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Wavelength Demultiplexer Using the Spatial
Dispersion of Multilayer Thin-Film Structures

Martina GerkenStudent Member, IEEEBNd David A. B. Miller, Fellow, IEEE

Abstract—We demonstrate that a single 66-layer nonperiodic
thin-film stack can be used to separate four wavelength channels by
spatial beam shifting. This device uses group velocity effects similar
to the superprism effect observed in photonic crystals, but shows
larger and more controlled shifts including constant dispersion al-
lowing for equidistant channel spacing. Experimentally, a nearly
linear 100-um shift is achieved between 827 and 841 nm. System
considerations are discussed.

Index Terms—Dispersive media, nanotechnology, nonhomoge- _ _
neous media, wavelength-division multiplexing. Fig. 1. Spatial wavelength demultiplexer.

AVELENGTH-DIVISION-MULTIPLEXING (WDM) on the tapered Bragg stack to achieve a design with a linear

systems create a strong need for compact, cost-effectfdift upon reflection as a function of wavelength. A detailed
wavelength multiplexing and demultiplexing devices. We focudiscussion of the physics and design of this structure is given in
here on thin-film structures, since they are easy to fabricdfd- Since we operate the dielectric stack at an angle, the device
with well-known technology. In contrast to typical dielectrids polarization sensitive. This particular design only works for
interference filters though, we use group velocity effects ferpolarization.
separate multiple beams of different wavelengths with a singleThe designed stack exhibits an A& linear shiftAs along
multilayer structure. These group velocity effects are simildine exitinterface between 822 and 842 nm for a single reflection
to the superprism effect observed in one-dimensional [1f]- The effective group propagation anglg changes from 17
[2], two-dimensional [1], [3], [4], and three-dimensional [5]to 46° corresponding to a dispersion of 1/6m. Depending on
photonic crystals. The multilayer thin-film stack is designethe application, nonperiodic stacks with very different disper-
such that different wavelengths propagate at different effectig®n values can be designed [6], such that the dispersion of a
group velocity angles as shown in Fig. 1, thus demultiplexirgfack is not on its own a good figure of merit to judge the per-
different wavelengths by spatial beam shifting. We have preyprmance of the device. More significant is the total shift, since
ously discussed that nonperiodic thin-film stacks offer superigte number of separable channals,anneis is given by the spa-
wavelength splitting characteristics due to the larger desigjal shift As divided by the spatial extent per chandet. The
freedom [6]. Here, we present experimental results demdtpatial shift can be increased by performing multiple reflections
strating a four-channel wavelength demultiplexer. Furthermor@f the stack [2]. The resulting number of channdlg,nnels is
we discuss the maximum number of channels theoretica@jven by (1), whereV, is the number of bounces off the stack:
possible for the given design.

We designed and experimentally tested a 66-layer nonpe- _1q NyAs NyAs cos(fin)

FPRE : - [ : : channels = 1 + =14+ ———".
riodic thin-film stack consisting of alternating layers of $iO Ax Cerosstalk W0
(n = 1.46 at 830 nm) and T0; (n = 2.06) with a total stack ) ) )
thickness of 13.4:m for operation at an incidence anglg of The largest number of channels is obtained if all wavelengths
54° [6]. We choose to operate the stack in reflection as sho@#e focuss_ed at the same position. This cpndition i; fulfilled for
in Fig. 1. To prevent reflections off the front of the stack, wé linear shift with wavelength. The Gaussian spot size along the
used a “tapered” Bragg stack as the starting design [7]. fﬁ;ptlnterface is themjo/cos(ﬁin) forallchann_e[s.The crosstalk
such a Bragg stack, the periodicity is slowly “turned on” bj8 largest between adjacent channels. Defining...i. as the
increasing the amount of high index material in each perioftio of Az to the spot size along the interface, we obtain that
This is equivalent to tapering a surface corrugated structffid@nnels separated by twice the projected Gaussian spot size,

[1]. Next, we employed numerical refinement techniques [$f-Cerosstal = 2, have anadjacent channel crosstalk of approx-
imately —15 dB. For a crosstalk of less tharB0O dB, ccrosstalk

. . . . should be chosen as 3.2, and fe40 dB as 3.8. In the following
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Fig. 3. Shift along ther direction after one bounce multiplied by eight as
Fig.2. Scaled device schematic. Different wavelengths incur a different spatifiserved in experiment for a 66-layer nonperiodic staek and a 200-layer
shift upon reflection off the dielectric stack and are spatially separated. periodic stack+) and calculated theoretically (lines). The circles indicate the
shift measured after eight bounces through the structure at the wavelengths of
the four channels in Fig. 4.

A lens focuses the light at the exit side to minimize the spa-
tial extent per channel at the output. The wavelength splitting T T T T T . T
occurs solely within th_e multilayer stack. Beams of different A =8273 Ay=831 Aj=8347 Ag=8406
wavelength propagate in parallel everywhere else. The total de- L i
vice size of 10 mm in the direction is mainly determined by

the substrate thickness of 1 mm. The substrate is needed to spa-
tially separate different bounces, which prevents mixing of light
from the penultimate and the ultimate bounces at the exit. Thus,
the minimum substrate size, is given by (2), wherd, is the
propagation angle in the substrate:
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Reducing the substrate thickness to 106 would shrink Position in ym
the overall dimensions of the demultiplexer by a factor of 10 - o

. . e .Fig. 4. Four overlapped CCD traces along thedirection. Using eight
without changing the performance characteristics (mechanlg nces through a single 66-layer dielectric stack at @ iBdidence angle
stability permitting). In the; direction the device only needs towe can separate four beams by their Gaussian beam widths. The channel
be as wide as the incident beam. wavelengths given in the plot are in units of nm.

We tested the design by focusing the p-polarized light of a
tunable continuous wave Ti—Sapphire laser at aibdidence easier comparison. Beams of finite width are composed of a fi-
angle onto the structure. As we are operating close to the Brarite range of input angles, and different input angles correspond
ster angle for the quartz substrate, no antireflection coatingtisdifferent dispersion curves. Thus, the high theoretical shift
needed. The 9.2m spot size corresponds to a 15uif spot (calculated assuming plane waves) of the periodic stack closer to
size projected along the direction. We used a lens to projectthe bandedge at 855 nm is not achievable for finite width beams.
a magnified image of the exit interface onto a CCD camera. Ae finite beam width is also responsible for the lower than ex-
the beam propagates through a plate at an angle, astigmatispeisted shift above 840 nm for the nonperiodic stack. The supe-
introduced, and the focal points for the and they direction rior dispersion characteristics of the nonperiodic stack in terms
are not identical anymore leading to elongated beam shapesoTtnearity and total shift are clearly visible. In addition the non-
obtain a simultaneous focus in both directions a cylindrical leperiodic stack has just a third of the layers.
would be needed. Fig. 3 shows the experimentally observed shiffFig. 4 demonstrates that the shift of the nonperiodic stack
along ther direction for the 66-layer nonperiodic stack. Experis sufficient to separate four beams by their Gaussian beam
iment and theory are performed for one bounce off the stagkdths [9]. The first three beams have a channel spacing of
and results are multiplied by eight. The shifts for the four wav&.7 nm. The wavelength spacing between the third and fourth
length channels discussed in Fig. 4, as experimentally obtairgainnels is 5.9 nm, being chosen larger because of the reduced
after eight bounces through the structure, are given by the dlispersion. The amplitudes of the beams are decreasing with
cles. We see that eight bounces result exactly in an eight-faldvelength, since the dielectric stack has a lower reflectance
shift. Also shown is the shift as a function of wavelength fofor longer wavelengths leading to transmission loss through the
a 200-layer periodic stack at 4incidence angle and p-polar-stack. Furthermore, the experimental efficiency was low at all
ization [6]. The experimental results for one bounce are scaledvelengths due to a chromium layer under the gold coating.
to a center wavelength of 830 nm and multiplied by eight fdsimulations predict a maximum loss of 35% after eight bounces
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with pure gold coatings applied on both sides of the stack. Usisize by the same factor, the same number of channels is obtained
dielectric reflection coatings reduces this loss further. The sliga$ seen from (4) and (5).
beam distortions visible in Fig. 4 are caused by clipping in the Here, we have shown that a thin-film stack can be designed to
imaging optics and would not be present in the actual deviceexhibit a rapid change in the effective group propagation angle
To increase the number of channels or to reduce the crosstalth wavelength. We demonstrated a nearly linear 480shift
between the four channels, the beams could be focussed tvar a 13-nm wavelength range. This device principle is not lim-
smaller spot size or more bounces could be performed off tibed to this type of shift and wavelength range. Thin-film filter
stack. The number of bounces is ultimately limited, though, lesign techniques can be used to design a wide range of dis-
the widening of the Gaussian beam. To prevent an overlappatrsion characteristics with wavelength. The stack could, for
the input of the incoming beam with beam sizg and the first example, be designed to exhibit dispersion over a much nar-

reflection off the stack, condition (3) has to remain valid. rower or broader wavelength range, or the dispersion could be
designed to be linear with frequency instead of wavelength or
2win (X, wo, Ly, 05, N) < 2L, sin(f,). (3) even staircase-like [11]. In conclusion, group velocity effects in

thin-film filters can be utilized to obtain compact, cost-effective
Calculatingw, using the formula for Gaussian beam propagavavelength multiplexing and demultiplexing devices that use a
tion [10], we find that the maximum number of boundégsis Single multilayer structure to separate multiple beams.
related to the spot size of the beam in vacuugras given in (4)
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