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ABSTRACT

Fibre grating reflectors and backward-wave-—-couplers have
found applications mainly as narrow—band optical filters for
Wavelength-Division-Hultiplexing, as spectrally selective
mirrors for fibre laser cavities and as external feedback
elements for linewidth narrowing of conventional semiconduct-
or lasers.

4 complete theoretical analysis has been conducted on
both devices, and structures with typical coupled bandwidths
of 0.0l nm, for interaction lengths of 1 cm have been design-
ed. In the case of the backward-wave-coupler, the effects of
direct reflection and forward coupling on the coupling
process, for a nearly symmetrical configuration, have also
been examined. Special cases involving combinations of
forward and backward coupling between two and three wave-
guides have been considered, in the design of a four-port
device.

An extensive fabrication program has been devised to
produce holographic gratings, initially on flat plates, and
later on the flat side of D-shaped optical fibres, kindly
made available to us by Andrew Corporation (4.C) and British
Telecon. (B.T.). After suitable etching to gain access to
the evanescent field of the core, the fibres were conve-

niently potted in epoxy, floating with their flat side in



the surface. The gratings were holographically produced

on photoresist with periodicities 0.278 pm for operation at
800 nm with the A.C fibre, and 0.358 pm at 1000 nm for the
B.T. fibre. Some reactive ion etching experiments were also
undertaken, showing that it is possible to transfer the
grating from the photoresist mask into the fibre.

The grating reflectors have been tested, using both an
experimental, tunable Styril 9 Dye laser and a standard
monochromator, demonstrating coupled bandwidths of a few &
and reflectivities around 70 % , for grating lengths of a
few mms. Consideration is also given to further developments,
required to narrow the bandwidth and increase the reflect-—

ivity.
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CHAPTER 1

INTRODUCTTION

1.1 Narrouw Band Filtering
Requirements for Optical

Communications

Despite recent developments in +the area of optical
communications, anticipated future needs for analogue or
digital +transmission of video, audio and data signals
through optical fibres will soon demand a significantly
greater Bandwidth availability.

Single mode fibres characterised by low attenuation and
large bandwidth allow the encoded information to be transmit-
ted at increasingly high bit rates. The signal can either be
modulated at the source, using directly modulated semiconduc-—-
tor lasers and pulsed lasers, or externally, using high
speed electro-optic modulators and switches, thus avoiding
spectral width broadening and instability problems associat-
ed with high-frequency modulated lasers. Their design
is usually based on directional couplers surrounded by or
fabricated in electro-optic material with switching voltages

of 5 V capable of 2 Gbit/sec rates in the 1300-1500 nm



wavelength region (1.1).

Although the highest reported bit rate is 6 Gbit/sec
(1.2) an "electronic Dbarrier" at around 8 Gbit/s is general-
ly acceptable (1.3). It must be clear, however, that optical
components have the capability to operate at far higher
bit rates.

In data encoding and time-division-multiplexing the trans-
mission and detection performances are based on optical pouer
rather than optical electromagnetic field. To exploit the
true potential of the optical spectrum, 1light must be treat-
ed as a carrier medium which can be anplitude, frequency and
phase modulated, in a manner similar +to microwave radio
systems. This implies that operation at 1500 nm will corre-
spond to an optical frequency of 200,000 GHz .

Optical frequency~division multiplexing (Fig.1l.1), pri-
marily wused with coherent systems, is based on a single
optical-frequency master oscillator. Its signal is divided
between frequency converters generating a number of differ-
ent subcarriers which are individually modulated and then
combined to be transmitted +through an optical fibre (1.4).
At the receiver a heterodyne process is used, with local
oscillator lasers locked into the incoming signal, to sepa-
rate the different subcarriers and recover the original data.

A basic precondition for a coherent system, using optical
frequency—-division multiplexing, is the development of very
stable laser oscillators with extremely narrow linewidths.
At the moment, distributed feedback lasers (DFB) are becom-—

ing commercially available (1.5). These wuse a grating
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structure, close to the active region, to provide distribut-
ed optical feedback, preferentially selecting wavelengths

related to the grating period, of spectral linewidths less

than 20 MHz .

Wavelength Division Multiplexing (W.D.M.) combines some
of the merits of data encoding and frequency division multi-
plexing, without the necessary precondition of coherence, by
allowing a number of modulated signals from sources at
distinctly different wavelengths +to be simultaneously trans-
mitted through a single fibre (1.6). The received signal 1is
then separated into its individual components and the inform-
ation is finally recovered.

Although W.D.M. technology has not yet matured, it has
already been introduced into some practical, mainly experi-
mental systems (1.7, 1.8, 1.8) , and is expected to play a
major role in future optical communications.

W.D.M. makes full use of the low loss characteristics of
single-mode optical fibres over a wide wavelength range.
Consequently, the +transmission capacity per fibre can be
tremendously increased, resulting in significant cost reduc-
tion. Other advantages include simultaneous transmission of
different modulation schemes and potential flexibility in
system upgrading, including easy expansion after fibre in-
stallation to accomodate future additional services.

Fig. 1.2 shows a schematic representation of a hypothe-
tical four—-wavelength transmission link using a single fibre.
Such a system <can either be unidirectional, with all the

information travelling one way from a transmitting to a
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receiving station, or bi-directional with data flowing in
both directions simultaneously.

The carrier wavelengths are optically mixed and separated
using spectrally selective devices at both ends, called
multiplexers (MUX) and demultiplexers (DEMUX) respectively.
MUX/DEMUX mnust be characterised by low insertion loss and
high spectral selectivity. Their half intensity emission
bandwidth must lie below, say 1 nm to allow 1light from a
nunber of modulated laser diodes to be inserted into a sin-
gle fibre and separated at the other end with low loss, thus
minimising the undesirable effects of chromic dispersion and
crosstalk. They must be designed to operate at the 1.3-1.5 pm
region, corresponding to the minimum loss range for single
mode silica fibres.

For effective W.D.HM. it is important to develop laser
diodes ‘which avoid spectral broadening during high frequen-
cy modulation, by maintaining a single longitudinal mode
emission. Some encouraging results have been obtained with
dynamic single—-mode (DSMJ-DBR 1laser diodes, which retain
linewidths of 0.2-0.4 nm at modulation frequencies of 1.5-
2 GHz (1.10). This is also an area where fibre lasers of

narrower bandwidths are expected to find application.
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Fil+tering Devices f or
Wavelength Diwvision

Mul+tiplexing

A number of different devices have been proposed and imple-
mented as MUX/DEMUX for WDM. They are broadly based on
diffraction gratings and +thin film interference filters,
on optical directional couplers and on axial grating reflect-
ors and couplers. They wvary in terms of sophistication,
spectral narrowness and selectivity, tunability, loss, cross-
talk isolation, and complexity of fabrication. A brief
examination of some of these devices would, therefore, be
useful, in order to point out the potential advantages of

grating reflectors and couplers over the other devices.

i) Devices using dispersive elements and dielectric thin

film interference filters.

Angularly dispersive devices have the advantage of being
capable of multiplexing and demultiplexing a large number of
channels, wusing a single element such as a prism or a grat-
ing. Earlier devices employed prisms (1.11), but were found
to be impractical due to their low angular dispersion. At
present, diffraction gratings and blazed gratings are
being used as the main angularly dispersive element.

A most popular and widely studied design is the Littrou-

type DEMUX (1.12), Fig.1.3a . The composite optical signal

14



from the input fibre is collimated by a lens arrangement and
reaches the diffraction grating, where it is angularly dis-
persed, the different reflected wavelength components being
directed back and focused by the lens on their corresponding
receiving fibres. Both the input and output fibre must be
arranged to lie on the focal plane of the lens. A superior
design (1.13), Fig.1.3.b, includes a GRIN-rod lens,achieving
greater compactness and ease of alignment. A rare variation
uses different lenses for the input and output fibres (1.14).

The particular device shown in Fig.1.3.b, proposed as a
MUX/7DEMUX (1.15) uses four different channels, from 812 nm
to 885 nm wWwith losses between 4 - 7 dB . An interchannel
separation of 18 nm is required for a crosstalk isolation
of 40 dB; these are +typical figures for the performance
achieved by grating DEMUX. Although up to 20-channel grating
demultiplexers for operation between 1.2 - 1.7 pm have been
proposed (1.16), no substantial improvement in the passband
Wwidth has been reported.

¥For efficient operation, grating MUX/DEMUX require multi-

mode fibres with large cores +to collect the dispersed
signals. The use of single—-mode fibre significantly degrades
the coupling efficiency into the receiving fibres, increas-
ing the loss; such degradation is more severe in MUX. Hence,
even though a grating may be applicable +to demultiplexing,
it is not very suitable for MUX or MUX/DEMUX units.

On the other hand, multiplexers can be realised by making
use of the wavelength selectivity of dielectric +thin film

filters; their filtering characteristics designed independ-

15
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ently of the fibre parameters.

A dielectric thin film filter <consists of a large number
of alternate high and low refractive index dielectric films
(1.18). It is possible +to design and fabricate different

types of filters, both bandpass and edge-filters (i.e.
long-wavelength-pass and short-wavelength—-pass filters), to
suit WDM requirements. A wide range of devices using thin-
film filters have been designed, including the GRIN-rod lens
type (1.18), Fig.l1.4.a , the multi-reflection type (1.19),
Fig.1.4.b, and the fibre-end type (1.20), Fig.l.4.c . A more
interesting variation uses the beam-splitter principle with
interference filters and three—-butt coupled fibres (1.213},
which has been realised wusing both multimode and single-
mode fibres, the latter requiring a more precise alignment.
For single mode devices, typical performance includes losses
of 0.5 - 1 dBs/device and interchannel separation of 30 -
100 nm (determined from the interference filter) with a
crosstalk attenuation of 20 - 50 4B for operation in the
0.8 - 1.3 pm range. Since it is  Dbasically a two-channel
device, a number of these, each one with different character-
istics, will have to be cascaded for multi-channel operation,
increasing the total loss.

It is possible to use fibre end-type devices for both MUX
and DEMUX, although grating DEMUX appear to be superior.
Hybrid-type devices (1.22), incorporate gratings for DEMUX
and dielectric thin film filters for MUX (Fig.1.5), as MUX/
DEMUX units for bidirectional WDM systems. N

Devices wusing dispersive elements and/or thin-film

17
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dielectric filters are usually bulky, mainly designed for
multimode fibres. Gratings have the advantage of separating
a number of channels simultaneously, though this is counter-
acted by fabrication complexity, losses, and poor coupling
efficiencies resulting from severe alignment problems, in
particular with single-mode fibres. On the other hand, the
smallest inter-channel separation recorded is no better than
20 nm for a 30 dB <crosstalk isolation with 7 dB losses,
limiting the number of the possible available channels in

the useful wavelength region.

ii) Devices wusing directional couplers.

In comparison to gratings and thin film interference
filters, directional couplers offer simpler designs, fewer
losses, and architectural compaciness. Although +they are
basically two channel devices, a number of them can be
cascaded for multi-channel operation.

Evanescent couplers rely on the near equality of the phase
velocities of two adjacent, parallel waveguides to effect
significant power exchange. The coupling process is periodicC
and the minimum length over which +the light 1is completely
transferred from one core into the adjacent core, knouwn as
the beatlength, is given by

L=T s/ (2x¢) ,
where ¢ is the coupling coefficient for the two interacting

waveguide modes.

20
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Directional couplers have been implemented both in
integrated-optic and fibre-optic forms and have found appli-
cations as switches and modulators for data encoding, beanm
splitters for interferometric applications, sensors etc.

Coupling between identical waveguides appears to be
rather insensitive +to the wavelength of operation, the
coupling process only influenced by the wavelength dependan-
ce of the coupling coefficient, and hence of the beatlength.
The filtering characteristics of couplers wusing identical
waveguides over a single beatlength, appear to be of little
practical interest.

For couplers with dissimilar waveguides, +the phase match-
ing condition becomes wavelength dependant and there will be
a wavelength range for which significant power transfer
Wwill occur. All the different coupler designs proposed for
MUX/DEMUX applications enploy dissimilar waveguides, in an
attempt to maximise the angle between the two dispersion cha-
racteristics, thus enhancing the wavelength selectivity. The
coupled bandwidth can be further reduced by extending the
distance between the two guides, thus weakening the coupling
strength, but this has the undesirable effect of increasing
the beatlength, resulting in longer devices. Although the
wavelength selectivity can be, in general, improved by the
conbined efforts of guide dissimilarity and weak coupling,
directional couplers suffer from fabrication tolerances.
Some form of tuning is, therefore, necessary in order to
"hit" the phase matching condition at a specified wavelength.

Wavelength filters with dissimilar waveguides have been



fabricated as Ti—-diffused strip waveguides in LiNbO3 (1.23),
demonstrating nearly 100 % tranfer, with a 3 dB bandwidth of
20 nm for a beatlength of 1.5 cm and for crosstalk levels
above 17 dB . Typical tuning rates of 11 nm/V over 60 nm
have been reported.

Fabrication in materials compatible with optoelectronic
integrated circuits offers the advantage of monolithic inte-
gration with sources, detectors, and electronic circuitry to
form wavelength multiplexing and demultiplexing units. An
integrated optics filter (Fig. 1.6.a) fabricated in InGaAsP-
InP (1.25) has demonstrated a 3 dB bandwidth of 22 nm for
a surprisingly short ©beatlength of 1.9 mm , by using tuwo
very dissimilar waveguides, both in indices and dimensions,
to enhance the wavelength selectivity of the coupler. No in-
formation is provided about the crosstalk isolatioh, though
it is expected to be of the same order as for the LiNbOa
device. No particular reference is made to the loss factor,
but for an InGaAsP-InP waveguide produced by liquid phase
epitaxy, the absorption loss for single mode guiding 1is at
least 4 dBs/cm (1.25). By comparison the loss of a direction-—
al coupler fabricated in LiNbO3 is 1 dBs/cm (1.26).

Integrated optic filters offer potential monolithic inte-
gration in optoelectronic integrated circuits. The availabi-
lity of a wide range of materials with different indices and
large electro-optic effects, combined with the development
of sophisticated masking techniques for precise fabrication,
make the implementation of integrated optical filters rather

attractive. Their usefulness 1is, houever, limited by loss
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and incompatibility with existing communication fibres.
Despite a lot of research in this area (1.27), efficient
power coupling from a planar waveguide to an optical fibre
still remains an unsolved problem, posing a serious chal-
lenge to the implementation of integrated optics systens.

On the other hand, losses of 1 - 4 dB/cm , though not
severe by integrated optics standards, appear huge by compar-
ison to the 0.16 dB/km obtained with single—-mode laboratory
fibres at 1.55 pm

Single—-mode optical fibre couplers look promising for
wavelength-multiplexing applications, ©because of their in-
herently low transmission losses. Different variations of
fibre couplers have been reported, the most popular being
the polished coupler, the coaxial-directional-coupler, and
the fused biconical taper coupler.

Polished couplers (1.28, 1.29), Fig. 1.6.b, rely on dissi-
milar fibres to improve the wavelength selectivity. Typical
coupled bandwidths of 90 nm have been reported for inter-—
action lengths of 3 mm in the 1 - 1.5 pm range. Although
there is a small loss of 0.5 dB from scattering, due to im-
perfect polishing, very high coupling efficiencies can be
obtained. Tunability is available either by means of lateral
displacement (1.30) or in terms of variations in the refract-
ive index of the intermediate layer. A shift in the cross-
over wavelength of about 15 nm has been demonstrated by
using an intermediate layer of 1.3 % lower index (1.29).

Due to the poor crosstalk isolation of the coupler (1O't0

25 dB), when used for demultiplexing channels of narrow spac-



ings, an additional narrow-band filter must be inserted to
improve crosstalk suppression.

The dissimilarity argument can be fully exploited by
using fibres, different, not only in dimensions and indices,
but also in type; for example one may be a step-index type,
while the other may have a triangular or parabolic profile
(1.31). On the other hand, directional coupling can be consi-
dered between a rod and a tube waveguide. The coaxial-direct-
ional-coupler, was originally realised using Chance-FPilking-
ton B3C glasses and has been extensively studied (1.32, 1.33),
with applications both as an electro-optic modulator and a
sensor element. It has being recently fabricated in silica,
and its potential as a filter for W.D.M. is currently under
investigation.

The coaxial coupler has a stop-band filtering response,

although, when used 1in a more elaborated manner similar to
that in (1.34) , a bandpass response can be obtained (Fig.
1.6.¢c17. Its filtering characteristic has not yet been satis-

factorily demonstrated, though a bandwidth of 10 nm is anti-
cipated for an interaction length of 10 cm. The light ending
in the +tube 1is not easily recoverable, so the coaxial
coupler, in its present form, cannot find application as a
multiplexer/demultiplexer. It can be, however, effectively
employed as an in-line pre- or post—-filter for suppressing
unwanted wavelengths, improving crosstalk isclation.
Fused biconical-taper couplers (1.35) rely on the depgnd—
ance of the coupling process on the interaction length. For

couplers with identical fibres, +the wavelenght response is

24
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rather slow over a single beatlength, but becomes more inter-—
esting for multi-beatlength operation. If the light is allow-
ed to oscillate for a number of times between the two cores,
an approximately sinusoidal response can be obtained, its
frequency dependent on the ratio of the beatlength to the
interaction length (1.36) . Concatenated filters have been
successfully realised by cascading a number of fused tapered
couplers (1.37). Typical figures, for a device using two such
couplers with 20 mm and 200 mm interaction lengths,include
a 3 dB bandwidth of 20 nm, 1 dB 1loss and 20 dB cross-

talk isclation (1.38).

In general, single-mode fibre coupler multiplexers/demulti-—
prlexers, though suffering from poor rosstalk isolation, are
clearly superior +to gratings and interference filters in
terms of fibre compatibility, loss, and potential spectral

selectivity.

iii) Devices based on grating reflectors and

couplers

Since the wavelength selectivity of a conventional coupler
depends on the size of the angle, betueen the intersecting
dispersion characteristics of the tuwo guided modes, larger
angles can be expected' for coupling by means of a periodic
perturbation in the form of a grating. Even for co—directién—

al coupling, modest filter bandwidths in the order of 4.5 to

217



15 & have been reported (1.38, 1.40) for single-mode electro-
optic TE - TH mode converters, Fig.1.7.a, based on a Ti-
diffused lithium niobate waveguide, with an electrode period-
icity of ~7 pm

Cascaded Bragg gratings of different periodicities, fabri-
cated by means of direct electron-beam writing on a charlco-
genide waveguide film (1.41), have also been proposed for
separating different wavelengths, focusing them onto photo-
diodes integrated in the ©Si substrate, Fig.1l.7.b, with
selectivity of a few nm.

The full potential of grating-assisted coupling in narrouw-
band filtering can be explored by considering contradirecti-
onal coupling. A periodic perturbation with pitch equal to
half +the guide wavelength, results in coupling Dbetueen a
forward and a backward travelling mode, giving rise to re-
flection or backward wave coupling. The simplest structure,
that can be considered, is the Bragg—-type waveguide reflect-
or, realised by fabricating a grating on a waveguide sur-
face.

Bragg reflectors, based on thin film optical waveguides,
have been reported as early as 1974 , with ©bandwidths of
2 & (1.42) and even as narrow as 0.1 & (1.43) for operation
at 0.833 pm , with reflectivities around 70 % . An inte-
grated optics version of the Bragg reflector has been also
realised in GaAs/GalAlAs 1rib waveguides (1.44) with centre
wavelengths at 1.5 pm, demonstrating coupled banduwidths of
5 & and reflectivities of 80 % A

More recent devices tend to utilise grating structures
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with monomode optical fibres. A single-mode fibre evanescent
grating reflector was originally demonstrated, by placing
a commercially available holographic reflection grating in
contact wWith the surface of a fibre, suitably potted and
polished to reveal the core (1.45). An index oil was applied
between +the fibre and grating surfaces to ensure good
contact. In this way, a reflection bandwith of 2.8 2 was
obtained, at around 0.808 pm , for a grating periodicity of
0.278 pm . The reflectivity was relatively poor, 38 % ,
mainly due to an excessive 3 dB loss from the metallised
grating surface.

In a similar design (1.46), the grating was fabricated
directly on a polished-fibre surface, Fig.1.8.a . A thin
( 80 nm ), high index ( n=1.688 ) aluminium oxide layer was
deposited over the grating, in order to distort the fibre
field profile in the grating region, increasing its overlap
for higher coupling efficiency. A bandwidth of 18 8 with
reflectivities of 92 % were demonstrated around 1.3 pm, for
a grating periodicity of 0.449 pm and length 1 mm . Recent
results by the same authors (1.47), show bandwidths of 8 2
and reflectivities around 90 %

For grating reflectors +to be employed as MUX/DEMUX for
WDH fibre communication systems, it is necessary to place a
conventional directional coupler before the grating in order
to sample part of the reflected signal. A weakness of this,
otherwise, simple configuration, at least for WDM of seve-
ral communication channels, results from the excessive lbss

associated Wwith the coupler. Even for a nominal 3 4B coupl-
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b) Grating coupler using polished blocks with dissimilar

fibres, with a grating fabricated into the cladding region

of one of the waveguides.
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er and for a 100 % reflectivity grating, there is an additi-
onal 3 dB loss on all the passing radiation and a 6 dB
loss on the filtered signal.

This serious disadvantage can be overcome by a nmore
elaborate configuration, using backward wave coupling bet-
ween two waveguides. The phenomenon of contra-directional
coupling has been fully analyzed since as early as 1880.
Although +the coupling mechanism is very similar to that of
the grating reflector, the situation becomes more complicat-
ed if forward coupling and straight reflection are also
included in the analysis. For tuwo fairly similar waveguides,
the +three coupling processes occur at nearly the same
frequency, competing for a share of the optical power. By
designing the two guides +to be dissimilar, however, it is
possible to isolate the grating coupling from the influence
of the two other processes.

Even though the precise configuration of the guides and
the periodic perturbation does not need to be accurately spe-
cified for the development of the theory, a number of differ-
ent configurations have been proposed for implementation in
both integrated optics and fibre optics fornm.

The grating coupler has only very recently been experi-
mentally demonstrated (1.48), wusing a polished coupler of
slightly dissimilar fibres, with a diffraction grating
etched directly into the cladding region of one of the wave-
guides (Fig.1.8.b). Tge grating periodicity was 0.53 um ,
for operation at 1.55 pm , holographicly produced over-a

length of 2 mm . The device was exXamined using an F-centre
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laser with tunability range between 1.49-1.53 pm in 1 &

steps. A coupled bandwidth of 6 & was measured, with a

coupling efficiency of 25 % . The reflection bandwidth in

the input fibre was 4.5 R, spectrally shifted from the coupl-
ed band by 12 8 . This seems rather surprising, since the

coupling process appears to be stronger than the reflection,
even though the grating is fabricated closer to the core of

the input fibre. The device was also found to suffer losses

of 0.8 dB from scattering in the polished fibre, a further

0.6 dB were contributed to forward coupling.

Grating reflectors and couplers are in general very
sensitive to variations in the fabrication parameters,
especially when associated with the grating periodicity.
Even though, there is always 1likely to be a wavelength
reflected for a given grating periodicity, in order to "hit"
the matching condition at a predetermined wavelength, an
extremely high ©precision in the grating fabrication is
required. Some form of tuning is therefore always necessary,
to compensate for fabrication tolerances.

When an external grating 1is being used with the grating
reflector, or in the polished grating coupler situation, some
limited tuning is available by slightly rotating the grating
block with respect to the fibre surface.

A continuous variation in the grating periodicity has
been recently reported (1.48), allowing a wide range of
wavelength tuning for the reflected signal. This has been
accomplished using a novel, "fan" type, first-order diffréct—

ion grating placed in contact wWwith a polished fibre. The fan
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grating was writen by electron beam lithography over an area
of 2 mm X 6 mm , its periodicity varying from 0.487 pm at
one end to 0.537 pm at the other, providing a nominal tuning
range of 835 & , an improvement by a factor of 100 over
previocusly reported results. Although a reflection bandwidth
of 8 & was obtained, coupling efficiencies of only 11 %
were possible, mainly due to loss from the metallised
grating surface.

A similar "fan" grating type was fabricated holographicly,
"and has been used with a polished fibre, with linewidths of
approximately 10 R , over tuning ranges in excess of 650 b ,
with 88 % reflectivities (1.50)

Grating reflectors and backward-wave couplers are chara-
cterised by a massive wavelength selectivity, with potential
narrow—-band filtering capability of 0.1 & or less. This,
combined with the development of "coherent" laser sources of
comparable linewidths, will make it possible to combine and
separate hundreds of closely spaced channels covering a
nominally narrow wavelength range. The application of the
grating reflector in wavelength division multiplexing is
somewhat limited by the significant loss intoduced by the
3 dB coupler (beam-splitter), used to isolate part of the
reflected signal. The backward-wave coupler on the other
hand, with the light reflected into a different fibre by the
grating, allows the whole of the filtered signal +to be re-
covered, Without any additional loss on the passing radi—
ation. Future Dbidirectional multiplexers / demultiplexers

are, therefore, expected to rely on these devices for narrow-



band filtering.

Present day WDM systems are mainly unidirectional, employ-
ing grating demultiplexers and thin-film interference filter
multiplexers. Such devices have been already implemented
(1.7, 1.8, 1.8) in ©practical systems and were found +to
operate satisfactorily at relatively slow rates, usually
with multimode fibres and always for large channel spacings.
Only few bidirectional systems are currently in operation
(1.8), using a different set of wavelength—carriers for each
direction.

Future systens are expected to be mainly bidirectional,
With greater emphasis on compactness, low loss, and narrou-
channel~-spacing in order to accomodate more channels. Near
future designs of multiplexers / demultiplexers will be
based on low-loss fibre devices, either directional couplers
or even grating couplers; the former appear more favourable,
because of their simpler fabrication. Eventually ,however,
with the subsequent evolution of ‘coherent" laser sources,
the apetite for a further increase in the number of avail-
able channels could only be satisfied by more sophisticated
fibre devices based on grating couplers and reflectors with
massive spectral selectivity, low loss and greater architect-

ural compactness.
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1.3 Devices Based o n Grating

Couplers and Ref lectors

So far, grating couplers and reflectors have been
considered only in terms of their potential application in
wavelength division multiplexing. Even so, the effect of
gratings on guided waves has been utilised in a variety of
devices, with potential applications ranging from optical
communication and processing to sensing.

Coupling light into a thin film by means of a dilectric
grating has been reported as early as 1970 (1.51), with re-
ported efficiencies of around 40 %. The main disadvantage of
the grating coupler, as compared with the prism coupler, is
that a substantial amount of the incident energy is transmit-
ted through the film and is eventually 1lost into
the substrate, accounting for the low coupling efficiencies.

Alternatively, a grating fabricated on an optical wave-
guide can couple light into a radiation mode at the Bragsg
angle, used as a beam expander or a high resolution spectro-
meter. A constant-period grating on a planar waveguide nay
act as a beam expander, by diffracting the guided light
into a wider beam. Expanded beam diameters of 5 to 10 mm
have been reported (1.52), with a more wuniform intensity
profile obtained by introducing a depth taper along the
grating.

A similar design has been proposed as a high—resolut?on
single-mode fibre-optic spectrometer (1.53), -exploiting the

wavelength dependance of the diffraction angle. A spectral



resolution of 1.3 & has been reported for this device, uwith
poténtial improvement to 0.003 & . The latter is possible
by imposing the grating onto different parts of the sanme
fibre, coiled into a number of turns. This configuration may
act as an array of parallel , "coherent" line sources; the
large optical path difference resulting in a pronounced
intensity modulation of the main intensity enQelope and
breaking the far-field pattern into an array of fine peaks,
each as narrow as 0.003 & or 250 MHz

4 fibre grating reflector may also be viewed as an in-
line wavelength selective mirror for "coherent" fibre lasers
and other Fabry-Perot type devices, with applications both
in optical fequency-division and wavelength-division multi-
plexing.

The advantages of single-mode fibre lasers are profound:
compatibility with single—-mode transmission fibres and other
fibre devices such as couplers, ©polarizers, filters and
modulators, low-loss for large dopant concentration, very
low thresholds for high gains, good power handling characte-
ristics, with minimum thermal effects, greater economy, gnd

3+ and Era‘ )

compact packaging. Two rare earth dopands ( Nd
incorporated into silica fibres (1.54) have been used for
fibre lasers operating at 1.08 and 1.535 pm respectively.
Originally, butted mirrors were used in conjuction with a
circula}ing fibre coupler,or an external diffraction grating,
to provide uavelengthyselective feedback. A significant im-

provement towards an all-fibre device has been achieved, by

replacing one of the mirrors with a high-reflectivity fibre-
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grating reflector to provide feedback. A Na3* doped fibre
was butted to the input mirror at one end and at the other
to a grating relector of 70 % reflectivity at 1092 nm,with
a nominal bandwidth of 1.9 nm . The system was pumped by a
single—-mode GaAlAs semiconductor laser. Lasing action was
demonstrated at 1084 nm, with a therhold less than 2 mW, a
slope efficiency of 19 % and a linewidth of 0.6 2 (1.5%).
-Due to nodal gain competition, the latter is significantly
narrower than the bandwidth of the grating reflector, and
several orders of magnitude narrouwer than the linewidth cor-
responding to the conventional fibre laser cavity design.
Further improvements may include the fabrication of grating
reflectors of higher reflectivities and narrower bandwidths
directly on the doped fibre, avoiding the butting losses and

obtaining higher slope efficiencies andfiner linewidths.

Comparable results have also been reported for Er3+ doped
fibre lasers (1.56), with fibre grating reflectors operating
around 1.540 pm which makes them particularly attractive
to optical communications. Era’, however, being a three
level system, requires tighter fabrication tolerances for
the grating reflector, since the doped fibre is very absorb-
ing at its ground state, requiring half of the Er3*ions to
be pumped into the excited state before lasing can occur.

The idea of the wavelength selective mirror can be further
exploited by employing a fibre Bragg-reflector as an exte-—
rnal feedback element for spectral narrowing of conventional

nulti-mode or single-mode semiconductor lasers. The arrange-
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ment consists of two coupled cavities, the actual laser

cavity and the one formed betwe
fibre reflector. Provided that a

laser falls within the bandwidth

en the laser facet and the
line of the free running

of the fibre Bragg-reflect-

or, a constructive interference between the reflections from

the two cavities forces single mo

de operation. This techniq-

ue has been demonstrated with commercial multimode laser

diodes operating at 1.3 pm , by

length supporting a low reflect

using a 2 m long fibre

ivity photoresist grating

reflector (1.57) , and at 1.55 pm with a shorter fibre

cavity of 11 cm and a higher re

into the fibre (1.58). Hode hoppi

flectivity grating, etched

ng betuween the neighbouring

semiconductor laser modes has also been reported, by employ-

ing a tunable grating reflector

grating (1.50).

with an external fan-shaped

A grating reflector can be also utilised with convention-—

al semiconductor injection lasers
tion, to form an electro-optic

have been proposed (1.59) : the

in a monolithic configura-
modulator. Two wvariations

distributed—-feedback (DFB)

modulator, based on a single grating, and the distributed-

Bragg-reflector (DBR) modulator,
a Fabry-Perot formation. For the
ed by means of electro-optical

guide index, thus affecting the

employing two gratings in
DFB, modulation is achiev-
ly changing the effective

wavelength of the guided

mode. A voltage of 46 V is calculated +to be sufficient

for a 100 % optical switching.

For +the Fabry-Perot type

DBR , modulation 1is effected by electro-optically wvarying

the effective cavity length, and a voltage of 17 V is
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required for optical switching. Comparative calculations
show the DBR modulator design to be more effective than
the DFB modulator.

The narrow-band filtering capability of grating reflectors
and couplers can also find application in the emerging field
of microwave optics. It would be useful, for example, to
separate the side-bands of an optical carrier modulated at
microwave frequency, introduce a ©phase shift onto one of
them and then recombine them. In this way, the phase of the
microwave signal generated from the recombined side-bands
could be <controlled; this form of processing could be
applied to phased antenna arrays.

As mentioned earlier, it is possible to modulate a Bragsg
reflector. by changing the effective guide index, thus alter-
ing the wavelength of the guided mode. For broadband operat-
ion,a shift in the nominal value of the reflected wavelength
Wwill be an indirect measure of the change in the effective
waveguide index and the parameter that has caused it. In
this sense, the grating reflector can be viewed as a sensor
element (3.1). Even though, there is hardly any improvement
in sensitivity over directional couplers, for broadband
operation, the considerable reduction in the coupled band-
width of the grating reflector would provide more resolvable
points.

Apart from being itself considered as a sensing element,
a narrow-band grating fibre filter could be a vital compo-
nent in a distributed fibre sensor based on Brillouin

scattering, where a ueak scattered signal has to be separat-
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ed from the unshifted, stronger Rayleigh scattering. The
selectivity required, less than about 0.3 &, is within the
realistic capabilities of the grating coupler.

Even though the main application of grating couplers is in
narrow—band filtering, +they can also be used as components
in a number of different devices, utilising their ability to
reflect an optical signal into a different waveguide with
very low loss.

Given that it is difficult to fabricate tight bends in
integrated optics without incurring significant radiation
losses, a grating coupler could be effectively used to allow
more optical devices to be packed into the available chip
length. Although an edge reflector based on a directional
coupler has already been proposed (1.60), grating couplers
appear to offer greater flexibility and lower losses. A
similar application is in fibre-optic signal processing as a
replacement for the recirculating fibre coupler.

The recirculating (feed-backward) coupler, Fig. 1.9 ,
(1.81) 1is ©being extensively wused in fibre optic signal
processors performing various high-speed +time-domain and
frequency-domain operations, from matrix operations (1.62)
to frequency filtering (1.83) . More specificly, a basic
recirculating loop can be used as a transient buffer memory
and data rate transformer, a notch filter, a systolic
processor, and a building block for single mode fibre
lattice filters (1.64) . By implementing the rather simple
but Dbulky recirculating coupler, in terms of the mbre

sophisticated cascaded grating couplers in an integrated
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fibre form, one trades system complexity

tectural compactness.

1.4 Sunmary

for greater archi-

From the previous sections, it is aparent that narrow-

band filtering devices based on grating couplers and re-

flectors are expected to play a major part in the develop-

ment of future Optical Communications. Fibre device imple-

mentations, in particular, with low loss
bility, appear more promising for WDHM, fil
laser applications.

We have fabricated surface relief grat

and fibre compati-

tering, and fibre

ings of different

periodicities on the surface, close to the core, of special

D-shaped fibres, wusing a simple and inexpensive holographic

process, for the realisation of grating re

flectors. Coupled

bandwidths of 7 & and reflectivities of approximately 70 %

have been demonstrated (1.685) , with pote
to sub-& bandwidths and reflectivities of
on—-fibre lengths as long as 2 cn

Even though the grating coupler uas

special fibre has been designed for this

ntial improvement

95 % for grating-

not realised, a

purpose, based on

the twin- waveguide integrated fibre coupler. Different

possible implementations of the grating
been considered, the simpler consisting

dissimilar fibres, with a grating overl

coupler have also
of two D-shaped

ay fabricated on
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one of them, while a more interesting design consists of an
untwisted fused coupler in a polished fibre block, with a

fan-shaped external grating for continuous wavelength tuning.
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CHAPTER 2

THEORY

Significant power exchange between two adjacent wave-—
guides can take place whenever they are in near synchronisnm,
that is, when the phase velocities of the guided modes in
either guide are approximately equal in the absence of
coupling. Identical waveguides are always in synchronism,
and provided they lie in close proXximity to one another, are
strongly coupled.

Asynchronous waveguides are not generally coupled, since
guided modes of different phase velocities cannot interact
effectively. It is, however, possible to couple asynchronous
waveguides by means of a periodic perturbation, such as a
diffraction grating, whose ©periodicity matches +the beat
wavelength of the nonsynchronous waveguides for codirection-
nal or contradirectional coupling.

Both synchronous and asynchronous - grating assisted -
couplers can be analysed by normal mode analysis, involving
the computation of the compound supermodes of the coupler,
treated as a single guiding structure. In the synchronous
symmetrical case (i.e. identical individual waveguides) the
two compound supermode solutions appear to have even and odd
symmetry. However, even for an asymmetrical synchronﬁus

coupler, the two supermodes can be usually superimposed to
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reconstruct the initial launching condition, with the mode
fields <cancelling in one guide and adding in the other, to
allow all +the power in the input waveguide. After some
particular length, the phase relationship between the super-
modes has been reversed, and superposition results in field
cancelation in the input waveguide and effective'transfer of
all the optical energy in the other waveguide (2.1) .

For the asymmetric asynchronous grating coupler (2.2) the
analysis can again proceed in terms of the compound super-
modes of the combined structure. This time, houwever, their
role is different, since in the absence of the grating all
the power is predominantly carried by one waveguide, and
superposition of the +two supermodes cannot lead to power
exchange. Power coupling between these modes 1is only
effected by the diffraction grating.

The wuse of normal mode analysis for synchronous and
grating couplers provides an exact but complicated mathe-
matical description of the coupling process. Alternatively,
one could use the simpler, approximate coupled mode analysis,
with the supermodes replaced by a linear combination of
the individual waveguide modes, 1linked by first order
differential equations, known as the coupling equations. The
coupling coefficient appearing in these equations, is a
measure of the coupling strength, and can be approximately
expressed as an overlap integral.

Coupled mode analysis (2.3 , 2.4 , 2.5) provides simple,
closed form analytical expressions for the coupling proceés,

in close agreement wWith the results obtained by the exact
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normal mode analysis for ‘'"weak" <coupling. Comparisons
betwen normal and coupled mode analyses are presented in

(2.6 , 2.7) .

In the followng sections, a general form of coupled mode
analysis will ©be presented, with the coupling equations
derived and solved for both synchronous and asynchronous
grating couplers. The grating reflector will be considered
as a special case of a grating coupler, as perceived {from
normal mode analysis. The analysis will be then extended to
treat more complicated coupling combinations betueen guided
modes in two and three waveguide systems, showing how the
optical ©power is distributed between competing coupling
processes. This will be followed by the analysis of specific
waveguide and grating configurations, with the derivation of
approximate expressions for the different coupling para-
meters. The analysis will cover both slab and rectangular
waveguide geometries.

For simplicity, only single mode waveguides will be
considered, bearing one forward and one backward-going mode.
The terms codirectional and contradirectional coupling will
be used to distinguish coupling betuween modes travelling in
the same direction from modes travelling in opposite direct-

ions respectively.
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2.1 Coupling Theory

Consider the propagation of electromagnetic modes in
two adjacent, arbitrary dielectric waveguides along the z-
direction. The +transverse electric and magnetic fields
associated with the mode of each individual waveguide can be

written as:

E.= E -exp{ jlwt +Bz2)3 ’
- a -
° . 2 (2.1.1)
Hy= Hy-expl{ jwt ¢ %2)} >
for guide la) and similarly
E = E expl{ jwt +Bzr)2 .
b b b (2.1.2)
@b: Hb exp{ jtlwt t %2)} .
for guide (b)), where ﬁa’ ﬁa’ Eb‘ ﬁb are the field amplitudes

and % , Bb are the propagation constants of the two modes.
A negative sigh in front of a propagation constant indicates
a iorwara-going wave, while a positive sign denotes a back-
wara-going wave.

The electromagnetic fields of each guide satisfy Maxuwell’s

equations:

; 2 _
VixHyti B (2 xHy)-jweny - E;3= O ’
t=e @ % (2.1.3)
foEatJ%‘E"Ea“iwuoﬂf 0 ’
and
. . 2
VxH +iB (zx H )-jwgn E =0 )
P b= b ° b ~b (2.1.4)
fogb-tj Bbtgxglb)+jwub§b= 0] )

wnere Vi is the +transverse part of the V vector operator



and n ni are both {(x,y) describing the index distri-
bution of the unperturbed medium. For contradirectional

coupling betuween modes of the same waveguide, n§= ng .

The total field of the combined waveguide structure, can be

3 ‘

expressed as a linear combination of the unperturbed fields.
For weak perturbation, they can be approximated to the

fields of the individual waveguide modes, i.e.

E = Alz) E; + B(2) E
’ (2.1.5)
H = A(z) §, + Blz) Hy

where the tield amplitudes A(z) and B(z) are slowly vary-
ing functions of z. The above expressions are only approxi-
mately correct. A more exact analysis should also incilude
the residual fields Er(x,y,z) and H;(x,y,2) (2.4 ). These
terms are, however, small in comparison with the transverse
tields tor weak perturbation, and can thus be neglected.

The total fields must also satisfy Maxwell'’s equations,

VxH = wabnzg .

VXE =—jwpH

where n2 1s the composite refractive index distribution,
and may be a function of z.

Substituting equation (2.1.5) into (2.1.8), separating
longitudinal and transverse field components and considering

that

results in:

Alz) TxHyt 1B (zxHa)) + —— (zxHy) - iwe,n?E Aa(z) +
0z
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db(z)
e . , - 2 y =
+ B(z) LVtxgbi JBb(gxg—_ibJJ + . (zxH) Jjwe,n® EpBlz) =
tz.1.7)
and similarly
dA(2z)
Alz) [VxE,+ jB(zxEa)] + (zxEy) + jwp,A(z) Hy +
a 3 az ~ -~
dB(z)
+ Blz) [VxEt jB(z2xENT + (zx Ep) + jwp Blz) Hy= ©
b dz

(2.1.8)
By using equations (2.1.3) and (2.1.4), the above expressions

can be saimpiified to give:

0A(z) 2 dB(2)

(z xHy) - jwsoAnzAtz) Ey+ (z xHy) -
0z 0z

, 2 , .
-jwgAny B(z) Ey= 0, (2.1.9)
and

oA LZ) oBiz)

(zxEj) + (zx Ep) =0 (2.1.10)
0z 0z

Where Anﬁ . Ang denote the difference in the refractive
index profile caused by the perturbation. Note that in the
case of mode coupling in a single waveguide Anf: Ang

For lossless propagation (i.e. real refractive indices),
the time dependance of the above equations can be removed by
taking the scalar products of equations (2.1.9) and (2.1.10)
by E; and H) respectively, where the subscript * indicates
a complex conjugate quantity. Following the scalar products,
the eguations are integrated over the whole cross-section,

ieading to:

0,
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o QAlZ) - - dB(2) - .
ff{ A [Eatz x Hy)-Ha(z x Eq) 3+ A LEa(z xHpi-Hy(z x Ep)d-
-® z z

—sweAl A(z) E E3-5we, A B(z) EyEjY dx dy = 0 - (2.1.11)

Fortunately, this rather complicated expression can be
simplified by neglecting small terms. The terms An% . Ang
are only non vanishing in the region of the perturbation. 1n
the two waveguide case, +the term An% E, E; can be normally

2
neglected since An2 is only non-zero inside the second wave-—

guide, where the field contribution of the first waveguide
Ea E; is very small. ©Since both A(z) and B(z) are silow
varying functions of z, weak field overlaping will make the
product:
dB(z)
»* »*
T TEalzxHy) ~ Mz xEpy))

of second order, and can, therefore, be neglected.

With the above simplifications, equation (2.1.11) beconmnes:

©. JA(Z) - - 2 w
L < N [’ga(gxﬁa)—ﬂa(gxga)]-jweoAn1 B(z) Eagb} dx dy = 0O,
- z
hence
dA(2)
N = j c1B(z) exp{jt Bai-ﬁb)z} y (2.1.12)
z

where ¢4 is the coupling coefficent, providing a direct

measure of the coupling strength, and

(2.1.13)

© 2 Aama
J T A E3Eyax ay
c1 =-WEg =R

° fad ~ ~ A* N R
sz {lnaxHa)HEaxHa)J dx dy

-0

In the case of contradirectional coupling in a single



waveguide, An2 = An2 and E.= E , H_=H . By taking
1 2 ~a ~b -3 -b y

into account the opposite direction of power flow in the two
modes, equation (Z.1.11) can be written as:
o QA(z) 2B (z)

[t - 1 [E3(zxHy) - Ha(z xEy)l+
Iy ) 02 o0z

+J‘(.0£°An21 [A(z) + Bfz)] E,E

which after considering Q(z)=A(z)-B(z) and R(z)=A(z)+B(z)

results in the equivalent expression:

oQ(z2)

= j c,lR(z) exp{ j2fz? ,
dz a
With Cy @as in (2.1.13), with a=b

Similarly, multiplication of equations (2.1.9) and (2.1.10)
Wwith g; and §E respectively, followed by suitable manipulat-

ion leads to equation:

dBiz)

=jC

,h12) exp{—j(Baj%) z} (z.1.14)

0z

where Cyis the coupling coefficient, essentially similar to

(2.1.13). Also for single waveguides:

dR(z)

= j c,Q(2) exp{-2j B 22

d a3

2
Hence, a general form of the coupling equations has been

derived, Which is wvalid for both synchronous and grating

assisted couplers with single mode waveguides, considered

either singly or in comnbination.
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2.2 Directional Couplingeg

The most commonly examined form of co-directional
coupling results from the mutual perturbation of two synchro-
nous parallel waveguides separated by a finite distance, and
is better known as directional coupling ( 2.3, 2.8 ).

For directional coupling between modes of two adjacent

waveguides, the coupling equations take the form:

0A(2)
= j c1B(z)-exp{ itBp-B8r=zx»
oz a b
(2.2.1)
9B (z)
= czA(z)-exp{—j(B-B)-z} )
az a3 b

with c, and c, given by (2.1.13) .
The denominators of the expressions for c; and c, are repre-
sentations of the Poyntingvector

P=1(1/2) L E x H"]

and indicate the power carried by each mode. For real field

amplitudes ﬁa, ﬁa' ﬁb’ ﬁb the expressions for the coupling

coefficients can be simplified to

and (2.2.2)

where I% . % is the power carried by each mode.
For ~coupling between identical waveguides the above
equations become equal, so
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This can be perceived as a direct consequence of the power
conservation argument. If the power carried by each mode is
proportional to |A(z)|2 and lB(z)F respectively, then the z-

derivative of the total power carried in both guides becomes

d

[lA(z)|2+ |B(z)f]=2 Re{j(c, - c1)A(z)-B(z)} . (2.2.3)

dz 2

For power conservation the above expression must be zero,
which is clearly satisfied when
C1= 6

for real values of coupling coefficients.
Although the above argument appears to be generally true, in
principle, as following from power conservation consider-
ations, it is not strictly correct, because (2.1.5) used for
the derivation of the above analytical expressions for c1and
¢, , ignores cross terms resulting from the integrated over-
lap of the individual waveguide mode fields all over space
(2.9). For weak coupling the neglected terms are conmpar-
atively small, leading +to c, = G

Solving the system in (2.2.1) , results in two second

order differential equations:

2
0A(Z) 0A(2)
- Jj(g-p) + cc,A(z) =0
222 a b 2z 172
and
oB(z) 0B(z)
+ j(B -8 + ¢c,c,B(z) =0
322 3 b 2z 172

If power is originally fed in mode (a), A(O)=A, and B(0)=0

Subject to these conditions, the solutions of the above
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equations are:

sintylc,.c, +(AB/2)21. 23

B(z) = A,c 7 exp{-j AB-z/2}
. Vicyc, +(AB/2)7 ]
and (2.2.4)

A(z) = A,[cos{Vtcfc2+(AB/2)2J-z} -

sin{VTcycz+(AB/2)ZJ~z}
-JAB 5 1 exp{ jARz/2},
Vicyc,+(AB/2)° ]

(2.2.5)
where AB::%-—% is a measure of the mismatch betueen the

tuwo waveguides. In terms of power the solution becomes:

c?

P (z) =P — sin?oftcf v apr2)%1.23y (2.2.8)
b c?+ (Ap/2)
and

F (z) = F - ﬁ)(z) (2.2.7)
where P = lac0)= A'Z » and ¢ =V(c, c,)

Equation (2.2.6) shows that substantial amounts of pouwer
can be transferred to mode (b) , only if the waveguides
are approximately phase matched (i.e AB=0, %:%} ).
Equations (2.2.4) and (2.2.5) become:

B(z) = A sinf(c-2) ,
(2.2.8)
A(z) = A cos(c-2)
with complete power transfer over a length:
L=m/s(2.c)

For AB# O , the maximum fraction of coupled power is pro-

portional to

c?

cZ+(AB/2)?

When Af>> 2-c the power exchange between the two modes

becomes negligible, as shown in Fig.2.1 .
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2.3 Grating-Assisted Directional

Couplers

Efficient directional coupling between two single—mode
waveguides by means of a periodic perturbation is achieved
when its periodicity satisfies the phase matching require-
nent

( Ba— Bb) = 2W /A (2.3.1)

Depending on the size of the periodicity, both codirectional
( 210 ) and contradirectional coupling (211, 2.12) may occur, the
latter raising greater interest ©because of its higher wave-
length selectivity. For codirectional coupling

A=x7L Dep, = "EFZ)' (2.3.2)
while for contradirectional coupling

A=A Dpgq + Dgpo), (2.3.3)
where A, is the wavelength at which the matching condition
is satisfied, and Deeq s Dggy, are the effective indices of
the two waveguides. It is evident from the above equations
that contradirectional coupling requires a substantially
finer grating periodicity. Even so, the use of the same
grating for codirectional and contradirectional coupling at

widely different wavelengths has been suggested (2.13 ).

2.3.1 CONTRADIRECTIONAL COUPLING

Consider the case of contradirecional coupling in two

single-mode parallel waveguides phase-mnatched by a periodic
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perturbation of periodicity A , such that :

%+%=2W/A,
Where (%, % are the propagation constants of the waveguides.
Generally the two waveguides are asynchronous, and {2#[% R
although for the special case of the single waveguide
grating reflector %:% .

The perturbation wusually takes +the form of a surface
corrugation on a core / cladding interface. It is assumed to
be sinusoidal, of depth h and can be described by a
refractive index distribution:

(n%—ngl -h £ x £ 0
Anl(x,y)= (2.3.4)
0 elsewhere,
where n, no are the core and cladding indices respectively.

The field amplitudes of the +two modes A(z) , B(z) are

related by the coupled mode equations:

A (2)
= j c1B(z) exp{ j(B+B) 2z ,
02 3 b
(2.3.5)
oB(z)
= j czA(z) exp{-j(B+B) 2}
0z a b

where C,» C, are the coupling coefficients, approximately
expressed as the integral of the product of the mode fields
in the perturbed region. Due to the contrary directions of
power flow in the two waveguides,

Cq==Cy=C
which comes as a direct consequence of the conservation of

power:
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[|A(z)l2- |B(z)|23=2-Re(j( leyl=1¢c,1) - A(z)-B(2)3 = O -
i (2.3.6)
The perturbation 1is assumed to vary periodically in the
z-direction (i.e. direction of propagation), so
c = 206«cos(k+2z) = b6-[exp{ jk-2z} + exp{-jk-2}1, (2.3.7)

where k is the perturbation momentum, i.e. k = 2T /A .

Substituting 2.3.7 in the coupling equations 2.3.5 gives:

2A(z)
= j6B(z) [exp{-j(k-B-B)z} + exp{ j(k+f+B)z31,
dz a b a b
(2.3.8)
dB(z)
=-j6A(z) [exp{ j(k-B -B )z} + exp{-j(k+PB +B )22 -
dz a b a b

The rapidly varying factors of 2.3.8 can be made redundant,
since significant coupling is expected to occur only uwhen

k= B+% . Thus the coupling equations take the form:
a

0A(z)
= j b B(z) exp{~-jlk-(B+Brizr ,
22 a b
(2.3.9)
oB(z)
=-—j b A(z) exp{ jlk-(B +B)1z} ,
3z a b

where O is the magnitude of the coupling coefficient, given

by
== [T an2ixayy 18,08y
6= Anc(x,y) . dx.dy . (2.3.10)
4P b a “b

Equations 2.3.8 can be written in a simpler equivalent.
form by introducing the wave amplitudes:

a(z) = A(z) exp{-jB-z} .
a

b(z) B(z) exp( ijz} ’
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for which the coupling equations become:

ga(z)
=—j B-alz) + jOexp{-jk-2z)-blz) |,
0z 3
(2.3.11)
db(z)
= jBb(z) -~ §6exp{ jk-z) -alz)
3z b

A further simplification results from removing the
z-dependance of the coupling coefficient by considering:
a(z) = a(z) exp{ jk-z/2} ,
b(z) = b(z) exp{-jk-2/2% »

for which the equations of 2.3.11 take the form

a(z)
=—j( B~ ks2)-3(z) + jb-B(2) ,
2z a
(2.3.12)
db(z) .
= j(B - krs2)-blz) - jb-alz) ,
dz b

with all the coefficients being constant.
The above system results in two second order differential

equations for af(z) . and b(z) respectively:

é%(z) dalz) : 2
+ j(B-PB) + [(B- k/2)( B~ ks2) -6 1-alz) = 0,
322 a b =z 8 b
. - (2.3.13)
gb(z) db(2) 2 .
> + jUB=-B) + [(B - kr/2)X(B-krs2) =0 1-blz) = 0,
dz 3 b 2z a b

the solution depending on the sign of the determinant of the

characteristic equation:

’

B - 2 2 2 2
st= c—c—-a——%-n - [(B - ks2)(P~-krs2) =61) =6 - (ABr2)
2 3 b



where AB= k - (B + % ) is the effective phase mismatch.
a

Subject to the boundary conditions 5(0)=a° and %H(L)=0 for

a grating of length L , the coupled field amplitude

. j6a, sinhls(2-1)1
b(z) = rexpl{-j( - Blrzsz}
s-cosh(sL) - j(AB/2):sinh(sl) a b

(2.3.14)
for s? >0 i.e. (ARs2P <8,
- j 6-a,(z-L)
b(z) = exp{-j( -8 )1z2r/22 (2.3.15)
1 -j6L a b

2
for 52 =0 i.e. (AB/ZF =0 , and

- j 6-a,{cos(sz)~cosls(2L-2)1+j{sin(sz)-sinls(2L-2)32%
b(z) =

[(AB/2)-51+[(AB/2)+s)cos(2sL)-jL(AB/2)+sksin(2sLl)

cexp{-j! %-—% )z2/2} (2.3.16)

2
for (AB/2) >62 , Where sz= (AB/Z)Z--G2

The power distribution in the two modes is given by

P.6%sinhZs(L-2)]

P = (2.3.17)

tslcosh? (sL) + (ABs2)2.sinh?(sLl)]

for |ABr2/<d

P 6% (L-2)2
P = (2.3.18)
b 1 +6212

for |ABs2l=6 and

Q-Ggsinzts(L—z)J

b tslcos?(sL) + (AB/Z)zsinz(sL)] (2.3.19)
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for ABs2 >0, with P=1- Pb .

The normalised power propagation in the receiving guide
Pb as a function of distance along +the direction of
propagation 2z is shown in Fig.2.2 , for an interaction
length L . For 1AfB/2061t < 1, the reflected power rises
monotonically in the negative z-direction. The variation in
ﬂ) is also examined as a function of interaction length
(i.e. grating length), for different measures of mismatch,
as shown in Fig.2.3 .

These curves illustrate two significant properties of
backward wave devices in general; that precise phase match-
ing is not required for strong reflection, provided that the
interaction length is sufficiently 1longs: and that the
variation of coupled ©power with length has an asymptotic
character in the near matching region, so that a precise
determination of an interaction length is not required, in
marked contrast with the periodic power transfer in forward
couplers. For values of | ABs/26 1 > 1, the amount of coupled
power reduces and varies periodically with the interaction
length.

It is possible to write the near phase-matching require-
ment in terms of the deviation in angular frequency W fronm
the frequency at resonance W, , as

IABI= 10 ngpq + Mgy MLw—w,1 /€1 € 26 (2.3.20)

where and nEanre the effective waveguide indices, and

DEF
¢ is the velocity of light.

The width of the frequency gap is given by

(Aw ) =46 ¢ /Cn

gap EF1 ) (2.3.21)

* Depy
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Fig. 2.2

Coupled power variation along the grating length for a

contradirectional coupler.
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Fig. 2.3

Coupled power as a function of the grating length &1L .



and is better known as the "forbidden gap" or coupled band-
width of the contradirectional coupler.

The mode reflectivity is defined as the fraction of the

pouer coupled 2
| B(0)| B (0)
= 2 = ?
|aco) | P, (0)

and is given by:

stinhz(sL)
R = 2 2 > 7 . (2.3.22)
[s“cosh” (sL) + (ABr2)°sinh®(sL)]

Under phase matching, the reflectivity reaches its maxXimum
value
R = tanhz(é-L) . (2.3.23)
Outside +the “forbidden gap", i.e. for IAB/2I2>82, the
reflectivity is given by
6%sin?(sL)

R = ’ (2.3.24)
2cos?isL) + (AB/Z)2 2

[s* -sin“ (sL) 1]

and is responsible for the appearance of sidelobes, clearly
indicated by the existance of minima and maxima in the above
equation; minima for sL=nTT , and maxima for sL=(2n+l1)T /2,
for n=0,1,2...
Thus, the level of the n"‘ sidelobe in the reflectivity is
given by

1

R, = > . (2.3.25)
1 +[(2n+1) T /(26L) ] :

The variation in reflectivity as a function of the effective
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Grating reflectivity as a function of mismatch AB-L .
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mismatch AB-LL is shown in Fig.2.4. For high reflectivities
large 6L products, result in severe sidelobe presence.
Note also +that for narrow bandwidths (2.3.21) and high

reflectivities (2.3.23) long grating lengths are required.

2.3.2 BRAGG REFLECTION IN A PERIODIC WAVEGUIDE

A periodic perturbation on a single mode dielectric
waveguide may result in power being reflected from a foruward
to a backward-going mode, when the periodicity /A satisfies
the momentum conservation requirement:

%:II/A . (2.3.26)

The phenomenon is similar to that of Bragg reflection from a
periodic layered medium ( 2.14), and analogous to Bragg
scattering of Bloch electron waves in a crystal along the
Brillouin zone by the crystal periodicity (2.15).

Bragg reflection can be treated as a special case of
contradirectional coupling between modes of the same wave-
guide, where %=Ba (2.16)

The coupling equations can be presented as

0A(z)
= j c1B(z)-exp{ i2p-zx ,
02 a
(2.3.27)
0B(2)
= j czA(z)-exp{-jZI}z} ’
0z 3

and for a sinusoidal perturbation along the z-direction :
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A (Z)
= jb-B(z).exp{-j(k - 2Bz} ,
dz 3
(2.3.28)
oB(z)
=—j 6.A(z) -exp{ j(k - 2B )z},
02 a

where k = 2w /A is +the Bragg momentum, and & is the

magnitude of the perturbation coupling coefficient given by

-—w,eo w 2 . 2 . B
5= ﬂ' pAnl By fax-ay . (2.3.29)
4P o

.

Solving the system of equations (2.3.28) for A(z) and

B(z), results in two second order differential equations:

2

dA(Z) 0A(z) 2
+ jlk - 28) - H-A(z) = O
az2 a 2
and (2.3.30)
dB(z) B(z) 2
7 - itk = 28) - §:B(z) =0
0z a 0z

For a grating length L , if A(O)=A, then B(L)=0 , since

B(z) is generated by the perturbation.
2 2
Defining AB=1k - 231 and Sz=6 - (AB 72) ,
a
the solutions of 2.3.30, subject to the above boundary

conditions,will depend on the sign of S2 .

For 82> O , the solution for (b) takes the form

j26 sinh[S(z-1)] :
B(z) = A, expl-jABz/2]
[(-AB sinh(SL) + ;25 cosh(SL)1]

(2.3.31)
Under phase matching conditions, AB= 0 and S =06 , the

above equation is simplified into
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sinh(6(z-L)1]
B(z) = A, . (2.3.32)
coshIf L]

For the special case, where |ABI= 26 , i.e. Sz= O , the

solution becomes:
j 6:(z-L)

B(z) = A,———— exp{-j 62} . (2.3.33)
1 -3561L

2
Finally, for 6« (AB/ZF and 82= (AB/ZF -62 , the

solution takes the form

j2b6{cos(Sz)-cos[S{2L-2)1+j[sin(Sz)-sin[S(2L-2z)11}

B(z)=4,
[(AB-28)+(AB+2S) cos(25L)-j (AB+2S)-sin(2SL) 1]

exp [-jABz/2] . (2.3.34)

In terms of pouer, the above expressions give:

P 8% sinh? [S(L-2))

P = (2.3.35)
b tsZcosh? (SL) + (AB/2)%sinh? (SL)]
for |ABr21< .
P-§%(L-z )
P = > (2.3.36)
1 +(6-L)

for |ABr21=56 , and

g-égsinZES(L-z)J
B = —— > (2.3.37)
[S%cos®(SL) + (AB/2).sin2(SL)1

for |ABs21>6 , while for all cases

B=R-E . (2.3.38)

Under phase matching conditions, i.e. for AB= 0,
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sinhzté(L-z)J
E =P > . (2.3.39)
cosh“ (L)

The above equations bear a close resemblance to those
derived for contradirectional coupling in a two waveguide
structure (2.3.17-19), for %::g . There is no fundamental
distinction between +these coupling processes, but purely
difference in detail arising from the different mégnitudes
of the coupling coefficient [(2.3.29) , (2.3.10)] , which
for ~contradirectional coupling is also a function of the
waveguide separation.

The wvariation in coupled power along the interaction
length, and as a function of different grating lengths,
presented in Figs.2.2 and 2.3 for the contradirectional
coupler, also hold for the Bragg reflector, with AB= k - 2%
and 6 as given by (2.3.29) .

The "forbidden gap" or coupled bandwidth is given by
= 26¢ / n

(Aw) (2.3.40)

gap EF
and 1is generally of +the same order as the one for the
grating coupler (2.3.21), for perturbations of equal strength,
i.e. when the coupling coefficients are made equal.

The reflectivity is defined as in (2.3.22-24) and exper-

iences side—lobe presence as shouwn in Fig.2.4 .
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2.3.3 CODIRECTIONAL COUPLING

Consider two single-mode waveguides in the presence of
a periodic perturbation, such as a surface corrugation. If
the periodicity 1is 1large enough to satisfy the momentum
equation :
E-Bb= 2n /R , with %#%,
where % . q) are the co-propagating modes of the two
waveguides, then these modes are strongly coupled and power
exchange can occur, similarly to a conventional directional
directional coupler.
The mode amplitudes A(z) and B(z) are interelated by

the coupling equations, which for a sinusoidal longitudinal

perturbation take the form:

dA(z)
= j 6B(z)-exp{-jlk - (B -B)iz} ,
32 3 b
(2.3.41)
aB(z)
= j06-A(z)-exp{ jlk - (B-B)Iz2
02 a b

Due to the codirectional power flow in the two modes, both

coupling coefficients have the same sign, their amplitude b

given by
-—Wg o 2 . 2 ~
6= [f an® 1Egl1 Eplax-ay . (2.3.42)
4F, ‘o

Note also, that the total power carried by the two modes is

conserved, since :

d
{ IA(Z)F + IB(Z)IZ} =0 .

dz



Separating the individual mode amplitudes from (2.3.41)

results in two second order differential equations:

g%(z) dA(2Z) 2
+ jlk - (B=-p)1 + 6°A(z) = 0,
322 a b dz
(2.3.43)
3B (2) dB(2) 2
—j[k—(Ba—%)J + 6:B(z) =0,

622 02

the solution of which, subject to the boundary conditions
A(O)=A, and B(0)=0, becomes:

B(z)

-j A,(D/S) sin(Sz)-exp{ jABz 7 23 (2.3.44)

and

A(z) A, [cos(Sz) + j(AB/2S)-sin(Sz)1]-

-exp{-jABz 7 2y , (2.3.45)
2 2
where AB=1k - (B-—%)| and Sz=64-(AB/2)
3
In terms of pouer :
Pb= 2 (67 S )zsinz(Sz)' (2.3.46)
and P = B - P

b

Note that the coupling process is periodic, provided that
the grating length is sufficiently 1long. Complete power
transfer may occur only under phase matching (i.e AB = 0)
and over a grating length M/20. For AfB#0 , the maximum
transferable fraction of power is given by

62/[62+ (AB/Z)2 ] . (2.3.47)

The above equations 1look similar to those, obtained for
directional coupling (2.2.8), uhere AB==%-—% .
In both situations coupling is periodic and of similar

nature, a small difference arising in the matching require-

ment and in the calculation of the coupling coefficient. 1In
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the present case, the latter is usually weaker for the same

waveguide separation, requiring longer interaction lengths.
Strong coupling occurs only for AB< 206 (2.3.47), over a

coupled bandwidth

(2.3.48)

(Aw = 40¢&s(In

bap EF1 ~ nEFﬂ)

where ¢ is the velocity of 1light, and is the

"eri PEF2
difference in the effective indices of the two guides.
Note that the coupled bandwidth increases for similar wave-

i.e. n__-—n is small.

guides when  ne. =nc., . EF1 "EF2

2.4 Composite Coupling Processes

Even though the three main coupling processes i.e direct-
ional coupling, Bragg reflection and contradirectional
coupling have been considered individually, it is <clear
that for a two waveguide system perturbed by a surface
corrugation, all three may act simultaneously. The range of
coupling possibilities can be visualised most readily by
reference to the dispersion diagram shown in Fig.2.5 for two
dissimilar guides (a) and (b), and a single periodic
perturbation of pitch A and wmomentum k = 2n/A . Forward
directional coupling occurs at frequencies around wy where

%(uh)zli(uh). Pouer launched in guide (a) will be reflected
back at frequencies around w,, where Ba(wz):rt/j\ ’ gnd
similarly power launched in guide (b) will be reflected in

(b) around Wy where %(w3)=TtAA . Finally, contradirectional

12



Fig. 2.5
Dispersion diagram showing the coupling possibilities
between two dissimilar guides (a) and (b) in the presence

of a periodic perturbation.
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coupling between the guides will occur at frequencies around
w,,» where %(um)+ %(wa)::ZTE/A.. By appropriate choice of
the dispersion characteristic of the individual guides and
the periodicity A, the various frequencies of strong coupling
can be adequately isolated and a simple two—mode analysis
can be carried out for each process separately.

I1f, however, all the different coupling processes are
allouwed to overlap, a more interesting situation arises with
all four modes (one forward and one backward for each guide)
competing for a share of the pouwer, finally distributed
among all four ports of the device.

Consi dering the different coupling processes interacting
with the same central frequency, i.e. u%=(nz=(03=<»4 , two
modes of operatiog will be examined, the synchronous; at the
central frequency, and the nearly-synchronous; at neighbour-
ing frequencies.

A device operating in full synchronism is only influenced
by the comparative strengths of the different coupling
coefficients, while for near-synchronous operation coupling
is also affected by the wavelength selectivity of the
individual coupling processes.

The analysis of composite coupling processes will be based
on coupled mode theory, generally treated as a four wave
problem. A simple analytical solution does not always exist,
in which case numerical solutions will be offered. Although
a similar type of analysis was carried out in (2.17), some
new results are presented, and also some consideration‘is
given to possible implementation restrictions in the

relative magnitudes of the various coupling coefficients.

T4



2.4.1 SYNCHRONOUS OPERATION

Consider tuwo single-mode dielectric waveguides and a
periodic perturbation of Bragg momentum k (see Fig.2.6},
with both +the phase matching and the momentum conservation
requirements satisfied at the same central frequency wy -

For operation at wo, the individual field amplitudes A ,

B, C, D are related by the coupling equations:

dA(z)
——— = j CapB(2) + j ¢4, C(2) + §j cugD(2)
dz
dB(z)
_— = cbaA(z) + j chC(z) + j cbdD(z) )
dz
(2.4.1)
dC(z)
——— = j CcahAl2) + j cyBl2) + j c¢gD(2) ,
dz
dD{(z)
——— = j CqahAl2) + j cypBl2) + j cyq.Cl2) ,
dz
where i are the different coupling coefficients; (i)

denoting the source and (1) +the destination of the energy.
The above equations have originated from a four-wave coupled
mode analysis, similar to the one presented in section 2.1
for the two-wave case.

The coupling coefficients can be regrouped into those of
the four coupling processes;

Cab =~ Cpa =Ny and Ced = %e =)(.2 for Bragg reflection in
the individual waveguides,

Cac = Cca =—Cpg=—C4p= Co forward directional coupling,and

Cad= Ccp=—Cda=—Cpc=0 contradirectional coupling in
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Fig. 2.6

Schematic diagram of a grating coupler operated as a four

port device.
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the two waveguides. For simplicity consider a symmetrical
structure, where the reflection coefficients in both wave-
guides are approximately equal i.e. ‘mf X2=1£ . This can be
achieved, either by fabricating a grating on each waveguide,

or a single grating equidistant from the two guides.

The coupling equations:

dA(z)
— = §WB(2) + jc,Clz) + j 6D(2),
dz
dB(z2)
— =—jwA(2) - jb6:Ctz) - jcD(z),
dz
(2.4.2)
dC(z)
— = jc,A(2) + jO6:B(z) + jND(2),
dz
dD(z)
— =—j §-A(2) - jc,Bt(z) - jn-C(z2),
dz

result in four fourth order differential equations of the

form:

4 2

a'v Y

= - 208 6% B — + conde s cDH?- 260730 = 0.
dz dz

(2.4.3)
The roots of the characteristic equation are given by
b =+Vexe 62~ 2y (2.4.4)
12,34
the form of solution depending on the comparative strengths
of the different coupling processes, as influenced by the
coupler design.
For a grating fabricated <close to the core of a guide,

the reflection coefficient M , as given by the integral of

(2.3.28) , depends on the dimensional parameters of the
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grating, i.e. its depth and its proximity to the core, and
is not influenced by the presence of other waveguides. The
directional coupling coefficient ¢, , as given by (2.2.2),
depends on the evanescent field penetration of both guides
and their separation, and is not affected by the presence of
the grating. The contradirectional coupling coefficient & ,
as given by (2.3.10), results from the field of the two
guides overlapping over +the perturbation region and thus
depends on the grating characteristics, field penetration
and waveguide separation.

For a grating imposed on the core / cladding interface of
one of the waveguides, the contradirectional coefficient is
usually smaller than the reflection coefficient in the wave-
guide on which the grating has been imposed, due to "ueaker"
field overlap, and is bigger than the reflection coefficient
in the neighbouring guide.

1f the grating is fabricated on both guides, or in the
cladding half-way between the two cores, the contradirection
al coefficient & and the reflection coefficients in both
guides W4 and %, are approximately equal, although usually
smaller than the forward coupling coefficient ¢, . It is,
therefore, reasonable to assume that Co D> N=b .

In this case all four roots of +the characteristic
‘equation are imaginary:

jﬁf—(w%ﬂ}

P = %Y
Ok jVect - %=6)%3 = £3Y, - (2.4.5)

Subject to the boundary conditions A(O)=4,, C(0)=0, B(L)=0

and D(L)=0 , for a grating length L (interaction length), the

18



field solutions at the four output ports are:

A, Y Y
A(L) = [ L + 2
2 ‘Y1-cos(‘y1-L)—jC°-sin(‘y1-L) yécos(yéL)+jc°~sin(yéL)
A, j(x+6)-sin(y{L) j(x—ﬁ)-sin(yéL)
B(O) = +
2 yicos( y1-L)-jco-sin( y1-L) yécos( YZ-L)+jc°~sin(y2-L)
A, Y Y
C(L) = [ 1 - 2
2 y1-cos(y1-L)-jc°-sin(Y1-L) yz-cos('yz-L)+jc°-sin(y2-I_)
_ A, ju+6)-siny,L) jtx—ﬁ)-sin(yéL)
D(O) = -
2

y1-cos( Y1~L)-jc°~sin ( y1-L) yz-cos( ‘Y2-L)+jc°-sin( yZ-L)

(2.4.8)
and expressions in terms of ©pouwer can be obtained by
considering:
P=lal’ p=ison? , R =icai? , B =1pon?,
satisfying the conservation of power requirement:
Pa + Pb + % + % =]AJ2 . (2.4.7)
Fig.2.7 shows the power distribution in the four ports of
the device as a function of interaction length L1 . For
values of c°>>xzé (Fig.2.7.1i), there is hardly any power
in (b)) and (d4) , and the device Dbehaves generally as a
forward directional <coupler with periodic pouwer exchange
between modes (a) and (c) . For smaller differences between
the directional and contradirectional coupling strengths
(see Fig.2.7.ii), power is distributed in all four ports,
though most of it is still being handled by the two forward-
going modes and the process reﬁains basically periodic.

A more interesting situation arises when the coupling

coefficients of the +three different processes are of

1,
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Fig. 2.7

Power distribution in the four output ports as a function

of interaction length for i) ¢, >>%n+bd

ii) c°>“r(.+6 .



comparable strength,

2 2

i.e. (6—%)2< c, < (6+n)

and the roots of the characteristic equation become:

a =+ Ve (u+6) - qf) =+ A real ,
%£=:j41(c3— (%—6)2} =23y imaginary . (2.4.8)

In this case the field expressions of the output ports are:

A, A Y
A(L) = +
2 Acosh(A-L)-jc,-sinh ( A-L) Y-cos(y-L)+jc,-sin(y-L)
A, jn+6)-sinh( A-L) i—=56)-sin(y-L)
B(0O) = [ +
2 Acosh( A-L)-jc, sinh(A-L) Y-cos(¥y-L)+jc,-sin(Y-L)
A A Y
C(L) = [ -
2 cosh( A-L)~jc,-sinh ( A-L) Y.cos(y-Li+jc,.sin(y-L)
A, jM+6)-sinh( A-L) jm=86)-sin(y-L)
D(O) = [ -

2 Acosh( A-L)-jc,-sinh( A-L) Y.cos(y-L)+jc,-sin(y-L)

(2.4.9)

and again expressions for the ©power distribution can be
obtained from eq.2.4.7

In this case power is more evenly distributed among the
four ports (see Fig.2.8.i) and the process appears to have
lost its periodic profile. The pouwer variation wWwith grating
length is rather slow,and a length exists,for which the two
forward and the two backward modes carry equal amounts of
power. A most interesting development occurs when

6=n>c , (Fig.2.8.ii)

and the outputs from all four ports tend to the same value,
acting as a four way power divider. Note, that a further

increase in the interaction length does not produce any
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change in the distribution of power.

Finally, if ¢ is considered +to be much smaller than

(-]

2 2
either w or & i.e. (Xo5)>(x—6)>c3 :
all the roots of the characteristic equation become real:
p = Vet 62 - c°2

p = :w/{m—ﬁ)z- c?
34

3 =‘3A1 .

3 =:A2 . (2.4.10)

the field solutions in the four output ports are given by:

A(L) = b - + 82 ]
2 A‘icosh( AL)-jc,-sinh ( A/L) A-Zcosh( Af)+jc,-sinh CAL)
A j(%+5)-sinh(AﬂJ j(X—ﬁ)-sinh(A?ﬂ
B(O) = +
2 Ajcosh (AjL)-jc,-sinh ( A1) Acosh( AjL)+jc,-sinh( AgL)
C(L) = A [ b - !
2 Brcosh ( ALy —jc,-sinh ( AyL) Ajcosh( Af)+jc,-sinh (A)L)
bio; A, i t+8) -sinh € AL) j=06)-sinh (AsL)
) o= -

2 Ajcosh (AL)-jc,-sinh ( AfL) Azcosh(AéLHjco-sinh(Az-L)

(2.4.11)
which can again be expressed in terms of power.

Since forward coupling is rather weak, we expect reflect-—
ion and contradirectional coupling to dominate, with most
of +the power being shared between the backward modes (b)
and (d) , and only for short grating lengths some of it
remains in (a) or finds its way into (c¢) , as shown in
Fig.2.9. Note also that the power distribution for different
interaction 1lengths, has lost its periodic nature and has
assumed the well known exponential Bragg-type response.

The above treatment clearly indicates, that for- a

combination of - directional and contradirectional coupling
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in synchronism, with the directional coupling stronger for
a realistic waveguide separation and a perturbation magni-
tude, the device behaves mainly as a forward coupler, with
only a minute amount of power handled by the grating

coupling processes.

2.4 .2 NEAR-SYNCHRONOUS OPERATION

For near-synchronous operation, +the phase-matched modes
of the previous section are driven at a frequency W , other
other than their matching frequency ub , thus being pulled
slightly off matching. The change in frequency or rather in
wavelength, introduces the effective mismatches ABM and ABXZ
on the propagation constants of the two guides where,

Ba(w) Ba(wo) + ARy,

%(u}):%(wo)+AB)‘2_ (2.4.12)

Note that for dissimilar waveguides ABﬁ#ABz .
A
The field amplitudes A, B, C, D are related via the coupling

equations :

dA

- =jA%ﬁ-+jx@-+qu-+jbm,

dB

==jnA - jAB-B - §6C = jc,D
1 M
dz
(2.4.13)
aC .

= jc,A + j-06B + jAB.C + jwD>
dz A2 2

dD

=—j §-A - jc,-B - jw:C - jAB-D,
= ib 3 Ing b sz
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for mismatches A%ﬂ, A%Q and where %;, %, are the reflect-
ion, ¢, the directional,and § the contradirectional coupling
coefficients.

A simple analytical solution does not always exist for
the above system of equations. Only when ¥1=1L2=7£‘ and for

ABM:ABA2 it is possible to resolve (2.4.13) into a fourth
order differential equation of a form similar to (2.4.3)
The 1roots of the <characteristic equation are given by

T Vi (1t 65 - (cc_-tAB)\)z} . (2.4.14)

Two identical waveguides, as is the case for ABM=AB)‘2 ,
remain phase-matched at all frequencies,while Bragg-reflect-
ion and contradirectional coupling are pulled off matching.
The significantly broader bandwidth of the forward coupling
process, combined with the generally stronger coupling
coefficient ¢, , make the device behave as a directional
coupler, with most of the power shared betuween modes (a) and
(c).

The field solutions for different combinations of ¢, , %
and & can be obtained from (2.4.14), and are of similar form
to those presented in section 2.4.1 for the synchronous case
where Iyl =1 A =1 VT 67 - (c,+AB)‘)2}I

9 2 (2.4.15)
and IYZI=IA2I=I1/'{(x—5) - (c,-AB)\) 3

The power distribution among the four output ports, as

a function of mismatch AB)‘,is shown in Fig. 2.10.i,ii,iii

02>(‘n+6)2, c,=%n=0 and c°2<< (-6 respectively,

for c
for an interaction length L.

In Fig.2.10.i, for large ABA,all the power is contained
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within modes (a) and (c¢), and even for Aﬁi:o , Where the
grating coupling processes are mostly effective, only 16 %
of the total power finds its way into (b) and (d4).
An interesting development appears in Fig.2.10.ii, when
=M =0 . Although for large values of A%\ the power is
being shared by (a) and (¢), for small A[a a "flat"
wavelength range exists, where the pouwer is being equally
split among all four ports the device acting as a four way
power divider, insensitive to small variations in A .
Finally, when c2<< (m-82 (Fig.2.10.iii) for small ABall
the power is being handled by (b) and (d), but for larger A%:

and as the Bragg-type processes are being pulled off match-

ing, power ends into (a) and (c), which remain phase-
matched.
A more general numerical solution of (2.4.15) has also

been obtained for the case of two dissimilar waveguides and
a grating fabricated on one of the cores in betueen the two
guides, i.e. AQM¢AB&2 and W,#%, . The power distribution
in the four ports as a function of wavelength is shoun in
Fig.2.11, for a design defined in the above Fig.

Note that these results were obtained for large perturbation
values; grating depth 28 % of the actual waveguide width,
which gave ¢,=0.001111 /pm, 1%:0.001506 /pm, M7=0.000073 /pm
and ©=0.000254 /pm, and seem to be in general agreement
Wwith the results presented in Figs.2.10.i,ii,iii , although
for such large perturbations the accuracy of coupled mode

analysis becomes questionable.

Concluding, although the different coupling processes
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compete vigurously for a share of the available power, it is
forward coupling that generally dominates, because of its
stronger coupling coefficient and the significantly broader
bandwidth (wavelength insensitivity) for a realistic coupler

design.

2.5 Three Waveguide Structure s

Although three-waveguide directional couplers have been
fully analysed ( 2.18 , 2.19 ), combinations of codirectional
and contradirectional coupling in three waveguide structures
are presented here for the first time. An advantage of this
scheme is the relative insensitivity of the power distri-
bution to small wvariations in the interaction length,
provided that contradirectional <coupling is stronger and
that the grating length is sufficiently long.

The feasibility of a realistic three-port switch in
integrated optics form is examined, where nearly all of the
input power can come out from any of the three ocutput ports,
with detuning voltages not larger than those for a convent-
ional directional coupler. Another application may involve

power division into the three guides at predescribed ratios.
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2.5.1 DIRECTIONAL VERSUS CONTRADIRECTIONAL COUPLING

IN A THREE WAVEGUIDE STRUCTURE.

The dependence of the contradirectional coupling strength

on the directional coupling strength c

., for a two wave-

guide coupler, can be removed,by separating the two coupling
processes into different waveguides, in a three—guide coupler.
In this way, any desirable 06/c, ratio could be achieved
by suitable scaling of the waveguide separations.

Consider three adjacent single mode waveguides (a), (b)
and (c) as shown in Fig.2.12.i, where the modes (a) and (b}
are phase matched through equality of their phase velocities,
i.e. %==% , and modes (a) and (c) are phase matched via a
grating of momentum k ,i.e. %+ % = k , where (¢) is a
backward-going mode. For synchronous operation both coupling

processes occur at the same central frequency w where

0 k]
genarally +the +three waveguides are dissimilar as shown in
Fig.2.12.ii, with P W, )= Blw )ZB( w,). The field ampli-
tudes A, B and C of the three modes satisfy the coupling

equations:

dA R .
= j(ks2 -B)-B + jc,B + j6.C,
dz a
aB R
= jlks2 -B)-B + jc A , (2.5.1)
dz b
ac . .
=—j(ks/2 =B)-C - j5A>
dz ¢

where A=A exp{-jk - z/2), B=B exp{-jk-2/2), C=C exp{ jk-z/2}
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and assuming negligible coupling between modes (b) and (c).
The propagation constant P ,under an assumed exp{-jB-z2

dependence, is the root of the determinantal equation:

3 2
+ (k72 -B-B+PBI + BL(ks/2 ~BI(k/2 = BI)=-(k/2- BI(k-B-B)-
B+ B B-B+B1 + B B, B IR
~(c2- 651 - [(ks2- B ) (k/2= B ) (k/2- B +c2 ( B-k/2)+ 8( B-k/2)1 = O,
a 4
(2.5.2)
which does not appear to have a simple analytical solution.

Considerable simplification is achieved for synchronous

operation, where Ba=Bb and Ba+Bc =k and (2.5.2) becomes:

B (3B/2)p%+ 38%4 - (c2-6hip+ (P8 - (I-86L B /21 = O,
(2.5.3)
Where B=:%-% , With roots:
B1=-B/2 and BB:—( Brs2) ¢ 1/{03—62} . (2.5.4)

The nature of the solution will depend on the comparative
strength of the two coupling processes. For_ c, >0 a periodic
response is expected, while for 6 >c, the system should
assume an exponential Bragg type response.

Subject to the Dboundary conditions A(O0)=4, , B(0)=0 and

C(L)=0 for a grating length L, the power distribution in the

three output ports for § >c, is given by:

2
la) 06 sc, 13- cosh(A-L)1?
Fa = 2 2
2L L[(b /c,)%cosh(AL) - 1]
|A°|2-[( 6 7c, 2~ 11 sinh? (AL
P = 7 3 ’ (2.5.5)
2=L (6 /¢, ¥+cosh(AL) - 11 :
|A°|2-( 52/c‘,2 W (8 se, 2= 1 3 sinh? ( AL
P )

2

220 [(6/¢c,1% cosh(AL) - 1 72



where A= V¢ 52-—002}. _

Note, that for long grating lengths, i.e. A.L>>0 , the pouer
in the three ports Py Pb » F.  tends to (c, /b )Q|AJ2 s
(c,/ 5)2[1—(00/'6)211AJ2 and [1—(c°/'5)231AJ2 respectively,
and further increase in the grating length has no effect on

the power distribution.

For co>5 , the solution takes the form:

IAJZE 1—-(c°/5)2-cos(A-L)]2
R = :
2=L Lcos( AL) - (¢, 61222
IAJZ(CO/’ﬁ)z[(Co/ 5)2— 1 ]'sinz( AL)
E = 2
b
ol [cos( AL) - (c, s 51212
laJ2t(c, 761%2- 1 1-sin( AL
k= 2 .2 ’
7=0 [cos(AL) = (¢, 70 )1
(2.5.6)

where A= \/'{coz - 6% .

Note, that the pouwer variation is of periodic form, with all
the power returning to the input mode (a) for interaction
lengths L=2 nmt/A , where n is an integer. The maximum
power transfer to (b) and (¢) occurs every L=(2-n+1).1T /A
and is proportional to [1-¢ 62/002)] and ( 52/c3 1= 62/c°2)J
respectively.

Expressions similar to (2.5.5) and (2.5.6) can be derived
for different input conditions. Figs.2.13.i,ii-15.4i,ii show
the power distribution in the output ports as a function of
interaction length, for different input conditions, when
( & /c,)=V3 and (c,/b )=V3 respectively. For c,>9b the

pouwer distribution assumes a periodic profile, though

complete power transfer to any other mode is not possible.
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For 6 >c and provided that the interaction (grating)

S
length is sufficiently long, the power in the three output
ports tend to the limits defined by the 6/c, ratio.

It is, therefore, ©possible to influence the pouwer division
in the three output ports by appropriate choice of 6rc,,
without the need for a precise interaction length, provided
the grating is sufficiently long.

A most interesting situation arises when O=c, . The
output pouwer distribution for different input conditions is
shown in Fig.2.16.i,ii,iii . If power is launched into the
central waveguide mode (a), although some coupling into (b)
and (¢) occurs for short lengths, all the power eventually
returns into (a). For short interaction lengths the process
starts as periodic, but finally becomes exponentially
asymptotic for longer grating lengths.

If pouwer is launched into modes (b) or (c) (Fig.2.16ii, iii)
for long interaction lengths, +the power comes out from (c)
or (b) respectively. This may be compared with the periodic
power exchange betuween the side waveguides in the case of a
a three waveguide directional coupler operating in synchro-
nism (219) . By employing a combination of directional and
contradirectional coupling, a similar result can be achieved
independent of a precise definition of interaction length.

Such a device could be realised in an integrated optics
form, with suitable electrodes deposited over guides (a) and
{b) and the grating fabricated only on guide (c), as shouwn
in Fig.2.17 . The waveguide separations have been deSigﬁed

to allow & =c, and the grating is sufficiently 1long. 1If
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Fig. 2.17
Schematic representation of a three port switch based on the
three waveguide directional versus contradirectional coupler
design, for realisation in integrated optics form with

electrodes deposited over (a) and (b).



power is originally launched into guide (c), and there is no
voltage applied on the electrodes, the three-waveguide
coupler operates in synchronism and all the power comes out
of (b). By applying a detuning voltage on (b), the waveguide
can be pulled off synchronism, and since guides (a) and (c)
remain phase-matched by +the grating, all the power will
come out of (a); the device operates as a tuo-wave contra-—
directional coupler. Finally by pulling (a) off tuning, both
coupling processes are affected and the optical pouwer
remains on (cJ. Thus, by applying suitable detuning voltages
on the electrodes (a) and (b}, the three waveguide coupler
can be operated as a three-port switch for time division
multiplexing, or even as an electro-optic decoder for optical
processing applications. The level of detuning voltages are
expected to be comparable to the ones used in a conventional

directional coupler.

2.5.2 THREE — WAVEGUIDE GRATING COUPLER

The special case of a three- waveguide system, phase
matched by a grating of momentum k,has also been considered.
A combination of codirectional and contradirectional
coupling, possibly by two gratings of different periodic-
ities, results in a Dbehaviour very similar to the one
presented for directional versus contradirectional coupling

in the previous section.
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For a three waveguide contradirectional coupler, the
coupling equations take the form:
da
= j(ks2 -B) A + 3613,
dz 3
dB
=-j(k/2 - B) B - j61A - jGZC ) (2.5.7)
dz b
dac
= j(ks2 - ) C + jGZBs
dz c

where A , B and C€C are the

modes, Ba , Bb and Bc are their

51 , 52 the coupling coefficients

guide (bJ) and the side ones

between (a) and (c) is assumed

For +the three modes +to

frequency Wy »
Ba(wo) +Bb(w0) =k and

For identical (a) and (c)

(2.5.7) exists, with the roots
given by
B=B- k2 , B=(f-Brs2
for an assumed solution of the
Even though expressions for
have ©been

three ports

conditions,
If power

a sufficiently 1long grating

(a)

obtained

is launched into the central waveguide

field amplitudes of the three
propagation constants and
between the central wave-
and (c) Note that coupling
to be negligible.

be phase matched at a single
Ba(wo) = B(( w,)

analytical solution to

’ an

of the determinental equation

£ §VC 6460 [k - ( B+ Br31%/4)
type exp{ j B-z?

the power distribution at the
different

for input

they appear to be of little interest.

(b) , for

length, it is divided betuween

2 2 2
(a) and (c), with splitting ratio Gﬁ/(6f+6§) and 0,/(85+06,

-



respectively.

If power is launched into any of the side waveguides (a)
and (c), it is distributed among all output ports, the
splitting ratio related to the ratio of the coupling

coefficients, without ©being in general possible to get all

the power out of a single port at will.
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2.6 Evaluation o f t h e Coupling
Coefficients for different

Waveguide Model s

The coupled mode theory as presented in section 2.1 is
independent of waveguide geometry. The evaluation of the
coupling coefficients as given from (2.2.2) , (2.3.10) and
(2.3.29) requires the analysis of specific coupler
geometries.

The slab waveguide model is the simplest structure used
to analyse mode conversion properties of dielectric wave-
guides (2.20). Although not a realistic model, its results
are usually somewhat applicable to optical waveguides of
different geometries.

In the analysis presented in this section, both symmetric
and asymmetric waveguides are considered and expressions for
the directional and contradirectional coupling coefficients
are obtained. Finally, a rectangular waveguide model is
examined, as more accurate, for the description of a grating

coupler configuration based on the integrated fibre.

2.6.1 THE SLAB - WAVEGUIDE REFLECTOR

A grating reflector is more easily visualised as an
asymmetric slab waveguide, consisting of a thin film of

thickness d and refractive index n, sanduwiched betuween
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media of indices nq and n, respectively. A grating of
periodicity A and amplitude h is imposed on one of the
interfaces as shown in Fig.2.18.

In general, a slab waveguide can support a finite number
of guided T.E and T.M modes. By limiting the analysis to T.E
modes only, and assuming i%-:o (since the guide extends in-
finitely 1in the y direction), the only non-zero field

components Hy,, H, and Ey are related by Maxwell's equations:

J dE

Hy= - — —2
W, 0z
(2.6.1)
J 0E
H,= Y
WH, 99X

The transverse field component Ey obeys the wave equation

2
9 Ey 2. 2 2
+ ?kl-p) E, =0, (2.6.2)

0 X

where B is the propagation constant of the guided modes,n2

is the index distribution of the structure,and k = 2TW /N .

Solving eq.2.6.2 results in:

A-exp{—\qx} 0 £ X <+,
Ey= A-[cos(‘n-x)-—(‘v1/x) sin( ®-x)1] -d £ xg 0,
A-[cos(n.d)+( 'y1/x) sin(n.d)1] exp{yz.(x+d)} -o< X £-d,

(2.8.3)
2 2
where Y, = B™- n12.k,, ) -
2e 22 @ (2.6.4)
2
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Slab waveguide grating reflector configuration.



and A is the field amplitude constant.
For Ey and HZ to be continuous at the two interfaces, i.e

for x=0 and x=-d , the eigenvalue equation:

WY +Y,)

2_
(X-v,Y,)

tan(Nd)= (2.6.5)

must be obeyed, from which the propagation constant  of the
different confined T.E modes can be obtained. For single
mode operation, the waveguide thickness d and index
difference An2 can be designed +to allow only one eigen-
solution in (2.6.5), that of the lowest order even T.E mode.
The constant A can be obtained by normalising the power

flow in the waveguide. The normalisation condition:

1 400 " B + 0 2
- — [ g W) ax = [t By 3%ax =1, (2.6.6)
2 -0 2(1)“.0 -0

results in:

W-He

A = 2w/f] ] (2.6.7)

Iplca + L7y + 17y, X2+y12)

As discussed in section 2.3, when the Bragg condition:
B:T[/A
is approximately satisfied, strong reflection will occur
into the same mode, travelling in the opposite direction. The
reflection coefficient for normalised power flow can be
written as:
we, 0

- 2_ 2 2
6= — _J; (ng- nf) [ Ey(x) 3 dx
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and evaluated as

4%03(:3-n2)
0 1

6=—3 7 .2

NIBI-(d + 17y, + 1/7Y 1 (%+yD)
' 4
Y 2 h v, 1 Y

{ — - sin“(®h) + —[1 + —7 ] + L1 - —_l:] sin(2®-h)} -

n? 2 % an W

(2.6.8)

2.6.2 THE SLAB - WAVEGUIDE COUPLER

The slab waveguide grating coupler can be analysed as a
multilayered structure,consisting of two adjacent slab wave-
guides, with a grating of periodicity A imposed on one of
the interfaces, as shown in Fig.2.19 . The exact location
of the grating will depend on the different implementations
of this simple model. 1If, for example, the device is to be
implemented by means of two D-shaped fibres, it will be
reasonable to place the grating in between the two guides
(Fig.2.19.i). On +the otherhand, if an integrated fibre 1is
used, the grating will be placed on the top waveguide inter-
face (Fig.2.19.ii).

Consider two adjacent asymmetric slab waveguides. In the
absence of any perturbation, and limiting the analysis to
T.E modes only, the two waveguides can be analysed independ-
ently <(as in section 2.6.1), and their transversal field

components Eﬁ . EyZ can be obtained.
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Y.
L-Ccos(Mgdy )+=Lsin(%ydq )] expl Yyix+d))) - < x <=4y,

ad
- Yi..
Ey1 = L-[cos(uqx)—;&31n()qx)3 41 X £ 0,
L-exp{- y1-x) 0 & x <+,
(2.6.9)
and
R-[cos{nz(da—dz)}+-yf3$in{ Xz-(da—dz)}] exp{y,(x+d3)?
Y 2 -m< X g-d3,
By, ={ R-Lcos¢ M.z(x+d2)}—7.323in{ Wy x+d o)) —d3< X $-dp s
R'exp{-YB(x+d2)} —dy;< X <+00»
(2.6.10)
where \(2= {32— n? K Y2= [32— nlk?,
= 1 1 1 o 3 2 3 o
2_ 2.2 _q? 2_ 2.2_q2
= Dok E ) and o= Ako % ) (2.6.11)
2_ Q2 2 2_ p2. 2.2
YZ— ﬁl ngk; Yh = {32 ng k; s

with q ’ % being the propagation constants of the two wave-
guides,and K , L the field amplitudes.
Considering normalised power flow in the two waveguides,

R and L can be evaluated as in section 2.6.1

w-i,
L = 2 x| ] 1+ (2.6.12)
IB1|'(<11 R A TR IR VA AR TR
and
W,
R = 212\/'[ ] -(2.6.13)

- { we 2
IBZ|.(d3 d, + 1/ v3+ 1/ Y04 %o+ ¥y )

Continuity of the Ey and H, fields at the interfaces results

in the two eigenvalue equations:

by ryy) .
tan(ndy) = ———t—, (2.6. 14)
we -y, .y
and 1 172
¥ty )
- 2 3 T4 (2.6.15)

tan[xfda— dz)J 7
2 Y5V,



providing the eigensolutions ﬁ] . % for the <confined T.E
modes of the two guides. By proper design of the guide para-
meters, propagation can be limited to the lowest order even
T.E mode in each guide, thus ensuring single mode operation.
If the waveguides are identical, or a frequency wq exists,
for which g(uh)z %(QH) then the two modes are phase-matched
at this frequency, and directional coupling takes place
between the guides. For normalised power flow, the direct-
ional coupling coefficient c. has been evaluated from

(2.2.2) as:

4.1 ( ng— n%) ’KT'X.Z

CcC =

2,.,2, .2 dowlin2yia - L wlo a2
x.(y3+u1).\[( ﬁl.ﬁz(d1+1/y1+1/y2)( x1+y1)(d d2+1/y3+1/yk)(x2+y3>}

3

[exp[ya-(d1 = d,) 100y, -z )coswdy I+ ( Uyt VY Aydsin(nydy ) +

+ (yrygrexp[—yjdzl] (2.6.18)
If a grating of periodicity A is situated in the interface
between the two waveguides (Fig.2.19.i), and at a frequency

w for uwhich the Bragg momentum conservation requirement

2’
(31(w2)+[32(w2)=2rt/1\, with [%(wz)#ﬁz(wz)

is satisfied, contradirectional coupling will occur between

the two modes. For normalised power ffou, the coupling

coefficient 0, defined by (2.3.10), can be expressed as:

we, goh

6 = ( ng— ng)-IEy(x)- Ey(x)l dx
4T g, 1 2

and evaluated as :

13
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) 2 _ 2
497 -( n2 n3

2(v2 2) T ‘ —
NGy e [B:BJd3 =y + 1/ L)y + LAY 1/ O YOG YD)

5 =

{ (y,l+y1-\(3/ ny)lsin (Kﬁ)'exp[-yé(dz—d‘l )J1-s in[wl(d1 -h) Jexpl- y3-(d2—d1 +h) 11+
+(y1—ya)-[cos[wl( dq —h) J-exp{—Yj( d2 -dq +h)}-cos(;dy)exp{- Y-j( dz— dy) 313
(2.6.17)
Modelling the integrated fibre as a combination of a
symmetr;c and an asymmetric waveguide, the grating has to be
situated on the top of the asymmetric waveguide (Fig.2.19.ii).
The eigenvalue equation of the symmetric guide is
taniny(dy- dz)/Z.J = U/Y (2.6.18)
while (2.6.15) remains unchanged. The coupling coefficient

can be expressed as

Ww-g, 0 2 2
6 = f ( 02— n?) E (x) - E, (x| dx
4T =h 1 2
and can be evaluated in a form similar to (2.6.17). It is
expected, however, to be weaker since the field interaction

in the perturbation region is smaller.
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2.8.3 RECTANGULAR WAVEGUIDE GRATING COUPLER

The 1integrated fibre coupler can be more accurately
modelled by rectangular waveguides  using Marcitili’s appro-
Ximate analytical solution (2,21) to obtain expressions for
the different coupling coefficients.

The structure under consideration is shown in Fig.2.20.
Although the guides may in general have different widths,
this causes inconsistency in the field evaluation of the
coupling coefficients, since according to the model used the
field in the shaded areas is completely ignored. An approxi-
mate solution to this problem results from considering a
mean guide width, b = ( by + byl v 2 ,for the calculation of
the coupling coefficients (222). To avoid this, houwever,
both guides are designed to have the same width b.

Each rectangular waveguide can support two types of

Y
Pq°

polarised in the y-direction. By suitable choice of indices

X
modes, Eiwpredominantly polarised in the x-direction, and E

and dimensions, the modes can be limited to one from each
type, i.e. E:1 and E% .

For the E;, the transverse field component E, is dominant
in both waveguides, E7 and Hy are nearly zero, and Ex can be

expressed in terms of the longitudinal components E, ,H, as

(2.6.19)
where n2 is the index distribution of the two guides and B

is the propagation constant of the guided modes.
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For waveguide 1, the transverse field component Ex1 is given

by
N .
Ex = P . (n"-ko —K1)~sm£x1-(x+d2+§ ) J-cosw.i( y+7)1
1 .
! for -d3\< x\<—d2 and 0 L y < b,
jA
- — . (vZn2i2) : - . . . .
Ex1_ YZB1 (y12+n12k° )cosIn(E+d, da)Jexp{Y12(x+d3))cos[%1(y+‘r|)]
] for -00<K X g;da and 0 L y £ b,
’jA _
Ex1= 5 . (y1§+n123~k°2 )cos (K1-§ )exp{—YB-( x+d, ) rcos[W(y+1) ]
Y,
31 for -d2\<x<+oo and 0 L y & b,
E = —if--(nzkz—yg)inz/nz)-cos[ﬁ(b +N) Isinnix+d,+E ) lexp{-Y (y-b)?
X y_“31 A TR I TA 1 % 2 p =YLy
for —d3\< X {—dy and b L y <+00,
PRI I 20 S S [HM Isinl ol x+d o +E) JexplY,ey?
x1— ij ek, Nq )N/ nqg) - cos M JIsin pix+dot €Xp Y15y
! for —d3$ X $—d2 and —0< y & 0 ,
(2.6.20)
2_ =2 _ 2 2 _ 2
where Y= My nyp ke [31 )
2_ =2 _ 2 ,2_ p2
Y5 M ( ni3-k, B1 ) )
2_ .2 _ 2 2 _ Q2
Y= x; ( nu'.k; 1312), (2.6.21)
2. .2 _ 2 2 _

2,-2_ 2 .2
Wi+ H; = nyp-ke

and A is the field amplitude of the guide.
For waveguide 2 the transverse field component Exzcan be

written as:

E = 17 (nz»kz—v.z)-sint'u-(x+§)]-cos[i-( +1) 1]
X2 p 22 2 2y
272 for -d4& x K 0 and 0Ky« b,
B -
2. 2 = o=
o TR (Vs n13.k,2 1CoSTRHE~dy ) JexpLy,g x+dy ) reos[Hy(y )]
2 Y232 ,

for -o< Xx-dy and 0L y K b,
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-JB

_ ) 2.2 } v HAVHT
Exz- Y22'|3 (y22+ n22ko )cos(%zg yexp{ Yzi(}cosl'.uz(y+‘n)]
2 for O Xx<+m and 0 Ly £ b,
iB
E _ (nzkz—xz)(nm/nzz,.) cos[%z(b +1])Jsm[%2{x+§)]exp{ Y2 y-bli

for —d1 X O and b (g y <+,

Exzz KJ:B (nzsk %2)(n%1/n25) cos(%z'n)sm[%z(x+§)3exp{y25y}
2 for -4 x K 0 and -©®< y L 0,
(2.86.22)
where v, )-tzz— ( n223-k3 - BZZ) ,
vi= Wom ikl - gz)s
Yzzf ”22' ( n221. Kk - Bzz”
vi= b ¢ bl - pzz),

=2_ .2 .2 _ Q2
xz+ %2 N5k, pz,
and B is the field amplitude of the guide.
The field constants A and B can be evaluated by consider-

ing normalised power flow in the two guides, giving:

2
2B n d3- dy 1
= \/C(—-‘L ) C 121 -L + -{sin[2-x1-(d2—d3+§)]—
2,2 _ .2 !
—S1n(2x1§ }3(njiky = Ny ) Ibr2 + — {sinl2¥%{(b+N)] - sin(2- M..l’r] )31 +
4%
2,2, 2.2 .2 2 2,2, 22 2 % 2
+(n11/n14)(n14k ) ~——-cosl %1(b+1])]+(n11/n15)(n15k -ny)— cos(%1'n i+
2V, 2Yg
2
+[b/2 + — - {sinl2H%g(b+M)] - sinl2%;M 131 L 7 (ylz+n12k°) —_
4% Yy 2V
2 ny 2.9 2 1
cosinq( +dyp—-d3) ] + — (y13+n13k )cos(wg) — 113
¥is 2Yy3
(2.6.23)

and



2. n, 1 _ _
B = \/{(——2)/12 5 [d1/2 + —— (sinl2%,(-d; +E) I-sin(2%,£) 31
WE, 5 4%,
2.2 _ .2 ! I -
°[(n1-k —'K.z)-(b/z + — {sinl2 %A b+7 ) I-sin(2K,7 )31+
27 — 2 2
4 %9
2 2
n 1 n
v —2 il - — cos?I R B+ + — (bl - Ay
24 2 Y2 n2s
1 2 1
~—— cos“ (AN ) + [br2 + — {sinl2Hy b+ 7 )I-sinl2Wfji}-
. 2 n 2
13 2 2.2 E_ 22 2,.2,2 =
[ —3 (y,ingk, ) -cosCupE-dy )T + —3 (Y, 71k, ycos(U,E 1113,
273 222

(2.6.24)
Continuity of the tangential fields Eyx and H, at the four
interfaces for each waveguide,results in the following set

of eigenvalue equations:

2 2 2
iy Mg + I3
7 2 7. &
€ ny3-02%17 BV, )

tanl( M‘T( d3 —dz )]

H
-

) (2.6.25)
Wil Yo, + Yo )
- 1
tan{ %ybl = _2“' = ’
€% =Y, Yrg )
2 2 2
naMn»( n 4+ Nae.
_ ptgl Mgyt Mz yy)
tanlngdy 1 = 7 % —
2M3%N2 T R YoNod (2.7.26)
il Yo, + Yoo )
_ 2
tan[%zb ]l = % %

=2
€ %2 = WyYos

leading to the eigensolutions q and % for the two guides

—

respectively, with the phase parameters § , & , 7 , 7 given

by: ?

n

1 -
tan(%1-§ ) = - ——2'3—‘ -( %4 /Y13) s tan(’KT'n ) = ‘Y15'/ w1 o,

n
K (2.7.27)
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n2
g, _ _ M2 ==\ _ _ =
tan(n € ) = nz (g7 Yy . tan(%,7 ) = Yo/ %o -
2 (2.7.28)

For p1(w1)= Bz(w1) forward coupling occurs, the coupling

coefficients C1s Cy evaluated from eqs.2.2.2 as:

Bl —n 2_ 2.2
AB(n? n13)(n11k xz)(yz k-

BB vy Y 9§ -y

)

cy = WE, "cosl nyl £ -dq)13-
-{exp[—yz-a(dz—d1 R yz-asin( W€ Y-nycos(ngg )=

—expl-Yy(d3=d) ) 1{Y,sinl Uy(dy—d3+ E ) 1-wycosIny(dy=d3+E ) 132
{%ifsinlRq(b+m )Icosl Kb+ 7 )I-sinl HyM Jcosl UM J1-

- Mylcosl Hy(b+M ) Isinl Xy b+7 ) 1-cosL %M Isinl%gm 133,

and (2.7.29)

A-B-(y%n%kz )-cos (Mg )

7 -2

C,=WE, [Hq{sinl Hytb+m ) IcosL U b+ 7 ) 1=

=5in(%yN Icos (M 12Ny {cosIHq(b+ M ) Isinl Hy(b+ T ) 1=

1

2.2
RH W+ V)

—cos( %M )sin( UM )31 -{(n221—n123)-(n221-k§ )

[exp(—yﬁdz }-{—'y13-sintxz-z ]—wzcos[xz-g ]}—exp{—y13-(d2—d1 IR S

- Y1331n[%2(§ ~dq)1-ngcosl Uy E ~d9) 121 + ‘“27_2 “%3“"2 22“3"

- 1
-cos (% 2§ )-—————-exp[—y1jd21)

Yy$ %yt Y
21 %3* V22 (2.7.30)
For a grating of periodicity A and amplitude h imposed on
the top waveguide, such that

Q“*’o’ +ﬁztwo) = 2T /A,

contadirectional coupling takes place between the two modes,
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the coupling coefficient 0 evaluated from eq.2.3.10 as:

2 12 3 AB (2 k2 — W ( Vi+nl k2 ). .

5 - we (05, -n5 AB (niyk; W (Y ks )cos(nyE )
~7_<2, 2
BB ¥,y ¢ H- Ry xzz+y13)

Lexp{- y1-3d2 }~{-y13-sin[1tz~§ ]-M.zcos[ng J}-exp{—YB-(dZ—h)}
{—y1ésin[7<.2'( € -h)1-NjcosIN M E -h)I2T-CH{sinL Ny(b+7 3]
cos[ A4 b+ N )1-sin( 4N dcosTH,M 13 - Rfcos Wy(b+ 7)1

sinl Ay

2(b+ﬁ )1 = cos(%M)sin(MM)H2].

(2.7.31)
In the case of the integrated fibre coupler,
Ny = Ngy = Ny is the core index in both guides,

Ny, = Ngg = Myy = My = 0y = %52 ng is the substrate index,

and njp= n. is the external cladding index,
a lot of simplification for the above general expressions
can be achieved.

A similar analysis can be followed for the E? polarisation

resulting in expressions for C1s C3 and 6§



CHAPTER 3

3.1 Design Parameters: Bandwidth
Beatlength, Reflectivity and

Sensitivwvity

The performance of grating couplers and reflectors can
be most readily evaluated in terms of parameters such as the
coupled bandwidth, the reflectivity, the beatlength and the
sensitivity.

The coupled bandwidth has been previously defined (egs.
2.3.21, 2.3.40), as the frequency range for which the match-
ing condition |ABIK 26 1is satisfied. In terms of wavelength,

the coupled bandwidth is approximately given by

2 :
AKRZ le/(ndkg (3.1.1)
for the grating reflector and
2 ‘
Altz 26N, /LT ( nEﬁ+ HEQ)] (3.1.2)

for the grating coupler, where 0 is the contradirectional
coupling coefficient, Npe the effective waveguide index and
Ao the wavelength of operation. Since nEFz( nEﬁ+ nﬂi)/z .
for equal coupling strengths, the bandwidths AAR and AAc
are approximately equal.

In close analogy, the bandwidth of a directional coupler
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is defined as the wavelength range for which the mismatch
IAﬁI< 2 c, , approximately given by :
A)\=2-c6?\2°/[rt( Npp = ngp. )1 (3.1.3)
Theon  2x6n
where ¢, is the directional coupling coefficient. Note that
for identical waveguides, i.e nEF1= nEFZ s AA—=o and the
waveguides remain phase matched at all wavelengths.

By comparing eqs 3.1.2 and 3.1.3, the coupled bandwidth
of the contradirectional coupler appears to be

( nEF1+ nEFz)/|( nEF1- nEFz)l
times smaller +than +that of +the directional coupler. A
difference of 0.1 % in effective indices, corresponds to
a bandwidth ratio of 2000. Thus, the wavelength selectivity
of grating couplers and reflectors is by far superior to
that of conventional directional couplers.

The periodic power exchange in directional couplers
allows complete power transfer, when Aﬁ =0 (see Fig.2.1)
and over an interaction length

Lg=T/s( 2-¢c, ), (3.1.4)
known as the beatlength.

In the case of contradirectional coupling, the variation
of coupled power with length has an asymptotic character in
the near matching region (see Fig.2.3),and 100 % power
transfer is only approached as L-—oo , evén at the precise
resonant condition. For a specific grating length L , the
reflectivity of +the device R , defined as the fraction of
the reflected ©power, takes its maximum value under phgse
matching conditions, where

2
R = tanh ( 6-L) . (3.1.5)
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It is, therefore, convenient to define an equivalent
"beatlength" in terms of a prescribed reflectivity value.
Even so, a precise determination of the interaction length

is not essential, in marked contrast to conventional direct-
ional couplers.

The sensitivity, often being referred to as tunability,
is defined as the change in the cladding index An. required
to shift the central wavelength of the coupled band by one
bandwidth. Although smaller changes in index may well be
detectable, dependent, for example, on the detection schenme,
the above definition provides a useful basis for comparison
(3.1) .

The dependance of coupled bandwidth and sensitivity on
the Dbeatlength, and thus on the coupling strength, is showun
in Fig.3.1 simultaneously for directional and contradirect-—
ional couplers. In both cases, narrower bandwidths and finer
sensitivities (i.e. larger 1/’Anc values) can be obtained
for longer beatlengths. Note, however, that although the
corresponding bandwidths may differ by some 4 orders of
magnitude, the sensitivities appear to be of the same order.
The reason for this can be better understood, by refering to
the dispersion characterisics of the two waveguides, schema-
tically presented in Fig.3.2 . It can be seen that the
significantly wider intersection angle of the contradirect-
ional coupler required for narrower bandwidth, inevitably
makes the shift Aw of the crossing point less sensitive to
changes in the cladding index ng (3.2). Hence, the sh;ft

in the phase matching frequency with index decreases f{or
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larger angles, i.e. narrower bandwidths, the two effects
essentially cancel.

The 1limits to the achievable sensitivity for a given
interaction 1length, while not significantly affected by the
coupling process, can be influenced by a common feature of
the waveguide design. The important factor is the fraction
of the propagating power, APs/P, , which experiences the
changes in the cladding index being sensed. For a slab
waveguide model, similar to that of Fig.2.18, the pouer

fraction in the cladding index n., is given by:

3
+0 » 2
AP _ fo Ey.Hx dx i %
=) Fo u® ) . yi 2.
o _L) Ey-Hy dx Y1( d + 1/y1+ 1/y2)('n1+y1;

(3.1.8)
The ratio AP/F, depends on the structural waveguide para-
meteres, such as the index distribution and guide thickness
( ¥V value ), while the coupling strength and hence the
beatlength can be maintained by adjusting the waveguide
separation. The wvariation in sensitivity, AnchB,uith the
fractional power in the cladding for constant beatlength, is
shown in Fig.3.3 for directional and contradirectional
couplers. Although small differeﬁces exist, the sensitivity
in both cases increases for larger AP/P, values, the two

characteristics becoming essentially indistinguishable.
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3.2 Design Procedure

If +the coupler is to be implemented by standard commu-—
nication fibre, the structural waveguide parameters (i.e.
indices and core diameter) are fixed, and the design is
limited to the periodicity and strength of the perturbation,
both subject to grating fabrication coﬁstraints.

It is, however, possible to design a coupler configur—
ation (see Fig.2.19 or 2.20) based on the planar geometry of
an integrated fibre, fabricated by pulling a fused boro-
silicate composite preform down to the required dimensions.
For a design based on the asymmetric slab waveguide model,
single-mode operation (i.e. lowest order T.E. mode) requires

the waveguide thickness d to be bounded by:

tanl(An An1 ) d [+ tan ' An, .,/ An ]

327 3
2’E'A n1 3 )\o TE Z'R‘A n

32 13’

1,3

(3.1.7)
Wwith Angfn%—né, An%fmg—n%, where nq; is the core and n,, N3
the cladding indices and Xo the wavelength of operationﬂ
Note, that for the symmetric case (i.e. n,= ng3) eq.3.1.7
becomnes:
(d /A< 1 7« 2An13) ’ (3.1.8)
Wwith no lower cut-off.
For improved sensitivity weak guiding with low V value
(i.e. V=2TtAnt3d/Ao)’ is desirable, with n3> n, to allow a
greater fraction of the propagating power into the external

cladding medium 3.
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The choice of wavelength, subject +to the filtering
requirements, will define the waveguide thickness and set
the nominal index values from the dispersion characteristic
of the glasses, although the effect on the index differences

AnLB‘ An3’2 is expected to be minimal.

Once the structural waveguide parameters have been defined,
the eigenvalue equation (eq. 2.6.5) can be solved for the
propagation constant P

In the <case of the grating coupler, contradirectional
coupling must be isolated from directional coupling and
reflection in the individual waveguides, by designing the
two guides to be profoundly dissimilar, i.e lﬁ—%ﬂ)) o,
at the wavelength of operation. Although the exact placing
of the grating depends on the implementation, it can be
shown (2.12), that a better crosstalk isolation is achieved
when the grating is imposed on the interface of the receiv-
ing waveguide, thus making reflection in the input waveguide
significantly weaker than contradirectional coupling.

From the knowledge of the propagation constants at the
wavelength of operation, the grating periodicity A can be
accurately defined ; eq. 2.3.3 for the grating coupler, or
eq. 2.3.26 for the reflector. .The grating length, L ,is
limited by fabrication constraints to no more than a few cms,
which for a prescribed reflectivity, provides a direct
measure of the required coupling coefficient (eq. 3.1.5),
giving an estimate of the coupled bandwidth (eq. 3.1.1 or
3.1.2). For example, for a grating length of 2 cm and 95 %

reflectivity, the required coupling coefficient is 108.81 /m,
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with a coupled bandwidth of O.1 &,for an effective index of
1.55

The required coupling strength of a reflector, with the
grating imposed on the cores/cladding interface, can be
obtained , by appropriate choice of the corrugation depth h,
from eq. 2.6.8. If 6= 108.91 /m , a corrugation depth into
the core of h= 520 8 is required.

In the case of a grating coupler, the desired coupling
strength can be obtained by the combined action of the
perturbation depth and the waveguide separation, as given
from eq. 2.6.17. For 6= 108.81 /m , a corrugation depth
h= 1250 & and a waveguide separation t= 2.5 pm are required.
The corrugation depth is usually limited by fabrication +to
less than the grating periodicity, so,for a specific grating
depth h, a waveguide separation can be set for the required

coupling coefficient.

3.3 Numerical Design Based On

A symmetric S1ab Waveguides

Wavelength selective devices based on grating reflectors
and couplers can be designed in accordance With the guide-
lines set 1in the previous section. Some numerical examples
Wwill be presented, in order to give a clearer insight of the
practical aspects of contradirectional coupler design.

Four different wavelengths of operation are considered,



i.e. 0.833 pm, 0.8 pm, 1.0 pm and 1.5 pm, covering a wide
range of possible applications, from spectrally selective
mirrors to multiplexers. In each case, +the design wuas
optimised by preserving the V-value and retaining the
reflectivity for the same grating 1length, with both the
waveguide thickness and +the grating characteristics (i.e
periodicity and modulation depth) properly adjusted to
compensate for the change in wavelength.

"Equivalent" designs for grating couplers and reflectors
at four different wavelengths are presented in Tables 3.1
and 3.2 respectively. In both cases, for a beatlength of
2 cm and a reflectivity of 98 %, a coupling strength of
138.8 /m is required, which can be obtained and retained by
suitable choice of the grating depth.

Comparison between the characteristics of the grating
coupler with those of the reflector, show no difference in
terms of coupled bandwidth,and only a small improvement in
sensitivity, influenced by the presence of the second
waveguide. The Dbandwidth appears to broaden for longer
wavelengths from 0.114 & at 0.633 pm to 0.646 & at 1.5»Pm
approximately proportional to the square of the wavelength
of operation i.e.A)xz%E (egs. 3;1.1 and 3.1.2)

Fig. 3.4 shows the filtering characteristics of a contra-
directional coupler for different grating lengths. Designs
based on long interaction lengths for high reflectivity
values, are characterised by a flat passband response
followed by sharp cut-off with considerable sidelobe presén—

ce in the stopband. For a given coupling strength, both the
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TABLE 3.1

GRATING COUPLER

Indices of the glasses used in the design (at 633 nmn):

substrate :

1.5560

, core :

1.5620 ,

Dispersion associated with glasses:

0.02223 /Fm for

substrate and core ,

cladding :

1.55 .

0.0223 for cladding.

Wavelength (pm) 0.633 0.8 1.0 1.5
Thickness 1 (Pm) : 2.0 2.53 3.16 4.77
Thickness 2 (Pm) 1.5 1.88 2.37 3.01
Separation (Pm) 1.2 1.2 1.2 1.2

e / m 15,476215 12,216488 9,744872 6,448559

% / m : 15,466741 12,208871 9,737100 6,442221
Grat. period (pm): 0.203 0.257 0.322 0.487
Grat. depth (&) 1564 1 870 2012 2695
Grat. length (cm): 2 2 2 2
Coupl. coef. 138.8 138.8 138.8 138.8

/ n
Reflectivity 0.984 0.984 0.984 0.984
Bandwidth (&) 0.113 0.182 0.285 0.647
Sensitivity 0.576 0.724 0.932 1.216
( x 103)
Isolation from directional coupling and reflection:
(AB/z-c,)2 : 48.5 21.4 18.3 12.2
(Ap/2~x)2 : 48,408 7,387 2,330 364.2
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TABLE 3.2

GRATING REFLECTOR

Indices of the glasses used in the design (at 633 nm):
substrate : 1.5560 , core : 1.5620 , cladding : 1.55
Dispersion associated with glasses:

0.02223 /pm for substrate and core , 0.0223 for cladding.

Wavelength (pm) : 0.633 0.8 1.0 1.5
Thickness (pm) : 2.0 2.53 3.16 4.77
B /n : 15,476215 12,216489 9,744872 6,448559
Grat. period (pm): 0.203 0.257 0.322 0.487
Grat. depth (&) : 266 422 649 1450
Grat. length (cm): 2 2 2 2
Coupl. coef. : 138.8 138.8 138.8 138.8
/ m
Reflectivity : 0.984 0.984 0.984 0.984
Bandwidth (&) : 0.114 0.181 0.284 0.646
Sensitivity : 0.693 0.893 1.071 1.600

( X 103)
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reflectivity and the sidelobe level increase with longer
grating lengths according to eqs. 2.3.24 and 2.3.25. There
is usually a trade off between the maximum reflectivity or
peak filter efficiency and the permitted ripple level. When
high reflectivities with flat passband response and sharp
cut-off are required, high ripple levels must be tolerated.

Severe sidelobe presence may cause problems for multiplex-—
ing applications, resulting in crosstalk betueen adjacent
data channels. The unwanted sidelobe level can be reduced by
varying the coupling strength gradually along the grating
length, either by means of tapering the grating depth (3.3)
or by changing the width of the grating between the tuwo
waveguides (2.11). Alternatively, the sidelobe level can be
suppressed by cascading two grating couplers in a three
waveguide formation, schematically shown in Fig. 3.5.

The grating length is divided between two cladding media,
each one permitting coupling between the centre and one of
the side waveguides at +the same wavelength, effectively
squaring the filter response. The effect is shown in Fig.3.6
for a high reflectivity grating coupler (0.9899) . Hith a
small additional loss in the passpand response, the sidelobe
levels are significantly reduced.

The sensitivity of ©both grating reflectors and couplers
appears to reduce for longer wavelengths (Tables 3.1 & 3.2)
from 0.693 x 10 at 0.633 pm to 1.60 x 103 at 1.5 pm;
this is mainly due +to broadening of the coupled bandwidth,
varying approximately as Anx A, with the overall sensitiv;ty

reduced linearly with wavelength.
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The dependence of the coupling efficiency on variations
in the outer cladding index n. is shown in Fig. 3.7, for
two devices phase-matched at different cladding indices.
The sensitivity, defined as the width of the coupled band,
is significantly broader for the lower cladding index, even
though the wavelength selectivity (i.e. coupled bandwidth)
remains uﬁchanged. Phase-matching at a higher outer cladding
index results 1in weaker guiding, stimulating a larger
portion of the total field in the sensed cladding, improving
the sensitivity of the device. The variation in sensitivity
for core-cladding index differences is shown in Fig. 3.8
Notice, that even though the sensitivity may improve by one
order of magnitude (from 6.928 x 164 at n =1.55 to 0.618
x 16* at n =1.56), the effect on the coupled bandwidth is
minimal.

The coupled bandwidth, defined by eqs. 3.1.1 and 3.1.2,
depends on the choice of wavelength, the magnitude of the
coupling strength and the effective indices of the guides.
For a given wavelength, both the coupling coefficient and
the effective index may be influenced by variations in_the
structural waveguide parameters,such as the waveguide thick-
ness. The dependance of the coupied bandwidth and reflect-

ivity on the thickness of the receiving waveguide is shoun

in Figs.3.9 and 3.10 respectively , for the same grating

depth, in an attempt to define a nominal waveguide thickness.

For grating length of 2 cm, the reflectivity remains above
90 %# over an optimum thickness range (d/}p}): (1/0.833) -

(2.5/70.633), above which the reflectivity drops sharply, the
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waveguide becoming eventually multimode. For shorter grating
lengths the optimuh thickness range becomes narrowver,
(1/0.633) - (1.6/0.633) for a grating length of 1 cm , while
for a 5 mm grating length the reflectivity drops rapidly for
values above (1/0.633). Notice, that the lower thickness
limit has ©been arbitrarily chosen.

A smaller waveguide thickness results in weaker guiding,
simultaneously reducing the effective guide index and
increasing the coupling strength, due +to a larger field
presence over the perturbation region. The coupled bandwidth
is, therefore, expected to become narrower for larger
waveguide thickness, as shown in Fig. 3.9

For direct comparison between contradirectional and
directional couplers, the filtering characteristics of
Jequivalent“ forward coupler designs at the four wavelengths
of ~operation are presented in Table 3.3. In all cases the
thickness of the second waveguide has been chosen to phase
match the first guide at the wavelength of operation, with
the separation scaled +to provide a beatlength of 2 cm ,
compensating for the change in wavelength.

The dependance of the coupled bandwidth and sensitivity
on the wavelength of operation,A is similar to that for
contradirectional couplers, approximately described by

A }\20 and Ancec A,
As expected, for the same interaction length, the bandwidths
of the directional couplers are significantly broader (three
orders of magnitude) +than +those of contradirectional
couplers, even though the sensitivity of both processes is

of the same order.
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TABLE 3.3

DIRECTIONAL COUPLER

Indices of the glasses used in the design (at 633 nm):
substrate : 1.5560 , core : 1.5620 , cladding : 1.55 .
Dispersion associated with glasses:

0.02223 /pm for substrate and core , 0.0223 for cladding.

Wavelength (pm) : 0.633 0.8 1.0 1.5
Thickness 1 (pm) : 2.0 2.53 3.16 4.77
Thickness 2 (pm) : 1.732 2.180 2.735 4.05
Separation (pm) : 4.280 5.117 6.075 7.32
B1 / m : 15,476215 12,216488 9,744872 6, 448558
pz / m : 15,476215 12,216489 9,744872 6, 448559
Coupl. coef. : 78.5398 78.5398 78.5398 78.5398
/ m
Beatlength (cm) 2 2 2 2
Bandwidth (&) : 372 596 914 2070
Sensitivity : 0.792 0.998 1.240 1.851

( x 103)
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3.4 Numerical Design For
Integrated Fibre Couplers
Based On T h e Rectangular

Waveguide Hodel.

The results presented in the previous section were all
based on +the slab waveguide model. An integrated fibre
coupler, however, can be more accurately described using the
rectangular waveguide model presented in section 2.6.3 .

The basic design procedure is repeated, with the propagat-
ion constants of the individual waveguides obtained by
solving the eigenvalue eqgs. 2.6.25 & 2.6.26 , and the
coupling coefficients calculated from egs. 2.6.298 & 2.6.30
for directional coupling,and eq. 2.6.31 for contradirection-
al coupling. The characteristics of "equivalent" coupler
designs for operation at the four wavelengths of interest
are presented in Tables 3.4.1 & 3.4.2,respectively for
contradirectional and directional couplers of 2 cm beat-
lengths.

Comparison, between designs based on rectangular and slab
waveguide models,shows that, althdugh some small differences
may arise from the smaller propagation constants of rect-
angular guides, the ©bandwidth and sensitivity remain un-
changed for equal coupling strengths,and the relative design
considerations discussed for slab waveguides in the previous
section also hold for rectangular guides.

A marked difference results from the positioning of the
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TABLE 4.1

GRATING COUPLER

Indices of the glasses used in the coupler design (at 633 nm):

substrate : 1.5560 , core : 1.5620 , cladding : 1.55

Design based on Fig.2.20

Wavelength (pm) = 0.633 0.8 1.0 1.5
Thickness 1 (pm) : 2.0 2.53 3.16 4.77
Width 1 (pm) = 2.0 2.53 3.16 4.77

g /m : 15,455173 12,199835 9,731523 6.439911
Thickness 2 (pm) : 2.0 2.53 3.16 4.77
Width 2 (pm) : 2.0 2.53 3.16 4.77

% /m : 15,451416 12,196861 9,729134 6.438268
Separation (pm) : 0.4 0.4 0.4 0.4
Grat. period (pm):  0.203 0.257 0.323 0.488
Grat. depth (&) : 2860 3621 4362 5843
Grat. length (cm): 2 2 2 2
Coupl. coef. : 138.5 138.5 138.5 138.5

/m

Reflectivity : 0.984 0.984 0.984 0.984
Banduwidth (&) = 0.113 0.181 0.284 0.646
Sensitivity :  0.578 0.725 0.933 1.218

3
x 10



Indices of the glasses used in the coupler design

substrate

1.5560

TABLE 4.2

Design based on Fig.2.20

Wavelength (Hm)

Thickness 1 (pm)

Width 1 (pm)
B /m

1
Thickness 2 (Pm)

Width 2 (pm)

B /m
2
Separation

(Pm)
Coupl. coef.
/m
Beatlength (mm)
Bandwidth (&)
Sensitivity

X 103

DIRECTIONAL COUPLER
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(at 633 nm):

core 1.5620 , cladding : 1.955
0.633 0.8 1.0 1.5
2.0 2.583 3.16 4.77
2.0 2.53 3.186 4,77
15,455173 12, 1998835 S8,731523 6.439911
2.282 3.89 3.575 4.863
2.0 2.53 3.16 4.77
15,4551768 12, 199838 9,731523 6.439312
3. 145 4.035 5.124 7.102
78.54 78.5385 78.5398 78.541

2 2 2 2

378 601 915 2083
0.796 1.002 1.247 1.863



grating on the exposed interface of the top waveguide,
effectively reducing the perturbation strength. The coupling
strength can be restored by increasing the grating depth and
reducing the uwaveguide separation. The latter, however, has
the undesirable effect of increasing the strength of the
forward coupling process,resulting in crosstalk, while the

former is limited by the grating fabrication constraints.
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CHAPTER &

FABRICATTION

4.1 Techniques For Grating

Fabrication

Corrugated surfaces of sub—mibron periods are extensive-
ly being used in distributed feedback (DFB) and distributed
Bragg reflector (DBR) lasers, couplers, beam expanders,
narrow—-band filters, light deflectors, and phase-matching
elements for integrated and fibre optic applications. A
large number of different procedures have, therefore, been
developed for grating fabrication on crystalline GaAs, InP
and silica substrates.

The most commonly wused techniques are based on optical
interference methods, with two coherent laser beams creating
an interference pattern on a substrate. For III-V semi-
conductor substrates, the increased electrochemical activity
of the exposed area will result in selective etching (4.1,
4.2), when immersed in etchant during exposure, yielding a
series of parallel grooves (4.3, 4.4). Alternatively, a ;hin
layer of photoresist may be used, with subsequent development

to produce a grating relief ©pattern, which can then be
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transferred into the substrate by chemical etching (4.5},
plasma etching (4.68) or reactive ion milling (4.7),.

Holographic techniques have been used to fabricate large,
commercially available grating areas (4.8), with the
periodicity controlled by the choice of wavelength and angle
between the interfering beams. The smallest attainable
periodicity is limited by the laser wavelength rather than
the photoresist resolution,and can be reduced to less than
O.1 pn  with the use of shorter wavelengths.

Grating fabrication by electron beam lithography (4.9)
employs the high resolution and dimensional precision of
computer programmed sScanning electron microscopes (SEHM),
developed for the production of integrated circuit masks, to
write grating patterns on PMMA or other suitable masking
resists, as part of an integrated optic circuitry. After
various processing stages, the resist is finally used as a
mask for etching the pattern into the substrate. The minimum
periodicity is limited by the size of the writing beam and
the resist resolution, while the maximum grating length is,
at best, a few mnms (4.10), limited by the effect of lens
aberration on the scanned bean. Grating fabrication by
electron Dbeam writing requires sophisticated, state of the
art equipment, with a large number of complex masking
stages, including additional Al and NiCr masks for silica
substrates, that make this technique more expensive and tinme
consuming than conventional holographic processes.

In comparison to holographic and electron beam writing

techniques, embossing (4.11) provides a cheap, simple and
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fast alternative for grating fabrication into thin films.
Embossed gratings are formed on a soft semi-dried dip coated
film, deformable while still in the gel state, by pressing
it against a hard commercially available master grating. The
embossed film is subsequently hardened by drying and baking.
Large grating areas have been successfully fabricated on
Si02/TiO2 films (4.12), with the grating periodicity limited
by the availability of master gratings, while the corrugat-
ion depth decreases from the centre to the sides. The
embossing apparatus consists of a number of master gratings
with different periodicities and a facility for producing
dip coated films. Thus, a large number of devices can be
produced in a relatively short time, without the need for
sophisticated equipment and masking techniques. It is,
however, limited mainly to thin films, even though some work
has also been carried out in embossing channel waveguides
and other integrated optical components.

An alternative approach is based on the "spontaneous
generation" of periodic surface structures, or ripples
resulting during illumination of moderately transparent
substrates by intense laser pulses (4.13), with the spatial
periods closely related to +the laser wavelength and the
incident angle.

A similar technique makes use of the photosensitivity in
the core region of Ge-doped silica fibres to induce a
periodic index variation in the core / cladding interface
{(4.14). The deformation is produced by using an Argon ion

beam to set up a standing wave pattern inside a fibre, with
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interference between the propagating and the Fresnel-
reflected beam. The ©periodicity of the effective grating,
permanently induced into the fibre, can be tailored by the
choice of wavelength, with the possibility of superimposing
different periodicities into +the same fibre. This rather
simple technique 1is, however, limited by the reduction in
rhoton energy at higher wavelengths.

Such ‘“"spontaneous generation" techniques may provide a
useful one-step process for producing periodic index

variations, albeit with a limited range of periodicities.

We have decided to use interference methods for grating
fabrication, first on plates and subsequently on the flat

face of D-shaped optical fibres.

4.2 Grating Fabrication on

Photoresis-t Films

Two coherent beams intersecting at an angle 28 form
an interference pattern with fringe spacing:
A=2%,7(2-n.sing ) (4.2.1)
where A, is the wavelength in vacuum, and n. is the refract-
ive index of +the surrounding medium. Notice, that the
minimum attainable peridicity A,/(2-n) is half the effective
wavelength.

The intensity distribution across the interference plane

152



153

can be directly recorded on a thin photoresist film. The
photoresist most commonly used for grating fabrication is
Shipley 1350 positive (4.15, 4.16). It consists of three
basic components: a photoactive compound, a base resin and a
suitable organic solvent system. Without the photocactive
compound, the base resin becomes soluble to an agqueous
alkaline developer solution at a rate of approximately
15 nm/s , as compared to 0.1-0.2 nm/sec in the presence of
this compound. Radiation in the wavelength range 300-450 nm
destroys +the local photoactive compound, resulting in an
increased film disSolution of the exposed areas in developer,
creating a modulated surface relief pattern.

A large variety of interferometer designs have been
proposed for the fabrication of diffraction gratings on
positive photoresist, and are presented in Fig. 4.1 . To
avoid the catastrophic effects of external vibrations short
exposure times are desirable. Even though the 325 nm He-Cd
laser line appears to be more effective on photoresist,
requiring shorter exposure times, most of the work has been
concentrated on the wvisible 457.9 nm line of the Argon
laser, avoiding special U.V optics. Fig.4.1.a shows the
conventional experimental set up used for making diffraction
gratings. Laser radiation is divided into two beams by a
beam splitter, which are then filtered, collimated and super-
imposed to form an interference pattern on a substrate
coated in photoresist.

To reduce the long exposure times required by the cdmpa—

ratively low sensitivity of the photoresist toc the 457.9 nm
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laser line, a pre—exposure stage has been suggested (4.17).
The photoresist film is exposed to a uniform illumination,
prior to its exposure to the interference pattern, with
reduction in the typical exposure times by 25 % from those
necessary without pre—-exposure.

The wuse of the 457.9 nm line limits the minimum grating
periodicity to 0.228 pm for exposure in air. The ultimate
limit of grating period can be improved by exposure through
a prism, as shown in Fig. 4.1.b , with the effective wave-
length reduced by the refractive index of the prism. This
technique has been used with a He-Cd 1laser to fabricate
gratings of periodicities around O.1 pm (4.18).

Simultaneous exposure and development (SED) accomplishes
both shorter exposure times and finer grating periodicities.
It enmploys a prismlike container with walls made of optical-
ly flat glass filled with developer, as shown in Fig. 4.1l.c.
Exposure takes place inside the container, with the newly
exposed surface constantly being developed, as the
photoactive compound in the photoresist breaks down, the
removal rate progressively increasing with increasing depth.
Notice, that this 1is contrary to the conventional method,
Wwhere during develpoment the removal rate slows down with
increasing depth. In this way, SED offers significant
improvement in the required exposure time, with sharp edges
and deep profiles. Additionally, the effective wavelength is
reduced by the refractive index of the developer solution,
resulting in finer periodicities. Gratings of periodicity

down to 0.2 pm and groove depth up to 0.8 pm have been
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fabricated on 1.3 pm thick photoresist films by SED using a
weak 488.8 nm Argon laser line, with optimum exposure times
of 10 min (4.19). Even though conventional methods require
five times as long, the long exposure can be significantly
reduced Dby using a more powerful laser beam at shorter
wavelengths, reducing the photoresist thickness or by
increasing the developer concentration.

A comparatively simpler design, shouwn in Fig. 4.1.4 ,
uses the substrate itself as one of the interferometer
mirrors (4.20) and needs, therefore, to be metallised before
being coated in photoresist. A major advantage of this
scheme is that the pattern is independent of the substrate
refractive index. Due, however, +to +the large asymmetry
between +the interferometer arms, the laser source must have
a sufficiently long coherence length, requiring the use of a
Fabry Perot etalon in the laser cavity. Additionally, the
relative simplicity of the interferometer design is counter-
acted by the complexity of having to etch twice, once into
the metallised surface and then through the metallised mask
into the substrate.

We have designed an interferometer based on Lloyd’s
mirror, with a single mirror creating an interference
pattern between +the spatial halves of an expanded and
collimated laser beam, as shown in Fig. 4.1.e . To avoid
reflections from +the back of the glass substrate, a high
index prism was placed in good contact with the substrate
using index fluid.

The interferometer design is simple, versatile, stable
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(relatively insensitive to vibrations), and economic (using
the minimum possible number of optical components). Both
chirped and curved grating profiles could be sinply
implemented, by adding cylindrical or sherical lenses to the
interferometer. Sinmultaneous exposure and development is
easily incorporated 1into the design, by placing the inter-
ferometer in a water tight container with optically flat
windows, filled with a developer solution, as shown in
Fig. 4.1.f . The grating periodicity can be fine tuned, not
only through small variations in the angle of interference,
but also by changing the refractive index of the surrounding
medium, when mixing +the developer with distilled water.
Finally, the diffraction efficiency of the grating can be
monitored in situ throughout fabrication, by comparing the
intensity of the zero order of a He-Ne laser beam incident
on the grating, with that of +the first order beam as
development proceeds. Development can be conveniently
stopped at the appropriate moment, by diluting the developer
with excessive distilled water.

Lloyd’s mirror interferometers for grating fabrication

have also been proposed by other authors (4.4, 4.21).
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4.3 Fabrication o f Holographiic
Gratings o n Pl ane g1l as s

s ubstrates

The different stages involved in the fabrication of
holographic gratings on both soda lime glass and silica

substrates are presented in the following sections.

4.3.1 SAMPLE PREPARATION

Prior +to coating, the substrates have to be thoroughly
cleaned, avoiding damage of the surface quality. For this
purpose, they are left socaking in a mildly abrasive
detergent ( DECON )} solution for about ten minutes, scrubbed
with a cotton swab, rinsed,first in running hot water and
then in deionized water,and dried in a clean environment.
The final cleaning stage involves wiping the substrates with
a lens +tissue 1lightly wetted by a few drops of pure
alchohol, in the fashion used for cleaning laser mirrors and
windows (4.22). The clean slides are inspected by examining
the surface scattering when illuminated by a collimated
light source, with the small specks of dirt, surface im-
perfections and organic residue, showing clearly as they
scatter light.

This simple, but effective cleaning procedure was found
to give results as good as other more elaborate standard

techniques (4.23,4.24).
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The clean substrates are +then coated by Shipley 1350
positive photoresist, the properties of which are given
in (4.15)., Two different techniques have been investigated
dip coating (4.25) and spinning (4.15), both widely used for

the formation of films from liquid solutions.

a) Dip coating

Dip coating results from drawing a sample out of a photo-
resist solution, simultaneously covering it in a liquid
film. The apparatus wused, is schematically shown in fig.
4.2.a, with +the substrate mounted by waXing on a glass
carrier and then lifted out of the solution, =sliding onto a
vertical glass cover slide, held by the surface tension of
the liquid. The lifting movement has to be completely smooth
and shockless, avoiding vibrations from the driving motor or
by uncontrolled air currents. Starting the motion creates an
initial disturbance, causing a variation in thickness over
the first few mms. Once the 1lifting speed has been
stabilised, the film formation on the sﬁbstrate develops
uniformly over the cental region, with narrow 3 mm zones of
increased thickness along the edges. The dependance of the
film thickness on the 1lifting speed, the angle of
inclination ? of +the <coated surface in respect to the
liquid level, and the <concentration of +the solution are
presented in Fig. 4.2.b,c,d as given by (4.26). Other para-
neters that may affect the film thickness are: temperature,
viscosity, surface tension and vapour pressure of ‘the

solution.
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We have used a lifting speed of 0.21 mm/s , which for an
undiluted photoresist solution gives a nominal film
thickness of 0.6 pm. In the central region, a typical 5 %
variation in film thickness was measured over a distance of
lcm . Thinner ©photoresist films can be obtained by diluting
the photoresist in an organic solvent. For example, a
solution of 1 part thinner in 1 part photoresist gives a

film thickness of 0.28 pm.

b) Spin coating

Spin coating is universally being used in the deposition
of photoresist films on plane surfaces for lithographic or
holographic processes. The substrate is first flooded by
photoresist solution, and then spun around an axis normal to
the surface to remove the excess (Fig. 4.3.a). The resulting
film appears +to ©be <completely even,over a large central
diameter, Wwith an increased thickness along the four edges.
Specks of dust, originally left on the substrate, surface
irregularities and solid residue from unfiltered photoresist
show as spirals on the clear glossy surface, damaging the
thickness uniformity. Samples failing this simple test are
cleaned and coated again.

The thickness of +the spin coated film depends mainly on
the 7rotation speed and the concentration of the photoresist
solution. The wvariation in film thickness with rotation
speed for undiluted photoresist is shown in Fig. 4.3.b . For
maximum coating uniformity, speeds between 3000 and 5000.rpm

are recommended by the manufactures, giving film thickness
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of 0.43 to 0.29 pm . For thinner masks, the photoresist must
be diluted in thinner. Fig. 4.3.c shows the variation in the
resulting film thickness with the percentage concentration
of photoresist in thinner, for a film spin coated at
3500 rpm for 30 sec at 23°C. For a 50 % dilution, i.e 1 part
thinner in 1 part photoresist, a thickness of 0.14 pm can be
obtained.

We have coated rectangular substrates with both thinned
and wunthinned photoresist. A rotating speed of 3500 rpm uas
used, with +typical spinning times between 30 and 45 sec.
Smooth glossy films of very good uniformity over a 2 cm
diameter were obtained, with a nominal thickness of 0.4 pum
for unthinned photoresist.

In general, spin coating was found to be more stable and
better controlled than dip coating, producing films of higher

uniformity and quality.

The coated substrates are soft baked for 25 min in a
forced air convection oven, maintaining an optimum
temperature of 90°C . Soft baking reduces the film thickness
due to reduction in solvent content by evaporation. The
choice of temperature has a direct effect on the exposure
requirements. For higher softbake temperatures, a longer
exposure is needed, while lower temperatures may result in
shorter times, but increase the solubility of the unexposed
photoresist, +thus reducing the processing latitude. The
baked substrates are then allowed to cool down to room
temperature in a <clean environment, prior to further

processing.
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4.3.2 EXPOSURE AND DEVELOPMENT

The samples are exposed by the 457.9 nm line of an
Argon ion laser operating in the TEH00 mode and delivering
a nominal power of 500 mW . The laser beam was expanded by a
x10 microscope objective, filtered through a 10 pm diameter
pinhole, and collimated into a uniform Gaussian beam of
3 cm diameter.

Two versions of a Lloyd’s mirror interferometer were used
for exposing the photoresist coated substrates. The initial
design, of Fig. 4}1.f , Was constructed in a liquid tight
perspex container, with optically flat windows to avoid
profile deterioration of the incoming beam. It was intended

for the fabrication of grating periodicities around 0.2 pm ,

incorporating the simultaneous exposure and development (SED)

technique for short exposures and deep profiles. A revised
design, shown in Fig. 4.4 , was wused for larger grating
periodicities.

For uniform exposure, great emphasis was placed on the
quality of the expanded beam, since the interfering halves
belong to different parts of the beam.

Fig. 4.5 shows the reduction in film thickness as a
function of exposure level, followed by a 30 sec development
in a solution of 1 part distilled water in 3 parts developer
maintained at 25°C. The experimental curve was obtained by
exposing +the substrate, partially covered by an opaque
screen, to a number of 5 sec radiation doses from a

collimated laser ©bean. In the interval between successive

165



166

W
o)
N

Lloyd’s Mirror Interferometer used for Grating Fabrication.




DEPTH (pm)

0.3

0.2

0.1

Simultaneous Separate
Exposure and Exposure and
Development Development
of 30sec

200 400 600 800 1000 1200 1400 1600 1800 2000
EXPOSURE LEVEL (mWesec/cm? )

Fig.4.5

Reduction in Photoresist Thickness as a function of the Exposure Level

for a 30 sec developnent.

L9l



exposures, the sample was shifted by 2 mm revealing a
further part of the unexposed area. After development, the
step size and the film +thickness corresponding to each
exposure level were measured and recorded. Thus, for a pouwer
density of 42.5 mW/cnm the exposure time necessary for
removing 0.5 pm of photoresist thickness 1is approximately
45 sec. In a similar experiment using SED, the required time
was reduced to 20 sec , offering an improvement by a
factor of two. In Lloyd’'s mirror interferometers the exposed
areas receive a maximum dose of twice the normal power
density of +the laser beam, and are, therefore, expected to
require half the normal exposure time, i.e. 25 sec for a dry
exposure and 10 sec for SED.

After a dry exposure, the samples are developed in a bath
of 3 parts developer and 1 part distilled water, at 25°C.
Higher developer concentration may give faster development,
but increases the dissoclution rate of the unexposed photo-
resist. Immersion times between 20 and 60 sec are recommend-
ed. Shorter development times minimise the attack on the
unexposed resist. Notice also, that a higher developer
temperature results in faster developnent.

In general, there 1is a trade off betuween exposure and
development times. It is possible to adjust the latter to
compensate for possible variations in exposure level.

The developed samples are washed thoroughly in clean
distilled water for about 1 min and are then baked for
25 min in a forced air convection oven at 120°C. Higher

temperatures increase the resistance to subsequent process-
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ing stages, but may result in thermal distortion of the
photoresist mask.

We have fabricated gratings of three different periodic-
ities, around 0.21 pm , 0.28 pm and 0.34 um . The first two
were fabricated using the interferometer of Fig.4.1.f . The
interfering angle was set at 55° + 5° , limited by the
relative dimensions and position of the optically flat
window, producing grating periodicities in the range 0.264
to 0.288 pm for a dry exposure, and 0.188 to 0.224 pm for
simultaneous exposure and development in a solution of index
1.33 . The gratings of periodicity 0.34 pm were fabricated
using the interferometer of Fig.4.4 in air, with an angle

of 42° between the interfering beanms.

4.3.3 EVALUATION OF THE GRATING MASKS

Once +the grating masks have been fabricated on the
substrates, they need to be examined in order to evaluate
their quality, prior to any further processing. A simple test
that establishes +the ©presence of a grating, relies on its
dispersive power, when illuminated by a white light source.
Additionally, a He-Ne laser beam can be used to determine
the diffraction efficiency of the grating, by comparing the
zero and first order beam intensities. These rather simple
techniques, however, are not applicable to gratings of

periodicities around ©0.2 pm , in which case the use of a
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scanning electron microscope (SEM) becomes necessary. The
substrate containing the grating mask is broken to a number
of smaller pieces, of size suitable for mounting onto
microscope stubs, which are coated in a 200 & gold film by
sputtering, thus becoming useless for further processing.
The grating patterns shown in Fig.4.6, have periodicities
around ©0.206 pm , and were produced by exposure in a liquid
surrounding medium of index around 1.33 . One of then
(Fig.4.6.a,b), was produced by a SED of 15 sec on a 0.6 pn
dip coated photoresist film, while the other (Fig.4.6.c) was
fabricated by exposing in distilled water for 30 sec,
followed by a 15 sec developoment. On the whole, for the
same development time, SED gives deeper profiles with shorter
exposure times. Even though some isolated, very high quality
grating ©Ppatterns wWere fabricated by exposing in a liquid
environment, over the whole area, the mask appears patchy
(see Fig.4.7.a,b,c) swelling from water absorption, with
islands of ©proper exposure surrounded by areas that are
either overexposed and washed out or underexposed and blank.
The effect becomes more profound iﬁ the presence of dirt or
other impurities from contaminated photoresist, allowing the
water to tunnel under the film, causing photoresist delamin-
ation, lifting and ‘'popping". ©Soft baking at the higher
temperature of 100°C reduces the patchiness, although longer
exposure times are required. Some improvement can also be
achieved by wusing thinner and cleaner spin coated films.
The grating masks shown in Figs.4.8.a,b & 4.8.c,d w;th

periodicities 0.28 and 0.34 pm respectively, were produced
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by dry exposures of 10 to 45 sec , depending on the laser
power output and on the photoresist thickness. The small
difference in exposure requirements between soda glass and
silica substrates, may be accounted for by the difference in
refractive indices (1.50 for soda glass and 1.46 for silica),
resulting in different amounts of reflection from the
photoresist (index: 1.65) /substrate interface. In fact, the
lower index silica substrate reflects more light from the
interface, resulting in faster exposure. Generally,
variations in exposure level can be compensated by adjusting
the development time. Although some good quality grating
masks were fabricated on dip coated films, mostly thinner
spin coated substrates were used, because of their superior-
ity in thickness uniformity and cleanliness necessary for
reproducability. Fig.4.9.a,b shows a cross-section of a
0.28 um periodicity grating with a modulation depth of
0.13 pn, fabricated on a O0.3 pm thick photoresist film.
Since the substrate surface is not exposed,the grating
pattern cannot be used as a mask for direct etching, without
removing the remaining O0.15 um of photoresist thickness by
"ashing" in an oxygen ©plasma. Alternatively, a thinned
photoresist film of 0.14 pym (1 part thinner in 1 part
photoresist) gives a '"complete" grating mask with an 800 2
processing latitude, as shown in Fig.4.9.c,d . The exposed
substrate areas can be directly processed by chemical or
reactive ion etching.

A very important factor necessary for the fabrication of

high gquality sgrating masks is the cleanliness, not only of
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the photoresist films, but also of all the optical compo-
nents of +the interferometer. Uniformity of the intensity
profile of +the laser Dbeam, operating in the lowest order
TEH00 mode, is another precondition for balancing the
interfering parts with uniform exposure. Under misalignment,
the laser may shift +to the TEM01 mode with disastrous
effects on the exposed area. Typical defects of the
photoresist mask may be observed, by viewing the exposed area
at low magnification, as shown in Fig.4.10.a,b, for dry and
wet exXposures respectively. The difference in exposure level
is due to reduction in the laser beam power, reflected on the
window and absorbed by the liquid solution. There are three
main sources capable of effecting significant spatial
variations in the intensity of the incident beams,both on a
microscopic or macroscopic level: (i} diffraction from
scratches and dust particles on the optical surfaces; (ii)
reflections from air bubbles inside the liquid container,or
in the matching liquid; (iii) spurious reflections from the
optical components. Additionally, dust and dirt particles on
the photoresist surface subsequent to coating, may result in
small areas of over or under exposure either by scattering
the incident radiation, or by ‘"casting a shadow" of
under—-exposure. The presence of dust particles on either the
beam dividing mirror or the collimating lens is illustrated
in Fig.10.c, with a number of isolated diffraction rings
superimposed on the original fringe pattern. A small scratch
on the collimating lens is responsible for a series of such

rings (see Fig.4.10), aligned along the exposed area. Fresnel
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diffraction fringes are also recorded at the beginning of
the exposed area, caused by the "half screen" effect of the
mirror edge. Aperturing the laser ©beam, results in an
additional set of Fresnel rings.

All the defects described above are superimposed on the
original grating pattern,producing areas of over and under
exposure on the grating mask. In order to avoid them,
special care must be taken,with thorough cleaning of all
optical components used in the interferometer, and in
particular the ©beam dividing mirror and the collimating
lens. ©Some improvement may also be achieved by pre-exposing
the entire film to a level below that needed for complete
exposure, increasing the gamna of the photo-
resist film, thus suppressing the lower contrast stray

patterns (4.17).

4.3.4 REACTIVE 10N ETCHING

The grating pattern can be transferred into the glass
substrate by reactive ion etching (4.6, 4.20), using the
system schematically shown in Fig.4.11 (4.27) . In order to
expose the substrate directly to the ion attack,the residual
photoresist must be completely removed from the lower part
of the grooves. This can be accomplished by exposing the

1

pattern to 15- min of oxygen plasma prior to ion etching,

uniformly thinning +the mask, until eventually all the
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residual photoresist has been eliminated from the grooves.
The only disadvantage of the oxygen plasma treatment is that
it reduces the overall photoresist film thickness, and thus
the potential depth of etch.

The processed samples were etched for 10 to 20 min using
a gas flow rate of 10 cc/min with rf powers of 50 to 80 W
and the +temperature maintained at ambient levels. Two
different etching gases were investigated, CFz and CHF3 ,
the latter providing some improvement in selectivity. When
CF4 gas was used, the pressure in the chamber throughout
etching was kept at 70 pm Hg, and for CHF3 around 40 pm Hg,
With an estimated etching rate of approximately 100 &/min
It was found that operation at lower power and louer
pressure levels, over 1longer +times reduces the effective
roughness of +the etched surface, resulting in a smoother
finish. After etching, the remaining photoresist was removed
in acetone and the specimens were thoroughly cleaned.

The etched surface was examined by SEM. Fig.4.12.a,b,c,d
shows high quality etched grating patterns transferred into
silica substrates, with periodicities around 0.21 , 0.28 and
0.34 pm respectively. Gratings have also been fabricated
into soda glass substrates, as shown in Fig.4.13.a,b , with
the etching rate found to be substantially slower than for
silica, under the same etching conditions, possibly due to
the presence of heavier inpurity molecules delaying the
destruction of Si02 in the substrate.

The quality of the fabricated grating is at best limited

by the quality of the photoresist mask. Examination of the
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etched surface at 1low magnification (see Fig. 4.14.a,b,c),
reveals the defects inherited from the photoresist mask (as
compared with Fig.4.10), superimposed on the corrugated
surface. Additionally, for substates etched in CFL some
stray, scratch 1like lines (see Fig.4.14.b) appear to have
been etched into the surface, without being present in the
original photoresist mask. No such lines were detected in
patterns etched by CHF3

By examining the etched grating pattern at high magnific-

ation, it is possible to study +the surface roughness for

different etching parameters. Fig.4.15.a,b,c shows the
quality of the etched surface, for substrates subjected to
different power/pressure combinations. The surface damage

originally effected by etching in CF, at 80 W for 10 min and

A
at 80 pm Hg (Fig.4.15.a), has been minimised by etching at
50 W for 20 min, at a pressure of 60 um Hg (Fig.4.15.b).
Gratings of comparable quality have been also obtained for
samples etched in CHF3 at 60 W for 15 min and at 40 pm Hg
(see Fig.4.15.c).

Thus, by carefully controlling the etching parameters, it
is possible to minimise the roughness of the etched surface

and fabricate high quality smooth grating patterns from high

quality photoresist masks.
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Quality of the etched surface for different etching parameters.



4.4 Fabrication o f Holographic

Gratings o n Optical Fibres

4.4.1 FIBRE AVAILABILITY

Fabricating holographic gratings on optical fibres
requires a plane fibre surface,in close proximity to the
guiding medium. This can be obtained,either by grinding and
polishing the surface of a conventional communication fibre,
in a manner similar to the one used for the preparation of
polished couplers, or by using special fibers with plane
surfaces, like the D-shaped fibre and the integrated fibre
coupler (see Fig.4.19 ).

i) Polished Fibre Blocks

Over the last few years, a large number of techniques has
been developed for the fabrication of polished fibre blocks.
Even though the basic idea is simple and straight forward in
principle, it requires a 1ot of care and practice. The fibre
is +first cemented into a curved slot of the correct depth
machined onto a silica substrate, with a suitable potting
compound. The surface is then ground and polished,until the
required distance from the core is reached. The process can
be monitored either by frequent microscopic examination of
the polished surface (4.28), or by means of the variation in
the +transmission characteristic of the fibre throughout the
lapping and polishing process (4.29). Usually, an additiqnal
"fine tune" polishing (4.30) with a finer slurry is

necessary, to reach the required standards. The effective
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interaction length of a polished fibre
the curvature of the potted fibre. For
curvature, the interaction length, within
core, is 0.9 mm, while a radius of

interaction 1length to 2.8 mm . The

available interaction length, limiting the effective fibre-

grating length, is a serious drawback for
fibre blocks.

ii) D-shaped Fibres

D-shaped fibres can be fabricated by

polishing a flat face on a standard fibre prefornm,

pulling. When the preform is then drawn

shape is maintained. The guiding region of a D-shaped fibre

block is limited by

a 20 cm radius of

1 pm from the fibre

1l m increases the

restriction

in the

the use of polished

into a fibre,

grinding and

pPrior to

the D

is close to the flat surface, so, even though the fields are

normally contained within the fibre, the removal of a small

amount of cladding from the flat side will bring the fields

to the surface. The accessibility of

the guiding region,

makes such fibres valuable basic components for fibre device

applications.

Two different f{ibres have been made available to us; an

Andrew Corporation @polarisation hold

elliptical core (4.31, 4.32) ( Fig.4.186

ing fibre with an

.al, and a British

Telecom. fibre with a circular core (see Fig.4.16.b). The

D-shaped fibres have the same transmission characteristics

as standard elliptically cored (4.33)

{4.34) communication fibres. For the

and circularly cored

A.C fibre, the flat

face is parallel to the major axis of the elliptical core,

with a large index difference ( An=0.035)

between the
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germanium doped core and the fluorine doped depressed silica
cladding, of 1index ©below that of the outer support tube,
necessary for maintaining the polarisation. The B.T. fibre
has a smaller index difference ( An=0.0083) and no depressed
cladding. The fibres were found +to have a preferred
curvature, With the flat face on the outside of the curve
for the A.C. fibre and on the inside of the curve for the
B.T. fibre. In fact, the curvature could be justified in
terms of two opposing orientations, one induced by the fibre
shape and the other by the core composition. In the case of
the A.C. fibre, the large index difference sets a dominating
orientation, through the difference in expansion coefficients
between core and cladding. For the B.T. fibre, the effect of
the smaller index difference is overpowered by the orient-
ation induced by the shape of the fibre. This self-orientat-
ing property is an advantage for easy fibre handling.

In order +to gain access to +the guiding region, the
D-shaped fibers must be lightly etched in a buffer HF
solution, calibrated originally for etching at 30°C in a
constant temperature bath (Fig.4.17), and later for etching
at 20°C in a clean room environment. Both hand made  and
the industrial "silicon dioxide etch" (4.35) solutions have
been tried. Etching A.C. fibres very close to the core,
distorts the flat face of the fibre immediately above the
core (see Fig.4.18 ), due to faster etching of the fluorine
doped depressed cladding. This rather undesirable effect is

avoided when using B.T. fibres.

*

61 2 NH,F): 3(Hy0)]: [HF)
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Fig.4.18

Heavily etched A.C. D-shaped fibre. The faster etching rate

of the depressed cladding distorts the surface flatness above

the core.
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iii) Integrated Fiber Coupler

The integrated fibre coupler, shown in Fig.4.18 was
conceived, designed and fabricated (4.36) at Imperial
College. It is a fibre device based on the plane rectangular
geometry, compatible with integrated optics, having the top
face of a rectangular guide exXxposed to refractive index
variations in the external cladding. The fibre was
fabricated by pulling a fused borosilicate preform, assembled
from numerous optically polished pieces, of +the chosen
refractive indices and dimensions. At the "correct" pulling
tenperature the fibre retains the original preform shape and
dimensional ratio. To obtain the large fibre size,useful for
easy handling, the device was fabricated by a double pull,
first of the guiding region, which after incorporation into
a bigger supporting cladding was pulled once more,to produce

the final fibre.

4.4.2 FABRICATION OF GRATING MASKS ON "FREE" FIBRE

LENGTHS

The rectangular 200 x 100 pm ribbon fibre with a 5 pm
guiding layer, shown in Fig.4.20.a,b , was used to examine
the possibility of fabricating grating patterns on "free",
i.e. unsupported, fibre substrates. The ribbon fibre was
cleaned and dip coated in a 0.6 pm photoresist film, as

described 1in section 4.3 . After soft baking’the fibre was
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exposed in air for 45 sec and developed for 30 sec.
Examination by SEM revealed a series of stray longitudinal
fringes superimposed on the original grating pattern, spaced
along the fibre 1length, as shoun in Fig.4.21.a . The
catastrophic effects of +the longitudinal fringes on the
uniformity of the photoresist mask can be clearly seen in
Fig.4.21.b, with stripes of overexposed grating patterns
separated by areas of underexposure, WwWith no visible
fringes. The unwanted pattern appears to have a variable
pitch and results from stray reflections of the interfering
beams at the three "“free" fibre / air boundaries and rounded
edges. The situation can be slightly improved by laying the
ribbon fiber on a flat plate throughout exposure, being held
by the surface tension of an index matching fluid, thus
eliminating reflection from its back surface. Under the same
exposure and development treatment a better overall result
was obtained (see Fig.4.21.c), even though the longitudinal
fringe pattern is <clearly visible,with areas of over and
under exposure damaging the uniformity of the grating mask.
In view of these observations, it would seem reasonable to
expect, that spurious fringes might be completely eliminated

by surrounding the fibre with a material of higher index.
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Fig.4.21

Longitudinal spurious fringes on "“free" ribbon fibre

superimposed on the grating pattern.



4.4.83 FIBRE POTTING TECHNIQUES

4 fibre potted in a suitable compound with its flat
side exposed, provides a permanently orientated ©plane
surface for the holographic fabrication of grating patterns.
Polished fibre blocks offer such an arrangement, with the
flat (polished) fibre surface integrated into a larger
supporting plane. All attempts, however, to fabricate
polished fibre ©blocks with long interaction lengths using
D~-shaped fibres failed to give satisfactory results and
proved both expensive and +time consuming. A number of
alternative potting techniques were also investigated with
varying degrees of success.

A very simple, fast and inexpensive scheme for potting
D-shaped fibres, with their flat side floating naturally at
the surface of a thick epoxy film is outlined in Fig.4.22
The fibre is first orientated on a curved metal frame with
its flat side facing wupwards, the correct orientation
preserved, by fixing sections of the fibre on two supporting
plates. A two component epoxy (EPOTEC 301) is then
thoroughly mixed and spread over a clean coverslide, giving
a thick film. The <curing time of +the epoxy is very
temperature dependant, and after heating for 20 min at 70°C
on a hot plate, the epoxy surface becomes more viscous, but
easily deformable. At this point, the coverslide is placed
horizontally on the curved metal frame underneath the fibre,
which is slowly lowered over the semicured epoxy and is

pressed 1lightly onto it. The rounded surface of the fibre
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Schematic configuration outlining the potting technique.
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Fig.4.23

Cross—sections of potted fibres: a) D-shaped Fibre

*+

b) Ribbon Fibre .

c) Thickness Variation across the potted fibre section.



sinks, but surface tension keeps the flat side afloat,
approximately at +the same level as the epoxy. The film is
then left to dry properly overnight, until completely cured.
Very satisfactory, repeatable results have been obtained
with Dboth D-shaped and rectangular fibres, as shouwn in
Fig.4.283.a,b . The epoxy film is clear and hard with good
optical and physical properies (see APPENDIX ), and has been
found to be immune +to photoresist and to the cleaning
solvents at room temperature. The composite fibre / epoxy
surface is smooth, but not flat. In fact, the fibre surface
is positioned slightly higher than the rest, though surface
tension ensures that the epoxy is in good contact with the
fibre sides, resulting in a gradual decrease in film
thickness away from the fibre (Fig.4.23.c). The change in
epoxy thickness is not expected to have any effect on the
uniformity of the grating on the flat fiber surface, as long
as the higher epoxy index strips all the light from the
fibre ©body eliminating stray reflections. For this purpose
the epoxy must be allowed +to dry slowly, avoiding the

formation of air bubbles at the fibre / epoxy interface.

4.4.4 GRATING FABRICATION ON POTTED FIBRE LENGTHS

4 D-shaped fibre length,lightly etched, to bring the
core closer to the surface, was embedded in epoxy using the

simple potting technique described previously, thoroughly
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cleaned and spin-coated in a "thinned" 0.15 pm photoresist
film. It was then soft baked at 80°C for 25 min, exposed in
air for 30 sec , and developed for 20 sec in a fresh
developer solution.

Examination by ©SEHN discloses a continous grating pattern
of excellent quality, shown in Fig.4.24.a,b,c,d, extending
over 2 mm of fibre length. The grating mask is highly
uniform (Fig.4.24.b,c,d),with deep fringes and only very few
defects, probably from dust or dirt on the fibre surface.
The unwanted longitudinal fringes have almost disappeared,
and only a ghost image remains, Wwith minimal effects on the
film wuniformity, demonstrating the effectiveness of the
potting technique. Over the fiber edges, the epoxy appears
to override the fibre, bringing the fringe pattern to an
abrupt end (see Fig.4.25.a) . A light polish will in general
remove the epoxy completely from the flat fibre surface. The
grating pattern is not limited to the fibre, but appears
to extend over the epoxy, wWith fringes of similar quality.
An interesting observation reveals, that +the photoresist
covering the epoxy appears to receive a lower exposure level
from +that over the fibre, possibly due to their difference
in refractive index. This can be clearly seen by examining a
fibre / epoxy interface in Fig.4.25.b , with the significant-
ly deeper grating fringes on the fibre surface indicating
a difference in exposure level.

As mentioned earlier, etching a D-shaped fibre thrqugh
the depressed <cladding close to the core, distorts the

flatness of the fibre surface with +the appearance of a
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High quality photoresist grating patterns on potted D-shaped
fibre lengths; a), b) fibre view , c¢), d) grating pattern on

the fibre at low and high magnification.
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curved section immediately above the core. Such a fibre,
heavily etched to within 0.5 pm of the core, was potted in
epoxy, coated in photoresist, exposed and developed under
exactly the same conditions as above, in order to examine
the effect of the curvature on the grating uniformity. The
results are presented in Fig.4.26.a,b,c , showing a
continuous grating pattern of good quality fringes, with the
central overetched region easily distinguishable. There are
defects, some caused by dirt and others by a stray weaker
fringe pattern resulting from double reflection at the
collimating 1lens, with areas of different exposure levels.
Over the central curved region, the grating pattern appears
to extend more or less uniformly, with some variation in
modulation depth. Hence, 1in general, the presence of the
curved overetched section degrades the overall quality of
the grating mask. This situation must be tolerated, when
using depressed <cladding fibres,with the grating close to
the core. Even so, over the very narrow effective corewidth
(~1 pm), the variation in the grating profile is not
expected to be significant.

Once a photoresist mask of the appropriate quality has
been fabricated, +the grating can be directly transferred
into the fibre body by reactive ion etching, as described in
section 4.3.4 . The typical etched pattern shown 1in
Fig.4.27.a,b,c,d appears to extend uniformly along the fibre
length, with some additional defects resulting from the
etching process, including stray "scratch" like lines and

surface roughening. These defects are identical to those
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confronted with etched silica substrates, and can be usually
minimised by etching at lower power and pressure combin-
ations, over longer times. Better results were obtained by

etching using CHFq instead of CQ.

4.5 T h e Grating Coupler

Configuration

In +the previous section, a technique was developed for
implementing a grating fibre reflector, by means of fabricat-
ing a holographic grating on a potted D-shaped fibre length.
The more sophisticated grating coupler, however, requires
the grating to be imposed on a two waveguide coupler confi-

guration.

4.5.1 AVAILABLE COUPLER CONFIGURATIONS

There are two basic groups of conventional directional
couplers; one based on special fibre types like the coaxial
coupler (4.37) and the integrated fibre coupler (4.386),
while the other includes couplers fabricated from standard
communication fibres, like polished (4.28) and fused (4.38)
couplers. Even though coaxial and integrated fibre couplers
offer a very wuwell defined coupler configuration, the
presence of both waveguides in +the same fibre ©body

complicates the process of recovering both the coupled and
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the uncoupled signal. On the other hand, more conventional
fibre couplers balance the advantage of isolating the
coupled signal into a different fibre with a somewhat
empirical description of the coupling process.

Coaxial directional couplers are combinations of dielect-
ric rod and tube waveguides (Fig.4.28.a), efficiently
coupled wunder phase matching conditions. The integrated
fibre coupler (Fig.4.28.b) is a plane version of the coaxial
coupler, operating wunder +the same principle . A grating
coupler ©based on the coaxial fibre can be realised, by
polishing part df the external cladding of the tube, and
fabricating a grating on the flat face, as shown in
Fig.4.29.a . The integrated fibre coupler (Fig.4.28.b) is
probably the better candidate, since the grating can be
fabricated directly on the exposed top waveguide, over long
fibre lengths potted in epoxXy, as described in section 4.4
In both cases, a special fibre design is necessary in order
to avoid co-directional coupling, with the two waveguides
close enocugh to allow efficient contradirectional coupling
for reasonable grating lengths. The polished fibre coupler
consists of two polished fibre blocks properly aligned by a
micromunipulator arrangement, until the two cores are
strongly coupled. By fabricating a grating on one of these
blocks, and making sure that the two waveguides have
different characteristics, thus avoiding competition from
directional coupling, a grating coupler can be most readily
realised (see Fig.4.29.c). Even though the interpretatioﬁ of

the §grating coupler by polished fibre blocks is by far the
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a) Coaxial directional fibre coupler ,

b) Twin cored integrated fibre coupler .
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Fig.4.28
Grating coupler implementation using:
a) Coaxial fibre coupler , b) Integrated fibre coupler ,

c) Polished fibre coupler , d) Polished fused fibre coupler



easiest and simplest approach (1.48), it imposes restrictions
on the effective grating length, +thus limiting the coupling
efficiency for narrow coupled bandwidths.

Fused ©Dbiconical couplers can be made, by pulling two
fibres under a hot flame, with a slight twist to ensure that
the fibres remain in good contact, while they are being
fused together. To avoid twisting the fibres, chenical
vapour deposition treatment can be used,to bind the tuo
aligned fibre sectors prior to fusion (4.38). For the
directional coupler configuration, coupling can be monitored
throughout fabrication, with the tapering stopped when the
desired splitting ratio has been reached. A similar type of
fused coupler configuration is based on two D—-shaped fibres
(4.40), which are 1lightly etched +to expose the guiding
region, and aligned inside a thick vycor tube,with their flat
sides facing each other over the etched region. The tube is
then heated and pulled +to shrink, holding the fibres in
position. Vycor is a material high in silica, so at the
collapsing temperature, the fibres are heated only enough to
fuse together along their flat surfaces, without any
deterioration in cross-sectional geometry. The coupling
process can be tuned, either by slightly tapering the fused
section (4.41), or by means of a controlled diffusion of the
Ge-doped <core into the F-doped depressed cladding, effect-
ively changing the field overlap and the coupling strength
(4.42). A grating coupler configuration based on fused,
untwisted fibres can be realised by potting and polishing

the fused section in a fiber block configuaration, with the
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grating imposed on the fused polished face over the tuo
cores, as shown in Fig.4.29.d

Instead of fusing the two D-shaped fibres, a coupler can
be realised by joining them with a suitable intermediate
material 1like polysiloxane, whose refractive index is just
below that of silica. The two fibres are coated in poly-
siloxane and aligned inside a thin capillary tube,with the
core spacing minimised by the surface tension of the liquid
coating. After +the ~coating has dried the capillary is
removed, and +the joint can be stabilised by embedding in

hard plastic (4.43).

4.5.2 GRATING COUPLER FABRICATION

It was originally intended to realise the contadirect-
ional <coupler by growing a second guiding layer over the
grating pattern, on the flat side of the D-shaped fibre. For

this purpose, thin film deposition by plasma polymerization
of organosilicones in microwave discharges was investigated.
Relevant published work (4.44, 4.45) describes the fabric-
ation of high quality optical films, with well controlled
thickness and refractive index profiles in the range 1.45 -
1.79 , tuning either by varying the substrate temperature
during deposition (4.46), or by extra treatment in oxygen,
nitrogen, or chlorine atmospheres (4.47) . A microﬁave

discharge apparatus was constructed for the deposition of
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plasma polymerised hexamethyldisilazane films on soda glass
substrates. A deposition rate of approximately ©0.51 pm/min
was estimated for a power level below 50 W and a pressure of
0.2 Tor , at a microwave frequency of 2.45 GHz (Fig.4.30.a).
Although the film +thickness wuniformity appears to be
satisfactory over a radius of 1 c¢cm, +the localised
non-uniformity in refractive index was due to variation in
substrate temperature during deposition. As the discharge
power is absorbed by the cavity, the substrate temperature
incréases throughout deposition. A better index control may
be achieved by dividing the deposition time into a large
number of shorter intervals, and allowing sufficient time in
between for the substrate to cool. The variation in
refractive 1index as a function of deposition time intervals
is shown in Fig.4.30.b . Even though some encouraging
preliminary results were obtained, +the work was finally
abandoned, with more emphasis placed on fibre devices.

4 fibre coupler can be fabricated from two D-shaped
fibres, using techniques similar to those described in
section 4.5.1 . Once the grating has been fabricated on a
single fibre, it is convenient to combine it with an extra
fibre and form a contradirectional coupler.

We have developed a simple and flexible technique for
aligning and joining D-shaped fibres in directional coupler
formations. Each fibre is forced into alignment in-between
two supporting plates, as showm in Fig.4.31 , with the flat,
lightly etched sections facing each other. The curvature can

be altered by changing the distance between the tuwo plates.

214



215

Monitoring

Qutput
Ports

oil

o
2 &
o ~
£

<
wJ

O @
o QIR
x
x
(-]
=)
c
¥

Etched Fibre Sections

Fig.4.31

-shaped fibres aligned in a directional coupler formation.

D



A large curvature is initially selected, and the tuwo fibres
are brought closer, until some contact is established. The
joint is then given a rich coat by a suitable liquid agent.
The curvature is then carefully relaxed, and the ligquid
spreads over a longer fibre length, its surface tension
aligning the +two fibres with a thin intermediate layer.
Originally, a solution of "nail enamel" in acetone was used,
having a refractive index (1.454) close to that of silica.
Once the acetone has evaporated, the adhesive power of the
enamel keeps +the fibres joined in a coupler formation. The
joint was found to be clean and strong, and its strength can
be futher increased by a thicker external c¢oating. A
cross—-section of the coupler is shown ih Fig.4.32.a , with a
lengthwise view of +the section in Fig.4.32.b . A fused
coupler can also be fabricated by collapsing a pyrex tube
arcund two properly aligned D-shaped fibres. Even though the
temperature is not hot enough to fuse the flat sides of the
fibres, the external pyrex jacket forces them in good
contact. Fig.4.33.a,b shows unetched and etched sections of
a fused-like coupler. Note, that the difference in thermal
expansion coefficients between pyrex and silica, causes
thermal stress to build up in the "fused" section.

At higher wavelengths, +the rich in aromatics enamel
becomes increasingly lossy, and silicone oil of index 1.45
can be used instead. The surface tension of the il aligns
the fibres properly, and allows the possibility of tuning
the coupling process, by adjusting the interaction lengtﬁ in

relation to the beatlength. The measured wavelength response
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of the coupler is presented in Fig.4.34, in comparison with
that of a commercial polished coupler. Even though the
coupler configuration of Fig.4.31 was expected +to be
unstable, no apparent deterioration in the coupling strength
was observed over a period of two weeks.

This rather simple and tunable coupler implementation can
be used to realize Dboth the grating coupler and the 3 dB
coupler, used for sampling the reflected signal in a grating
reflector. The latter is straightforward, with the coupler
being assembled in the fibre length prior to the grating,
from identical fibres. For the contradirectional coupler the
two fibres must be dissimilar. It is possible to alter the
propagation characteristics of one of the fibres by inter-
diffusion of the core and cladding materials after
sufficient heat treatment, effectively changing the refract-
ive index profile and field distribution over the etched

region, prior to the coupler formation.

4.6 Embossing Technigue f or
Grating Fabrication o n

Polymer Filmnmns

Embossing gratings onto semi-dried films, provides a

simple and inexpensive alternative to holographic techniques.

We have embossed gratings on polymer films, using two

commercially available master gratings of 160 lines/mm and
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600 lines/mm. The same technique should be applicable for
gratings of finer periodicities.

A polymer mixture was prepared by disolving amorphous
Polymethyl-Methacrylate in butanone. The refractive index of
the solution can be varied from 1.48 +to 1.525 by adding a
suitable amount of Polyvinyl-Chloride. The solution was
poured onto a horizontal slide, which was then brought to a
vertical position for approximately 30 sec , allowing the
excess solution to drip off. After +the polymer film had
partially dried for 2 min,it was pressed against the master
grating, applying moderate force. The embossed grating
pattern was hardened by baking for 1 hour at 120°C

Fig.4.35.a shouws a high quality embossed surface relief
grating on a soft PMMA film. Embossed gratings were also
successfully fabricated on optical fibers, cocated either
fixed on a plane substrate, (see Fig.4.35.b) or dip coated
separately (see Fig.4.35.c) . Although high quality, long
grating—-on-fibre lengths were fabricated, the moderate
polynmer film thickness prevented the grating presence from
influencing the guiding properties of the fibre. It might be
possible to emboss gratings of finer periodicities ( 0.4 pm)
on thinner @polymer films ( 0.2 pm). In that case, embossing
would ©provide a simpler, faster and inexpensive alternative
to conventional elaborate holographic methods for grating

fabrication on optical fibre devices.
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Fig.4.35
Embossed grating patterns on PMMA films :
a) over plane surfaces ,

b),c)on dip coated optical fibres .
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4.7 Gratineg Fabrication by

Duplication

We have developed a technique similar to embossing, for
fabricating large gratiﬁg areas on flexible silicon rubber
films. It requires a master grating of the appropriate
periodicity, which is thoroughly cleaned, heated at 80°C for
20 min,and then covered by the silicon rubber solution. The
solution solidifies after 10 min of subsequent baking,
forming a clear optically +transparent film, which can be
easily peeled off giving a high quality grating replica.

We have used +this simple duplication technique to
fabricate high quality grating replicas of 600 lines/nmm
(Fig.4.36.a) and 1200 lines/mm (Fig.4.36.b) on silicon
rubber, with +the possibility of extending it to finer
periodicities and to polymer films.

The periodicity of a silicon rubber grating can be easily
tuned by stretching or compressing the rubber. Preliminary
experiments, showed +the reflection orders of a rubber
grating illuminated by a HeNe beam, to move considerably
when stretching the rubber film, denoting a change in
periodicity. Such a tunable device may find application as
an external tuning element for grating reflectors or

couplers.
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CHAPTER 5

EXPERIMENTA AL WORK

5.1 Dif fraction Experiments

Once grating—-on-fibre lengths of the appropriate period-
icity have been fabricated, the effectiveness of the grating
can be qualitatively examined, by conducting simple diffract-
ion experiments using a HeNe laser source. Since the
source wavelength is shorter than that required for Bragsg
reflection, as defined by the grating periodicity, the guided
optical power is gradually diffracted out of the fibre along
the grating length ( 5.1 , 5.2) , with the output radiation
emerging as one or more discrete collimated beams,propagat—
ing in free space at well defined angles ¢h, given by

cos &pq = Ngg+ g\, /A . (5.1.1)
where NEFis the effective index of the guiding medium, A, the
wavelength of operation,i.e 633 nm for HeNe, A the grating
periodicity,and q an integer denoting the diffraction order.

Light is also diffracted into the substrate, with the
various diffraction orders appearing at angles q%, given by:

cos @ = Neg/n,+ aA/CA-ng) (5.1.2)
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where n, is the substrate index. 1If NEF is of the same order

as A, /A, then qhis real for only one value of q, i.e gq=-1,
and one diffraction order appears in each medium (see Fig.

5.1.a) .

We have used diffractiom experiments to test gratings of
periodicity 0.278 um and 0.358 pm fabricated on two
different types of D-shaped fibres,as described in chapter 4.
The angle of +the diffracted beam was accurately measured
using a travelling screen attached to a micrometer arrange-—
ment, from uhichvthe diffraction angles were calculated to
be 145 and 105° respectively. The A.C fibre used was single
mode at 633 nm , with an effective index of 1.473 . The
grating presence and the partial removal of the cladding
alter the propagation characteristic of the fibre, changing
its effective index. Assuming small variations in the
effective index, the diffraction angle can be estimated
directly from eq.5.1.1, to be 143°, for a grating of period-
icity 0.279 pm . In the same way, for a B.T. fibre with
an effective index of 1.465 , +the diffraction angle
was estimated to be 108°, for a grating periodicity ~of
0.358 pm . Note, that the B.T. fibre used was multimode
at ~ the wavelength of operation, although the diffraction
spots corresponding to the different modes cannot be angular-
ly resolved.

The above results appear to be in good agreement with the
measured angles, given the uncertainty in both the effective
index and grating periodicity values. Although measurements

were only made for +the beam diffracted into free space,
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Grating coupling into radiation.
a) Schematic configuration of the grating coupler.
b) Photogragh of the coupler with the two diffraction

spots clearly distinguishable.
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similar calculations apply to the beam directed into the
substrate, taking into account the refractive indices and
thickness of the epoxy and the supporting coverslide,
underneath the fibre body. A photograph showing the twuo
diffracted beams emerging from both sides of the fibre is

presented in Fig.5.1.b .

5.2 Grating Reflector

Exper iment s

A fibre grating reflector can be evaluated using a
tunable radiation source. For operation in the visible and
near infra-red, tunable dye lasers appear to be the best
candidates, delivering high power levels over narrow line-
widths. At longer wavelengths, tunable F-centre lasers may be
used to the same effect.

Alternatively, a white light sourcé and a high resolution
monochromator, with a stepping motor control and a low noise
detection scheme, allow operation at low power levels. In
both cases, for effective detection the linewidth of the

grating reflector should not exceed +the resclution of the

monochromator.
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5.2.1 DYE LASER EXPERIMENTS

A fibre grating reflector, with a photoresist grating
of periodicity 0.278 pm fabricated on an A.C D-shaped fibre,
for operation around 800 nm, was tested using a tunable

Styryl 9 Dye Laser.

i) The Dye Laser: Construction and Calibration

The experimental Dye Laser <configuration is shown in
Fig.5.2.a. It operates on a three mirror cavity ( 5.3 ),
pumped by a 6 W Argon laser at full power. The pumping bean
is directed by the input (pumping) mirror, towards a vertical
jet of a Styryl 9 Dye solution in Ethylene Glycol and
Propylene Carbonate (see Fig.5.2.b) . The radiation is
absorbed by the dye, exciting its molecules into a higher
energy state. Most of the excited molecules then decay to
the ground state, resulting in the spontaneocus emission of
photons ( 5.4 ). Lasing action occurs only when the mirror
cavity is ©properly aligned. The spherical mirrors must be
accurately positioned to focus and overlap their florescgnce
spots on the flat output mirror, which is then adjusted to
retrace their path back to the central cavity. For a near
alignement position, the laser goes into operation. At this
point, the pumping power is reduced, and the cavity
components are re—adjusted. The process is repeated, until
the laser threshold, i.e. the minimum pumping power required
for lasing action, is reached for an optimum mirror

alignment. For a fresh dye solution, a threshold pouwer of
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Fig. 5.2

Photographs of the experimental Styryl 8 Dye Laser.
a) Overall view.

b) Dye jet, pumping mirror and spherical mirror cavity.



500 mW was originally measured, which after two weeks
increased to 3 W . No further deterioration was observed
over a period of five weeks. The lifetime of the laser was
increased, by cooling the dye solution throughout operation.
The laser emission spectrum shown in Fig.5.3 , is centred
at 813 nm , with a spectral width of 3 nm . The nominal
wavelength and bandwidth of the emission spectrum can be
considerably shifted, by changing the concentration of the
dye solution ( 5.5, 5.6 ). For an output mirror of 85 %
reflectivity, a moderate power output of 15 mW was obtained.
The f{full available bandwidth can be only accessed, by
introducing a tuning element in the laser cavity ( 5.7 3}, as
shouwn in Fig.5.4.a . A high selectivity double birefringence
filter was used, driven manually by a micrometer, placed in
agreement WwWith the ©polarization of the dye laser, and at
Brewster’s angle +to minimise reflection loss. The output
power <can be sanmpled, either from the cavity mirror or from
the birefringence filter, with different lines selected by
rotating the micrometer of the filter. The emission spectrum
of the mode locked continuous dye laser is presented in
Fig.5.4.b , with a spectral width of O0.17 nm . By analysing
the laser output for different micrometer settings the
micrometer was calibrated over the available uaveléngth
spectrum, With +the calibration curve given in Fig.5.5.a
The micrometer scale did not vary linearly with wavelength,
its step size increasing for shorter wavelengths, i.e larger
micrometer readings. The useful spectrum extended from

841 nm ( micr. setting -20 ) +to Dbelow 821 nm ( 120 ),
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as shown in Fig.5.5.b . Even though lasing continues above
841 nm , these wavelengths were beyond the tuning range of
the filter and could not be sampled. Fluctuations in the
output power level were mainly due to vibration pick up of
the discrete cavity components, from the near-by motor,driv-

ing the dye jet.

ii) Experimental Procedure and Results

The experimental arrangement is shown in Fig.5.6 . The
Dye laser output beam was divided by a beam splitter, prior
to launching into a <cleaved D-shaped fibre grating
reflector, via a x40 microscope objective. The beam splitter
serves a double purpose; it divides the input beam for in
situ monitoring of the wavelength of operation, and at the
same time provides an output path for the reflected signal.
For monitoring purposes, the reflection from the birefring-
ence filter could also be used. Both the "“through", i.e. the
direct f{ibre output, and reflected signals were detected by
silicon photodiode circuitry, with an additional low pass
filter for reducing fluctuations, caused by vibration of the
optical components in the laser cavity. The reflected signal
includes reflections, not only from the fibre-grating, but
also from the lens and fibre end, though the latter are not
expected +to be very wavelength dependant. The intensity
variation of +the ‘"through" and reflected signals wuwere
recorded at different wavelengths,and their characteristics
are presented in Figs.5.7.a,b . The transmission character-

istic shows an absorption band centred at 837.7 nm, With a
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bandwidth of 2.8 nm , corresponding to a reflection peak of
similar dimensions in the reflected signal. For wavelengths
below 832 nm, the transmitted signal level drops consider-
ably, due to coupling into radiation modes, effected by the
grating periodicity. The reflectivity was estimated from the
transmission characteristic to be S0 % . Variations in the
refractive index of the outer material affect both the field
distribution and coupling strength of the grating reflector.

The previous results were obtained for a grating surface

exposed to air, and thus for a very large index perturbation.

By using a distilled water cladding instead, i.e. n =1.33 ,
the —coupling strength was reduced, resulting in a narrouer
bandwidth for the same grating length and, therefore, in
lower reflectivity. Additionally, <changes in +the outer
cladding index influence the propagation characteristic of
the . fibre, shifting the matching wavelength of the grating
reflector. The transmission and reflection characteristics
of the grating reflector for a distilled water outer
cladding, are presented in Figs.5.8.a,b . The central wave-
length has shifted to 839.15 nm, with the bandwidth redqced
to 0.7 nm and the reflectivity estimated at 70 % . Small
shifts in wavelength can be justified in terms of drift and
misalignment in the laser cavity. Even narrower banduwidths
at 1lower reflectivities can be achieved by using higher
index 0il claddings, +thus weakening even futher the effect

of the purturbation.
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5.2.2 MONOCHROMATOR EXPERIMENTS

A standard Bentham M300 monochromator with stepping motor
control was used to investigate grating reflectors on both
A.C. and B.T. D-shaped fibres. The experimental set up is
schematically outlined in Fig.5.9 . Light from a general
purpose halogen lamp, controlled by a current stabilised
power supply, was focused on the monochromator input slit
using a suitable condenser lens. The output radiation was
collected by a lens arrangement and launched into the fibre,
With a low noise photodiode circuitry detecting the optical
signal at the other end. The detection sensitivity was
enhanced by modulating the source light with a chopper and
separating the signal with a lock—-in amplifier. The mono-
chromator selectivity is directly related to the slit size,

but even though a resolution of less than 0.6 nm can be

obtained, for the appropriate slit size, i.e less than 50 pm,

the optical signal is <considerably reduced in intensity.

The available resolution is, therefore, limited by the noise
level of the detector circuitry, and is of the order_ of
0.6 nm , for a silicon photodiode operating around 800 nm

For operation above S00 nm, the significantly higher noise
level of germanium detectors lowers the monochromator resol-

ution to 1 nm at best.

i) Operation at 800 nm
The operation of the A.C. grating reflector, previously

tested with the dye laser was also verified with a mono-
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chromator experiment. The fibre was set up, as described
earlier in the section, with +the output detected by a
silicon photodiode connected through a lock-in amplifier to
an X-Y plotter. For a 1 mm slit size (i.e. resolution
10 nm ), the monochromator output was scanned from 600 nm
to 860 nm at a constant speed, and at the same time the
variation in the output 1light intensity was recorded,
presented in Fig.5.10.a . Even +though, due to the poor
monochromator resolution, an absorption band is not clearly
distinguishable in the transmission characteristic of the
fibre reflector, ihere eXists a transition band around
830 nm , below which the output 1level drops sharply by
grating coupling into radiation, while for higher wave-
lengths, the output remains wunaffected by the grating
presence. The monochromator selectivity was enhanced by
reducing the slit size to 50 pm with the output variation
recorded for a slow scan over the transition band, as
presented in Fig.5.10.b . An absorption band is clearly
centred around 838 nm, with a bandwidth of 2.4 nm , and
appears to be in very good agreement With the results
obtained in +the dye 1laser experiments. A neighbouring
absorption band is probably caused by reflection of the
vertical polarization of the elliptical, polarization pre-
serving fibre. The monochromator light is unpolarized and,
therefore, both polarizations are excited. Theoretical
calculations shou thévreflection bands corresponding to the
two polarizations of the elliptical waveguide for the same

grating periodicity to be 2 nm apart, which is in close
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agreement to the picture of Fig.5.10.b . The dye laser light
was horizontally polarized, so +there was no reflection
associated with the vertical polarization state of the
fibre.

Due to the 1low power level, a beam splitter cannot be
effectively used +to sample the reflected signal. This is
possible by means of a forward coupler, fabricated in the
fibre length prior to the grating. An optimum splitting
ratio of 3 dB is required for a maximum recovery of 25 % of
the reflected signal. A suitable coupler for this purpose
was only developed wusing B.T. fibre, for operation around

1 pm

ii) Operation around 1 pm
A fibre grating reflector, realised by fabricating a

photoresist grating of periodicity 0.338 pm on a B.T. fibre

for operation around 1 pm, was investigated using the
monochromator arrangement of Fig.5.9 , with a germanium
photodiode. Its transmission characteristic is presented in
Fig.5.11 , for different external cladding media; air (i)
and distilled water (ii), compared +to +the photodiode
characteristic (iii)J. Even though it was not possible to

distinguish a <clear absorption band corresponding to the
reflected signal, a sharp transition from radiation into
guiding around 1 Pm denotes +the grating presence. The
transition band shifts for variations in the outer cladding

index, that alter the propagation constant of the fibre.
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The reflected signal was partly recovered by employing a
directional coupler, effectively acting as a beam splitter,
in the fibre 1length prior to the grating. The coupler was
fabricated, initially by etching the fibre sections down to
within 1 pm of their core, and then aligning them suitably,
with +their flat sides facing each other along the etched
region. A small drop of index matching oil ensured good
contact, by means of surface tension. The process was
monitored by recording the transmitted and coupled intens-
ities throughout alignment, and by controlling the interact-
ion length for an optimum splitting ratio, as shown in
Fig.5.12 . In order +to improve +the coupling ratio at the
appropriate wavelength range, and select the required
detector sensitivity, the output fibre end of the grating
reflector was temporarily butted with matching oil against a
mirrored surface, and the reflected signal, passing twice

through the coupler, uwas detected from the back end of the

separate fibre, where +the grating reflection was also
expected. By varying the interaction length of the
directional coupler, the overall reflected signal was

increased over the wavelength region 800 to 1100 nm, as
shown in Fig.5.13.a . Even though it was not possible to
achieve the favourable 3 dB splitting ratio over the wave-
length range of interest, when the mirror was removed from
the fibre end, a feeble, but clear reflection band was
observed (see Fig.5.13.b) at 901 nm,with a coupled banduidth
of less than 12 & , and a reflectivity around 50 %, for an

oily cladding of 1.45 . The signal level can be improved by
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increasing the forward coupling strength, either by etching
the fibres <closer +to the core,or by using an intermediate

oil of higher index.

5.2.83 THEORETICAL VERIFICATION

The operation of a grating reflector has been demonstrated
in the previous section for two different types of D-shaped
fibres. An attempf will be now made to fit the experimental
results in a theoretical model.

Fig.5.14.a,b shows schematically, cross-sections of the
two different waveguides in the corrugated region.

The A.C fibre (Fig.5.14.a) is an elliptically cored,
polarization maintaining fibre (major/minor axis=2.17), with
a large cores/cladding index difference ( An=0.035 ). It is
nononode above 633 nm , so at the wavelength of operation
840 nm) it is expected to be guiding weakly, with a large
portion of the total field in the outer cladding,making ;he
presence of the perturbation more effective. The curved
profile, caused by the faster etching rate of the depressed
cladding, gives a peculiar shape to the field pattern, which
is difficult to formulate.

The B.T fibre (Fig.5.14.b) on the otherhand is a standard
communication fibre,with a relatively small index difference
( An=0.0083 ) and a large diameter ( 8.1 pm ). At the

wavelength of operation (1 Fm) it is expected to be slightly
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nultimode and guiding strongly, with 1less field in the
cladding, which reduces the effect of the perturbation. In
both cases the photoresist grating, fabricated on a thin
lossy film of index 1.65 and thickness 0.15 pm, may increase
the effect of the ©purturbation by stimulating more field
into the cladding, but complicates the exact analysis even
further, by introducing an extra lossy layer in the index
distribution of the guiding structure.

Instead of analysing the exact complex configuration, it
is more convenient to assume‘an "equivalent" rectangular
waveguide model, with the same propagation characteristics at
the wavelength of operation. "Equivalent" sructures of the
tWwo waveguides are presented in Fig.5.14.c,d respectively.
The A.C. -elliptical waveguide has been replaced by a
rectangular waveguide of +the same index distribution and
dimensional ratio, with +the propagation constants at both
polarizations, approximately matched for a uniform cladding
at the wavelength of operation. The matching dimensions fit
between those of the rectangles, inscribed and circumscribed
by the elliptical core. The model can be then analysed with
its perturbed +top face exposed +to an external cladding
medium. For a realistic perturbation amplitude of 0.09 po o,
the coupled bandwidth was calculated to be approximately
2 nm with an air cladding and 0.8 nm with a distilled water
cladding, which is not far from the experimental values
( 2.4 and O.7 nm respectively). The shift in the central
wavelength of reflection, from air to water claddings was

estimated to be 1.36 nm , in close agreement to the measured
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value of 1.45 nm . An accurate estimate of the reflectivity,
would require knowledge of the grating length. Even though

high quality grating lengths of up to 2 mm (as measured by

SEM) have been fabricated on fibres, +the exact length

of the grating in the fibre under investigation was not

knowun. If a 2 mm grating length is assumed 1in the

rectangular waveguide model, the estimated reflectivity of

99.99 % for ©both claddings is very different from the

measured 90 % and 70 % values. The discrepancy is probably

due the effect of +the photoresist film thickness on the

coupling efficiency (5.8), which has been completely neglect-
ed in the analysis. For an "effective" grating length of

180 pm, however, the rectangular waveguide model gives

reflectivities of 94 % and 68 % for air and water claddingé

respectively, close to the measured values.

The circular core of the B.T. fibre was approximated to a
square waveguide with the same propagation constant at the
wavelength of operation. As expected, the ‘"equivalent"’
waveguide dimensions (7.37 pm x 7.37 pm) lay between those
of +the squares inscribed and circumscribed by the circular
core. For a perturbation depth of 0.4 pm and an "effecti?e“
grating 1length of 180 pm the coupled ©bandwidth and
reflectivity were calculated to be 1.01 nm and 46.7 % ,which
is in good agreement with the measured response.

The simple ‘"equivalent" rectangular model,designed to
preserve the propagation constant of the elliptical and
circular waveguides at the wavelength of operation, appears
to predict accurately the experimentally measured parameters

for the grating reflector.



CHAPTER 6

DISCUSSTION AND CONCLUDTING

COMHMENTS

6.1 Discussion

Grating couplers and reflectors are characterised by
very high wavelength selectivity, due to the wider intersect-
ion angle of +their dispersion characteristics, and are
expected to find extensive application in narrouw-band filter-—
ing. Even so, a lot of improvement is still required both in
design and fabrication in order to realize the potential
sub-4 bandwidths, and overcome more conventional devices
based on directional couplers, thin film filters and dispers-
ive elements.

As a sensor for detecting changes in the outer cladding
index, the —contradirectional coupler is not more sensitive
than directional couplers, even though +the significant
reduction in coupled bandwidth would provide more resolv-
able points for broad band operation, and allouw the use of
an L.E.D. or even a laser diode as a source.

Additionally, compared to periodic directional coupling,

the exponentially decaying nature of the contradirectional
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process does not require a "unique" accurate definition of
the “"beatlength", provided that the grating is long enough
to reflect significant amounts of power.

Designs of grating couplers and reflectors, based on both
slab and rectangular waveguide models, show potential coupled
bandwidths of ©0.1 & and reflectivities of 95 %,for grating
lengths of 2 cn.

In principle, there is no difference in the theoretical
treatment of grating couplers and reflectors, although in
the design of grating couplers dissimilar waveguides must be
used, in order to iéolate contradirectional from directional
coupling and reflection in the individual waveguides.

By allowing, on the other hand, +the different coupling
processes to interact, the power is generally distributed
between the four different ©ports of +the device. The
analysis of composite coupling processes, in both two and
three waveguides, reveals some interesting filtering and
switching characteristics. As a switch, the three waveguide
coupler may prove more promising, With the interacting
coupling processes in different waveguides, their strength
independently adjusted, by controlling the separation between
the central and side waveguides. For equal strengths the
device behaves as a three port switch, uwith the input signal
coming out from any of the three output ports. The switching
action may be effected by suitably placed electrodes for an
integrated optics implementation, with controlling voltage
levels similar to those of directional coupler switches. The

advantage of this device in comparison to the one based on
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directional coupling between three waveguides is 1its rela-
tive insensitivity to variations in interaction length, for a

sufficiently long grating. For stronger grating coupling the

overall process assumes an exponentially decaying nature,
with the optical power distributed among the output ports,
the splitting ratio closely related to the coupling coeffici-—
ents. In this respect, the three waveguide configuration may

be used as a three port power divider.

The realisation of narrow bandwidth-high reflectivity
grating reflectors and couplers is critically dependant on
the successful fabrication of long grating—-on—-fibre lengths.

Nearly all the relevant work published by other research-
ers has been based on holographic grating fabrication on
polished fibre blocks. Although this offers a rather simple
fabrication procedure, using the well established techniques
developed for the preparation of polished couplers, it
imposes restrictions on the effective grating length,
limiting the potential wavelength selectivity, for a given
reflectivity. Typical published results refer to bandwidths
of 10 & and 85 % reflectivities, for a grating 1engthl of

2 mm. Even though narrouer banduidths have been reported
for weaker coupling, the reflectivity appears to suffer fron
the limitation in grating length.

We strongly believe that this restriction can be removed
by using special D-shaped fibres. Polished fibre blocks can
be avoided by potting lightly etched sections of D-shaped
fibres in a higher index epoxy, floating naturally, with

their flat face on the surface, and fabricating the grating
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using a standard holographic process. Provided that the
fibre surface is flat, the surrounding medium acts only in
removing the laser light of the interfering beams from the
fibre body, eliminating reflections at the fibre/epoxy inter-
face, during the exposure stage.

Earlier results showed grating lengths of only 2 mm ,
restricted by limitations imposed by the optical component
sizes in +the interferometer. More recently, grating lengths
of up to 7 mm have been fabricated,with potential extension
to 2 cm. Even though the grating profile could have been
transferred directly into the fibre body,by reactive ion
etching through the photoresist mask, most of the initial
testing experiments were conducted with photoresist gratings,
the higher refractive index of the thin photoresist film
stimulating a higher portion of the guided field into the
cladding, thus increasing the perturbation strength. In this
sense, it acts in the same way as the additional thin Al,0q
layer, deposited over the etched grating surface by other
researchers.

We have successfully fabricated and tested grating reflect-
ors of different periodicities, for operation around 0.8 and
1 pm, using a Styryl 9 dye laser and a monochromator arrange-
ment, demonstrating coupled bandwidths of 7 & and reflect-
ivities of approximately 70 % . These initial results are
comparable to the best reported for polished fibre grating
reflectors, and could be further improved by fabricating
“weaker"-longer grating lengths, further away from the core.

In order to make the gratings more durable and avoid loss
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from the photoresist film, +the grating pattern will have to
be etched into the fibre surface. Grating lengths of 7 mm
have only recently being successfully etched on D—shaped
fibres.

By etching the grating into the fibre, thus eliminating
the high index photoresist film,will weaken the perturbation
strength, increasing the wavelength selectivities. For sub-8
bandwidths, the monochromator selectivity will not be suffici-
ent, in which case, a spectrum analyser Fabry-Perot device
will have to be used.

In respect of the grating fabrication, the realisation
of +the grating coupler is not different from that of the
grating reflector.

We have again avoided polished couplers and designed a
twin - waveguide integrated fibre, with +the grating to be
fabricated on its top flat face, in the same way as for the
grating reflector. The fibre was only recently fabricated,
so we did not have time to test such a device. It is
anticipated, however, that the relative fabrication simpl-
icity will ©be balanced by the complexity, in separatingAthe
optical signals from the two waveguides in the same fibre.

On the other hand, devices realised from discrete fibres
offer four different detection ports. In this respect, a
grating coupler could be realised using etched sections of
D-shaped fibres with a grating fabricated on one of then,
properly aligned by the <capilary action of a thin
intermediate matching oil layer. A directional coupler based

on this principle has been realised with identical fibres



and tested, in sampling part of the reflected signal in a
grating reflector configuration. It proved to be simple but
effective, flexible and tunable, by varying the coupling
length. For a grating coupler realisation, dissimilar fibres
will have to be used (i.e. possibly one elliptically, the
other «circularly cored), to isolate contradirectional coupl-
ing from the other coupling processes.

Another interesting scheme, involves the use of a fused
untwisted fibre coupler, properly integrated into a polished
block configuration, with the grating fabricated on the
polished interface, perturbing both waveguides. Such a design
can easily incorporate some of the tuning techniques that
are to be examined in the following section, to realise a
tunable .grating coupler with potential application in

wavelength division multiplexing.

6.2 Tuning

The operation of grating couplers and reflectors can be
greatly affected by fabrication tolerances. These variations
result mainly from uncertainties in the grating fabrication
(i.e. grating periodicity and modulation depth), and its
effect on the waveguide parameters, but alsc from drifts due
external influences. Some form of +tuning is, therefore,
essential for steering the device into operation at the

appropriate wavelength. Although some 1limited amount of
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restrictions in the grating length of the polished coupler
and loss, from the metallised surface of the external grating.

A simpler and potentially inexpensive alternative, could
involve the use of an external grating replica on a thin
silicone rubber membrane, attached +to a piezoelectric
ceramic and pressed against a flat fibre surface, in close
proximity to the core. The grating periodicity could be
varied either by pressing,or by stretching the rubber on the
substantially harder fibre glass surface. Variations in the
rubber parameters from temperature oOr pressure, may cause
drifting in the grating chatacteristics. Some form of built-

in control mechanism will, therefore, be required.

6.3 Concluding Comment s

Even though the theory of grating couplers and reflect-
ors has been completely analysed, their fibre device
implementations have not yet fully proved their potential in
narrow-band filtering. Some success has been obtained, in
demonstrating +the phenomenon of contradirectional coupling,
but a lot of development is still required for improving the
accuracy and versatility of +the grating fabrication
processes on optical fibres. Some form of tuning must be
incorporated, to compensate for fabrication tolerances and
drifts. Only +then, will it ©be possible to fabricate long

grating-on fibre lengths, weakly perturbed for sub-4 coupled
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bandwidths and high reflectivities. For this purpose, 1long
grating lengths, etched on the flat face of special D-shaped
fibres, look a more promising alternative to polished fibre
blocks, avoiding restrictions imposed by the fabrication of
such blocks.

The successful fabrication and testing of the above
fibre devices, clearly in the frontiers of todays technology,
require large resources and "state of the art", sophisticated,
and often expensive equipment, without which the fulfilment
of the true potential of fibre device implementations of

grating reflectors and couplers can never be realised.
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APPENDI X

EPO~-TEK 301
SPECIFICATIONS:
Viscosity 100 cps
Curing Schedule: Room Temperature overnight
65 for 1 hour
Lap Shear Strength: 1700 psi

Refractive index: 1.538 - 1.540

Transmission: greater than 87 % for

(Adhesive film thickness .0035 )

320-900 nm
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