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Photonic crystals (PhCs)[1] are widely studied photonic structures
that provide unprecedented control over the propagation of light.
The large majority of PhCs are formed by a periodic modulation
of the refractive index, i.e., a modulation of the real part of the
dielectric constant. Additional functionality can be created by
including absorbing features into the structure, thus creating
PhCs out of materials with complex dielectric index. This is
particularly interesting when the photonic resonance created by
the refractive index contrast overlaps with the absorption feature,
hence creating a ‘‘resonantly absorbing PhC’’. An example of
such a resonantly absorbing structure is that of a semiconductor
saturable absorber mirror (SESAM)[2] used in mode-locked lasers
where quantum wells are incorporated into a multilayer Bragg
stack. Similar structures referred to as Resonantly Absorbing
Bragg Reflectors (RABR)[3] have been used to demonstrate optical
switching,[4] optical storage,[5] and nonlinear optical conversion.[6]

The examples above are based on Bragg mirrors or 1D
photonic crystals. An extension to 2D and 3D structures has been
proposed and demonstrated by backfilling the voids of a
conventional photonic crystal with resonantly absorbing materi-
als such as quantum dots[7] and metal.[8]

Most of these structures are based on refractive index
modulation with absorption providing additional features. In
contrast, the structure we propose and demonstrate here, an
extension of the 1D case approaches of Prineas et al.[4] and
Kozhekin et al.,[5] is formed exclusively by the absorbing feature,
hence it is a true ‘‘imaginary refractive index’’ structure. A
refractive index contrast naturally exists near the absorption
feature, as required by the Kramers–Kronig relationship, but away
from this feature, the refractive index contrast is practically zero.

In order to demonstrate this effect experimentally, we created a
template using holographic lithography[9] with a diffractive
optical element (DOE) (Fig. 1), which generates a 2D photonic
lattice of SU-8 polymer disks (Fig. 2a). The disks are doped with a
high concentration of the organic dye Rhodamine B (RhB) that
has an absorption peak around 564 nm, so the absorption of the
lattice is strongly dependent on wavelength. Subsequent filling of
the voids with the same SU-8 polymer, but without dye doping,
gives rise to an imaginary index photonic lattice (Fig. 2b). The
diffraction pattern of the structure before back-filling is given by
the dielectric modulation that exists for all wavelengths as in a
conventional photonic lattice and is much like a rainbow (Fig. 3a).
By contrast, only yellow/green light diffraction around 564 nm
can be observed once the structure has been back-filled
(Fig. 3b–d). The wavelength dependent diffraction clearly shows
that the structure only acts as a PhC in the vicinity of the
absorption window. Out of this window, the structure behaves as a
uniform polymer layer. This new type of photonic crystal offers
intriguing properties for further study in the field of saturable
light absorption and emission control. The PhC may also be
applied for optical switching and optical logic operation.

The imaginary index structure can be treated as a 2D grating
with wavelength-dependent phase and intensity modulation.
According to diffraction theory,[10] the intensity distribution I
created by the grating is given by the Fourier transform of the
transmission function of the grating t:

Iðfx; fy; lÞ / FTðtðx; y; lÞÞj j:2 (1)

Where x and y are the coordinates of the grating, fx and fy are the
Fourier transforms corresponding to x and y, which are related to
the diffraction angle at the wavelength l.

We determine the structural parameters from the SEM image
shown in Figure 2a and calculate the corresponding transmission
function t:

tðx; y; lÞ ¼ expði2pdnb=lÞ ðair or SU8without dyeÞffiffiffiffiffiffiffiffiffiffi
TðlÞ

p
expði2pdnr=lÞ ðSU8with dyeÞ

�
(2)

In Equation 2, nb is equal to 1 for a normal template and
n0¼ 1.62 for the resonantly absorbing PhC, which corresponds to
the refractive index of air and undoped SU8, respectively;
d¼ 2.6mm is the thickness of the sample; the transmission T of
the RhB doped SU8, which is modified by the absorption of RhB,
was measured by spectrometer (Fig. 4a). Based on Figure 2a, the
lattice constant and the normalized rod size of the sample are set
to be a¼ 2.86mm and r/a¼ 0.22, respectively. The good
H & Co. KGaA, Weinheim 1
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Figure 1. Experimental setup for the creation of the 2D PhC sample. The
sample was exposed by 4-beam interference lithography, using a DOE, a
mask and suitable lenses.

Figure 3. Diffraction pattern taken with a Xenon lamp showing: a) the
lattice before and b) after backfilling with SU-8. It is clear that diffraction in
a, occurs for all wavelengths, while in b, the wavelength range is rather
limited, centering on green/yellow. The wavelength-dependence of the

2

agreement between the measured and the calculated diffraction
efficiency shown in Figure 4b is strong evidence that there is no
refractive index contrast for the wavelength away from the
absorption region. Hence nr¼ noþDn, with Dn being the
refractive index change near the absorption center of the dye
(Fig. 4a), which is calculated using the Kramers–Kronig
relationship based on the absorption of the RhB.[11] Figure 4b
Figure 2. a) SEM image of the 2D square lattice PhC created by holo-
graphic lithography. Scale bars: 5mm. b) Microscopic image of the same
structure after back-filling to create the imaginary index PhC. The fact that
the lattice appears as red spots indicates the wavelength-dependence of the
periodic corrugation.

diffraction of the structure after back-filling is further highlighted in c and d
using Xenon lamp with color filters. Diffraction of green light is shown in c
and the absence of diffraction for blue light is shown in d. It is clear from all
these observations that mainly the green light, near the absorption peak of
the RhB, produces a diffraction pattern.

� 2010 WILEY-VCH Verlag G
shows the numerical simulation of the diffraction efficiency of
the structure by substituting Equation 2 into Equation 1. The
corresponding experimental curve was also measured and is
shown in the same figure, which shows a striking agreement with
the numerical simulation, especiallywhen considering experimental
imperfections.

As a final check to confirm that our structure operates on the
imaginary part of the refractive index rather than on absorption-
related thermally-induced refractive index change, we measured
the response time of the diffraction-pattern with a picosecond
laser of 25 ps pulse length at 564 nm wavelength. A
photomultiplier and oscilloscope were used to measure the zero
order and the first-order diffraction signals with a time resolution
of 10 ns. No time delay was observed between the two signals, so
we can indeed confirm that the effect is not thermal but caused by
an instantaneous refractive effect.

There are many applications for an imaginary index photonic
crystal. For example, by exploiting saturable absorption or the
ultrafast ac Stack effect[3] to shift the absorption peak of thematerial,
an efficient all-optical switch can be realised. The structure also has
the potential to generate a large family of solitons, i.e., distributed
solitons[12] and slow light gap solitons.[5] Furthermore, the fact that
the structure allows a convenient measurement of the complex
refractive index and its wavelength dependence is a useful tool for
the characterisation of novel optical materials, such as polymers
loaded with colloidal quantum dots.

In conclusion, we have proposed a novel class of photonic
crystals that are based solely on the imaginary part of the refractive
index. The structures have been characterized by the wavelength
dependent diffraction near the absorption center of the
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 1–4
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Figure 4. a) Transmission (solid line) of SU8 with RhB and the corresponding
refractive index change (dashed line) near the absorption center of the RhB,
which is calculated via the Kramers–Kronig relationship based on the absorp-
tion of the RhB. b) Numerical stimulation (dashed line) and experimental
result (solid line) of the diffraction efficiency of the imaginary index PhC.
incorporated dye, which is found to be in good agreement with the
simulation.We believe that this structure can also be extended to 3D
and applied in many areas of Photonics, such as optical switching,
coherent and incoherent PhC structure manipulation, refractive
index measurement as well as soliton generation.

Experimental

Experimental Setup: The experimental setup for the fabrication of
samples is shown in Figure 1. The output beam from a continuous-wave
Arþ laser with 488 nm wavelength was spatially filtered to improve the
quality of the beam. The beam was then collimated and passed through a
DOE, which produced a dot cross pattern with 21 beams of nearly equal
intensity. The multiple beamlets were collimated and passed through a
maskin order to select 4 symmetry beamlets to produce the 2D square
lattice PhC. The 4 parallel beams generate an intensity pattern for
holographic lithography, which is recorded with photosensitive SU8
polymeric material. Two achromatic doublets lenses with 50.8mm
diameter and 75mm focal length were used as the collimating and
focusing lenses, which can produce a 2D square lattice PhC with a lattice
constant of 2.86mm. A microscope and a CCD detector were used to
monitor the intensity distribution, thereby examing the formation of a
Adv. Mater. 2010, 22, 1–4 � 2010 WILEY-VCH Verlag Gmb
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hologram. This experimental setup has already been applied to fabricate
large area and high quality PhCs [13].

The transmission of the SU8 doped with RhB was measured with a
Xenon lamp and a fiber optic spectrometer (OceanOptic USB2000þ ). The
Xenon lamp was passed through a pinhole, then collimated and focused by
lenses with 63mm focal length. The diameter and aperture angle of the
focal spot were 80mm and 18, respectively. For the diffraction
measurement, the same Xenon lamp was used. Two filters with 60 nm
bandwidth were placed behind the lamp to observe the diffraction of green
and blue light in Figure 3c and d, respectively. The central wavelength of the
filters is 570 and 435 nm. The different order diffraction signals for the light
fields at different frequencies were collected by an aspheric condenser lens
with a large numerical aperture.

DOE Preparation: The DOE was fabricated on a glass substrates coated
with ZEP520A electron beam resist with thickness of 400 nm thickness. The
sample was coated with a conductive polymer, Mitsubishi RAYON
AquaSAVE, to dissipate charge during the exposure. The pattern, which was
designed using the annealing algorithm (SA) method [14] to generate the
dot cross diffraction pattern, was exposed using a hybrid ZEISS GEMINI
1530/RAITH ELPHY electron beam writer and developed using Xylene. The
DOE used a pixel size of 180nm, while the size of the sample is
600mm� 600mm. The fabrication was carried out in the framework of the
ePIXnet Nanostructuring Platform for Photonic Integration [15].

Sample Preparation: The photoresist used to record the periodic
structure was coated at 7000 rpm on glass substrates. It contained the resin
Epon-SU8 (from Shelld) dissolved in g-butyrolactone (from Aldrich) with
2 wt. % Benzenecyclopentadienyliron (II) hexafluorophosphate (from
Sigma-Aldrich) acting as cationic photoinitiator and 1.5wt% RhB dye.
Soft-baking of the SU8 and the evaporation of solvent were both conducted
at 958. The 2.6mm thick filmwas exposed with the holographic light pattern
described above. To fabricate the PhC template by a 4-beam interference
holographic lithography, the intensity of each beam was 0.3 mW and the
exposure time was 50 s. For reference, a uniform thin film was also
prepared by exposure for 3min with a single beam. After exposure, another
post bake at 95 8C was performed to complete the cross-linking of the
photoresist. The unlinked regions were developed in propyleneglycol-
metheylether acetate and then rinsed with acetone. After drying at room
temperature, the sample was finished.

Back-filling the sample with SU8 without dye was performed in a
vacuum environment and the polymer drop-cast onto on the template; the
interstitial voids are then simply filled by the effect of air pressure. The
sample was then spun at 2000 rpm to remove the extra SU8, followed by
solvent evaporation and a flood-exposure in order to ensure that the SU8
with and without dye-doping experienced the same process.
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