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Abstract: This paper presents a compact and low-loss photonic integrated device consisting
of a Y-branch and a pair of multimode interferometers (MMI) for a ratiometric wavelength
monitoring around 1550 nm on silicon-on-insulator (SOI) technique. Two MMIs are designed
in terms of width and length to achieve overlapping but opposite slope spectral responses
used as two edge filters over a wavelength measurement range from 1500 nm to 1600 nm.
The developed integrated photonic ratiometric structure demonstrates a suitable
discrimination range for a high-speed passive wavelength measurement, with a high
resolution better than 15 pm over a 100 nm wavelength range.
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1. Introduction

Wavelength monitoring is exploited in many optical systems, such as dense wavelength
division multiplexing (DWDM) and fiber Bragg gratings (FBGs) optical sensors [1,2], where
an accurate measurement of wavelength is highly beneficial. There are numerous wavelength-
monitoring schemes and among them the simplest way to monitor a wavelength change is to
use a wavelength dependent optical filter with a linear response, which works by translating a
wavelength change into an intensity change, assuming a suitable calibration has taken place.
This method is based on the use of an edge filter, which has a linear response with a steep
slope over a narrow range, or a broad band filter, which has a mild slope over a wide range.
An edge filter based ratiometric measurement scheme [3], which utilizes the transition region
of the filter spectral transmission response and undertakes wavelength monitoring by means
of a signal-intensity measurement, has a simple configuration and offers the potential for
high-speed measurements as compared with a number of active methods such as wavelength
scanning based active measurement schemes.

Fiber optic sensing systems based on Fiber Bragg Gratings (FBGs) require a wavelength
monitoring system to demodulate the wavelength shift induced by environmental changes on
the light reflected from the FBG. A recent investigation has proven that wavelength
monitoring can be implemented using a ratiometric power measurement technique [4]. A
ratiometric wavelength monitor usually can be divided into two parts: a splitter and one/two
edge filters. The splitter usually has two output ports one of which is used as a reference arm
and the other is connected to an edge filter arm with a well-defined spectral response.
Alternatively, both outputs can be connected to edge filters with overlapping opposite slope
spectral responses [5], the so-called “X-type spectral response”, to increase the resolution of
the measurement system. The ratiometric scheme can be implemented by using a range of
photonic components, such as a bulk device [6], an all-fiber based configuration [3] or an
integrated optics device [7, 8].

The integrated wavelength monitor has the advantages of a compact size, a high
scalability, and also benefits from low-cost and physical robustness compared to bulk devices
and photonic devices based on all-fiber configurations.

Silicon photonics [9] enables both electronics and optics to be integrated on the same
optoelectronic circuit chip, leading to the possible production of low-cost and simple
configuration devices on a single silicon wafer by using standard microelectronic industrial
processes. SOI is very attractive since it is one of the most promising platforms for achieving
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dense integration of optoelectronic devices at low cost. Importantly, the main two materials of
SOI wafers, the silicon and the oxide insulator (traditionally silica) are transparent at telecom
wavelengths of A = 1300 nm and 1550 nm, and in particular silicon has a low loss in the mid-
infrared (IR) band [10]. Therefore an SOI based integrated photonic device has significant
potential for applications in telecoms and possibly in the short wavelength region of the mid-
IR.

Multimode interference (MMI) effects based photonic devices have been widely
employed for a range of integrated photonics applications [11-13] because of their numerous
unique advantages, such as compact physical structure, large operating bandwidth, relatively
low insertion loss, ease of fabrication using photolithography and controllable manufacturing
tolerance. Our previous investigation reported an all-fiber based ratiometric system which
used two singlemode-multimode-singlemode (SMS) fiber structures based edge filters with an
X-type spectral response [5]. In an effort to further miniaturize the all-fiber ratiometric
wavelength monitor, a design of SOI MMI-based integrated ratiometric wavelength monitor
was proposed [14]. In this paper, the wavelength monitor developed which includes one input
waveguide, two MMI waveguides and two output waveguides is presented. The use of two
symmetrical MMIs based on SOI provide a 100 nm range and a high resolution better than 15
pm, much better than that of 50 pm [15] previously reported.

2. Device structure design

The schematic configuration of the proposed photonic SOI integrated ratiometric wavelength
monitoring system based on MMIs is shown in Fig. 1(a): the input signal is split into two
equal parts by a Y-branch splitter, one of which passes through the upper MMI structure
acting as an edge filter 1 while the other passes through the lower MMI structure acting as
edge filter 2. A cross section of the SOI rib MMI fabrication technique is shown in Fig. 1(b).
The desired spectral responses of the edge filters in the wavelength range from short to long
have opposite slopes and are shown in the inset figures of the Fig. 1(c). As shown in Fig. 1(c),
the ratios of the two output ports over the desired wavelength range are also presented.
Assuming a suitable calibration has been performed in advance, by measuring the ratio of the
output powers, the wavelength of an unknown input signal can be measured.
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Fig. 1. (a) Schematic configuration of the proposed MMI integrated device; (b) Cross section
of SOI rib MMI; (c) Schematic of the proposed MMI ratiometric wavelength monitor.

Measured Data

In the Y-branch splitter, a singlemode input waveguide is split into two singlemode
waveguides with a 50:50 power ratio. To design a low-loss broadband Y-branch power
splitter, the method described in [16] can be utilized.

Light propagation within the MMI-based devices is often simulated using a modal

propagation analysis (MPA) [17]. In the MPA, at the boundary (z=0) between the

singlemode waveguide and the multimode waveguide, the input field of the fundamental
mode must be the same as the field within the entrance of the multimode waveguide. In
other words, at the boundary, the input field can be decomposed into the eigenmodes of the

multimode waveguide @, (x,y) . The input field at the entrance of the multimode waveguide

can be written as:
m—1
v (x,.0)=> c,0(x.») (1)
v=0

where C, is the excitation coefficient of each mode and m is the number of modes in the

multimode waveguide. The coefficient C, is determined from the overlap integral between
¥ (x,»,0) andg, (x,y):

v (x,2,0)0, (x,y)dxdy
¢, = (@)
I¢V2 (x,y)dxdy

Once the coefficients C, are obtained, the field at a propagation distance Z within the
multimode section can be expressed as:
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p(e2)= S (c)en (8,-4,)7] ®

where S, is the propagation constant of each eigenmode of the multimode waveguide.
Finally, to obtain the transmissivity (7), the overlap integral between y(x,y,z) and the
eigenmode of the output singlemode waveguide ¥, (x,y) is performed. Therefore, the

transmissivity in dB can be written as:

2

U v (x,3.2)y, (x,y)dxdy

T(z)=10-log,, “)

ﬂy/(x, y,z)|2 dxdy“;//U (x,y)|2 dxdy

It should be noted that ¢, (x,y) and S, can be obtained by using a semi-vectorial finite
difference method (FDM) [18].

When using an MMI to implement an edge filter, the MMI width (W ) and length (L) are
tuned and the transmission response of the MMI is calculated for each W and L . The MPA
described above is used to calculate the transmission response in the multimode waveguide.
The desired edge filter spectral response corresponds to either an increasing or decreasing
transmission response as the wavelength increases over the wavelength range. For a
ratiometric wavelength measurement system with a measurable range from 4 to A,, it is

desirable that each edge filter has a low baseline transmission response (7) at either 4 or A,
and a suitable discrimination of transmission response D = |T (4)-T (27)| over the

wavelength range [19].
It is well known that a symmetrical MMI has the first self-image distance at %Lﬂ where

L, is the beat length at a certain wavelength. The self-image distances are repeated for the

length of MMI, LGxiL,[ with n = 1, 2, 3, and so on. However, at the self-image

distances, the MMI has a low wavelength dependence [20], hence it is not suitable for the use
as edge filter. To obtain a desired spectral response of the MMI-based edge filter, it is
necessary to scan the length of MMI. For example, the MMI length can be scanned from 0 to

2L, a which covers the two self-image distances at %Lﬂ and ZX%L,, .

A parameter scanning method is used by calculating the transmission response over the
wavelength range for each W and . It is necessary to calculate the transmission response
between the lower and upper limits [ 4, and A, ] of the desired wavelength range over a range
of W and L values for the MMI. For each of W each MMI, the length L has to be scanned
with regular increments to obtain 7'(4,) and T'(4,), and thus a corresponding discrimination
range D. After this step, suitable structures can be selected by considering their discrimination
range D - typically should be D>10 dB and their baseline transmission response - typically
less than 10 dB [19].

The spectral response for each of the selected structures is then evaluated. The optimal

design for each edge filter should give: i) a baseline transmission response 7'(4,)>-10 dB
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or T(A4)>-10 dB, for the negative or positive slope, respectively, ii) a discrimination range,

D >-10 dB, and iii) monotonically increasing or decreasing spectral response.
3. Numerical example

To demonstrate the design method and performance achieved, we present here a numerical
example. We choose the refractive indices of the silicon (Si) and silica oxide (SiO;) used in
the SOI MMI rib waveguide of Fig. 1, as 3.4789 and 1.4444 respectively. In order to achieve
singlemode operation, the dimensions of the SOI waveguide are optimized [21]. In order to
achieve singlemode operation, the dimensions of the SOI waveguide are optimized [21]. A rib
singlemode waveguide with H =5 um, W =5 um, and # =3 pm, is chosen as input port to
adapt the mode profile to that of a singlemode fiber. The edge filter is designed for a
wavelength range from 4 = 1500 nm to A4, = 1600 nm. The width, W, of the MMI is chosen

to be in the range 25 — 40 pm. The length, L, of the MMI to be in the range 0—-2L, (4,)

(where L, =

and S, is the propagation constant).

0 1
The transmission response contours in dB at the two wavelengths 1500 nm and 1600 nm,
and the discrimination are presented in Fig. 2. Figure 2(a) and 2(b) show that some values of
W and L are associated with a baseline transmission response smaller than —10 dB (white
background contour) due to the destructive interferences, hence they are not suited for the use
as edge filter. Figure 2(c) shows the values of / and L with the discrimination greater than 10
dB, suitable for the edge filter. For example, an MMI with W =25 pm and L = 0-2L,(4,),

it has the transmission responses of —15.02(—11.34) dB for the wavelength of 1500(1600) nm
and the discrimination range of 3.68 dB. Thus, it is not suited for the use of edge filter.

By considering the baseline transmission response and the discrimination, the optimal
design can be selected. In this case, the optimal edge filters are found to have W; = 26 um,
L =106%xL, =2408.6 um, and W, = 33 pum, L, =1.17xL, =4173.9 um, for the positive
slope MMI (T;) and the negative slope MMI (73), respectively. The length, L, of the MMI has

. 4 . .
to be in the range 0—2L, (4) (where L,=———and :B(o,l) is the propagation constant.
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Fig. 2. Contour plots of transmission response (7) in dB under different width and length of
MMI (a) at the wavelength 21 = 1500 nm, (b) ﬂz = 1600 nm. (c) Discrimination between

wavelength A, = 1600 and A, = 1500 nm, D=|T(ﬂ1)—T(ﬂ2)|. Lﬂ is set at the
wavelength of ﬂl .
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The transmission response descibed above was calculated by using the MPA based on
FDM. The MPA provides effective computation time for the parameter scanning method to
determine the optimal design. For the whole MMI’s edge filter structure including input and
output waveguide, the optical field distribution in the multimode region of the two MMIs was
simulated by using the commercial BPM software (Synopsys Rsoft BeamPro, Pasadena, CA
USA) and the results are shown in Fig. 3. Here the length L and the width ¥ of the MMI
structures 1 and 2 are L; = 2408.6 pum and W, =26 um, L, = 4173.9 pm and W, = 33 um,
respectively. All results confirmed that, when the light propagating along the singlemode SOI
rib waveguide enters into the multimode SOI rib waveguide section, high-order eigenmodes
of the multimode waveguide are excited and interference between different order modes
occurs while the light propagates along z direction the multimode SOI waveguide section.
Figure 3(a) and 3(b) show that at the wavelength of 4 = 1500 nm the output intensity at the
output port of MMI1 reaches a maximum, while the intensity of the output port of MMI2 has
a minimum. In Fig. 3(c) and 3(d), the output intensity of MMI1 at a wavelength of 1600 nm
has a minimum while that of the MMI2 has a maximum, providing the opposite slope
response needed.

(c) (d)

Fig. 3. Distribution of the optical field in the multimode region of the asymmetrical MMIs: (a)
MMI1@1500nm; (b) MMI2@1500nm; (¢) MMI1@1600nm; and (d) MMI2@1600nm, where
MMIL: L, = 2408.6 pm, 7, = 26pm; MMI2: L, =4173.9 um, W, = 33 um.

The simulated X-type spectral response from the two edge filters is plotted in Fig. 4. For
the negative slope edge filter (MMI1), the discrimination range is about 11.55 dB with a
baseline loss of —9.04 dB. For the positive slope edge filter (MMI2), the discrimination range
(from 1500 nm to 1600 nm) is 12.02 dB, while the baseline loss is —5.93 dB.
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Fig. 4. Calculated transmission spectra of the two MMIs.
4. Device fabrication and ratiometric wavelength measurement

Standard SOI silicon wafers were used as the fabrication medium. Figure 1(b) has clearly
shown the basic structure of the device. It comprises a top layer (Si) of thickness 5 um with a
buried layer of thickness 1um. The fabrication process of the SOI has been optimized for
repeatability and ease of future manufacturability with minimal modification. The process
comprised six steps: 1) Surface cleaning: the wafer surface was cleaned using acetone,
isopropyl alcohol, methanol followed by de-ionized (DI) water, subsequent dehydration was
ensured by baking on a hotplate at 120 °C for 3 minutes; 2) Resist fabrication: a PMMA
based e-beam resist was deposited on the surface of the cleaned SOI wafer. It was spun at
6000 rpm and prebaked on a hot plate at a temperature of 180 °C for at least 5 minutes which
was sufficient to allow complete evaporation of the chlorobenzene solvent as well as
sufficient hardening of the resist. This ensured that the PMMA resist layer had the targeted
thickness of about 300 nm; 3) Photolithography: a JEOL JBX-9300FS Electron Beam
Lithography (EBL) system with 20 nm resolution and accelerating voltage of 10 kV was used
for this purpose; the electron dose was optimized to ensure the resulting patterned waveguide
was equivalent to the targeted sizes; 4) Photoresist Development: a 3:1 mixture of methyl
isobutyl ketone (MIBK) and isopropyl alcohol (IPA) was applied for 20 seconds and
subsequently rinsed in IPA for 25 seconds; 5) Dry etching: inductively coupled plasma (ICP)
etching using an ICP-RIE process (Plasmalab System 100, Oxford Instruments) was applied
in conjunction with fluoride gas. The etch rate was about 200 nm/min, sufficient for effective
and rapid manufacture of the device. Here minimum sidewall roughness is an essential feature
of the fabricated device and the etching phase has been optimized to ensure this condition is
met; 6) Photoresist removal and final device preparation: the photoresist was removed using
O, plasma, and then the fabricated integrated devices were subsequently cleaned and cut from
the wafer. Final polishing on both sides of the wafer was undertaken for device optical
characterization and ratiometric measurement. Figure 5(a) shows an SEM image of an SOI
MMI arm. Figure 5(b) shows the integrated device consisting of both the two SOl MMIs.
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N

(b)

50 um

Fig. 5. (a) SEM image of one of the MMI arms with a width of 33 um; (b) SEM snapshot of
the two symmetrical SOl MMIs used for the proposed ratiometric wavelength monitoring.

The ratiometric transmission spectrum was measured by using a tunable laser source
which was coupled to the SOI integrated device using singlemode fibers connecting a
polarization controller and a tapered singlemode fiber. In order to collect the output signal,
two 20X objective lenses and two photodiodes were placed at the end of each SOI output
ports, the optical power was collected separately and hence the power ratio was calculated
and processed by the integrated wavelength monitoring system. Figure 6 shows the measured
and simulated ratio results: the measured data has a good agreement with the calculated
results, although measured results of the SOI photonic integrated device are smaller than
those predicted by calculations. The observed worst case of 25.2% discrepancy between the
simulated and measured results is shown in Fig. 6, thus pointing to a number of possible
reasons, such as the imprecise refractive indices used in the theoretical models, or more
likely, the slab thickness of the SOI (both singlemode and multimode SOI waveguides) and
physical dimensions deviations of the MMI waveguides during the fabrication, namely the
manufacturing tolerances.

15+

—— Simulated results
Experimental data

i
o
1

(6]
]

Ratio (dB)
o

S
o (&)
L.

1500 1520 1540 1560 1580 1600
Wavelength (nm)

Fig. 6. Simulated and measured ratio results.
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To evaluate the wavelength discrimination ability and also the wavelength resolution of
the proposed photonic integrated SOI MMI device, the ratiometric wavelength measurement
process was performed using the experimental method presented in [22, 23], considering the
optical and the electrical noise of the source signal and of the photodetectors. In the
experiments, the SNR of the input tunable lasing signal generated by a narrow linewidth, high
precision tunable laser (Agilent 81600B, Santa Clara, CA USA), is better than 70 dB, while
the resolution of the high sensitive power meters (ADC 8250A, Tokyo Japan) is 0.001 dB and
the noise generated by the power meters and electronic circuitry is equivalent to an
reproducibility error in the ratiometric measurements of about 0.002 dB. The starting source
wavelength was set to 4 = 1550 nm and then the wavelengths were shifted by increasing
increments of 10, 15, 20, and 25 pm, successively. The power meter outputs were sampled
every 10 seconds and the ratio of the power meter outputs was measured for each wavelength.

Figure 7 shows the measured ratio values within the complete time series as a function of
sample time starting from A = 1550 nm. The wavelength was stepped by successively
increasing increments of 10, 15, 20, and 25 pm every 10 seconds. The figure shows the
clearly detectable change of the recorded output ratio of the proposed passive wavelength
monitoring system, capable of achieving a resolution of better than 15 pm, which is
competitive compared with some commercial active wavelength scanning techniques and has
the additional advantages of robustness and the absence of a need for mechanical movement.
The other wavelengths of 1500 and 1600 nm provide a resolution better than 20 and 10 pm.
Also compared with our previous work on optical fiber based edge filters [3, 19, 23], the
advantage of this work is that silicon photonics is an unique candidate that should be qualified
for integrating both electronics and photonics on the same optoelectronic circuit chip, leading
to a high-volume production of low-cost devices on silicon platform by using the standard
photolithography technologies from the microelectronics industry. Ref [8] demonstrated that
the wavelength measurement based on Fano resonance in microring resonator can have a high
resolution of 0.8 pm but with a short wavelength range of 0.47 nm. Also, the next generation
of photonic components needs to meet ease of fabrication, compact physical configuration,
low-cost, CMOS compatibility, broadband operation (especially challenging at the mid-
infrared wavelength range) and compatible with high-volume manufacturing. Silicon
photonics appears as a unique platform to deal with this integration challenge using highly
confined optical modes in silicon based photonic integrated circuits.
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Fig. 7. Output ratio as the wavelength is tuned from a start wavelength of 1550 nm.
5. Conclusion

In conclusion, an integrated SOI device based on a pair of symmetrical MMI structures with
X-type spectral response for wavelength monitoring has been investigated theoretically and
experimentally. The wavelength discrimination of the proposed ratiometric structure has been
investigated and has shown a competitive measurement resolution better than 15 pm for a
wavelength monitoring application with a range of advantages, such as a simpler
configuration and a low-cost as compared to existing ratiometric wavelength monitoring
systems. Furthermore, the proposed SOI asymmetric MMlIs integrated device shows
promising characteristics, making them potentially suitable for on-chip wavelength
monitoring of large scale Si-PICs. Future work will focus on the post-processing techniques
for improving the performance of the integrated device, such as annealing and device
packaging process.
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