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ABSTRACT 

MEMS based Silicon/Air photonic Band Gap (PBG) filters have been designed and fabricated in (110) Silicon planar 
wafers with varying periodicity as a precursor for the fabrication of tunable counterpart of the PBG filters on (110) SOI 
wafers by anisotropic chemical wet etching, opposed to the comparatively expensive Deep Reactive Ion Etching (DRIE). 
Filters with periodicity 50µm, 10µm and 2.4µm with a duty cycle of 0.5 have been fabricated and tested and several etch 
parameters such as anisotropy ratio, etch rate and selectivity between substrate and masking materials have also been 
optimized for the fabrication of tunable PBG filters. The optical performance of the filters has been experimentally 
studied using a tunable laser and an optical spectrum analyzer for a range of 110nm (1506nm-1616nm) with a 
wavelength spacing of 1nm and it shows that the measured transfer functions of the PBG filters are in good agreement 
with the theoretically predicted transfer functions. The tunable PBG filter has a periodicity of 2.4µm with a duty cycle of 
0.5 and is capable of simultaneous tuning over two stop bands of widths 100nm and 200nm in addition to permanent 
dropped channels for possible use as supervisory/pilot channels in a WDM system. The wavelength selectivity in the 
transfer function of the filter has been achieved by the defect tuning of the central Air layer and this dynamic wavelength 
selectivity can be realized by incorporating the filter with MEMS electrostatic parallel plate actuators. This paper deals 
with the design, fabrication and characterization of fixed PBG filters with varying periodicity and 50% filling factor by 
anisotropic chemical wet etching of (110) planar Silicon wafers, and it is proposed to fabricate tunable PBG filters with 
electrostatic parallel plate actuators on <110> oriented SOI wafers by anisotropic chemical wet etching.  
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1.   INTRODUCTION 
The advent of Wavelength Division Multiplexing (WDM) technology into the  optical access networks necessitates 

the development of reconfigurable network elements with tighter specifications on CAPex and OPex in spite of the lower 
wavelength counts in order to ensure dynamic provisioning of on-demand triple play services at low cost. Optical Add 
Drop Multiplexers (OADM) have emerged as one  such essential network elements for all optical WDM networks and 
optical channel drop filters are the principal components in the architecture of an OADM [1]. This paper discusses the 
applicability of low cost fabrication method for the realization of such optical channel drop filters using well matured 
and relatively low cost Silicon photonics. 

High index contrast periodic multilayer or multiple stacks of optical materials dubbed as 1-D PBG structures or 
Photonic Crystals (PCs) have been investigated over the past several years owing to their capability of manipulating the 
propagation of electromagnetic waves [2]. High index contrast enables wide stop bands with abrupt band edges with 
lesser number of layers. Si/Air combination provides high refractive index contrast of more than 3.4, apart from which, 
Silicon is relatively cheaper, abundant and has negligible absorption loss in the near IR region where the optical 
telecommunication windows are located; making it suitable for the fabrication of PBG based optical components for 
WDM applications. Several techniques have been put forward and tested for the realization of periodically varying 
refractive index profile including successive deposition of higher and lower refractive index materials [3], UV 
interference patterning in the case of fiber Bragg gratings [4] and etching vertical walls down to a substrate [5]. The 
fabrication of smooth vertical walls in <110> oriented Si by wet chemical etching has already been established [6], [7], 
but there have been very few reports on exploring the  potential of  making low cost OADMs exploiting this process for 
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the realization of high index contrast periodic structures in the photonic regime.  Tolmachev et. al. [8] has reported 
fabrication of 1-D PBG structures by wet anisotropic etching of (110) Si. They have reported realization of a free 
standing grating structure of period of 4 micron with a filling factor of 6.25%. We report the  fabrication and optical 
characterization  of  1-D PBG structures with periodicities down to 2.4micron with the masks adjusted to ensure higher 
filling factor and alignment grooves for lensed optical fibers using  anisotropic chemical wet etching of <110> oriented 
Si wafers. This work is a precursor for the development of low cost tunable 1-D PBG structures that can be used as 
narrow band channel drop filters by breaking the periodicity. This intentionally introduced defect acts as a resonant 
cavity and the two perfectly periodic halves acts as broad band reflectors as in the case of traditional Fabry-Perot filters. 
The resonant mode then couples out through the structure giving a channel drop filter. The fabrication process steps and 
experimental characterization of the fixed PBG filters will be discussed in the succeeding sections of this paper. 
  

2.  FABRICATION OF 1-D PBG STRUCTURES 
 

PBG structures of periodicities 50µm, 10µm and 2.4µm have been fabricated along with in-plane fiber grooves. The 
samples were prepared by cleaving the <110> oriented P-type Si wafer. This was done by making a crack on the primary 
flat and on the application of a small pressure, the crack propagates through the natural {111} cleavage plane giving 
parallelogram shaped samples with each side oriented along the <111> direction, as shown in the Figure1(a) given 
below. 

 

                        
(a)                                                    (b) 
 

Fig.1 (a) Parallelogram shaped samples obtained by cleaving the (110) wafer      along (111) plane and (b) grating layers (PBG 
mirrors) aligned parallel to one of the (111) planes 

 
During lithography the critical features (PBG mirror plates) were aligned parallel to one of the (111) planes as shown in 
the Figure 1 (b) to get smooth vertical walls. The wet anisotropic etching was done in a 44% wt. aqueous solution of 
KOH at 85 degrees. A thermally grown SiO2 layer of thickness 0.9-1µm was used as hard mask during KOH etching and 
a 1.3µm thick layer of AZ5214E positive photoresist was used as the photomask during direct writing using a Microtech 
laser writer LW405. Three samples have been prepared and each sample has 6 Si/Air bilayers with an effective length of 
250µm, the size of the critical features are highlighted in the Table1 given below, 
 

Table1:  Structural dimensions of the samples 
 

Name Period 
(µm) 

Width of 
stripe on 

photo mask 
(µm) 

Height 
of PBG 
mirror 
(µm) 

Si wall 
thickness after 
KOH etching 

(µm) 

Filling 
factor 
(%) 

Sample
1 

S1 
50 25 68.15 22.5 45 

Sample
2 

S2 
10 7 73.8 3.5 35 

Sample
3 

S3 
2.4 1.6 24 0.6 25 

 
     It was observed that the Si walls get thinned after 45 minutes of KOH etch for S1 and S2 and 15 minutes etch for S3. 
Since the oxide etching in BHF (Buffered Hydrofluoric acid) is isotropic in nature, the width of the stripe on photomask 



 
 

 
 

for S2 and S3 was reengineered to compensate for the undercut during BOE (Buffered oxide etching) and it has been 
listed in the Table1. Therefore the additional thinning of the Si walls is attributed to the slow rate lateral etching of 
exposed {111} planes and the etch rate for this plane was measured to be 16.6nm/minute. This was done by measuring 
the final width and height of the Si walls. Therefore an anisotropy ratio of 89 has been achieved with this recipe and the 
selectivity between SiO2 hard mask and Si substrate was found to be 120. All the above mentioned etch parameters have 
been listed in the Table2 given below. 
 

Table2:  Different etch parameters 
 

Name 
Etch rate in 

BHF 
(nm/minute) 

Etch rate in KOH 
(µm/minute) Anisotrop

y ratio 

Selectivity 
between Si 
and SiO2 {110} {111} 

Silicon --------- 1.6  0.0166 89 
120 

Silicon 
dioxide 300 0.013 -------- 

 
     The fabrication process flow is detailed in the Figure 2 shown below; it is a single layer process in which both PBG 
mirrors and fiber grooves are fabricated in a single etch process. 

 

 
(a) Laser lithography                  (b)  Photoresist development 

 
(c) Pattern transfer on oxide mask layer            (d) Photoresist stripping 

 
(e) Bulk etching of Si in KOH                  (f) After oxide removal and cleaning 

 
Fig.2 Single layer process flow optimized for the fabrication of PBG structures with fiber grooves 

 
       The Figure 3 shows the SEM images of the fabricated 1-D PBG structure with fiber grooves which enables the in-
plane wave propagation perpendicular to the PBG mirrors. 
 

 
(a)                             (b) 

 
Fig. 3 (a) SEM images showing PBG structures with fiber grooves and (b) is the enlarged view 

 



 
 

 
 

       The main drawback associated with the anisotropic wet etching of (110) Si is the formation of two slanted (111) 
planes diagonally oriented along opposite corners of a square pattern, as shown in the Figure 4, which limits the etch 
depth and also hinders the optical coupling. Therefore it is essential to maintain sufficient grating (PBG mirror) layer 
length to get required etch depth, and it can be calculated from a simple relation which connects etch depth (d), feature 
length (L) and feature width (W) as shown below [9], 
 

2
32

W
dL 

                                                 (1) 
 

 
 
Fig. 4 Cross-sectional view of the fiber groves of depth 73.8µm and width of 200µm on top, and the slanted (111) plane is clearly 

seen, which limits the etch depth 
 
      The Figure 5 given below depicts the microscopic image of S1 (Sample1) and SEM image of S2 (Sample2). For S1 
the Si walls were thinned to 22.5µm and the air layer broadened to 27.5µm from the initially set value of 25µm for both 
stripes and windows in the photomask, and for the sample S2 the Si walls were thinned to 3.5µm and the air layer 
broadened to 6.5µm from the initially set value of 7µm for stripes and 3µm for windows.  
 

 
(a)                          (b) 

Fig.5 Microscopic image of S1 (a) and SEM image of S2 (b) 
 
      The Figure 6 shown below depicts the SEM images of S3 (Sample3) without fiber grooves. The width of the stripe 
on photomask was kept at 1.6µm to compensate for the isotropic etching of SiO2 in BHF  so as to ensure that on pattern 
transfer to the oxide layer the width of the pattern on the oxide layer is 1.2µm. The further thinning of the Si walls is due 
to the lateral etching of exposed (111) plane at a rate of up to 16.6nm/minute. The final structural dimensions achieved 
are given in the Table 1. 
 

 
 

Fig.6 SEM images of the Sample 3 without fiber grooves 



 
 

 
 

3.   OPTICAL CHARACTERIZATION 
The methodology adopted for the optical characterization of the fabricated PBG filter is detailed in the Figure 7 shown 
below. Two micro GRIN (Gradient Index) lensed fibers (MC-01, SHINKO Microelectronics Korea) have been mounted 
inside the fiber grooves manually; one fiber is connected to a tunable laser (INTUNTM TL 1550-B), which acts as the 
light source and the other one is connected to an optical power meter. All the three samples have been characterized and 
compared to the results obtained from the optical simulation module based on TMM (Transfer Matrix Method) and the 
measured transmission bands are in good agreement with the calculated results. 
 

 
(a)                                                     (b) 

Fig.7 (a) Schematic representation of the test set up and (b) the microscopic image of the test set up showing GRIN lensed fiber 
well seated inside the fiber grooves 

 
       The spacing between the collimators was kept at 380µm and the optical testing was performed in the wavelength 
range 1506-1616nm with a wavelength spacing of 1nm. As shown in the Figure 7(b), the fiber spacing is limited by the 
two slanted planes, and the minimum axial spacing possible without damaging the micro GRIN lens is 260µm. Figure 8 
depicts the free space coupling loss of the GRIN lensed fiber measured as a function of axial separation and it is to be 
noted that this loss for an axial separation of 380µm is 4.3dB.  
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Fig.8 Free space coupling loss of the micro GRIN lensed fiber plotted as a function of axial length 
 
       The Figure 9 shown below compares the measured and simulated transfer function of the sample S2. The transfer 
function of the sample 2 has been simulated using the indigenous optical simulation module based on TMM. The layer of 
native oxide on the Silicon has also been included in the simulation. The simulation was carried out by taking the Si 
layer thickness of 3.5µm, air layer thickness of 6.5µm, native oxide layer thickness of 10A0 and a wavelength spacing of 
1nm. The mismatch in the transmitted wavelengths between the simulation and the measurement is attributed to the 
angled incidence of the EM modes due to the misalignment of fiber collimators and possible lack of parallelism due to 
non uniform lateral etching of silicon walls.  
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Fig. 9 Comparison between transfer function of theory and experiment for Sample2 

 
      It can be inferred that except band 1 and band 3 all the other bands are prominent in both simulation and experiment 
and it is listed in the table 3. 
 

Table 3:  Comparison between experimental and simulated transmission bands 
 

Observation Band 1 (nm) Band 2 (nm) Band 3 (nm) Band 4 (nm) Band 5 (nm) 

Simulation 1543 1556-1569 -------- 1598 1615 

Experiment -------- 1551-1565 1573 1599 1615 

 
      It can be seen from the Figure 9 that the floor of the experimental transmission curve does not touch 0 and the reason 
for this decrease in selectivity is as described below. 
 

 
(a)                                                       (b) 

Fig.10 (a) Schematic showing the ideal coupling and (b) the partial coupling of light in to the grating layers 
 
      The fiber grooves were designed to accommodate a fiber of diameter 125µm such that the light from the core passes 
through the PBG structure. The effective diameter of the micro GRIN lensed fiber which we used for the study is 175m 
because of the polymer coating. The minimum spot size at the beam waist (100µm away from the lens tip) is measured 
to be 19µm. For better noise performance and isolation of bands, the depth of PBG mirrors (grating layers) should be 
larger than this spot size, for ideal optical coupling as shown in the Figure 10 (a), so that the entire incident beam will see 
the periodic refractive index and undergo constructive and destructive interference to produce distinct transmitted 



 
 

 
 

frequency bands with the floor at 0 transmittance. The fiber diameter of 175µm requires a groove depth of more than 
90µm for the ideal coupling as shown in the Figure 10(a). But in the fabricated sample the groove depth was 73.8µm and 
hence only a small portion of the electromagnetic (EM) mode was coupled through the periodic structure to undergo 
destructive and constructive interference, as shown in the Figure 10 (b). Rest of the EM modes couple directly to the 
output fiber without undergoing any interference and contributes to the noise level. 
     The samples S1 and S3 have also been characterized optically for the same range of wavelength as in the case of 
sample 2 and though the selectivity between the transmitted channels and reflected bands are found to be even worse 
than the sample S2. In these cases the noise floor is well above the 3dB point indicates most of the light propagates 
without being interrupted by the grating layers (PBG mirrors) since the depth of the fiber grooves is measured to be only 
68.15µm. This value is far from the required 90µm depth for 100% coupling to the grating layers. This study shows that 
if the length of the grating layers are increased further to ensure that the micro GRIN lens based fiber collimators can be 
pushed closer to the PBG structures, and the depth of the grooves adjusted to suit the effective outer diameter of the 
collimator system, then the optical transfer function with good isolation between the transmitted and reflected bands as 
depicted in the theoretical curve and insertion losses as low as 0.7dB can be realized. This work also indicates that it will 
be possible to fabricate low cost devices through this process of anisotropic wet etching rather than adopting the 
alternative high cost DRIE processing.                      

4. FUTURE WORK 
 
From this experience, it is proposed to fabricate a tunable 1-D PBG filter with electrostatic actuators in <110> oriented 
SOI wafers by anisotropic chemical wet etching using aqueous solution of KOH, as opposed to the relatively expensive 
anisotropic dry etching such as Deep Reactive Ion Etching (DRIE). A virtual prototype of the tunable PBG filter with 
electrostatic actuators simulated using Intellisuite’s AnisE (wet anisotropic etching simulation module) module is shown 
in the Figure 11 given below, 
 

 
 

Fig.11 Virtual prototype of the tunable PBG filter with actuators and support beams released by back etching of the SOI wafer 
simulated using Intellisuite’s AnisE module 

 
                                                           5.  CONCLUSION 

 
This paper summarizes the fabrication and characterization of fixed 1-D Photonic Band Gap filters with different 
periodicities in <110> oriented Silicon wafers by anisotropic chemical wet etching using aqueous solution of KOH. 
Different etch parameters such as anisotropic ratio (Differential etch rate), selectivity between hard mask and substrate 
and etch rate for this specific application has been optimized. The optical simulation module based on TMM has been 
successfully tested by probing the samples with tunable laser and optical power meter for possible frequency bands. This 
experiment is a precursor for the design and fabriaction of tunable PBG filters by wet anisotropic etching as opposed to 
the dry anisotropic etching like DRIE. 
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