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Optical waveguides are the most fundamental building blocks of integrated optical
circuits. They are extremely well understood, yet there is still room for surprises.
Here, we introduce a novel 2D waveguide platform which affords a strong inter-
action of the evanescent tail of a guided optical wave with an external medium
while only employing a very small geometrical footprint. The key feature of the
platform is its ability to integrate the ultra-long path lengths by combining low
propagation losses in a silicon slab with multiple reflections of the guided wave
from photonic crystal (PhC) mirrors. With a reflectivity of 99.1% of our tailored
PhC-mirrors, we achieve interaction paths of 25 cm within an area of less than 10
mm?. This corresponds to 0.17 dB/cm effective propagation which is much lower
than the state-of-the-art loss of approximately 1 dB/cm of single mode silicon chan-
nel waveguides. In contrast to conventional waveguides, our 2D-approach leads to
a decay of the guided wave power only inversely proportional to the optical path
length. This entirely different characteristic is the major advantage of the 2D inte-
grating cell waveguide platform over the conventional channel waveguide concepts
that obey the Beer-Lambert law. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.5001486]

I. INTRODUCTION

The interaction of a guided optical signal with its surrounding medium can be used to characterize
the nature of the medium, e.g., via spectrally selective absorption."> Similarly, the signal can be
amplified if the surrounding medium provides optical amplification in the frequency bandwidth of
the signal.>* Similarly, the signal can be phase shifted by the presence of the surrounding medium.>¢
All of these applications benefit from long interaction lengths or interaction times. For example, in
order to detect small changes in the mid-infrared (MIR) absorption coefficient of a gas, an interaction
length of several centimeters or longer is needed.”’~" Several approaches are known to increase the
optical path length in a small volume for the case of free-space beams. For example, White cells'®
and Herriott cells' "2 use predetermined beam paths between two mirrors; 3D integrating spheres, in
contrast, create a random path resulting from multiple reflections at the diffusely reflecting walls,”!3
which also gives them the advantage that no precise alignment of the input beam is required. Recently,
waveguide-based solutions have been put forward in order to reduce the size and cost of components,
as well as increasing robustness.'4~!” If the optical signal is confined to a waveguide, its evanescent
field can interact with the surrounding medium and can therefore be used to extract the sensing

4Author to whom correspondence should be addressed: lena.simone.fohrmann@tuhh.de.
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information.'82! Several approaches have been considered to increase the optical path in such a
waveguide configuration. Densmore et al. proposed a refractive index sensor employing a folded
strip waveguide which confines light in a planar structure achieving an optical path of 2 mm.??
However, for longer waveguides, this particular approach is affected adversely by scattering losses
at the rough side walls of the waveguide due to limitations of the lithography process. As a result,
the folded waveguides of Densmore et al. exhibit propagation losses of 4 dB/cm.?? The current state-
of-the-art loss of single mode silicon waveguides is around 1-3 dB/cm.?>=2 Special treatments are
proposed to decrease roughness and thus reduce the loss to 0.3 dB/cm.?® Alternatively, the loss can
be reduced to 0.03 dB/cm by using wide multimode waveguides,?’ the waveguide width ensuring
small field intensities at the side walls and low roughness-induced scattering losses. The downside
of such wide waveguides is the risk of mode-mixing, which can only be avoided by using bending
radii of hundreds of micrometers, which limits the packing density. More importantly, decreasing the
waveguide height or switching to TM mode for better overlap with the environment will inevitably lead
to higher scattering loss at the side wall roughness.?® There is also the possibility of obtaining a large
time delay or a long effective optical path in short slow light waveguides.?® But taking into account 100
dB/cm propagation loss at slow down factor 20, the effective loss is still 5 dB/cm. Other approaches
are based on high-Q cavities that increase the lifetime of the trapped signal.>*-° It has been shown that
light of 1.5 um wavelength can be stored for longer than 7.5 ns in a small volume of less than 1 gm?
with a path length corresponding to 100 cm in silicon.?! These cavity-based approaches, however,
are extremely sensitive to shifts in the resonance frequency caused by variations in temperature
and the surrounding medium and require complex frequency interrogation techniques and very stable
sources. Furthermore, both the waveguide and the cavity based approaches are highly sensitive to local
contaminations on the surface which easily can jeopardize their functionality. Multimode resonators
increase the number of resonances per bandwidth and at sufficient averaging can be considered as
broadband energy storage devices.*?

Here, we introduce the concept of a 2D integrating cell waveguide platform, which, to the best
of our knowledge, has not been considered before. The platform is based on photonic crystal (PhC)
mirrors whose high reflectivity is used to confine a slab mode in a well-defined 2D area. Similar
to a 3D integrating sphere, a 2D integrating cell is a multipass device in 2 dimensions in which a
signal follows random paths with multiple reflections. As a consequence, the 2D integrating cell is
insensitive to small contaminations on the surface as only a small fraction of many potential light
paths is affected by a given disturbance. Though Ref. 32 considers somewhat similar 2D structures,
the focus of the paper was to study the effect of disorder on the resonances in multimode resonators.
The structures were not analyzed in terms of multiple reflections at PhC boundaries and thus no
unified theory for the effect of reflectivity, input waveguides, and cell size on the effective optical
path was presented.

We use silicon as the core material due to its transparency between 1 and 8 um,** which
makes it suitable for many applications in the near- and mid-infrared. We experimentally show
an example of a 2D hexagonal integrating cell with PhC mirrors consisting of the well-established
hexagonal lattice and optimized for operation at a wavelength of 1.5 um. Due to the mismatch
between the silicon slab mode and the evanescent PhC mode, vertical scattering occurs at the PhC
boundaries, which reduces the reflectivity and thus limits the achievable optical path length in the
integrating cell. By introducing an adiabatic taper of the hole radii at the inner PhC boundaries,
we can reduce these scattering losses and improve the reflectivity to >99%. We experimentally
demonstrate a mean reflectivity of 99.1%, which is consistent with our numerical prediction and
comparable to that of gold and dielectric reflectors typically used in 3D integrating spheres.!*** For
an integrating cell of diameter 1.8 mm, we show that an effective optical path length of 25 cm is
achieved.

Il. APPROACH

Based on the working principle of a 3D integrating sphere, we introduce a silicon slab based 2D
integrating cell that confines an optical signal by highly reflective PhC mirrors in a defined area. The
optical signal is guided in a slab and takes a random path inside the cell with multiple reflections at
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the PhC boundaries, thus increasing the optical path length and making the cell suitable for purposes
where a long interaction length is vital.

The boundaries of the integrating cell consist of a 2D PhC with a 2D bandgap. We consider
hexagonal PhC lattices of air holes in a silicon slab that exhibit a complete bandgap for TE polarization
in a broad wavelength range up to 25% of the mid gap wavelength®> which is controlled by adjusting
the hole radius and lattice constant of the PhC.

Figure 1 illustrates an example of a 2D integrating cell with boundaries consisting of a hexag-
onal PhC lattice. We assume that light takes a random path inside the cell and is reflected multiple
times at the PhC boundaries. Even though the reflection from a PhC boundary is not a ran-
dom process, it can lead to an effective random path due to reflection into different diffraction
orders. Also the diffraction directions change with the wavelength; thus, broadband light can be
assumed to take a random path. The evanescent field of the guided signal in the out-of-plane
direction overlaps with the surrounding medium above and below the silicon slab as shown in
the cross section view in Fig. 1(c). This interaction between evanescent field tails and the sur-
rounding medium can, e.g., be used to amplify the signal or to detect changes in the absorption
coefficient.

When the guided slab mode is reflected at the PhC boundaries, it excites a non-propagating
evanescent mode inside the PhC region because the propagation constant becomes imaginary in
the bandgap regime. A mismatch between the silicon slab mode and this evanescent PhC mode
results in vertical scattering losses at the PhC boundaries which reduce the reflectivity p. Therefore,
this mismatch also limits the achievable optical path length in the integrating cell defined as the
propagation length at which the intensity has decayed by 1/e and, in the case of negligible propagation
losses between the PhC boundaries, is given by’

Lett
1-p’

Liotal = (1
L.y being the effective path length between two reflections with p being the reflectivity of the
cell wall. We define the effective path length to be the mean distance between two points at the
circumference of the cell. For a circularly shaped cell with aradius 7., the effective path length can be
estimated by>°

4
Lefr = — - Feenl- )
T

In an integrating cell that, for example, consists of boundaries exhibiting 99% reflectivity, the total
optical path length is 100 times the effective path length between two reflections. For a circular cell
with 1 mm radius, this geometry would result in a total optical path of more than 10 cm.
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FIG. 1. (a) Schematic top view of a 2D integrating cell. An optical signal is reflected many times at the cell boundaries and
follows a random path inside the cell. Excitation and extraction processes of the signal propagating in the cell are not indicated
here. (b) The boundaries consisting of a hexagonal PhC lattice offer a broad omnidirectional reflection for TE polarization. (c)
Cross section of the 2D integrating cell boundary shown in (b). An optical signal is guided in the silicon slab being laterally
confined by the PhC boundaries. Its evanescent field overlaps with the surrounding medium making the device applicable for
sensing.
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FIG. 2. (a) Schematic top view of a 2D integrating cell with a hexagonal shape. Two line-defect waveguides Wgl and Wg2
are included in the PhC boundaries in order to excite and extract an optical signal. For our measurements, the optical signal is
coupled into the cell via Wg1 while outcoupling is possible via both the waveguides Wgl and Wg2. (b) SEM image of the PhC
boundary including one line-defect waveguide. The scale bar indicates 5 um. (c) SEM image of the PhC boundary without
line-defect waveguide. The length of the scale bar is 5 um. (d) The losses in the 2D integrating cell can be described by a
multi-channel system where one channel describes the loss due to the vertical scattering at the boundaries (mirror loss), two
channels represent the coupling to the waveguides, and another channel refers to other loss mechanisms of the cell, including
losses incurred from the surrounding medium.

Due to the symmetry of hexagonal PhC lattices, we chose a hexagonal shape of the cell whereby
each boundary is oriented normal to the 'M-direction of the lattice [see Figs. 2(a)-2(c)]. We assume
that the effective path length of the hexagonal cell is the same as for a circular cell with a radius equal
to the hexagon’s side length, which is a slight underestimate with respect to the area of the cell. Thus,
Eq. (2) can also be used to calculate the effective optical path length in a hexagonal integrating cell.

lll. THEORY FOR A 2D INTEGRATING CELL WITH ADDITIONAL LOSSES

In order to experimentally evaluate the performance of the 2D integrating cell, we need to
introduce at least one coupling port for the excitation and extraction of an optical signal. Here, we
use a one line-defect waveguide (Wgl) in order to introduce the optical signal into the integrating
cell and another (Wg2) to detect the power that is coupled out (see Fig. 2). Both waveguides lead
to outcoupling losses @y, in the system in addition to the vertical scattering losses @ ca that occur
at the PhC boundaries. In principle, additional mechanisms, such as absorption and scattering in the
silicon slab may lead to further losses, including the effect of the surrounding medium, depending
on whether it provides loss or amplification. Here, we concentrate on loss effects only. Thus, we
can consider a system with multiple loss channels as schematically shown in Fig. 2(d) whereby one
channel (Wgl) is used to introduce power into the system whereas power is lost into both channels
Wgl and Wg2.

Let us first assume that other loss mechanisms, e.g., slab propagation and absorption losses, can
be neglected (Poer = 0) against the mirror and coupling losses. The validity of this assumption is
discussed at the end of this section. An optical signal with a power P is coupled into the system via
waveguide Wgl. In a steady state regime, it follows from power conservation that

P= 2PWg + Pcar, 3)

where 2Py is the power lost by coupling into both waveguides and Py, is the power lost by vertical
scattering at the PhC boundaries. In this case, we do not consider single rays in the cell but rather
a homogeneous distribution of light in the cell in a steady state. The energy in the cell constantly
interacts with the cell boundaries. We define the power that falls on the boundary of the cell as Pcj;.
The losses can be now written as

Pscar = @scatPeells €]
ng = awgpcella &)

where @ = 1 — p is the loss coefficient by vertical scattering at the cell boundaries, and @,
describes the coupling loss to a waveguide port.
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Using Eqs. (3)—~(5) we can calculate the power coupled out of the cell by waveguide Wg2

Pyg=——% __p ©)
e Agcat + 2awg )
In order to estimate the coupling losses from the PhC cell into a single mode waveguide, we assume that
the power incident on the cell boundary P is homogeneously distributed. Assuming the effective
size of the single mode out-coupling port is given by half the effective wavelength of the slab mode
A/2, the probability to out-couple, which is the same as the coupling loss per interaction with the
surface, is the ratio of the port size to the circumference of the cell,

A
Ayg = ~77>
" 12Na

where a is the lattice constant of the PhC lattice, N is the number of lattice constants per side length
of the hexagon, and A is the effective wavelength of the slab mode.

A more rigorous derivation of this equation based on the summation of incoherent modes?” is
presented in the supplementary material. The coupling loss to a single mode waveguide is inversely
proportional to the side length of the hexagonal PhC cell. Thus, the power coupled out through the
waveguide Py, given by Eq. (6) is dependent on the integrating cell size. If multimode waveguides
were used, then the coupling loss would increase proportional to the number of modes of the attached
waveguide.

Combining Eqgs. (6) and (7), we obtain the total transmission from Wg1 into Wg2 for our single
mode waveguide case,

)

1
r=———.
12aN agat/ A + 2

For large cells, the total transmission reduces proportional to the size of the integrating cell. This
reduction in transmission comes from the fact that power leaves the cell predominantly by vertical
scattering. As the outcoupling through the waveguides reduces with cell size, the larger the cell, the
less power can be coupled out through the waveguides before energy is scattered out of the cell.

At the same time, the accumulated optical path length is defined by the sum of the losses:

®)

Loy
Oscat + Olwg

Liptar = €))
In large cells, the total achievable optical interaction path length is limited by the vertical scattering
loss and thus is directly proportional to the size of the cell. Thus, from Eq. (8), we can state that the
total transmission in large cells reduces inversely proportional to the optical interaction path length,
i.e., T(L) ~ 1/L. This compares favourably against the conventional Beer-Lambert law, where T'(L)
~ exp(—L), so highlights the fundamental advantage of our 2D integrating cell waveguide platform
over any 1D-waveguide approach where the total transmission is an exponentially decaying function
of length. Thus, longer optical path lengths are accessible with the 2D integrating cell waveguide
platform.

The total transmission through the integrating cell can be further increased if a multimode
outcoupling waveguide is used. An optimum is achieved when the number of modes is sufficient to
make scattering and waveguide coupling losses equal. In this case, an insertion loss of —3 dB will be
achieved with only a two times decrease of the optical path length.

If, in addition to the vertical scattering losses at the PhC boundaries and the coupling losses to
the waveguides, other loss mechanisms are present in the cell, additional loss coefficients need to be
included in the denominator in Eq. (6). Other loss mechanisms of the otherwise empty cell can be the
vertical scattering of the slab mode due to surface roughness or absorption in the silicon layer. An
upper estimate of these losses can be obtained from the measurements on multimode waveguides by
Li et al.,”” namely, 0.03 dB/cm. This well documented limit is supported by the fact that the absorption
loss of silicon with a doping concentration of 10'3/cm?, which is typically used in silicon-on-insulator
(SOI) platforms, is around 0.03 dB/cm. As a consequence, these additional losses should be taken
into account when the vertical scattering at the PhC reflectors causes an effective loss smaller than 0.1
dB/cm. Another additional loss, of course, would be the loss incurred from a surrounding medium
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which, as such, could be the quantity of interest if the 2D integrating cell waveguide platform was

used in a sensing application.

IV. SIMULATION RESULTS

We used 3D Finite Integration Technique (FIT)® in time domain in order to calculate the field
energy decay inside a 2D integrating cell without waveguide ports, so the only loss mechanism is
vertical scattering at the PhC slab boundaries, i.e., the mirror loss. The energy decay then allows us
to estimate the reflectivity of the PhC boundaries averaged over wavelength and incident angle. An
electromagnetic dipole source is introduced into the system to excite a TE slab mode.

Similar to the cells investigated in the experiments, we use a wavelength of 1.5 um and a silicon-
on-insulator platform as shown in Fig. 3(b) with a silicon thickness of ¢ = 220 nm and asymmetric
claddings of air and silicon dioxide. We assume refractive indices of ng; = 3.48 for the silicon slab
and ng;o, = 1.45 for the oxide layer. By comparative simulations, we find that the oxide layer below
the silicon slab has almost no influence on the reflectivity of the PhC boundaries, so we kept it in

place.

To limit the simulation time, we simulated hexagonal cells with a maximal side length of L =9a,
where a is the lattice constant of the PhC. A reflector thickness of 12 hole rows was chosen to ensure
negligible transmission through the PhC.

Using a uniform hole radius of r = 126 nm and a lattice constant of @ = 420 nm gives rise to a
2D photonic bandgap for TE polarization in the wavelength range between 1.26 ym and 1.60 um.
The dipole excitation feeds in energy with a Gaussian pulse that has a center wavelength at 1.42 ym
and a FWHM bandwidth of 0.18 um, and we found that the position of the electromagnetic dipole
in the cell has a negligible influence on the result. For all simulations, the dipole was placed in the

same position as indicated in Fig. 3(a).

The energy decay inside the cell was tracked and plotted on a logarithmic scale as shown in
Fig. 3(c). Due to the excitation with a Gaussian pulse, it is unavoidable that part of the signal falls
outside of the PhC bandgap. For these frequencies, the reflectivity of the PhC boundaries will be much
smaller compared to that of frequencies within the bandgap. Although all frequencies contribute to
the energy decay observed in the simulations, it is evident that the frequencies outside of the bandgap
will decay much faster than the rest of the signal.

After 1 ps, which corresponds to approximately 17 reflections at the PhC boundaries, the signal
that is still confined in the cell is dominated by the frequencies lying within the bandgap, and we can
directly connect the field energy decay dW/dr with the energy loss per reflection caused by vertical

scattering at the PhC boundaries AW,
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FIG. 3. (a) Top view on a hexagonal integrating cell with a side length of 3.78 um and uniform hole radii. An electromagnetic
dipole is used to excite a TE mode inside the integrating cell indicated by a red triangle. (b) Cross sectional view. A silicon-
on-insulator (SOI) platform with air as top cladding is used for the simulations. (c) Field energy depending on the simulation
time plotted on a logarithmic scale for the cells with uniform hole radii shown in (a). The steepest slope of the energy decay
is indicated by a red line giving rise to an average reflectivity of p = 98.2%.
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TABLE I. Simulation results for integrating cells with uniform holes and two different adiabatic tapers.

Uniform Taper 1 Taper 2
Smallest hole radius 7y, 126 nm 90 nm 65 nm
Taper length . 5 holes 7 holes
Resulting reflectivity p 98.2% 99.3% 99.7%

where v, = c/ng is the group velocity of the slab mode with group index ng = 3.75 and ¢ being
the velocity of light in vacuum and Le/v, is the average time between two reflections. The group
velocity was found from the dispersion relation of the SOI slab. L is given by Eq. (2) and amounts to
L = 4.8 um for the hexagonal integrating cells in our simulations.

Nonetheless, we use the steepest slope of the energy decay which is indicated by a red line in
the logarithmic plot in order to get a lower estimate of the average reflectivity of the PhC boundaries.
For a cell with uniform hole radii, we determine a maximal energy decay of —1.32 dB/ps. Using
Eq. (10), we obtain an average energy loss per reflection of —0.08 dB, corresponding to a reflectivity of
p = 98.2% for the cell boundaries.

To improve the reflectivity of the cell boundaries, we linearly reduce the hole radii of the inner
rows of the integrating cell’s PhC-reflectors, thus building an adiabatic taper. This taper allows us to
improve the match between the propagating slab mode and the evanescent photonic crystal mode.
Thus, vertical scattering at the boundaries is reduced. We performed simulations for integrating cells
with two different tapers, and the results are summarized in Table I. To calculate the reflectivity of the
tapered PhC-reflectors, we used the same effective optical path length between the two reflections as
for the integrating cell with uniform holes although the penetration of the electromagnetic field into
the PhC is slightly increased for the cells with taper. However, this effect is small and is therefore
neglected.

Taper 1 reduces the hole radii in the five inner rows of the PhC boundaries from 126 nm to 90
nm, and Taper 2 exhibits a decrease of the hole radii to 65 nm in the seven inner rows. We limited
the smallest hole size to 65 nm as this is the smallest hole size that can be reliably fabricated with
our electron beam lithography and reactive ion etching facility. It is evident that both types of taper
improve the reflectivity of the integrating cell. Reducing the smallest hole radius in the taper could
further improve the reflectivity in order to allow optical path lengths of several meters. Nevertheless,
a reflectivity of p = 99.7% as predicted for Taper 2 would already result in an optical path length of
42 cm in an integrating cell with 1 mm radius.

Although the PhC cells examined in our simulations with a side length of 4 um look similar
to the microcavities discussed in Ref. 32, our approach is clearly different. In Ref. 32, chaos is
introduced into the system in order to improve the energy storage in microcavities. In contrast, here
we improve the reflectivity of the PhC boundaries in order to enhance the optical path length. Since
the reflectivity of the PhC boundaries does not depend on the cell size, the results from Table I can
be easily transferred to larger PhC cells as well.

V. EXPERIMENTAL RESULTS

Electron beam lithography and reactive ion etching were used to fabricate hexagonal shaped
2D integrating cells as schematically shown in Fig. 2(a) based on SOI wafers for operation around
1.5-1.6 um wavelength with different side lengths, ranging from L =4 ym (N =9) to L = 1.8 mm
(N =4000). Using hole radii of r = 126 nm and a lattice constant of a = 450 nm leads to a photonic
bandgap with a band edge at 1.6 um corresponding to the structure used in the simulations.

Two single line-defect waveguides were introduced into the PhC boundaries and connected to
grating couplers via single mode wire waveguides. A fiber coupled amplified spontaneous emission
(ASE) source with an emission range of 1520 nm—1620 nm is then coupled into the integrating cell
via one of the waveguides, while the second waveguide is connected to an optical spectrum analyzer
(OSA).
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FIG. 4. SEM micrographs of the different PhC boundaries used in the measurements for operation at 2 = 1.5 gm. The lattice
constant of a = 450 nm is maintained for all boundaries. The scale bars indicate 2 um. (a) PhC boundary with a uniform hole
radius of 126 nm. (b) The radii are linearly increased from 90 nm to 126 nm in the upper 5 hole rows (Taper 1). (c) The radii
are linearly increased from 65 nm to 126 nm in the upper 7 hole rows (Taper 2).

2D integrating cells with three different PhC boundaries were investigated. In addition to the
cells with uniform holes [Fig. 4(a)], cells with two different tapers were fabricated. Figure 4(b) shows
a boundary where the hole radii are linearly increased from 90 nm to 126 nm in the 5 inner hole rows
(Taper 1), and Fig. 4(c) shows a boundary where the hole radii are increased from 65 nm to 126 nm
in the 7 inner hole rows (Taper 2).

The power spectrum at the OSA is normalized to the transmission spectrum of a silicon wire
and afterwards averaged over 1520-1600 nm, which is defined by the ASE emission range and the
band edge of the PhC. Analogous to the simulations averaging is required to obtain the averaged
reflectivity. Several examples of original transmission spectra are presented in the supplementary
material. It can be seen that transmission spectra strongly fluctuate with wavelength for small cells
and become flat for larger cells. In order to determine ., from this normalised measurement, we
use Eq. (8) and define a fitting curve with fitting parameters 7o and @y,

Ty

12aN ’
Ascat -~ + 2

T(N)= an

where Ty describes all the losses before and after the cell. For small cells, the transmission approaches
To/2, where half of the power is reflected back into the input waveguide.

Figure 5 shows the results of the transmission measurement for cells with uniform and tapered
boundaries. The transmission for each cell size was averaged over seven realizations for the uniform
cells (black) and three realizations for Taper 2 (red). The results are plotted on a double logarithmic
scale as a function of size N together with their fitting curves. For the cells with uniform hole
radii, we determine a scattering loss of @y, = 0.018 + 0.001 from the fitting curve. In the case of
Taper 2, we determine a scattering loss of @y = 0.009 + 0.003 from the fitting curve. For some
transmission results (marked with * in Fig. 5), a large deviation from the fitting curve is evident. This
deviation is attributed to a stronger deviation in the grating coupler parameters and is discussed in
the supplementary material in more detail.

In total, 13 sets of cells with uniform hole radii were investigated. The average scattering loss
iS @geqr = 0.019 + 0.003, resulting in an average reflectivity of p = 98.1% for the cells with uniform
hole radii. The same measurement was then performed for cells with boundaries including Taper 1
and Taper 2. For each taper, three samples were evaluated resulting in an average scattering loss of
@scar = 0.017 £ 0.003 for Taper 1 and a4y = 0.009 + 0.0003 for Taper 2. Thus, Taper 1 has improved
the reflectivity of the cell from p =98.1% to p = 98.3%, whereas Taper 2 results in an improvement
to p=99.1%.

The red fitting curve in Fig. 5 for the cells with Taper 2 gives rise to a total transmission of —23
dB for cells with a side length of N = 4000, corresponding to an effective radius of 1.8 mm and an
effective path length of Ly, = 25 cm. Taking into account that the intensity of light in the cells drops
by 1/e after propagating the effective path length, we achieve an effective propagation loss inside the
cell of 0.17 dB/cm. The insertion loss of —23 dB comes mainly from the inefficient outcoupling into
a single mode waveguide. But even with this loss, the effective propagation loss of the device is 0.9
dB/cm which is already close to the state-of-the-art loss of single mode wire waveguides. For larger
propagation paths, the 2D integrating cells will benefit from the 1/L dependence of their transmission
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FIG. 5. Black dots correspond to mean transmission for cells with uniform hole radii of = 126 nm, and a lattice constant of
a =450 nm averaged over seven structure realizations with identical design. Red dots correspond to mean transmission for
cells with Taper 2 implemented, averaged over three structure realizations with an identical design. The error bars indicate
the standard deviation. The black and red lines are fitting curves. Transmission values labelled with * show a clear deviation
from the fitting curve that is discussed in the supplementary material. Inset: Schematic diagram of the transmission versus
propagation length characteristics of a 2D integrating cell compared to that of a channel waveguide. The transmission of
the 2D integrating cell shows a 1/L dependence for large cell sizes. Thus, at long propagation lengths it always exceeds the
transmission of the channel waveguide which exhibit an exponential dependence on the propagation length according to the
Beer-Lambert law.

whereas the waveguides following the Beer-Lambert law show a much stronger exponential decrease
in transmission with the increasing propagation length (see the inset in Fig. 5 for comparison).

Comparing the experimental and simulation results, we observe that the reflectivities of the cells
with uniform hole radii are in good agreement. For Taper 1, the experimental results give rise to a
vertical scattering loss that is by a factor of 2 higher than in the simulations, and for Taper 2, the
scattering loss seen in our experiments is even by a factor of 3 higher compared to the scattering loss
expected from the simulations. This can be explained by the limitations of the fabrication process.
The holes in the uniform cells are homogeneously etched with a smooth interface between air and
silicon. However, as hole radii become smaller, the roughness of the interface, the variation in the hole
shape, and etching depth increase, thereby resulting in a higher vertical scattering loss. Nevertheless,
the experimental results for the reflectivity of integrating cells with Taper 2 are already comparable
to the reflectivity of gold and that of dielectric reflectors of 3D integrating spheres.

In general, it is possible to choose a different shape for the 2D integrating cell and to add boundary
roughness. At the same time, the reflectivity of the PhC boundary only depends on the geometry of
the PhC lattice. Thus, the shape will only influence the average distance between two reflections Legt,
and roughness will result in transmission spectra with less fluctuations.

It should be noted that the reflectivities much closer to unity are reported for state-of-the-art
photonic crystal cavities.’® These reflectivities are optimized for a single direction and wavelength
and benefit from destructive interference of light scattered at opposite reflectors. This optimization
routine cannot be used for broadband omnidirectional reflectors discussed in this paper.

VI. CONCLUSION

We have introduced the concept of a novel 2D integrating cell waveguide platform employing
ultra-long optical interaction paths. The concept is based on a slab waveguide where light is trapped
in a 2D area by reflecting PhC boundaries to obtain long optical path lengths in a small geometrical
footprint. The signal takes a random path inside the cell and is reflected multiple times. Due to the
mismatch between the slab mode and the evanescent Bloch mode in the photonic crystal mirror,
vertical scattering losses at the PhC boundary limit the reflectivity and thus the achievable optical
path length within the 2D integrating cell. We show, using FIT simulations, that reflectivities up to
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99.7% are possible for integrating cells with a linear taper of the radii in the PhC boundary holes and
a minimal hole radius of 65 nm. In measurements, we observed reflectivities up to 99.1% which are
already comparable to those of metal and dielectric reflectors. With this reflectivity, an optical path
length of 25 cm is obtained in a cell with 1.8 mm radius, thus a geometrical footprint of less than 10
mm?, for a broad wavelength range between 1.5 and 1.6 um. This results in an effective propagation
loss in the cell of 0.17 dB/cm. Due to the limitations of the single mode coupling, an effective
propagation loss of the device including insertion loss of 0.9 dB/cm is obtained, which is already
comparable to the state-of-the-art in single mode silicon waveguides; with further optimisation of
both design and technology, we believe that values well below 0.3 dB/cm are realistic, especially as
the scattering loss at the PhC boundaries improves both the length via Eq. (9) and the loss itself via
Eq. (8).

Our novel 2D integrating cell waveguide platform can be used for various applications, among
them sensing, absorption spectroscopy, and optical amplification, where the evanescent field of a
signal guided inside the waveguide core layer can interact with the surrounding medium. Due to the
non-exponential dependence on the absorption coefficient,'? the dynamic range can be substantially
increased compared to that of conventional 1D-waveguide concepts. Furthermore, the 2D integrating
cell is largely insensitive to local contaminations on the surface, and the evanescent field can be
increased without increasing the propagation loss.

The approach we introduce here can be extended to any wavelength within the transparency
window of the slab material. In the case of silicon, wavelengths from 1.2 to 8 um can be envisaged.
The silicon wire waveguides can benefit from interaction with the environment via side walls. To
increase the overlap of the slab mode with the environment, the TM mode or extra thin slabs can be
used.

The novel 2D integrating cell waveguide platform creates an exciting new option for achieving
ultra-long optical paths on an integrated optical chip.

SUPPLEMENTARY MATERIAL

See supplementary material for transmission spectra of the 2D integrating cells, the coupling
theory from a hexagonal cell into a singlemode waveguide and a discussion of the accuracy in the
measurements.
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