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We report on the design, fabrication, and characterization of spatially variable infrared photonic
band gap filter that consists of thermally evaporated, high refractive index contrast, amorphous
chalcogenide glass multilayers. Due to graded thickness structure, the filter exhibits a position
dependent stop band and a cavity mode ranging from 1.8 to 3.4 m wavelengths. Reflection
measurements on the variable filter agree well with theoretical calculations. These results pave the
way to low-loss infrared mirrors, filters, spectral imaging, and miniaturized spectrometers at infrared
region. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3103279兴
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stacks with an As2S3 cavity layer 关Fig. 1共c兲兴. The utilization
of high-index contrast chalcogenide glasses in a slanted geometry results in a position dependent full photonic band gap
and cavity mode. The structures are simulated by using the
generalized transfer matrix method for coherent and incoherent multilayer structures with finite substrates.16 We observed
that the cavity wavelength shifts from 1.8 to 3.4 m on a
5 cm long substrate.
The high-index chalcogenide GAST glass was synthesized from high-purity 共5 – 6N兲 Ge, As, Se, and Te elements
共Alfa Aesar兲 using conventional sealed-ampoule meltquenching techniques.17,18 For the low-index material, As2S3
共Amorphous Materials兲 was chosen due to thermal compatibility with GAST glass. To characterize optical properties of
As2S3 and GAST thin films, bulk glasses were deposited on
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Dielectric mirrors are simple one-dimensional photonic
structures made using quarter wave stacks 共QWSs兲.1 It was
recently shown that QWS fabricated with high contrast index
materials may posses full photonic band gaps resulting in
omnidirectional reflection,2,3 which opens up the possibility
of making infrared 共IR兲 mirrors4 and filters5–7 at specific
wavelengths by choosing suitable dielectric materials and by
controlling layer thicknesses. Such optical components are
critical in designing spectrometers, military applications, and
chemical and biological sensors at the IR region.8
The QWS structures can be obtained by chemical vapor
deposition,9 sol-gel processing,10 molecular beam epitaxy,11
spin coating/thermal evaporation,3 or thermal evaporation.12
In addition to the above-mentioned techniques the amorphous chalcogenide glasses can be thermally evaporated on
the large area polymer films.13 In this case the radial QWSs
are obtained by rolling the coated polymer film on a cylindirical rod. Subsequently, the macroscopic structures are
drawn into various photonic band gap fibers at visible5,6 and
IR wavelengths.4 Although the radial polymer/chalcogenide
multilayers form otherwise a perfect omnidirectional mirror,
which guides light through the hollow core of the transmission fibers, the strong absorption of polymer layers at IR
region limits reducing the transmission loss further.
Since chalcogenide glasses have unique properties such
as high refractive indices and transparency at IR region,
they are excellent materials to be used in omnidirectional
photonic applications.6,14,15 For example, by using allchalcogenide photonic band gap structures one can reduce
the transmission losses in hollow-core fibers. Moreover, omnidirectional mirrors and filters can be used in order to design miniaturized IR spectrometers.
In this work, we present an omnidirectional QWS consisting of high refractive index contrast chalcogenide glasses
that are thermally evaporated on a substrate consecutively. A
spatially variable IR Fabry–Pérot filter is designed and fabricated by thermal evaporation on a tilted silicon substrate, as
shown in Figs. 1共a兲 and 1共b兲. The filter consists of alternating
low-index As2S3 and high-index Ge15As25Se15Te45 共GAST兲
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FIG. 1. 共Color online兲 Schematic representation of 共a兲 slanted evaporation
geometry and 共b兲 spatially variable multilayer filter structure. 共c兲
Cross-sectional scanning electron micrograph of the 20 layer
As2S3 – Ge15As25Se15Te45 multilayer structure. The dark layers correspond to
As2S3 layers with a  / 2n cavity layer.
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Omnidirectional band gap

silicon substrates by thermal evaporation 共Vaksis Elif, pressure of ⬃10−6 Torr, deposition rate of ⬃100 Å / s兲. Subsequently, the films were annealed for 2 h near the glass transition temperature 190 ° C in a vacuum oven.
The refractive index n and the extinction coefficient k of
the deposited films are obtained in the visible and mid-IR
region from spectroscopic ellipsometry measurements 共J. A.
Woollam VASE, IR-VASE兲.19 As shown in Fig. 2, both chalcogenide glasses are transparent between 1.5 and 25 m. At
3 m, GAST and As2S3 has a high-index ratio of 3.22:2.33,
which is required for achieving an omnidirectional photonic
band gap.
Band gap
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FIG. 3. 共Color online兲 共a兲 Position dependent reflectance measurements
taken from 80 linearly spaced positions along the sample. 共b兲 Comparison of
theoretical and experimental reflectance spectra taken at a position 4 cm
away from the short-wavelength side of the filter. Both the simulation and
FTIR measurements are performed at normal incidence.

TM

FIG. 2. 共Color online兲 Measured index of refraction and extinction coefficient of 共a兲 thermally evaporated As2S3 and 共b兲 Ge15As25Se15Te45 thin films.
The refractive index contrast allows to achieve omnidirectional photonic
band gap.

Reflectance
FIG. 4. 共Color online兲 Calculated reflectance spectra of the omnidirectional
filter as a function of wavelength for TM and TE polarizations for all angles
of incidence at a position having the band gap centered around 3 m.

The IR filter consists of alternating layers of low-index
共As2S3兲 and high-index 共GAST兲 glasses on a silicon substrate. In accordance with the simulation results, ten pairs of
alternating As2S3 and GAST layers are thermally evaporated
with thicknesses, 322 and 233 nm, respectively, to produce a
photonic stop band centered at 3 m 关Fig. 1共c兲兴. The As2S3
cavity layer is located at the 13th layer from the top with a
thickness of 644 nm. The graded thickness profile is obtained
by simply giving a slant to the substrate with respect to the
horizontal during thermal deposition 关Fig. 1共a兲兴. In our case,
a 40° slant gives a thickness profile for As2S3 共GAST兲 layer
from 193 nm 共140兲 to 365 nm 共264兲 along the 5 cm substrate.
In order to determine the position dependence of the
cavity mode, Fourier transform IR 共FTIR兲 spectroscopy measurements in reflection mode are made along the substrate
共Bruker FTIR Vertex 70 with Hyperion microscope兲. As
shown in Fig. 3共a兲, the cavity mode shifts from 1.8 to
3.4 m from one edge 共x = 0兲 of the substrate to the other
共x = 5 cm兲. Note that position dependence of the cavity mode
is not exactly linear due to the thermal evaporation geometry.
The calculated reflection spectrum for the filter position having the band gap centered around 3 m agrees well with the
measured results 关Fig. 3共b兲兴.
Furthermore, the reflectance spectra of the filter are investigated for oblique angles by performing simulations for
the filter position having the cavity mode centered at 3 m.
Using the generalized transfer matrix method, the reflectance
spectra are determined for all incidence angles and both
TE/TM polarizations. Figure 4 shows the calculated reflec-

Downloaded 19 Mar 2009 to 139.179.65.118. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

111110-3

Appl. Phys. Lett. 94, 111110 共2009兲

Kondakci et al.

structures for photonic applications at near- and mid-IR
wavelengths.20
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FIG. 5. 共Color online兲 Measured reflectance spectra of the filter as a function of wavelength for 共red lines兲 TE and 共black lines兲 TM polarization
modes at 共a兲 40°, 共b兲 60°, and 共c兲 80° angles of incidence.

tion spectra for incidence angles ranging from 0° to 90°.
While the omnidirectional band gap extends from 2.6 to
3.3 m, the cavity mode shifts to lower wavelengths as incidence angle increases. The omnidirectional reflections are
also confirmed by the ellipsometric measurements at various
incidence angles. Reflection spectra at three oblique angles
are shown in Fig. 5 for all polarizations. The cavity mode is
more sensitive to higher incidence angles to TM polarization.
The reflection spectra shown in Fig. 4 demonstrate that
the peak wavelength of the cavity mode in the stop band is
rather insensitive to angles of incidence. This makes the fabricated devices particularly suitable for IR spectral imaging
and spectrometry. Using a hot filament as a source, even
under poor collimation conditions, the filters effectively pass
a narrow band of the IR radiation based on the spatial position. Applications of variable wavelength all-chalcogenide
IR filters may potentially include portable 共miniaturized兲 IR
spectrometers, disposable chemical, and biological sensors.
In addition, thermomechanical compatibility of such glasses
enables thermal drawing of low-loss photonic band gap
transmission4 and externally reflecting fibers,13 and on-fiber
optoelectronic devices5 at IR region. It is also possible to
fabricate hollow-core omnidirectional on-chip waveguide
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