two-tone optical signal will allow transmission at 1550nm over
lengths of standard singlemode fibre, which are practical for
deployment in mm-wave radio applications. Together with tolerance to dispersion, this approach potentially provides simple
implementation and high linearity.

Acknowledgments: This work was funded in part by the European
Commission ACTS project FRANS, partly by the UK Engineering and Physical Sciences Research Council.
4 October I996
0 IEE 1996
Electronics Letters Online No: 19961477
R.A. Griffin, P.M. Lane and J.J. O’Reilly (Departnzent of Electronics
and Electrical Engineering, University College London, Torrington
Place, London W C l E 7JE, United Kingdom)

Live chirp of the Bragg wavelength and widens the spectral
response. Therefore, most of the methods proposed to date for the
apodisation of FBGs include either a compensating, second W
irradiation with a non-modulated beam to trim the average index
back to a constant value [l, 3, 41, or a system to move the fibre
andior phase mask during the exposure [S, 61. These methods yield
very good apodised responses but slow down the fabrication of
fibre gratings and require better controlled and more elaborate
ultraviolet exposure set-ups. An alternative approach was proposed recently in which a phase mask with a varying diffraction
efficiency is used to generate both the non-uniform modulated
ultraviolet fringe pattern and a compensating exposure which
automatically ensures that the average photoinduced refractive
index is constant [7].The principle of operation is shown in Fig. 1.
incoming UV beam
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A Moire technique is ‘used in the fabrication of a diffractive phase
mask by electron beam lithography. The phase mask has a
varying diffraction efficiency designed to produce apodised fibre
Bragg gratings with a uniform ultraviolet beam exposure. Since
the illumination is uniform, the average induced refractive index is
constant along the grating and pure apodisation results.

We assume a uniform ultraviolet exposure incident on a phase
mask in which the groove shapes are varied along the length in
such a way that perfect zero order nulling occurs in the centre and
decreases towards the ends. This means the +1 and -1 diffracted
orders will have the required bell-like intensity distribution along
the grating length to generate the modulated refractive index.
More importantly, since this is a transparent phase mask, the total
W exposure reaching the fibre is constant along the length and
the average photoinduced index change is uniform. From a practical point of view, this approach is attractive since it does not
require any modification of a standard FBG fabrication setup
which uses phase mask exposure with uniform ultraviolet illumination [8]. The principle was demonstrated with a 1 mm long phase
mask fabricated using a focused ion beam system and direct etching in silica [7].The variation in groove size along the phase mask
grating length was obtained by locally changing the incident ion
dose. Since ion beam systems are not widely available and that
longer gratings have proven difficult to fabricate, we are proposing to use the same approach but with an electron beam written
phase mask (which are now commercially available).

Introduction: It is often required of fibre Bragg gratings (FBGs) to

Fabrication: A JEOL JBX-SDII high-resolution electron beam sys-

have high reflection in a narrow wavelength range and hgh transmission at all other wavelengths. Such gratings have what has
been described as a high ‘bandwidth utilisation factor’ for
increased performance in narrowband wavelength multiplexed systems [l]. To achieve such high wavelength selectivity, it is necessary to reduce the level of the reflection sidelobes which appear on
both sides of the main reflection peak, because of the finite length
of the grating. This sidelobe reduction, or ‘apodisation’, can be
accomplished by varying the amplitude of the index modulation
along the length of the grating [2]. Another requirement for apodisation is to linearise the dispersion compensation characteristics of
chirped FBGs [3].
When apodisation is carried out by changing the ultraviolet
exposure along the length of the grating, both the refractive index
modulation and the average photoinduced refractive index vary.
The variation of the average index leads to an undesirable effec-

tem is used to pattern the phase masks. An obvious way of changing the grating’s duty cycle would be to define a pattern
containing lines of varying width. On the JEOL system, the smallest increment in linewidth is 2.Snm, which allows us to increment
~ no more than 200 steps. Instead,
the width from 0 to 0 . 5 with
we can achieve a continuous duty cycle variation by generating a
Moire fringe pattern in the electron resist with a double exposure
of two 50% duty cycle gratings of slightly different periods. The
phase and period of the two gratings are adjusted in such a way
that the grooves overlap perfectly in the centre and are exactly out
of phase by half a period at both ends. For example, in a lcm
long grating with a 1pm period, the starting points of the two electron exposures are 0.5pn apart, and one of the grating has a
period shorter by 0.lnm. Therefore, over the Icm length of the
gratings, the shorter period grating has a phase shift of half a
period ( 0 . 5 ~ after
)
5mm (i.e. in the centre of the grating) and

2260

ELECTRONICS LETTERS

21st November 1996

Vol. 32

No. 24

one full period after 1cm. This is shown schematically in Fig. 2. In
this example, the periods of the two gratings must differ by exactly
one part in lo4 (or 0.lnm). To achieve such high accuracy, the
grating period is adjusted by purposely mis-calibrating the gain of
the beam deflection and stage motion. The upper limit of the apodised grating length achievable with this technique is fixed by the
smallest mis-calibration that can be defined reliably on this electron beam system, which is roughly 1 part in lo6. However, other
factors such as stage runout [9], limit the accuracy with which the
two gratings can be overlapped, so that the practical smallest miscalibration is about 1 part in lo5,enough to apodise a l0cm-long,
1p-period grating.

range outside the main reflection peak, especially on the long
wavelength side. The asymmetry in the spectral response is not
fully understood at this time but is likely to be due to the poor
uniformity of our ultraviolet laser beam over the 8 mm length of
the grating. However, in spite of the asymmetry note that the
reflectivity drops by 30dB over < 0.2nm on the long wavelength
side of the main peak. For use in a WDM system, this Smm long
grating has a channel width (bandwidth of transmission < -30dB)
of 0.5nm and a minimum channel spacing (bandwidth needed for
the reflection to drop below -20dB) of 1.8nm. This yields a bandwidth utilisation factor [l] of 28%.

MOIRE pattern phase mask formation

Conclusion: We have presented an efficient apodisation technique
which does not require special ultraviolet exposure techniques but
a more sophisticated phase mask. A simple method to fabricate
the special phase mask with an electron beam lithography system
was also presented. These techniques should allow fibre grating
manufacturers to easily mass produce devices with improved spectral properties.
0 IEE 1996
Electronics Letters Online No: I9961469

23 August 1996

J. Albert, K O . Hill, D.C. Johnson and F. Bilodeau (Communications
Research Centre, PO Box 11490, Station H , Ottawa, Ontario K2H 8S2,
Canada)

Fig. 2 Moire groove pattern obtained in phase mask fabricated by electron beam lithography
Electron beam writes successively on top of each other two gratings
(A and B) with slightly different periods and startiiig points (not to
scale)

M.J. Rooks (Cornel1 Nanofabrication Facility, Ithaca, N Y 14853-5403,
USA)
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Results and discussion: In the result presented here, the phase mask
.
Bragg grathad a length of 8mm and a period of 1 . 0 5 5 ~Fibre
ings were photoimprinted by exposing standard hydrogen-loaded
[101 telecommunication fibres trough the mask with the ultraviolet
beam of a LUMONICS EX-500 ArF excimer laser operating at a
wavelength of 193nm. Gratings were photoimprinted with a single
exposure ranging in time from 1 to Smins at 50 pulse/s and
200mJ/cm2/pulse,without any special equipment for beam conditioning or line narrowing. The reflection spectrum of a FBG with
a reflectivity of 99.99% is shown in Fig. 3, along with the theoretical spectrum of a uniform grating with the same bandwidth and
maximum reflectivity. The bandwidth of an apodised grating is
usually about twice that of a uniform grating of the same physical
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