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ABsTRACT: Multimode interferometers (MMIs) are key components for high-performance
transceivers in upgrading the data transmission of future detector systems. According to their
power splitting ratio, they are used in Mach-Zehnder modulators and for working point control,
respectively. To meet with special requirements, we investigate MMIs with engineered refractive
index where sub-wavelength gratings and shallow etching techniques were adopted. By engineering
the refractive index of the relevant parts of MMIs, the on-chip footprint and the phase errors can be
decreased dramatically, making them suitable for advanced silicon photonic integrated transceivers.
These MMIs are compared to two MMIs designed using conventional methods and fabricated on a
250 nm silicon-on-insulator (SOI) platform.
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1 Introduction

In 1890, the Talbot effect was observed [1] that if a monochromatic optical plane wave is incident
upon a periodic diffraction grating, the grating image will repeat itself at a fixed distance L. The
regular distance L is called the Talbot length. This effect was verified by Rayleigh [2] and proved
based on Fresnel images in [3]. In addition, secondary imaging at L-p/q was predicted correctly [4]
afterwards. With relating the output image to the input source via a convolution, the Talbot effect
was extended to two dimensional images [5]. Producing a confined Talbot effect is the basic idea
of the MMI and was proposed in [6] and [7] by using total internal reflection in optical fiber to
replicate periodic gratings. This phenomenon was firstly tested in 1975 by Ulrich et al. [8]. As
MMIs have the merits of compact on-chip footprint, phase-dependent, low loss and predictable
performance, they are widely used in photonic integration designs. Additionally, MMIs are also
potential structures to optimize the performance of our Echelle grating multiplexers [9].

In the past decade, research interest on MMI forwarded into devices with sub-wavelength struc-
tures where the sub-wavelength periodic structures are composed of different materials and helpful
to suppress diffraction effects. This diffraction suppression effect became known to researchers was
rather early, in the late 19" century [10] whereas the study of electromagnetic wave propagation
in a medium, structured at sub-wavelength scale was started rather late in 1940s [11]. In 1950s,
Rytov [12] developed a comprehensive theory of sub-wavelength structures. Since then, this topic
became more and more popular [13-22]. However, due to limitations of fabrication technology,
sub-wavelength structures were not widely used in integrated optics. Recently, with the develop-
ment of advanced lithography and photonic technologies, they start to be used in integrated circuits
design such as grating couplers [23], vertical-cavity surface-emitting lasers [24], and wavelength
demultiplexers [25]. In this paper, we present the design of two different types of traditional 2x 2



MMIs with different splitting ratio, the simulation and measurement results of the fabricated de-
vices. Based on these devices we engineer the refractive index of the relevant regions of n X n MMIs
to improve their performance accordingly. Appropriate sub-wavelength structures to engineer 2x 2
MMI are simulated and compared to the traditional MMIs.

2 Theory and simulation basics

To calculate the electric field in the waveguide of MMI, the Laplace equation (2.1) has to be solved
with considering polarization. In this paper, TE polarization is universally assumed, yielding
a problem of solving the one dimensional Helmholtz equation (2.2) where k is the free space
wavenumber, 7 is the refractive index of the core and 5 is the propagation constant.
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Under the circumstance of strongly guided eigenmodes and paraxial approximation, the prop-

agation constant has the form of 3, = kn4/1 — (%)2, where W is the width of the multimode
region of the MMI. The self-imaging length of the input image is proportional to the beat length
L. = ﬁ = '30%’3] In addition, for lower order modes, the quadratic relation meets relation (2.3).
If changing the coordinates of the input image, the number and coordinates of the replica images
can be dramatically different. A detailed analysis can be found in [26, 27].

Fundamental research on MMI has been investigated widely while the accurate calculation
of MMI geometry still cannot be conducted by hand. In this paper, we use commercial software
COMSOL Multiphysics to make the numerical simulation. The advantage of the software is that
there is an interface with MATLAB via LiveLink™ and one can program complex geometries
instead of drawing them one by one in COMSOL. For the sub-wavelength MMIs with many
periodic gratings in the following sections, we uniformly programed the geometry in MATLAB and
export the device into COMSOL. We use the Wave Optics module and conduct the simulation in
frequency domain. All the required materials are included in the library. To obtain accurate result,
a small mesh is recommended and the size should be at least 3 times smaller than the effective
wavelength. One can also sweep the parameters with any random combination according to their
simulation time and computer power.

3 Two conventional MMIs

3.1 3dB MMIs

The 3 dB-MMIs (also referred to 2x 2 50:50 MMIs in this paper) are key components for the Mach
Zehnder modulator (MZM) design [29]. They are used as power splitter and combiner at the two ends
of the MZM. There are two alternative schemes to realize the design according to the self-imaging
theory where the location of I/O ports and the width of the multimode region are different. We



consider the 250 nm SOI platform, the I/O ports are universally tapered from 0.5 pm over a distance
of 10 um in this paper and we fix the distance between adjacent I/O ports to be 0.5 pm. By sweeping
the length of the multimode region and the location of the I/O ports, we obtained two optimized ge-
ometries shown in figure 1 and figure 2. The double imaging positon of the MMIs in the two schemes
are located at x = %L and x = %L (with L = 3L.), respectively. It is easy to find that both MMIs
have similar on-chip footprint while the one presented in figure 1 has a shorter multimode region
and a larger vertical distance between the I/O waveguides and the boundary of multimode region.

11 pm T025

c : —* pm

C I0.5 um 45 um : 10.5um 3 um ;
T1um o H :l1025um
' 246um | 32.7 um |

. o Figure 2. Schematic of a second type of 3-dB MML.
Figure 1. Schematic of first type 3 dB-MMI.

Hence, we fabricated the MMI shown in figure 1 at IMS Chips (Institut fiir Mikroelektronik
Stuttgart, Germany). For the measurement in this paper, we use a tuneable laser source Agilent
81618A to generate continuous-wave signal where the wavelength can range from 1524 nm to 1576
nm with a depth of 0.5 nm. Between the laser source and the photonic chip, a polarization controller
is used to ensure the TE polarization. The output light from the photonic chip will be detected
by the embedded detector head of the laser. Limited by the measurement setup, we can merely
measure one arm one time. The absolute transmission of MMI arm is derived by subtracting the
transmission of the grating couplers from the transmission of the measured MMI arm.

Figure 3 shows the simulated and the measured power fraction of the output power with respect
to the input power of two output ports and the inset is a microscope picture of the fabricated
device. As can be seen, there is an excellent agreement between the theoretical (dotted lines) and
experimental (full lines) results. Across the C band, the input power distributed in two arms is split
evenly, the power fraction of both arms remains close to 0.5. Even in the worst case, the power
fraction is still as high as 0.45. As a result, the total insertion loss is very low, both the simulation
and measurement result are shown in figure 4. The measured average and maximum insertion loss
are 0.43 dB and 0.84 dB, respectively.

3.2 2x286:14 MMIs

For working point control using a feedback loop, the awareness of the signal phase is very important
in phase modulation. However, detecting the phase of a signal directly is dicult to implement.

Since MMIs have a specific phase relation between the 1/O ports, we propose utilizing 2x 2 MMIs
with an extremely uneven splitting ratio to branch off a certain percentage of the signal in each
MZM arm and track their phase relation. According to the MMI self-imaging theory, x = 1/4 L is
also a double imaging position, while the power apportionment is 86:14 instead. More importantly,
the phase difference of the two output ports remains 90°. By extensive numerical simulations, we
obtained the optimized geometry as the inset picture shows in figure 5. The simulation result show



Output 1 Output 2
056 —imimis Simulation : !

Measurement

Output power fraction
Total Insertion Loss (dB)

. . . . - 00 ; : ; . : : ;
1530 1540 1550 1560 1570 1520 1540 1560 1580
Wavelength (nm) Wavelength (nm)

Figure 3. Comparison of simulated and measured Figure 4. Simulated and measured total insertion

power fraction of output ports with respect to the jogg as a function of wavelength for device shown in
input power of device shown in figure 1. figure 1.

Angle (°)

1520 1540 1560 1580
Wavelength (nm)

Figure 5. Simulated phase difference of the two output ports of the 2x 2 86:14 MMI. The inset shows the
geometry of the MMI.

that the phase difference across the C band is extremely close to the theoretical value, where the
average value is 89.2° and the value in the worst case is 87.3°

The simulated and measured power fractions of the designed 2x 2 86:14 MMI are illustrated in
figure 6. As can be seen, the power fraction remains very stable and close to the theoretical number
throughout the entire C band, resulting in a very low total insertion loss of 0.078 dB in average. It is
worth noting, the arm with the major power has an average insertion loss of 0.77 dB given regarding
the power in the other arm as insertion loss as well, namely about 86% input power is guided to this
port, only 4% power less than in a common 90:10 power splitter. A 90:10 power splitter based on
MMIs can only be realized by either adding additional structures (normally a phase shifter) [36] or
by combining multiple stages of 3 dB-MMIs, which makes the design large and complex and the
fabrication expensive. In comparison, the design proposed in this section is easier to implement,
more suitable for integration with slightly less guided power, and finally the exact portion of the
branched off signal is not really relevant, as long as it is known and reproducible.
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Figure 6. Comparison of simulated and measured power fractions of the output ports with respect to the
input power of the 2x 2 86:14 MMI. (a) arm 1 and (b) arm 2.

4 MMIs with engineered refractive index

4.1 A shortened 2x 2 50:50 MMI with sub-wavelength structures

Using sub-wavelength structures is one effective way to construct metamaterials [29, 30], where
the optical properties of the metamaterials can be designed according to certain requirements.
The sub-wavelength structures have geometries at a scale smaller than the wavelength of the light
propagating through. Figure 7 (a) shows an arbitrary 2D dielectric structure. The light propagation
layer has alternate regions with refractive indices of n; and np. The top cladding and bottom
substrate layers have refractive indices of ny and n3, respectively. If the pitch size A; is shorter
than the shortest Bragg period, the stratified structure behaves as a homogeneous medium with
an equivalent refractive index of neg, as figure 7 (b) shows. The Rytov’s formulae [12] are good
start to calculate the equivalent refractive index where nj and n, in the following relations (4.1)
and (4.2) are the directions parallel and perpendicular to the interfaces between the alternating
layers, respectively. More accurate result requires numerical calculation.

2_a - ay >

n =an+(l—x)n2 (41)
| a l ay\ 1
P‘X;g*(“x),,—g (4.2)

For the conventional MMIs, the phase difference between all the guided modes with respect to
the phase of the input image at x = 0 is alternatively even and odd multiples of 7t, and the first inverted
replica of the input field appears at x = L. By introducing a small perturbation to modify the modal
phase relations, the length to generate the first inverted replica can be shorted dramatically without
significantly affecting the mode profiles. In [32] and [33] the authors proposed to use a narrow
lengthwise slot at the center of the multimode region, shortening the 2x 2 50:50 MMI by a factor of
2. If the slot is narrow enough, only the propagation constants of even modes are modified whereas
those of odd modes are not, since their intensity is zero at the center of the multimode region. Asa
result, the phase changes of even and odd modes can be modified to be alternatively even and odd



multiples of 7t at the distance of 0.5L, namely the required length of the first inverted replica of the
input field is halved. Therefore, the footprint of MMIs is halved as well. The challenge for this kind
of device mentioned in the literature above is that an additional, precisely aligned shallow etching
process step is required to introduce phase perturbation.

! a, /\z n, a n,
S TR T S »
n3 n3
¥ y
l n, | n,
(a) (b)

Figure 7. 2D schematic of a slab waveguide with (a) sub-wavelength structures and (b) its equivalent
structure with equivalent refractive index.

Alternatively, one can also introduce a small perturbation of refractive index by using sub-
wavelength structures. According to the study in [34], for two-material alternating structure, the
refractive index in the Bragg reflection region follows a linear relation ng ~ %(/l /A;) which gives a
good starting point to make the calculations of the required modified refractive index of the central
region. To obtain a 50:50 splitting ratio with halved length, we made simulations with varying
widths and refractive indices of the central engineered region. Figure 8 shows the simulation results
at 1550 nm. As can be observed, a narrower width of the central engineered region requires a larger
change of the refractive index. Whereas, a width of 60 nm is a limitation for most foundries, in our
case, a width of 60 nm and An; = -0.35 is considered. We further made numerical simulations to
achieve the engineered An, = -0.35 with a row of SiO2 filled square holes with a lateral length of
a = 60 nm and a pitch of A =250 nm. The structure size is well within the fabrication ability of
most fabs. Figure 9 shows the simulation results of the designed shortened MMI, the average total
insertion loss is as low as 0.21 dB with a maximum value of 0.65 dB at 1480 nm and a minimum
value of 0.07 dB at 1565.5 nm. Additionally, the power of the two output ports is almost equal from
1500 nm to 1630 nm with only minor variations. The merits of high bandwidth and compactness
make this kind of MMI very suitable for integrated high-bandwidth transceiver designs.

4.2 Low phase error 4x 4 MMIs

The number of guided modes in an MMI is determined by the width of the multimode region. An
MMI with multiple ports will result in a wide multimode region and therefore a large number of
guided modes. Under the circumstances of numerous guided modes, the parabolic law in (2.3)
is not well fulfilled in practice. Therefore, the output images are not perfectly replicated and the
guided modes do not interfere with the correct phases. The modal phase error at a distance of
N-fold images is approximated by [35]:
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the central part with varying width to reduce  Figure 9. Simulation results of a 3 dB-MMI with sub-
the length of the MMI by a factor of 2. Inset wavelength grating in the central part to replace a shallow
is the schematic for a 2D structure. etched line. Inset is the schematic for the 2D structure.

In this formula, 7 is the refractive index of the core, An is the refractive index contrast ratio between
core and lateral cladding, and W is the effective width of the multimode region for the fundamental
mode. Two main sources of phase error are the mode number m and the refractive index contrast
An. Given the mode number m is fixed to a specific value, the phase error will be positive when
An is small. Conversely, it will be a negative value when the refractive index contrast is high.
Considering a 4x 4 MMI on the 250 nm SOI platform, An = nsijicon - NSilicondioxide 1S @s high as 1.49
(nsilicon = 2.93 and nsilicondioxide = 1.44), the resulting phase error is a negative value and the value
for the tenth order will be considerably high according to (4.3). To reduce the phase error, one can
optimize the refractive index contrast to an appropriate value. Apart from the phase error, the total
insertion loss is also important for MMIs design. Figure 10 shows the simulated total insertion
losses of optimized 4 x 4 MMIs at different An. When the cladding has a refractive index decrease
of 0.3 compared to the core, the total insertion loss is minimum.
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MMI over the refractive index change of the lateral
cladding with respect to the core. Inset is the 2D  Figure 11. Refractive index engineering effect of dif-
structure of 4x 4 MMI. ferent etch depths for the core layer.
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There are two options to engineer the refractive index of the lateral cladding region. One
solution is using the sub-wavelength gratings similar to those structures shown in section 3.1. The
advantage of this method is that no additional etching steps are required. However, to get accurate
numerical simulation results using commercial software is extremely computing source consuming
for such a large device with numerous sub-wavelength structures. In this case, using a shallow
etched region is the favourable solution. A calculation of the effective refractive index for different
core layer thicknesses was made and the result is shown in figure 11. As can be seen, an etch depth
of 80 nm will result in an effective refractive index of 2.645, where the refractive index difference
to an non-etched core layer is close to 0.3. With this configuration, the final optimized 4x 4 MMI
has an on-chip footprint of 7.2 pm X 105.6 um. Figure 12 and figure 13 show the simulated total
insertion loss and the phase errors, respectively. The novel MMI has a bandwidth of approximately
80 nm, which is comparable to the conventional MMIs. Whereas, the maximum phase error in the
C band for the novel MMI is merely 3.1°, much smaller than the 10.3° of conventional MMI.

5 Conclusions and outlook

In this paper, several different types of MMIs were presented. The fabricated 3-dB MMI has a
compact geometry of 4.5 pm X 24.6 pm on a 250 nm SOI platform. A second MMI with a
power splitting ratio of 86:14 has a more compact geometry of 2.8 pm x 14.2 pm. Both devices
show excellent agreement with simulation results and the splitting ratio remains stable across the
C-band. Additionally, they feature a low insertion loss with an average value of less than 0.8 dB.
The performance of MMIs can be further improved by engineering the refractive index of certain
parts. By introducing sub-wavelength grating elements with a size of 60 nm X 60 nm, the size of a
3 dB-MMIs can be halved without deteriorating the performance. By lowering the refractive index
contrast between the core and lateral cladding of 4x 4 MMIs, the maximum phase error can be
decreased from 10.3° to 3.1°. We propose to implement the engineered refractive index by an etching
depth of 80 nm and the resulting MMI has an on-chip geometry of 7.2 pum x 105.6 pm. These results
will contribute to an improved performance of higher integrated high-bandwidth transceivers.
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