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Abstract
Two-dimensional photonic crystals have been fabricated by x-ray
lithography and reactive ion etching on an air/GaAs/AlGaAs asymmetric
waveguide. The shape of the lattice unit cell has been varied by exploiting
x-ray diffraction effects and nonlinear response of resists during the
development process. Rings with or without a central pillar have been
fabricated with a resolution down to 50 nm. Lithographic details are
described to show the accuracy of this fabrication technique. Optical
characterization has been performed showing the presence of a well defined
photonic band structure as well as band anti-crossing. The results are
discussed and compared with theoretical calculations of the photonic band
dispersion. Structures with high dielectric fraction are shown to yield
photonic modes with small line widths and low propagation losses. The
reliability and the precise control of the fabricated sample structures make
this lithographic method useful for a full investigation of optical properties
on the dependence of the lattice unit cell shape.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Photonic crystals (PCs) represent one of the most important
building blocks towards the achievement of a full based optics
communication technology. Even though straightforward ap-
plication of the photonic bandgap (PBG) concept is generally
thought to require a three-dimensional PC [1–4], the largest
interest so far is attracted by two-dimensional PCs because
they are potentially more amenable to fabrication and much

closer to application [5]. However, definite standardization is
still far from being achieved and different fabrication meth-
ods [6–8], architectures and integration strategies [9–11] of
two-dimensional PCs are under investigation and in competi-
tion to produce the first target to market devices.

In this framework, among fundamental issues definitively
cleared, many open questions still remain. For instance
the dependence of two-dimensional PC optical characteristics
on the shape of the unit cell is not still well explored.
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This is a problem that has been largely investigated in
the early pioneering theoretical works [12, 13] with the
aim to indicate the lattice structure that can produce a full
PBG. When several groups then conclusively showed that
a triangular array of air columns gives rise to a large and
complete PBG [14, 15], the relevance of the unit cell shape
dependence was almost forgotten leaving some muddled
questions unsolved. Fabrication complications to effectively
control the unit cell shape at sub-micrometric accuracy have
further set the unit cell dependence issue aside. Some of these
issues have been only recently re-addressed, enlightening the
complexity of phenomenology. Theoretical investigations on
the optimization of the PBG as a function of the symmetry,
shapes and orientations of the unit cell base have shown that a
reduction of the degree of symmetry can increase the PBG [16].
The symmetry of the unit cell moreover can influence the
light propagation. In particular elliptical deformation of
the unit cell base structures in two-dimensional PCs with a
square lattice has been experimentally demonstrated by Noda
et al [17] to be the key feature to control the propagation of
polarization. To our knowledge no further experiments have
been performed to investigate this issue. One of the reasons
can be addressed to the challenging technological problem of
controlling the fabrication of the unit cell shape with lateral
resolution down to a few nanometres on defect free large
areas.

In this work we have investigated the possibility of
fabricating two-dimensional PCs with an unconventional unit
cell by x-ray lithography. X-ray proximity lithography is
known to provide a one-to-one replica of the features patterned
on the mask [18]. This is a deceptively simple description
of the image formation in x-ray lithography. A high spatial
coherent illumination of the mask can induce diffraction effects
that propagate along the distance between the mask and
target substrate, i.e. along the mask–substrate gap. Actually
lithographic images much more complex than those patterned
on the mask can be generated. We will show that when full
control of diffraction and of the exposed resist development
is achieved, controlled and complex lithographic structures, a
few nanometres wide, can be fabricated.

The technique allows the generation of an unconventional
unit cell lattice starting from a relatively simple mask. In our
case we have used a single x-ray mask made of a square on
a square lattice. Controlling the mask–substrate gap several
different types of pattern can be generated: smoothed squares,
rings, rhombs or four-leaf clovers. However, in this prelimi-
nary study we focused on two-dimensional PCs constituted by
lattice unit cells with ring or anti-ring shape with or without
concentric pillars or holes fabricated on air/GaAs/Alx Ga1−x As
(x = 0.25). In particular we have increased the lithographic
lateral resolution of the structures replicated on large areas, ob-
taining ring widths below 50 nm. Optical characterization of
the resulting PC will be presented and discussed on the basis
of theoretical simulation. The dielectric filling factor of the
lattice has been varied in order to investigate one of the most
interesting parameters that determines the optical characteris-
tics of PCs. Further applications and limits of this fabrication
method will be discussed as well.

2. Fabrication

2.1. X-ray lithography

The proximity x-ray lithography was performed at the
LILIT [19, 20] beam line located at Elettra Synchrotron
(Trieste). A schematic representation of the main optical and
mechanical constituents of the beam line is shown in figure 1.

The beam line consists of one plane mirror (mirror 1)
placed at 14 m from the bending magnet source and of a second
toroidal mirror (mirror 2) placed 2 m away from mirror 1. Both
mirrors are gold-coated with an average surface roughness of
0.5 nm. The total length of the beam line, calculated from the
front-end port of the bending magnet, is 13.3 m. Entry slits
select the solid angle under which the synchrotron radiation is
collected, fixing the maximum values at 6 and 0.83 mrad (3σ )
respectively in the horizontal and the vertical plane. The latter
value corresponds to the natural divergence of the synchrotron
radiation in the soft x-ray range under the standard operating
condition of the beam line. Just after the bending magnet front-
end, a 25 µm thick beryllium window separates the vacuum
between beam line and synchrotron ring. Additional energy
filters are located before mirror 1. Further adjustable slits for
final beam shaping are placed after mirror 2 close to the end
of the beam line where, after a photon shutter and a second
25 µm thick beryllium window, the x-ray beam is delivered in
a helium flux at atmospheric pressure. Both the mirrors oper-
ate at grazing angles (θ1, θ2) producing an image of the source
at the wafer/mask location whose size is 3 × 50 mm2 (vertical
by horizontal). Whereas the value of θ1 can be freely chosen in
the range from 0.3◦ to 2.8◦, the amplitude of θ2 and the height
of second mirror are, in contrast, determined by the constraints
imposed by the fixed height from the ground of the source and
of the final beam spot [21].

LILIT beam line is designed for performing both soft and
hard x-ray lithography. Whereas hard x-rays are required for
deep lithography, in this work we are mainly interested in a
soft energy spectrum (1–2 keV) that is well indicated for the
best lithographic resolution. The energy spectrum provided
by the bending magnet of Elettra is quite wide, extending
from a few hundred eV to 15 keV (see the inset in figure 1,
spectrum delivered by bending magnet). The sequence of the
energy spectra along the beam line shows how the effects of
the different optical elements allow us to select the optimum
energy spectrum (see the other spectra in figure 1 inset). In
general the rejection of the low energy part of the spectrum
(100 eV–2 keV), responsible for diffraction effects in one-
to-one deep x-ray lithography, is performed by a series of
eight films of different materials (Be, C, Al, Cr, Si3N4) and
thickness. These films can independently intercept the beam
providing 16 combinations of different high band pass filter
energy. However, the present work is focused on the diffraction
effects control, requiring the maximization of the low energy
part of the spectrum. For this reason we have not introduced
any further filter except the two fixed beryllium windows that
account for a total thickness of 50 µm and whose effect on
the photon beam is reported in the second spectrum in figure 1
inset. In contrast, the rejection of the hard part of the spectrum
responsible for straggling effects on the formation of the latent
image in the resist is very important. The effect of a tunable
high band pass filter is performed by increasing the incidence
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Figure 1. Scheme of LILIT beam line. The top inset shows the geometry of the x-ray mask–substrate stepper stage. The bottom inset shows
the photon energy spectrum along the beam line after the main optical elements.

angle of the mirrors, that decreases the mirror reflectivity at low
wavelengths. The final effect on the energy spectrum is shown
on the third spectrum of the inset in figure 1 for the mirror
angle configuration selected for this experiment (θ1 = 2◦,
θ2 = 1.902◦). In general the combination of the film filters and
of mirror reflectivity allows us to select the energy band pass
covering a the total spectral region of the x-ray lithographic
window (1.5–15 keV).

The final x-ray beam illuminates the lithographic mask
that shadows its pattern on a resist film typically spun on
a silicon 4 in wafer substrate. The alignment of the x-ray
mask with respect to the resist wafer is provided by a SAL
x-ray stepper that allows step and repeat x-ray exposures
with an overall placement accuracy (3σ ) of 20 nm. In the
framework of this study the mask–substrate gap distance, g,
plays a fundamental role. The SAL x-ray stepper can fully
automatically drive from 50 µm down to 30 µm and, operator
supported, down to 5 µm.

2.2. Mask for x-ray lithography

For this experiment we have used a mask generated by electron
beam lithography on a 4 × 4 mm2 area (figure 2). It consists of
a chessboard lattice of squares with a period of 500 nm along
the diagonals. The patterning was exposed on a 400 nm thick
film of polymethylmethacrylate (PMMA) spun on a Au/Cr
coated Si3N4 2 mm thick membrane and pre-baked at 170 ◦C
on a hotplate. After development for 30 s in a 1:3 solution of
methyl isobutyl ketone and isopropyl alcohol (MIBK:IPA) and
rinsing in IPA, the patterned area was filled by electro-plating
deposition with 350 nm thick of gold film. The remaining
PMMA was then stripped in hot acetone at 50 ◦C.

Figure 2. X-ray mask patterned with squares on a chessboard
matrix of 500 nm period along the square diagonals. The markers
are 1 µm long.

2.3. Sample growth and fabrication

The samples studied in this work were grown in a horizontal
LP-MOCVD system (AIXTRON 200 AIX), equipped with a
rotating substrate holder, at a growth pressure of 20 mbar.
Trimethyl gallium (TMGa), trimethyl aluminium (TMAl)
and pure arsine (AsH3) were used as source materials and
palladium purified H2 with a flow rate of 7 slm as carrier gas.
The growth was performed on (100) exactly oriented semi-
insulating GaAs substrates at the nominal growth temperature
of 750 ◦C. The structure consists of a 200 nm GaAs buffer
layer, followed by 1500 nm of Al0.25Ga0.75As and 500 nm of
GaAs as topmost layer. The whole structure was grown at the
rate of 4 µm h−1 and unintentionally doped.

The pre-exposure process steps require the cleaning in hot
acetone and drying of the substrate and spinning of the resists
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that we chose of both tones: PMMA 1.07 (positive), SAL 601
(negative). 150 nm of PMMA was spun on the samples and
pre-baked at 170 ◦C on a hotplate for 5 min. In the other case
SAL 601 was spun at 200 nm and pre-baked at 105 ◦C for 1 min.
The most relevant exposure parameter was the mask–substrate
gap that we selected as three values: 5, 10 and 15 µm.

The exposure doses were 2400 and 125 mJ cm−2

respectively for PMMA and SAL 601 samples. The latter were
post-baked for 1 min at 105 ◦C on a hotplate. PMMA samples
were developed for 45–50 s in a 1:3 solution of MIBK:IPA and
rinsed in IPA. SAL 601 samples were developed for 5 min in
MF312 diluted in H2O and rinsed with de-mineralized water.
The process was completed including a reactive ion etching
in oxygen at 5 × 10−2 Torr and a plasma power of 50 W to
guarantee a complete cleaning of the bottom of the structures.

Finally, a lift-off process was performed by evaporating
50 nm of nickel followed by the residual resist stripping.
Nickel showed an extremely high selectivity to the reactive ion
etching (RIE) performed by an induced coupled plasma RIE
reactor in a atmosphere of 95% SiCl4 and 5% of Ar and biasing
the cathode at 230 V. The etching rate was 0.39 µm min−1 and
a typical total etching time of 5 min led to an etch depth of
about 2 µm in the patterned regions.

2.4. Sample description

Three samples prepared with SAL 601 resist and named S5,
S10 and S15 have been exposed setting the mask–substrate gap
at 1, 10 and 15 µm respectively (figures 3(a)–(c)). A fourth
sample6, P15, spun with PMMA was exposed at 15 µm mask–
substrate gap (figure 3(d)). The details of the cross-sectional
view of sample P15 (figure 4) selected as representative of all
the other samples show that the lithographic pattern has been
effectively etched along the thickness of the epitaxial AlGaAs
film providing structures with aspect ratios of the order of 7.
Notice in figure 4 the layering of the epitaxial growth and the
residual nickel film used as a mask layer during the reactive
ion etching.

What is interesting to notice is the dependence of the
lattice unit cell on the mask–substrate gap distance. In the case
of 5 µm mask–substrate gap (figure 3(a)) the mask features
are well reproduced. This is the case of proximity x-ray
lithography where a one-to-one replica of the mask can be
achieved and where the diffraction effects have been almost
completely suppressed by minimizing the mask–substrate gap.

The effects of the diffraction, in contrast, are evident in
the samples exposed at 15 µm mask–substrate gap with both
negative and positive resist (figures 3(c) and (d)). The square
shape of the mask lattice unit cell becomes strongly smoothed
on the corners and there appears a hole (or a pillar, depending
on the tone of the resist) at the square’s centre. The patterning
obtained exposing the negative resist appears composed by an
array of rings with remarkably thin lateral wall (<50 nm). In
this case the filling factor of the resulting PC, i.e. dielectric
fraction on the total unit cell area, is very low and ranges from
9% for S15 to 28% for S5. Of course an opposite patterning
with a very high filling factor, 78%, can be achieved using
positive (PMMA) resist (figure 3(d)), that provides a final

6 The letter of the sample names indicates the resist; the number indicates the
mask–substrate gap.

Figure 3. Pictures of the two-dimensional PC samples patterned
onto air/GaAs/AlGaAs waveguide layers obtained changing the
mask–substrate gap. (a) Sample S5, resist SAL601, 5 µm gap;
(b) sample S10, resist SAL601, 10 µm gap; (c) sample S15, resist
SAL601, 15 µm gap; (d) sample P15, resist PMMA, 15 µm gap.
For every sample the relative x-ray lithography simulations
performed by the TOOLSET code have been attached. The markers
are 1 µm long.

structure composed of thin rings etched into the epitaxial multi-
layer.

An even more complex case is shown by the sample S10
exposed at 10 µm mask–substrate gap (figure 3(b)). In this
case there appears a further central pillar, 100 nm in diameter
and 70 nm away from the external ring whose walls are 45 nm
thick. It is remarkable that these high resolution structures have
been reproduced almost perfectly on a surface of 4 × 4 mm2.

3. Diffraction effects on proximity lithography

Simple considerations on the role of diffraction effects on
proximity lithography can be argued taking into account
the diffraction pattern generated by a thin aperture. The
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Figure 4. Lateral view of the sample showing the layering of the
GaAs/AlGaAs waveguide and the residual nickel film used as a
mask layer during the reactive ion etching onto the sample surface.

displacement of the first satellite peak in the diffraction pattern
is given by: δ = gλ/d. For typical values of the x-ray
wavelength used in proximity lithography, λ = 1 nm, of
the aperture width, d = 200 nm, that we identify with a
typical mask feature, and of the aperture–screen distance,
that in our example coincides with the mask–substrate gap
g = 15 µm, the displacement δ turns out to be 75 nm. The
linear dependence of δ on the mask–substrate gap shows that
only a zero gap eliminates any diffraction effect. In our beam
line the residual mask–substrate gap can be decreased down to
5 µm and it turns out that the diffraction limit to one-to-one
proximity lithography is close to 25 nm. However, because a
residual gap cannot be avoided it turns out that diffraction plays
an important role in the one-to-one mask pattern replication,
an issue that is widely discussed in the literature [22, 23].

In this work, in contrast, we exploited diffraction effects.
To understand the lithographic image formation it is necessary
to make some considerations on the optical characteristics of
the synchrotron source we are using. In particular, due to the
finite source size and the poly-chromaticity of the spectrum,
the electromagnetic field responsible for the lithographic aerial
image formation is partially coherent. In other words, this
means that the propagation between the mask and the substrate
can be rigorously calculated only using a modelling based on
the theory of partial coherence. For x-ray lithography it suffices
to use second order coherence theory (correlation between two
wavefields at two different points in space and time coordinate)
with the hypothesis that the source is homogeneous and that a
modal expansion (incoherent sum of coherent modes) is used to
calculate the intensity of the electromagnetic field. Under this
assumption, the intensity of the electromagnetic field I (x, y)

can be written as the convolution between a blurring function
M(x, y) and the intensity Ic(x, y) due to a perfectly coherent
source. All the information about the coherence of the optical
system is contained in M(x, y). The spatial and angular blur
are the parameters that take into account the degree of spatial
coherence and the wavelength band pass of the light beam.
The spectrum delivered by our optical system can be shaped
selecting the wavelength band pass. In the case of samples
described in this work, we choose to work at the minimum

wavelength spread that resulted in a Gaussian spectrum centred
at 0.83 nm (1.5 keV) with FWHD of 0.56 nm (700 eV).
Moreover, to generate strong diffraction effects the spatial
coherence of the light must be larger than the typical patterning
structure dimension. From the Van Cittert–Zernike theorem,
the spatial coherence length of the present beam line is

lspatial
c = λ

2π

L

S
∼= 20 µm

a value much larger than the typical patterned structures. (The
beam line is characterized by a length L = 25 m and by a
vertical bending magnet source whose size is S = 200 µm).

Being aware of these optical characteristics, quite
untypical for a beam line devoted to x-ray lithography, we have
tried to exploit the diffraction effects. The aim is to control the
resulting diffraction pattern distribution to generate complex
lithographic structures. This can be provided by the help of
TOOLSET [24, 25], a computer code that has been specifically
developed to simulate the exposure and the development of a
resist in x-ray proximity lithography. In a first step the code
calculates the light transmission through the different layers
and near field propagation of the electromagnetic field onto
the resist. Afterwards it simulates development of the exposed
resist. The program requires the parameters describing the
x-ray source and x-ray mask. The input parameters are
therefore the natural divergence of the incoming beam, the
layering of mask and its pattern, the kind of resist (thickness,
chemical composition, dissolution rate), the atmosphere where
the exposure takes place, the exposure and development time
and finally the mask–substrate gap distance.

The latter is the parameter whose influence on the
fabrication has been mainly investigated. In particular, we
focused our attention on the condition for the fabrication of
rings with or without central pillars generated by the squared
mask (figure 2). In figure 5(a) we have reported the aerial
diffraction pattern obtained for a gap of 15 µm, i.e. the gap used
for samples S15 and P15 (figures 3(c) and (d)). Several peaks
and dips whose position and intensity are strongly dependent
on the geometrical configuration of the lattice appear. The
diffraction pattern intensity along a cutting line of the mask
squares has been also reported. It is worthwhile to note
the single strong minimum of the centre of the transmitted
beam that is responsible for the hole in the lattice unit base in
figure 3(c).

In order to show the previously discussed effect of the x-
ray beam coherence, in figure 5(b) we have reported for com-
parison the diffraction pattern obtained increasing the blur of
the beam from 1 to 10 nm. In the latter case we noticed a strong
decrease of the intensity modulation of the illumination pattern.
The evolution of the diffraction pattern along the same cut lines
simulated for different values of the mask–substrate gaps and
for 1 nm blur is reported in figure 6, showing the appearance
and the development of several diffraction maxima and min-
ima. The single strong minimum of the centre of the transmit-
ted beam for 15 µm gap and the small secondary peak for 9 µm
gap are responsible respectively for the hole in the sample in
figure 5(a) and for the central pillar in the sample in figure 3(b).

The diffraction is not the only effect that must be controlled
to achieve the final lithographic pattern. In order to correctly
develop the exposed resist an accurate optimization of the
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Figure 5. Comparison between the aerial diffraction pattern simulation generated by the x-ray mask pattern obtained increasing the spatial
blur from the real value of 1 nm (figure 5(a)) to a spatial blur of 10 nm (figure 5(b)). In both cases a 15 µm mask–substrate gap has been
used. At the bottom panel the intensity profiles along the cut line reported on the aerial diffraction patterns are reported.
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exposure dose and of the development time is required. This
study has also been performed exploiting the part of TOOLSET
devoted to resist development. The PMMA and SAL 601 resist
dissolution rate [26] have been introduced in order to compute
the resist development time evolution on a representative area.
In figures 3(a)–(d) we have also reported the simulation of
the resist structures. A good agreement with the experimental
features has been obtained; as an example the square shape
of the internal hole in figure 3(d) is well reproduced. It
is worthwhile to note that the simulation appears to be the
negative of the final patterning on the samples. This is because
the final step of the sample fabrication is constituted by the
etching of GaAs/AlGaAs waveguide epilayer, a process that
inverts the tone of the resist pattern.
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Figure 7. Internal and external radius of the two-dimensional lattice
basis obtained for different mask–substrate gaps and developing
times.

Several combinations of internal and external radii of the
rings or a controlled smoothing of the squared angles can be
achieved choosing the right experimental conditions. The key
parameter in this case is the contrast between the absolute
and local maxima (and minima) of the diffraction pattern
(figure 5(b)) that is high enough (more than 20%) to guarantee
the modulation of the lithographic structures. The mask–
substrate gap dependence of the internal and external diameters
of rings for three different development time (30, 60 and 120 s)
is reported in figure 7 for PMMA resist and a dose of 3.5 J cm−2.
It turns out that a large range of configurations can be achieved.

649



F Romanato et al

0.6 0.8 1.0 1.2 1.4 1.6

Γ -M  TM

∆R = 0.04

θ = 60°

θ = 5°

R
ef

le
ct

an
ce

Photon energy (eV)

S5

0.5 0.6 0.7 0.8 0.9 1.0 1.1

P15      Γ - X      TE

∆R = 0.05

θ = 60°

θ = 5°

R
ef

le
ct

an
ce

Photon energy (eV)

Figure 8. Experimental reflectance spectra from 5◦ to 60◦ for the S5 sample (left) and P15 sample (right) measured in the specified
polarizations and directions. Curves are shifted vertically by a constant offset in order to facilitate viewing.

At 30 s no holes can be opened in the base of the lattice that,
in contrast, can be obtained at 60 s. A further increase of the
development time decreases the external radius and increases
the internal one, resulting in a thinning of the ring walls (we are
considering the resist structure; the opposite happens for the
etched structure). The structures of 50 nm ring wall thickness
were considered the fabrication limit of this process.

4. Optical characterization

The photonic band structure was investigated by means of
the surface coupling technique proposed by Astratov et al
[27] for a III–V PC. The method relies on the observation
of sharp resonances in the reflectance spectra of collimated
light incident on the surface of the PC. Variable-angle specular
reflectance was measured in the range 0.25–2 eV by a Bruker
IFS66 Fourier-transform spectrometer at a spectral resolution
of 1 meV. The angle of incidence θ was varied in the range
5◦–60◦ with a step of 5◦ and angular resolution of ±1◦.
Measurements were made for light incident along the �–X and
�–M orientations of the samples, both in transverse electric
(TE) and transverse magnetic (TM) polarizations [28]7,8.

The reflectance spectra of the S5 sample for TM polarized
light incident along the �–M orientation and of the P15 sample
for TE polarized light incident along the �–X orientation
are shown in figure 8. As a first remark, the experimental
reflectance curves show a regular interference pattern
originated from the multilayer GaAs/AlGaAs waveguide
structure of the sample. The interference features clearly
differ from one sample to the other: this follows from
the different effective refractive index of the PC slab, as
determined by the dielectric fraction. Superimposed on this
interference background, several features are observed which

7 Sample S5 and sample P15 have been already described in this reference
where they were named respectively RUN3 and L2.
8 Experiments have been always performed at standard temperature and
pressure (stp).

display a well defined dispersion in their energy positions with
increasing angle of incidence. These resonances are due to the
coupling of external radiation to guided modes of the patterned
waveguide. We underline the sharpness of the resonances in
the case of sample P15 as compared to S5. The experimental
reflectance curves show several resonances which display
a well defined dispersion in their energy positions with
increasing incidence angle. The dispersion of the photonic
bands can be extracted by plotting the energy positions of the
resonances versus the wavevector k = ω sin θ/c that spans the
first Brillouin zone, as shown in figure 9(a) for sample S5 and
in figure 9(b) for the P15 sample. The results of a theoretical
calculation reproduce all qualitative features of the photonic
band dispersion with discrepancies from experimental data
remaining below 0.05 eV [29].

We compare TE band sample S5, i.e. the sample
obtained from a one-to-one replica of the mask, with the TE
band of sample P15 i.e. with a sample characterized by a
unconventional ring shaped unit cell and, in particular, by a
high dielectric filling factor, 78%. The low dielectric fraction
of the other samples (S10 and S15) gave insufficient reflection
features for the analysis. The band diagram of S5 shows a
PBG that opens around 1.2 eV in both polarizations over most
of the Brillouin zone. The PBG is large at the Brillouin zone
centre and closes only very near to the zone boundary. The
photonic density of states is expected to be very low in the
energy region 1.15–1.25 eV, which we may call a pseudo-
gap. However, we have to notice that truly guided modes,
i.e. modes whose dispersion is confined between the GaAs
core and the AlGaAs dispersion lines, must be present both for
TE and TM polarizations. This is not the case for S5 because
the dispersion of photonic modes is strongly different for the
two polarizations. The lowest bands in the guided mode region
have a finite cut-off wavelength imposed by the thickness of the
asymmetric waveguide. The guided modes go over smoothly
into the radiative region when crossing the light line. All
these features should thereafter be viewed only as quasi-guided
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modes and are consistent with a basis of dielectric squares and
a low dielectric fraction of 28%.

The overall situation for sample P15 is rather different.
The TE and TM bands are now very close and show a fairly
similar dispersion. These are features typical of ‘free photon’
propagation in an average material. The dispersion of photonic
modes is linear over most of the Brillouin zone and displays
small gaps at the zone centre or edge. This is due to the high
dielectric fraction of the patterning and is a further indication
of free-photon-like behaviour. In both polarizations an anti-
crossing of levels along the �–M direction around 0.9 eV is
observed and is well reproduced by the theory. Actually, due
to the quite high dielectric fraction of this particular sample,
the system is very close to the ideal empty lattice or free photon
case, where light propagation would be simply governed by an
unpatterned slab waveguide with the average refractive index.

The present findings indicate that PCs with the same
symmetry and the same film structure but with very
different dielectric fractions show very different light guide
performance. The propagation losses of photonic modes have
an intrinsic component, related to out-of-plane diffraction
of quasi-guided modes above the light line, and an
extrinsic component arising from finite hole depth, roughness,
inhomogeneities etc: all these mechanisms contribute to
diffuse scattering losses. The intrinsic mechanism of
diffraction arises from the non-separability of the dielectric
tensor as a function of spatial coordinates, which produces a
coupling of the quasi-guided modes to the external radiation
field. Intrinsic diffraction losses are due to decrease with
the dielectric fraction, as follows from experimental and
theoretical results.

5. Conclusion

Diffraction effects on x-ray lithography have been exploited
to generate a two-dimensional PC with an unconventional unit

cell lattice. A high spatial degree of coherence and the pre-
cise control of the mask–substrate gap distance are the crucial
parameters that allow us to generate strong modulated illu-
mination patterns on the resist. Computer simulations have
shown that even starting from a relatively simple mask made
of squares on a square lattice, rhombs or four-leaf clovers can
be generated. In order to avoid any complication of shape
dependence we focused on the fabrication of ring and anti-
ring two-dimensional PCs with or without concentric pillars
or holes on an air/GaAs/AlGaAs waveguide. The size mod-
ulation of the internal ring and of the eventual central pillar
has been achieved exploiting exposure dose and resist devel-
opment time calibration. Wall rings down to 50 nm and central
pillars of 100 nm have been realized on 4 × 4 mm2 areas.

The optical characterization has shown that the fabricated
two-dimensional PCs have definite optic band structures. This
technique can be applied to investigate the influence of the unit
cell lattice shape on the optic characteristics of the PC. In this
work we focused on the influence of the filling factor. The
present findings indicate that samples with very high dielectric
fraction do indeed have narrow reflectance structures arising
from well defined photonic modes: these modes must therefore
have small radiative linewidths and low propagation losses.
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