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We propose a compact dual-band bandpass filter (BPF) based on one-dimensional porous silicon (PS) photonic crystal

by electrochemical etching. By inserting three periods of high and low reflective index layers in the center of porous

silicon microcavity (PSM), two sharp resonant peaks appear in the high reflectivity stop band on both sides of the

resonance wavelength. Through simulation and experiment, the physical mechanisms of the two resonance peaks and

the resonance wavelength are also studied. It is found that the resonance wavelength can be tuned only by adjusting the

effective optical thickness (EOT) of each PS layer, in which different resonance wavelengths have different widths

between the two sharp resonance peaks. Besides, the analysis indicates that oxidization makes the blue shift become

larger for high wavelength than that for low wavelength. Such a fabricated BPF based on PS dual-microcavity is easy

to be fabricated and low cost, which benefits the application of integrated optical devices.
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Photonic crystals have attracted considerable attentions
due to the periodically modulated dielectric functions,
which results in the light propagation dramatically dif-
ferent from that in the bulk material[”, such as defect
mode. Photonic bandgap causes the range of frequency
in which the optical propagation is prohibited in any di-
rection, and the defect mode allows modes to appear in
photonic bandgap which is localized in the small volume
around the defect. Many surveys have been studied, and
these unique optical phenomenons play an important role
in the miniaturization of photonic devices. In general,
photonic devices are more compact and more sensitive
than other optical devices, and they are suitable candi-
dates for the realization of future passive and active opti-
cal devices™, especially in the optical communication
systems'*®. The muti-band filter as a key component for
filtering the unwanted signals in radio frequency systems
is necessary to generate two or more frequency bands,
and it is the main device in optical communication sys-
tems. Contemporary studies on muti-band filters are
mainly targeted to achieve ultra-compact and polariza-
tion insensitive devices with a low cross-talk ratio be-
tween output channels. So a considerable number of
compact muti-band filters with different photonic crystal
structures have been presented, such as fiber Bragg grat-
ings, Fabry-Perot filters and arrayed waveguide grat-
ings'"™. For the development of highly dense photonic

integrated circuits, more compact muti-band filters using
new materials and structures are necessary. By introduc-
ing a defect in photonic crystals, the photophysical prop-
erties of the photonic devices can produce new charac-
teristics, and some new optical small-scale devices can
be explored.

Nanoporous materials as a subset of nanomaterials are
also scientific and technological important"'*'?, because
pores on the surface of nanoporous materials act as
binding sites which are able to adsorb and interact with
atoms, ions or molecules on their large interior surfaces.
Silicon is an attractive and suitable material for commer-
cial industry due to its ready availability and easy com-
patibility in modern integrated circuit (IC) industry and
advanced electronic industry. There are some unique
properties which are noticeable when the structure of
silicon reduces to nano-dimension, such as porous silicon
(PS). PS is one of the most promising nanomaterials due
to its morphology!*"*!. It exhibits a very high surface to
volume ratio (~800 m2~cm'3), and its surface containing
nanocrystallites is like a quantum sponge, which allows
the integration across a chip surface and the immobiliza-
tion of more probe molecules compared with a flat sur-
face. Furthermore, PS is a candidate of photonic struc-
tured material due to its tunable refractive index just by
means of changing pore diameter or porosity in electro-
chemical etching"'®'”. Photonic crystals entirely based
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on silicon hope to be further used for light emitting de-
vices, transistors, solar cells, industrial sensors, integrated
circuits and many other high applications. So the proposed
muti-band filter based on PS has potential commercial
applications in future photonic integrated circuits.

In this paper, through simulations and experiments, a
compact dual-band bandpass filter (BPF) based on
one-dimensional (1D) PS photonic crystal is constructed,
and its reflectance characteristics are discussed. In simula-
tion, three periods of high and low refractive index layer
are inserted in the center of porous silicon microcavity
(PSM,) and two sharp resonant peaks appear in high re-
flectivity stop band. The effects of tuning resonance
wavelength are shown by changing the effective optical
thickness (EOT) of PS layer for 1D PS photonic crystal.
Just as expected, the resonance wavelengths of two oxi-
dized resonance peaks are located separately at 1 300 nm
and 1400 nm from experiments, which are very close to
the optical communication wavelengths.

Fig.1(a) shows a schematic diagram of PSM following
(LH)’L.(HL)® sequence, where H represents high refrac-
tive index (low porosity) PS layer, and L and L, represent
low refractive index (high porosity) PS layers. A micro-
cavity consists of a central defect layer, which is sand-

wiched between two distributed Bragg reflectors (DBRs).

Each DBR is composed of periodic multilayers with an
EOT (nxd) of /4, and the thickness of central layer is 24.
The resolution of the grid in digital simulation of reflectance
spectrum is set to be 1 nm, and the reflective indexes are de-
termined to be n=n;.=1.5 and ny=2.1 by experiment. In
Fig.1(b), the resonance wavelength of A, is located at
1390 nm, and the layer thicknesses are dy=A./(4ny)=165 nm,
di=A/(4n)=252 nm and d; =24/n =1 854 nm correspond-
ingly. From the calculated reflectance spectrum of PSM
shown in Fig.1(b) following the (LH)’L.(HL)® sequence,
we can see that there is a sharp resonance peak in the
center of high reflectivity stop band, which means the
light is confined in and along the defect channel by om-
nidirectional reflection band (ORB) from PSM. In elec-
trochemical anodization process, over-numbered ano-
dized layers may destroy the layers near the surface, and
the scattering effect in those destroyed layers can de-
crease the edge quality of stop band, which may give a
lower Q factor value!"®. Based on these considerations,
we insert three periods of high and low refractive index
layers in the center of PSM following (LHY’L.(HL)’ se-
quence. A dual-channel flexible dual-microcavity struc-

L L
2° (HLH) 2° (HL)’ sequence is formed

as shown in Fig.1(c), and the corresponding calculated
reflectance spectrum is shown in Fig.1(d). There are two
sharp resonant peaks on both sides of the resonance
wavelength (4.=1 390 nm) appearing in the high reflec-
tivity stop band, which are separately located at
1336 nm and 1448 nm in the calculated reflectance
spectrum.

ture with (LH)’
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Fig.1 (a) Schematic diagram and (b) calculated re-
flectance spectrum of PSM following (LH)°Lc(HL)®
sequence; (c¢) Schematic diagram and (d) calculated
reflectance spectrum of PS dual-microcavity with

(LH)5%(HLH)%(HL)5 sequence

PS dual-microcavity samples were prepared from (100)
oriented, boron-doped p-type silicon substrate with resis-
tivity of 0.01-0.02 Q-cm and thickness of 420+10 pum,
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and were cut into 2 cmx2 cm squares. Before electro-
chemical anodization, all pieces were cleaned with car-
binol, alcohol and deionized water successively. In the
electrochemical anodization process, a mixed solution
composed of 49% aqueous hydrofluoric acid and ethanol
with a volume ratio of 1:1 was used, and an exposing area is
approximately to 0.785 cm’. In order to obtain 1D pho-

L L
tonic crystal structure following (LH)’ ?(HLH) 2“ (HL)’

sequence, the periodic multilayer structures of PS films
were fabricated by using a computer program (Labview)
to alternately change current density and etching time in
anodization process. There was a 5 s pause after the for-
mation of each layer.

After being etched, all samples were cleaned with de-
ionized water and dried at room temperature in air.
Freshly etched PS is unstable in air owing to the “frag-
ile” Si-H bond is easy to be oxidized. In order to get sta-
bilized PS, the freshly etched PS sample needs to be oxi-
dized thoroughly. So the prepared PS samples were
soaked in H,O, (30%) for 24 h at room temperature and
rinsed thoroughly with deionized water. In this experi-
ment, all the chemicals were of analytical reagent grade.

The thickness and the configuration of samples were
performed by Field emission scanning electron micros-
copy (FESEM, Hitachi, S4800, Japan). The reflectivity
spectra of the samples were taken by ultraviolet-visible
(UV-vis) spectrophotometer (Hitachi U-4100, Japan),
and the reflectivity spectra were obtained in a wave-
length range from 400.0 nm to 2 000.0 nm.

The refractive index of silicon-dioxide (SiQO,) is less than
that of silicon, and the decrease of refractive index of oxi-
dized PS causes a blue shift in reflectance spectrum. In or-
der to study the difference between spectra of fresh and
oxidized PS dual-microcavity samples, we use the transfer
matrix method to calculate the reflectance spectra of the

Lc Lc 5

5 (HLH) 5 (HL)
sequence with the different resonance wavelengths as
shown in Fig.2. The calculated resonance wavelength of
fresh dual-microcavity at 1 448 nm is shown in Fig.2(a),
where the reflective indexes are determined to be
n =n;=1.5 and ny=2.1 by experiment, and the layer thick-
nesses are dpy=AJ/(4ng)=172 nm, d;=1/(4n;)=241 nm and
di=AJn =965 nm correspondingly. The resonance
wavelength of fresh dual-microcavity locates at
1448 nm, and two sharp resonance peaks in the band
gap locate at 1 391 nm and 1 506 nm, respectively, with
a width of 115 nm. Considering that the change of re-
fractive index of high porosity of PS is less than of low
one after oxidation, we choose the resonance wavelength
of oxidized dual-microcavity at 1385 nm, where the
reflective indexes are determined to be n;=n;.=1.44 and
ny=2.01 by experiment, and the layer thicknesses are
dy=A/(4ny)=172 nm, d;=1/(4n;)=241 nm and d; =A/n; =

dual-microcavity following  (LH)’
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965 nm. The calculated reflectance spectrum in the band
gap have two sharp resonance peaks located at 1 335 nm
and 1 446 nm with a width of 111 nm.
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Fig.2 Calculated reflectance spectra of fresh and oxidized
PS dual-microcavity following (LH)5%(HLH)%(HL)5
sequence

Fig.3(a) describes a cross-sectional image of the fresh PS
dual-microcavity following the (LH)’ %(HLH)%(HL)5

sequence with the resonance wavelength of 1448 nm.
The strong contrast between alternate layers of
dual-microcavity confirms that a large porosity differ-
ence is achieved. The dark gray color PS layers corre-
spond to that with low refractive index (n.), whereas the
light gray color layers correspond to that with high re-
fractive index (ny). In periodic multilayer structures, two
microcavities can be clearly found, which is in accor-
dance with the designed structure shown in Fig.1(c). The
thickness of high or low refractive index layer is about
170 nm or 240 nm, and the thickness of microcavity is
about 950 nm, which is the same as our simulation.
Fig.3(b) shows a surface image of the PS
dual-microcavity photonic crystal. The average diameter
of the pores is about 15-20 nm, and the distribution is
random.
Fig.4(a) shows the measured reflectance spectra of the fresh
L, L, s
5 (HLH) 5 (HL)
sequence, in which the resonance wavelength is

dual-microcavity following the (LH)’




* 0098

1448 nm, and two sharp resonance peaks locate at
1506 nm and 1 391 nm, respectively. After oxidization,
the resonance wavelength shifts to 1 385 nm, and the two
sharp resonance peaks shift to 1 446 nm and 1 335 nm,
which are very close to common optical communication
wavelengths. By changing the EOT of periodic multi-
layer PS, the resonance wavelength moves to 1 695 nm,
and the two sharp resonance peaks in the band gap locate
at 1767 nm and 1628 nm, respectively, as shown in
Fig.4(b). After being oxidized, the resonance wavelength
shifts to 1 572 nm, and two sharp resonance peaks shift
to 1638 nm and 1511 nm, respectively. As shown in
Fig.4, the reflectance spectrum of oxidized PS
dual-microcavity shifts to lower wavelength, resulting
from the decrease of the refractive index after PS layer
being oxidized. All those results are in good agreement
with the calculated reflectance spectra as shown in Fig.2.
Based on our experiment, Fig.4(a) shows that there are a
blue shift of about 56 nm for the reflectance spectrum of
oxidized dual-microcavity at 1391 nm, a blue shift of
63 nm for the one at 1 448 nm and a blue shift of 60 nm
for the one at 1 506 nm. Fig.4(b) shows that there are a
blue shift of about 117 nm for the reflectance spectrum
of oxidized PS dual-microcavity at 1 628 nm, a blue shift
of 123 nm for the one at 1 695 nm and a blue shift of
129 nm for the one at 1 769 nm. It means that the oxi-
dized PS based optical device has a larger blue shift for
high wavelength than that for low wavelength.

Fig.3 (a) FESEM cross-sectional image and (b) Top
view of the surface of porous silicon dual-microcavity

following the (LH)S‘%(HLH)%‘(HL)5 sequence
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Fig.4 Experimentally measured reflectance spectra of
fresh and oxidized PS dual-microcavity photonic

crystals following the (LH)"’L?‘(HLH)LZ—“(HL)E’ se-

quence

From the above discussions, we can conclude that the
resonance wavelength can be tuned by changing the EOT
of each PS layer. Different resonance wavelengths of
dual-microcavity have different widths beween two sharp
resonance peaks. Oxidization makes the blue shift be-
come larger for high wavelength than that for low wave-
length.

By inserting three periods of high and low reflective
index layers in the center of PSM, a compact dual-band
BPF based on PS dual-microcavity following the

5 Lc Lc
(LH) 5 (HLH) 5
trochemical etching. The resonance wavelength can be
effectively tuned by changing each EOT of PS layer. Just
as expected, the resonance wavelengths of two oxidized
resonance peaks are located at 1 335 nm and 1 446 nm,
respectively, which are very close to the common optical
communication wavelengths. This structure is stable and
easy to be prepared, which can be of great potential in
realizing integrated optical devices.

(HL)’ sequence is achieved by elec-
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