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Abstract

Photonics has already revolutionised the long-haul telecommunication industry.

However, for photonic circuits to replace copper interconnects closer to, and
even within the home, we must dramatically reduce the cost of devices. In order
to realise high volume, low cost manufacture we must move away from exotic
materials and use the knowledge and infrastructure of the microelectronics

industy.

This project has shown that photonic crystal fabrication is possible with current

microelectronic fabrication tools and a suitably large process window to do
ambitious designs. We have shown that the mass fabrication of photonic circuits
with photonic crystal components is a realistic vision. The CMOS process is
viable for the production of high quality, photonic crystal devices on a large
scale.

The low loss results achieved (3 ± 2 dB/cm) during this project rival the world-
best electron beam written devices (2 dB/cm). We have also demonstrated a

symmetrical oxide-clad device that could be integrated into a photonic circuit
more easily than the standard air-bridge designs.

This project has contributed to slow light research where the photonic crystal
could find a niche in the photonic circuit. We have shown that the by using

higher order modes in a W2 waveguide and/or careful lattice perturbations, we
can use much more useful (in comparison to the band-edge of the W1
fundamental mode) operating points. The W2 device offers large bandwidths

(19 nm at a wavelength of 1550 nm) with low dispersion (GVD=1.86 x 106
ps2/km and TOD=l. 14 x 106 ps3/km) at a slow down factor of 9.

We have also demonstrated a slow light coupled cavity device with a slow down
factor of 50 across a bandwidth of lnm. This device offers the possibility to add

tunabilty to a slow light structure.
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Chapter 1:

Silicon Photonics



Chapter 1: Silicon Photonics

1.1 The drive towards photonic systems

We are now all immersed in the age of the internet where every person and
business is expected to have an online presence. The data rates within our

telecommunications systems have soared exponentially and so the physical
limits of copper have been surpassed creating applications in long-haul
communication links for optical fibre systems.

On the 9th April 1965 Dr. Gordon Moore published his now famous observation
in Electonics Magazine [1.1].

"The complexity for minimum component costs has increased at a rate of

roughly a factor of two per year ... Certainly over the short term this rate can be

expected to continue, if not to increase. Over the longer term, the rate of
increase is a bit more uncertain, although there is no reason to believe it will not
remain nearly constant for at least 10 years. That means by 1975, the number of

components per integrated circuit for minimum cost will be 65,000. 1 believe that
such a large circuit can be built on a single wafer. " - Dr. Gordon Moore, 1965.

Since 1965 Moore's law, as it became known, has been interpreted into a

number of different forms. The most common being 'the doubling of the
number of transistors every two years'. Figure 1.1 below shows how the

industry has kept with this trend for beyond the ten years initially predicted.
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Figure 1.1: Moore's Law doubling the number of transistors on a microchip every 24 months.

Moore's law was written as an empirical observation. However it has now

become the driving force behind the microelectronics industry and sets the future

targets and roadmaps. Faster processors are increasing data volumes between
networks, servers systems and between chips. Above 10GHZ physical

imperfections in the copper interconnects on printed circuit boards starts to

distort and weaken signals.
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Figure 1.2: The relationship between the interconnect distance and the volume of devices. This
trend will force photonics to use less exotic materials in order to reduce the component cost.

Figure was adapted from www.intel .com.

Figure 1.2 shows the increasing volumes of interconnects needed as the
interconnect distance decreases. Another challenge now applies to the photonics

community. The long haul optical systems are relatively low volume and so the
unit cost for such a system can be high. This allows the use of exotic materials
and processes such as lithium niobate modulators. Economics however requires
that for photonics to become a solution to the chip to chip interconnect problem,
we must dramatically reduce the costs of optical modulators and switches. To
realise such an economic advance the devices will have to move away from the
current materials and processes and be fabricated on a platform that is

compatible with current electronic integrated circuits. An obvious material to
use is therefore silicon which could take advantage of billions of dollars of

investment, infrastructure, and knowledge.

Silicon is well suited to electronic applications but it is certainly not the ideal

optical material. Its most notable deficiency is the absence of a direct bandgap



resulting in silicon being an extremely poor light emitter. A number of groups
are attempting to address this using Raman techniques [1.2] and nanocrystal
structures [1.3] and have recently made some important advances.

Despite Silicon's shortfalls, the potential rewards of having photonic circuits on

a silicon platform is driving research forward with contributions from both
industrial and academic research groups. Indeed, this project is a good example
of such a collaboration.

1.2 Current Silicon Photonics

After outlining some of the motivations behind silicon photonics research, it is
useful to briefly examine the current state of the art of technologies in the field to

help put this project and photonic crystals in context.

1.2.1 Waveguides

Probably the most basic building block of a photonic circuit is the waveguide.

Waveguides can be fabricated to have very low loss. 5 pm x 240 nm

waveguides were used in this project as access guides and had a loss well below
1 dB/cm. IBM have reported a 700 nm x 220 nm photonic wire with a loss of

3.5 dB/cm ± 2.0 dB/cm [1.4]. These high contrast Silicon-air or Silicon-Silica

systems enable tight bends to be achieved; for example, IBM have used 5 pm

radius of curvatures in Mach-Zehnder devices [1.5].



Research group Width Height Loss Wavelength

(nm) (nm) (dB/cm) (nm)

Vlasov et al, IBM 220 445 3.6 ±0.1 1500

[1.6]

Vlasov et al, IBM 220 465 3.5 ±2 1500

[1.7]
Almeida et al, 270 470 5 ± 2 1500

Cornell

University [1.8]
Dumon et al, 220 400 33.8 ± 1.7 1550

IMEC [1.9] 220 450 7.4 ± 0.9 1550

200 500 2.4 ± 1.6 1550

Tsuchizawa et al, 300 300 6 1500

NTT [1.10] 300 300 13 1500

Sakai et al, 320 400 25 ± 10 1550

Yokohama

National

University [1.11]
Lee et al, MIT 200 500 32 1540

[1.12]

Table adaptedfrom [1.6]
Table 1.1. The silicon wire waveguide losses reported by research groups.
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1.2.2 Modulators

Another important component in a photonic circuit is the modulator. Currently,
Lithium Niobate and III-V semiconductors with modulation speeds in excess of
40GHz have been reported [1.13-1.15]. However, these materials are expensive
so there is active research into silicon solutions.

In 2004, Intel Corporation reported in Nature, a high-speed silicon Mach-
Zehnder interferometer modulator based on a metal oxide capacitor [1.16]. The
refractive index is modulated via the plasma effect that changes the charge

density of carriers in the waveguide. This method avoids the slow carrier

generation or recombination in the conventional technique of injecting or

depleting the electrons or holes into the intrinsic region of a p-n diode. Figure
1.3 (adapted from Liu et al [1.16]) below shows a schematic of the modulator.

Drive Metal
Voltage Contact Highly

Figure 1.3. A schematic of the high-speed modulator designed and fabricated by Intel

Corporation.

By grounding the n-type silicon and applying a positive potential difference, Vq,
to the p-type polysilicon, a charge accumulates on either side of the gate oxide

causing a refractive index change. This device was shown to have a modulation

speed of 1 GHz.

The modulation speed is limited by the device resistance and capacitance. To do
this the doping level of the silicon must be increased and the device dimensions
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reduced. However, both these improvement methods will increase the loss of the
device.

In 2005, Intel published an improved device that operates at 10 GHz without

increasing the loss [1.17]. This was achieved by making the above

improvements and replacing the poly-silicon with an epitaxially grown

crystalline silicon to reduce the propagation losses.

1.2.4 Light-emitters

The absence of a direct bandgap is probably silicon's biggest shortfall as a

photonic material. The probability of a radiative recombination is low due to the

requirement of a phonon to preserve k, thus the recombination time is long

(«ms). If the electron-hole pair encounter a defect in this time, non-radiative
recombination can take place thus the light emission process very inefficient.

GaAs Si

Direct ndirect

Radiative recombination time Radiative recombination time
« ms

Figure 1.4. The electronic bandstructures for a direct (e.g. gallium arsenide) and indirect (e.g.

silicon) material.



A great deal of research is taking place to make a silicon laser. The first

integrated circuits however, will probably utilise a III-V light source integrated
with either flip-chip techniques or even brought on chip via a fibre. However,

showing that silicon could one-day be a viable source in a photonic circuit keep

hopes alive that and all-silicon photonic circuit will be possible. The challenge
of getting silicon to lase is being adressed in a number of ways outlined below.

1.2.4.1 Bulk silicon emitters and silicon nanocrystals

In 2001 it was noticed by Green et al that world record silicon solar cells had
recombination times in the order of milliseconds due to the confinement of the

electodes to thin lines [1.18]. This spatial localisation of the free carriers in a

small region of the device quickly saturates the non-radiative recombination
centres. The recombination time was therefore of the same order of magnitude
as the radiative lifetime and Green et al published results of bulk silicon

behaving as an LED by forward biasing a solar cell. The device was shown to

have a plug-in efficiency of 1% at 200K. The same group published a

theoretical paper in 2003 showing that gain was possible in a sub-bandgap

operating regime [1.19]. This was demonstrated by Chen et al in 2004 with
silica particles at the p-n junction [1.20]. The purpose of the silica particles is to
localise the electron and hole pairs. In doing so, the defects quickly saturate

thereby increasing the chance of radiative recombination. As a result stimulated
emission was achieved. The results from this paper can be seen below in figure
1.5.
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Figure 1.5. Bulk silicon achieving stimulated emission by localising the electron-hole pairs in
the silica particles. Reproduced from paper [1.20].

The current limitation with bulk silicon light emitters is the requirement for them
to operate at low temperatures.

Silicon nanocrystals (Si-nc) are another method to enable light emission from
silicon. The Si-nc are formed by annealing a silicon-rich oxide such as silica.
This forms crystalline silicon particles 1 - 5 nm in diameter. If pumped,

amplified spontaneous emission can be detected. It is thought that this is caused

by the localization of the electron-hole pair in the Si-nc although the exact

mechanism is still unclear [1.21].
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1.2.4.2 Silicon Raman laser

The Raman effect uses vibrational lattice states in the silicon to transfer power

from a pump to signal.

EtI i L

Source

NY NAnAiiti-stokes

El

Ep

Figure l .6. The energy transitions producing stokes and anti-stokes radiation

The incident light source (pump) raises the material to the temporary level, Et
before it relaxes to the vibrational states El (stokes) and E2 (anti-stokes). This

process can be used to create coherent light source via the stimulated Raman
effect (figure 1.7).

Pump

NY
Sisuial

Et

AAf
A/V*

3 El

1 Ep

Figure 1.7. The stimulated Raman effect



A major obstacle in producing net gain in silicon is the free carrier absorption

(FCA). When silicon is subjected to a large optical field, high numbers of free
carriers are generated. Due to the long recombination time the carriers remain
excited for some time and create a high density plasma. These carriers increase
the loss and must be reduced in order to achieve net gain.

Jalali et al showed the first silicon Raman laser however it was a pulsed laser
with a repetition rate of 25 MHz to avoid the acumination of free carriers and
FCA [1.22].

The first continuous wave all-silicon Raman laser was reported by Intel in 2005

[1.2]. A 4.8cm long ridge waveguide was fabricated on SOI with a highly
reflective multilayer coating on one facet to form the laser cavity.

The reduction of FCA was accomplished in the Intel device by applying a

reverse bias across the ridge waveguide thus sweeping the carriers from the

waveguide region. If the transit time across the optical mode is less than the
recombination time then the recombination time is effectively reduced (see

figure 1.8).

500

400

300

200

100

0

Figure 1.8. The reduction in lifetime due to an applied potential difference sweeping out the
carriers from the waveguide. Taken from paper [1.2]

0 200 400 600 800 1,000

Input power (mW)

Using this method, the researchers at Intel were able to demonstrate lasing with a

slope efficiency of 9.4% (figure 1.9).
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Figure 1.9. The silicon Raman laser showing stimulated emission and gain. Taken from paper

Although this success is a very important result for silicon photonics, the device
is optically pumped. It does not offer the production of light generation via
electrical injection.

1.2.5 Integration

A growing area of concern in the silicon photonic community is not just the

development of individual components but also how to integrate them with other

photonic and electronic components.

Luxtera inc. is a start-up company claiming state-of-the-art integration of
electronics and photonics [1.23], They also claim to be the world leaders in
silicon photonics. Luxtera has announced components such as a 10 GHz ring
resonator modulator in a CMOS process.

In a recent press release, Luxtera have announced that they are currently

sampling a 10 GHZ XFP module which will be on sale in early 2007. The XFP
module contains an optical receiver and transmitter. Such a product is an

exciting step forward for the silicon photonics field. For obvious commercial

reasons, specific details are difficult to determine. However components of the

[1.2].



early prototype devices include a surface coupler similar to that produced by
IMEC [1.24] but having also undergone a numerical optimisation in order to
match the mode profile of an input fibre. This allows wafer level testing of the
devices. The follow press release was recently published :

"The technology incorporates two lasers and photodetectors mounted directly
on a monolithic CMOS die that also includes all logic equivalent to two

complete XFP modules including Translmpedance Amplifiers (TIA), Mach-
Zehnder modulators, as well as transmit and receive Clock and Data Recovery

(CDR) circuits. This complete single chip solution is one-quarter the size of

existingXFP module solutions. " - Luxtera Inc. 22/08/2006.

This is an exciting development for the silicon photonics community and one

that will be followed closely. The age of silicon photonic may not be as far

away as many (including myself) initially thought.



1.3 References

[1.1] G. Moore, "Cramming more components onto integrated circuits, "
Electronics 38, Number 8, April 19, 1965

[1.2] H. S. Rong, R. Jones, A. S. Liu, O. Cohen, D. Hak, A. Fang, and

M.Paniccia, "An all-silicon Raman laser", Nature 433, 725-728 (2005).

[1.3] L. Pavesi, L. Dal Negro, C. Mazzoleni, G. Franzo, and F. Priolo, Nature,

408, 440-444 (2000).

[1.4] S. McNab, N. Moll, and Y. Vlasov, "Ultra-low loss photonic integrated
circuit with membrane-type photonic crystal waveguides," Opt. Express 11,
2927-2939 (2003)

[1.5], Y. A. Vlasov, M. O'Boyle, H.F. Hamann., & S.J. McNab, "Active control
of slow light on a chip with photonic crystal waveguides, "Nature 438 , 65-69,

(2005).

[1.6] Y. Vlasov and S. McNab, "Losses in single-mode silicon-on-insulator strip

waveguides and bends," Opt. Express 12, 1622-1631 (2004).

[1.7] S. J. McNab, N. Moll and Yu. A. Vlasov, "Ultra-low loss photonic

integrated circuit with membrane-type photonic crystal waveguides," Opt.

Express 11, 2927 (2003).

[1.8] V. Almeida, R. Panepucci, and M. Lipson, "Nanotaper for compact mode

conversion," Opt. Lett. 28, 1302 (2002).

[1.9] P. Dumon, W. Bogaerts, J. Van Campenhout, V. Wiaux, J. Wouters, S.

Beckx, R. Baets, "Low-loss photonic wires and compact ring resonators in

silicon-on-insulator," LEOS Benelux Annual Symposium 2003, Netherlands,

(2003).



[1.10] T. Tsuchizawa,T. Watanabe, E. Tamechika, T. Shoji, K. Yamada, J.

Takahashi, S. Uchiyama, S. Itabashi and H. Morita, "Fabrication and evaluation
of submicron-square Si wire waveguides with spot-size converters", Paper TuU2

presented at LEOS Annual Meeting, p.287, Glasgow, UK (2002).

[1.11] D. R. Lim, "Device integration for silicon microphotonics platforms,"
PhD thesis, MIT (2000).

[1.12] K. K. Lee, D. R. Lim, and L. C. Kimerling, "Fabrication of ultralow-loss
Si/SiO waveguides by roughness reduction," Opt. Lett. 26, 1888 (2001).

[1.13] E.L. Wooten et al, "A review of lithium niobate moulaors for fiber-optic
communication systems," IEEE J. Sel. Top Quantum Electron. 6, 69-82 (2000).

[1.14] M.M. Howerton, R.P. Moeller, A.S. Greenblatt, and R. Krahenbuhl,

"Fully packed, broadband LiNbOs modulator with low drive voltage," IEEE
Photon. Technol. Lett. 12, 792-794 (2000).

[1.15] T. Ido et al, "Ultra-high speed multiple-quantum well electro-absorption

optical modulators with integrated waveguides," J. Lightwave Technol. 14,
2026-2034 (1996).

[1.16] A. Liu, R. Jones, L. Liao, D. Samara-Rubio, D. Rubin, O. Cohen, R.

Nicolaescu, and M. Paniccia, "A highspeed silicon optical modulator based on a

metal-oxide-semiconductor capacitor." Nature 427, 615-618, (2004).

[1.17] Ling Liao, Dean Samara-Rubio, Michael Morse, Ansheng Liu, Dexter

Hodge ,"High speed silicon Mach-Zehnder modulator", Opt. Express. 13 (8),

(2005).

[1.18] Martin A. Green, Jianhua Zhao, Aihua Wang, Peter J. Reece and Michael

Gal, "Efficient silicon light-emitting diodes," Nature 412, 805-808 (2001).



[1.19] Thorsten Trupke, Martin A. Green, and Peter Wtirfel, "Optical gain in
materials with indirect transitions", J. Appl. Phys. 93, 9058 (2003).

[1.20] M. J. Chen, J. L. Yen, J. Y. Li, J. F. Chang, S. C. Tsai, and C. S. Tsai,
"Stimulated emission in a nanostructured silicon pn junction diode using current

injection", Appl. Phys. Lett. 84, 2163 (2004).

[1.21] L. Pavesi, L. Dal Negro, C. Mazzoleni, G. FranzoA & F. Priolo, "Optical

gain in silicon nanocrystals", Nature, 408 (2000).

[1.22] O. Boyraz and B. Jalali, "Demonstration of a silicon Raman laser, "

Optics Express 12 (21) (2004).

[1.23] www.luxtera.com

[1.24] D. Taillaert, W. Bogaerts, P. Bienstman, T.F. Krauss, P. Van Daele, I.

Moerman, S. Verstuyft, K. De Mesel, R. Baets, "An Out-of-Plane Grating

Coupler for Efficient Butt-Coupling Between Compact Planar Waveguides and

Single-Mode Fibers," IEEE Journal of Quantum Electronics, 38 (7), 949-
955 (2002).



23

Chapter 2:

Photonic Crystals
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Chapter 2: Photonic crystals

2.1 Photonic crystals

This chapter aims to give the reader a basic introduction to photonic crystals,

photonic crystal waveguides and bandstuctures. A more rigorous mathematical

explanation can be found in many excellent references [2.1, 2.2] but a reader
unfamiliar with photonic crystals or bandstructures may be more comfortable
with the present chapter.

2.2 Homogeneous Medium

Let us consider the situation in figure (a) 2.1. A plane wave passes through a

homogeneous medium at normal incidence in direction X. The resulting

dispersion relationship is simply a straight line with a gradient given by, c/n. If
we impose an artificial periodicity, a, then point kx=0 is equivalent to kx= n.27i/a,
where n is an integer. This is drawn in figure 2.1 (b) displaying the crossing

dispersion lines from the neighbouring lattice points. We can define kx= -jr/a to

kx= +7t/a as the unit cell or first Brillouin zone and plot the folding bands as in

figure 1.2 (c).

K =k0±nG
2n (2-1)

where, G = , n = Integer
a
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Figure 2.1: Dispersion diagrams for a homogeneous medium, (a) the refractive index profile of
the homogeneous medium with an imposed artificial periodicity, the shading represents the
refractive index., (b) The unfolded dispersion diagram of the medium in (a), (c) The folded

dispersion diagram of first Brillouin zone.

2.3 One-dimensional Photonic crystals

We will now introduce a 'real' periodicity in the dielectric constant to form a

one-dimensional photonic crystal (figure 2.2). The equivalence of the kx= -n/a
and kx= +n/a point means we have two solutions from the superposition of a
forward propagating and backwards propagating (Bragg scattered) plane waves.

The spatial component of a plane wave:

E(x) = E0e,kx (2.2)
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At the Brillouin zone edge, we have a superposition of plane waves with the

wavevectors, kx= ko-7t/a and kx= k0+7t/a, resulting in the standing waves:

E(x) = E0e ik„x
KX 7TX

E(x) = E0e ik0x

e' a +e 1 a

yV

f 7tX

COS n—

\ a )

e a —e
-i

sin

r x^
n—

v a j

(2.3)

Figure 2.2: The formation of the bandgap in a one-dimensional periodic medium.

The power in the 'sine' solution is concentrated in the lower index medium
whereas the power in 'cosine' solution is concentrated in the higher index
medium. Consequently, the 'sine' solution has a higher frequency.
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a

Figure 2.3: A bandgap formed at the Brillouin zone edge.

The degeneracy at the Brillouin zone edge is therefore split, forming the

photonic bandgap. The larger the difference in the dielectric constant for the two

materials, the larger the frequency separation of the two states, and the larger the

photonic bandgap.

2.4 Two-dimensional Photonic crystals

The idea of a photonic bandgap can now be translated into a two-dimensional
structure. A triangular array of holes can be etched into a material to create the

difference in refractive index (n = \[s ). This effectively forms two 1-D gratings
with one rotated by 30° with respect to the other (figure 2.4).



28

Figure 2.4: a) The triangular lattice of a two-dimensional photonic crystal forming two Bragg

grating separated by 30°. b) The lattice directions in reciprocal space.

Plotting the dispersion diagram in all the directions, T-M-K-r we find that there
are a range of frequencies in which propagation is forbidden. This is the two-

dimensional bandgap.

M K

Wavevector (direction)

Figure 2.5: A bandstucture plotted in all lattice directions for a two-dimensional photonic

crystal.

In the upper band most of the power is concentred in the holes and is often
referred to as the air-band. With the same reasoning the lower band is called the
dielectric band.
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2.5 Photonic Crystal Waveguides

Functionality can be added to photonic crystal devices by purposely introducing
defects into the lattice.

By 'removing' a single line of holes in the F-K direction a W1 waveguide is
formed (figure 2.6).

Figure 2.6: A W1 waveguide. A line of holes has been removed to form a waveguide.

The missing line of holes creates a higher index region that lowers the frequency
of some of the modes in the air-band and pulls them into the band-gap. These
modes have flat profiles (figure 2.7 (c)) similar to the shape of the modes of the

edge of the air-band. The lateral confinement arises from the photonic crystal

lining the waveguide. The W1 also supports index-guided modes. These modes
are not confined by the photonic band gap mechanism but by the average

refractive index of the photonic crystal regions being lower that the non-

perforated defect.
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Figure 2.7: a) A typical bandstructure for an infinite triangular lattice of holes, b) The same

lattice with a W1 defect added, c) A closer view of the W1 waveguide modes.

In figure 2.7 above, we have typical bandstructure diagrams plotted in the
direction of propagation. Figure 2.7 (a) shows a bandgap formed by a triangular
lattice of holes with no defects. A single line of holes is removed from the
lattice in the T-K direction to form a W1 waveguide (figure 2.7 (b)). A mode is
often referred to as either odd or even. This is defined by the symmetry of the
electric field along the centre of the waveguide (figure 2.8). The modes have

opposite parity (figure 2.7 (c)) and crossover (at approximately k=0.25) without

interacting.
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Figure 2.8. A photonic crystal waveguide with the electric field distributions of an even and odd
mode.
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2.6 Vertical confinement

I will not be discussing three-dimensional photonic crystals in this work.

However, we cannot ignore the vertical dimension altogether as it has a real

impact on the design of useful photonic crystals.

For vertical confinement the two-dimensional photonic crystal relies on a slab

waveguide structure, i.e. a higher index core surrounded by a lower index

cladding which provides the condition for total internal reflection.

Snell's law states that the wavevector component parallel to an interface must be
conserved (kz).

z
kz

Figure 2.9. Snell's law and the conservation of kz across the interface.

k0ri\ sin 0t = k()n2 sin 9- (2.4)

where k0 is the free space wavevector.

At the critical angle 02=71/2, therefore:
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k. = hjri-i sin
f
n \

V /

^
(0 ^

\ ^ /

(2.5)

On a bandstructure (co-k diagram), this condition for vertical confinement is

represented by a straight line known as the lightline and has a gradient inversely

proportional to the refractive index of the cladding layer.

k.c
co = (2.6)

In figure 2.10, the lightlines for air (n2=l) and silica (n2=1.46) have been plotted
on a bandstructure.

0.34

Air lightline
(n=1)

Silica

lightline
(n=1.45)

0.2 0.3
wavevector (k)

Figure 2.10. A W1 waveguide with an air (n=1.00) and silica (n=1.46) lightlines. Above the

lightline the modes are very lossy as they couple to cladding modes.

Above the lightline the modes are not perfectly confined vertically and may leak
into the cladding, and thus suffering large losses. This is a severe limitation to

the areas of the bandstructure that we can utilise. If the slab structure is

asymmetric, the limiting lightline is the cladding with the higher refractive
index.

Figure 2.11 (a) shows part of a 1mm photonic crystal W1 waveguide (r/a=0.25,

a=320) operating above the lightline. Image (b) is the same waveguide
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transmitting below the lightline (a change in wavelength of 10 nm) and therefore

scattering no light vertically.

Figure 2.11: Images of the photonic crystal, devices viewed from above. The access waveguides
can be seen (thick dark lines) and varying lengths of photonic crystal waveguides (faint lines), a)
A W1 waveguide operating above the lightline. b) The same W1 waveguide operating below the

lightline (10 nm change in wavelength). Light is scattering from the access waveguide/ photonic

crystal interface due to the impedance mismatch.

2.6 Plane wave expansion

Most of the bandstructures in this work were calculated using the plane wave

expansion method. The calculations were performed by the freely available
MPB software package provided by MIT [2.3], Since MPB was very much used
as a tool in this project, it is necessary to understand the basic plane wave

expansion (PWE) method underlying the code in order to understand its
limitations.

As much of this research took place in Scotland, it is appropriate that we start

with the work of one of the greatest Scottish scientists, James Clark Maxwell. In
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1865 Maxwell published his third paper, "A dynamical theory of the

electromagnetic field". In this paper he wrote the following equations1.

VxE + -— = 0
c dt

Vx//_~fr=~ (2-7)c dt c

V-B = 0

V ■ D = p

Assuming:

1) That there are no free charges (p=0) or currents (J=0)

2) The medium is linear at the field strengths that we are considering so the
electric field is the first order expansion of the displacement field.

3)

(2.8)
D = sE

Vx£(r,0 +— =0
c dt

(29)
Vxg(r,Q-f£>ggM = Q

c dt

V • H(r,t) = 0
(2.10)

W ■ s(r)E(r,t) = 0

We can decouple the spatial and temporal components of equation 2.9 by

expanding the fields in to harmonic modes.

H(r,t) = H(r)ei0"y J
(2.11)

E(r,t) = E(r)e"°'

' The original equations were not written in this form as they preceeded compact vector notation.
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By substituting 2.11 in to 2.9 and taking the curl we can produce the wave

equation and remove the time dependence.

1 „ (co^
2

s.
Vx—V x H(r) = — H(r) (2.12)

\c J

The solution to the wave equation is in the form of a plane wave:

H(r) = eikr (2.13)

The periodicity of the structure must now be considered and so we are able to

apply Bloch's Theorem for a mode in an infinite lattice. The mode has the same

periodicity as the lattice.

Hk(r) = elkruk(r)
where, uk(r) is a periodic function in r. (2.14)
"k(r) = uk(r + R)

Expanding the periodic function into its Fourier components,

N
lG„rH(r) = e'kr^ Am (k)e

m=1
(2.15)

(Gm+k)r

m=\

Expanding the inverse of dielectric function into its Fourier components.

— = YK(GmyG«r (2.16)
sir) U V

These Fourier expansions, 2.15 and 2.16, can now be substituted into the wave

equation 2.12 and this can then be expanded into full matrix form and solved

numerically as a standard eigenvalue problem.
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m=1 C

Having now determined the basic method of plane wave expansion we can

recognise a problem when dealing with a structure that contains a defect such as

a waveguide. We are combining plane waves across an infinite lattice, so we

must be very careful when defining the supercell for a structure with a defect.
The defect will be repeated in all directions (including vertically in a 3D

simulation) so too small a supercell will result in strong coupling between the
defect modes. This error was studied by Stefano Boscolo [2.4] and it was found
that separating a W1 waveguide by nine rows of holes provided sufficient
isolation between the guides.

PWE assumes that the electromagnetic fields and inverse dielectric function is

expanded over an infinite lattice basis set. A function can therefore be

represented by a linear superposition of a complete infinite set of plane waves.

Clearly in a numerical calculation, this cannot be the case and we must truncate

the plane wave set (equation 2.17). This truncation can cause inaccuracy and
effect the convergence of the calculation to the eigenvalue. In mpb the number
of plane waves is set by the resolution parameter.

Figure 2.12. As the number of plane waves increases the eigenvalue converges to the correct

value [2.5],



In a two-dimensional model, as the supercell size increases, the number of plane
waves needed (N) rises with a quadratic relationship. The number of operations

required to diagonalise the N x N matrix is N3. This becomes a N4 relationship
when extended into the third dimension. Working with plane wave expansion

techniques in three dimensions therefore quickly overloads the memory of
modern PC unless the supercell size is cut down dramatically (so risking
interactions between the defects). This imposes severe limitations and often 3D
simulations were carried out the FDTD method instead.

2.7 Finite-Difference Time-Domain modelling (FDTD)

Another modelling technique employed is finite-difference time-domain.

(FDTD). FDTD was first proposed in 1966 by Yee et al [2.6] but it wasn't until
the late 1980's before the exponential growth of computing power made the
made the technique a popular numerical method for solving electromagnetic

problems, with several commercial codes now also available.

This technique involves the discretisation a refractive index map of the structure

and spatially and temporally advancing Maxwell's equations through this grid.
The differentials in Maxwell's equations are replaced with finite differences

(from the griding of the structure). Care must be taken to ensure that the grid is
fine enough to accurately model the device. Normally a grid size of A./10 is

suggested but a finer grid size up to A./20 was often used to ensure an accurate

representation of the lattice.

The spatial grid size has an important impact on the time step used because, due
to the speed of light, they are linked. This is known as the Courant stability
criterion. The time step in the FDTD calculation must be shorter than the time it
takes for the electromagnetic field to cross the spatial grid step. If this were not

true then information would propagate through the structure faster than the speed
of light. Such a condition would cause the calculation to become unstable.
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The Courant stability criterion:

At =■ (2.18)

Ax2 Ay2 /Az2

Large FDTD calculations are less memory intensive in comparison to three
dimensional plane wave expansion models, as there is no need for the

manipulation of large matrices. As a result, large structures can be modelled
with acceptable running time.
Bandstructures can be extracted from FDTD by setting periodic boundary
conditions surrounding the unit cell. Fields are launched for each k-point in the
bandstructure. The time monitors are distributed in the unit cell to avoid mode

antinodes (a monitor placed at the centre of the unit cell would detect only even

modes). The temporal data is then fourier transformed the reveal the frequencies

present in the structure at that k-point. The resulting bandstructure may be

composed of data from one ofmore time monitors. The powers detected at each

frequency are related to the Q of the state. The results must be filtered to remove

the frequencies with low Q to reveal the bands. An example can be seen below

figure 2.13. The bandstructure (figure 2.13: left) is confusing because the data
still contains many low Q points (small spots). Figure 2.13, right, some of the
low Q data points have been removed and the W1 bandstructure is beginning to

appear.
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Waveveetor (lc) Wavevector (10

Figure 2.13. Bandstructures of a W1 waveguide produced using a 3D FDTD method. Left:
Unfiltered results showing many low Q (small spots) points. Right: Low Q states removed

revealing the bandstructure.

FDTD calculations in the project were performed using Rsoft's FULLWAVE
code.
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Chapter 3: Low loss photonic crystals

3.1 Introduction

A key area of research in the field of photonic crystals has been to reduce the

propagation loss of the PhC waveguides. Over the last four years, impressive
advances have been made in the quality of photonic crystal devices in all
material platforms due to the increased process control in the writing/lithography
and etching of these challenging structures. This chapter details my, and the

project's, contribution to this important area of research.

Below (figure 3.1) I have collated some of the W1 silicon waveguide loss results
from the last five years. The drop in loss from a device crippling 110 dB/cm

[3.1] to just 2 dB/cm [3.7] has allowed photonic crystals to become a realistic

technology in the silicon photonic circuit. Some explanation is required,
however. The NTT result (filled square) of 15 dB/cm is not an air-bridge, the
buried oxide layer in still present [3.6]. The GENT/IMEC result of 75 dB/cm

(triangle) also has the buried oxide layer present but it is fabricated using 248nm

deep ultraviolet (DUV) lithography [3.8]. Comparing these values, we can see

that the mass-fabrication DUV technique is still suffering higher losses that
electron beam written structures. If photonic crystals are to become useful
elements of a photonic circuit it is vital that the losses with a mass fabrication
method are reduced. This aim is the focus of this chapter and the major drive of

my research.

The results of this chapter are also plotted on figure 3.1, represented as a unfilled

square and two crosses. The unfilled square represents a non-air-bridge
structure with a loss of 14.2 dB/cm [3.9]. The higher cross represents an air¬

bridge (5 dB/cm) and the lower cross represents a waveguide with an oxide over-

cladding (3 dB/cm). The work in this chapter shows that DUV can rival the loss
values of the world best electron beam written structures.
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Figure 3.1. The improvement of the loss values in silicon W1 waveguides over the last five

years. Circles represent W1 air-bridge waveguides (Air above and below the silicon guiding

layer). The squares represent a silica-clad W1 waveguide (air above the silicon layer and silica

below). The unfilled triangle represents a silica-clad W1 waveguide fabricated with 248 nm

DUV lithography. The unfilled square and crosses are the results presented in this chapter.

The improvements detailed above and in figure 3.1 have been due to better
fabrication techniques and an understanding of how the losses arise. A photonic

crystal waveguidemode operating under the lightline (chapter 2) is intrinsically
loss-less. Before I move on to discuss out fabrication method and results it will

be useful to examine the mechanisms from which the losses arise.
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3.2 Loss Mechanisms

A perfect photonic crystal operating within the bandgap and below the lightline
is intrinsically loss-less. In order to approach these ideal devices we must

minimize roughness, obtain vertical sidewalls and flat bottoms to the holes, with
no random variation in fill factor or hole positions.

The nature of the DUV process (compared to electron beam writing) allows
excellent repeatability in both the hole position (the grid size for the mask was

1 nm) and hole size. Although a DUV mask is written using an electron beam it
is written 4 times larger and the image is reduced in the projection optics.

3.2.1 Side Wall Verticality

An angled side wall causes a break in the vertical symmetry and causes the
breakdown of orthogonality between the TE and TM modes. Tanaka et al at

Kyoto University carried out a 3D FDTD and a coupled mode study of the
sidewall angle effect on loss. They showed a loss of 0.5 dB/mm for a sidewall

angle ofjust 1°. A graph from their paper can be seen below [3.10],

Angle ( deg )

Figure 3.2. A 3D FDTD study of the effect of hole side wall angle on the loss of a W1 photonic

crystal [3.10],
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3.2.2 Disorder in the hole size and position

Random variation in the hole size and position is also an important loss
mechanism. Noda et al have been very concerned with loss as limiting factors to
their high-Q cavities. A 3D FDTD study revealed that a hole size variation with
a standard deviation of less than lnm was as detrimental to the loss as a 3° slope
in the hole side wall.

An analysis of positional disorder was carried out at the University of St
Andrews (by Dr William Whelan-Curtin). The holes were purposely disordered
and the losses measured using a cut-back technique revealing a dependency of 9
db /cm trim ofrms ofdisorder (figure 3.3).
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Figure 3.3. The impact of positional disorder on loss.

3.2.3 Roughness

In recent years, as loss values have fallen, the importance of roughness and

minimising it has been a growing area of concern. As more and more groups

have been examining high-index contrast material systems, the question of

roughness has gained more importance due to the increased severity of any



surface imperfection. This is highlighted by the analytical model developed by
Tein which states that the scattering loss due to roughness has a An dependency

[3.11].

In a high quality photonic crystal, roughness on the hole sidewall is extremely
difficult to measure accurately. Judging the roughness simply from observation

challenges the resolution of an SEM (~2 nm). An atomic force microscope

(AFM) is often used to measure line roughness but it is difficult to get the AFM

tip on to an etched sidewall. On the other hand, roughness can be reduced using
an oxidation process [3.12].

The source of the roughness can be either in the lithography (resist) process or

the etching. Roughness is thought to be less important than the holes position,
size, and side wall angle although there is a squared dependency [3.11]. It
should not be ignored in today's ultra-low loss PhC devices as a 2 nm rms

roughness can contribute 1-5 dB/cm to the propagation loss.

3.2.4 Loss mechanisms in this projects fabrication process

The DUV mask is written by a scanning electron microscope (SEM) is reduced

by a factor of four when projected on to the wafer. The grid size of the mask is 1
nm and so the error in the period of the photonic crystal is not detectable on an

SEM.

The device features are also written simultaneously. This means that although
the holes may not be perfectly round, the error in the hole shape tends to be the
same in all the holes across the device. The misshaped holes are therefore a

periodic error and so do not contribute to the loss.

The sidewall angle is therefore the most important loss mechanism in this
fabrication process.

Figure 3.4 shows an SEM cross-section of a 280nm lattice with 152nm hole
diameter (r/a=0.27). This photonic crystal wave fabricated using an Intel 193nm
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CMOS fabrication facility. Despite the very small feature size (below the
minimum that we would need for a device at 1.55pm) a very flat bottom to the
hole was achieved with 87-90° side wall angle [3.9].

Figure 3.4 An SEM cross-section of a 280nm lattice with 152nm hole diameter (r/a=0.27) [3.9],

It is vital to have a sidewall angle greater that 89° in order to produce low loss

photonic crystals.
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3.3 Fabrication

It has already been mentioned that in order to meet the future demands of silicon

photonics in terms of both economics and volume, the fabrication process should
be compatible with CMOS microelectronics processes, which currently uses

deep UV lithography. Although very advanced, the CMOS processes need to be

adjusted because of the different tolerances for the fabrication of photonic
devices. Microelectronics requires the critical dimension (CD) to be accurate

within ten percent. Photonics requires this to be much tighter, i.e. better than one

percent). The side wall roughness also much more of a concern for photonic
devices as it contributes to propagation losses.

In this section I will describe the CMOS fabrication process and indicate how it
was adapted to the fabrication of low loss photonic crystals.

3.3.1 SOI Wafers

All the photonic crystal structures in this project were fabricated on a silicon-on-
insulator platform. The Silicon-On-Insulator (SOI) wafers used are typically
made up of three layers. On the top, there is a thin crystalline silicon surface

layer of typically 200-300 nm thickness. Below this lies a silicon dioxide (Si02)

layer commonly known as the buried oxide or BOX. Finally, a silicon substrate,
known as the handle, supports the wafer. There are a number of ways in which
an SOI wafer is produced. For completeness I shall outline the basic processes

[3.13],
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Silicon Substrate

Figure 3.5. A typical SOI wafer. A thin silicon layer lies above a buried oxide layer (BOX) with
a silicon substrate.

1) Separation by Implanted Oxygen (SIMOX):

A silicon wafer is implanted with oxygen ions while being maintained at 600°C.

By implanting with a high concentration that satisfies the stochiometry of Si02, a
continuous buried oxide layer is formed with distinct interfaces. This interface is

improved after several hours of annealing at 1300°C in order to anneal out
defects formed by the implantation process. The SIMOX process can produce
BOX layers of 0.5pm with a silicon layer of 0.3pm. Up to several microns of
Silicon can be grown epitaxially on the surface silicon layer if required.

2) Bond and Etch-Back SOI (BESOI):

BESOI require two wafers. Both are oxidised and the two Si02 layers are

brought into contact with each other. These hydrophilic silica layers form a

strong bond which is strengthened by thermal processing up to 1100°C. One
wafer is then thimied to form the top silicon layer.

The thinning process is usually done using chemical mechanical polishing

(CMP). CMP is a well-controlled technique used for the planarisation of wafers
in the microelectronics industry. However this process still limits the silicon

layer to above ten microns.
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Figure 3.6. The BESOI process, a) Two silicon wafers and oxidised, b) Then brought into
contact and heated in order to bond the oxidised layers, c) The silicon layer is thinning via CMP
or a etch to the desired thickness.

3) Wafer Splitting (SmartCutK Process to produce Unibond Wafers):

The SmartCut® process was developed at LETI in France and wafers are

commercially available from SOITEC. The SmartCut8 method is a combination
of the SIMOX and BESOI techniques. Firstly, two wafers are oxidised, but
before bonding as takes place as in the BESOI process, one wafer undergoes an

H+ ion implantation step. The depth of this implantation is dependent on the ion

energy and can range from a couple of hundred nanometres to a few microns in

depth. The Si02 layers are then brought in to contact and a bond is formed. This

bond is strengthened at 600°C and undergoes a 1000°C thermal process that

splits the wafer at the implanted F11 ion layer to leave an SOI wafer. The split
occurs at the highest ion implantation plane because of a high density of lattice

damage. A light CMP then removes the surface roughness.
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c) Oxidised layers are brought in
to contact causing them to bond
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oxide bonds and split the wafer at
the ions implantation layer.

1

Figure 3.7. The SmartCut process.

3.3.2 Choosing an SOI wafer

For the fabrication of a low loss photonic crystal waveguide we must carefully
decide on the structure of the slab. The BOX layer should be as thick as possible
to reduce the tail of the mode leaking power into the substrate. A thickness of

2pm-3pm is acceptable for highly confined photonic crystal waveguides. The
silicon over-layer should be thin enough to be single mode in the vertical
direction. A thickness of 0.5a (where 'a' photonic crystal period) maximises the

photonic crystal bandgap which suggests a thickness of approximately 200nm

[3.14]. These requirements suggest that the SmartCut" SOI will be the most

suitable as it allows fine control establishing a thin Silicon layer above a thick
BOX. The wafers in this project were SmartCut® 240nm Silicon over-layer/

2pm BOX and 220nm Silicon over-layer/ 2pm BOX.
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3.3.3 Lithography

Intel describes lithography as 'the process of duplicating a two-dimensional
master pattern with light'. The Lithographic process is the major technology

step needed to reduce the minimum feature size in a chip and represents

approximately one third of the chip cost in typical microelectronics products.

3.3.3.1 The Mask

The master pattern is known as the mask (or reticle) and is a major cost for small
research runs costing anywhere from $1K to $150K. This project uses a binary
mask consisting of a chrome pattern patterned with an electron beam on a fused

quartz plate.

3.3.3.2 An Outline of the Photolithography steps

The photolithographic process has three major steps performed by two machines,
the stepper and the track. The stepper used in our 193 nm process was a Nikon
S306 with a 0.78 NA. The DUV lithography was performed by Intel, Israel..

1) Preparing the photoresist layer (takes place on the track)

The wafer is prebaked to remove moisture from the wafer to

allow the resist to adhere to the surface.

The surface is then primed with a vapour of HMDS

(HexaMethylDiSilzane) to make it hydrophobic and prevent the
resist from lifting off.
Resist is then deposited on to the surface and spun to the desired
thickness.

The edge bead is removed from the front and back of the wafer.
A final spin dries the film.
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A sofitbake removes most of the solvent from the resist in order to

make a stable film.

A chill step stops the film dehydrating and improves the

repeatability of the printed critical dimensions (CD).

2) The Exposure (takes place in the stepper)

The wafer is positioned and brought in to focus and exposed. The
resist becomes base soluble.

3) Develop (wafer returns to the track).

A post exposure bake (90°C ± 0.5°C).
The wafer is developed in a base (e.g. TeraMethylAmmonium

Hydroxide).
A hard bake (>90°C) removes any residual solvents and anneals
and hardens the resist.

Figure 3.8. The stepper and track tool that performs the complete lithographic

process.
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3.3.3.3 Lithographic printing methods

The resolution of the lithography step is not only dependent on the wavelength
of the light source but also the light projection method. Currently there are four
methods available described briefly in the table below.

Lithographic
Process

Description Notes

Contact
Mask is in contact with the
wafer
Mask Covers entire wafer.

The mask gets damaged
and dirty
Uneven surfaces affects

print quality.
Resolution limit 600nm.

Proximity
Small gap (d) between the mask
and the wafer.
Mask Covers entire wafer.

Resolution limit **3V(Xd)
X=24Snm limits features
to 3pm.

Step and
repeat

Exposes one field at a time
25mm x 25mm
Refocuses between steps.

Source of X=248um prints
350nm features,

Step and
Scan

Steps between fields and scans
within the field.
Focuses while scanning.
Field size 25mm x 33mm

Resolution ofPOrnu.

Table 3.1. A summary of the lithographic printing methods available.

The step and repeat method is employed by 248 nm source facilities such as

IMEC, Belgium [3.15], This technique is simple and requires no major
movement of the reticule and with long relaxation times for the wafer stage. The
whole field (25mm x 25mm) is exposed at once
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Mask Mask

Step and repeat Step and scan

Figure 3.9. Left: The step and repeat method exposes a single field then moves to the next.

Right: The scan and step method only exposes a (25mm x 8mm) strip in order to reduce lens
aberrations.

By reducing the lens active area (25 mm x 8 mm) and scanning the field, a

higher resolution can be achieved because the aberration in the lens is reduced.

This has enabled the semiconductor industry to hit the 90 nm node. The step and
scan technique is much more complicated (and consequently more costly) as the
wafer stage and mask must both be moved during exposure which requires
excellent synchronisation. Vibrations, humidity and focus must all be controlled
in real time as the wafer is being exposed in order to avoid positioning and CD
errors. This complexity can cause the cost of a stepper to go above US$15
million.

3.3.3.4 Stepper Optics

The stepper exposes the wafer and so it is critical to the resolution of the process.

In this section I will review the basic optics involved.

A lithographic tool often quotes a numerical aperture (NA) in its description.
The NA is vital in determining the potential resolution of the equipment. The
NA of a tool is the maximum acceptance angle in which a beam will pass

through the system. For single lens it is defined as:

NA = sin(a) (3.1)
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Figure 3.10. The acceptance angle of a lens.

The projection system is set up in a Kohler configuration so to image the mask
on to the wafer with uniform illumination.

Aperture

Wafer stas ■

Light Source

Condenser Lens

Projection Lens
Svstem

■■■■■■

Figure 3.11. The Kohler configuration to image the mask on to the wafer with uniform
illumination.

The aperture lies in the NA plane of the projection lens system and is effectively
a low pass filter for the Fourier transform of the mask. Light passing through an

array of features on the mask will produce a diffraction pattern with the well-
known orders of diffraction.
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m = order of diffraction

/I = wavelength of source (3.2)
d = narrowest line period
0m = diffraction angle

For an image to be formed, at least two orders (+1 and -1) must pass through the

aperture to produce a sinusoidal image of the features. The zeroth order contains
no useful phase information because it has no higher order component to

interfere with - a point that we shall discuss later in off-axis illumination.

Figure 3.12. The diffraction orders when an array of slits are illuminated. To construct an image
the +1 and -1 orders must pass through the aperture.

Equation 3.2 contains the variable 'd' which corresponds to the period of the
features on the mask. Reducing this will cause the angle of diffraction, 0, to
increase. If 0 is large enough so the +1 and -1 diffraction orders fall outside the

aperture and the pattern will not be reproduced.

Aperture
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From 3.2:

sin(0)=4 (3.3)d

At the resolution limit:

sin(<9) = NA (3.4)

So the minimum feature width (CD):

= (3'5)
NA

The wavelength of the source is important in determining the resolution of the

stepper. Shortening the wavelength of a stepper is often associated with a move

to a new technology node. Sources will be discussed later in this text. Clearly,
another method of improving the resolution is to increase the NA of the system

to achieve a higher resolution of the process. However, as so often is the case in
real-world problems, a balance must be struck between the resolution and the

depth of focus (DOF) as illustrated in figure 3.13 below.
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High
NA

Low
NA

Projection Lens
System

Figure 3.13. Increasing the numerical aperture (NA) of a lens decreases the DOF.

Increasing the NA dramatically decreases the DOF.

DOF (3.6)
(NA)2

A resist film can be 300nm-500nm thick and requires near-homogeneous

exposure throughout its thickness. Maintaining CD repeatability when

increasing NA therefore requires a corresponding reduction in thickness. The

necessary advance in resist technology is documented in the international
semiconductor roadmap [3.16], An example of the predicted reduction in resist
thickness is in table 3.2 below.

exposure
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Year 2005 2006 2007 2008 2009 2010 2011 2012 2013

Resist 150- 125-225 110- 100- 90- 80- 70- 60- 55-

thickness 265 200 180 160 145 130 115 100

(nm)

Table 3.2. The predicted reduction in resist thickness needed for the future development of the
semiconductor industry. Adapted from [3.16].

3.3.3.5 Partial Coherence

So far, we have assumed that the illumination originates from a point source and
is therefore is perfectly spatially coherent. This assumption is not true as, in

reality, we have a distributed source that may even be purposely selected to have
a low spatial coherence (see sources). A low spatial coherence source offers a

resolution advantage in comparison to a perfectly coherent system.

Figure 3.14. The resolution of the system can be increased by using spatially incoherent light.

Spatially coherent +1 and -1 modes are cut-off. The incoherent modes however are not fully
cut-off thus allowing the image to be formed, albeit with reduced contrast

Figure 3.14 illustrates the advantage of spatial incoherence. The lack of source
coherence produces a distribution in the diffracted orders. In a coherent system,



the +1 and -1 orders would be outside of the NA ring, so the image would be
unresolved. In spatially incoherent systems, however, the +1 and -1 orders are

partially within the NA diameter and so the image will be resolved although, it is

important to note, with reduced contrast. The degree of partial coherence can be

quantified with the following relationship.

spatial coherence factor, cr = =—

NAp dP
NAc = Numerical Aperture of the condenser lens system

NAp = Numerical Aperture of the projection lens system (3.7)
ds= diameter of source imaged on the NA plane
dp= diameter of the projection lens system numerical aperture

The spatial coherence factor, a, varies between 0 (coherent) and go (incoherent).
Our period of features size is now.

d = (3.8)
NA(\ + a)

In today's lithography steppers the spatial coherence factor usually range

between 0.4 - 0.8. A lithographic process which is further enhanced using off-
axis illumination (see below) does not have a single value for the spatial
coherence factor. Our 193nm process has a sigma value of 0.8 for the outer edge
of the annular illumination ring.

3.3.3.6 Off-axis illumination

It has already been mentioned that the zeroth order of the diffraction pattern

contains no useful information other than the image brightness. In this case, the
zeroth-order just adds noise to the image and reduces the image contrast. To
remove this noise in the system we can tilt the source away from the axis and
move the zeroth order from the centre axis. All the light passing through the tool
now contributes to the image (figure 3.15).
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Off axis illumination

Figure 3.15. Off-axis illumination. The illumination is tilting so only two modes are within the
numerical aperture of the system. Both modes contributed to the image instead of the zeroth
order mode reducing the contrast.

Tilting in the opposite direction has the same effect. Combining both tilt
directions reduces the sensitivity to lens aberrations. This double off-axis tilt is
known as the dipole configuration and is the optimum illumination for a ID

periodic structure. The resolution of the system has also increased (without

decreasing the DOF) as we are now using the 0 and -1 orders that are separated

by 9 instead of the separation of 29 between +1 and —1. For a square lattice a

quadrupole illumination is optimum and for a triangular lattice a six-pole pattern

is most effective. In a design where there are arbitrary periodic orientations an

annulus is used. It should be pointed out that the off-axis illumination angle is

optimum when the zero and first order orders are spaced equally about the

optical axis and so the optimum is period dependent. Typically, an annulus
illumination is used in practise because of the range of lattices and lines on the
wafers.
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3.3.3.7 Sources

The source wavelength is vital to overall resolution of the lithographic process

(equation 3.5). Developing the next generation source and suitable optics is an

active area of research.

The sources used for this project were excimer lasers (KrF - 248nm process, ArF
-198nm process). The excimer laser offers high powers and narrow bandwidth
at UV wavelengths. They also have poor spatial coherence, which is

advantageous to the lithographic process (see partial coherence).

3.3.3.8 Optical Proximity Effect (OPE)

Previous work by Bogaerts et al. at IMEC, Belgium, has highlighted the need to

account for optical proximity effects [3.17] These are due to optical interferences
between neighboring holes and critically depend on the exposure wavelength and

process window. The more the exposure wavefunctions overlap, the stronger the
effect. For 248 nm exposure, for example, variations in hole size from 350 nm to

420 nm have been reported [3.17]. The CMOS process has not addressed this

problem until now because the contact size (the feature which is closest to a

photonic crystal hole in lithography terms) is not critical (usually 10% is

sufficient). The CMOS process also does not fabricate dense arrays of holes (or

contacts). As a result we cannot adopt a CMOS solution.

Optical proximity correction (OPC) is needed to pre compensate for this effect
and to ensure that holes situated at exposed places (e.g. corners, borders) are

printed at the same size as those in the middle of the lattice. As a starting point
for our experiments, I therefore used similar biasing as described by the IMEC-

group.

During the course of this project two different fabrication facilties were used. A
248 nm source process (wafer run 1) and 193 nm source process (wafer runs 2,3
and 4).



For the first wafer run using the 248 nm facility Y-junction patterns were used to
examine the optical proximity effects as they contain bulk lattice holes (six

neighbours), waveguide edge holes (four neighbours) and corner holes (three

neighbours).
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Figure 3.16. Y-junctions were used to examine optical proximity effects.

For all the structures on the wafer, three levels of optical proximity correction
were applied. The correction was applied to any non-bulk lattice holes. I

applied the feature size correction at the design stage when laying out the

designs in a gdsll file.

OPC Level Edge hole % correction Corner hole + nm

(OPCO, OPC1, OPC2) correction

0 0 0

1 5 10

2 10 20

Table 3.3. The correction applied to the structures on the 248 nm process wafer run.

It was found that the highest level of correction (which is similar to the IMEC

correction) was too much, and so the waveguide holes were fabricated too large.
An OPC level of 1 was found to give the most consistent hole diameters. The
better tolerance to the to optical proximity effect in comparison to the IMEC 248
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nm process is due to the more sophisticated equipment being used (such as the

step-and-scan tool and off-axis ilumination) increasing the resolution and

process window.
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Figure 3.17. Left: Level I proximity correction. Right: Level 2 proximity correction, (poor

image quality is due to an oxide growth on top of the devices.

The later wafer runs (2,3 and 4) were done on a 193 nm lithography process.

When we did this we found the uncorrected patterns printed showed virtually no

proximity effect (figure 3.19).

Figure 3.18. SEM image of a photonic crystal fabricated with the 193 nm process. The top row

of holes deviates by only a few nanometers despite not undergoing any OPC.



Figure 3.18 is a top view of a photonic crystal lattice printed without proximity
correction. The top line of holes constitutes a row of border holes; where as the
rest of the holes can be considered as bulk lattice. Image analysis conducted by

fitting a best circle to each hole yielded a size of 194.3 ± 2.3 nm for the border

holes, and 195.3 ± 2.0 nm for the bulk lattice holes. The optical proximity effect
is therefore smaller than the hole size variation and thus negligible.

The improved resolution of the 193nm technology combined with the off-axis
illumination and the scan and repeat tool, allows a much larger process window

(compared with the IMEC 248nm line) for the fabrication of photonic crystals.
The holes are therefore much better defined; dramatically reducing the cross talk
between the individual structures. The removal of the OPC requirement on the
mask simplifies the design process and allows a greater confidence in fabricating
the structures correctly.

3.3.3.9 Dose, targeting and lithoskew

The large die sizes of 20mm x 30mm used in this project allow for a huge range

of experiments to be fitting into a single wafer run. However, this means that a

large range in CD and feature sizes exist on a wafer. Extreme designs such as

very small holes require a large dose in order to print them. Consequently this
will over expose the larger holes on other designs. A lithoskew is therefore
carried out.
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larger
features

targeted

Increasing dose

Figure 3.19. A wafer contains many die. Each die is the repeated field. For research, a lithoskew
is usually carried out so that the dose is increased across the wafer allowing different size
structures to be fabricated.

The dose is increased gradually cross the wafer thus enabling different feature
sizes to be targeted (figure 3.19). Targeting required me to select important
devices in the die which were monitored during the fabrication process. A wafer
would typically have 4-5 targeted designs.

Extreme ranges of designs occasionally require different targeting on different
wafers e.g. One wafer is targeted to small holes and another targets larger holes
and waveguides.

Below (figure 3.20) are SEM images of three structures that were on a single
wafer run. The photonic crystal in the centre has a targeted holes size of 152 nm.

The photonic crystal on the right has a hole size of 298 nm and the ring resonator

has a separation of 120 nm. In this case the targeted features were two different
to accomplish on the same wafer. The high dose required for the small (152 nm)

holes, over exposes large 298 nm holes. Different wafers therefore had to be

printed targeting each pattern type individually.

□□□□□□□□□I
Smaller

□□□□□□□□□□□ features
□□□□□□□□□□□ ) tm«eted
□□□□□□□□□□□
□□□□□□□□□I
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Figure 3.20. Three very different structures to be fabricated on a single wafer. Left: A ring
resonator with a waveguide-ring separation of 120 nm. Centre: Very small holes (r/a=0.2) with
152 nm diameters. Right: Large holes with a diameter of 298 nm. Different wafers had to be

printed targeting each pattern type individually due to the different exposure doses required.

I also identified special or unusual features which would require extra care in
fabrication. For example, the final wafer run contained a photonic wire Y-

junction. A sharp point on the splitter is important for an efficient device. This
feature was therefore highlighted. Figure 3.21 below shows the designed
structure and the fabricated structure.
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Figure 3.21. A photonic wire Y-splitter. Above: designed feature. Below: Fabricated feature.
The tip of the fabricated Y-splitter has a 50nm radius of curvature.

3.3.3.9 Stepper process and equipment

Below is a summary of our lithography tool.

Stepper: Nikon S306 with a 0.78 NA.
Source: 193 nm ArF Excimer laser, 248 nm KrF Excimer laser.

Illumination: Annular illumination.

Partial Coherence, a: 0.8 at outer edge of ring
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3.3.4 Etching

The next stage in the fabrication process is the transfer of the pattern in the resist

through to the SiON hard mask. Following that, the hard mask pattern must be
transferred to the Silicon. Both these processes require an anisotropic dry etch.

3.3.4.1 RIE Hard-mask etch

The hard mask (SiON) was etched with a C4F8/O2 chemistry (C4F8/O2/AJ

+SiON(film)->SiF4,NxOy) using a TEL Unity II RIE (reactive ion etching)

(figure 3.22).

Gas

Blocking capacitor

=2>
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\

y j j RF power supply

Exhaust

Figure 3.22. An RIE etcher.

The plasma is created in the RIE chamber by oscillating electrons in the field

striking the injected gas molecules. The asymmetry in the mobility of the

respective species creates a DC bias and so the ions to accelerate towards the
wafer. This DC bias gives the etch directionality but reduces the selectivity of
the mask. Control of the DC bias and RF power is important in determining the
etch profile and the etch rate of the process.



The blocking capacitor causes a direct relationship between the RF power and
the DC bias. The higher mobility of the electrons in comparison to the heavier

positive ions allows a larger electron current to be induced by the RF power

(figure 3.23 (a)).

Voltage

Ho Blocking Capacitor

Zero net current

Voltage

Blocking Capacitor

Figure 3.23. The effect of the blocking capacitor in the RIE etcher producing the DC bias.

(Adapted from Intel corporation internal presentation)

Introduction of the blocking capacitor means that no net current can flow forcing
a DC bias to exist (figure 3.23 (b)) and so increasing the RF power increases the
DC bias.

3.3.4.2 ECR Silicon Etch

The second stage is a silicon etch using a Hitachi M511 ECR deep etcher.

In order to etch high-aspect features with an RIE, greater directionally is

required. This necessitates an increased DC bias and low pressure (so the ions
strike the wafer will the full bias because of their greater mean free path). The
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DC bias dependence on the RF power causes the selectivity of the mask to be
reduced.

The incompatibility of the RIE process with deeply etched features forces the use

of a more sophisticated approach. The ECR (Electron Cyclotron Resonance) is
another form of plasma etching and is more suited to the etching of high-aspect
features because the ionization of the gas is achieved independently of the RF

power. High ionization levels can be achieved at low etch pressures.

presentation)

Figure 3.24 shows the basic workings of an ECR etcher. The ionsiation of the

gas is performed by a microwave source and the coils inducing a magnetic filed
in the chamber.
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The electrons spiral around the magnetic field with a cyclotron frequency

m

q = charge of the electron (3.9)
B = magnetic field strength
m = mass of an electron

If the microwave frequency matches the cyclotron frequency, energy is

efficiently coupled to the electron. The spiraling electrons travel further than in
the straight RIE configuration and gain more energy. This enables a higher level
of ionization to be achieved and useful etch rates even at low pressures.

The ECR etcher allows additional input parameters, namely microwave power

and coil current. Increasing the microwave power increases the ionisation and
chemical etching. Controlling the coil current changes ECR magnetic field

strength, so allowing adjustments to the chemical etching and uniformity.

3.3.4.3 Etching results

As detailed earlier in this chapter, low loss photonic crystals require a vertical
sidewall otherwise the break in vertical symmetry will cause strong coupling to

the TM modes and a loss of 1 dB/cm/°from vertical. The etching was optimised
to achieve vertical sidewalls. Figures 3.25 and 3.26 below show the hole

profiles for the 248 nm lithography process and 193 nm lithography process

respectively.



75

Figure 3.25. An optimised etched hole for the first wafer (248 nm lithography process).

The hole walls in figure 3.27 are close to vertical but there is some roughness.
The roughness has been removed on the fourth wafer run and so we expect very

low losses due to etch optimisation (see measurement results later in this

chapter).

Figure 3.26. The optimised etch on the fourth wafer (193 nm process). The side walls are

vertical.



3.3.5 Post Fabrication Sample preparation

To prepare the samples for optical testing I had to cleave the devices from the
wafer ensuring good optical facets. The normal procedure for cleaving a facet is
to carefully scribe the edge of the sample with a diamond and break the material
at this point over a razor blade along the crystal plane. Unfortunately SOI
wafers are very thick (700 microns) and include the non-crystalline layer (BOX).
As a result, the silicon fdm on top often shatter during an attempted cleave.

To enable a clean cleave I had to thin the silicon handle down to 200 microns.

The methods tried were mechanical thinning and chemical thinning (using a

KOH wet etch).

To mechanically thin the wafer, a sample was mounted, device side down onto a

metal stub with dental wax. The stub was then placed in a holder and moved in a

circular motion on a flat glass plate lubricated with an Aluminium paste (5
micron particle size). Care had to be taken to avoid 'jumping' or tilting the stub
and causing damage to the edges of the sample. Thinning a sample 20mm x

20mm takes 2-3 hours. The dental wax is removed before cleaving by soaking
the sample overnight in Trichloroethylene or Ecoclear (non-toxic solvent
available from Logitech).

The difficultly of mechanical thinning and the risk of damage occurring to the

sample required me to investigate chemical thinning with Potassium Hydroxide

(KOH) as an alternative. The major challenge for the chemical thinning process

was to find a way to protect the top silicon layer from the KOH solution at 70°C.

Aphesion wax was found to be sufficient. A microscope slide was heated to

120°C to melt the wax and the sample was mounted device side down. Care has
to be taken not to get air bubbles in the wax or it could provide a void for the
KOH solution to leak into and attack the devices. The total etch time was

approximately 14 hours but the sample was remounted every 5 hours because the
wax begins to break down. A water bath was used to keep the temperature of the
KOH solution at 70°C. If the temperature reaches 80°C the wax will soften and
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there is a high risk that the sample will lift in the wax and etchant will reach the
devices. With care, the chemical thinning process is much more reliable in

comparison to the mechanical thinning and allows the thinning of large areas of
wafer.

A good cleaved facet is critical for the optical measurements. It is even more

critical if one is to employ a cut-back method for determining loss as I have done
later in this chapter.

To successfully cleave SOI, the scribe line should be very short to ensure that the
'cleave' is not forced across lattice planes. Most importantly one should pay

particular attention to removing a small amount ofmaterial from the sample edge
as it is from this point that the cleave will originate.

Figure 3.27. Cleaving a thinned SOI sample. Removal ofmaterial from the edge of the sample is
critical to a good cleave.

Care should also be taken when lowering the scribe tool so as not to create a

damage point on the sample which could cause the sample to fracture when the
cleave reaches it.

Short score line and removal of

edge material.



Figure 3.28. The facet of a cleaved access waveguides. The face, is veW straight and free from
defects. A high quality facet is vital for loss measurements.



3.5 Low Loss Results

Wl waveguides were fabricated with a wide range of periods (280 nm - 460 nm)
and hole diameters (r/a=0.25 - 0.4). To assist with the coupling of light into the
devices, access waveguides of 5 pm width were used to connect the photonic

crystal waveguides to the cleaved facets, using adiabatic tapers. The total typical

sample length was 5 mm with a maximum photonic crystal length of 1 mm.

The lattice required for 1.55 pm operation is approximately 400 nm and the 280
nm period size was only included to explore the limitations of the process, as

smaller features are required for more complex designs [3.17, 3.18],

3.5.1 W1 transmission measurement

I used an Erbium fibre amplified spontaneous emission (ASE) source (HP

83438A) with k=l525-1575 nm useful wavelength range and an optical

spectrum analyser (Advantest Q8384) were used to record the output with a

resolution of 0.01 nm. A labview program2 was written to set up the OSA, take
the measurement and download the data to the PC.

2 Considerable effort of Tim Karle should also be acknowledged in the writing of the program.
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GPIB connection

Figure 3.29: The measurement setup for analysis of the W1 waveguide loss. A broadband
source is available and can replace the ASE when necessary.

The lattice periods were stepped by 10 nm to allow lithographic tuning. This
method allows one to effectively move the bandstructure across the wavelength

range that our source operates (1525 nm - 1575 nm) due to the scalability of
Maxwell's equations. For example a feature that would appear at a wavelength
of 1585 nm in the 400 nm period device and so outside our scanning range could
be viewed by examining the 390 nm period crystal.

e-g,

a,
_ a2

(3.10)
1585 2,

390
/L = xl585 = 1545nm

"

400

The feature has now moved within the wavelength range of the source. A real

example can be seen below. The bandwidth of the W1 wavegude below is larger
than the source bandwidth. Three periods of devices have been measured and
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the loss calculated using the cut-back method (see below). The loss graphs can

then be stitched together with a normalised frequency axis.

Normalised Frequency (aJX.)

Figure 3.30. The bandwidth of the W1 wavegude below is larger than the source bandwidth.
Three periods of devices have been measured and the loss calculated using the cut-back method

(see below). The loss graphs can then be stitched together with a normalised frequency axis.

Particular care was taken to optimise the signal between measurements. This
was achieved by maximising the signal on the photodetector and monitoring the

output with the infrared camera to check the quality of the mode. The

propagation loss for the W1 waveguides was calculated using the cut-back
method for six lengths of PhC ranging from 30pm to 1000pm.

The cut-back method makes the assumption that the coupling is the same at each

length. A good quality facet is therefore critical. The devices were placed close

together on the wafer to minimise any change in facet quality.
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Figure 3.31. The transmission for a set ofW1 waveguides with varying lengths.

Figure 3.31 shows the transmission for the a set of W1 waveguides. The

transmission has been converted to dB (P(dB) = \0-\og(PMEASURED)). For each

wavelength (0.01 nm step). The loss against photonic crystal length is taken and
a best-fit line is introduced. This line has a slope with units of 'loss dB/mm'.

0.4 0.6
Photonic crystal length /mm

Figure 3.32. For each wavelength step (0.01 nm), a best-fit line is fitted to the data. The slope of
the line is the propagation loss.

The loss dB/mm value (best-fit slope) is then plotted for each wavelength to

reveal the loss spectrum of the photonic crystal device (figure 3.33). Care
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should be taken not to interpret regions of no transmission as regions of low loss

(i.e. 1.56 pm-1.57 pm).

wavelength /gm

Figure 3.33. The loss spectrum for a set of W1 waveguides. The propagation loss of for

wavelength is plotted (slope of figure 3.32).

To reduce the error, the data is taken more than once and for a number of

different samples.

3.5.2 W1 Waveguide loss using the 248 nm process

The first wafer run (known as PBG1) was fabricated on the 248 nm process. As
it was the first run, a few mistakes were made. The lattice periods used were too

high and the waveguides were operating above the lightline. The SOI wafer
used was also too thick (340 nm silicon layer) and was multimode in the vertical
direction. Both could be corrected however by oxidising the sample to reducing
the silicon thickness. The sample was heated to 1100°C in a furnace under a

nitrogen atmosphere. Oxygen was then passed over the sample for required
time. Finally the sample was allowed to cool to room temperature under a

nitrogen atmosphere. This process oxidises the silicon layer at a rate of 30 nm

per hour.
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Figure 3.34. The rate of silicon oxidation (temperature 1100°C). Rate is 30nm per hour.

The new silica layer is thicker than the depth of silicon that has been oxidised.
This is expected due to the lower molecular density of Silica (2.3x1022

t 99

molecules/cm) compared to the atomic density of Silicon (5x10"
molecules/cm ).

Depth of Silica produced =

XSj = Thickness of Silicon that has been oxidised = 70 nm

Xox = 70/ 0.46 = 152 nm

The silica thickness was measured using an ellipsometer and was found to be
161nm so there is a good agreement in the two values.
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Figure 3.35. The oxidation of the SOI wafer. The structure of the oxidised sample was

determined using ellipsometry.

Below is an SEM picture of the cross section of the wafer with a Silicon layer of

approximately 255nm.

Figure 3.36. Confirmation of the ellipsometry results using a scanning electron microscope.

The silica produced by the oxidation process causes the holes to close over

(figure 3.37).
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Figure 3.37. The silica produced in the oxidation process causes the holes to close. The

apparently square hole seems to be caused by the some preservation of the Silicon lattice by the
oxide growth.

The apparently square hole seems to be caused by the some preservation of the
Silicon lattice by the oxide growth. The original circular hole can be seen as a

slightly darker area. Observing the same view but with the SEM scattered
electron detector (as opposed to the in lens detector) clearly shows the silicon
holes.

Figure 3.38. The silicon holes are still circular. This image was taken using the scattered
electron detector.

Above, the image contrast has been increased showing the silicon holes.



Figure 3.39 shows the transmission of the W1 waveguide (OPC1) after
oxidation. The lower edge (normalised frequency ~ 0.274) appears to be the W1
mode cut-off and the higher edge (normalised frequency ~ 0.28) is the effect of
the lightline.
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Normalised Frequency (a/X.)

Figure 3.39. The loss spectrum for the OPC1 W1 waveguides.

When the OPC2 (see optimal proximity correction - section 3.3.3.8) devices
were tested a surprising result was found. The bandwidth has increased from 30
nm to 90 nm (figure 3.40). Such a large bandwidth does not exist between the
silica lightline and the lower band edge.
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Figure 3.40. The loss spectrum for the OPC2 W1 waveguides.

To investigate this further the silica was removed using an HF dip (more details
of this process can be found in section 3.5.3). Figure 3.41 shows the structure

with the silica removed. The photonic crystal fill factor (r/a) is very large. The
veins of silicon between the holes are not strong enough to support the

waveguide which has collapsed.
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Figure 3.41. The oxidation has increased the fill-factor of the device.

The bandstructure for a high fill factor W1 (r/a=0.43) can be seen in figure 3.42,
the fundamental mode can be seen to enter the dielectric band without cutting
off. The waveguide is therefore operating in dielectric band, the higher

frequency cut-off is the lightline but lower cut mechanism is unclear.
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Figure 3.42. A 2D Bandstructure for high fill factor W1 waveguides. The fundamental enters
the dielectric band without cutting-off. The waveguides are operating below the dielectric band

edge.
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3.5.3 W1 Waveguide loss using the 193 nm process

For later wafers we have changed to the 193 nm process to enable an even larger

process window, greater fabrication control, and potentially lower losses to be
realised. The top silicon layer on the wafer was also reduced to 220 nm.

3.5.3.1 Asymmetric Oxide-clad W1 loss measurements

The asymmetric oxide-clad W1 is the standard device on the SOI wafer. The

photonic crystal structure has been etched into the silicon top layer which lies
above a 2 pm Si02 (silica) layer. The vertical structure is therefore asymmetric
as it is clad by silica below and air above. As mentioned in chapter 2 it is the
silica layer which will be the limiting lightline.

For a lattice of a=400 nm with an r/a of 0.25, I found a minimum loss of 14.2 ±

2.0 dB/cm at a frequency of 0.257 aIX (fig. 3). The loss of the access waveguides
was determined to be well below 1 dB/cm and is therefore smaller than the

measurement error.
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Figure 3.43. A cut-back measurement at a frequency of 0.257 a/A. revealing a loss of 14dB/cm.



This result is close to the best reported value for e-beam fabricated, but
otherwise comparable PhC waveguides [3.6], The small bandwidth of the low-
loss window is a combination of the lightline limitation and the cladding

asymmetry caused by the presence of the silica cladding.

I calculated the bandstructure using 2D mpb plane wave expansion. The
bandstructure is shown in figure 3.23 and highlights the small width of the low-
loss window between 0.255 and 0.260 a/A,, corresponding to 30 nm at 1550 nm.

This is further reduced by an interaction between the TE and TM-like waveguide

modes, which leads to a transmission dip just above the low-loss peak at 0.257

a/A. Whereas the TE-like mode experiences the photonic bandgap, the TM-like
mode is index guided.

Transmission
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Figure 3.44. Bandstructure and corresponding transmission window of the asymmetric oxide-
clad W1 waveguide. The spectrum corresponds to the loss determined by the cut-back method
across seven lengths.

The TE/TM mode mixing is further confirmed by measurements through crossed

polarizers (figure 3.23) For TE excitation and TM detection, we obtain distinct

peaks in transmission that correspond to the dips for TE detection. This clearly
demonstrates that a degree of polarization conversion takes place in the

waveguide.
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Figure 3.45. TE transmission (in dB/mm) and corresponding TM conversion (in arb. units). Both
traces were obtained for TE excitation.

If we consider the structure in figure 3.46 where ni=n2<nc and so forming a

symmetrical slab. The TE/TM modes in a photonic crystal symmetrical slab are

orthogonal and do not interact.

Introducing an asymmetry about the bisecting plane (n 1^112) causes a breakdown
in the orthogonality of the TE-like/TM-like modes thus causing a coupling and
therefore polarisation conversion in the device.
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Figure 3.46. A slab structure on which the photonic crystal in fabricated. If n,= n, the slab is

symmetrical in the vertical direction. Ifn^ n, the slab is asymmetrical in the vertical direction.

This effect will limit the usefulness of an SOI device as we can see that the low

loss bandwidth suffers.

3.5.3 Symmetric Air cladding

A solution to the above TE-like/TM-like mode coupling is the introduction of the

symmetry by removing the BOX layer to form an air-bridge structure. I
removed the Si02 from beneath the PhC waveguide used above with a 10:1

EEOiHF dip. The sample was coated with a photoresist (Shipley si 818) which I

carefully exposed to open a window around the photonic crystal regions. Care
must be taken not to allow a long region (over 10pm) of access guide to become
underetched. The lack of support around the access waveguides could cause

them to break.
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Figure 3.47. An SEM image of the an air-bridge structure. The BOX layer has been removed
with an HF dip to produce a vertical symmetry.

The HF solution also attacks the silica at the edge of the sample causing the

waveguides to sag. Optical facets should therefore be cleaved (or recleaved)
after the HF dip.

The initial transmission measurements were taken using an Agilent 83437A
broadband light source fitted with 1430nm, 1550nm and 1650nm EELED. This

enabled the whole transmission region to be observed.

Figure 3.48. The transmission region of a wl air-bridge structure. The devices have been
measured with an Agilent 83437A broadband light source and cut-back to determine the loss.
The flat profile of the low loss region indicates the lack of TE/TM interaction as found in the

symmetrical slab case.



In figure 3.48 a large increase in bandwidth (total bandwith approximately

lOOnm) is observed due to the cladding lightline now being the air (n=l) as

opposed to SiC>2 (n=l .46). The transmission for this structure now has a much
flatter profile that does not suffer from the TE/TM mode mixing as in the

asymmetric slab case. Measurement of the TM power was undetectable

confirming that mode mixing was not taking place. This is also a good
indication that the holes have vertical sidewall because this would also result in

TE/TM mode mixing. Comparison to a 3D mpb bandstructure reveals a good

agreement (figure 3.49). The transmissions dips close to the lightline are most

probably due to the fundamental coupling to the 1st order

Figure 3.49. A 3D bandstructure calculated using a plane wave expansion method (mpb)

showing excellent agreement with the W1 air-bridge transmission spectrum.

We can see the transmission beginning to drop before hitting the lightline. This
is very probably due to some of the power coupling to the odd mode.

The loss of the guide is difficult to reliably determine due to the very low value.

However, by sampling three sets of samples (each having six lengths) I
determined a loss of 5 dB/cm ± 2.5 dB/cm. The error is derived from the scatter

of values from the best-fit line. Despite the unfortunate level uncertainty in this
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measurement, the advantage of using the air-bridge configuration is clear for
both bandwidth and loss.

Figure 3.50. The loss of the W1 air-bridge structure. The loss was found to be 5 dB/cm ± 2.5

dB/cm. a) The transmission window, b) A closer examination of the losses at 1.55 |am.

However, A primary motivation of this work was to fabricate high quality

photonic crystals using a CMOS facility and potentially compatible processes.

The photonic crystal air-bridge however may not be suitable for a high level of

integration because of the requirement of a large void to be maintained above
and below the device as well as poor mechanical stability. In addition, poor
thermal conductivity of a suspended membrane could restrict the usefulness of
future active devices.

There is another alternative approach to achieving the symmetrical slab

structure, which is to introduce a top cladding.

3.5.4 SLAM over-clad symmetrical structure

The material used for the top cladding was developed by Intel Corporation and

Honeywell Electonics Materials to improve the patterning of copper

interconnects. The SLAM (sacrificial light-absorbing material) is a siloxane-
based material which can be spun onto a wafer. It was developed to have
excellent gap filling properties and so made it ideal to fill the photonic crystal



holes. The uniform filling of the holes is vital for low loss waveguiding as

random voids will cause scattering. The refractive index of the SLAM is close
to that of SiC>2 (nsiam=l .488).

Figure 3.51 shows the cross section of a silicon test wafer (poor hole profile due
to the process being optimised for SOI wafers not Silicon). The SLAM can be
seen to fill the hole without any voids. This was found to be true for all cleaves.
A 360nm layer of SLAM lies above the silicon providing the top cladding and a

more symmetrical structure.

Figure 3.51 SEM of silicon test wafers (poor hole profile due to the etch process being optimised
for SOI not Si wafers), a) and b) show the wafer with no SLAM fill, c) and d) show the wafer

with the SLAM fill. The SLAM fills the holes without any voids.

The transmission of W1 SLAM clad waveguides were measured with the same

set up and method as the asymmetric oxide waveguides. Figure 3.52 shows the
transmission spectra obtains using the cutback method. The SLAM clad devices

(red) have a minimum loss of 2 dB/cm compared to 14.2 dB/cm with the

asymmetric slab. The flat profile is resembles that of the air-bridge devices and
indicates that there is very little TE/TM mode mixing.
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Figure 3.52. a) The transmission spectrum for a W1 oxide-clad (SLAM) symmetric structure. A

closer examination of the losses at 1.55pm.

It is evident from figure 3.52 that we have a very low loss photonic crystal.

Again, as with the air-bridge devices the error is beginning to dominate the
measurement. A conservative estimate of the loss could be realistically be

placed at 3dB/cm ± 2dB/cm. To confirm the actual loss I need to fabricate

longer devices. However, despite this, we can see that there is a definite

advantage to the slam over cladding. Not only have we reduced losses but a

much larger low loss window compared to the asymmetric configuration (figure

3.53).

Bandwidth of asymmetric W1 waveguide (low loss window) = 5 nm.
Bandwidth of symmetric oxide-clad membrane W1 waveguide = 30 nm.

Bandwidth of symmetric air-clad membrane W1 waveguide = 80 nm.

The loss of the SLAM clad device is lower than that of the air-bridge device.
This is thought to be due to the lower refractive index contrast between the
SLAM and the silicon (in comparison to the air-silicon interface). As a result

any effect of roughness is reduced [3.11].

loss oc An2 (3.11)
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Therefore the loss reduction

loss reduction (^silicon Tnr)
(nsilicon slamnslam)

(3.52-1)2
(3.52 -1.488)2

(3.12)

= 65%

The loss of the air-bridge structure was 5 dB/cm therefore the calculated loss for
the SLAM devices is 5 dB/cm x 0.65 = 3.25 dB/cm which agrees when

compared to the measured loss 3 dB/cm ± 2 dB/cm.

Although the losses are an improvement the bandwidth offered by the silica

lightline is still very restrictive in comparison to the air lightline (oxide-clad = 30

nm, air-clad=80 nm).

1.525 1.53 1.535 1.54 1.545 1.55

wavelength X
1.555 1.56 1.565

Figure 3.53. A comparison of the transmission spectrum for devices with symmetric (oxide over-

cladding) and non-symmetric structures. The symmetric structure does not suffer from the
TE/TM mode mixing and has a flatter transmission window.
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Not only does the SLAM cladding provide a more symmetrical structure, and so

a more useful transmission window but it also gives the devices a high level of
robustness. During the sample preparation stage samples undergo a thinning

process to allow optical facets to be cleaved. As detailed earlier, this thinning

process uses a KOH bath with the sample top surface protected by apehzion wax.

Despite careful mounting of the sample and temperature control, KOH can

occasionally leak on to the top surface and cause severe localised damage.

Figure 3.31 shows the SLAM protecting the silicon during this procedure and
even though damaged is sustained it does not seriously hamper the transmission.
This example is extreme but highlights the protection from dirt and mishandling
that the cladding layer offers to the device.

Figure 3.54. The SLAM layer offers a high degree of protection from mishandling, a) KOH has

damaged the SLAM layer at the photonic crystal/access waveguide interface. Light can be seen

to be scattering at the photonic crystal/access waveguide interfaces due the impedance mismatch,

b) The output from this device. The device transmits despite the damage.



3.7 Conclusions

Photonic crystals provide some of the toughest fabrication challenges in photonic

engineer's toolbox as the dense lattice of small features push the tolerances of

many fabrication tools.

In this project we have shown the successful fabrication of high quality photonic

crystal devices, fabricated using standard CMOS techniques. Our losses for the
W1 waveguide, the benchmark device, are highly competitive with electron
beam written structures [3.6],

When the Si02 (BOX) layer was left intact below the device, the losses were

found to be 14.2 dB/cm ± 2 dB/cm. However, the low loss region was found to

be severely restricted by the asymmetry of the slab, which causes TE/TM mode

mixing. Removal of the BOX layer to create an air-bridge structure found the
losses fall to a low of 5 dB/cm ± 2.5 dB/cm and a low loss window with a

bandwidth of lOOnm. There was no evidence of TE/TM mode mixing in this

symmetrical structure.

One of the most important driving forces and aims behind this project is the
vision of a mass produced silicon photonic circuit. It is therefore likely that the

air-bridge structure will be difficult to integrate due to the need to maintain

voids, mechanical stability, and the difficultly to remove heat from active
devices. With this in mind, we created a symmetrical structure using a spin-on-

glass (SLAM). The benefits of the SLAM were immediately obvious with

reduced losses (3 dB/cm ± 2 dB/cm) probably due to the lower index contrast

reducing the effect of scattering roughness and SLAM layer adding a high

degree of protection from dust, scratches and processing. It should be noted that
the bandwidth is limited to 30 nm by the SiC>2 lightline in contrast to the 100 nm

available in the air-bridge configuration.

The 193 nm lithography tools (90 nm technology node) has been shown to have
the resolution necessary for producing photonic crystal devices operating in 1.3

pm and 1.55 pm telecom bands. We have fabricated devices with periods as low



as 280nm. Even at these small lattice periods a good sidewall angle (87°-90°)
was maintained. A further advantage of the 193 nm process in comparison to the
248 nm process is the tolerance to optical proximity effects due to the larger

process window [3.8]. As such, designing devices for the 193 nm process is
much simpler.
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Chapter 4:

Slow Light
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Slow Light

4.1 Introduction

The ultimate aim of the photonic engineer is to build a complete photonic circuit
without the need to convert information back and forth between photons and
electrons. Such an all-optical system will require buffers to delay data packets,

employ low power switches, and modulators. Light emission can also be
enhanced by amplifying the light-matter interaction. These linear interactions
can scale with the slow down factor, S, and non-linear effects scale with its

square,[4.1].

where V0 = phase velocity
Vg = group velocity

(4.1)

The group velocity is defined as:

dco
(4.2)°g dk

Which can be rewritten as:

c

(4.3)8 (n- A^dn/d^)

The dispersion is the change in the group velocity with frequency:

D
dco

(4.4)



Dispersion is of critical importance to the operation of a slow light device as it
will distort pulses which pass through it. The low dispersion region of a device
should therefore be larger that the bandwidth of the signal.

This chapter will give an introduction to current slow light research before

chapters 5 and 6 detail my contribution to this area of research.

4.2 Slow light methods

There are a number of methods currently being researched to slow light. Below
is a brief summary of each.

4.2.1 Electromagetically Induced Transparency (EIT)

EIT's potential for slowing light was first observed in 1992 [4.2] and in 1999,
Hau et al slowed the light down to an astonishing 17m/s in an ultracold gas [4.3],

Close to a resonance point in a material, electromagnetic radiation suffers a large

change in absorption and so; from the Kramers-Kronig relation there will be a

large change in refractive index. Consequently, (equation 4.3) the group velocity
will reduce.

The EIT technique uses a strong optical field to split the resonance and thus
creates a transparency window with a very low group velocity. Effectively, the

energy in the optical signal is transferred to the atomic resonances. Recent
results have even demonstrated stopping of light in an EIT medium [4.4].

Typical EIT materials are inconveniently low-density atomic vapours or a low

temperature doped solid. The bandwidth of EIT systems are typically very

narrow e.g 30 MHZ [4.5].



4.2.2 Coherent Population Oscillations

A strong pump beam and a signal beam of slightly different frequencies interact
with a material that is a saturable absorber. The population of the material's

ground state oscillates with the beat frequency of the pump and signal beams.
This produces a variation in refractive index as in the EIT case and so a low

group velocity. Massive slow down factors of several million [4.6] have been

reported but the bandwidth is very small (25 MHZ) because it is set by the

ground states recovery time.

4.2.3 Resonator systems

This method covers a number of different technologies, Fabry-Perot devices,

ring resonators, and photonic crystals. All of these technologies slow the optical
waves propagating by reflecting the field back and forth within the device [4.7],
A single resonator can provide a high slow down factor but a proportionally
lowered bandwidth; research is therefore conducted into coupling resonators

together to achieve large passbands. Melloni et al provides an excellent analysis
of coupled resonator systems (CRS) [4.8] and a detailed comparison of both EIT
and CRS is studied by Khurgin [4.9]. I shall return to the discussion of CRS in
later chapters.

4.3 Photonic crystals for slow light applications

The fabrication of low loss photonic crystal devices has enabled the community
to begin studying slow light applications of these resonator structures. Slow light
has already been demonstrated by a number of groups. Vlasov et al (IBM)

reported a slow down factor, S=300 in a Mach-Zehnder interferometer device

[4.10], Jacobsen et al (COM) [4.11] have used W1 waveguides to slow light by
S=230 in order to amplify non-linear effects in strained silicon.

The typical operating point when attempting slow light in photonic crystal is on

the W1 fundamental mode near the edge of the Brillouin zone, which is naturally
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dispersive (figure 4.1). Therefore, slow light in photonic crystals tends to

coincide with high dispersion, which removes most of the advantages of

operating in the slow light regime and severely limits the bandwidth that can be
utilised.

Slow light regimes can be identified on bandstructures (co-k diagrams) as regions
with low gradients (equation 4.2). The dispersion is the change in the group

velocity with frequency and so a highly dispersive region has a high curvature

(equation 4.3).

wavevector (k)

Figure 4.1. A typical W1 bandstructure with the conventional slow light operating point
indicated.

The benefits of slow light systems cannot be accessed, however, if the spectral
bandwidth of the signal to be processed exceeds the bandwidth of the slow light
structure. This is of particular concern if slow light structures are to be used in
future all-optical networks that are likely to operate at bandwidths well in excess

of 100 GHz. The slow light operation should also be non-dispersive so it does
not introduce distortion in to the signal.

In November 2004, Petrov and Eich [4.12] proposed a zero dispersion slow light

design by reducing the waveguide to WO.7 design (a single line of holes is



removed in the T-K direction and the waveguide is reduced to a width of

0.7xax V3/2). In doing so, a slow down factor, S=17 was calculated across a

9 nm bandwidth at 1.55 jam.

Photonic crystals are a promising system for slow light applications as they
allow moderate slow down factors over sizeable bandwidths. The next two

chapters explore some slow light designs and demonstrated the potential of

photonic crystals to occupy the slow light niche in a silicon circuit.
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Chapter 5:
Flatband slow light in W2

waveguides
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Flatband slow light in W2 waveguides

In this chapter I will be investigating another operating point for slow light in a

W2 waveguide which has the potential to offer slow light with low dispersion
across a large bandwidth.

5.1 The W2 waveguide

The W2 waveguide is formed by 'removing' two lines of holes in the T-K
direction. A type 'A' W2 is used [5.1] where the holes on either side of the

guide are level (see figure 5.1).

3 x Sqrt(3)/2 x a

Figure 5.1. A schematic of a W2 waveguide. Two rows of holes are removed to form the

waveguide in the T-K direction.

The wider waveguide formed supports more modes in comparison to the W1

waveguide (W1 width = a / 2 x V3 ).
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Figure 5.2. The 2D bandstucture of a W2 waveguide with the field profiles of the defect modes
calculated using a plane wave expansion method (mpb).

It can be seen in the bandstructure above (figure 5.2) that the 2nd mode is a gap

guides mode that crosses the band diagram [5.2], It can be seen to be anti-

crossing has formed with the fundamental (0th order mode) (anti-crossing at

approximately k=0.25). This anti-crossing is known as a mini-stopband. Mini-

stopbands arise from interaction of two modes of the same parity which are

coupled by the corrugation of the waveguide [5.3], No such interaction will take

place if the modes are of opposite parity and so the modes will cross. This can

be seen in the case when the 2nd mode (even) crosses the 1st (odd) mode with no

mini stop band due to the modes not interacting as they have opposite parities.

5.2 Using the 2nd mode for slow light

The 2nd mode is a gap-guided mode and so has a much flatter profile (figure 5.3).
The slow light operating points are therefore further from the Brillouin zone

edge and is less dispersive which increases the useful bandwidth. Another

interesting feature is the mode extends into the stop band created by the anti-

crossing of the fundamental and 2nd mode. Although, not single mode the only
other mode that exist in this region is of opposite parity and so coupling between
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them is very inefficient. I will be investigating further the 2nd mode and

examining its suitability for slow wave operation.

Figure 5.3. The W2 bandstucture. The highlighted region is the interesting 2nd order mode that
could offer a useful slow light region.

I conducted 3D bandstructure calculations using the RSoft FULLWAVE code*.
The result can be seen in figure 5.4 below represented by dots. The 2D plane
wave expansion calculation and the 3D FDTD calculation differ remarkably in
the slow wave region. This emphasises the need to use 3D models when

calculating bandstructures for slow light structures.

An intuitive explanation for this phenomenon is that the modes can no longer be

thought of as purely planar modes in the slab, i.e. they travel at "skewed" angles
in the ray-optics picture. We already know from chapter 2 that the vertical and
horizontal components of the waveguide cannot be separated in a asymmetric

photonic crystal slab such as this.

*

The help of Dario Biallo and Tim Karle is gratefully acknowledged for their assistance in
setting up the model.



Figure 5.4. Comparision of W2 bandstructure calculated by 2D plane wave expansion and 3D
FDTD calculation highlighting the mode symmetries and the fact that the 2D and 3D calculations

diverge in the slow light regime, b) Bandstructure detail of the second order mode below the

lightline highlighting the straight dispersion curve around 0.275 c/a.

In the 3D bandstructure, the second order mode no longer extends down into the

frequency range where the fundamental anti-crosses. The band is therefore no

longer single mode for even symmetry. The second, and more important,
deviation is that the band below the lightline extends over a significant frequency

range with no apparent curvature. This section should therefore yield slow light
with low dispersion, i.e. "flatband slow light", which would be very desirable.
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5.3 Fabrication

The W2 waveguides were fabricated using our low loss 193nm lithographic

process as detailed in chapter 3 [5.4], The device was thinned in K.OH and

optical facets were cleaved on to the device. The BOX layer was not removed.
Below (figure 5.5) is a scanning electron microscope image of a W2 device

showing a high quality photonic crystal with close to 90° side walls. No optical

proximity correction was applied to the devices.

Figure 5.5. Top view and cross-section of the W2 waveguide used in the experiments. The period
is 420 nm and the hole diameter is 235 nm (r/a=0.28).
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5.4 Characterisation

Characterisation was carried out by Rob Engelen at the FOM Institute for
Atomic and Molecular Physics (AMOLF). Devices were characterised with a

tunable continuous wave laser in the wavelength range from 1440 nm-1592 nm

in order to characterise the structure with a lattice constant a of 420 nm in the

reduced frequency range of 0.264-0.292. A phase-sensitive scanning near field

optical microscope (PSNOM) [5.5] was used to map the electric-field
distribution of the light in the waveguide. These E-field maps contain both the

amplitude of the field and the phase. The wavevector of the light can then be
recovered by a Fourier transformation of the field distribution measured at each

optical frequency co. In this way, we reconstructed the bandstructure (k,co) of the
W2 waveguide [5.6],
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Figure 5.6. Bandstructure obtained by PSNOM measurement with 3D FDTD calculation
overlaid. The FDTD points are identical to those shown in figure 5.4 and show very good

agreement with the measured bandstructure. Note the strong TM mode occuring at k>0.43 2tt/a.



Figure 5.6 shows the resulting bandstructure, with the 3D FDTD points of figure
5.4 overlaid. The TE bands show perfect agreement, but there is also clear
evidence for TM modes (magnetic field in the plane of the slab). These are

excited because of the asymmetric cladding (SiC>2 bottom cladding, air above),
which means that TE and TM modes are not truly orthogonal and can therefore
interact (see chapter 3). TM modes can be easily identified by the fact that they
have a weak interaction with the photonic crystal lattice, and therefore do not

show a clear stopband at the Brillouin zone band-edge, i.e. they appear as

straight diagonal lines. The air lightline can be seen as the SNOM detects the
surface modes at the silicon-air interface. The SiC>2 lightline cannot be seen as

the SNOM does not pick up the field from this buried interface.

In order to study the slowdown factor, propagation loss, pulse compression and

dispersion in the slow light regime, we injected femtosecond pulses into the

waveguide. Pulses were centred at 1509 nm (^0.278 c/a) and had a FWHM of
22 nm, slightly exceeding the bandwidth of the slow 2nd order mode below the

lightline. Using our near-field microscope, we tracked the pulses as they

propagate through the W2 waveguide. The resulting pulse evolution is shown in

figure 5.7a.
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Figure 5.7. Tracing pulse propagation in the slow mode with fs pulses, a) Experimental result
obtained by Fourier filtering the slow mode, b) Simulated pulse propagation derived from the

dispersion curve, showing a good match.

The picture was obtained by Fourier filtering the data, i.e. the measured data was

first Fourier transformed to yield the wavevectors present. Then the wavevectors

in the range of the slow mode 0.37<k<0.5 were selectively backtransformed to

show only the slow mode and to allow a more detailed study. Figure 5.7a shows
the amplitude of the pulse along the waveguide (vertical lines), as a function of
time (horizontal). For comparison, we also used the measured bandstructure in

figure 5.6 to simulate the propagation of a pulse, as can be seen in figure 5.7b,
where the pulse amplitude is depicted as a function of both waveguide position
and time. From both images, we can make a variety of observations. First of all,
the pulse does not appear to broaden significantly, i.e. the main lobe maintains



its apparent size over the length of the waveguide. However, side-lobes appear

on the trailing edge of the pulse. These side-lobes are in part due to the limited
bandwidth of the slow mode (19 nm compared to 22 nm FWHM of the pulse)
but mainly due to higher order dispersion [5.7], an effect that has also been
observed in third-order-dispersive media [5.8]. In order to match the observed

decay of the peak of the main lobe in figures 5.7a and 5.7b, we included a loss
coefficient 244 dB/cm into the modelled result (figure 5.7b). At first sight, this

appears rather higher than expected and compares unfavourably against the best

reported loss in comparable single line defect ("Wl") waveguides of 14 dB/cm

[5.4], If we scale the loss linearly with the slowdown factor S=9, however, we
obtain a value of 244/9=27 dB/cm. This only differs by a factor 2 from the best
result obtained for a "fast" mode, which can be explained by coupling into other

modes, given that the W2 waveguide is not single-mode. While this analysis is
not fully conclusive, given that different types of waveguide are being compared,
it does suggest that the linear scaling is the most likely functional dependence.
The square scaling of the loss with group velocity suggested by other authors

[5.9] therefore appears exaggerated.

We can also derive the group velocity of the pulse, its compression factor and

dispersion. The group velocity is estimated by fitting a straight line through the
maxima of the pulse, which yields a value of v =c/25.0. Pulse compression
results from the fact that a pulse of a given duration propagating in a slow light
medium will be compressed in space, and this is indeed what we observe with

surprising precision. Near the entrance of the waveguide, we observe a pulse

length of 6.8 pm (figure 5.8), which compares to a pulselength of 167 pm of a

comparable pulse in free space. The corresponding compression factor of
167/6.8=24.5 closely matches the observed group velocity reduction of factor 25.
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Figure. 5.8. Slow pulse propagating near the entrance of the W2 waveguide, highlighting the

compression from 167 pm for the equivalent cut-off spectrum down to 6.8 pm for the measured

spectrum.

Although at first sight, the size of the pulse in figure 5.7 does not seem to

broaden along the 160 pm long waveguide, closer inspection indeed reveals
some degree of dispersive broadening. In order to quantify this, we can derive
values for the second and third order dispersion from our measured
bandstructure. These are summarised in table 1 and show that both the second

and third order dispersion is reduced by an order of magnitude compared to a

W1, for the same group velocity.

Group
index

k-point

[27i/a]

Group Velocity

Dispersion (GVD)

[ps2/km]

Third

Order Dispersion

(TOD) [ps3/km]
W1 [5.7] 26 0.383 1.73 xlO7 7.94 x 106

W2 [This

work]

26 0.431 1.86 x 106 1.14 x 106

Table 5.1. Comparison of second and third order dispersion in W1 and W2 waveguides. Data for
W1 waveguides is taken from [5.7].



This reduced dispersion is the main reason why in a W2, the slow light

compression dominates over dispersive broadening as already highlighted in

figure 5.8. The fact that dispersion is nonzero also explains the fringes observed
in figure 5.7.

5.5 Shifted lattices

As mentioned earlier, the modes cross without interacting if they have an

opposite parity and anti-cross if they are of the same parity. It is these anti-

crossings that help to determine the flat profile of the gap-guided modes. The
odd and even orthogonality can be broken by breaking the symmetry in the

waveguide thus allowing the interaction between the 'odd' and 'even' modes.
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Type A Type A 0.25 Type B

(Type A 0.5)

Figure 5.9. The nomenclature for the shifted lattices. Type A (left) - the holes on both sides of
the waveguide oppose each other. Type A 0.25 (centre) - the holes on one side are shifted by

0.25 xa. Type B (left) - the holes on one side of the waveguide are shifted by 0.5 xa (could
also be labelled as type A 0.5).

Figure 5.9 explains the labelling that I shall be using for these shifted lattices.

Figure 5.10 displays the bandstructures for a type A (red dashed lines) and a type

B lattice (black dashed line). The anti-crossing points in the type A lattice have

changed to crossing points and visa versa. Such a dramatic effect has modified
the 3rd mode so that it now has a positive dispersion.
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Figure 5.10. The 3rd mode as the lattice is shifted from a type A to the type A 0.5 (type B)
lattice. The stopband opens as the lattice is shifted. The steepness of 2nd order mode decreases

indicating a drop in the group velocity.

The bands flatten and become horizontal between the type A and type A 0.5
extremes. Figure 5.11 plots the group velocities of these bands. With careful

engineering we can obtain very low group velocities using very low dispersion
bands.
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Figure 5.11. The change in the group velocity of the 3rd order mode in a W2 waveguide when the
lattice is shifted from a type A to a type A 0.5 lattice.
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The challenge with such a structure will be to launch the light into the higher
order tilted mode. Such a device would probably take the form of an asymmetric
multimode interference device.

5.5 Conclusions

In this work we have demonstrated slow light (S=9) operation with dispersion

(GVD=1.86 x 106 ps2/km and TOD=1.14 x 106 ps3/km) which is an order of

magnitude lower than the conventional W1 operating point. The low dispersion

regime is also over a large 2.5 THz (19 nm, at 1550 nm), which is greater than
other slow light systems (table 5.2).

System/parameter Slowdown

factor

S=vc|>/vg

Bandwidth

B

Observed

delay

Delay-
bandwidth

product

Tuning

Pb [5.10] 165 30 MHz 55 ns 1.7 dynamic

Population
oscillations

[5.11]

~10k 2 GHz <lns <1 dynamic

Stimulated

Raman scattering

[5.12]

~1 1 THz 370 fs 0.4 dynamic

This work 9 2.5 THz 12 ps* 30 static

* Taken as the delay difference between a regular fast mode and the slow mode in figure 5.7a.
Table 5.2 Comparison of a range of slow light systems.

The system reported here is static and there is no obvious way of dynamically

tuning the slow light region. However, lattice modifications such as the lattice

shifting could increase the slow down factor. Increased slowdown factors occur

at the expense of reduced bandwidth, but slowdown factors of 20-30 will clearly
be possible with bandwidths exceeding 500 GHz.



In order to improve the device further and exploit the slow light regime, efficient

couplers need to be designed that allow efficient and broadband injection into
slow modes. Several schemes have been suggested, e.g. the use of adiabatic
transitions [5.13]; also, the importance of the termination has been pointed out

[5.14], Neither of these schemes were implemented in the present device and the

design needs to be refined accordingly.
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Chapter 6: Coupled Cavity
Devices
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Coupled Cavity Devices

This work was carried out in close collaboration with Dr David O'Brien who

carried out much of the initial theory and design layout. The aim of this work
was to explore the use of a coupled photonic crystal cavities as a system for slow

light operation with the prospect of tunability.

6.1 The Heterostructure Cavity

The heterostructure cavity was first studied by Song et al (6.1) in order to

produce very high Q-factor cavities. Confinement of the mode is achieved by

shifting the period of a W1 waveguide on either side of the cavity so that no
mode exists. Lattice 'al' forms the cavity mirrors and a2 is the cavity region
where the mode exists.

Figure 6.1. The hetrostructure cavity. At the operating frequency, the modes in lattice al are

cut-off thus forming a mirror. Lattice a2 still supports the fundamental mode so the al,a2,al

sequence forms a cavity.

al

Minor Cavity

al

Minor

The mirror lattice (al) is smaller than that of the cavity lattice. With careful

design, the operating frequency will be below the cut-off of the fundamental



mode thus forming a mirror. The fundamental mode will exist however for the

larger a2 section. This is illustrated in the bandstructure below. The a2 lattice
can be seen to be operating below the W1 cut-off and the al regions are

operating where the fundamental mode exists thus forming a mode-gap.

Wavevector (k)

Figure 6.2. A W1 bandstructure with the operating points of the two lattice in the heterostructure

cavity indicated, al, the mirror lattice supports no modes whereas a2, the cavity lattice supports

the fundamental.

Song et al [6.1] have shown a structure constructed of a three hole W1 section

(a2=420nm) surrounded by an ai=410nm W1 waveguide to have a Q-factor of

600,000.

^ _ Energy Stored
Q-factor=ry —

Energy Dissipated

It is this cavity design that we will be examining later in this chapter by

coupling a number of cavities together in a chain.
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6.2 One-dimensional coupled cavities

Before moving on to coupled photonic crystal cavities it is useful to consider a
one-dimensional case in order to develop an understanding of the system and

expected trends. To do this I wrote a simple model in Matlab which multiplies
transfer matrices for high (H) and low index (L) slices together to create a Bragg
stack [6.2],

H =

L =

cos(k0dH)
i sin(k0dH )y-nH

cos(k0dL)
i sin(k0dL ) x nl

i sin (k0dH ) / nH
cos(k0dH )

ism(k0d,)/ n,
cos(k0dL)

(6.2)

As an example, the structure below (figure 6.3) is modelled by multiplying the

following:

Cavity Matrix = (H.L)3 x H7 x (L H)3 (6.3)

H=High refractive index
L=Low refractive nrdex

HL HL HLHHHHHHHLH LH LH

Minor Cavity Minor

Figure 6.3. A example the structure represented by expression 6.3.

The transmission of the structure is found using the following expression:
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T =
2n,

nL ■ M(1,1) + n, ■ M(l, 2) +M(2,1) + • M(2,2)

Where M(a,b) is the cavity matrix element a,b (expression 6.3).

(6.4)

6.2.1 The single cavity

Using the ID model we can create a hetrostructure similar to that of the photonic

crystal cavity that we are about to study (figure 6.4).

y y r
Minor Cavity Minor

Figure 6.4. A ID heterostructure cavity. Light and dark sections indicating different refractive
indexes.

In figure 6.5 the single peak of a cavity can be seen and as expected, the Q of the

cavity is imrpoved by increasing the number of layers in the mirror.
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Figure 6.5. A single one-dimensional cavity with varying numbers of layers which increases the

Q-factor. Modelled using a transfer matrix method.

6.2.2 Multiple cavities

Two identical cavities can be coupled together by simply adding more layers to

the matrix. Below (figure 6.6), the single resonant peak has split in to two

peaks.

1

0.9

0.8

0.7
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0.3
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1.355 1.36
wavelength

1.365 1.37

Figure 6.6. The transmission of a single cavity device (dashed line) and a device consisting of
two coupled cavities (solid line). Modelled using a ID transfer matrix method.
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The splitting can be explained by considering the linear superposition of the
individual evanescent cavity modes (tight binding approximation) [6.3]. As a

result the modes can be combined symmetrically or asymmetrically. Figure 6.7
illustrates the electric fields of the single cavity (a), follow by the supermodes of
the double cavity (b). The electric field plots were generated using the ID
transfer matrix model.

Figure 6.7 The electric fields of the single cavity (a), follow by the supermodes of the double

cavity (b). The electric field plots were generated using the 1D transfer matrix model.

It follows that three cavities will produce three resonant peaks (figure 6.8).

1 r

0.9 -

0.8

0.7 -

c 0.6-
o

Q| ^ ifa. , Vj 1
1.349 1.35 1.351 1.352 1.353 1.354 1.355 1.356 1.357 1.358

wavelength

Figure 6.8. Three resonant peaks produced by three identical coupled cavities
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Again, each peak corresponds to a supi of the individual cavity modes.
The electric fields of these resonant pea seen below in figure (6.9).
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Figure 6.9 The electric fields of the three coupled cavities system, a) b) and c) each corresponds
to a transmission peak in figure 6.8. The electric field plots were generated using the 1D transfer
matrix model.

By increasing the number of cavities in the chain we can continue to increase the
number of supermodes in the structure.

1

1.33 1.335 1.34 1.345 1.35 1.355 1.36 1.365 1.37

Figure 6.10. Increasing the number of coupled cavities populates the bandwidth of the mode gap.

a) three coupled cavities, b) ten coupled cavities, and c) 50 coupled cavities.
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The resonant peaks are restricted to the bandwidth of the mode gap and

increasing the number of cavities populates this bandwidth (figure 6.10).

6.2.3 Splitting Bandwidth

In a multiple cavity system, the degree of coupling between neighbouring
cavities is governed by the effectiveness of the mirrors separating them. An
isolated cavity has a single resonant peak and so it follows that increasing the
mirror effectiveness will reduce the splitting bandwidth until this extreme is
reached (figure 6.11).

o1—
1.34

J.
1.345 1.35 1.355 1.36

wavelength pm

Increased

coupling

1.365 1.37 1.375

Figure 6.11. The two coupled cavity system showing an increase in splitting due to an increase
in coupling between the cavities.

We can see this trend in an analytical model discussed by both Melloni [6.4] and

Khurgin [6.5], who writes the dispersion relation as follows:

cos(/W)=5!nM
t

(6.4)
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Where (3 is the phase constant of the propagating wave, t, the transmission
coefficient and d is the cavity length.

The outermost frequencies in the mode-gap have the condition:

sin(faO=1
t

This leads to the following expression for the bandwidth of the defect state.

B =—-—sin_1(t) (6.6)
n0dn

The dependence of the bandwidth on the cavity transmission (coupling) is in

agreement with the one-dimensional models results (figure 6.11). Figure 6.12

displays the defect state in the one-dimensional model confirming the

relationships given in the expressions 6.4 and 6.5.
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Figure 6.12. The defect band from the ID model confirms the relationship given in expression
6.4. The bandwidth is when the condition 6.5 is satisfied.
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6.3 Fabrication

The devices were fabricated (figure 6.13) at an Intel 193nm lithograpy facility

using the same process as the low loss device (Chapter 3). The BOX layer was
also removed from beneath the photonic crystal region (section 3.6) creating an

air-bridge structure.

Devices consisting of a single cavity and coupled chains of 2,3, 10, 50, and 100
cavities were fabricated. Each cavity was separated by nine rows of holes

(approximately 5pm distance between cavities).

Figure 6.13: An SEM image of the fabricated device with the field profile of the cavities.

Unfortunately these devices were designed before the 193nm processes tolerance
to optical proximity effects were discovered. As a result the holes along the W1
defect were designed to be larger than necessary in order to correct for the

proximity effect and so were actually printed at the larger size. The result of this
is expected to be a lowered Q-factor to the devices fabricated by Song et al [6.1],
which we determined as Q=T 0,000.
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6.4 Measurement and results

I measured the devices using the same equipment as the low loss measurements

(chapter 3). The measurement set up diagram is repeated below.

GPIB connection

Figure 6.14. The measurement setup for analysis of the behavior of the coupled cavity systems.

The transmission of each device was measured and then normalised against the
source. The results can be seen in figure 6.15.
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Figure. 6.15: Transmission spectra for different coupled cavity systems, (a) 2 cavity (b) 3 cavity
and (c) 10 cavity chains. Arrows indicate the observed lnm bandwidth.

The results of the transmission experiments in figure 6.15 clearly show a

splitting of the cavities occurring and populating the mode gap bandwidth, as

predicted in the one-dimensional model.
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6.5 Analysis of the cavity Q-factors

Measuring the Q-factor of a single cavity reveals a Q-factor of 10,000. For the

coupled cavity system, a splitting of the resonant optical mode of 1 nm was

observed.

The measured Q-factor (Qmeas) of a single cavity is composed of two factors - a

vertical (Qv) and a lateral component (Ql).

1 +^r (6-7)
Qmeas Qv Qi

Qv contributes to the losses of the coupled cavity device. The lateral
confinement of the cavity (represented by QL) is related to the coupling between
the cavities. Figure 6.11 above, illustrated how the splitting of the peaks is
related to the coupling of the cavities and therefore the Ql value.

Recalling expression 6.6 and rearranging for the transmission we find t=0.013.
With the assumption that all the lateral loss from each cavity is coupled to the

neighboring cavities we can determine Ql [6.6].

„ 71sj\ t
Ql = m -2 (6.8)

where m is the mode number of resonant mode. Using equation 6.8 we find that

Ql =53,000. If this is combined with the measured Q of a single cavity

(equation 6.7) we can we can determine that Qv=l2,000. As mentioned earlier,
the cavities were not fabricated exactly to design due to optical proximity
correction problems. This could account for the Q-factor being much lower than

expected. They are therefore limited by the vertical scattering losses rather than

by lateral leakage into neighbouring cavities.
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6.6 Analysis of group velocity

The slope of the dispersion relation will reveal the group velocity of the mode

[6.4],

^ c aJt2 - sin2{kd)
n0 cos(kd)\=±— 77-^ (6-9)

The slow down factor is the ratio of the speed of light in the material with and
without the coupled cavity structure.

5 = J1 cos (kd) (6]0)
vg yjt2 - sin2 (kd)

For a bandwidth of lnm the slowdown factor the corresponding group velocity is

c/140, and the slowdown factor, S=50.

6.7 Modeling the photonic crystal coupled cavity

Using MIT's plane wave expansion software (MPB) [6.7], the bandstructure for
an infinite chain of coupled cavities was calculated and can be seen below in

figure 6.16. The fundamental mode of a W1 is plotted as well as the
heterostructure mode. The perturbation of the waveguide mode has produced a

discontinuity which is the defect mode of the coupled cavity system. When the
defect mode is viewed close up (figure 6.16 inset), it has the sinusoidal shape

predicted by equation 6.4.
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Figure 6.16. The bandstructure of a infinite chain of cavities (red) and a W1 waveguide (black),
calculated using the MPB plane wave expansion software. A close-up of the defect structure can

be seen in the inset graph.
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The bandwidth of the defect state in this bandstructure is 0.5nm which disagrees
with the experimental results. FDTD simulations also reveal a bandwidth of
0.5nm and can be seen in figure 6.17 b) and c).
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Figure 6.17. (a) Optical spectrum of double cavity waveguide system, right hand side high
resolution image of the mode splitting, (b) Finite difference time domain (FDTD) calculation of
the response of a coupled heterostructure nanocavity system, (c) FDTD simulation for a 10

cavity system.

The increased bandwidth of the measurement must be a consequence of

imperfections in the real system. To investigate this further I will return to the
one dimensional model and introduce some disorder in to the layer thicknesses

(figure 6.18).
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Figure 6.18. Two coupled cavities with (dashed line) and without (solid line) disorder. Left:
The transmission peaks of the devices. Right: The 'bandstructures' of the same devices.

The bandwidth is clearly increased by the introduction of disorder. The
disordered Bragg stack mirrors separating our cavities are less effective and so

the coupling between the cavities is increased. In the same way, the disorder

present in photonic crystals (around 1-2 RMS by SEM analysis) is reducing the
effectiveness of the photonic crystal mirrors separating the cavities. We

already know that the effect of this increased coupling is a larger splitting
bandwidth (section 6.2.3).

In order to match the bandwidth of the plane wave expansion model to the
results the number of separating holes (al lattice) was reduced from nine to four
holes.

0.435

0.4345

0.4355 Bandwidths
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6.8 Conclusions

A slow down factor of 50 across a bandwidth of approximately lnm has been
achieved. The Q-factor of 10,000 was lower than expected due to an incorrect

optical proximity correction being applied. Imperfections in the crystal also
increased the coupling between the cavities and increased the splitting bandwidth
of the device.

We can explore the case of the ideal structure by making Qmeas=QL- In doing
this we have set the condition that all light which escapes an individual cavity is

coupled into the neighbouring cavities.

The Kyoto group has furthered the research in to high-Q cavity design by

fabricating a double heterostructure with a Q-factor of Q=106 [6.8] and a

predicted theoretical maximum of Q=2 x 107. If such cavities were coupled

together, slow down factors greater than 200 could be achieved over a bandwidth

greater than 0.2 nm with low loss. Based on these calculations, a 550 pm long
device consisting of 100 nanocavities could be used as > 1 ns delay line.

7

Q factor

Figure 6.19. For the ideal case where losses are negligible, the relationship between the
bandwidth of the defect state B, the slow down factor S and the individual cavity Q-factor.
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Chapter 7:

Conclusions:

What has this project contributed to the photonic

crystal and silicon photonic fields?

And the future...



Conclusions

7.1 What has this project contributed to the photonic

crystal and silicon photonic fields?

When I entered the field of photonic crystals in January 2003, photonic crystals
were suffering from large losses which questioned whether the technology would
ever be useful. Later that year, IBM published the impressive, 25 dB/cm loss
value [7.1 ]. High quality photonic crystals were beginning to emerge as a

realistic possibility. However, DUV, the technology that would be needed if

photonic crystals were ever going to be mass-produced, was struggling to

produce structures of the same quality. In 2004 IMEC-GHENT, the pioneers in
DUV photonic crystals, were producing asymmetric W1 devcies with a loss of
75 dB/cm [7.2]. A year earlier NTT had already published loss of 15 dB/cm for
an equivalent structure patterned with an electron beam writer [7.3],

This project has shown that photonic crystal fabrication is possible with current

microelectronic fabrication tools and a suitably large process window to do
ambitious designs. We have shown that the mass fabrication of photonic circuits
with photonic crystal components is a realistic vision. The CMOS process is
viable for the production of high quality, photonic crystal devices on a large
scale.

The low loss results achieved during this project rival the world-best electron
beam written devices and are much lower than I believed we could achieve in

2003. We have also demonstrated a symmetrical oxide-clad device that could be

integrated into a photonic circuit more easily than the standard air-bridge

designs.

This project has contributed to slow light research where the photonic crystal
could find a niche in the photonic circuit. We have shown that by using higher
order modes and/or careful lattice perturbations, we can use much more useful



(in comparison to the band-edge of the W1 fundamental mode) operating points
that offer larger bandwidths with lower dispersion. We have also demonstrated a

slow light coupled cavity device. This device offers the possibility to add

tunabilty to a slow light structure.

7.2 And the future...

Hughes et al [7.4] have published a theoretical paper reporting that the
• 2

propagation loss of the photonic crystal scales with l/vg . Should this be true
then the slow light niche of photonic crystal looks less attractive as a viable slow

light technology. However, if further research confirms our findings that the

l/vg2 is not true, then a slow light device will be a very realistic photonic crystal
application. I believe this to be the application of photonic crystals in the

photonic circuit. Whether the slow light application is within a compact high¬

speed modulator, switch or static delay line.

If higher order modes are to be used then a method of launching light into them
is needs to be developed. This could take the form of a multimode interference
device.

Developing active devices is an area of research, which most groups are yet to

tackle. The quality of photonic crystals being fabricated now by a number of

groups will enable this research to begin to emerge. The introduction of a pn-

junction into a slow light device to form either a modulator, switch, or a tunable

delay line is within the reach of an extension to this project.

This project has always considered photonic crystals as a component of the

photonic circuit. We have shown that the 193 nm lithography tools are very

capable of fabricating high quality photonic crystals at extremely small periods.
However, the optimisation of the process for the photonic crystal increases the

roughness of the photonic wire components because of the very different feature
sizes. Reducing this effect will be important in the fabrication of high

performance silicon photonic circuits.



155

Research into photonic crystals, photonic wires, ring resonators, and light
emitters are currently conducted as separate areas of research. An exciting

opportunity could exist in the collaborations between these components. Would

photonic crystals enhance Raman effects to produce more efficient silicon lasers

by, not only the enhancement of non-linear effects using slow light, but also

reducing the carrier recombination time due to the presence of the etched holes

creating a large surface area? The presence of the interconnecting veins between
the holes could flush the carriers from the optical mode faster improving the
Raman gain and modulator speed. Is it possible to combine the Intel modulator

design with photonic crystals to achieve higher, e.g. up to 100 GHz modulation

speeds?

Dynamic control of the bandstructure via carrier injection will be a powerful
tool. Breaking the lateral symmetry can have dramatic effects by reversing the

positions of crossing and anti-crossings. Can this be done without the permanent

method of shifting the lattice between a type A and a type B structure? i.e.

modifying the refractive index or effective hole sizes on one side of the

waveguide.

If the photonic crystal and silicon photonics communities continue to advance at

the same pace then I believe the following results are obtainable in the next five

years.

Carrier injection CW silicon laser.
Tunable slow light using photonic crystal structures.
100 GHz all-silicon modulator.

> 1 ns delay lines - possibly tuneable.

Integration of these components into simple demonstration
circuits.



Although I am about to leave research I fully expect to use silicon photonics

again in the future as a developed technology and I am proud to have contributed
a small amount to its beginning.
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