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Abstract: Multimode interference reflectors (MIRs) were recently
introduced as a new type of photonic integrated devices for on-chip,
broadband light reflection. In the original proposal, different MIRs were
demonstrated based on total internal reflection mirrors made of two
deep-etched facets. Although simpler to fabricate, this approach imposes
certain limits on the shape of the field pattern at the reflecting facets, which
in turn restricts the types of MIRs that can be implemented. In this work,
we propose and experimentally demonstrate the use of aluminium-based
mirrors for the design of 2-port MIRs with variable reflectivity. These
mirrors do not impose any restrictions on the incident field, and thus give
more flexibility at the design stage. Devices with different reflectivities
in the range between O and 0.5 were fabricated in a 3 um thick SOI
platform, and characterization of multiple dies was performed to extract
statistical data about their performance. Our measurements show that, on
average, losses both in the aluminium mirror and in the access waveguides
reduce the reflectivities to about 79% of their target value. Moreover,
standard deviations lower than £5% are obtained over a 20 nm wavelength
range (1540-1560 nm). We also provide a theoretical model of the alu-
minium mirror based on the effective index method and Fresnel equations in
multilayer thin films, which shows good agreement with FDTD simulations.

© 2015 Optical Society of America

OCIS codes: (130.3120) Integrated optics devices, (130.7408) Wavelength filtering devices,
(310.1620) Interference coatings, (120.5700) Reflection.
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1. Introduction

Multimode interference couplers (MMIs) are one of the most common of the passive build-
ing blocks that can be found in modern photonic integrated circuits (PICs). Thanks to their
compactness and tolerance against fabrication errors [1], MMIs are very often the natural
choice for the implementation of broadband, integrated optical couplers with variable split-
ting ratios [2—4]. Their apparently simple geometry can be deceiving, however, as MMIs are in
fact very versatile devices. They can find application as high port-count [5], ultracompact [6]
and ultra broadband power splitters [7]; low crosstalk crossings [8]; reconfigurable optical
switches [9]; polarization splitters [10]; optical multiplexers/demultiplexers [11], phase locking
of laser arrays [12] as well as phase diversity elements for coherent optical communications [13]
or all-optical OFDM receivers [14]. Furthermore, it is interesting to note that the spatial Tal-
bot effect behind multimodal interference in planar waveguides shares very striking similarities
with other physical phenomena [15], such as quantum wave-packet evolution [16] and optical
pulse propagation through a medium with first order dispersion [17].

More recently, yet another type of passive component based on multimode interference was
introduced by Xu et al. [18, 19]: the multimode interference reflector (MIR). Unlike conven-
tional MMIs, which as mentioned above are commonly employed as power splitters/combiners,
MIRs were conceived to be used as broadband on-chip mirrors. They are thus an interesting al-
ternative to already existing reflective elements, such as DBRs, Sagnac loops and cleaved facets,
since they inherit the robustness and broadband behaviour of MMISs, but still can be placed any-
where on the chip. In their original work, Xu et al. proposed MIRs that employ a reflective
element based on two deep-etched facets at a 45° angle, which avoids the use of extra fabrica-
tion steps. However, rounding effects due to lithography and etching reduce the reflectivity of
the mirror towards the center, where the tip is located, introducing extra losses and a possible
distortion of the reflected interference pattern [18, 19]. In order to avoid this undesirable effect,
the amount of light intensity near the tip of the mirror should be kept as low as possible, which
in turn implies that not every MMI can be adapted to create its corresponding MIR without
incurring in a power penalty.

In this work, we report on the design and experimental characterization of 2-port MIRs based
on aluminium mirrors in a 3 um thick SOI platform. The mirrors are fabricated in this case by
deposition of a ~150 nm thick aluminium film on top of an intermediate silica layer (~250 nm),
which provides maximum resonant reflection at 1550 nm. Although it requires a higher number
of fabrication steps, our approach has the advantage that no limitation exists on the interference
pattern formed at the mirror surface. As a consequence, more MMI types can be accommodated
to form their equivalent MIRs, providing the designer with a higher degree of flexibility. The
same metal mirrors have been recently employed for example in the experimental demonstra-
tion of MMI resonators, where two access waveguides of an MMI are replaced by reflecting
surfaces in order to implement a Fabry-Pérot-like response [20]. Several 2-port MIRs fabricated
in this platform with reflectivities in the range between 0 and 0.5 are experimentally demon-
strated to proof the feasibility of our approach.

This work is organized as follows. First, the general concept behind a general M-port MIR
is reviewed. Then, and because their greater practical importance, 2-port MIRs based on alu-
minium mirrors are explained in detail. We give general rules about how arbitrary reflectivities
between 0 and 1 might be attained in these structures by exploiting the well-known butterfly
2x2 MMISs conceived by Besse et al. [3]. Next, a simple quasi-analytical model for the alu-
minium mirror is presented, which combines the effective index method and Fresnel equations
in multilayered media. Third, the design of the 2-port MIRs is briefly described. Finally, the
experimental characterization of the devices is presented, along with a summary of the main
results and conclusions.
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Fig. 1. Example of how an MIR is formed. (a) Original 2x4 MMI. (b) Equivalent 4-port
MIR after introduction of an aluminium mirror.

2. Operation principle

The main idea behind MIRs was first described in [18] for a 1-port device based on an 1x2 MMI,
and was later extended by Kleijn et al. for an arbitrary number of input ports [19]. Basically,
MIRs are formed by adapting an NxM MMI, where one of its ends is terminated with a suitable
reflective structure. This includes aluminium mirrors or two deep-etched facets at a 45° angle,
for example. If the mirror is perfect and has no losses, all the forward-propagating modes in
the multimode section will be coupled to their corresponding backward-propagating ones. As
a consequence, the same (mirrored) interference pattern that otherwise would be formed at the
output plane of the original MMI will appear reflected at the access plane of the MIR. If the
locations of the input waveguides (x;) of the MIR match with the positions of these reflected
images, then all the reflected power is captured again, leading to an M-port MIR. It is very
important to note that the positions of these reflected images critically depend with the type
of mirror employed. Let us denote as ™ (x,0) the reflected interference pattern at the input
of an M-port MIR when a mirror is employed, and W (x,L) the interference pattern that is
formed at the output of its equivalent NxXM MMI when no mirror is present. If two deep-etched
facets at 45° are used, then this pattern appears mirrored with respect to the center of the MIR
(v~ (x,0) = y*(—x,L)), as explained in [19]. However, this does not happen in a metal-based
mirror. In this last case, the whole process can be understood as if the original MMI was folded
over with respect to an axis located at half of its length (L/2). That is, v~ (x,0) = w*(x,L).

As an example, consider the 2x4 MMI depicted in Fig. 1, which is a well-known structure
typically used as a 90° optical hybrid [21]. As it has already been mentioned, this MMI can
be turned into an equivalent MIR with a metal mirror if, for all outputs (j), there exists an
input (i) such that the position of the input matches that of the output (xf” = 3?‘”), thus preventing
unwanted reflections [22]. We insist on the fact that, if two deep-etched facets at a 45° angle
were used, then the positions of the output images would be mirrored with respect to the center
of the MIR. In this example, the device is symmetric and all the light would be captured again
with the same input positions. However, this is not always the case, and depends on the MMI
type that is being adapted.

3. 2-port MIRs with arbitrary reflectivity

Now that the basics of M-port MIRs have been explained, we will focus our attention in a
subfamily of these devices: 2-port MIRs. As explained in [19], 2-port MIRs can be designed
to feature an arbitrary power reflection/transmission ratio (p/7), thus making them useful for
a variety of applications in PICs, including on-chip reflectors for integrated lasers as well as
arbitrary response AWG-based filters [24,25], to name just a few. In this work, p /7 is defined
as the fraction of reflected optical power (p) divided by the fraction of transmitted optical
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Fig. 2. (a) and (b) 2x2 butterly MMIs for implementing arbitrary power splitting ratios,
without and with crosscoupler, respectively. (¢) and (d) Equivalent 2-port MIRs.

power (7), in order to be consistent with the definition of power splitting ratio given in [3].

MIRs with arbitrary reflection ratios can be obtained by applying the procedure described in
section 2 to the butterfly 2x2 MMIs with arbitrary splitting ratios proposed by Besse et al. [3].
These devices are based on the development by Bachmann et al. of the concept of overlapping-
image MMIs [26], which generalizes the restricted interference ideas introduced by Soldano
[2]. In short, Bachmann et al. proved that by carefully positioning the input/output waveguides
of an MMI, non-uniform power splitting is possible. For the case of 2x2 MMIs, it was shown
that there exist 4 different configurations (namely, types “A”, “B”, “C” and “D”) that allow
for 4 different power splitting ratios (50/50, 100/0, 85/15 and 72/28, respectively). Here, the
power splitting ratios are defined as the fraction of power in the cross port (K.ss) divided
by the fraction of power in the bar port (kp,,), both expressed in %. A schematic diagram of
such devices is shown in Fig. 2(a). These 4 devices can then serve as the starting point for
the design of a power coupler with arbitrary splitting ratio. This is achieved by adiabatically
tapering the width of the MMI, which introduces a mode dependent phase shift that ultimately
leads to a change in the intensity of the output self-images. As is also discussed in [3], tapering
of types A-D only provides splitting ratios between 50/50 and 100/0. In order to cover the range
between 0/100 and 50/50, crosscouplers can be added to exchange the positions of the output
ports (see Fig. 2(b)). Note that the total length of the crosscoupler (L.) has been split into two
sections of length L. /2 located at the input and output of the butterfly MMI, as will be explained
shortly.

Butterfly 2x2 MMIs can thus be adapted to form 2-port MIRs with arbitrary power reflec-
tion/transmission ratios after introduction of the mirror (Figs. 2(c) and 2(d)). However, some
extra considerations must be taken into account. First, and because of the folding symmetry in-
troduced by the aluminimum mirror, a 2x2 MMI with a power splitting ratio given by Keyoss/ Kpar
will translate into a 2-port MIR with a reflection/transmission ratio of p /T = Kpy, / Keross- This is
opposite to what happens when using deep-etched facets at a 45° angle, since this type of mirror
already introduces a reflection of the self-images with respect to the center of the MMI. Second,
it must be noted that type D devices (72/28) without crosscouplers do not satisfy the require-
ments for the input positions explained in section 2. Inputs 1 and 2, located at -3W/10 and W/10
with respect to the center, respectively, lead to self-images located at 3W/10 and -W/10, whose
power can not be properly collected. Thus, it is obvious that this device can not be adapted to
create an equivalent 2-port MIR. Last, if crosscouplers are added to the basic A-D types in order
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Fig. 3. (a) Cross-section of the aluminium mirror layer stack. (b) 3D Model of a 2-port MIR
with an aluminium mirror. (¢) SEM picture of a fabricated device.

to extend the achievable splitting ratios, care must be taken to ensure that the MMI satisfies the
required folding symmetry. This can be easily done, however, by noting that the extra length
of the crosscoupler (L) can be split into two sections of length L./2, placed before and after
the 2x2 MMI (see Fig. 2(b)). The symmetrized structure has exactly the same properties as the
original one, as far as the tapering is smooth enough so that the mode conversions remain adia-
batic. In that case, each section of the MMI introduces a relative amount of phase shift among
the propagating modes, with this effect being independent of the relative order of each section.
Adding a crosscoupler thus leads to a mirroring of the output images with respect to the center
due to the properties of the self-imaging effect [2]. Since types A to C have inputs which are
symmetric with respect to the center of the MIR, this simply exchanges the power splitting
values. However, in type D the crosscoupler leads to output images which are now located at -
3W/10 and W/10, matching the position of the inputs. As a consequence, the requirements of
section 2 are met and this device can be used as a 2-port MIR with a reflection/transmission
ratio of 72/28.

As a summary, Table 1 contains the main geometrical parameters of the 2-port MIRs de-

Table 1. Parameters of 2-port MIRs. Note that if a crosscoupler is added, then the reflec-
tion/transmission ratios change for types A to C. The crosscoupler lengths and their cor-
responding ratios are separated by a vertical bar (|), where those with a crosscoupler have
been highlighted in italics. Type D only works after the introduction of a crosscoupler, as
explained in the text. Ly is defined as Ag/(2(rip — 1)) [2], where 7y and 77} are the effec-
tive refractive indices of the fundamental and first order modes of the multimode section,
respectively. Input positions are measured with respect to the center of the MIR.

Schematic Type Inputs L2 L./2 plt
—
%_\| A W6, -WI6  Lg/4  0|Lg2  50/50 | 50/50
J—/\
%w| B W6, -WI6  Lg2  0|Lg2  0/100 | 100/0
P
JL\| C W/4, -W/4  3Le/8  0|3Ly2  15/85|85/15
I | D +W/10,-3W/10  3L,/10  3L./2 72/28

]
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Fig. 4. (a) Equivalent infinite slab waveguide after reduction of the original MIR cross-
section with the effective index method. Each mode (n = 0, 1...) is represented here as
a plane wave bouncing back and forth at the waveguide interfaces with a certain angle
(6"). (b) Schematic representation of the resonant reflection of a plane wave (mode) upon
incidence on the multilayer structure that forms the aluminium mirror.

scribed in this section, corresponding to the 4 different types of rectangular MMIs plus their
optional crosscouplers. Reflection ratios around those nominal values might be achieved by
tapering the devices as described in [3], while observing the aforementioned considerations.

4. Aluminimum mirror modelling

A cross-section of the aluminium mirror layer stack that has been employed in this work is
shown in Fig. 3(a). Figures 3(b) and 3(c) show a schematic 3D representation of a 2-port MIR,
as well as an SEM picture of a fabricated device, respectively. In short, the reflectivity of the
aluminium coating is enhanced through the use of an intermediate silica layer. Thin-film inter-
ference leads to a resonant reflection that is higher than what would be otherwise obtained with
aluminium directly deposited on silicon, assuming perpendicular plane wave incidence. More
details about this structure can be found in [20]. Since the mirror does not perfectly reflect back
all the incident light, it is thus important to model its reflective properties in order to better
understand its overall impact on MIR performance. We start our analysis with a commonly em-
ployed technique for the simulation and design of MMIs, where the 3D problem is reduced to
a simpler 2D geometry with use of the effective index method [2]. In this scheme, the vertical
dimension is eliminated by finding two effective refractive indices for both the core (n?}?) and

the cladding (nfﬁc). Thus, any mode propagating inside the real (3D) MMI section relates to a
mode of the corresponding infinite slab waveguide, whose thickness is equal to the MMI width.
According to [27], the modes of a slab waveguide might be understood as plane waves bounc-
ing back and forth on the core/cladding interface (see Fig. 4(a)). Each plane wave propagates
at a different angle 0", which is related to effective index of the nth-order mode (7 ff) by:

n nn
' = arccos (ﬁ") = arccos (,;%) (1)
eff

Under the previous assumptions, the aluminium mirror can be then modelled to first order as
an infinite planar interface between three different media: The effective core of the waveguide,
the effective cladding and the aluminium layer, as depicted in Fig. 4(b). The electric field re-
flection coefficient in both modulus and phase (p™) that each mode experiences upon reaching



the reflecting surface is now easily obtained by applying the well-known Fresnel equations for
multi-layer structures [28]. Considering three layers and only TE propagation, which corre-
spond to p-polarized plane waves, the electric field reflection coefficient for the nth mode can
be expressed as

Pl + 3z exp (—jam(d [ do)nifcos 6]')
14 pf,p5; exp (fj477:(d/ﬂo)nfgc cos 6/")

where d is the thickness of the cladding oxide layer, Ag is the vacuum wavelength, nffo is the
effective refractive index of the cladding and 6, is the transmitted angle after the first planar
interface, which is obtained by applying Snell’s law

sin 67"
0" = arcsin <ffBG> 3)
Reff

n__

(@)

Finally, p12 and p»3 relate to the electric field reflection coefficients at the two interfaces, and
are given by

ol = (ngfy)*n %5005 0 — (ngff)*nefycos 6 @
2=
(nffo) W Ycos 0"+ (n Z‘}?) effcose”
. (na)’n efj O cos0' — (n eff)z[(nAl)z_(ng fCOSGz")Z]l/z
P = )

(nar)%n ff(?cos 01+ (nf}})z[(nm)z - (nfjgfcos 6/)2]1/2

where ny; is the (complex) refractive index of aluminium and n", off G corresponds to the effective
refractive index of the waveguide core.

In these formulas, it has been assumed by convention that lossy materials exhibit refractive
indices with negative imaginary parts. As a consequence, the square root formula of equation 5
yields two different solutions, of which only the one with negative imaginary coefficient must
be considered. Once the electric field reflection coefficients are found, the interference pattern
at the input waveguides can be easily found by expanding the input field in terms of the prop-
agating modes of the slab waveguide, as explained in [2], and then multiplying each mode by
its corresponding reflection coefficient (p") and propagation constant (exp (—j27n, L/ 20)).
Since the modes propagate at a slightly different angle, it is expected that the mirror will change
their relative amplitude and phases, thus affecting the beating pattern at the output.

We performed some numerical simulations to verify our quasi-analytical analysis. The sim-
ulation procedure can be described as follows. First, well-known formulas for the refrac-
tive indices of silicon and SiO2 were employed to compute ny¢ and nZ¢; using a 2D mode
solver based on the Film Mode Matching (FMM) method, where the cladding index (nffo)
was optimized using the procedure explained in [4]. Then, these indices were fed into an in-
house Matlab™ code that computes both the mode field profiles and propagation constants of
an infinite slab with a given width, and then performs the field propagation along the MIR. This
includes the mode overlap integrals at both input and outputs, as well as the mode-dependent
electric field reflection coefficients given by equation 2, where d ~ 250 nm for this particu-
lar platform. Two different MIR types were considered: A type A device with p/7 = 50/50
and a type B device with p/7 = 0/100, whose geometrical parameters can be found in Ta-
ble 2. Finally, and to check the validity of our model, simulations were compared against high-
resolution 2D FDTD calculations performed with Meep in a 7 node computing cluster [29].

Simulation results are shown in Figs. 5(a) and 5(b) for type B and type A devices, respec-
tively. As it can be seen, our quasi-analytical approach yields very similar results to the more
rigorous FDTD method. For type B, both calculations predict a residual reflectivity lower than
-25 dB over more than a 40 nm bandwidth (1520-1560 nm), with the quasi-analytical approach



—10+ —3.01
{ =-Theory

& —159 —2D-FDTD =
A =
2 20+ &
E z
g 25 :
= L =
) D
& —30 =7

=35 T T T T T T T T T 1 3.4 T T T T T T T T T 1

1500 1520 1540 1560 1580 1600 1500 1520 1540 1560 1580 1600
Wavelength (nm) Wavelength (nm)
(a) (b)

Fig. 5. (a) Simulated reflectivities for the type B device of Table 2 (p/7 = 0/100), both
using FDTD (grey solid line) and the quasi-analytical theory (black dashed line). (b) Idem
for the type A device of Table 2 (p/7 = 50/50).

yielding slightly more residual reflected power near the design wavelength (1550 nm). For
type A, a reflectivity higher than -3.2 dB over a 60 nm bandwidth (1520-1580 nm) is achieved
in both cases, with about 0.1 dB insertion losses at 1550 nm. These correspond to an effective
peak reflectivity of 97.7%, in good agreement with previously reported simulation results [20],
and points to a negligible performance degradation introduced by the mirror. In practice, how-
ever, fabrication imperfections such as surface roughness and changes in the sidewall angle
will affect the reflecting performance of the designed mirror. This will not only introduce extra
losses, but also a distortion of the reflected field. The distortion will change the relative am-
plitudes and phases of the backward-propagating modes, which will cause in turn extra losses
and imbalance in the self-images formed at the input of the MIR. Thus, designers might need
to consider these effects beforehand, and compensate for a possible reduction of the reflectivity
during the design stage.

5. Device design

In order to experimentally demonstrate the concept, 5 different 2-port MIRs with reflectivities
varying between 0 (p/t = 0/100) and 0.5 (p /7 = 50/50) were considered. Given the almost
negligible effect introduced by the mirror found in the previous section, and the lack of more
realistic experimental data, an ideal metallic mirror was assumed in order to simplify the design
process. Under the previous assumption, the effect of the mirror is neglected and the MIRs di-
mensions can be obtained by simply simulating their equivalent butterfly MMIs using the well-
known Beam Propagation Method (BPM). The design is thus reduced to that explained in [4],
which can be briely described as follows. First, 5 different power splitting ratios (K.ross / Kpar) in
the range between 50/50 and 100/0 were chosen, namely: 50/50, 60/40, 70/30, 80/20 and 100/0.
Butterfly MMIs with these splitting ratios do not require an extra crosscoupler, which results
in shorter devices with an enhanced operation bandwidth [1]. Each of these ratios was then
assigned to be implemented by a given butterfly MMI type (A, B or C), which was done by try-
ing to minimize the difference between the target value and the splitting ratio of the canonical
device (50/50, 100/0 and 85/15). Please note that, as explained in section 3, these splitting ra-
tios lead to reflection/transmission ratios between 50/50 and 0/100, this is: 50/50, 40/60, 30/70,
20/80 and 0/100. A common width of 11.7 um for all devices was found to be enough to sat-
isfy the minimum spacing between the 2.8 um wide input waveguides, thus ensuring a proper
opening of the access plane during lithography and etching. Next, an optimized effective index



Table 2. Physical dimensions and BPM simulation results of the 5 different fabricated de-
vices. The width is common for all designs (11.7 pm), and no crosscouplers are employed
(Lc/2=0).

Schematic Type Inputs (um) dW (um) L/2(um) Targetp/t Sim. p/T

—
= | A +1.95 0 101.92  50/50  49.1/49.6
—

= | A +1.95 0.75 88.29 40/60  39.1/59.1
Tl ¢ +2.93 2785 225 30/70  30.0/68.1
3 | : 2.7 77 7 0/68.

| ¢ +2.93 1.05 180.39  20/80  19.8/79.0
3 : -1.057 : 8/79.

J_/\

= | B +£1.95 0 203.84 0100 0.0/98.9

method and 2D BPM propagations were employed to iteratively find the optimum geometrical
parameters of the butterfly MMIs, namely length (L) and width variation (dW). The equivalent
MIR geometries can finally be determined by noting that they are equal to that of the designed
butterfly MMISs, except for the length, which is half of it (L/2). Table 2 shows the final param-
eters of the designed devices, together with their simulated performance. Please note that here
negative dW correspond with a widening of the MMI body, and viceversa.

6. Measurement procedure and experimental results

The designed devices were fabricated in a commercially available 3 um thick SOI platform.
More details about the fabrication procedure and technology capabilities can be found else-
where in the literature [20, 30]. Fabry-Pérot (FP) test structures made of a concatenation of
two MIRs were employed to extract the wavelength dependent reflectivity, similar to [19]. Fig-
ure 6(a) shows a schematic diagram of the test structures, while Fig. 6(b) is an SEM picture of
a fabricated device. The two MIRs form an integrated resonant cavity with a periodic spectrum
made of interference fringes. The depth of these fringes, also known as the extinction ratio (ER),
depends on the total effective reflectivity of the MIR under test (p.sr). This includes not only
the reflectivity of the metallic mirrors, but also the insertion losses in the access waveguides
and the propagation losses within the multimode section. An interesting feature of this indirect
approach is that the extinction ratio does not depend on the coupling losses, which can fluctuate
from measurement to measurement due to mechanical vibrations and thermal drifts. Since the
losses in the connecting straight waveguides can be considered negligible (<0.1 dB), p.yr is
given by [19]

 VER-1 ©
Pelf = JER+ 1

where ER is the measured extinction ratio, in linear units.

The measurement procedure was as follows. First, red visible light coming from a fiber laser
was coupled to a Thorlabs’ FiberBench, consisting of a collimator, a free space polarizer and
a focusing microscope objective. Visible light was employed in this first step because it allows
for a coarse alignment of both input and output stages, which are mounted on top of piezoelec-
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Fig. 6. (a) Schematic diagram of the structures employed to measure the effective reflecti-
vities of the devices under test. (b) SEM picture of a test structure.

tric micropositioners. Second, a broadband ASE source (ASE-CL-20-S, NP Photonics) was
coupled to the FiberBench. The micropositioners were then optimized until maximum power
was collected at the output by means of a lensed fiber. The free space polarizer of the input
stage was adjusted so that only TE polarization, parallel to the chip surface, was injected into
the chip. Finally, captured light was directed into an optical spectrum analyzer (AQ6370C,
Yokogawa), where it was recorded and sent to a computer through a GPIB interface. The trans-
mission spectra of test straight waveguides located nearby on the chip were also collected so as
to normalize and compensate for the non-flatness of the source. In total, 9 different chips were
measured, with six test structures each (5 MIRs + 1 straight waveguide). Insertion losses after
normalization varied for each structure, but they were about 5 dB on average.

An example of a measured transmission spectrum after normalization is shown in Fig. 7(a),
corresponding to device 1 in Table 2 (type A, p/T = 50/50). It can be observed how the Fabry-
Pérot fringes are affected by spurious ripples. In order to determine whether the metallic mirror
is the cause of such ripples, we simulated the response of the test structure of device 1 using
our theoretical model. Simulation results are shown in Fig. 7(b), where it is shown that the
predicted response of the FP is almost ideal. The extra oscillations measured in the real devices
can not then be put down to high-order mode excitation, induced phase shifts or other resonant
phenomena in the metal mirror. On the contrary, these undesired fringes are explained by the ex-
istence of a higher than expected back-reflection from the chip facets, which is in turn attributed
to the relatively low performance of the employed antireflection coating. First, note that high
levels of facet reflectivities have already been observed in previous works on the same technol-
ogy, where ripple values of +0.5 dB have been reported [20]. In our case, oscillations of up to
£0.25 dB dB have been experimentallly measured in reference straight waveguides (Fig. 7(c)).
Please note that, in reality, the reference waveguide ripples are probably higher. This is because
their Free Spectral Range (FSR=70 pm) is comparable to the resolution of the OSA (20 pm), so
they are being directly smoothed during measurement. Second, we have determined the cavity
lengths associated with these spurious ripples by performing a Fast Fourier Transform of the
autocorrelation of the measured spectrum (Fig. 7(d)), similar to what is done in [23]. It can be
seen that extra peaks appear aside from the harmonics of the fundamental length (L,, 2L, 3L,),
which are associated with the existence of spurious cavities. This plot also allows us to identify
where this cavities are created on the chip layout. From the data, we can determine that the
main contributions to the ripples arise from spurious cavities formed between the input facet
and input MIR (L; in Fig. 6(a)), as well as between the output facet and the output MIR (L3).
A good match is actually obtained between calculated and real cavity lengths. The fact that the
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Fig. 7. (a) Measured spectrum of the type A device of Table 2 (p /T = 50/50), after nor-
malization with a test straight waveguide. (b) Simulated spectrum of the same structure
using the theoretical model of Section 4. (c) Measured transmission spectrum of a refer-
ence straight waveguide. (d) Relative contributions of the different resonant cavities present
in the structure (see Fig. 6(a)).

measured ripples in the FPs are higher than in the reference waveguides is simply because the
FSRs of these spurious cavities are now comparable or higher than the OSA resolution, and so
they are not being smoothed during data acquisition.

Unfortunately, these ripples introduce an indetermination in the measured extinction ratio,
which in turn causes noisy fluctuations in the spectral dependence of the reflectivity. In order to
reduce this unwanted effect, a moving average of 30 points, equivalent to a 120 pm wide spectral
window, was applied to the recorded traces. The result of this smoothing can be seen in Fig. 8(a),
where maxima and minima are also shown. Every two adjacent minima and maxima points can
now be used to compute the extinction ratio at an intermediate wavelength, which is plotted in
Fig. 8(b). Finally, the extinction ratio in linear units is used to compute the effective reflectivity
versus wavelength, as shown in Fig. 8(c). Even though smoothing significantly reduces the
wavelength fluctuations of the reflectivity, it is clear that the ripples are still noticeable. In order
to have a better estimate, we exploit the fact that the reflectivity varies slowly with wavelength
as predicted by both FDTD simulations and the quasi-analytical model, and fit a third-order
polynomial to the measured traces over a 20 nm wavelength range (1540-1560 nm). The result
is plotted as a solid black line in Fig. 8(c). A reflectivity of about 0.4 is obtained over the
whole bandwidth, which deviates from the target value of 0.5. This is mainly attributed to the
combined effect of both the non-perfect reflectivity of the mirror and the excess losses of the
MMI, which are estimated to be around 0.9 dB in total (0.4/0.491 = 0.81 ~ 0.9 dB). Please
note that trace smoothing is also responsible for a small reduction of the reflectivity value,
as depicted in Fig. 8(d). This reduction can be severe if the size of the smoothing window is
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Fig. 8. (a) Measured spectrum of the type A device of Table 2 (p/7 = 50/50), after nor-
malization with a test straight waveguide and smoothed with a 30 point moving average
(~120 pm). Maxima and minima are also shown as black triangles. (b) Extracted extinc-
tion ratios for different wavelengths. (c) Measured reflectivity and third-order polynomial
fit (solid black line). (d) Reduction in reflectivity for each device in Table 2, as the smooth-
ing window goes from zero to a size equal to the FSR of the FP.

comparable to the FSR of the FP, and it gets worse for higher reflectivity values. We computed
the impact of the smoothing in our simulated structures. Results are shown in Table 3. As it
can be seen, the worst case corresponds to type C (p/T = 30/68.1), where the reflectivity is
just reduced by 2.24%. As a consequence, the measured reduction of reflectivity can be mainly
attributed to losses in the mirror and the MMI body, and not to the smoothing procedure.
Polynomial fittings were finally performed for all structures in the 9 measured chips, and
then these were employed to obtain an statistical estimate of the expected reflectivity fluctua-
tions due to the manufacturing process. Figures 9(a)-9(e) show the average (solid black lines)
and standard deviations (grey dashed lines) of the wavelength dependent reflectivities for each

Table 3. Estimated reduction in measured reflectivity due to smoothing (See Fig. 8(d)).

Type FSR (nm) Smooth win./FSR Sim. p (w/o smooth) Sim. p (w/ smooth)

A 1.056 0.113 49.1 47.5
A 1.199 0.1 39.1 38.2
C 0.598 0.2 30 27.76
C 0.714 0.168 19.8 18.8
B 0.66 0.182 0.0 0.0
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Fig. 9. (a) to (e) Average reflectivities (solid black lines) and standard deviations (grey
dashed lines) for the 5 MIRs shown in Table 2, computed after measuring 9 different dies.
(f) Black diamonds: Measured average and standard deviations of the reflectivities versus
the simulated values at 1550 nm. Grey dashed line: Slope fitted to the data that provides an
estimate of the average intrinsic losses both in the mirror and in the access waveguides.

designed MIR. As it can be seen, all the devices have a maximum standard deviation with
respect to the average value of about +5%. The device with a target p/t = 0/100 (type B in
Table 2) features an average residual reflectivity of about 5%, which we mainly attribute to spu-
rious reflections in the chip facets not eliminated during smoothing. This also explains why this
device exhibits a negligible standard deviation in the measured reflectivity, as these reflections
are not expected to change significantly during manufacturing. Finally, the average reflectivities
and standard deviations for all the devices at the nominal operation wavelength (1550 nm) are
plotted in Fig. 9(f) against the simulated reflectivities of Table 2. By fitting a slope to the data,
an estimate of the reflectivity due to the aluminium mirror and the excess losses of the MMI is
obtained. As it can be seen in Fig. 9(f), the effective reflectivity is around 79%, similar to other
previous works [18-20].

7. Conclusions

In this work, multimode interference reflectors (MIRs) based on aluminium mirrors have been
designed and experimentally demonstrated in a 3 um SOI platform. Contrary to previous ap-
proaches, MIRs based on metal mirrors feature a greater degree of flexibility as they do not have
restrictions on the shape of the field pattern formed at the reflecting surface. Several devices
with reflectivities varying between 0 and 0.5 were fabricated, and characterization of 9 different
dies was performed in order to extract statistical data about their performance. Measurements
show average reflectivities to be around 79% of the target value, mainly due to both non-ideal
reflection from the mirror and losses in the access waveguides. Moreover, maximum standard
deviations of the reflectivity of about £5% are achieved in a 20 nm (1540-1560 nm) wave-
length range for all designs. Finally, we have also provided a theoretical description of these



devices. This includes formulas for the design of MIRs with arbitrary reflection/transmission
ratios, as well as expressions for the modelling of the aluminium mirror, which are in good
agreement with more realistic 2D-FDTD simulations. This type of devices might thus be in-
teresting for the implementation of future fabrication-tolerant, broadband, on-chip reflectors,
finding applications in reflective optical filters and integrated lasers, among others.
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