-
based devices and InP-based devices. Most of the devices suitable for (D)WDM
transmission techniques can be successfully fabricated in both material systems.

1.2.1 Passive

Wavelength multiplexers and demultiplexers are the main components in (D)WDM

systems. They combine and recombine optical signals at different wavelengths,

increasing the capacity of the embedded fibre. Research on integrated optic

(de)multiplexers has been, for the last decade, mainly focused on arrayed waveguide

gratings (AWG) (also called phased-array (PHASAR) based devices) [3] and some

simpler splitter/coupler geometries. In AWGs (Fig. la), an array of waveguides of

suitably chosen lengths provides the focusing and dispersive properties required for

demultiplexing (they image the input field onto an array of output waveguides). Most
commercial splitters are based on Y-junction (Fig. lb) [4] whereas couplers use

directional coupler geometry (Fig. lc) [5]. Since the emergence of the multimode
interference (MMI) couplers in 1996 [6] consisting of single-mode input and output

waveguides separated by a multimode slab region, the realization of a novel type of
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AWG based on MMI-couplers with very uniform channel response have been possible

[7].

a) Arrayed b)
waveguides —1

N Slab /" — =*
waveguides

Fig. 1. Schematic representation of various components of (D)WDM systems: a)

AWG, b) Y-junction, c) directional coupler.

Wavelength routers based on the extension of the AWG concept from IxN to NxN
devices were first reported by Dragone [8]. Such routers provide an important additional

functionality compared with multiplexers and demultiplexers and play an important role
in more complex devices such as add-drop multiplexers and wavelength switches [9, 10].
The new functionality of the wavelength router consists of the ability to realize complex

interconnectivity schemes where each out-put channel receives N different frequencies

(one from each input channel).

Although AWGs are key passive waveguide devices in photonic integrated circuits
for (D)WDM applications, there are other devices used for spectral filtering, such as

Mach-Zehnder interferometer [11], Fabry-Perot resonators [12] and Bragg gratings [13],
which are also popular.

Most of the existing passive devices for photonic integrated circuits were fabricated
in both materials (SOI and InP). The main advantage of the silica-based devices is low

propagation loss and a high fibre-coupling efficiency, due to use of low-contrast (fibre-

matched) waveguide structures. The first silica-based devices had relatively large vertical
dimensions (~50 pm) due to the low index contrast. However, the emergence of silicon-
on-insulator with the large refractive index difference between silicon (n=3.45) and Si02

(n=1.46) largely resolved this issue allowing the realisation of the SOI devices [14] with
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small vertical dimensions (-10 jam), making them compatible with electronic integrated
circuits technology.

In general, InP-based demultiplexers cannot compete with silica-based devices with

regard to fiber coupling loss, which makes them less suitable for use in circuits with low

complexity. But InP-based devices are ideal for complex optical circuits offering a

reduction in volume and interconnection costs. Their main advantage lies in their

potential for monolithic integration of active components such as detectors, optical

amplifiers, modulators and switches.

1.2.2 Active

To achieve all-optical wavelength conversion, which is important as a method of

enhancing routing options and network properties [15], e.g. such as wavelength reuse,

various strategies have been investigated. There were originally two kinds of media:
semiconductor optical amplifiers (SOA) [16] and fibre loops [17]. In spite of their good

performances at high bit rates, the interferometric configurations based upon them are

very complex and expensive for practical use.
More recently, electro-absorption modulators (EAM) were investigated for

demultiplexing and wavelength conversion. This can be realised via the optical
modulation of the EAM by saturation of the absorption. Switching windows as short as 5

ps have been obtained in EAM configurations [18] showing the capability, with dynamic

requirements, for operation at high bit rates, in excess of 40 Gbit/s.

Optical filters are additional attractive components for flexible dense wavelength
division multiplex networks providing a wide and continuous tuning range. For example,

Fabry-Perot filters based on micro-opto-electro-mechanical system (MOEMS)

technology have been reported for various material systems and can be used as optical

filters, laser diodes and tunable receivers in WDM systems. These systems combine

optical functionality with mechanical and electrical parts in a single device. MOEMS
were realised via monolithic integration [19] as well as via separation of the MEMS chip
and photonic device [20]. But up to 2002, the wavelength tuning range of these devices
was approximately 70 nm, limited by the mechanical flexibility of the tunable membrane
and the effective optical cavity length. J. Daleiden et al. [21] have recently demonstrated
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micromechanically tunable Fabry-Perot filters with record wavelength tuning range of
112 nm with the application of only 5 V, exhibiting the extremely wide stop-band of the
filters (1250-1800 nm). The present disadvantage of these filters is the rather large full
width at half maximum (FWHM) of 3.5-4.5 nm and low speed (~ms). Another

disadvantage of MOEMS is that they are rather difficult to integrate; also, each
mechanical actuator requires fine tuning, which complicates the control electronics.

Fig. 2 shows the most important MOEMS concepts based on silicon for optical
switches (a, b, c) and switch matrices (d, e). Additional applications such as optical filters

(f) and optical motherboards (g) have recently entered into the optical components

market.

(a) ID (A)

(Of) N x N

to)

Fig. 2. Si-based MOEMS for optical communication networks: (a) moving-fibre
switch; (b) moving-waveguide switch; (c) mirror switch; (d) N x Amatrix switch; (e) 2N

matrix switch; (f) Fabry-Perot filter; (g) planar lightwave circuit (PLC) [22].

Liquid crystal incorporation into a Fabry-Perot cavity offers another opportunity of

creating a tunable optical filter, by changing the optical path in the cavity through

changes in the crystal orientation as a result of an applied voltage, the resonant

wavelength may be changed [23].
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AWGs have also been proposed as tunable optical filters [24] for realisation of a
tunable light source for WDM when combined with an optical amplifier. Recently, a

novel widely tunable (58 nm) optical filter with a ladder-type structure using free carrier

injection for the tuning mechanism was proposed by S. Matsuo et al. [25]. This type of
structure is superior to tunable filters based on arrayed waveguide grating due to the
reduced electrode area and power consumption. The big tuning range was obtained at the
cost of a relatively large device size of~ 1 mm and high injected currents of 30 mA. The

experimental 3-dB bandwidth of the reported device is 4.5 nm, which also leaves much to

be desired.

Finally, microcavities such as microrings, microdisks, and F-P cavities, broadly
demonstrated lately as passive devices for WDM offer simple alternative ways to 2-D

PhCs, for the realization of compact active components for optical integrated circuits.

Tunability in these configurations was realised mainly by means of forward (free carrier-

injection tuning mechanism or thermal tuning) and reverse biasing (quantum confined
Stark effect). The experimentally observed tuning ranges were between 0.8 and 4 nm in
III-IV semiconductors [26-28]. The Kerr effect was also implemented in the micro-ring
resonator configuration producing nonlinear phase-shift [29].

Unfortunately, the spectral tuning range of these micro-resonators is presently
rather small (less than 10 nm), however their small dimensions allow operation with very

low power consumption and their tuning capabilities can be improved further by the

implementation ofmore advanced designs.
To conclude this section, we present Table 1 showing main tuning mechanisms

implemented in the above-described tunable components of photonic integrated circuits.
This table compares the main tuning characteristics such as speed and achieved range of

tuning, highlighting the typical lengths and consumed powers of the devices.
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Table 1. Comparison of the main characteristics of tunable devices implementing
different tuning mechanisms

Parameters Thermo-

optic effect

Liquid-

crystal

MOEMS Carrier-

injection

QCSE Kerr-effect

Arimodal -0.1 0.1 - -0.005 -0.005 -0.001

At(time) ~ms ms-ps 0.1-10ms ~ns ~PS Instantaneous

Tuning

range

-1-30 nm -lOOnrn -lOOnrn -50 nm -2 nm ~0.5nm

Power ~20mW-

2W

~50mW ~5pW-

mW

-lOOmW (<10V) -40W

Length 20pm-
1mm

-mm -mm -mm -20 pm -50 pm

Reference 28, 30,31 23,32 21 25 27,33 29

As one can see from Table 1, large tuning ranges of 30 nm and above are achieved

using either long lengths (~mm) or high operating powers (~W). Thus, the

implementation of photonic crystals as tunable components for photonic integrated
circuits offers miniaturisation of devices that will lead to smaller consumed powers as

well.

Concerning the choice of the tuning mechanism chosen for the tunable filters
described in this work, several considerations were taken into account such as speed,

possible tuning range and complexity. The Kerr effect is the fastest tuning mechanism but
it requires a very high operating power and even then offers only small tuning ranges; the

thermo-optic effect and LC infiltration both suffer from low speeds; MOEMS, as well as

possessing a low tuning speed, are highly complex structures and are difficult to

integrate; although QCSE and carrier-injection exhibit rather small refractive index

changes, they have the advantages of low power requirements and fast switching, making
them attractive as possible tuning mechanisms for compact tunable devices with low

7



power consumption. Thus, we will choose these two mechanisms to produce

microphotonic tunable filters in this thesis. The principles behind these mechanisms will
be discussed in Chapter 5.

1.3 Photonic crystals

PhCs have attracted the interest of researchers in basic sciences and engineering
since 1987. In this year, the concept of a photonic band gap was formulated as a

generalization of well-known 1-D dielectric Bragg mirrors to two or three directions, by
two independent researches S. John and E. Yablonovitch [34, 35].

1.3.1 Photonic band gaps

PhCs are materials with a periodically modulated dielectric constant on the scale of
the wavelength of light. A photonic band gap, by analogy with an electronic band gap,

originates from multiple interferences of waves scattered from the interfaces between

layers of different dielectric constants. It creates a forbidden frequency range, within
which no propagating electromagnetic modes exist. Thus, inside the material, emission at

frequencies within the band gap is suppressed.
The simplest possible PhC is a multilayer film consisting of alternating layers of

material with different dielectric constants (£•/, s2). Fig. 3 illustrates a photonic band gap

for this simple case of a multilayer film, which can be considered as a one-dimensional

(1-D) PhC, with a period a (lattice constant).
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Fig. 3. The photonic band gap structure of a multilayer film. Layers have the
dielectric constants of 13 and 1, and widths of 0.2a and 0.8a, respectively [36].

In the case of a 1-D PhC, photonic band gaps appear under the condition of e\ls?t\
and the bigger the contrast, the bigger the gap. Thus having alternating layers of air (n=l)
and semiconductor (n= 3.2-E3.6) gives the biggest possible photonic band gap in practice.

A PhC that is periodic along two of its axes and homogeneous along the third is
described as a two-dimensional (2-D) PhC. In this case, photonic band gaps appear in the

plane of periodicity with, in general, different band structures for the TE and TM modes.
Transverse-electric (TE) modes have the magnetic field normal to the periodicity plane

(the plane of propagation), and the electric field in the plane. Transverse-magnetic (TM)
modes have the reverse situation.

The rule of "higher index contrast, larger band gap" valid for 1-D PhCs, is also
valid for 2-D PhCs. As a consequence of this rule, one of the most promising PhCs

configurations consists of either air-holes drilled in a semiconductor or semiconductor
islands (e.g. pillars) surrounded by air, thus using maximum possible contrast index
achieved.

In terms of polarization-dependent band gaps, a square lattice of dielectric columns

(Fig. 4 a) is an example of a structure that has a complete band gap for the TM modes

(Fig. 5 a), but not for the TE modes. It can be explained by introducing a "fill factor"

parameter, which is the fraction of electrical energy located inside the high-f regions. It is
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well known that the mode tends to concentrate most of its displacement energy in the

high-f regions in order to lower its frequency. The contrast between the fill factors for the
TM modes for the dielectric-band and air-band is larger than for the TE modes in the case

of the square lattice of semiconductor pillars. This is due to the vectorial nature of the

electromagnetic field where the scalar Dz displacement field of the TM modes can be
localized within the dielectric columns, but the continuous field lines of the TE modes are

forced to penetrate the air region to connect neighbouring pillows. This is the reason why
the TE modes do not have markedly different fill factors, and as a consequence band gaps

do not occur.

X If if T1
If

a) viy

o o o
, o <o o
o o o cy

Fig. 4. a) a square lattice of dielectric columns; b) a square grid of dielectric veins;

c) a triangular lattice of air columns in a dielectric.

In the case of a PhC structure consisting of high-s- regions in the shape of a square

grid of dielectric veins (Fig.4 b), there is a gap in the TE band structure (Fig. 5 b), but not
for the TM modes. As in this case, the continuous field lines of the transverse D-field can

extend to neighbouring lattices without leaving the high-f regions.
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Fig. 5. The photonic band structures exhibiting: a) TM band gap for a square array of
dielectric columns with r=0.2a\ b) TE band gap for a square array of dielectric (e= 8.9)

veins in air [36].

Thus, summarising these two examples, we can state that TE and TM band gaps are

supported by a connected lattice and a lattice of isolated high-e regions, respectively.

Thus, the crystals consisting of a hexagonal array of circular columns, each connected to
its nearest neighbours by slender rectangular rods (see an inset of Fig. 6) will have a full
band gap. Fig. 6 shows the photonic band structure for such type of a structure with TM
and TE band gaps overlapping.

A 2-D PhC structure with a triangular lattice of air columns in a dielectric substrate

(Fig. 4 c) also exhibits a complete band gap for all polarizations and for particular

parameters, e.g. when r/a = 0.48 and s= 13, these gaps will overlap.
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Fig. 6. The complete photonic band gap with overlapping TE and TM band gaps

(r/a = 0.155 and e = 13). The insets show the high-symmetry points at the corners of the
irreducible Brillouin zone (blue) [see Ref. 36, p.34] and a schematic view of a proposed

structure [37].

1.3.2 Localization of light inside photonic crystals
Introducing defects inside the crystal structure (perturbing the periodicity) creates

localized electromagnetic modes within the photonic band gap [38]. For example,

removing rows of air holes (line defects) from the photonic crystal consisting of air
columns in a dielectric substrate is one of the ways to create PhC planar waveguides. The
PhC structure confines light only horizontally. Introducing a horizontal layer with
different dielectric constant inside the slab creates an index-guiding layer which confines

light vertically via total internal reflection. Such a slab-type of PhCs has only two-
dimensional periodicity and uses index guiding to confine light in the third direction, thus
it is still only a 2-D PhC.

Depending on the number of rows removed (1, 2, 3 ...) the PhC planar waveguides
are referred to as Wl, W2, W3 etc waveguides, respectively. Fig. 7 shows an example of
W3. If instead of removing entire rows of holes, we just remove several holes in a row,

compact high-Q cavities inside the PhC are created.

12



I

r

ViVtV/iViViViViViVtVtViVtViViViVAV
W3

Fig. 7. A scanning electron microscope (SEM) image ofW3 in InP

Changing the size and shape of selected air holes and/or filling them with another
dielectric material are other ways to introduce localised modes inside photonic band gaps.

This ability of photonic crystals to confine and guide light in very small volumes
and their novel dispersive properties make them attractive for many applications in
modern optical telecommunications.

1.3.3 Light-line

Despite the usefulness of the vertical confinement within a PhC, this confinement is

imperfect. The typically weak vertical confinement being based on total internal
reflection allows coupling to the continuum of radiation modes. These radiation modes
are the source of out-of-plane losses that can compromise the performance of the

waveguide itself.
The most important element that distinguishes PhC slabs from ideal three-

dimensional PhCs is the light cone [39] (the area above the light line in Fig. 8). The light
cone describes radiation modes that are extended infinitely in the region outside the slab.

Fig. 8 shows a photonic band diagram of a W3 line defect in a 2-D PhC slab of triangular
lattice air holes. Here, the slope of the light cone (cladding light line), c/n, is set by the
refractive index of cladding material; a higher n implies a lower light cone boundary. The
index contrast is an important parameter of PhC slabs, which influences its band gap

structure.
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Fig. 8. (a) Photonic band diagram for TE-polarization ofW3(IC)
(waveguides are defined along TK) in triangular lattice of air holes (r/a=0.37);

(b) zoom on the anti-crossing between the fundamental mode
and the fifth guided mode (due to multimode nature ofW3) [40].

"Truly" guided modes (states localised inside the slab) exist only below the light
line of the band diagram and do not couple with slab modes. If the waveguide mode of
interest lies above the light line it suffers from radiation losses due to out-of-plane
diffraction. This is an intrinsic type of loss. These losses can be tolerable if the length of
the PhC waveguide is relatively short (~ 100 jam). The origins of various other losses

(extrinsic) in 2-D PhC slabs and the two different approaches typically employed

("membranes"-high refractive index contrast and "substrate-type'Mow refractive index

contrast) for minimizing these losses are discussed in greater detail in Chapter 4.

1.3.4 Three-dimensional photonic crystals
The 1- and 2-D PhC described above provide photonic band gaps only in one and

two-dimensions, respectively. Three-dimensional (3-D) PhC (exhibiting periodicity in all

three-dimensions) offer a unique opportunity of forming a complete photonic band gap in
all three dimensions. This ability to confine and control light in three dimensions would
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have important implications for quantum optics and quantum optical devices: the
modification of black-body radiation, the localization of light to a fraction of a cubic

wavelength, and thus the realization of single-mode light-emitting diodes, are but a few

examples.

However, the fabrication of such 3-D structures has been a challenge due to the

tendency to have complex 3-D connectivity and strict alignment requirements [41].

Despite these challenges such 3-D designs have been the subject ofmuch recent research.
The first candidates for 3D PhCs were layer-by-layer periodic structures such as

one that shown in Fig. 9 (a) [42], Another simple route by which to fabricate 3-D PhCs
with a photonic bandgap at optical wavelengths was through the self-assembly of
colloidal microspheres [43]. Currently available colloidal crystals do not have a full

photonic bandgap because of their low index contrast. However, these structures may be
infiltrated with a high index material and after the removal of the original opal, a porous
structure with a full photonic band gap can be created [44, 45].

The combination of the self-assembly approach with defect engineering is

important for making PhC based devices. For example, it has been shown that by

combining the colloidal crystal self-assembly technique and lithography, air-core line
defects can be introduced [46] (Fig. 9 b). Three-dimensional holography may also be
used to generate 3-D periodic microstructures by means of the interference of four non-

coplanar laser beams in a film of photoresist [47].
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Fig. 9. SEM images of 3-D PhCs structures: a) layer-by-layer structure in

polycrystalline silicon [42]; b) patterned colloidal crystal multilayers, assembled using
0.4 pm polystyrene spheres. By removing photoresist stripe air core can be introduced

[46].

Therefore, there are a number of methods of fabricating 3-D PhC. However, these

techniques still remain rather complex and with many drawbacks. Thus, 2-D PhC slabs,
which retain many of the desirable properties of true photonic crystals, offer an easier and
more reliable alternative to these complex structures.

1.4 Passive photonic crystals devices
In terms of passive components for optical integrated circuits, various PhC-based

devices have been successfully studied in the last two decades. PhC-based single and
multi-moded waveguides (WGs) have been fabricated and characterised in various
materials and configurations. The propagation loss is one of the main challenges of PhC

planar waveguides. The most recent reported propagation losses are 7.6 dB/cm for
monomode (Wl) PhC-based waveguides of the membrane-type [48] and 20 dB/cm for
multimode (IV3) waveguide in substrate approach [49].

Compact 2-D PhC-based Y-junctions have been experimentally realised, in
AlGaAs-based material operating at a wavelength of 1.3 jam, as efficient 50 % directional

couplers [50]. One of the possible applications for PhC-based Y-junctions is as an

ultrasmall and ultrafast all optical switching devices in Mach-Zehnder configuration [51]
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(see below). Various passive PhC-based Mach-Zehnder interferometers have been

already successfully realised [52].

Furthermore, point-like defects in photonic band gap materials behave as resonant

microcavities [53] which exhibit high Q-factors (up to 100 000 [54]) that can be used as

resonant add-drop filters for WDM systems [55]. Easy to fabricate and model, 1-D PhCs
have also been used for creating high reflectivity mirrors for semiconductor lasers with
low thresholds [56].

Another attractive feature of PhCs waveguides is their highly dispersive nature,

which opens up additional possibilities for functional WGs. M. Notmi et al. [57] showed

very low group velocity of line defect PhC waveguides with guided modes whose group

velocity is 2 orders of magnitude slower than that in air. They also illustrated that group

dispersion of PhC WGs can be controlled by changing the defect's width. However, it is

challenging to achieve a low group velocity with zero dispersion. For this purpose, a

chirped PhC waveguide, which smoothly shifts the photonic band along the waveguide

channel, was proposed [58].
The superprism phenomenon is another interesting aspect of planar PhC

waveguides. Kosaka et al. [59] demonstrated a highly dispersive photonic microstructure
in 3-D ("autocloned") PhC, which was termed the "optical superprism". This 3-D
structure has very favourable properties, but requires a specialised demanding fabrication

technique. As an alternative, the superprism effect was demonstrated in planar 2-D PhCs

[60] offering the potential realization of wavelength demultiplexing and light beam
deflection.

Dispersion control is an important issue in high-bit-rate optical communication.

Dispersion compensating fibres are the most commonly used dispersion compensators in

optical communication systems. These are very long, however, and introduce significant

latency. In the last ten years, fibre Bragg gratings have emerged [61] and are starting to

be introduced into optical networks. However, both of these methods are bulky and hard
to tune. Using photonic crystal waveguides as dispersion compensators, these two

problems could potentially be overcome: coupled-cavities [62] and coupled waveguides

[63] were proposed as compact PhC-based devices for dispersion compensation.
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And finally, an easy application of PhCs is as an efficient light extractor in light

emitting diodes (LEDs) [64], utilizing a two-dimensional surface grating PhC. The
shallow grating and micron order lattice constant makes the fabrication process simple
and applicable to most semiconductor devices.

Although PhCs offer great potential for ultra-miniaturization, the small dimensions
are a source of severe problems when coupling in and out of the waveguide. In- and out-

of-the-plane types of couplers have been proposed for efficient coupling between PhC

waveguides and fibre (or dielectric waveguides) [65, 66],
In conclusion, all these PhC-based devices allow the reduction of the size of optical

components, leading to their potential integration in large numbers and the possibility to

combine the different functionalities by utilising the unique properties of PhCs on a

single chip, much in the same way as electronic components have been integrated for

improved functionality in microchips. Thus, at the start of the work described in this
thesis there were two main tasks to be solved- achieving low propagation loss and adding
active functionality.

1.5 Active photonic crystals devices
One of the motivations for using PhCs in integrated optics is their promise to

provide additional functionality over conventional waveguide geometries as shown
above. Making these novel functionalities active can offer tunable greatly miniaturised

photonic components for integrated circuits.

Basically, tunable PhC-based devices utilise the same tuning mechanisms as

conventional functional components for existing photonic circuits such as: electro-optic,

thermo-optic, electric field and Kerr effects, and liquid crystals.
One of the most straightforward ways of realising tunable PhCs is via modulation,

through thermo-optic effect, of the PhC's refractive index. For example, the above
mentioned passive PhC-based MZIs have recently been realised with added active

functionality by E. A. Camargo et al. via the thermo-optic effect [67].
Free carrier injection is another relatively easy way for the realisation of tunability

in PhCs. It has also been shown that the intrinsic non-linearity of the material can be
enhanced by a photonic resonance, which can be engineered for the desired wavelength.
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For example, a wavelength shift of the photonic resonance of a 2-D PhC in AlGaAs
induced by photo-created carriers and enhanced by the operation close to photonic
resonance was experimentally observed [68] showing a fast decay time of ~ 8 ps. This is
much faster than values for a bulk AlGaAs and silicon-based PhCs [69], (100 and 70 ps,

respectively). The reduction in the decay time is due to the increased surface area (etched

air-holes) providing non-radiative carrier recombination.

Implementing the same tuning mechanism, but in InP-based material instead of
AlGaAs, gives an opportunity to produce fast optical PhC-based switchers at fibre optics'
favourable wavelengths of 1.3 and 1.55 pm. Very fast (-7.3 ps) nonlinear response in
InP-based 2D PhC has been recently experimentally demonstrated by F. Raineri et al.

[70]. This carrier plasma effect has been also used to achieve shifts of the resonant peak

(5.6 nm) of a point defect cavity in an InGaAsP PhC slab by photo-pumping (0.85 mW)

[71].

By applying an electric field (60 kV/cm) to a 2-D photonic crystal fabricated in
PLZT (ferroelectric lead lanthanum zirconate titanate) and thus modifying the band
structure and the dispersion surfaces, D. Schrymgeour et al. [72] have theoretically
shown the deflection of light propagating through the structure up to 49°.

A way to achieve ultra high-speed (<100fs) tunability of PhC-based devices is

through the use of nonlinear Kerr materials. PhC-based tunable devices such as WDM
channel add-drop filter [73], frequency converter [74] and angular deflector [75] were

theoretically demonstrated. Kerr effect based devices are faster than the above-described
free carrier injection based devices but much higher optical intensities are required.

The integration of liquid crystals and polymers into PhCs offers another opportunity
of tuning photonic band gaps. An inverted opal (3-D PhC) filled with nematic liquid

crystal showed complete opening/closing of photonic band gap through the application of
an electric field [76]. As an application of this effect, an electrically tuned nematic liquid-

crystal infiltrated PhC laser was demonstrated by B. Maune et al. [77] with a maximum
blue shift of 1.2 nm with an applied 20 V. By optimizing the design, the tuning range of
the laser can potentially be increased beyond 20 nm, allowing the laser to fulfil a variety
of technical applications.
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Basically, as described above, tunable PhC-based elements use the same tuning
mechanisms as conventional tunable devices used in photonic integrated circuits. The

advantages of making PhCs tunable, apart the miniaturisation argument, lie in their

dispersion properties. For example, the interaction lengths may be increased through

extremely low group velocities. For example, PhC-based all-optical switches can be
realised by introducing optical nonlinear materials (e.g. media such as quantum dots) into
the 2-D PhC waveguides (Fig. 10). In this situation, the PhC may enhance the

nonlinearity due to enhanced light-matter interaction.

PC-Base<d DefectWaveguide

OutputPulse
ControlPW*

jjX,
Signal Puis®

Control
LargeNLtf) Media

2D-PC Platform

- mm Length

Fig. 10. 2-D PhC platform for demonstrating a Mach-Zehnder type all-optical
switch [51].

The next generation of high capacity optical networks will rely on the availability of

specific components with functionalities for high-bit-rate optical signal processing. PhC-
based devices offer a means for the realization of ultra-compact tunable components for

integrated optical circuits. At the same time, PhCs can enhance effects produced by
tunable mechanisms resulting in shorter switching times and stronger interactions.

Presently, the realization of such submicron scaled tunable devices is difficult due to very
demanding and non-trivial fabrication processes involved. Thus, the implementation of
active PhC based components within optical integrated circuits is only in its development

stage.
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As we have indicated before, for the tunable filters designed and fabricated in this
thesis two tuning mechanisms were chosen- free carrier injection and QCSE. As we have
seen from the above examples, tunable PhC-based devices using carrier-injection have
been already implemented in PhCs via optical pumping. This is not practical for large
scale circuit switching. Thus, electrical pumping will be used for our tunable filters

making them more attractive for practical use in complex integrated circuits.

1.6 Work presented in this thesis
As a conclusion to Chapter 1, we will summarize the challenging areas of

microphotonics arising from the current state of the progress in this area and their
influence on the work described in this thesis. Here is a list of the motivations for our

work:

1) III-V semiconductors are preferable materials for active devices in terms of
their nonlinear properties and straight forward contacting techniques. InP-
based alloys are especially attractive due to the potential of operating at

wavelengths of 1.3 and 1.55 pm and, thus, they are promising for

integration with optical circuits.
Conclusion: We use InP-based materials in this work.

2) The PhC concept, which has blossomed in the last decade, possesses unique

properties which can improve conventional device performances with
additional new functionalities. PhCs can also allow a higher degree of

integration and cost reduction in optical integrated circuits.
Conclusion: PhCs are used as the base model for our devices.

3) Propagation losses are one of the main issues in the way of PhC

implementation for mass-productions. At the beginning of this work there
were only a few experimental quantitative figures on propagation losses in
PhCs, especially semiconductor based.

Conclusion: Low-loss planar PhC waveguides were fabricated and characterised in
InP.
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4) The etching of high-aspect-ratio features in InP were a severe obstacle

preventing the fabrication of PhCs in InP. The first promising results in

etching deep PhCs in InP heterostructures started to appear only in 2001.
Conclusion: Improved etching conditions for dry etching of InP were developed in
this thesis.

5) Tunable devices for photonic integrated circuits are greatly required. PhCs
offers opportunities for realisation of tunability on a miniaturised scale.

Conclusion: Several different ways of realisation tunability in PhC-based devices
were presented and analysed.

Thus, in this thesis, we have concentrated on the fabrication and characterization of

active/passive 1- and 2-D photonic crystals in InP-based material. In Chapter 2 of this

thesis, an overview of the fabrication of passive and active 1- and 2-D InP-based PhCs is

presented. Chapter 3 resolves issues connected with difficulties of InP etching and

presents new conditions for high-aspect-ratio dry etching of PhCs in InP heterostructure

[78]. 2-D PhC planar waveguides (W3) are characterised in Chapter 4. A new method of

defining propagation losses in PhC waveguides via the Fourier transform technique is

presented. Propagation losses of 1.8 dB/mm were measured [79]. Chapter 5 presents

electro-optic tunable 1-D PhCs filters. Two different methods of reverse and forward

biasing of microcavities [80, 81] are compared and their capabilities and limitations

highlighted. Conclusions and prospects for improving the tunability of these devices are

given in Chapter 6.
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Chapter 2

Fabrication of One- and Two-Dimensional Photonic

Crystals

In this chapter we give a detailed description of passive two-dimensional and both active
and passive one-dimensional photonic crystals. Fabrication processes such as photo- and

electron-beam-lithography, reactive ion etching, and briefly chemically assisted ion-beam

etching are studied.

2.1 Passive one-dimensional photonic crystals
Fabrication of modem optical and semiconductor devices requires the use ofmany

complex systems such as chemically assisted ion beam etching (CAIBE), reactive ion

etching (RIE), scanning electron microscope (SEM) (including e-beam lithography).
This is particularly true in the case of photonic crystal structures. Devices of high quality
have to be produced to allow manipulation of light on the submicron scale. The PhCs
examined in this thesis consist of high-aspect-ratio features: sub-micron features etched
to the depth of several microns. There are two crucial steps: firstly, submicron features

require e-beam lithography for its definition, and, secondly, in order to achieve a required
etch depth (up to 5 pm) of the narrow features, sophisticated etching technology such as

CAIBE or inductive coupled plasma (ICP) etching is needed.
This chapter is dedicated to the description of the processes and the tools involved

in fabrication of 1- and 2-D, passive and active PhCs in InP-based material. We present a

description of processes such as e-beam lithography (for writing sub-micron features),
RIE (for transferring patterns from soft e-beam resist to harder masks), photo-lithography

(for optically writing 2-3 pm features such as waveguides) and briefly CAIBE (for deep
and shallow etching, in greater details this process is described in Chapter 3).

All facilities for PhC fabrication are available at the University of St Andrews,

apart from material growth (which was performed at the University of Sheffield).
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The fabrication of the passive components of 1-D PhCs is a less complicated

process than active and/or 2-D PhCs. Thus, we start from a description of these

components1.

2.1.1 Electron-beam lithography
Electron-beam (e-beam) lithography is required for fabrication of submicron

features (100-400 nm features). Conventional optical photolithography is currently
limited to ~1 pm resolution due to the effects of diffraction. Although, new advanced

optical photolithography machines are currently being developed that allow the
fabrication of submicron features, these methods are still very expensive and not suitable
for use at research level at this stage [1].

For e-beam writing, the machine used in our laboratory is a hybrid of a

conventional scanning electron microscope (SEM) and electron-beam writing software
and hardware. Purpose-built e-beam writers are also available, giving the advantages of

higher throughput and easier use. flowever, this hybrid machine is ideal for research

purposes and offers the flexibility of double use for both inspection and lithography.

Typical electron beam exposure systems feature the following main parts: an

electron gun, electron optical column (the beam-forming system, magnets), sample stage,

vacuum system and a computer that controls all parts of the machine and transfers pattern
information to the beam deflection coils (Fig. 1).

1
Filters, described in Chapter 5, are referred to in this chapter as 1-D PhCs (active/passive).
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Fig. 1. The Hybrid LEO 1530 SEM/RAITH ELPHY electron-beam writer used for
the work described in this thesis. The marked parts are as follows: 1) the beam-column,

2) the detectors, 3) the stage controller, 4) the main chamber, 5) the control computers, 6)

joystick for stage control.

2.1.1.1 Electron-beam resists

There are two different types of e-beam resist- positive and negative [2]. For

example, polymethylmethacrylate (PMMA) is a positive resist and SU-8 is negative.
Both of these resists are polymers.

When positive resist is exposed, the polymer chains are broken; while chains are

created in negative. These processes change the solubility of exposed parts. In the case of

positive resist, the exposed parts will be dissolved in the developer, whereas for negative
resist, they become less soluble and stay. For example, for writing the narrow slots (~ 100

nm) needed for filters described in Chapter 5, a positive resist (PMMA) was used. The
use of negative resist will be mentioned later in this chapter with regards to insulation in
active components.

The "clearing dose" [3] is an important parameter for e-beam writing. In order to

explain this parameter, Fig.2 shows e-beam resist thickness as a function of the applied
dose. The clearing dose (dc) is the dose necessary to give complete clearing after

development (when almost the entire thickness of the resist is removed).
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Thickness

Fig. 2. The relationship between exposure dose and resist thickness.

The quality of the resist is crucial for e-beam writing. For different types of resist,
different exposure doses are required. For example, base doses of 300-400, 100 and 1.5

pA s/cm2 are required for exposure of FOX-12 (flowable glass, a negative resist), PMMA
and SU-8 resists, respectively.

The substrate material is also important as different materials have different back-

scattering coefficients and therefore lead to different background exposures. The correct

dose should be found for each material and resist.

2.1.1.2 The proximity effect
As the electrons interact with the e-beam resist and the substrate, they scatter into

small forward angles (by the resist) but some of them are scattered into large angles
known as backscattering (by the substrate). This creates additional exposure of

neighbouring sections, which is refereed to as the proximity effect [4], As the primary
electrons slow down, they dissipate energy in the form of secondary electrons (which
are knocked out of atoms in the substrate) with the energies below 50 eV. These electrons
contribute little to the proximity effect (due to their low penetrating power) but are

responsible for the bulk of the exposure of the resist. The small numbers of secondary
electrons with energies of the order 1 keV, however, significantly contribute to the

proximity effect and lead to secondary exposure on a 0.5-5 pm length scale, depending
on the acceleration voltage.

In order to compensate for the proximity effect the pattern should be adjusted.

Proximity correction basically consists of either an automatic or manual process of dose
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distribution for patterns with interacting features. These are features that are situated at a

distance of the backscattered electron range (2-5 pm) and thus electrons writing these
features produce overexposure. Proximity correction is a vital feature when writing 1-
and 2-D PhCs, in particular designs containing ridge waveguides. It was, thus, widely
used in our work (see section 2.3).

2.1.1.3 Different methods of producing 100-nm wide lines
To realise the filters (described in Chapter 5), which are one of the main objects of

this work, we choose Bragg mirrors consisting of 100 nm wide air-slots and 540 nm wide
semiconductor regions. The wider the air regions, the greater the diffraction losses, so

100-nm air-slots were chosen as the practical minimum that can be etched deep enough to

keep scattering losses to the substrate low. The ELPHY software package was used to

design the pattern and to translate it into machine-code suitable for e-beam writing. In
order to achieve high-quality 100 nm lines, we studied two different methods. These are

referred to as "boxes" and "single-pixel lines" in the following.
Boxes:

When the design file contains a "box", the software breaks this shape up into a grid
of discrete exposure points that are then exposed in a snake-like motion. If one wants to

write features of a given shape, one can use boxes of exactly these dimensions. However,
in this case one has to work just above clearing dose. Increasing the dose can easily lead
to overexposure, up to 150 nm. One of the disadvantages of working directly above the

clearing dose is that rough edges may be produced. Using boxes of 30-50 nm less than
desired feature size, smoother edges can be achieved as the overexposure smoothes the

edges out.
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Fig.3. The width of exposed features versus dose factor (the base dose is
100 pA s/cm2) for boxes of different design sizes.

Fig. 3 shows the dependence of the slot width, obtained via exposing boxes of
different sizes, on the dose applied. As one can see from this figure, different doses need
to be used for boxes of different widths, in order to achieve a 100-nm wide exposed
feature. For example, using 50 nm wide boxes, one should apply a dose of 200 pA s/cm
to overexpose this feature to become 100-nm wide. Using a 100-nm wide box in the

design a dose of 120 pA s/cm2 should be used to produce desired 100-nm feature. In this

case, the dose of 120 pA s/cm2 is very close to the clearing dose, making edges

undesirably rough.
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Fig. 4. Achieving 100-nm lines using box (a) and SPL (b) design.
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In Fig. 4 (a) alOO-nm line was written using an 80-nm wide box, but roughness of
the edges leaves much to be desired. There are several ways to get smoother edges. One

way is to go to a design with boxes of smaller size (-50 nm) and to overexpose them;
another way is to use single pixel lines instead (Fig. 4 b).

Single pixel line (SPL):
A SPL is a line of zero width. The machine writes it in a single pass of the desired

length. Typically, the base dose for using SPL is 1000 pA*s/cm. By varying the dose
factor from 0.2 to 3, features of different sizes can be achieved using SPLs. Fig. 5 shows
the width of exposed features for different dose factors using SPL and 80-nm boxes.
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Fig. 5. The width of exposed lines (using SPLs and boxes) as a function of

exposure dose. The base doses for SPL and boxes are 1000 p.A*s/cm and 100 pA*s/cm2,
respectively.

A base dose for a box is 100 pA*s/cm2. E.g. in order to reach a 90-100 nm feature
size a dose factor of 1 and 1.2 should be applied for SPL and box design, respectively.
The resultant lines are illustrated in Fig. 4, showing that smoother edges were obtained

using the SPL design.

Fig. 6 shows a more detailed comparison of the quality of lines at different doses
written via SPL or boxes (all from the same sample).

♦ single pixel line
■ 80 nm box * •
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Fig. 6. SEM images of lines between 70 and 175 nm wide written using SPL and
box designs. Base doses were 1000 pA s/cm and 100 pA s/cm2 for lines and boxes,

respectively.

As one can see from this figure, SPL requires smaller doses compared with boxes
to clear the resist and create smooth edges. When the dose factor reaches 3, both designs
reach saturation with a line width of 175 nm, which does not increase much further for

higher doses (see Fig. 5).
In conclusion, SPL allows better control over the feature size with reduced

roughness, thus making it the preferred method.
Most of our filter gratings, characterised in Chapter 5, were hence written using

SPL designs, resulting in 100-nm wide slots with smooth edges.

2.1.1.4 Summary of the e-beam writing process

The steps involved in e-beam writing of 1- and 2-D PhCs:

1) Spin PMMA on a top of the sample at 5000 rpm (revolutions per minute)

2) Bake on the hot-plate at 180° C for 5 minutes

3) Repeat for a second layer of the PMMA (the second layer of the PMMA is

necessary in order to reach the necessary thickness of 200-300 nm for dry etch
transfer into the SiC>2 hard mask)
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4) Prepare suitable design using ELPHY software

5) Expose using the desired design using e-beam writing system

6) Develop the sample for 30 sec in IMBK developer, rinse in isopropanol and
blow dry with nitrogen.

2.1.2 Reactive ion etching
Reactive Ion Etching (RIE) [5] was one of the first plasma etching techniques to be

developed. RIE is a general-purposes technique used in the semiconductor industry but
its possibilities are limited for the production of high-aspect-ratio PhC features. The main

problem of an RIE system is the absence of independent control of ion-energies and

plasma. In our process, we use RIE for the pattern transfer from resist to mask. Using

appropriate chemistries, RIE is used in various applications, including etching of

semiconductors, SiC>2 and resists. RIE uses kinetically assisted chemical etching and can

produce high directionality.
A schematic view of an RIE system is presented in Fig. 7. The source used in an

RIE system consists of a parallel plate design where one plate is grounded (Fig.7. part 1)
and another is radio-frequency (RF) powered, giving an oscillating voltage at radio

frequency (Fig.7 part 2). The sample (Fig.7 part 3) is directly placed on the oscillating
electrode. A pipe in the shape of a ring (Fig.7 part 4) introduces various gases (Ar, CHF3,

SF6, O2, H2, etc) inside the chamber. Under correct conditions of applied power and gas

pressure, the plasma ignites (Fig.7 part 5).
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Fig. 7. A schematic view of the RIE system: 1- chamber, 2-RF power, 3- sample,

4-gas pipe, 5- plasma.

Different gas types, RF powers and chamber pressures give control over the

etching conditions. Increasing the RF power (leads to higher plasma density) increases
the etch rate via increased physical sputtering.

As PMMA is relatively soft as an etch mask and erodes very quickly during

CAIBE, the pattern has to be transferred into a hard mask. In our case, SiC>2 is chosen as

a hard mask, which was deposited using plasma enhanced chemical vapour deposition

(PECVD) [6] at the University of Glasgow. The transformation process is performed via
RIE using CPE chemistry. The PMMA etch rate during RIE is slightly lower than that of

Si02 in CHF3 environment, making mask transformation possible. Typical etch rates of

SiC>2 experienced during our experiments are between 15-20 nm/min.
After a pattern is transformed into the SiC>2 layer (typically of 200-300 nm

thickness) the remaining layer ofPMMA can be dissolved in acetone.

2.1.3 Chemically assisted ion beam etching
The next step in our fabrication process is CAIBE, where the pattern will be deeply

etched (3-5 pm) into semiconductor using a SiC>2 mask of a 300-nm thickness. From our

experience, we know that even after etching holes as deep as 5 pm, there is still some

SiC>2 mask is left (around 50-100 nm) which allows us to use the remaining SiC>2 as an

etch mask for the shallow etching ofwaveguides.
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Details of deep etching of air-slots are given in the next chapter. Here we

summarize the fabrication of slots processes by a schematic diagram presented in Fig. 8.

m
PMMA-resist

waveguide core

0 RIE

waveguide core

EBEAM

[7] CAIBE

-

Fig. 8. Air-slots fabrication: 1) PMMA is spun on top of a SiC>2 mask, 2) E-beam

exposure and development of a pattern in PMMA, 3) RIE pattern transfer into SiC>2 mask

4) CAIBE etching of pattern in semiconductor.

Let us consider some specific features of shallow etching in this section. The main
difference between narrow slots (100 nm) and waveguide (3-10 pm) etching is the
amount of gas (CI2) used. It has been noticed that for the etching of broad areas, a higher
amount of CI2 is required during etching. This is obviously connected with the amount of
semiconductor that has to be etched away. In the case of broad areas (more than a micron

wide), a higher amount of chemical reactions is needed to produce the full chemical
reaction. Otherwise, portions of the etched semiconductor are deposited back on the
etched surface creating "grass"-like features. Therefore, the CI2 flow has to be increased

up to 5 seem (standard cubic centimetres per minute) in comparison with the 1 seem used
for high-aspect-ratio features (see Chapter 3).

Another difference between waveguide etching and slot etching is the etch depth.
As we describe in Chapter 5, a shallow etch depth of around 200-700 nm depending on
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the waveguide layout and ridge width is required to create single-mode waveguides. This
small depth means that etching of deep filter-slots and waveguide ridges has to be carried
out in two separate steps.

High-aspect ratio etching conditions generate a 350 nm/min etch rate. Hence, the

required accuracy for shallow etching of 50 nm becomes difficult to achieve. In order to
minimize the etch rate (with the amount of chlorine greatly increased), the beam current

and substrate temperature were lowered down to 8 mA and 165° C, respectively. This
reduced the etch rate to 150 nm/min. A cross-section image of a 5-p.m wide shallow
etched waveguide is presented in Fig. 9. The sample was etched for 2 minutes at 1200 V,

8 mA, 165° C and 5 seem ofCb, achieving a depth of~ 300 nm.

Fig. 9. A SEM image of a WG cross-section. The resultant etch depth is
300 nm. This etch depth is sufficient to keep this 5-p.m wide WG (with a core size

of 380 nm) single-moded.

As we mentioned above, SiC>2 is a protective mask for both cases of deep and
shallow etching, but in order to create the waveguides in SiC>2, optical photolithography
is used.

2.1.4 Photolithography process

Optical photolithography is the most common and frequently used way of

producing patterns for semiconductor photonic components. The resolution of the most
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common optical photolithography systems is limited by diffraction of the light used for
an exposure and is around 1 -2 microns.

In our process, photolithography was mainly used for patterning waveguide

regions, insulation pads and contact pads (thus for all features bigger than 2 pm). In order
to carry out the patterning with photolithography, photo-masks were designed using the
ELPHY software package and then generated at the University of Glasgow.

The typical process flow is as follows: 1818 photo-resist is spun on the surface of
the wafer at 5000 revolutions per minute during one minute. Then, in order to drive off
the solvent we heat the sample for 1 minute at 100° C. The thickness of the film is about

1.8 pm. For good quality photolithography, good contact between mask and wafer is

required in order to minimise diffraction. The pattern can be over/underexposed, resulting
in rounded edges and increased/decreased width of exposed features, respectively. Thus
the exposure time for a given type or thickness of photo-resist, material and source lamp
needs to be found. Typical exposure times for our process are around 20 seconds.

Exposed portions are then dissolved in the developer MF-319 leaving, areas unprotected

by photo-resist. In order to transfer the waveguide pattern into the Si02 mask, an RIE

step is used. As a final step, CAIBE is performed for shallow etching of waveguide
trenches. If we do not wash the photo-resist away after RIE in acetone, it can serve as a

protection layer above the etched (unprotected by the Si02 mask) air-slots during the
second CAIBE. The only problem of using the photo-resist is that it becomes permanent

(cross-linked) at temperatures above 160° C (the minimal temperatures for InP etching).
Thus a sample on which photo-resist has been cross-linked after CAIBE must be etched
in 02 environment with RIE. This process removes any organic materials from the
surface of the InP material and/or Si02 mask.

Next steps of photo-lithography were used to fabricate active devices described in
the next section of this chapter.

2.2 Fabrication of active filters

All of the processes described above are necessary for active filter fabrication. In

addition, the negative resist SU-8 was used as an insulation layer. SU-8 is sensitive to UV
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and electron radiation, so it can be used for any of those processes. As it has already been

mentioned, SU-8 is a negative resist, which means it is rendered unsolvable by exposure.

2.2.1 Insulation and contact pads fabrication
Two designs of contacts were used in this work: squares and "T-shaped" designs.

A device with a "T-shaped" type contact is shown in Fig. 10. Insulation and contact pads
were laid down using a photolithography process. SU-8 (for insulation) was spun and

exposed, so it remained everywhere except on top of the waveguide, with some gaps left
to account for alignment tolerances.

Cavity

SU-8
insulator

waveguide -

200-nm of Ni/Au

top contact

Fig. 10. An SEM image of a finished active filter. A "t-shaped" contact is used. All

patterns were written using optical lithography with the exception of the air-slots that

appear as narrow dark lines in the center of the waveguide.

In order to prepare the electrical contacts the following procedure was performed.
The photo-resist SR-1818 was spun on top of the insulator and then soaked in
chlorobenzene for 5-10 minutes. This renders the photo-resist surface harder and

produces an under-cut when developed (see Fig. 11). The photo-resist was exposed using

photo-lithography. The contact pad was smaller than the cavity to allow for tolerances of
the lithographic process.

After the SR-1818 mask was prepared for contacts, the sample was put into an e-

beam evaporator where 20/200 nm of Ni/Au for the top contact and 14/14/14/11/200 nm
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of Au/Ge/Au/Ni/Au for the bottom contact were evaporated. A lift-off process was

performed in order to leave Au on top of the sample as, sketched in Fig. 11. The specific-
undercut in a photo-resist (created after development and pre-soaking in chlorobenzene)

depicted in Fig. 11 allows acetone to dissolve the remaining photo-resist, leaving only the

gold on the surface of the semiconductor.

Acetone

1818=^* =
substrate

Fig. 11. A schematic view of the "lift-off' process. Acetone dissolves the photo¬
resist leaving only gold on top of the cavity.

Using photo-lithography to fabricate the structure, tolerances of only 2-3 pm were

achieved. An alternative method of electron-beam lithography alignment was used for the
fabrication of active devices with less tolerance.

2.2.2 Three-point alignment for the fabrication of active devices
This section is dedicated to multiple-step electron-beam lithography for writing

complex active devices with improved accuracy (up to 100 nm alignment tolerance

compared with 1-3 pm for photolithography). Another reason for using multiple e-beam

lithography is that photolithography requires optical masks to be made up. Thus, e-beam

lithography gives us more freedom for experimentation, as a design may be quickly

changed as desired.
The main method used for multiple e-beam exposures is the technique of three-

point alignment. This process consists of writing three alignment marks in three corners

of the pattern area (700x800 pm). These marks have to be present on all layers of the

pattern layout.
The marks used were complex-crosses with points in the centre (see Fig. 12).

When crosses were successfully exposed, the centre of the small middle cross was used
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for alignment purposes, otherwise, the centre of the big cross or any sharp corner of the

squares can be used.

10 pm

Fig. 12. An SEM image of a single alignment mark.

The idea of using alignment marks is as follows: a file is created containing the

alignment marks and this part of the design is written first. Each successive stage is added

sequentially choosing a new layer; in each step of the design 3 crosses on the surface of
the sample have to be aligned with 3 crosses in the design (as the first step is deeply
etched using CAIBE, it is possible to see crosses even underneath several layers of
PMMA); the coordinate system is then defined according to the position of these crosses.

Following these principles, active filters were fabricated. Several series of 100-nm
slots arranged into cavities of 20, 40, 80-pm sizes and alignment cross were e-beam
written and etched using CAIBE to the depth of around 5 pm. The next step was to write
the waveguide ridges on top of the slots, as illustrated in Fig. 13.
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Fig. 13. Optical micrograph of the sample following a 3-point alignment. Filter
slots and alignment marks were written first (using e.g. 1st layer in the software) and

waveguides were aligned to them (using 2d layer).

As shown in Fig. 13, there are eight crosses in total, to give some redundancy in
case of errors (sometimes crosses can be overexposed/underexposed/damaged). An
additional mark was placed on the mask indicating the crosses closest to the origin in
order to distinguish between different sets of crosses.

The right part of Fig. 14 illustrates that there can sometimes be imperfections in the

waveguide area above the slots. This is connected with the difficulty of the resist

(depending on viscosity) to evenly distribute over small deeply etched areas (air-slots

region). As a consequence, the waveguides may not be written in the area ofmirrors. This
means that areas between the slots will be etched away during the shallow step, reducing
the performance of the filter. This problem can be avoided by adjusting the thickness of
e-beam resist via spinning at different speeds.
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etched trenches

'T ^ ,WG \ ;i Imperfections <

^ air-slots
1

Fig. 14. A top-view of a filter cavity area following the 3 point alignment as well
as deep and shallow etchings. The top and bottom right part of the figure illustrates fully
removed and partially damaged areas, respectively, inside the Bragg mirrors after shallow

etching as discussed in the text.

The next step consists of putting down the insulation. For this we use SU-8,

because SU-8 can be used at 180-200° C and it forms a durable film. Since SU-8 works

as a negative resist, we expose 120 by 100 pm insulation pads for each cavity, leaving
small windows inside each filter cavity (Fig. 15).

$* *
....... - rt:;::.; .rrBBBM'.:MJWBSl

SU-8 insulator

J

"V* Windows

x'm insulation

~

~'—rrnim~TriT'^_r"inrrnTiw
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Fig. 15. A third stage of three-point alignment. Insulation pads were created. The
inset shows a close-up image for a 20-pm long cavity with a window in the insulation.
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The windows were reduced in size to account for alignment tolerances, which were

not always as good as the ideal 100 nm.
As a final step, contact pads were e-beam written in a thicker than normal PMMA

(in order to perform successful lift-off). The contact pads were designed in the shape of

squares with sizes slightly less than those of the insulation pads (100 by 80 pm wide).

Square-shaped contact pads were chosen due to the fragility of the T-shaped (see above)
contacts of the initial designs. These used to burn out very easily at the interface of the
broad and narrow parts due to resistive overheating. Developed PMMA has a specific
undercut at its edges (in the same way as the optical resist has after chlorobenzene, see

Fig. 9 above) making it possible to use it for lift-off of the metal, leaving Ni/Au contact

pads on top of the sample after evaporation. A filter with a 20-pm cavity and evaporated
Ni/Au contacts is presented in Fig. 16.

Insulation

InP
v»«.-

4■

InP

Ni/Au contact

I
-StstSK

1

Fig. 16. A finished device. The picture illustrates the forth step of 3 point

alignment and successful lift-off after Ni/Au was evaporated on top of the sample. The
dark orange areas in the middle of the cavity are regions that were left uninsulated to
account for alignment tolerances, compare with the inset of figure 15 (note the probe

mark on top of the contact).

In conclusion, in order to write active filters, e-beam lithography was performed 4

times, using the three-point alignment and both positive (thick and thin) and negative
resists. A set of devices consists of filters with three different cavity sizes, i.e. 20-, 40-

and 80- pm long. On the top and bottom of the devices, Ni/Au contacts were evaporated
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using SU-8 as an electrical insulation layer. In order to characterise these devices, simple
facet cleaving was performed creating final devices of the lengths between 400-1000 pm.

The devices were then mounted on an aluminium block using silver epoxy for testing.

2.3 Two-dimensional photonic crystal fabrication
In the final section of this chapter, some specific aspects of 2-D PhCs fabrication

will be described. The difficulties of creating high-aspect-ratio 2-D PhCs will be

highlighted in the Chapter 3. This section will illustrate an importance of a proximity
correction for fabrication of 2-D PhCs.

Proximity correction, which we briefly mentioned in the first section of this

chapter, is vital for 2-D PhCs fabrication as they consist ofmany small features separated
at distances below 1 pm (for such small distances the overlap between doses from the
different features is high).

Fig. 17. A SEM image of 2-D PhC waveguide (WG) in InP-material after poorly

applied proximity correction. The holes have different diameters depending on their

position.

The PhC presented in Fig. 17 was proximity corrected but this proximity correction
was not conducted well enough to distribute all the doses correctly. As one can see from
the figure, the holes are biggest at the interface with the access waveguide. Obviously, as
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the waveguide has the biggest area, its dose has the strongest effect on the surrounding
small features. The holes at furthest edges have the smallest size. This happens because
the holes at the edges have less neighbours and as a result receive a smaller overall dose.

Therefore, the task of the proximity correction is to give the smallest doses to the holes at

the interface with the WG and the biggest doses to the holes along the edges, while

gradually distributing doses in middle. Fig. 18 is an illustration of successfully e-beam
written 2-D PhCs in InP-based material, after correct proximity correction was achieved.
A more detailed description of proximity correction and its parameters for fabricating 2-
D PhCs in GaAs-based material is given in [6].

1 Mm

• •*•••••«»•••••••

Fig. 18. An SEM image of 2-D PhCs in InP-material after successfully applied

proximity correction. All holes have the same diameter.

2.4 Summary
As a conclusion to this chapter, a short resume of the work described here will be

given. Fabrication of 1- and 2-D PhCs requires the use of state-of-the-art equipment.
Some complex machines such as CAIBE, RIE, SEM with e-beam writing tool were used
in this chapter. A description of the basics principles of operation of these machines was

given. A step-by-step fabrication process of devices was described.
The fabrication of high quality 1- and 2-D PhCs in InP-based material was realised

during this thesis. For example, features as small as 50-nm can be fabricated using our

facilities. Proximity correction was applied in order to produce 2-D planar PhC
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waveguides. More complicated active devices were also successfully fabricated using a

several-stage e-beam alignment process.
The fabrication processes described here together with deep etching via CAIBE,

which is presented in the next chapter, were used in order to produce the 2-D PhCs
characterised in Chapter 4 and tunable filters in Chapter 5.
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Chapter 3

Dry Etching of One- and Two-Dimensional InP- and GaAs-
Based Photonic Crystals

In this chapter, chemically assisted ion beam etching is studied for etching InP-
and GaAs-based one- and two-dimensional features. The importance of striking a

good balance between chemical and physical components is highlighted. A

chemically assisted ion beam etching regime for etching high-aspect-ratio photonic

crystals is suggested. Using high beam voltage, low beam current etching conditions,

deep (~ 5 pm), vertical, low-roughness holes were produced. High-quality low-loss

two-dimensional photonic crystal planar waveguides were fabricated using this

regime.
N.B. The favourable high voltage low current regime was developed together with Dr. Rab

Wilson and William Whelan-Curtin (L. O'Faolain).

3.1 Overview of advanced plasma processing etching systems
The fabrication technology of high-quality high-aspect-ratio features is one of

the key technologies for realization of miniaturized photonic and optoelectronic

components such as: PhC-based waveguides, lasers, cavities, and superprisms as well
as conventional deeply etched Bragg reflectors. The fabrication process for producing
1- and 2-D PhCs has been well developed but some important refinements are still

required.
Conventional reactive-ion etching (RIE) has been pushed to its limits; so more

advanced plasma-processing technologies are required. The main principles of RIE

system were given in Chapter 2. As more advanced alternatives to RIE systems,

several different approaches have been explored: reactive-ion beam etching (RIBE),

chemically assisted ion beam etching (CAIBE), inductively coupled plasma etching

(ICP), and electron-cyclotron resonance (ECR) RIE. All these systems are described
in great depth in [1]. Here we will only draw a brief comparison between the different

approaches and discus some features of these technologies.
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RIBE and CAIBE derive their advantages over conventional RIE from

introducing ion beams to add directionality to the etching process. In the RIBE mode,
either only chemically reactive ions or a mixture of inert and reactive ions are used in
the beam. In CAIBE, the ion-beam is usually inert (e.g. Ar), while a chemically
reactive gas (e.g. CI2) is introduced near the target.

ICP and ECR-RIE also allows independent control of ion-energies and plasma

properties compared to RIE. Such systems can combine high charge densities with
low ion energies. The main difference in ICP and ECR-RIE systems is the way they
sustain the plasma. The first system uses inductively coupled Radio Frequency (RF)

power and the second one uses ECR microwave power.

CAIBE and ICP etching are some of the most effective and widely used etching

processes for photonic crystals [2, 3]. The independent access to the plasma

generation and etching conditions, provided during CAIBE and ICP, is critical for the

etching of high-aspect-ratio features, as we will demonstrate below.
These technologies need to satisfy the following criteria: extremely anisotropic

etching of heterostructures (low variation in etch rate and profile for different

materials); high fidelity in pattern transfer (low mask erosion); good selectivity
between the semiconductor and the masking layer; and low damage (minimal
reduction in the internal quantum efficiency of any active layer in the heterostructure).

In photonic crystal structures, one of the major sources of losses (see Chapter 4)
is insufficient etch-depth and/or non-vertical, rough walls. High-quality GaAs etching
has already been achieved [4], whereas InP etching was to be developed to the same

level. InP etching typically produces tapered holes [5], whereby the taper may

compromise device performance. In addition, InP/InGaAsP heterostructures typically
have lower confinement due to the lower refractive index contrast. As a result, the

mode has a larger vertical extent and a greater depth (~ 3 pm) is required to prevent

coupling to substrate modes when working with InP [6].
In this chapter, we etch GaAs/AlGaAs and InP/InGaAsP "laser-like"

waveguiding heterostructures using the CAIBE system.
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3.2 Chemically assisted ion-beam etching system

3.2.1 Basics of operation
The material removal during CAIBE is a result of collisions of Argon ions

accelerated by the voltage applied in a vacuum chamber. This process is aided by the
introduction of chlorine, which reacts chemically with the semiconductor substrate.
GaAs/InP will react with CI2 to form volatile products via the following chemical

reactions, which in a somewhat simplified form are given by [1, 7]:

GaAs+3Cl2—> GaCl3+ ASCI3

InP+Cl2—> InCl2+ P

These reactions do not occur spontaneously, but require some activation energy,

which can be supplied by an ion flux. It is important to note that InClx by-products are
o

not volatile at room temperature as they require a very low vapour pressure of ~ 10"
Torr. To obtain high enough etch rate for InClx the substrate must be heated up to at

least 150 °C [8],

During etching the material must be removed only from selected portions of the
wafer. This is achieved by masking certain portions of the wafer with a mask

(photoresist/Si02/SiNx). That is, photo/e-beam lithography is used to create a pattern

in the mask on the wafer (see Chapter 2). The wafer will be etched by CAIBE
wherever it is exposed (unprotected by the mask).

In CAIBE, an ion beam is directed onto a sample in a reactive gas ambience

(CI2) (Fig. 1). The ion energy, beam current, flow of the reactive gas, and substrate

temperature can be controlled independently.

3.2.2 Special features of the machine used in our work
Our CAIBE system uses a 3-cm gridded broad-beam ion source, also known as a

Kaufman-type ion source [9]. Two-grid graphite optics with argon gas is used. The
emitter consists of the cathode and the anode. The ions are accelerated through the
screen grid by the negative accelerator grid. The apertures of these two grids are

precisely aligned to direct the beam towards the sample. A neutralizer filament adds
electrons to the ion beam. These electrons offset the mutual repulsion of ions, a

process that is called "charge neutralization". Chlorine is supplied via the ring over

the sample holder. A schematic view of the CAIBE system is presented in Fig. 1.
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This version of the source provides a high degree of beam-profile stability and

reproducibility.

Fig. 1. A schematic view of the CAIBE system used in our work:
1-4 ion source; 1-cathode; 2-anode; 3-4-accelerator and screen grid; 5-

neutralizer; 6-stage.

3.2.3 Nature of chemical/physical balance with respect to large
features

Several characteristics of the dry etching technique are essential to the

production of high quality features: particularly important are the etching selectivity
between various materials, the etching rate and the aspect ratio. By controlling these

components, as well as the chemical and ion fluxes, the etching characteristics can be
determined.

Our main task was to achieve a high aspect ratio, which is so desirable for
fabrication of photonic crystals. To achieve this aspect ratio, vertical and smooth
sidewalls are necessary. In route to this goal, we met several problems but the reason

for all these problems was the same- an incorrect balance between the physical and
chemical components in the course of the etching. Fig. 2 shows the influence of these

components on the etching process in the etching of large features, i.e. where the
effect of neighbouring walls is negligible.
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Fig. 2. A schematic view of the different etching profiles encountered in
CAIBE: a) chemical, b) chemical-physical, c) physical.

So, according to Fig. 2, we get three different etching profiles in the etching

process. Fig. 2 (a) shows an undercut profile that is symptomatic of a strong chemical

(CI2, T) etch component, thus etching process becomes isotropic. An overcut profile is

presented in Fig. 2 (c). Together with the "ricochet" features at the wall's base, they
are symptoms of physical (argon sputtering) etching. The effect of "ricochet" results
from the increased flux of ions at the trenches due to reflection from the side walls,

and, perhaps, also from the material sputtered from the side wall onto the base of the
hole. By carefully balancing the chemical and physical etching components, vertical
smooth walls can be obtained (Fig. 2 b).

A GaAs-based material was used in the following section. Let us define the

parameters allowing us to see which process (chemical or physical) is dominant in the

etching process. The process pressure (2.7x10"4 mBar), the flow of chlorine (10
sccm=standard cubic centimetres per minute) and argon (5 seem) as well as the beam
current of 30 mA were kept constant for all the etches described in this section.

Fig. 3 shows the etching profile obtained for a beam voltage of 500 V. The

shape of the profile indicates that for such a beam voltage the dominant component of
the etching process was physical. The symptomatic "ricochet" feature can be easily
seen at the bottom of the etched trench.
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ricochet

1 pm

Fig. 3. A SEM image of the GaAs sample etched under the beam voltage of 500

V, T= 70° C.

Decreasing the ion energy (controlled by beam voltage) can correct for this
effect. Using the beam voltage of 300 V it was possible to eliminate these defects and
obtain vertical walls (Fig. 4). Both samples were etched at a substrate temperature of
70 °C.

1 pm

Fig. 4. A SEM image of the GaAs sample etched under the beam voltage of 300

V, T= 70° C

Increasing the temperature to 140° C, one can see that the chemical component

begins to dominate the etching process, as depicted in Fig. 5. Chemical interaction
means that excited particles from plasma react with the surface and form volatile
reaction products, thus leading to isotropic etching.
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Fig. 5. A SEM image of the GaAs sample etched under the beam voltage of 300

V, T= 140° C.

Fig. 6 shows the profile obtained in AlGaAs/GaAs material, as an example of
well balanced etching of big features.

1 |jm

Fig.6. A SEM image of the GaAs sample etched under the beam voltage of 300

V, T= 80° C.

In this section, we have only adjusted the beam voltage and substrate

temperature. The beauty of the CAIBE system is the number of parameters that may
be independently adjusted (voltage, current, gas flow, temperature, pressure). In the
next section we change the current and chlorine flow to great effect.

3. 3 High-voltage low-current etching regime
This section considers a new etching regime adapted for etching 2-D and 1-D

PhCs features. This high voltage, low current etching regime turned out to be
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extremely favourable for etching high aspect-ratio features. Deep holes can be
achieved under such conditions, taking advantage of high semiconductor-mask

selectivity. A comparison of etching performed with this CAIBE regime against other

etching systems/regimes is presented at the end of this section.

3. 3. 1 Conditions for balanced etching process for high-aspect-ratio
features

As we mentioned earlier, InP by-products (InClx) are not volatile at room

temperature. Thus etching InP with chlorine has a threshold temperature of approx.
150° C. As a result, we heat the sample up to 185-220° C. This temperature is
sufficient to allow the chemical etching to counter-balance the physical etching.

A waveguide heterostructure is shown in Fig. 7. Since etching of InP takes place
at high temperature (-185° C; compare to -80° C for etching of AlGaAs), the process

is very sensitive to the amount of chlorine present. Therefore, we kept the chlorine
flow low, i.e. between 0.9-1.7 seem. This is more than 5 times lower than for etching
the GaAs-based material mentioned above. The pressure in the chamber also becomes
lower (1.6* 10"4 mBar), making the process of removing InClx products from the
etched holes easier than in the case with AlGaAs. This allows very high-aspect-ratio

etching.

InP

InGaAsP Ql.l
10 x (Q1.1+Q1.3) MQW

InGaAsP Ql.l

InP

600 nm

354 nm~"

820 nm

430 nm_

1500 nm

InP

substrate

-WG

Fig. 7. A schematic view of a waveguide (WG) heterostructure with 10 qwells
used for etching high aspect-ratio features.

Thus, going to the regime of high temperature (210° C) and decreasing the
chlorine flow to 1 seem, while leaving the beam current and voltage at the same values
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of 30 mA and 300 V, respectively, we initially obtain chemically over-etched side
walls (Fig. 8 (a)). Decreasing the CI2 flow to 0.8 seem partially eliminates the problem

(Fig. 8 (b)), but the effect of "wobbling" remains.

Fig. 8. SEM images of etched slots (-100 nm wide): a) chemically over -etched

profile; b) strong "wobbling", which is defined as poor etching directionality of high

aspect ratio features in InP; the reason for this phenomenon is not fully understood.

Figure 9 (a) shows etching results for an InP-based sample with the following

etching conditions: substrate temperature of 185° C, beam current of 30 mA, beam

voltage of 900 V, and CI2 flow of 0.8 seem. These conditions lead to a physically
dominant etching process. This causes an overcut wall profile with widening at the

top of the hole and a poorly formed hole bottom. By increasing the CI2 flow, the
chemical and physical components of the etching process should become better
balanced. However, we never managed to achieve a satisfactory profile with these
conditions.
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Fig 9. SEM images of one-dimensional features of 90-nm size in InP-based
material: a) physically dominant etching process, b) a good chemical-physical

balance; a 35:1 aspect ratio was achieved with mask selectivity of 18:1.

For high-quality, high-aspect-ratio etching, a different solution is therefore

required. To this end, we modified the physical etching conditions.
In Fig. 9 (b), we reduced the beam current from 30 mA to 12 mA and increased

the beam voltage from 900 V to 1200 V, thus entering a much more favourable

etching regime. The flow of chlorine was increased up to 1.6 seem. The reason for

increasing the beam voltage was that "bending" was observed (also reported by
Ferrini et al. [5]) at lower voltages (Fig. 8 (a, b)). It appears that a higher voltage gives
a stronger directionality to the ion beam, thereby overcoming the tendency to etch

sideways, which causes such a "bend." The feature shown in Fig. 9 (b) is a 1-
dimensional PhC in InP-based material with air slots of 90 nm and an etch depth of

3.5 pm (aspect ratio of 35:1). The conditions were the following: beam voltage- 1200

V, beam current- 12 mA, chlorine flow- 0.9 seem, substrate temperature- 185 °C.
For GaAs etching of high-aspect-ratio features, a lower temperature is used

(typically 120 °C), but otherwise, the same principles apply. In our experience, the

margins for error in etching high verticality features are larger in GaAs than in InP,
and the general quality is somewhat better (it is very rare to observe bending or

wobbling in GaAs features, and tapering toward the bottom of the hole is more easily
cured).
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3.3.2 Semiconductor/mask selectivity
Once the process is correctly balanced, the main factor limiting the achievable

depth of the etched holes is the mask etch rate relative to the material etch rate, i.e.,
the mask selectivity.

In Fig. 10, we show the relationship between the mask selectivity and the beam

voltage. In this graph, we only plot points corresponding to a balanced etching

process.
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Fig. 10. The dependence of the semiconductor/mask selectivity on the beam

voltage-current ratio for InGaAsP/InP and AlGaAs/GaAs materials. All values are

given for 100 nm wide slots.

As can be seen, these points lie approximately on a straight line and fulfil the
condition of constant beam power, i.e., a constant beam voltage-current product. For
such constant beam power and balanced etching, a mask selectivity as high as 50:1
was achieved in AlGaAs/GaAs for air slots with a width of 100 nm. These conditions

also enabled us to etch air slots as small as 40 nm in width to a depth of 1.1 pm with a

semiconductor/mask selectivity of 27:1 (Fig. 11).
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Fig. 11. An SEM image of extremely narrow (40 nm wide) slots in
GaAs/AlGaAs etched to the depth of 1.1 pm with less than % of the mask etched

away, gaining a selectivity of 27:1. These features are slightly chemically over-etched

[10].

To understand this increase in selectivity with beam voltage, we need to

examine both the etch rate of the III-V material and that of the silica mask.

The silica mask etch rate is constant for a given beam voltage and current, i.e., it
is independent of the chemical etching component, as it doesn't react with the
chlorine. The III-V material etch rate, on the other hand, is strongly dependent on the
chemical etch conditions (chlorine flow and temperature). Thus, the selectivity of

chemically overetched features lies above the balanced line and that of chemically
underetched (physically overetched) features lies below (Fig. 12).
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Beam voltage, V

Fig. 12. The selectivity of chemically over-etched and physically over-etched
holes with respect to an "in-balance" line (InP etching).

We believe that the observed improvement in selectivity for etching at a high

voltage-current ratio is due to a hardening of the mask under the impact of high-

energy ions. Fig. 13 shows a significant reduction in the silica mask etch rate with

increasing beam voltage. We have also observed that the remaining silica mask after a
CAIBE etch is more resistant to RIE than before. This is poorly understood- we

assume that this hardening occurs as a consequence of the high-energy ion impact.
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700 1200

Beam Voltage (V)

Fig. 13. The dependence of silica mask etch rate on the beam voltage. All other
conditions were held constant.

The equivalent graph for the semiconductor, i.e., etch rate vs. beam voltage, is

approximately flat. Due to the strong dependence of the semiconductor etch rate on
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the physical-chemical balance, it is difficult to determine the semiconductor etch rate

exactly, making a direct comparison between the two etch rates problematic.
What is clear, however, is that the selectivity increases with the beam voltage

when the etch conditions are on the "balanced" line, as shown in Figs. 10 and 12.
We also observe that the etch rate (and selectivity) decreases with decreasing

feature size (see Fig. 14). This is a well-documented phenomenon that is believed to

be a form of RTF, lag [11].
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Slot Width (nm)

Fig. 14. The dependence of the InP etch rate on the hole size under optimized

etching conditions. All measurements are taken from the same sample.

3.3.3 "Neck" formation

The formation of a "neck" [11] just below the surface in InP etching was

observed at times (see Fig. 15). "Neck" formation takes place when the chemical

component of the etching process is slightly in excess. The increased surface

temperature due to heating by the ion beam, coupled with the effects of ions

ricocheting off the mask edges, increases the isotropic etch rate in the vicinity of the
surface. Even a small deviation from a good "chemical-physical" balance is enough
for such a "neck" to be formed.
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Fig. 15. A 100-nm feature-size etched in InP-based material. The "neck"
observed at the top of the hole is due to a small "chemical-physical" unbalance.

The higher the amount of CI2 or the substrate temperature (with the rest of the

parameters unchanged), the bigger "neck" is observed. In accordance with this

argument, the "neck" shown in Fig. 15 could be easily removed by increasing the
beam current from 8.5 mA to 9 mA, thus slightly increasing the amount of physical

etching and returning to the perfect "physical-chemical" balance. This feature is rarely
observed in GaAs.

3.3.4 Low sidewall roughness
One of the concerns with CAIBE is that the high ion energies lead to more

violent impacts, resulting in increased sidewall roughness. We did not observe any

such behaviour for the conditions described here.

In our case, due to the low beam current, we believe that there is a large ion-
induced chemical-etching yield. The initial impact of an ion causes roughness, which
is then largely erased by the chlorine, which reacts faster in the region of the impact
due to the localized heating caused by the impact. The top part of figure 16 is a

scanning electron microscope (SEM) image of an etched hole showing low sidewall

roughness. Furthermore, the low measured propagation losses [12] of PhC devices
etched using high beam voltage and low current proves that the sidewall roughness
was not high. This agrees qualitatively with the results of Daleiden et al. [13], who
show that CAIBE causes less damage than IBE. Thus, by extension, it is plausible that
a strong chemical component may reduce damage caused by the physical component.
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However, despite the smooth wall profiles observed in Fig 16, we can not

determine the degree of damage produced by high energy ion impacts in terms of the
electrical properties of material. However, we believe that the low-threshold narrow

stripes (~5 pm) quantum dot lasers in AlGaAs tested independently by S. Moore el al.

[18] and fabricated using this high voltage low current regime indicate that the
amount of this side wall damage is low.

200 nm

1 fim

Fig. 16. SEM images of InGaAsP/InP photonic crystals etched under high-

voltage conditions to a depth of 3.7 pm (a hole diameter of 195 nm). The top image
demonstrates the low level of sidewall roughness of the PhCs.

3.3.5 Etching of two-dimensional photonic crystals
InGaAsP/InP and AlGaAs/GaAs 2-dimensional photonic crystals have also been

etched successfully using these guidelines. GaAs-based PhCs were etched to a depth
of 1.6 pm with a mask/semiconductor selectivity of 32:1 for a hole diameter of 200
nm. InP/SiC>2 mask etching ratios of 27:1 and 34:1 were achieved for 195-nm and
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270-nm diameter holes, respectively, with corresponding hole depths of 3.5 pm and
5.5 pm, i.e., aspect ratios of 17:1 and 20:1 (Fig. 16, 17). The etching was done for the
same conditions as used for air slots (1200 V, 12 mA, 1.6 seem CI2, 185 °C).

Fig. 17. SEM image of deep PhCs etched in InGaAsP/InP material. The hole
diameter is 270 nm. Losses of 1.8-3.5 dB/mm were measured for this sample. The
dashed lines have been added to highlight the position of the waveguiding layer (1.6

pm thick).

Propagation losses as small as 1.8-3.5 dB/mm were measured (Chapter 4) for the

planar PhC waveguides in InP-based material etched under these conditions. These
PhCs were etched to the depth of 5.3 pm (Fig. 17). To date, these are the best-reported
results for etching the InP-based PhCs [14].

There is also a technical advantage of using high voltage-current ratio regime.

Decreasing the beam current from 30 mA to about 10 mA significantly increases the
life of the neutralizer inside the CAIBE machine.

3.3.6 Comparison of achieved etch depths
Table 1 presents a comparison between the etched profiles of 2-D PhCs in InP-

based material achieved in our work and the best results available in the literature at

that time (the year 2003).

5.3 pm
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Table 1. A comparison between the etched profiles1
References Etching

method

Etch depth,

pm

Hole

diameter,

nm

Effective

etching

depth, pm

Aspect-ratio

Ref. 14,

KTH

(2003)

CAIBE ~ 3 300 ~2 10:1

Ref. 3,

Alcatel

(2002)

ICP ~ 3 240 2.8 13:3

Ref. 15,

Wuerzburg

(2002)

ECR-RIE ~ 4 240 -2.5 16:1

Our work

(2003)

CAIBE ~ 5 250 3.5 21:1

NB. It has been observed that in general the narrower the hole the
more difficult it is to etch (see above - the "RIE Lag" effect).

As one can see from the table, the results achieved in our work were some of the

best etching results at that time, giving an aspect ratio of 21:1. Despite such promising

etching results, there are still some problems left. For example, tapering of etched
bottoms is still an issue, although it was possible to minimise the influence of such

shape on propagating light by etching deeper [16]. A trivial explanation for tapered
bottoms is as follows: for narrow and deep slots/holes it becomes more difficult to

vaporise all InClx by-products which redeposit back on the bottom forming tapered
bottoms of the etched features. There are possibly several ways for solving this

1 Please note that the comparison of the etched profiles is rather relative here, and refers to the absolute
etch depths achieved, neglecting material composition/lay-out etc
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problem- going to higher temperatures (> 250 °C) and/or lower etch pressures (<

0.7* 10"4mBar).
Another problem of etching high aspect-ratio features in InP heterostructures is

"wobbling". Although, it was possible to partly overcome this problem by going to

higher beam voltages and, thus, gaining stronger beam directionality and reducing

wobbling, some weak wobbling of etched features still remained. This "wobbling"
mechanism has not been fully understood yet and requires additional research.

3.4 Summary
We have examined different regimes of CAIBE operation for the fabrication of

semiconductor devices, such as Bragg gratings and 2-D PhCs.

Optimal etching conditions were found for chemically-physically balanced

processes. Such conditions were investigated for GaAs- and InP- based materials for:

a) waveguides;

b) air/semiconductor Bragg gratings (1-D PhCs);

c) 2-D PhCs.
We have also examined a new regime of CAIBE operation. We discussed the

consequences of a "chemical-physical" unbalanced etching process and found that
this balance is achieved for an approximately constant beam power, i.e., beam

voltage-current product. The selectivity of the etch process increases with increasing
beam voltage/current ratio, due to an increased mask resistance to high-energy ions.
The high mask selectivity allows us to use a relatively thin silica mask (200-300 nm)
that can be patterned with high resolution and good control over feature sizes. This

regime can be used for both InP- and GaAs- based photonic crystal etching because
no increase in sidewall roughness is observed, even at high-voltage etching
conditions. Therefore, we were able to take advantage of the increased directionality
ofhigh beam voltage etching to produce high-quality InP-based photonic crystals with
an etch depth of up to 5.3 pm [17].

We also believe that the limits of InP etching have not been reached yet and
with further research better profiles may be possible1.

1
However, one has to bear in mind that there is a critical etch depth/shape for each wafer lay¬

out necessary for low loss photonic crystals and once this depth/shape is reached, further improvements
in etch depth have less and less of an impact.

71



References

[1] R. J. Shul and S. J. Pearton, Handbook of Advanced Plasma Processing

Techniques, Chapter 11&12, Springer-Verlag, Berlin, Germany, 2000.

[2] M. Mulot, S. Anand, M. Swillo, M. Qiu, B. Jaskorzynska, and A. Talneau, "Low-
loss InP-based photonic-crystal waveguides etched with Ar/CL chemically assisted
ion beam etching," J. Vac. Scien. Technol. B, vol. 21, pp. 900-903, Mar/Apr 2003.

[3] R. Ferrini, B. Lombardet, B. Wild, R. Houdre, S. Olivier, H. Benisty, A. Djoudi,
L. Legouezigou, S. Hubert, S. Sainson, J.-P. Chandouineau, S. Fabre, F. Pommereau,
and G.-H. Duan, "Optical characterisation of 2D InP-based photonic crystals
fabricated by inductively coupled plasma etching," Electron. Lett., vol. 38, pp. 962-

964, Aug 2002.

[4] K. Avary, J. P. Reithmaier, F. Klopf, T. Happ, M. Kamp, and A. Forchel, "Deeply
etched two-dimensional photonic crystals fabricated on GaAs/AlGaAs slab

waveguides by using chemically assisted ion beam etching," Microelectron.

Engineer., vol. 61-62, pp. 875-880, 2002.

[5] R. Ferrini, D. Leuenberger, M. Mulot, M. Qui, J. Moosburger, M. Kamp, A.

Forchel, S. Anand, and R. Houdre, "Optical study of two dimensional InP-based

photonic crystals by internal light source technique," IEEE J. Quantum Electron., vol.

38, pp. 786-799, July 2002.

[6] R. Ferrini, R. Houdre, H. Benisty, M. Qui, and J. Moosburger, "Radiation losses in

planar photonic crystals: two-dimensional representation of hole depth and shape by
an imaginary dielectric constant," J. Opt. Soc. Am. B, vol. 20, pp. 469-478, Mar 2003.

[7] H. S. Fogler and N. M. Gurmen, Elements ofchemical reaction engineering, Univ.
ofMichigan (http://www.engin.umich.edu/~cre/), Chapter 10.3, 2005.

[8] K. Asakawa, T. Yoshikawa, S. Kohmoto, and Y. Nambu, "Chlorine-based dry

etching of III/V compound semiconductors for optoelectronic applications," Jpn. J.

Appl. Phys., vol. 37, pp. 373-387, Feb 1998.

[9] J. J. Cuomo, S. M. Rossnagel, and H. R. Kaufman, Handbook of ion beam

processing technology.principles, deposition, film modification and synthesis, Noyes

publications, Chapter 2, 1989.

[10] L. O'Faolain, "Fabrication of microstructures for ultra-short pulse production in
semiconductor lasers," PhD thesis, University of St Andrews, 2005.

72



[11] M. Mulot, S. Anand, C. F. Carlstrom, M. Swillo, and A. Talneau, "Dry etching of

photonic crystals in InP based materials," Physica Scripta, vol. 101, pp. 106-109,
2002.

[12] M. V. Kotlyar, T. Karle, M. D. Settle, L. O'Faolain, and T. F. Krauss, "Low-loss

photonic crystal defect waveguides in InP"Appl. Phys. Lett., vol. 84, pp. 3588-3590,

May 2004.

[13] J. Daleiden, R. Keifer, S. Klussmann, M. Kunzer, C. Manz, M. Wailher, J.

Braunstein, and G. Weimann, "Chemically-assisted ion-beam etching of

(AlGa)As/GaAs: lattice damage and removal by in-situ CL treatment," Microelect.

Engineer., vol. 45, pp. 9-14, 1999.

[14] M. Mulot, M. Qui, M. Swilo, B. Jaskorzynska, S. Anaud, and A. Talneu, "In-

plane resonant cavities with photonic crystal boundaries etched in InP-based

heterostructure," Appl. Phys. Lett., vol. 83, pp. 1095-1097, Aug 2003.

[15] J. Moosburger, M. Kamp, A. Forchel, R. Ferrini, D. Leuenberger, R. Houdre, S.

Anand, and J. Berggren, "Nanofabrication of high quality photonic crystals for

integrated optics circuits," Nanotechnology, vol. 13, pp. 341-345, May 2002.

[16] R. Ferrini, B. Lombardet, B. Wild, R. Houdre, and G.-H. Duan, "Hole depth- and

shape-induced radiation losses in two-dimensional photonic crystals," Appl. Phys.

Lett., vol. 82, pp. 1009-1011, Feb 2003.

[17] M. V. Kotlyar, L. O'Faolain, R. Wilson, and T. F. Krauss, "High-aspect-ratio

chemically assisted ion-beam etching for photonic crystals using a high beam voltage-
current ratio," J. Vac. Scien. Technol. B, vol. 22, pp. 1788-1791, July 2004.

[18] S. A. Moore, L. O'Faolain, M. A. Cataluna, M. V. Kotlyar, and T. F. Krauss,

"Reduced surface sidewall recombination and diffusion in quantum dot lasers,"

submitted to Appl. Phys. Lett., 2005.

73



Chapter 4

Propagation Losses

The propagation losses of two-dimensional (2-D) planar photonic crystal (PhC)

waveguides are the subject of this chapter. In order to extract PhC propagation losses
a Fourier transform technique was used. This technique was studied using examples
of numerically simulated Fabry-Perot fringes. Following this, the planar PhC

waveguides in InP-based material, with three air rows removed, were characterised

using the "end-fire" technique. Low-losses (1.8 dB/mm) were extracted for PhC

waveguides with a period of 400 nm.

4.1 Origin of propagation losses in photonic crystal waveguides
The issue of the light line in the dispersion spectrum of a PhC (see Chapter 1) is

very important when one considers propagation losses in 2-D PhC slab waveguides.
When electromagnetic modes of PhC-based devices lie above the light line of the

cladding they are affected by out-of-plane diffraction. This causes intrinsic radiation
losses [1], i.e., they occur even for perfect crystals.

Two approaches have been suggested in order to keep out-of-plane scattering
low: structures with very high and low index contrast in the slab waveguide. PhC
slabs based on two these approaches are referred to as "membranes" (very high index

contrast) and "substrate approach" (low index contrast).
A practical example of very high refractive index contrast structure is silicon on

insulator (SOI). In these systems, some photonic modes may operate below the light
line of the cladding. This means that no coupling to the radiation modes is allowed for
these modes. However, structures fabricated in practice are not perfect (roughness,

etc) and out-of-plane scattering may occur. Recently, SOI PhC waveguides have
demonstrated very low loss [2].

As far as the "substrate approach" is concerned, it has been demonstrated that

deeply etched PhCs in low-contrast waveguide structures are favourable for out-of-

plane loss reduction [3, 4], An example for such a structure is a conventional
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heterostructure in III-V semiconductors (InP/InGaAsP or GaAs/AlGaAs). However,
weaker guiding makes the etching process critical, as etch depth must be increased in
order to minimize out-of-plane scattering losses. A scalar analytical perturbative

approach [5] shows that losses scale as (As) , where As is the dielectric constant step

in the waveguide. The guided mode extends further into the cladding for decreasing

As, approaching the behaviour of plane waves incident normally to arrays of infinitely

deep holes. Thus, if the etch depth can be increased sufficiently, extension of the

optical wave may remove out-of-plane loss altogether. The devices examined in this

chapter are fabricated in low-contrast index InP/InGaAsP heterostructures with a

relatively thick core of 1.6 pm.

Losses in PhC waveguides that are due to fabrication imperfections, such as

roughness, can be regarded as extrinsic losses. Due to the strong interaction between
the light and the PhC, the hole shape, depth and hole smoothness strongly affect the

light propagation [6, 7]. Finite hole depth affects the light propagating through PhC

by coupling it to substrate modes- as does an imperfect hole shape. Although an

"infinite" hole depth is desirable for loss reduction, it has been shown by Ferrini el al.
that there is a depth limit for a given waveguide beyond which further increases in

depth cause only negligible improvement [6].
A particular problem in InP etching is that the etched holes often show a taper

towards the bottom (a conical shape), which compromises performance and creates a

further source of out-of-plane losses. A lot of modelling has been carried out

examining this effect [6, 8]. It has been shown that depending on the shape of the hole

(strong or weak tapering) there are two regimes where losses are influenced either by
the hole depth (weak tapering) or by its shape (strong tapering- tapering starts early
and tapers down very fast). These results demonstrate that both depth and shape of the
hole has to be improved to get low-loss propagation.

In Chapter 3, we have shown how the overall quality of the etched holes may be

improved. This regime allows etching of very deep, smooth holes. Thus, tapering
occurs far away from the waveguide core, minimising its effect (and thus loss). Also,

deeply etched holes extending the optical wave partly reduce out-of-plane loss. All
devices analyzed in this chapter were etched using this favourable regime ofCAIBE.
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4.2 Propagation losses analysis (theory)
The extraction of the total internal loss in Fabry-Perot (F-P) resonators through

The Fourier analysis of the Fabry-Perot fringes obtained in transmission was proposed

by D. Hofstetter and R. I. Thornton in 1997 [9]. This generalised method was used to
extract total losses/gain of low- and high-finesse resonators. It also works for active as

well as passive resonators. In [9] the expression for Fourier transform (FT) of a F-P

spectrum was analytically derived.
We now apply this method to analyzing propagation losses of 2-D PhCs in InP-

based material. Instead of using an analytical formula like Hofstetter et al., we use a

numerical fast Fourier transform function (MATLAB) and apply it to both the

experimentally obtained PhC transmission spectra and numerically simulated
transmission spectra1.

4.2.1 Theoretically simulated Fabry-Perot fringes
In order to understand this technique in detail, we will apply it to a theoretically

simulated fringe spectrum.

Let us consider a F-P resonator of length L and consisting of a piece of material
with refractive and absorption indexes n and k, respectively, with two parallel facets
of reflectivity, R. The transmitted intensity of the electrical field experiencing

multiple reflections between the facets is given by [9]:

I(0) = (1 - /?)2 exp(-2AL/?) + 4 sin2 (y/)
[1 - R * exp(-2kLj3)]2 + 4R * exp(-2kL/3) sin2 (y/ + nLj3)

In
In equation (1), [5 =— is the wave number and y/ = arctan(-2k/(v2 + k2 -1))

X

is the phase change of the light that is due to the facet reflection.

Fig. 1 shows the transmitted intensity according to Eq. (1) for R=0.3, «=3.388,
or=10 cm"1. The absorption coefficient a is connected with the absorption index k by

47zk
the expressiona = . The cavity length is 500 pm.

1 We use a numeric rather than analytic formula, as this mimics the discrete points given by a
spectrometer.
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Wavelength, jwm

Fig. 1. Theoretically simulated FP spectrum for a cavity of 500 pm long (i?=0.3,

m=3.388, a=10 cm"1)

4.2.2 Fourier transform of Fabry-Perot fringes
The Fabry-Perot fringe spectrum contains information on light making multiple

roundtrips of the cavity. Taking a Fourier transform of this gives a series of

harmonics/peaks, where each harmonic corresponds to a roundtrip of light inside the

cavity. Figure 2 represents, on a logarithmic scale, the FT of theoretically simulated
F-P fringes from Fig. 1. The two axes y and x represent the amplitude of harmonics
and the number of points used to calculate the FT numerically (we present only half
of the points of the FT spectrum, as it is symmetric around the origin), respectively.

The finesse of the resonator, defined by F = ; [s relatively low (F = 2.46) but the
1 — R

F-P fringe shape (Fig. 1) already deviates from sinusoidal shape. Therefore, there are

higher-order harmonics (see Fig. 2) in the FT.
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Fig. 2. The numerical FT (on a logarithmic scale) of the transmission spectrum

given in Fig. 1. Only the first 4 peaks are sufficiently clear for use in the calculation,
the 5th peak is not fully resolved. Each peak corresponds to the intensity of light for a

round-trip and the distance between peaks is proportional to the optical path length

(.2Ln).

The propagation loss of the cavity is related to the ratio between the amplitudes
of adjacent harmonics. The FWHM of a single peak is inversely proportional to the
width of the wavelength range of the transmission spectrum analyzed (5 nm in our

case).
The advantage of this method is that the Fourier transform contains information

on the overall shape of the Fabry-Perot fringes and determines not only their visibility

[10] but also their finesse to a high degree of accuracy. Furthermore, the method is

independent of insertion loss, thereby removing a major source of uncertainty
encountered with other methods.

The Fourier transform of the FP spectrum basically describes a function with

peaks that are arranged symmetrically to the origin (there is only one half of the peaks
in Fig. 2). The values on the x-axes can also be expressed in the units of inverse

length using the following formula: Av*AL=M', where AL is the resolution (0.0lnm)
of the Fabry-Perot spectrum in microns, Avis the space frequency in inverse microns

(which means the number of periods per micron), and M is the number of the points

(500 in our case). Knowing this formula, the numbers on the x-axis (1, 2, 3... 500) can
be replaced by the space frequency values (Av, 2Av, 3Av...500Av).

The distance between two adjacent harmonics peaks in /urn1 (x-axis) is

proportional to the resonator length (2Ln/A,2), where "n" is the refractive index of the

78



medium and X is the wavelength. The height of the peaks decreases exponentially
with increasing order. The total cavity loss is related to the harmonic amplitude ratio

(HAR). It includes both the cavity propagation loss and the mirror loss:

HAR = R * exp(-y * 2L), (2)
where R = ^/r, * r2 and r/,2 are the reflectivity at each facet.
The facet reflectivity is usually known (or can be easily calculated), so the

resonator loss can be extracted from formula (2). For all described examples the

reflectivity at each facet is assumed to be equal.
In order to find propagation loss via formula (2) the following fitting formula

was introduced:

y = P0+ (ln(i?) ~(a*L))*x , (3)

where Po is an amplitude of the first harmonic and x is the peak number. Fitting
this formula to the harmonic amplitudes of the FT on a logarithmic scale versus peak

number, a propagation loss of 10.06 cm"1 may be extracted. The fitting error of the
answer is about +/- 0.078 cm"1 (less than 1 %). Thus, the discrepancy of 0.061
between found value (10.061 cm"1) and initial value (10 cm"1) lies within the error.

This error is the result of a loss of information due to the finite resolution. The

resolution of the FP fringes was 0.01 nm (comparable with the practically achievable

values) and the length of the examined spectrum was 5 nm. The influence of these
two parameters on the accuracy of the results will be discussed below in this section.
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Fig. 3. Amplitude of the FT harmonics via their number. The line is fitted via
formula (3).

4.2.3 Limitations and errors of the method

There are several important parameters that should be taken into account

obtaining losses via the Fourier transform of the F-P spectrum. These parameters are

as follows:

1) Length of the spectrum taken.
The required spectrum should be between 3 and 7 nm of wavelength range.

There are two reasons for it- the fringe separation naturally increases with increasing

wavelength and the fringe separation is affected by dispersion. The first effect is taken
into account in the theoretical formula (1). Both effects are present the experimental

data, and distort the FT spectrum. They appear as an increased loss, though it is
information not light that is lost, as through dispersion and stretching the FT fails to

pick out points which it should. Thus, for high accuracy, the fringe separation should
be kept as constant as possible, i.e. a narrow wavelength window should be used.

Taking the frequency spectrum (instead of wavelength) will avoid some of this
smearing, however, material dispersion-induced smear will still remain.
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Fig.4. Losses extracted from the FT for theoretically simulated fringes.

Fig.4 represents the dependence of obtained losses on the length of transmission

spectrum. The initial loss used in formula (1) was 5 cm"1 for this case.

The losses for each wavelength range were found fitting the function described
in formula (3). As one can see, the derived values lie close to the theoretical value
inside a wavelength range less than 8 nm. The error increases rapidly for a

wavelength range more than 10 nm.

Thus, all theoretical (previous) and experimental (in the next sections) FP

fringes are taken over a 5 nm wavelength range.

2) Resolution.
As large wavelength scans cannot be used (see above), the accuracy of the result

becomes dependent on the resolution (it is proportional to the amount of information
that is Fourier transformed). For a given wavelength and refractive index, the

relationship between the cavity length and the fringe separation (Al) is as follows:
2

Al =
A

(4)
2 *L*n

(Note the dependence of fringe width on wavelength).

Thus, at 1300 nm the fringe separation is 0.5 nm, for the L and n used

previously, equation (1).
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Table 1 presents comparative data for extracted loss via the FT of transmission

spectrum for different scan resolutions. The theoretical value was 10 cm"1.
We see that with 50 points per fringe and above an accuracy of better than 1%

may be achieved. This is of practical use.

Table 1. The relationship between loss, accuracy and resolution

Resolution, Loss, Fitting error, Discrepancy
nm 1/cm 1/cm from the

theoretical value

error, %

0.001 10.01134 +/- 0.054 0.1

0.01 10.06341 +/- 0.07835 0.6

0.02 10.12259 +/- 0.10618 1.2

0.05 10.31326 +/- 0.19378 3.1

0.1 9.27371 +/- 0.377 7.3

The errors for resolutions of 0.001 nm and 0.01 nm lie within the fitting error

values and are less than 1 % of the initial value. The errors for 0.02 nm and 0.05 nm

exceed 4 % of the theoretical value and lies outside the fitting error region. The error

reaches 7 % for the scan step of 0.1 nm. The error values achieved here represent the
errors imposed by different parameters applied to the method. Real experimental data
would have larger errors due to noise, etc.

3) Facet reflectivity. The method relies on the facet reflectivity being
constant. In experimental data, this may not be the case, e.g. due to

imperfect cleaving.

4.3 Photonic crystal propagation losses measurements
We now apply this FT technique to experimentally obtained transmission

spectra of the PhC waveguide. These waveguides are formed by removing three rows

of holes (W3). Losses of between 1.8-3.5 dB/mm for W3 waveguides were measured.
The previous best was a result from Mulot et al. [11], which reports 5 dB/mm
propagation loss in a W3 waveguide.
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In the fabrication of these crystals, we made use of the highly effective regime
ofCAIBE discussed in Chapter 3.

4.3.1 Description of photonic crystals used in this work
In contrast to W1 waveguides, where one row of holes is removed, W3

waveguides can support the fundamental mode as well as higher-order modes. The
existence of mini-stop bands [12] between these higher-order modes, offers

interesting opportunities for spectral and dispersive functionalities, thus making the
W3 waveguides advantageous for practical applications. Due to their larger width, the

propagation loss is also much lower than of the W1 waveguides.
The InGaAsP heterostructure used in the experiments consisted of a 0.6-pm-

thick InP top cladding layer and a 1.6 pm InGaAsP core layer, followed by 1.5-pm-
thick lower cladding of InP (the details are given in Chapter 5). Such a thick core was

chosen to yield a greater overlap with a single-mode fibre core, thus increasing the

input coupling, and we believe it may also reduce diffraction losses due to a flatter
mode profile in the vertical direction [4, 1]. Fig 6 shows a top view of PhCs of 320
nm period. Adiabatically tapered ridge waveguides were used to access these guides.
The patterns were e-beam written at the University of Glasgow.

•••••••••••••••••••
••••••••••••••••••••
•••••••••••••••••••
"
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Fig.6. A SEM image of the PhC (top view). It is a triangular lattice with a period
of 320 nm. The pattern was e-beam written at the University ofGlasgow.

A high voltage-current ratio was used for etching PhCs in CAIBE, using CE as

the reactive gas. The conditions were the following: beam voltage- 1200 V, beam
current- 12 mA, chlorine flow- 1.6 seem, substrate temperature- 185 °C [13]. The

resulting PhC holes have vertical walls and a relatively large depth (4.4-5.4 pm) [Fig.
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7]. This ensures almost complete overlap of the propagating mode with the etched
holes. As Fig. 7 shows, the effective etch depth (without bending or tapering of the

holes) is as large as 3.5 pm or above.

Fig.7. A SEM image of an actual device examined in this chapter. The etch

depth is more than 5 pm for a hole diameter of 250 nm. The apparent surface damage
resulted from the cleaving process.

4.3.2 Fourier transform of photonic crystal transmission spectrum

Following fabrication, the waveguides were characterised optically using the
Fourier transform technique. In this case, the Fabry-Perot fringes originate from the

cavity defined by the cleaved facets at each end of the device. This cavity length (i.e.,
the sample length of 750 pm) was constant while the length of PhCs was varied from
20 to 110 pm. As discussed below, we can ignore the cavity formed by the PhC

waveguide due to the small reflection at the PhC-ridge waveguide interface. PhC

waveguides of 340 nm period with three different lengths (6.215 pm, 12.43 pm and
26.555 pm) are presented in Fig. 8.

84



Fig.8. A SEM image of three different lengths PhC waveguides of 340 nm
period.

Two broadband light-emitting diode (LED) sources were used to characterize
the samples. The first was centred at 1330 nm and the second at 1410 nm with a full
width at half maximum of ~ 100 nm and -50 nm, respectively, allowing us to

compare the PhC structures with different lattice constants at the same normalized
frequency. The measurement set-up is presented in Fig. 9. A lensed-fibre was used to
access the sample. The output signal was collected via the lens (with 40 times
magnification) and sent to the input of the optical spectrum analyzer (OSA). A

polarizer was used to select TE-polarization. A flipper mirror was used to check the
mode profile via an infrared viewer. A small aperture before OSA helped to cut-off
noise (substrate and air modes).
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Fig.9. The transmission measurement set-up.

The transmission spectrum was taken each time over a wavelength range of 5
nm around the peak emission wavelength of the LEDs. The scan step size was 0.01
nm to ensure fully resolved fringes for the FT analysis. The transmission spectrum for
a 340 nm period PhC of length 26.55 pm (see Fig. 8 above) is shown in Fig. 10.

Wavelength, pm

Fig. 10. Experimental FP spectrum over 5 nm for a PhC waveguide of 340 nm

period and 26.55 pm length.

The Fourier transform of this transmission spectrum is presented in Fig.l 1. The
FT for a longer PhC of the same period is represented by the line lying below and
shows a higher total loss as expected. As one can see there are only 3 peaks fully
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resolved for a 112 jam long PhC as compared to the 4 resolved peaks of the 26 pm

long PhC. This is connected to the higher loss of the longer PhC waveguide. Thus by

taking the transmission spectrum of PhCs of different lengths but with the same

period, one can extract propagation losses of PhC itself.

Number of steps

Fig. 11. The numerical Fourier transform (FT) of the PhC transmission spectrum

(340-nm period) for two different lengths of 112 and 26.55 pm.

In order to extract losses from the FT graph, the above-mentioned formula (3) is
used. But now instead of a simple uaL " term, a new parameter P is introduced due to
the complexity of our experimental structure which includes conventional and PhC

waveguides simultaneously. The parameter P is connected with the photonic crystal
and access waveguides losses via the following expression:

P ~ aWG * [Ltotal ~ Lphc ] + aphC * LphC 5 (5)

where aWG phc are losses of the access waveguides or PhC, respectively, and the

physical meaning of this parameter is simply the propagation loss per device.

Thus, by varying Lphc, the propagation losses of the PhC waveguides can be
derived from the slope of the P-Lphc curve. Fig. 12 presents the dependence of

parameter P on the length of the embedded PhC waveguides. The overall length of the
structure (ridge waveguides, tapers and the PhC waveguide) was 0.75 mm. The period
of the PhC, in this case, was 340 nm. Losses in the access waveguides were calculated
from the intercept (Lphc = 0) of the graph. Thus, we have:
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P7-P,
aPhC ~ aWG + ~J y • (6)

2 — A

A propagation loss of 0.52 mm"1 was extracted from the slope of this graph,
assuming that mirror losses along the sample stay constant.

The mirror losses were calculated to be ~30 % (this is a usual value for the
air/semiconductor III-V interface).

In the literature, two measures of propagation loss are typically used, namely,
[dB/length] and [1/length]. They are connected by the following relationship:

a[dBI length] = 4.31 * a[1 / length] (7)

Therefore, the loss of 0.52 mm"1 obtained via formula (6) corresponds to 2.2
dB/mm using formula (7).
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a>~ 0.2
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0

0 20 40 60 80 100 120

Length of PhC, |J,m

Fig. 12. Losses per device extracted from the Fourier transforms for the 340-nm

period PhC. The transmission spectra were measured over the wavelength range of
1330-1335 nm.

Multiple data points for each PhC length present the data from the different sets
of the nominally identical PhC waveguides, which gives an indication of the
measurement error. The main factor causing the data scatter is a small variation in the
facet quality along the sample, which changes the reflection coefficient for the
calculation. Fabrication imperfections also contribute to the error by slightly varying

waveguide loss for different devices.
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The propagation losses derived from this graph agree well with the losses
derived from a similar graph for a wavelength range of 1410- 1430 nm. The loss in
this case is 2.6 dB/mm. Although for a longer wavelength slightly higher loss was

extracted, we cannot make any further conclusions due to the experimental error,

apart from the consistency of the losses obtained.
The PhCs of different periods were also measured. A larger PhC period results

in a smaller propagation loss. A loss of 1.8 dB/mm was extracted for a period of 400

nm, whereas losses of 3.5 dB/mm were derived for a period of 320 nm.

One of the reasons for the increased loss with decreasing PhC period is that
smaller holes have a smaller etch depth (Fig. 13) due to the well-known phenomenon
of RIE lag (see Chapter 3), so tapering and bending effects occur closer to the

waveguide, resulting in higher losses [8].

♦
♦

♦

♦

I ,

340 390

Period (nm)

Fig. 13. Etch depth dependence on the period a, with hole radius r kept constant
at r = a/l>. Measurements were taken from the same sample that was analysed in this

work.

The same dependence of the loss on the width of the spectrum as previously
described (Fig. 4) was observed in practice. This dependence is depicted in Fig. 14.
As one can see, the loss stays constant for a wavelength window of 5-10 nm and
increases rapidly with increasing the width of this window. This graph was plotted for
a straight waveguide 750 (am long and 1.2 pm wide. For the windows between 4 and
10 nm, an average loss value is around 2.2 cm"1 (0.95 dB/mm).
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Fig. 14. The dependence of the calculated loss of experimental propagation data
on the width of the examined spectrum.

4.3.3. Finding losses via interference technique
As an alternative, we compared the losses measured by the FT with those

obtained via the interference-technique [14]. This is a well-documented technique

widely used in optics to measure precisely the reflection and transmission coefficients
of mirrors. This technique is based on F-P fringe contrast measurements and often
used to measure propagation losses in PhC waveguides [10, 15]. The visibility of the
F-P fringes is defined by the following formula:

-y ^'max Anil)
^max Anm

where Imax ,min are the maximum and minimum, respectively, total intensities of
the F-P resonator. The visibility relates to the propagation loss according to:

C = i?2exp(-a*Z) (9)

Thus, plotting the visibility on the logarithmic scale for PhC waveguides of
different lengths, the propagation loss can be extracted from the slope of the curve.

Fig. 15 illustrates the visibility of the fringes extracted for a PhC of 340 nm period.
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Fig. 15. The visibility of the FP fringes vs. length of the PhC waveguide of 340
nm period. The transmission spectrum was taken in the range of 1330-1335 nm.

The measurements are carried out for the transmission spectrum taken over 5
nm wavelength range (as for the above-described FT technique). As one can see,

similar losses of 2.2 dB/mm are derived using this method. This is consistent with the
losses obtained via the FT. The FT technique is more reliable as it contains
information on peak shape as well as peak's visibility.

4.4 Summary
To summarize this chapter's results, we have discussed in detail the Fourier

transform technique applied to the Fabry-Perot cavity transmission spectrum. The
errors and limitations of the method were discussed. Propagation losses were

determined by applying this Fourier transform technique to experimental PhC data.
Data for losses in the PhCs of different length and different periods were taken and

analyzed. Losses as small as 1.8 dB/mm were measured for a period of 400 nm. This
was the smallest loss, to the best of our knowledge, for the planar PhC waveguides in
III-V semiconductor-based materials reported to date.

We believe that the improvement in transmission is due to higher-quality PhC
holes etched using high beam voltage-current ratio CAIBE. The ability to achieve

large etch depths allows the use of a relatively thick waveguide, which reduces
diffraction losses in the air sections. We believe these to be the main causes of the

improvement relative to the previous work [11], allowing us to almost reach the
intrinsic loss limit [16] of 1.8 dB/mm for PhCs of 400 nm period. At the same time,

2.2 dB/rnm

j 1 1 1 1

Jl 20 40 60 80 100 1

*

y = -0.0005x-0.4137

PhC waveguide length, iim
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further improvement in the etching technique and better waveguide design promises
to lead to smaller losses (~ 2 dB/mm) for PhCs with smaller periods (300 nm). For

example, it has been recently demonstrated that the out-of-plane losses can be
minimized by optimizing the planar waveguide for a given etching process and/or for
a given hole shape [16], allowing one to reach the intrinsic loss limit.

References

[1] L. C. Andreani and M. Ajio, "Intrinsic diffraction losses in photonic crystal

waveguides with line defects", Appl. Phys. Lett., vol. 82, pp. 2011-2013, Mar 2003.

[2] E. Kuramochi, A. Shinya, M. Notomi, T. Tsuchizawa, T. Watanabe, H. Fukuda,
and K. Yamada, "Low propagation loss Si-based photonic crystal slab waveguides,"
Proc. International Workshop on Photonic Electromagnetic Structures (PECS),

Kyoto, Japan, 2004.

[3] H. Benisty, C. Weisbuch, D. Labilloy, M. Rattier, C.J.M. Smith, T.F. Krauss,
R.M. De la Rue, R. Houdre, U. Oesterle, C. Jouanin, and D. Cassagne, "Optical and
confinement properties of two-dimensional photonic crystals," J. Lightwave Technol.,
vol. 17, pp. 2063-2077, Nov 1999.

[4] W. Bogaerts, P. Bienstman, D. Taillaert, R. Baets, and D. De Zutter, "Out-of-

plane scattering in photonic crystal slabs", IEEE Photon. Technol. Lett., vol. 13, pp.

565-567, Jun 2001.

[5] H. Benisty, D. Labilloy, C. Weisbuch, C. J. M. Smith, T. F. Krauss, D. Cassagne.
A. Beraud, and C. Jouanin, "Radiation losses of waveguide-based two-dimensional

photonic crystals: positive role of the substrate," Appl. Phys. Lett., vol. 76, pp. 532-

534, Jan 2000.

[6] R. Ferrini, B. Lombardet, B. Wild, R. Houdre, and G.-H. Duan, "Hole depth- and

shape-induced radiation losses in two-dimensional photonic crystals," Appl. Phys.

Lett., vol. 82, pp. 1009-1011, Feb 2003.

[7] M. Palamaru and P. Lalanne, "Photonic crystal waveguides: out-of-plane losses
and adiabatic modal conversion,"Appl. Phys. Lett., vol. 78, pp. 1466-1468, Mar 2001.

[8] R. Ferrini, R. Houdre, H. Benisty, M. Qui, and J. Moosburger, "Radiation losses in

planar photonic crystals: two-dimensional representation of hole depth and shape by
an imaginary dielectric constant," J. Opt. Soc. Am. B, vol. 20, pp. 469-478, Mar 2003.

92



[9] D. Hofstetter and R. Thornton, "Theory of loss measurements of Fabry-Perot
resonators by Fourier analysis of the transmission spectra," Opt. Lett., vol. 22, pp.

1831-1833, Dec 1997.

[10] E. Schwoob, H. Benisty, S Olivier, C. Weisbuch, C. Smith, T. Krauss, R.

Houdre, and U. Oesterle, "Two-mode fringes in planar photonic crystal waveguides
with constrictions: a probe that is sensitive to propagation losses," J. Opt. Soc. Am. B,
vol. 19, pp. 2403-2412, Oct 2002.

[11] M. Mulot, M. Qui, M. Swillo, B. Jaskorynska, S. Anand, and A. Talneau, "In-

plane resonant cavities with photonic crystal boundaries etched in InP-based

heterostructure," Appl. Phys. Lett., vol. 83, pp. 1095-1097, Aug 2003.

[12] C. J. M. Smith, R. M. De La Rue, T. F. Krauss, H. Benisty, S. Olivier, M.

Rattier, C. Weisbuch, R. Houdre, and U. Oesterle, "Low-loss channel waveguides
with two-dimensional photonic crystal boundaries," Appl. Phys. Lett., vol. 77, pp.

2813-2815, Oct 2000.

[13] M. V. Kotlyar, L. O'Faolain, R. Wilson, and T. F. Krauss, "High-aspect-ratio

chemically assisted ion-beam etching for photonic crystals using a high beam voltage-
current ratio," J. Vac. Scien. Technol. B, vol. 22, pp. 1788-1791, Jul 2004.

[14] I. P. Kaminow and L. W. Stulz, "Loss in cleaved Ti-diffused LiNb03

waveguides," Appl. Phys. Lett., vol. 33, pp. 62-64, Jul 1978.

[15] A. Talneau, L. Le Gouezigou and N. Bouadma, "Quantitative measurement of
low propagation losses at 1.55 um on planar photonic crystal waveguides," Opt. Lett.,
vol. 26, pp. 1259-1261, Aug 2001.

[16] R. Ferrini, A. Berrier, L. A. Dunbar, R. Houdre, M. Mulot, S. Anand, S. de Rossi
and A. Talneau, "Minimization of out-of-plane losses in planar photonic crystals by

optimizing the vertical waveguide," Appl. Phys. Lett., vol. 85, pp. 3998-3400, Nov
2004.

93



Chapter 5

Tunable filters in one-dimensional photonic crystals in InP
heterostructure

This chapter is dedicated to the realisation of tunable devices. A Fabry-Perot cavity with
one-dimensional photonic crystal mirrors is used. Filters with full width at half maximum
of less than 2 nm are realised. The quantum confined Stark effect and free carrier-

injection were both implemented as means of realising tunability. Two wafers with 10
and 5 InGaAsP/InGaAsP multiple quantum wells were designed. The wafers were grown

at the University of Sheffield. Fabricated active devices have shown a tuning range of
about +/- 2 nm.

5.1 Introduction

Compact tunable devices are essential components for microphotonic circuits. III-V
semiconductors are attractive in terms of device miniaturization due to their high
refractive indexes (above 3). InP-based materials make it possible to work around 1.3 and
1.55 pm, which are the favourable wavelengths of fibre optics.

The use of microcavities such as micro-rings [1], micro-discs [2] and Fabry-Perot

(F-P) type resonators [3] allows for the confinement of the optical mode to very small

regions. Thus, microcavity-based devices typically consume only small levels of external

power to produce the desired tunability and can be potentially very fast due to small

parasitic capacitances. A further advantage of microcavities is that their transmission at

the resonance wavelength becomes very sensitive to small refractive index changes, so

cavities with high Q-factor are preferable, especially for applications in switching. The
most common ways of realizing tunability in photonics are the quantum confined Stark
effect (QCSE), carrier-injection, thermal tuning and the Kerr-effect. Of these, QCSE and
carrier injection are the most promising in the microphotonics context; ultrafast tuning
via the Kerr effect provides too small a refractive index change and requires much higher
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optical intensities [4], whereas thermal tuning [5] is typically too slow (ms - regime) and

generates excessive heat loads for densely integrated circuits. The present chapter
therefore focuses on QCSE and carrier injection.

These effects cannot be considered in isolation, however; thermal effects are

especially relevant for carrier-injection devices, because the carrier-related heating leads
to a thermo-optic refractive index shift that is of the opposite sign to the electro-optic
shift [3]. Electro-optic and thermal effects may, therefore, counteract one another, which
is highly undesirable. Thermal conductivity is thus another reason for choosing a III-V
substrate (as opposed to SiC>2 or air cladding as in silicon on insulator (SOI) and

membrane-type devices, respectively, both of which lead to much higher thermal

resistances).

Fabry-Perot type resonators are frequently used as filters in such systems. For

example, a tunable F-P resonator was recently realized in silicon on insulator and

experimentally tuned by carrier-injection [3]. Tuning of 0.8 nm was achieved for 20 mW
of consumed power. The tuning mechanism, however, was thermo-optical rather than
electronic, due to the relatively high thermal resistance of the examined device of around
1 K/mW.

The etching of high-aspect-ratio features in InP has traditionally been very difficult,

preventing the realisation of InP one- and two-dimensional (1-, 2-D) photonic crystals
(PhCs). However, the new etching regime introduced in Chapter 3 allows the successful

etching of InP material. In Chapter 4, we have described the fabrication and
characterisation of low-loss InP photonic crystal waveguides using this technique.

In this chapter, we fabricate deeply etched tunable InP-based filters of the F-P
resonator type. Deeply etched narrow air-slots were used in order to reach high

reflectivity using only few pairs of Bragg mirrors, while keeping diffraction losses at

minimum. Red and blue-shifts of resonance transmission peaks were observed for QCSE-
and carrier-injection tuned devices, respectively. The tuning results are analyzed,

highlighting advantages and disadvantages of both mechanisms, as well as limitations
due to carrier-induced heating. Critical aspects of these electro-optically tuned
microcavities are then discussed.
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5.2 Passive filter design
5.2.1 Filter parameters

Modern optical telecommunication systems require compact passive filters with full
widths at halfmaximum (FWHM) of less than 2 nm, large free spectral ranges (FSR >10

nm) and high transmitted power (close to 100%).
Our filter is comprised of a Fabry-Perot (F-P) resonant cavity formed between high-

reflectance Bragg mirrors. The dominant parameters for the design of Fabry-Perot filters
are given by this formula [6]:

T = (1-i?)2 • exp(-or • L)
(1 - R -exp(-a: ■ L))2 +4- R -exp(-Gr • L) • sin2(2 • n ■ n -LIX) '

where T is the transmission, R is the reflectivity of the mirrors, a is the cavity

losses, L is the resonator length, n is the refractive index of the medium, and X is the

wavelength. The transmission spectrum calculated according to this formula for a 20-prn

long cavity is shown in Fig. 1.
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Fig. 1. The theoretical transmission spectrum of a 20-p.m long F-P cavity (the other

parameters are indicated in the picture) calculated according to the formula (1).

The FSR corresponds to the distance between two successive transmission maxima.
The FSR for a given optical resonator length can be approximated as follows:
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1
FSR*—-—A20, (2)

2-L-n

where Ao is the wavelength of the transmission maximum
The FWHM for symmetric mirrors can be estimated as

FWHM « ('-*-e"P(ra ■!■))■% (J)
2 • n ■ L ■ n ■ ■ exp(-a ■ L)

The Q-factor is a figure ofmerit for the quality of the filter:

Q - factor =———. (4)
FWHM

The bigger the Q-factor, the greater the sensitivity of the transmission at the
resonance wavelength to even small refractive index changes, so cavities with high Q-
factor are desirable, especially for the realisation of active devices.

5.2.2 Bragg resonator as a model for a filter design
As the basic design for the filter, a resonator with deeply etched Bragg mirrors was

chosen. The higher the refractive index contrast, the larger the band gap achieved. The
maximum refractive index contrast is that between semiconductor and air. Thus, Bragg

mirrors comprising air-slots etched in InP were chosen. The well-known "A/4" criterion
for dielectric Bragg resonators states that each layer in a Bragg mirror should be A/4n
thick in order to reach the highest reflectivity. However, using such Bragg mirrors results
in very high losses due to diffraction and out-of-plane scattering in the air sections [7].

Fortunately, due to the very high refractive index contrast achievable in these deeply
etched structures, one can deviate from this condition and still obtain near 100%

reflectivity. Thus, we choose a third order stop-band with air slots of 100 nm according to

/]«i + l2n2 — , (5)

where lij is the length of the air/semiconductor section, rijj is the refractive index
in the air/semiconductor section, A is the free-space wavelength. This method has the side
effect of reducing the stop-band width (~ 250 nm); however, for this application it is still
well in excess of that necessary. Air slots as small as possible are desirable- we choose
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100-nm air-slots as the current practical minimum (this depends not only on the

lithography but also on the etching, plus reflection drops if the air-slots are too narrow).
The cavity length must be an integral multiple of A/2n, however it must also be

sufficiently long to be contacted. Therefore, we start with a design with a 20-um cavity
with 2 pairs of air/InP mirrors, in which the air slot is 100 nm. Due to the high index
contrast between the air («/ = 1) and InP-based material («2 = 3.38), high reflectivity can

be achieved with even 2 pairs of Bragg mirrors on each side of the cavity. Fig. 2 presents

a schematic view of the filter based on the Bragg mirrors described above (5).

3X/2n
/

0.1|um

-20 pin

" N*A,/2"

Fig. 2. A schematic view of the filter consisting of the third-order Bragg gratings.

The theoretically calculated (using a transfer matrices MATLAB program)
transmission and reflection spectrum for such a resonator with 4 pairs of Bragg mirrors

(no cavity) is presented in Fig. 3. The band gap was 250 nm (1225 nm- 1475 nm).

Despite having only 4 pairs of the Bragg mirrors, a reflectivity of 97.7 % was obtained.
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Wavelength, |Him

Fig. 3. Theoretical transmission (blue) and reflection (green) spectra for 4 pairs of

Bragg mirrors.

In order to create transmission peaks, a semiconductor cavity with a length of
M*2/2n (M= 1, 2, 3...) is added. The corresponding transmission spectrum is presented in

Fig. 4. The higher the value ofM(the longer the cavity), the more transmission peaks are

allowed inside the stop-band.

1.3 1.4 1.5 1.6

Wavelength, |im

Fig. 4. Allowed transmission peaks for Bragg mirrors with a cavity equal to M*A/2n

(M= 15).
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For a cavity of 3 jam length, the FWHM is 7 nm and FSR is 49 nm for the
transmission peaks in Fig. 4. A thicker cavity section gives a smaller FWHM. Thus, to

comply with the WDM systems criterion ofFWHM less than 2 nm [32], the cavity of the
filter shall be around 20 pm or longer. However, a longer cavity leads to a smaller FSR,
which is undesirable, so a trade-off between minimum possible FWHM and maximum

possible FSR shall be found. For a 20 pm cavity (M= 22) the FWHM is 1.2 nm, the FSR
is 12.5 nm and about 16 transmission peaks are present in the stop-band. Note that the
same values for filter parameters (FWHM, FSR) can be found from the F-P model

described above (see equation (1)) for a 20-pm cavity with 75 % of facets reflectivity

(see Fig. 1).
We now make a comparison between the various methods of achieving the desired

filter. The allowed tolerance of a fabrication process was estimated to be around + 40/- 20
nm for f in equation (5). In the case of the air-slots with increased widths the FWHM
decreases but diffraction losses will increase. If the width of the air-slots is decreased

down to 50-nm it results in a large FWHM of 4 nm, losing reflectivity. This is
undesirable.

Fig. 5. Band-gaps in transmission spectra for different Bragg mirrors.
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The band-gaps in transmission spectrum for different Bragg gratings are presented in Fig.
5, showing changes in the band-gap width and band-gap position for a different number
of slots and air slot widths. A summary of the filter parameters for the filters with varying
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number of slots and slots widths is given in Table 1. In Fig. 5 and Table 1, the period of
the gratings were kept the same, in order to show the allowed tolerance of the fabrication

process (changing the period with changing the air slots gives the same plus small shifts
of the band-gap).

Table 1. Filter parameters for different Bragg mirrors

Cavity, Number of Width, FSR, FWHM, Width of Reflectivity

pm slots on each nm nm nm band-gap, of the whole

side nm device

20 2 100 12.5 1.2 365 97.7

20 3 100 12.8 0.4 280 99.7

20 2 160 12.8 0.8 385 99.9

20 2 70 12.7 3 320 88.5

20 2 50 12.7 4 290 75

4.5 2 100 49 7 355 97.7

As shown in Table 1, the filter with a larger number of periods and/or larger air
sections widths gives the smallest FWHM. For example, using three 100-nm air-slots on

each side of a 20-p.m cavity increases reflection of mirrors, making the filter peaks

sharper (FWHM= 0.4 nm). At the same time, the diffraction losses of the filter will be

increased, resulting in lower transmitted power and a reduction in the obtained Q. Thus,
for the filters described in this chapter we choose the minimal amount (two) of 100 nm

air-slots on each side of the cavity allowing us to have a theoretical FWHM of 1.2 nm,

which is acceptable forWDM systems.

5.3 Quantum confined Stark effect
The aim of this and the following sections is to find ways for realisation of tunable

photonic crystal filters. To provide tunability, we must introduce a means of changing the

optical path length of the structure. The QCSE and carrier-injection were used to achieve

tunability in the devices described in this chapter. Two different quaternary/quaternary
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InGaAsP/InGaAsP MQW wafers were designed for the implementation of these
methods. This section demonstrates QCSE-based tunable microphotonic filter.

5.3.1 Theory background
The application of an electric field perpendicular to the plane of a quantum well

(QW) can influence its optical properties. Among the prominent effects observed is the

QCSE [8]. At a zero-field, the QW is treated as a quantum mechanical "particle-in-a-

finite-potential" and the electron and the hole have symmetric wave functions (Fig.6 a).
When an electric field is applied (Fig. 6 b), band bending occurs, which results in a

lowering of the energy band transitions (the electron sub-band energy level drops and the
hole sub-band energy level rises). At the same time, the wave functions of the electrons
and holes are pulled towards the opposite directions, as illustrated in Fig.6 (b).

E = 0 E*0

lv

1C

E,

Ihli

(a) (b)

Fig. 6. The band structure of a quantum well without (a) and with (b) an applied E-field
perpendicular to the wells. Eg is the bandgap energy and lhh, 1C, lhh , 1C denote the

first heavy hole (hh) and electron (C) sub-band energy levels without and with an applied
field.

As a result, the band edge absorption is reduced, broadened and shifted to lower

energy. An experimental absorption spectrum at different applied voltages for InP-based
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MQW modulator [9] is shown in Fig. 7. The peak just above the band edge of the

absorption spectrum is called the exciton absorption peak. The electron and hole,
attracted to one another by the Coulomb force, create the exciton. The absorption can be
considered as the creation of excitons. Thus, the exciton absorption peaks correspond to

the direct creation of such excitons by optical absorption. The peaks are below the band-

gap energy of the material by the amount of their binding energy. Excitons can be
observed in bulk material only at low temperatures. In quantum wells, the excitons are

"squeezed", thus, the overlap between electron and hole is larger. Consequentially, the

absorption peak is even stronger and may be observed even at room temperature.

Wavelength (nm)

Fig. 7. Measured MQW absorption spectra of InP-based modulator [9].

Changes to the exciton absorption (Aa) give rise to changes in the refractive index

(An) via the Kramers-Kronig relations [10]:

A c na}Aa(co')dco' ^An((o) = -P\— r (6)
n i(*>)

where c is the speed of light, co is the frequency of light, and P indicates the

principal value of the integral.
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The changes in the refractive index are the largest near the exciton peak, where

absorption is large. Hence, there exists an inherent trade-off between maximizing
refractive index changes and minimizing excitonic absorption losses in the design of the
tunable filter.

5.3.2 Wafer design
In order to have QCSE-based devices operating at around 1.3 pm, the MQW wafer

has to be designed with an absorption spectrum maximum between 1.22-1.25 pm. At a

wavelength about 50-nm away from the absorption peak, losses are expected to be
tolerable (~15 cm"1), while QCSE is still clearly pronounced.

Using quaternary/quaternary InGaAsP/InGaAsP QWs and barriers offer choosing
the band-gap of the designed material by simple variation of In concentration. Thus

choosing material with band-gaps at wavelengths of 1.3 pm and 1.1 pm for QWs and

barriers, respectively (see Table 2), we will have a material with an absorption peak at

around 1.235 pm (Fig. 8).

Table 2. A wafer design for QCSE.

Repeat Thickness,

nm

Material

1 600 InP

1 354 InGaAsP(Ql.l)

1 76 InGaAsP(Ql.l)
10 6 InGaAsP(Q1.3)

10 76 InGaAsP(Ql.l)
1 430 InGaAsP(Ql.l)
1 1500 InP

A well width of 6 nm was used as narrowing the well results in a rapid reduction in
the Stark shift [11]. At the same time, it was important to keep the barrier width large

enough to confine the electron and hole to a single well. However, thin barriers are
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desirable as they increase the electric field produced across the sample for a given drive

voltage. In general, 6-8 nm wide barriers are thick enough to reduce interwell coupling

[12], but in fact, we chose extremely thick barriers of 76 nm in order to reduce diffraction
losses (see later).

The more QWs are used, the higher overlap (/) with the travelling optical mode,
and this produces a higher Stark effect. At the same time, the larger the number of QWs,
the higher absorption losses. 10 QWs were chosen for our material, giving a 6 % overlap
between the QWs and the electro-magnetic field. Absorption was assumed to be around
15 cm"1 away from the peak from the literature [9, 13].

The top and bottom claddings were doped, forming a p-i-n structure. Therefore, the
electric field was applied across only the intrinsic layer (1.6 pm thick). The wafer grown
at the University of Sheffield showed the photoluminescence spectrum depicted in Fig. 8,

illustrating that an absorption maximum is at ~ 1235 nm.

Fig. 8. Photoluminescence (PL) spectrum of the wafer MR 1913 7171, performed at

the University of Sheffield.

5.3.3 Three-dimensional modelling: diffraction losses
A commercial software package called FIMMPROP/FIMMWAVE (Photon

Design), based on eigenmode value expansions [14], was used in order to calculate the

expected losses of the filter. The program calculates losses as the coupling efficiency
between air modes and the guided mode in the semiconductor heterostructure (mode
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mismatch). According to the model, for the best results, a thick WG with an even

distribution of qwells is desirable since it flattens mode profile.
This thick core (equivalent to a weak vertical confinement) minimises diffraction

losses at the air/semiconductor interfaces. Similar results were reported by W. Bogaerts et

al., [15] for 1-D PhCs, illustrating that weak vertical confinement reduces diffraction
losses due to a flatter mode profile. In agreement with these predictions, we have also
measured low losses in 2-D photonic crystals fabricated in this material (see Chapter 4).

FIMMPROP, however, models the air sections as slots of the "infinite" depth (in
the sense that there is no substrate at the bottom of air sections). Thus, this software is
unable to predict additional losses in the air-sections connected with the finite depth of
the slot, which results in scattering of the travelling light to the substrate. Therefore, a

finite-difference time-domain (FDTD) 2-D simulator for photonic devices [16] was used
in order to calculate the etch depth required to have minimal scattering of the light to the
substrate modes.
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Fig. 9. The calculated transmission spectrum via an etch depth for a filter with a

1.6-pm waveguide.

Fig. 9 indicates that the slots etched to 600 nm below the waveguide are sufficient
for an almost lossless propagation. However, since the program models the air-slots with
ideal vertical walls, an additional 1-3 pm of the etch depth seems advisable in practice.
This is due to the nature of the etched slots in InP, which exhibits tapered bottoms.
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5.3.4 Operation in a single lateral mode
The following calculations were performed to determine conditions for single

transverse mode operation. Shallow etched waveguides are the means of keeping thick

waveguides single-moded (shallow etching means that the etching does not go through
the waveguide core). This creates weak lateral confinement that confines only the first-
order mode with the second-order mode leaking. The necessary etch depth for this to

occur depends on the ridge waveguide width and the core thickness.

d = 700 nm

d =

Fig. 10.

Fig. 10 shows the profiles of the first- and second-order modes for two different
etch depths of a 5-pm wide ridge waveguide. As one can see from these calculations, in
order to keep the 5-pm wide waveguide single-moded it should be etched to a depth of
700 nm (or less).

For wider ridge waveguides, the maximum allowed etch depth for the single-mode

operation decreases. For a 10-pm wide waveguide, for example, an etch depth of 550 nm

produces a waveguide supporting only a single-mode.
It is useful to note that due to the thickness of the core of 1.604 pm, it can,

unfortunately, also support undesirable vertical modes. In practice, however, it is hard to

launch light into such a second-order vertical mode.

900nm

First- and second-order mode profiles of the filter for two different etch

depths modelled by FIMMWAVE.
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5.3.5 Fabrication of quantum confined Stark effect-based tunable filters
QCSE-based filters, described above, were successfully fabricated. A detailed

description of the fabrication process is presented in Chapter 2. Here, only a summary of
all fabrication steps performed for a tunable filter via QCSE realisation is given.

out! t|
r——— ^

SU-8
insulator

f 200 nm ofNi/Au*
lop contact

1

a) in to ^
Fig. 11. A SEM image of a QCSE-based filter: a) top view, b) a cross-section of the

slots etched to the depth of 5 pm using CAIBE.

100-nm air slots were electron-beam written in a PMMA. They were transferred
into a SiC>2 hard mask using RIE with fluorine chemistry. Using the highly effective
CAIBE technique of etching high-aspect ratio features in InP-based material described in

Chapter 3, deep straight air-slots (Fig. 11 b) were etched with aspect-ratios of

approximately 35:1. These deep, straight and smooth air-slots are necessary in order to
minimize scattering losses from imperfections in the walls and the coupling of

propagating light into substrate modes.

Photolithography and a second-stage shallow etch (CAIBE) was used to create

single mode waveguides (5-pm wide). Contact insulation was created in SU-8 via optical

photolithography. Contacts were deposited, consisting of 20/200 nm ofNi/Au for the top

and 14/14/14/11/200 nm of Au/Ge/Au/Ni/Au for the bottom contacts. The top contact

was defined using photolithography and a lift-off technique (Fig. 11 a).

waveguide
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5.3.6 Experimental results and analysis
The measurement set-up was similar to that used for the 2-D PhC loss

measurements described in Chapter 4, with just some alterations. A tunable laser

operating between 1250-1365 nm was used to launch light into the device via an optical
fibre. The substrate was mounted to an aluminium heat-sink mount using a silver epoxy.
The output light was collected via an optical lens and passed through a polarizer (to select
TE polarisation) placed before a detector.

First of all, passive filters were tested. These are filters without contacts and
insulation and are, thus, relatively easy fabricated. The transmission spectrum of one such
filter with a 20-pm cavity is presented in Fig. 12, exhibiting FWHM of less than 2 nm

and FSR of 11 nm.

3.00E-01

2.50E-01
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•f 1.50E-01
c

I 1.00E-01

5.00E-02

0.00E+00

1290 1300 1310 1320

Wavelength, nm

Fig. 12. An experimental transmission spectrum of the passive filter with a 20-pm

long cavity.

The height of the experimental transmission peaks is strongly influenced by the

absorption spectrum of the material, which has a peak of absorption at 1235 nm. The

multiple ripples inside the filter peaks in Fig. 12 correspond to the cavity formed by the
cleaved facets.

FWHM-1.6

FSR- 11 nm

1 I T
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We then moved on to devices with contacts in order to look for electro-optic tuning.
A transmission spectrum of a tunable filter with and without applied reverse bias of 8 V
is illustrated in Fig. 13. At 1285 nm, a red-shift of 0.9 nm was obtained. The closer to the

band-edge (1235 nm), the bigger the shift, as one can see from the figure where a red-
shift of 1.5 nm was observed at the wavelength of 1265 nm.

1250 1260 1270 1280 1290 1300

Wavelength, nm

Fig. 13. The observed transmission spectrum with and without applied reverse field
of 8 V.

The relationship between the experimentally observed red-shifts and the refractive
index changes can be derived from the condition for transmission maximum:

N— = nL, (7)
2

where n is the effective refractive index, L is the cavity length, N is an integer, and

Xo is the wavelength ofmaximum transmission. Thus,
An AX

n X0
(8)

The electro-optic behaviour of the device can be described by an electro-optic

parameter 77 [17]:

77 = AnAm! E2, (9)
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where Acq is the energy detuning from the band gap; An is the refractive index

changes; and E is the applied electric field. This parameter was introduced by J. E.

Zucker et al [17] from the observed experimental dependences, such as An-l/Aco and

An~E2.

This parameter 77 can be useful for the prediction of changes in the refractive index
for different wavelengths and/or applied voltages for a given well width. In our case, we

5 2 2*found the electro-optic parameter to be 4*10" meV cm kV" , using the shift of the
resonator peak at a wavelength of 40 meV below (corresponding to a wavelength of 1285

nm) the gap edge and an applied voltage of 8 V. Fig. 14 shows good agreement between
the predicted refractive index changes and those found from the experiment (for the

applied field E = 50 kV/cm)1.
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Fig. 14. The experimental and predicted refractive index changes at applied field E
= 50 kV/cm.

For the best device, however, this electro-optic parameter was improved by a factor
of three, reaching a value of 14*10"5 meV cm2 kV"2. This parameter was calculated from
an experimental shift of 1.2 nm at E = 37.5 kV/cm and Acq = 64 meV illustrated in Fig.
15.

1 The electric field was found for a given applied voltage by dividing it by the intrinsic region width. We
assume an even charge distribution.
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Fig. 15. The observed 1.2 nm red-shift at 1319 nm with only E= 37.5 kV/cm

applied.

This means that the previously mentioned value for rj was not limited by the QW
structure design but rather by some fabrication imperfections and, thus, was an intrinsic
feature of only that particular device. Using this parameter we can predict a shift as big as

5 nm at the wavelength of 1265 nm applying only E = 50 kV/cm.
Good agreement was also obtained between the predicted and experimentally

observed shifts at 1319 nm at an applied voltage of 3 V. Using this electro-optic

parameter we can express the refractive index change as a function of the applied electric
field. The refractive index is also connected with the electric field via linear (r) and

quadratic (s) coefficients in the following form [17, 18]:

where no is the refractive index in the absence of an electric field.

Bearing in mind that the linear dependence of the refractive index on the electric
field is weak, we can neglect it in order to find the quadratic electro-optic coefficient

using equations (9) and (10).
We found 5 to be -10* 10"14 cm2/V2 for an energy detuning of 64 meV from the

band-edge. The same quadratic coefficient was found as a fitting parameter to the

experimental data (for a different device) of refractive index changes as a function of the

An - -—n03(rE + sE2), (10)
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field applied. This value compares favourably to the value of -1*10"14 cm2/V2 reported in
a ring resonator configuration at 60 meV from the band-edge reported elsewhere [19].

For comparison, the quadratic coefficient 5 of -2.5* 10"14 cm2/V2 was obtained

experimentally for filters fabricated in a material with 5 quaternary InGaAsP QWs (at
Aof= 48 meV) (this material was designed for carrier-injection-based filters, see later).

At an applied field of 38 kV/cm and Agf= 64 meV, the efficiency, zW2?=820*10"12
m/V was found experimentally. This is of the same order as results reported elsewhere

[17] A«/E=806*10"12 m/V but for a wavelength closer to the band-edge (Aco= 44 meV)
and a higher applied field (E= 100 kV/cm). These high figures ofmerit underline the high

quality of our material and fabrication.
It is worth mentioning that due to the small dimensions of QCSE-based filters, the

theoretical device time response of our device is very low (~ ps). As is well known from
the theory of semiconductor devices, a p-i-n diode can be replaced by the equivalent
electrical circuit with a series resistance Rs and the diode capacitance Co, which control
the device time response through the following relationship: t=RsCo■ The diode

£/4.
capacitance Co for the reverse bias case is as follows: CD =—, where s is the dielectric

w

constant of the intrinsic region, A is the area of the diode, w is the thickness of the
intrinsic region. Thus, calculating the diode capacitance for our case and using an

estimated series resistance Rs of 20 Ohms (from the experimental I-V curves) we can

predict the theoretical response time of our QCSE-based device to be about 15 ps. This is
rather low and very favourable for modern high-speed circuits.

5.4 Carrier-injection
In this section, we report on the fabrication and characterization of 20 and 40-pm-

long carrier-injection-based tunable F-P type filters in a five-quantum-well
InGaAsP/InGaAsP material. Due to the relatively low surface recombination velocity of
InP-based material [20] and good heat sinking, successful tuning of the cavity resonance

was achieved using carrier injection. For higher currents, however, thermal effects are

observed that reverse the wavelength shift.
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5.4.1 Theory background
Carrier-injection changes the refractive index through three effects: bandfilling,

band-gap shrinkage, and free-carrier absorption (plasma effect).
The bandfilling effect is based on a decrease in absorption for photon energies near

the band-gap, which results from an increase in carrier concentration.

Assuming a parabolic band, the optical absorption near the band-gap is given by the

square-root law [21]:

Aa(N, P, E) =X^E~Eg {/v [E,s (E)] ~f [Efs (A)] -1}, (11)
d E

where N and P are the free electrons and holes concentrations, respectively, E is the

photon energy, and Eg is the bandgap energy. The sum is performed over the light-hole
and heavy-hole bands cr, where Ca is a constant defined by the appropriate matrix

element, f and f are the Fermi-Dirac distribution functions for the valence and
conduction bands, respectively, and Exa and Efa are the initial and final states

corresponding to band cr, see Fig. 16.

114



Fig. 16. Energy band structure and bandfilling effect for the semiconductor.

Absorption of a photon can occur only between occupied valence band states and

unoccupied conduction band states. Transitions involving heavy and light holes are

denoted by 1 and 2, respectively. Efc and Epy are the carrier-dependent quasy-Fermi
levels [22].

The change in the absorption begins at the band-gap and decreases for energies well
above the gap. The corresponding change in the refractive index is calculated through the

Kramers-Kronig relations. The refractive index change decreases for energies near and
below Eg, and becomes positive for energies well above Eg. The perturbation of the
refractive index approaches zero for energies far above or below the bandgap.

Bandgap shrinkage occurs when injected electrons occupy states at the bottom of
the conduction band and when their concentration is large enough, so the electron wave

functions will overlap, and forming a gas of interacting particles. The electrons will repel
one another by Coulomb forces. In addition, electrons with the same spin will avoid one

another for statistical reasons. The net result is a screening of electrons and a decrease in
their energy, lowering the energy of the conduction band edge. A similar effect for the
holes increases the energy of the valence band edge. The sum of these effects results in

band-gap shrinkage. These shrinkage effects are determined by the free-carrier density,
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and are nearly independent of impurity concentration. The estimated shrinkage is

proportional to the cube-root of the carrier concentration. This law is valid only for
carrier concentrations bigger than the critical value, which is around 3x1017 1/cm3 for InP
material. As in the case of bandfilling, the largest changes in refractive index occur near

the bandgap. Unlike bandfilling, however, An is positive for energies below the bandgap,
a result of the increase in the absorption coefficient for fixed energies.

The free-carrier absorption (the plasma effect) results from the free charge carrier

absorption in either the conduction band or the valence bands. A free carrier absorbs a

photon and moves to a higher energy state within the band. According to the Drude

model, the change in the refractive index is given by [22]:

1). (12)
8# c s0n0 me mhh +mlh

where e is the electron charge, c is the speed of light, So is the permittivity of the

vacuum, no is the unperturbed refractive index, me is the effective mass of the electron,
is the effective mass of the heavy hole, m/h is the effective mass of the light hole, and

N and P are the free electrons and holes concentrations, respectively.
The sign of An from the plasma effect is always negative; hence, it will add to

bandfilling for energies below the bandgap. Because of the A dependence, the plasma
effect increases as the photon energy is decreased below the bandgap.

The relative magnitudes of the three effects are illustrated in Fig. 17, which shows
each effect and the total for the electron-hole pairs in InP for a concentration of 3*1018
1/cm3.
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Fig. 17. Predicted changes in the refractive index from bandfilling, bandgap shrinkage,
and free-carrier absorption for injection into InP [22].

5.4.2 Carrier-injection based device description
An MQW wafer was designed for a realisation of a tunable filter using carrier

injection. 5 quaternary/ quaternary InGaAsP/InGaAsP qwells with a band-gap at 1.3 pm

were used. The wafer description is presented in Table 3.

According to the carrier-injection theory described above, the refractive index

changes at wavelengths around 1.3 pm for a material with the band-gap at 1.25 pm will
be dominated by the bandfilling effect.

The wafer (MR 2024 7838) has, as a top layer, a highly doped InGaAs material.
Since InGaAs is not transparent at 1.3 pm, this top layer is kept small (10 nm) in order to
minimize light absorption. The purpose of this InGaAs layer is to improve the ohmic
contact formation between the semiconductor material and the p-type contact pads.
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Table 3. A wafer design for carrier injection

Repeat Thickness,

nm

Material n Type

1 10 InGaAs p(contact layer)« 1 * 1019cm"3
(Zn)

1 600 InP 3.195 p: 5*10" cm'3 (Zn)
1 150 InGaAsP(Q1.02) 3.3

1 8 InGaAsP(Ql.l) 3.39

5 6.5 InGaAsP(Q1.3) 3.67

5 8 InGaAsP(Ql.l) 3.39

1 150 InGaAsP(Q1.02) 3.3

1 1500 InP 3.195 n: 5*10* 'cm"3 (Si)

As in the case of QCSE-based filter, this device consisted of a cavity (20 pm or 40

gm length) defined by third-order Bragg mirrors (air-slots). The process of air-slots
fabrication is identical to the one used for the QCSE tunable filter (see above). The ridge

waveguides, insulation, and contact pads were e-beam written (using three-point
alignment, described in Chapter 2). E-beam lithography was chosen for this filter out of
the necessity of using a different type of contact pad for the carrier injection device.
Square contact pads were used for carrier-injection due to the fact that some of the "T-

shaped" contacts (shown in Fig. 11) burnt out at the interface between the insulated and
non-insulated section under forward biases. This type of contact insulation is required

everywhere apart from the top of the cavity region. In order to leave such a small window
in the insulation on top of the cavity, e-beam lithography is a better candidate due to its
higher resolution and alignment accuracy (~ 100 nm). A SEM image of a filter prior to
contact evaporation is given in Fig. 18. Finally, a Ni/Au top contact in the shape of big

squares 100 x 80 pm wide and an Au/Ge/Ni bottom contact were evaporated.
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Fig. 18. Top view of the filter with a 20-pm cavity prior to contact evaporation. The

5 pm ridge WG, SU-8 insulator and air-slots for mirrors are clearly indicated.

As before, to obtain operation in the regime of a single transverse mode, shallow

etching of the ridge waveguides was performed via CAIBE. Since the core size of the

carrier-injection wafer was much smaller (0.38 pm) than that of the QCSE wafer (1.604

pm), a smaller etch depth for the waveguide ridge was required to confine a single mode

only. According to FIMMWAVE, etch depths between 150 and 250 for 5-pm wide

waveguide will confine a single mode only for a 380 nm thick waveguide. At the same

time, such a narrow low-index-contrast WG does not support any higher order vertical
modes.

Due to the reduced size of the waveguide core, the required etch depth for these air-
slots was also less than for the wafer designed for QCSE. This etch depth, according to

the modelling (FDTD), was around 3 pm. Taking into account the tapered bottoms of the
slots obtained in practice, the etch depth should be between 3.5 and 5 pm.

5.4.3 Experimental results and discussion
A typical set-up identical to the one used for the QCSE-based filters was used. The

experimental transmission spectrum of the device with a 40 pm cavity with a FWHM of
less than 2 nm is presented in Fig. 19. The FSR is about 6 nm, as expected from the
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model (FIMMPROP). In order to have a larger FSR, smaller cavities can be used. 20-|om

long cavities, exhibiting an FSR of 12 nm, were, thus, also fabricated in this material. The

height of the experimental transmission peaks is strongly influenced by the absorption

spectrum of the material, which has a peak of absorption near 1250 nm, similar to the

QCSE-based filter.

Fig. 19. The transmission spectrum of a passive filter with a 40-pm cavity,

exhibiting a FWHM around 2 nm and a FSR of 6 nm. The proximity to the absorption

peak of the material near 1250 nm affects the height of the transmission peaks.

Applying a forward bias to the cavity, (the access waveguides were left un-pumped)
creates carriers which are mostly collected inside the 5 qwells. This causes changes in the

• • 1 183effective refractive index of the waveguide. For carrier densities of around 3*10 /cm
and close to the bandgap, the band-filling effect is predominant and provides the largest
contribution to the refractive index changes (see Fig. 17).

1 The carrier density (N) can be obtained from the carrier rate equation [23], resulting in the following
simple formula N=Ir(Vq)~', where /is the current, ris the carrier life time, Vis the volume (including
carrier spreading), q is the electron charge.

0.35

0.3 -

0

1277 1282 1287 1292

Wavelength, nm

120



Wavelength, nm

Fig. 20. A blue-shift of 0.7 nm for an injected current of 2 mA. The filter has a

cavity length of 40 (am.

Fig. 20 shows the measured carrier-induced blue shift of a single filter peak. A shift
of about 0.7 nm at 1309 nm was observed in the device with a 40-jam long cavity for an

injected current of 2 mA. However, we failed to observe greater shifts of the transmission

peak towards shorter wavelengths at higher currents. In fact, a reduced shift of 0.6 nm

was observed for an injection current of 10 mA. This shift in the opposite direction can

be explained by heating effects in the micro-cavity, as the thermally induced refractive
index change has the opposite sign to that of the carrier -induced shift (Fig. 21).
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Fig. 21. Carrier-injection modal refractive index changes induced in a 40-p.m cavity
filter. A pronounced thermally induced shift in the opposite direction appears after 2 mA.
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As shown in Fig. 21, the refractive index decreases up to a tuning current of about 2
mA and then increases again for higher currents. We believe that this change of direction
occurs because of the onset of lasing at about 2 mA, which was verified independently

(see section 5.4.4). At the lasing threshold, the carrier density is clamped, so no further
carrier-induced refractive index change can be expected. In our case, the blue shift of the
transmission peak will, therefore, not exceed 0.7 nm, which corresponds to an An of -

0.025 in the quantum wells or a modal An of 0.002, taking the overlap factor of 8 % into
account. Increasing the current further, then, causes thermo-optical effects that are

opposite in sign, thereby reducing the observed shift. The rise in cavity temperature (AT)

is connected with the power dissipated (Pd) in the cavity of the filter by: AT=Rth*Pd [23],
where Rth is the thermal resistance of the device. At the same time [24]:

dn/dT=KTO, (13)
where Kro is the thermo-optic coefficient. Thus, knowing Kto for InGaAsP (typically
around 2*10~4 K"1 [24]), AT can be derived as a function of the dissipated power from the

experimental data of An versus / (presented in Fig. 21). From the slope of the curve in

Fig. 22 the thermal resistance of 0.2 K/mW can be calculated.
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Fig. 22. Experimentally observed dependence of the cavity temperature change vs.

dissipated power for a 40-pm cavity filter.

This resistance is less than half of the theoretical value of 0.5 k/mW extracted from

the two-dimensional approximation of heat dissipation in the following form [26]:
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where h is the thickness of the wafer, w is the lateral dimension of carrier spreading,
K is the thermal conductivity of InP, and L is the cavity length. This approximation is
valid when the total thickness of the wafer is well in excess of the size of the heat source.

We believe that the values of the thermal resistance (within experimental error)
are smaller than theoretically predicted due to heat dissipation by the top contact pad
which was deliberately oversized, thereby acting as a "cooling fin" [25].

As one can see from Fig. 21, the rate of change of the transmission peak shift for
the filter with 40-pm cavity is (AA/I) = 0.36 nm/mA. This value exceeds the value of
-0.09 nm/mA for the InGaAsP/InP FP cavity reported by H. K. Tsang et al. [26] and is of
the same order as that reported by S. J. Choi et al. [27].

Tunable filters with shorter cavity lengths (20 pm) were also investigated (Fig. 23).
One of the advantages of this shorter cavity is the larger FSR (of 12 nm). The smaller

cavity length also has a higher threshold current density (see below for more detailed

explanations), allowing the injection of more current into the device for tuning without

reaching the threshold current density, thus, providing an increased carrier density. Thus,
a blue-shift of 1.5 nm was experimentally observed at a wavelength of 1288 nm for an

injected current of 2.7 mA. However, at the same time the heating effect is more severe

for smaller cavities due to their increased thermal resistance. The experimentally
extracted thermal resistance for the 20 pm cavity is about 0.4 K/mW (the theoretical
value is 1 K/mW). This is two times larger than that of the 40-pm cavity, as expected
from equation (14).
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Fig. 23. Carrier-injection refractive index changes induced in a 20-pm cavity filter.

Pulsed currents (10 (as pulse width for 1000 ps period) were used in order to reduce
the heating problem, and a blue-shift of 1.9 nm was obtained for an injection current of
2.69 mA. The difference between this value and the 1.5 nm blue shift obtained by the
direct currents (DC) measurement, above, agrees well with the red shift (0.3 nm) caused

by heating (calculated using the experimental thermal resistance of 0.4 K/mW measured

above).
Several effects impact the effectiveness of the carrier-induced index changes. The

lateral spread of the current, the low overlap between the optical mode and the QWs (r~

8%) and the surface recombination of the carriers at the etched sidewalls minimize the
overall refractive index changes we were able to observe.

5.4.4 Lasing characteristics of the cavities
In order to prove the assumption we made for the calculation of the thermal

impedance, namely, that lasing takes place at ~ 4 mA and ~ 2 mA, for 20-pm and 40-pm

long cavities, respectively, we performed some additional independent experiments and

modelling.
We start from a basic theoretical model of the semiconductor lasers. According to

this model, the threshold current density as the function of the cavity length is given by

[28]:
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to^=7(-Tt-)+[-F—+ ln—-1], 05)L nwTwg0 nwTwg0 rli

where Jth is the threshold current density, L is the cavity length, R is the facet

reflectivity, nw is the number of wells, rw is the confinement factor, 77/ is the internal

quantum efficiency, J0 is the current density corresponding to the optimum gain, a, is the
loss per cm, and go is the optimum gain per cm. R and rw, calculated via FIMMWAVE,

equal 75 % and 1.6 %, respectively, and Jo, rji, a, and go are available in the literature

[13, 29]. The dependence of the threshold current on the cavity length is presented in Fig.

24, calculated using (15) with typical parameters.
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Fig. 24. Theoretical threshold current vs. cavity length, modelled using typical

parameters reflecting the experimental situation. The dots correspond to the cavity

lengths of 20, 40 and 80 pm examined in our experiments.

At the same time, we carried out additional experiments showing a lasing of 20- and
40- pm long cavities. For these purposes, we cleaved close to one of the mirrors (~ 50

pm), in order to launch the out put light into a detector (otherwise, it gets strongly
absorbed by the access waveguide). Fig. 25 shows the experimental "P-I" curve for a 40-

pm long cavity. It illustrates that there is indeed the lasing threshold at around 4 mA. The
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lasing threshold for an 80-pm cavity was observed at the same 4 mA current. This agrees

with the theoretical data presented in Fig. 24, predicting that the threshold currents for the
40- and 80-pm cavity are almost the same.
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Fig. 25. P-I curve for a 40-prn long laser

In addition, the transmission peaks shifts of the filter with the 40-pm cavity,

exhibiting this lasing threshold of around 4 mA, were experimentally observed. The

corresponding refractive index changes are presented in Fig. 26 showing thermal "tail"

starting around 4 mA which matches (see Fig. 25) the lasing threshold of this cavity
reported above. Thus, the assumption that the lasing threshold corresponds to the start of
the heating "tail" appears to be correct.
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corresponding P-I curve of the same device is presented in Fig. 25).

Moreover, the thermal resistance/impedance of this device extracted from this

experimental data is 0.2 K/mW (the same as for the other 40-pm cavity described above).
The electrical resistance of our device was extracted from the slope of "I-V" curve

and was about 20 Ohms for a 40-p.m long cavity (Fig. 27).
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Fig. 27. I-V curve for a 40-pm cavity exhibiting 20 Ohms differential resistance.

It is noteworthy that the laser operation did not affect our tunability measurements,

as almost the entire out-put laser power was absorbed by access waveguides, and, thus,
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did not interfere with the detected light propagating through the devices from the external
tunable laser.

Larger shifts may be achieved by shifting the reflectivity peak of the mirrors (Fig.

28), in order to suppress the laser action at the gain peak, hence increasing the tuning

range. This improvement, however, requires a very careful cavity design, in order to
ensure low reflectivity at the peak of the gain curve.

5.5 Comparison of tunable filters operated by quantum confined Stark
effect and carrier injection

Table 4 shows a comparison between the achieved filter transmission peak shifts
induced via QCSE and carrier injection.
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Table 4. Comparison of experimental results obtained for QCSE- and carrier

injection-based filters
Parameters QCSE Carrier injection

Number ofQWs 10 5

Confinement factor, % 6 8

Cavity length, um 20 20

Shift, nm 1.2 1.5

Detuning from the band-

edge, nm

70 40

Electric field, kV/cm 37.4 50 (corresponds to 2.7 mA)

An/E, m/V 821 758

Material index change ~ 0.05 -0.05

As one can see from Table 4, the observed shifts for the different methods are in

fact very close to one another (a QCSE red shift of 1.2 and a carrier injection blue shift of
1.5 nm). Considering the conditions under which these shifts were observed, one can see

that the QCSE-induced red shift was obtained at a smaller applied electric field and
further away from the band-edge, compared with the carrier-induced shift. Using the

experimentally measured electro-optic parameter of rj= 14* 10"5 meV cm2 kV"2 (see

above), we can predict a QCSE-induced red shift of 3 nm for the applied voltage of 50
kV/cm and a detuning of Aoj=44 meV. Furthermore, QCSE is faster (~ ps) than carrier-

injection (~ ns), as there is no need to sweep carriers out of the QWs. However, QCSE-
related absorption losses are higher and increase rapidly compared to carrier injection.
This can badly compromise the filter performance (reduced Q-factor) at high electric-
fields (> 100 kV/cm).

As was mentioned earlier, carrier injection is dependant on carrier recombination at

the sidewalls. Carriers that recombine non-radiatively at the side walls do not contribute
to changes in the refractive index or produce gain, while still causing heating effects. It
has been shown [30] that the ion damages produced during dry etching (especially for

high beam-voltages for 1500 V) may result in an increase in the surface recombination

velocity by a factor of 4. This makes carrier-injection-based tunable devices very
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dependant on the fabrication techniques. A wet etching step applied afterwards has been

suggested as a method of reducing the surface recombination velocity.
The QCSE-based device does not suffer from problems such as carrier surface

recombination and heating. An overall comparison of the advantages and disadvantages
of the two different methods is given in Table 5.

Table 5. Summary ofadvantages/disadvantages ofQCSE and carrier-injection for
realization of active components

QCSE Carrier Injection
Sensitive to carrier surface

recombination

High speed (~ps) Lower speed (~ns)

High absorption losses
Carrier-induced heating leading to

thermo-optic shift

Highly dependant on fabrication quality
Narrowband: only works near band-

edge

Broadband: Plasma effect works away

from band-edge; band filling has

narrowband, however.

Compact devices Compact devices

QCSE, ideally, consumes less power

since no current flows

Low power consumption (few mA of
current)

5.6 Summary
Deeply etched tunable filters in the InP-based material with 5 and 10 quaternary

QWs were designed and successfully fabricated. A FWHM of less than 2 nm and a FSR
of 12 nm was experimentally achieved for the filter with a 20-p.m cavity. At an applied
field of 37.5 kV/cm, we observed a red shift of 1.2 nm in the position of the filter peak at

wavelength of 1319 nm for 10 QW QCSE material. This shift corresponds to the

efficiency zl«/£=820*10"12 m/V.
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For an increased applied field up to 50 kV/cm at a wavelength of 1265 nm, we

predict that the red shift may reach 5 nm, though with considerably increased absorption
losses. The use of the chopped (coupled) QWs [31] can give up to 2 times higher QCSE
red shifts. With the slight increase of the strain, this chopped QW material may also be
used for polarization-independent switching.

Using carrier injection, shifts of 1.5 nm (DC) and 1.9 nm (pulsed) were achieved for
the 5 QWs material. Only 6 mW of power was consumed. A design with large contact

pads (relative to the size of the cavities) allowed us to reach relatively small thermal
resistances of 0.2 and 0.4 K/mW for the filters with 40- and 20-pm cavities, respectively.
The use of an additional wet-etching step may minimize the additional surface
recombination velocity caused by dry-etching and increase the amount of the carriers
available for tuning.

Both these devices suffered from the effects of absorption in the access waveguides.

By contacting and pumping these waveguides, this absorption may be avoided. Through
the integration of such filters with semiconductor optical amplifiers not only is the loss

reduced, but operation is enabled closer to the bandgap, with a consequent improvement
in the resonance shift.

Overall, we have highlighted the limitations and opportunities for III-V
semiconductor-based tunable microphotonic circuit elements by demonstrating compact

tunable filters in the 1.3 pm wavelength regime.
The red and blue shifts of resonance transmission peaks were observed for the

QCSE- and carrier-injection tuned devices, respectively. The tuning results were analysed
and compared, showing advantages and disadvantages of both mechanisms. Parameters

important for successful tuning, when designing and using microcavities based on any of
these tuning mechanisms, were highlighted.
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Chapter 6

Conclusion

The results achieved during the work described in this thesis are summarised in this

chapter. Possible means of improvement are suggested. Future work following the

progress made in the thesis is discussed.

6.1 Achieved results

We have developed a high voltage chemically assisted ion beam etching (CAIBE)

regime that is very favourable for the etching of high-aspect-ratio one- and two-

dimensional photonic crystals in InP-based material. This regime makes use of a high
beam voltage to beam current ratio, which allows:

a) the partial elimination of one of the classic InP etching problems such as

wobbling; we define "wobbling" as poor etching directionality at the
bottom portions of high aspect ratio features in InP. The reason for this
issue is not fully understood yet, however, using high beam voltage

etching regime improves this etching directionality;

b) an improvement of the semiconductor/mask selectivity (up to 34:1)

through silica hardening under the impact of high energy argon ions. It is

always preferable to use the minimum mask thickness, as this gives the

highest resolution;

c) the production of improved etch depth of > 5 pm (for holes of 250 nm

diameter); such a large etch depth is important due to another InP etching

problem- tapered bottoms. Gradually narrowing bottoms of high-aspect-
ratio features, refereed to as tapered bottoms, can cause out-of-plane

scattering and coupling of the guided mode to substrate modes. Thus, the

deeply etched holes allow us to keep these tapered areas as far as possible
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from the waveguide core, minimising their detrimental effect on the

propagation of the guided mode;

d) the reduction ofwall roughness due to etching at low beam-currents, which
causes a large ion-induced chemical-etching yield. It means that the
amount of chemical etching per ion is large, resulting in a strong chemical

reaction, which smoothes out the damage caused by the ion impacts.
Smooth walls are desirable for low-loss propagation.

Once this etching regime was developed, it allowed us to fabricate low-loss two-

dimensional (2-D) photonic crystal (PhC) planar waveguides in the InP heterostructure.
These PhC waveguides were optically characterized using an "end-fire" method.

Propagation losses were determined by applying the Fourier transform technique to the

experimental Fabry-Perot (F-P) spectrum of waveguides containing PhCs. Losses as

small as 1.8 dB/mm were measured for the PhC waveguides consisting of three air rows
removed for a 400-nm period. To the best of our knowledge, these were the lowest

reported losses at that time, which, in fact, reached the intrinsic limit for PhCs of this type

[1].
After the demonstration of low-loss PhC waveguides, we moved on to developing

active PhC-based components, which could constitute a building block for photonic

integrated circuits. As a first step towards tunability, filters based on one-dimensional (1-

D) PhCs were designed. These filters consist of a F-P cavity with deeply etched 1-D PhC
mirrors on each side of it. To comply with the wavelength division multiplexing (WDM)
criteria requiring a channel spacing less than 2 nm [2], filters with full width at half
maximum (FWHM) of < 2 nm were designed. In order to realise tunability, two methods
were implemented, the quantum confined Stark effect (QCSE) and free carrier-injection.

Applying forward (for carrier-injection) or reverse (for QCSE) biases to the filter cavity

region creates changes of the refractive index that cause shifts of filter resonances. Blue-
shifts (carrier-injection) of 1.9 nm and red-shifts (QCSE) of 1.5 nm were experimentally
observed for filters with 20-pm long cavities fabricated in 5 and 10 quaternary/quaternary
InGaAsP/InGaAsP Multiquantum-well (MQW) material, respectively.

The tuning results were analysed, highlighting advantages and disadvantages of
both mechanisms. For example, tuning via carrier-injection has the down-side of thermal
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heating, which produces refractive index changes opposing those of carrier-injection. We

experimentally observed small thermal-induced shifts of the filter resonances during free

carrier-injection. Values for the thermal resistances of the cavities were also derived from
these experiments. These were rather low (< 0.5 K/mW), which allowed us to keep

parasitic thermal tuning to a minimum. This compares favourably to a tunable filter
realised on silica-on-insulator (SOI), where due to high thermal resistances the thermal

tuning mechanism1 overcame tuning via carrier-injection [3].

6.2 Possible improvements and future work
PhC's properties are strongly affected by the propagation losses. Thus, achieving

the intrinsic loss limit for the PhCs is an important task. The etching technique developed
in this thesis as well as the etching results presented in [4, 5] allow the fabrication of

high-quality low-loss 2-D planar PhC waveguides. By further optimization of the planar

waveguide structure for a given etching process and for given hole shapes, a regime
where losses reach their lower limit was achieved [1]. We managed to reach the intrinsic
loss limit (-2 dB/mm) for W3 PhC planar waveguides of 400-nm period etched to the

depth of 5.3 pm. However, the intrinsic loss limit has yet to be reached for PhC

waveguides with smaller periods (-300 nm) due to poorer etching profiles (less deep,

tapering starts earlier). This can be achieved by further development of the etching

regimes (increasing substrate temperature/decreasing chlorine flow, etc.).
One of the motivations of our study ofW3 (three air rows removed) waveguides is

the fact that these broader waveguides have lower propagation losses than PhC

waveguides with one row removed. Thus, they are more favourable for practical

applications. At the same time, the presence of higher-order modes in these W3

waveguides creates unique mini-stop bands, which offer important opportunities for

spectral and dispersive functionalities. For example, E. Schwoob et al. [6] have proposed
a wavelength monitor for WDM, based on W3 and W5 PhC planar waveguides, with 500
GHz inter-channel spacing. Thus, there would be some interest in trying to tune these

mini-stop bands.

1 Thermal tuning is undesirable due to its low speed.
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At the moment, the experimentally achieved tuning range of the filters is limited to

about 2 nm, which is rather small for wide practical use in dense WDM systems.

However, several ways of increasing tuning range of the filters are possible:
For QCSE-based devices:

a) working closer to the absorption peak; a red shift of 5 nm was predicted (for
our material and design) at a wavelength of 1265 nm for an increased

applied field of only 50 kV/cm, though with increased absorption losses;
additional pumping of the access waveguides can provide some gain to

counter-balance absorption losses in the cavity;

b) increasing the overlap /"between the QWs and the optical field will lead to

bigger modal refractive index changes. A straightforward way of increasing
r is to increase the number of the QWs, but this will cause higher

absorption losses. An improvement of r can be obtained by reducing the
barrier width down to 7.6 nm and, thus, concentrating all 10 QWs in the
middle of the waveguide core, which will increase r from the current 6 %
to 9 %. Further decrease of the waveguide core down to typical widths of~
380 nm will allow us to reach r as big as 16 %; although this method will
also result in higher absorption losses;

c) the use of the coupled QWs (with very thin barriers [7]) can produce up to 2
times higher QCSE-induced red shifts.

For carrier-injection-based devices'.

a) suppressing laser action of the cavities at the gain peak, via shifting the

reflectivity peak of the mirrors , will allow the use of higher carrier densities,

thus, increasing the possible tuning range of the filter;

b) applying a wet etching step after CAIBE will reduce the surface recombination

velocity of the carriers, thus increasing the amount of "useful" carriers which

participate in the refractive index changes for a given amount of the injected

carriers; this would improve the efficiency of the device and minimise the
thermal effects. This would be especially useful for the devices in which lasing
has been suppressed (see (a));
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c) increasing the number of QWs will increase the overlap r. Although, there is a

risk of an uneven distribution of the carriers, which could lead to the reduction

of the effective F

Also, it should be technically possible to achieve tuning via carrier-injection and

QCSE in the same device. This would almost double the tuning range and enhance the
usefulness of these devices. However, some very careful modelling will be necessary to

realize this type ofdevices.

Applying the QCSE and carrier-injection tuning mechanisms to 2-D PhCs is one of
the future steps. Carrier-injection of 2-D PhC microcavities was already demonstrated by
Baba et al. [8] via optical pumping. However, having an additional external optical
source for optical pumping of 2-D PhCs is undesirable for use in integrated circuits with

many elements. Thus, the electrical pumping considered in our thesis would be

preferable.
One of possible applications of a small tuning range (of < 10 nm) is tunable PhC-

based dispersion compensating devices. Due to the fact that the dispersion curve of the
PhC waveguide changes rapidly, shifts of even a couple of nanometres along dispersion
curve will be enough to change the dispersion relation dramatically.

Another possibility is to use small tuning ranges in PhC-based microcavities, which

posses a very high Q-factor of 100 000 and can have extremely narrow peaks of less than
0.1 nm (0.022 nm) [9] (these values were recorded for the "membrane"-type of PhC,
where there is no possibility of heat-sinking during carrier-injection).

In conclusion, our future work lies in improving the etching regime for the W3 PhC

waveguides with small periods (~ 300 nm) in order to reach lower losses than those

reported here (~ 3.5 dB/mm) and optimizing the waveguide structure for a given etch

depth and shape to achieve comparable losses for the W1 waveguides. Regarding tuning,
we should try to optimise our 1-D PhC-based filters in order to get wider tuning ranges

and apply tuning to the 2-D PhCs which have considerable potential.
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