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Tunable multichannel optical filter based on silicon photonic band gap
materials actuation
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A Si-based tunable omnidirectional reflecting photonic band gap structure with a relatively large air
gap defect is fabricated and measured. Using only one device, low-voltage tuning around two
telecom wavelengths of 1.55 and 1.@n by electrostatic force is realized. Four widely spaced
resonant modes within the photonic band gap are observed, which is in good agreement with
numerical simulations. The whole process is at low temperature and can be compatible with current
microelectronics process technology. There are several potential applications of this technology in
wavelength division multiplexing devices. ®002 American Institute of Physics.

[DOI: 10.1063/1.1525072

A large amount of research in recent years has focuserhnge between 20% and 30% of the midgap frequency. The
on periodic dielectric materials possessing a photonic bangderiod of the dielectric stack was chosen to create a band gap
gap (PBG), a range of frequencies within which the propa- at the telecom wavelengths of 1.3 and 1/8. A schematic
gation of light is forbidden. PBG materials offer an unprec-illustration of this tunable PBG device is given in Fig. 1. Itis
edented degree of control over light, which gives rise to dabricated, layer by layer, using the following procedure:
wide range of device applications in telecommunications andirst, a 260-nm-thick Si@layer is deposited atop @00 Si
optoelectronic$:? Specific applications proposed to date in- substrate by plasma enhanced chemical vapor deposition. A
clude but are not limited to waveguides with sharp turns,110-nm-thick amorphous Si layer is then deposited on top by
channel drop filters, microcavity waveguides, and photonielectron beam. Two more identical bilayers are then added,
crystal fibers~® However, the functionality of many of these followed by another identical layer of SjONext, a sacrifi-
devices is limited by the fact that they must be manufacturedial layer of polyimide is spin coated on top. The entire
to operate at a specific wavelength. Applications in telecomstructure made up to this point is cured at a relatively high
munications, such as wavelength division multiplexing, re-temperature, then cooled. After cooling, the top dielectric
quire the flexibility to operate at a large number of neighbor-stack is deposited on top of the polyimide with the same
ing wavelengths. One promising strategy to address thispecifications as for the bottom dielectric stack. Next, a film
problem is to create tunable PBG devices. Several groupaith a low Young’'s modulus is deposited opposite the Si
have already proposed, and in some cases, begun designisgbstrate to serve as a supporting membrane. Lithography is
and testing such devicé%:** Fabrication of a bulk three- used to pattern the resulting structure and form the air gap in
dimensional periodic structure on the appropriate lengthselected areas. Application of a voltage between the mem-
scales with sufficient accuracy to retain a full PBG is a well-brane and substrate can tune the cavity thickness.
known, highly nontrivial experimental problem in its own The reflectivity spectrum of this device was measured
right, let alone with the additional problem of introducing using a Nicolet 860 Fourier-transform infrared spectrometer
tunability—even though theoretical solutions to the latter(FTIR) at room temperature. A sample measurement of this
have already been proposed. Fortunately, it has recently beeevice is shown in Fig. @). The results were unchanged
demonstrated that one-dimensional periodic dielectric strucander small temperature variations of abath®, up to ex-
tures are capable of reflecting light from all incident angles
and polarizations, under proper conditidfis. . .

In this letter, we demonstrate a tunable one-dimensional Cross Sectional View
PBG structure with large air defect size in silicon-based ma-
terials with an omnidirectional photonic band gapJsing

only one device, low voltage tuning around two telecom
wavelengths of 1.55 and 18m is realized, which is impor-
Air  Gap

tant for multiple wavelength demultiplexing around both
1.55 and 1.3um.

The device studied in this letter consists of two quarter-
wave stacks consisting of alternating layers of Si and,SiO
separated by a tunable air gap. Each stack is theoretically

predicted to have an omnidirectional reflecting frequency

FIG. 1. lllustration of the one-dimensional photonic band gap structure with
large air cavity. The two quarter-wave stacks are composed 0 /SiO
¥Electronic mail: yys@mit.edu pairs, which are separated by an air gap with thickness ofu#h8
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100} FIG. 4. The resonance modes at 0 and 4 V in the 1.2uxiAvindows, the
00 jﬂmr_w resonance modes are shifted at 1.582 and 1/482vhen 4 V are applied.
oo dips is in good agreement with two independent numerical
§ 7or calculations. First, a finite-difference time-domdiRDTD)
§ 60 simulation of Maxwell's equations was performed in order to
3 sof produce the reflection spectrum shown in Figh)2° Sec-
2 40l ond, eigenmodes of Maxwell's equations with periodic
o0 boundary conditions were computed by preconditioned
" s conjugate-gradient minimization of the block Rayleigh quo-
V7omm tient in a planewave basis, using a freely available software
° o package. This calculation was used to create a projected band
1000 1600 3000 3500 structure for both TM and TE modeggeft- and right-hand

2000 2500
Wavelength [nm] sides, respectively which is shown in Fig. 3. It was con-

FIG. 2. (@) The measured reflectivity spectrum by FTIR, the four resonancefirmed that the modes at zero transverse wave vector, corre-
modes within the photonic band gap are 1.402, 1.582, 1.792, and 2@72  sponding to normal incidence, are centered at the same
The PBG range is from 1.19 to 2.18n according to simulation, the shorter wavelengths as the results from the time-domain simulation.
wavelength spectrum not shown here is due to the weak FTIR photodetectoirh di in th fl h b d d
responsivity(b) The numerical simulation of the structure, which shows the e dips In the reflectance can then be understood as reso-
resonance modes within the photonic band gap at 1.415, 1.581, 1.793, aftant modes, analogous to the defect modes of a doped semi-
2.074 um, which is in agreement with measurement in the FTIR measureconductor.

ment wavelength range. Application of a voltage also allows for tuning of the

resonant modes, as illustrated in Fig. 4, where the spectra

perimental resolution. The FTIR was calibrated relative toresulting from two different applied voltages are superim-
the reflectivity of Au at that wavelength. The photonic bandposed. For an applied voltage of 0 V, two resonant modes are
gap at normal incidence is very large, extending from 1.19 t®@bserved at the wavelengths 1.402 and 1.a82 Applica-

2.18 um. Four dips in the reflectivity spectrum falling within tion of 4 V shifts these modes to the wavelengths 1.392 and
the PBG were observed to be centered at the wavelengtfs568 um. In Fig. 5, the wavelength shift is plotted against
1.402, 1.582, 1.792, and 2.072m. The position of these the applied voltage squared. The observed linear relationship
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tal with air cavity with the light line =ck,), showing an omnidirectional
reflectance range for both TM and TE modgsft- and right-hand sides, FIG. 5. The resonance wavelength shift with applied voltage square at 1.582

respectively and multiple localized states within the band gap. and 1.402um.
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between these two quantities is consistent with the mechasured. The large km band gap at normal incidence served
nism of electrostatic tuning of the localized modes. The fig-to allow for widely spaced resonant modes, with one near 1.3
ure also shows that an applied voltage of 10 V can produce and one near 1.5om, two wavelengths of interest in tele-
shift of nearly 60 nm for the 1.582m resonance. A shift of communications. Low voltage tuning of these resonant
this order of magnitude should be sufficient to enable switchmodes was achieved, with a maximum shift of nearly 60 nm

ing and modulation in telecommunication devices. for an applied voltage of 10 V.
For resonant modes observed around the wavelengths )
1.402 and 1.582um, the quality factor® Q's” ) were mea- The authors are thankful to Dr. Jurgen Michel for helpful

sured to be approximately 94 and 79, respectively. Qe dis.cussions. This_ work was supported in part by National
found in the FDTD simulation were considerably higher, 9435¢ieénce Foundation and by the MRSEC program of the NSF.
and 988, respectively. Th@ of the fabricated structures can

be degraded by(1) mirror reflectivities;(2) mirror absorp-

tion, (there is no absorption in the air ga@and (3) devia- LE. Yablonovitch, Phys. Rev. Let58, 2059(1987; S. John,bid. 58, 2486
tions from parallel mirrors with no curvature. In this report, nggg)ﬁotonic Band Gap MaterialiATO AS! Series Vol. B308, edited b

Fhe main contribution to_ fabrlcate!f;}_ Ie§s thgn theprencap c M. Soukoulis(Kluwé’r Academic, Dordrecht, 1996 : ' y

is mirror curvature. This diagnosis is evident in the reso-3a. Mekis, J. C. Chen, I. Kurland, S. Fan, P. R. Villeneuve, and J. D.
nance signal asymmetry on the long wavelength side, sug-Joannopoulos, Phys. Rev. LeTiZ, 3787(1996.

gesting a convex curvature resulting from a compressive4(E)- ?'i}:f\évészgé(ggb JJ) R.Wendt, S. G. Johnson, and J. D. Joannopoulos,
stre_ss. Using a staircase cor_relat|on function, we e_stlmate thes_pY'_ Lin,lE.’Chow, S G. Johnson, and J. D. Joannopoulos, Opt. 2%tt.
radius of curvature of the mirror from the broadening at the 1297(2000.

resonance wavelength around 1.582, which is about 20  °J. C. Knight and P. St. J. Russell, Scier&g§, 276 (2002.

nm, to be 0.7 cm. 7J. S. Foresi, P. R. Villeneuve, J. Ferrera, E. R. Thoen, G. Steinmeyer, S.

.. . Fan, J. D. Joannopoulos, L. C. Kimerling, H. I. Smith, and E. P. Ippen,
. !t is interesting to note that two o_f these resonances are y,¢ e (London 390, 143 (1997.
within the standard telecommunications wavelength spec3L. c. Kimerling, Appl. Surf. Sci159, 8 (2000.
trum. Additionally, the free spectral range of this PBG devicele- A. Fitzgerald and L. C. Kimerling, MRS BulR3, 39 (1998.
(more than 100 ninis very large. The tuning is coupled and ,/- Hache and M. Bourgeois, Appl. Phys. LeTt, 4089(2000.
. K. Busch and S. John, Phys. Rev. L&8, 967(1999.
not independent for the two wavelengths, so only one of thezyqng ki Ha, v.-C. Yang, J-E. Kim, H. Y. Park, C.-S. Kee, H. Lim, and
two wavelengths is expected to be used in a basic deploy-J.-C. Lee, Appl. Phys. LetiZ9, 15 (2001).
ment. One might envision an array of identically fabricatedijp- Halevi %ﬂd F RaTOS-Mer;diert]av Phys. Rev. L?5L1§375(2000-
: PP ; ; S. Kim and V. Gopalan, Appl. Phys. Left8, 3015(2001.
devices functhnlng I_n several wavelength_ rgglo_ns. 15Y. Fink, J. N. Winn, S. Fan, C. Chen, J. Michel, J. D. Joannopoulos, and
. In conclusion, _Sl—based tuna_ble, omn|d|.rect|onal Photo- E. | Thomas, Sciences2, 1679(1998.
nic band gap devices were designed, fabricated, and me&x. S. Yee, IEEE Trans. Antennas Propad-14, 302 (1966.

Downloaded 31 Jul 2007 to 18.74.1.108. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



