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Abstract

A tunable multichannel filter is demonstrated theoretically based on a one-dimensional photonic crystal heterostructure containing permeability-
negative material. The filtering properties of the photonic crystal filter, including the channel number and frequency, can be tuned by adjusting
the structure parameters or by a pump laser. The angular response of the photonic crystal filter and the influences of the losses on the filtering

properties are also analyzed.
© 2007 Elsevier B.V. All rights reserved.
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Recently, tunable photonic crystal filters have attracted great
attention due to their important applications in the fields of opti-
cal communication and optical interconnection. Many schemes
have been proposed to demonstrate tunable photonic crystal fil-
ters by using different materials, such as semiconductors [1-4]
and ferroelectric materials [5,6]. There are large limitations for
photonic crystals made from conventional dielectric materials
with both positive permittivity and permeability. For exam-
ple, it is difficult to achieve a high refractive index contrast
needed by a wide photonic gap and strong photon confine-
ment [7]. Photonic crystals composed of single-negative ma-
terials, i.e., materials with negative permittivity or negative per-
meability, can possess zero-gefr (zero effective phase) photonic
gap [8]. Fang et al. reported a high-Q filter based on a one-
dimensional photonic crystal using single-negative permittivity
materials [7]. Chen et al. proposed a two-channel filter in a one-
dimensional photonic crystal with a single-negative material
defect [9]. Cheng et al. studied the properties of light propagat-
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ing in a planar anisotropic biaxial slab with partially negative
permittivity and permeability [10]. However, to date, little at-
tention was paid to tunable photonic crystal filters containing
single-negative materials.

In this Letter we study the tunable filtering properties of
a one-dimensional photonic crystal heterostructure contain-
ing permeability-negative materials. Rhodium doped barium
titanate (Rh:BaTiO3) was adopted as the nonlinear optical ma-
terial. As a kind of nonlinear tetragonal perovskite ferroelectric
material, Rh:BaTiO3 has nonlinear response time of picosec-
ond order and very large third order nonlinear susceptibility,
—5.71 x 1077 esu [11]. The optical nonlinearity originates from
the delocalization of the titanium ions in the center of TiOg oc-
tahedrons [12]. According to nonlinear optical Kerr effect, the
refractive index of Rh:BaTiO3 decreases under the excitation of
a pump laser, so that the position and width of photonic bandgap
are changed [13]. Accordingly, the optical channels shift. The
dynamical tunability of the photonic crystal filter was studied
in detail.

A one-dimensional photonic crystal heterostructure, also re-
garded as a quasiperiodic photonic structure [14], was used to
construct the optical filter, as shown in Fig. 1. The structure
of the optical filter is (AB)™ (BA)™, where A and B represent
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permeability-negative material and Rh:BaTiOs3, respectively.
m is the number of the repeating unit. The permittivity &, and
the permeability i, of A could be written as [15]

ga =2.3, ey
w2

fa=1- ——""—, )
w* —iwv
where wy,, is the plasma frequency, which was set at 2100 THz
in our calculations. v is the collision frequency, which is related
to loss. The value of v was set at zero and loss was not taken
into account. The effective permittivity and the permeability of
Rh:BaTiO3 were 5.29 and 1, respectively [16]. According to
our calculation, the chromatic dispersion of Rh:BaTiO3 could

be neglected from ultraviolet to near-infrared range. The layer

A B
Fig. 1. Schematic of the photonic crystal heterostructure (AB)5 (BA)S. A and B

represent permeability-negative material and Rh:BaTiOs3, respectively. Arrow
indicates the incident direction of the probe light.
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thickness was 60 nm for A and 150 nm for B, respectively.
The probe light, a TM polarized wave, was incident in a direc-
tion perpendicular to the A layers. The transfer matrix method
was used to calculate the transmittance spectra of the pho-
tonic crystal hertostructure [17]. The transmittance spectra of
the photonic crystal hertostructure (AB)” (BA)™ with different
m values were plotted in Fig. 2. Distinct photonic band gaps
could be found from the transmittance spectra of the photonic
crystal heterostructure. The spatially quasiperiodic distribution
of the dielectric function could lead to the formation of pseudo
photonic band gaps [18]. High transmittance peaks appeared
in the transmittance spectra of the photonic crystal heterostruc-
ture both in the ultraviolet and near-infrared range. Negro et al.
pointed out that in the frequency range outside the photonic
gaps, the electromagnetic waves are critically localized with
an intensity decaying less than exponentially due to the mul-
tifractal nature of the quasiperiodic photonic structure [19].
These resonant modes construct ideal optical channels. The
transmittance and the quality factor of the optical channels are
100% and more than 10000, respectively. This indicates that
the optical filter possesses excellent wavelength resolution. The
larger the m value is, the more the optical channel is formed.
Four optical channels appeared both in the ultraviolet and near-
infrared range for m = 5. The channel number increased to
eight for m = 10 and twelve for m = 15. Fifteen optical chan-
nels could be found both in the ultraviolet and near-infrared
range for m = 20. The photonic crystal heterostructure pos-
sesses the unique properties of structural self-similarity, which
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Fig. 2. Transmittance spectra of the photonic crystal heterostructure (AB)™ (BA)" as functions of m value. (a) For m = 5. (b) For m = 10. (¢) For m = 15. (d) For

m =20.
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Fig. 3. Transmittance spectra of the photonic crystal heterostructure (AB)>(BA)? as functions of the thickness of permeability-negative layers. (a) For 60 nm. The
number indicates four optical channels. (b) For 70 nm. (c) For 80 nm. (d) For 100 nm.

results in the sequential splitting of the resonant modes with
the increase of the layer numbers [20]. The quality factor of the
optical channel increases with the increment of m value. The
quality factor is more than 10000 and 50000 for m = 5 and
m = 20, respectively. This originates from the enhancement of
the photon confinement effect along with the increase of the
structure unit number.

To study the tunability of the photonic crystal filter by ad-
justing the layer thickness, we calculated the transmittance
spectra of the photonic crystal heterostructure (AB)>(BA)>
as functions of the layer thickness by the transfer matrix
method. Fig. 3 depicts the transmittance spectra of the pho-
tonic crystal heterostructure (AB)’(BA)? as functions of the
thickness of permeability-negative layers. The resonant fre-
quencies of the optical channels varied with the increase of
the thickness of permeability-negative layers. For the near-
infrared range, the central wavelength of channel 1 shifted in
the long-wavelength direction with the increase of the thick-
ness of permeability-negative layers. The central wavelength
of channel 1 was 806 nm for a 60 nm thickness and 828
nm for a 100 nm thickness, respectively. The central wave-
length of channel 2 almost sustained the original value when
the layer thickness changed. The central wavelength of chan-
nel 3 and 4 shifted in the direction of short-wavelength with
the increment of the thickness of permeability-negative lay-
ers. The central wavelength of channel 3 was 880 nm for
a 60 nm thickness and 856 nm for a 100 nm thickness, re-
spectively. The photonic crystal heterostructure with different
layer thickness supports diverse localized resonant modes [21].

The splitting of these resonant modes leads to the changes of
the central wavelengths of the optical channels. The transmit-
tance of the optical channels decreased with the increase of
the thickness of permeability-negative layers. The transmit-
tance of four optical channels in the near-infrared range was
100% for a 60 nm thickness and less than 87% for a 100 nm
thickness, respectively. This may originate from the different
photon localization effect of the photonic crystal heterostruc-
ture with different thickness of permeability-negative layers.
The transmittance spectra of the photonic crystal heterostruc-
ture (AB)S(BA)5 as functions of the thickness of Rh:BaTiO3
layers calculated by the transfer matrix method was depicted in
Fig. 4. The central wavelength of the optical channels shifted
in the direction of long-wavelength with the increase of the
thickness of Rh:BaTiOj3 layers. In the near-infrared range, the
central wavelength of channel 1 was 806 nm for a 150 nm thick-
ness and 1080 nm for a 210 nm thickness. The structure of the
photonic crystal heterostructure (AB)’(BA)? is similar to that
of a Fabry—Perot (FP) dielectric microcavity [22]. The increase
of the thickness of Rh:BaTiO3 layers enlarges the length of the
FP microcavity. This makes the resonant wavelengths of the
microcavity modes shift in the direction of long-wavelength.
The transmittance of the optical channels was over 90% when
the thickness of Rh:BaTiO3 layers changed. The similar cases
occurred for the optical channels in the ultraviolet range.

To study the tunability of the photonic crystal filter, we cal-
culated the transmittance spectra of the photonic crystal het-
erostructure (AB)?(BA)® as functions of the intensity of a
pump laser, as plotted in Fig. 5. Under excitation of a pump
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Fig. 4. Transmittance spectra of the photonic crystal heterostructure (AB)S(BA)5 with different thickness of Rh:BaTiOs3 layers. (a) For 150 nm. (b) For 170 nm.
(c) For 190 nm. (d) For 210 nm.
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Fig. 5. Transmittance spectra of the photonic crystal heterostructure (AB)>(BA)> as functions of the pump intensity. (a) For zero pump intensity. (b) For
25 MW /cm?. (c) For 50 MW /cm?. (d) For 75 MW /em?.
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laser, the central wavelengths of the optical channels shifted in
the direction of short-wavelength. The changes of the central
wavelength of the optical channels in the near-infrared range
were shown in Fig. 6. The central wavelength of channel 1 was
806 nm for zero pump intensity and 733 nm for 75 MW /cm?
pump intensity, respectively. The value of the third-order non-
linear susceptibility of Rh:BaTiOs3 is negative. According to the
nonlinear optical Kerr effect, the refractive index of Rh:BaTiO3
decreases under excitation of a pump laser. This results in the
decrease of the effective refractive index of the photonic crys-
tal heterostructure and the shift of the photonic bandgap in
the direction of short-wavelength [23]. Accordingly, the opti-
cal channels shift in the same direction. The shift scope of the
four optical channels was different with the same pump inten-
sity. Under the excitation of a 75 MW /cm? pump laser, channel
1 shifted 73 nm, which was the maximum value among the four
optical channels. The shift scope of channel 4, only 59 nm, was
the minimum one among the four optical channels under exci-
tation of the 75 MW /cm? pump laser. According to the electro-
magnetic variational theorem, the low frequency modes mainly
concentrate their energy in the high dielectric constant regions,
while the high frequency modes mainly concentrate their en-
ergy in the low dielectric constant regions [24]. As a result, the
dielectric band is more sensitive to the changes of the dielectric
constant of the high dielectric materials. This leads to the larger
shift of the dielectric band edge. Channel 1 was situated at the
dielectric band edge of the second-order photonic bandgap. The
position of channel 4 was in the air band edge of the funda-
mental bandgap. This led to a different shift scope. The trans-

mittance and the quality factor of the optical channels changed
slightly under the excitation of the pump laser. According to our
calculation, the shift direction of the optical channels was inde-
pendent of m value. For different m values, the optical chan-
nels shifted in the same direction of short-wavelength under
excitation of a pump laser. This originates from the intensity-
dependent refractive index of Rh:BaTiOs. The shift scope of
the high-frequency channels was larger than that of the low-
frequency channels with the same pump intensity, which was
also independent of m value. The low-frequency channels were
near the air bandedge of a photonic gap. The high-frequency
channels were near the dielecric bandedge of a photonic gap.
The shift scope of the dielectric bandedge is larger than that of
the air bandedge under excitation of the same pump intensity.
To study the angular response of the photonic crystal filter,
the transmittance spectra of the photonic crystal heterostructure
(AB)’(BA)? as functions of the incident angle were calculated
by the transfer matrix method and the results were depicted in
Fig. 7. For the optical channels in the near-infrared range, the
resonant wavelengths of optical channels do not change when
the incident angle of the probe light varied from —5° to 5°. With
the increase of the incident angle, the central wavelength of the
optical channels shifted in the direction of the short wavelength.
The reason lies in that when the incident angle changes the peri-
odicity of the spatial distribution of the dielectric materials seen
by the probe light propagating in the photonic crystal alters.
When the incident angle varied from —5° to 5°, the transmit-
tance and the quality factor of the optical channels were over
90% and about 10000, respectively. So, less than 5° incident
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angle does not destroy the filtering properties of the photonic
crystal heterostructure in the near-infrared range. However, the
variation of the incident angle influences the filtering properties
of the photonic crystal heterostructure in the ultraviolet range
very slightly. According to our calculation, with the increase
of m value the resonant frequencies of the optical channels in
the near-infrared range did not change when the incident angle
of the probe light varied from —5° to 5°. The photonic crystal
heterostructure could maintain the perfect filtering properties.
With the increase of the incident angle the resonant frequen-
cies of the optical channels in the near-infrared range shifted
in the high-frequency direction, which was independent of m
value. When m value changed the variation of the incident angle
did not destroy the filtering properties of the photonic crystal
heterostructure in the ultraviolet range. Therefore, the photonic
crystal filter has a thresholdlike behavior as a function of in-
cident angle and can sustain a certain degree of incident angle
variation before remarkably weakening the filtering properties,
which is independent of m value.

In order to study the influences of the losses of the permeabi-
lity-negative material on the filtering properties of the photonic
crystal heterostructure, we calculated the transmittance spectra
of the photonic crystal heterostructure (AB)5 (BA)5 as func-
tions of v value by the transfer matrix method and the results
were shown in Fig. 8. The number of optical channels decreased
with the increase of v value. Four optical channels appeared
for v = 17 THz both in the ultraviolet and near-infrared range.
Only two optical channels appeared for v = 150 THz. The op-
tical channel disappeared completely in the near-infrared range
for v =300 THz. The quality factor of the optical channels de-
creased with the increase of v value. The quality factor was
5000 for v =72 THz and 3000 for v = 150 THz, respectively.
The transmittance of the optical channels decreased with the
increase of v value. However, for v = 17 THz, the transmit-
tance of the optical channels was about 100% and the qual-
ity factor was over 7000. The photonic crystal heterostructure
can maintain excellent filtering properties when v is less than
17 THz.

In conclusion, we have theoretically demonstrated a tunable
multichannel photonic crystal filter containing permeability-
negative materials. The filtering properties, including the chan-
nel number and frequency, could be tuned by adjusting the
structure structures or by a pump laser. These results may be
useful for the study of integrated photonic devices based on
single-negative materials.
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