Rainbow on a Chip: Experimental Observation of the Trapped Rainbow Effect
Using Tapered Hollow Bragg Waveguides
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Experimental observation of the ‘trapped rainbow’ in the visible is demonstrated using tapered
hollow Bragg waveguides. These waveguides spatially disperse an input spectrum into its various
frequency components and vertical out of plane radiation was observed at wavelength dependant
positions along the entire length of the waveguide. The experimental observation is corroborated
by a brief theoretical analysis and simulation. These devices form the foundation for future work
involving integration into a micro-spectrometer for eventual lab-on-chip use.

I. OVERVIEW AND MOTIVATION

Slow light phenomena and light trapping has been an
area of interest for many years. In 2007 Tsakmakidis et al.
coined the term ‘trapped rainbow’ for the slowing and
spatial dispersion of white light in metamaterial struc-
tures [1]. This unique effect has led many to propose
its use in a wide variety of optoelectronic devices in-
cluding photonic logic circuits [2], communication net-
works [3], signal processors [3] and optical data process-
ing [1]. While in principle the trapped rainbow phe-
nomena can be realized, currently no such material ex-
ists that can stop and trap light indefinitely in this man-
ner over a broad range of wavelengths [2]. Nonetheless
there have been a few reports of experimental observa-
tion of the effect, notably Qiaogiang Gan and Filbert ].
Bartoli [2] and V.N. Smolyaninova et al. [4]. The former
utilized chirped nanogratings while the latter emulates
the necessary metamaterial properties using coated con-
vex lenses. This paper, however, focuses on the applica-
tion of the ‘trapped rainbow’ for on-chip spectroscopy,
where the spatial separation and stopping of an input
spectrum is extremely attractive.

In regards to this proposition, the global spectrome-
ter market is expected to reach a value of $ 4 billion this
year [5]. This is in parallel with the lab-on-chip (LOC)
market which is expected to reach a value of $ 3 billion
in the United States this year with an annual growth rate
of 25% [6]. LOCs often employ the use of fluorescent sig-
nals to indicate the presence or absence of biomarkers of
interest [7], making a micro-spectrometer a perfect sens-
ing device for these diagnostics tools. The burgeoning
spectrometer and analytical biochip markets present a
unique research opportunity, where two industries are
experiencing simultaneous growth while at the same
time still require considerable amounts of development
and innovation.

While prior results have been successful to varying
degrees, they do not provide optimal geometries or
properties for use in a on-chip spectroscopy. How-
ever, prior research by Dr. DeCroby’s group in tapered
waveguides using omnidirectional dielectric reflectors
(ODRs) in the near IR region has offered promising re-
sults for microspectrometer use [8]. Here the ODRs con-
fine in-coupled light toward the narrow end of the taper.

Wavelength dependant cut-off positions exists causing
the in-coupled spectrum to be spatially disperesed and
out of plane radiation to occur. This externally radiated
light can then be coupled to a photo detector array for
use as a spectrometer. It is the focus of this paper to
transfer this design to the visible light region and real-
ize the ‘trapped rainbow” effect.

II. THEORY AND DESIGN

The proposed spectrometer relies on ODRs which
have the advantage over metallic mirrors of being low
loss while still achieving extremely high reflectance
[9, 10]. These attributes allow guided light to propagate
with minimal energy loss down the tapered waveguide
to wavelength dependant cut-off positions. The struc-
ture of ORDs consist of alternating high and low index
of refraction materials tuned to a specific wavelength,
the Bragg wavelength (Agracc), defined as:

ABrAGG = 4nidy = 4nads 1)

Where n, and ns are the indices refraction and d; and
d; are the thicknesses of alternating layers 1 and 2 re-
spectively. This equation defines the quarter-wave stack
(QWS) condition; light centered around Apracc expe-
rience high reflectance due to constructive interference
of the partially reflected rays as they propagate through
each layer. Reflectance of these structures can be opti-
mized by increasing the number of layers, using an odd
number of layers, and when the high-index material is
outermost [9].

Unfortunately dielectric mirrors only offer high re-
flectance at all angles for a small range of wavelengths;
the omnidirectional band. This band can be maximized
by increasing the index contrast between the alternat-
ing layers in the QWS structure [11, 12] (Fink et al.[11]
presents an in depth theoretical analysis of this condi-
tion). Moreover, by setting the index of the low index
material around 1.45, the omnidirectional band can be
maximized [13].

Based on prior familiarity and ease of use with avail-
able e-gun deposition systems, TiOs / SiO, were cho-
sen for use in our devices. Setting Apraca to 550nm,
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FIG. 1. Modeled reflectance of a 6.5 period TiO2 / SiO2 Bragg mirror at various angles. The omnidirectional band spans wave-

lenghts ~ 490nm - 570nm.

thicknesses of TiO5 (n ~ 2.35) and SiOs (n ~ 1.48) were
determined to be 61nm and 93nm respectively.

MATLAB code was used to simulate properties of
the ODRs and then the tapered waveguide structures
using the standard transfer matrix model [14], which
is based on the electromagnetic continuity equations
across boundaries. This method when applied to a
QWS structure will produce a system matrix which pro-
vides a mathematical description of the light as is passes
through the entire structure. An in depth analysis of
this method as used in tapered waveguides with ODR
claddings can be found elsewhere [15, 16].

Taking into account device mass, deposition time, and
cost, 6.5 period (13 layer) Bragg reflectors were selected
and modeled with TiO, as the terminating layer using
the thicknesses derived above. Figure 1 displays the
reflectance of these mirrors at a variety of angles with
the omnidirectional band presented. The reflectance in
the band exceeds 98%, with the band itself spanning ~
80nm (from ~ 490 - 570nm).

Figure 2 considers a ray-optics representation of a ta-
pered waveguide clad with ODRs described above. A
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FIG. 2. Ray diagram of a tapered waveguide clad with omni-
directional reflectors [8].
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given mode of light will propagate through the waveg-
uide core until it reaches a specific cut-off thickness, d.,.
This cut-off position is defined as the core thickness of
the waveguide that realizes a Fabry-Perot cavity [15] for
that specific wavelength and mode. The general equa-
tion for cut-off the nth order mode is thus:

Oen = (n+1)X/2 2

With ), the free space wavelength and mode ordering
n=0,1,2,.... At this cut-off position the “trapped” light
will begin to radiate vertically outward. A microspec-
trometer can be realized by coupling a photodetector ar-
ray the cut-off location of light of interest. Such a de-
vice holds key advantages over other microspectrom-
eters, namely: scalability, the lack of complex moving
parts, and a high potential throughput due to the low
loss and dispersive nature of the waveguide.

III. FABRICATION

Electron beam evaporation was used to deposit the
TiO2 / SiO; layers on separate silicon and glass sub-
strates. SiO2 was deposited at a pressure of 1.5 x 1076
Torr at a deposition rate of ~ 34 /s. TiOy was deposited
with a partial pressure of oxygen (to achieve the re-
quired stoichiometry) at a pressure of 5 * 1075 Torr and
a deposition rate of 0.54/s. The optical properties of
the deposited mirrors were then verified using variable
angle spectroscopic ellipsometry (VASE) and profilome-
ter measurements and were found to be in close accor-
dance with the simulation for a wide variety of angles,
confirming the omnidirectionality criteria.

The mirrors were then fabricated into tapered waveg-
uides, the final result of which is illustrated in Fig 3(a).
First the glass and silicon substrates were cleaved and
diced into small dimensions in order to create waveg-
uides with lengths of 4mm. Drops of a UV curable
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FIG. 3. (a) Illustrative side view of the fabricated waveguide with the epoxy leak visible. (b) SEM image taken of the device at the

wide end of the taper.

epoxy (NOA 61, Norland) were next deposited and
cured along one side of the cleaved pieces of silicon to
act as permanent ‘posts’. A diced piece of the glass sub-
strate was then aligned on top of the silicon substrate
(deposited layers facing one another) where the epoxy
‘posts” prop up the glass at one end. In this way the
silicon substrate acts as the bottom waveguide cladding
while the glass substrate provides the top cladding. The
peices were then bonded together at the narrow end us-
ing the NOA 61. The taper slope is thus defined at the
height of the epoxy ‘posts’ divided by the length of the
waveguide (4mm).

The periodically deposited drops of epoxy (posi-
tioned ~ 200 pm apart) were measured with a pro-
filometer and produced relatively uniform feature
heights, ranging from 11 — 13 pm. The taper profile of
the compiled waveguides were then confirmed using
SEM images (see Fig. 3(b)). SEM analysis also revealed
that the substrates did not come into complete contact
at the rear, instead epoxy had leaked between the sub-
strates prohibiting contact. This had the effect of prop-
ping up the rear at a height of 2 um. This grievance is
illustrated in Fig. 3(a).

For experimental purposes the leaked epoxy has the
effect of preventing roughly the first 6-7 modes from
reaching cut-off since their cut-off positions appear at
core heights less than 2 pm. Given this and the known
post height we can estimate the number of supported
modes for light of 594nm and 532nm to be ~ 37 and ~ 41
respectively with subsequent mode spacing of 0.11mm
and 0.098mm given a waveguide length of 4mm.

IV. EXPERIMENTAL RESULTS

In experiments a 532nm green laser and 594nm amber
laser were free space coupled to the wide (input) end
of the slab waveguide structures. A broadband white
light source (Koheras SuperK Red) was also coupled to
the waveguides using a multi-mode fibre. Light radi-
ated/scattered out of the top waveguide cladding (glass
substrate) was captured using a visible spectrum camera
coupled to objective lenses. A schematic diagram can be

37

..................

\
I \
!
i !
i
! Camera/ photodetector
i
'I

FIG. 4. Schematic view of the experimental setup.
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FIG. 5. Images captured of the vertically radiated light at mode
cut-off for (a) the 594nm laser and (b) the 532nm laser. The
bright bands correspond the standing wave patterns that form
at cutoff.

seen in Fig. 4.

Images of radiated light from the 532 nm and 594nm
laser are provided in Fig. 5. Periodic bands of laser light
can be seen along the length of the images. Based on
the previous discussions, the peak intensity lines are at-
tributed to the various modes of the input laser source
forming standing waves defined by the Fabry-Perot res-
onance condition, where the mode is ‘trapped” and for-
ward propagation halted. While only a portion of the
waveguide is imaged here, these fringes were present
along the entire 4mm length of the waveguides. Bands
from the green laser appear sharper and more defined
when compared to the amber laser which can be at-
tributed to the proximity of 594nm light to the upper
limit of the designed PBG which in turn negatively in-
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fluences confinement and reflection in the waveguide.
In total, depending on the individual sample tested, the
number of modes present along the length of the waveg-
uide numbered 39-43 and 36-39 for 532nm and 594nm
light respectively, comparing quite well to the estimated
number of supported modes within the waveguides.

FIG. 6. ‘Trapped rainbow’ from broadband white light illu-
mination. Colours visibly undergoing cut-off include blue,
cyan, green and yellow indicating a wavelength range of A ~
450nm-590nm.

Lastly the Koheras white light source was coupled to
the waveguide input using a multi-mode fibre to verify
the ‘trapped rainbow’, or mode cut-off all light within
the PBG of the devices. An image of vertically radi-
ated light from this source is presented in Fig. 6; the
spatial dispersion and ‘trapped rainbow’ effect of the
input spectrum visible. Each supported mode experi-
ences cut-off with several colours visibly seen radiating
vertically outward including blue, cyan, green and yel-
low. This equates to a wavelength range of A ~ 450nm-
590nm, which is in reasonable accordance to the simu-
lated PBG of the reflectors as presented in Fig 1.

V. CONCLUSION AND FUTURE WORK

To conclude, ‘rainbow trapping’ in the range A =
450nm-590nm was experimentally demonstrated us-
ing a tapered waveguide structure clad with omni-
directional dielectric reflectors and illuminated with
532nm/594nm lasers and a broadband white light
source. Comparing results to other experimental obser-
vations of the ‘trapped rainbow’ [2, 4], these waveguides
have the potential to offer lower loss and thus longer
light “storage” characteristics due to the all dielectric
structure. In respect to the LOC integration, modifying
the fabrication techniques to provide an enclosed hol-
low waveguide core would allow for the cavity to poten-
tially be filled with a liquid or gas analyte [7]. Potential
fabrication methods to achieve this modified structure
include a monolithic assembly using induced buckling
[17-19] or grey-scale lithography and sacrificial etching
[8]. These methods would also provide the necessary

38

Eureka 4 (1)

methods to eliminate the ‘epoxy leakage’ issue since
they do not depend on such bonding techniques.

Looking forward, we wish to amend the fabrication
techniques and employ such a waveguide directly into
the proposed mircospectrometer by integrating pho-
todetector arrays. This will allow direct comparison to
other microspectrometers being developed such as tun-
able MEMS devices [20] or filter array and wedge filter
spectrometers [21, 22].
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