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Abstract Silicon photonics provides a method for cre-

ating optical circuits using silicon and electronics man-

ufacturing techniques. One important component is the

Mach-Zehnder Interferometer (MZI). In this paper we

propose determining the group index of manufactured

MZI by measuring the Free Spectral Range (FSR) and

calculating the group index

1 Introduction

A Mach-Zehnder Interferometer consists of a waveguide

that is split into two paths, which can be equal in length

(balanced), or unequal in length (unbalanced). The two

paths are coupled together again and the light that is

propagated depends on the relative lengths of the two

arms of the MZI.

2 Waveguide

We first use Lumerical MODE to derive the properties

of the silicon waveguide. Our waveguides will be 220nm

in height and 500nm in width to support single-mode

propagation. In addition, we use TE-polarized grating

couplers to couple the light on and off the chip.

Lumerical MODE computes the field intensity for

our waveguides, and this is shown in Figure 1.

Next we compute a compact model for the waveg-

uide that can be used for later circuit simulations. This

is done by sweeping a spectral range for the effective in-

dex, then fitting a polynomial expression to this curve. Fig-

ure shows a plot of effective index from 1.5 micron to
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Fig. 1 Field intensity in waveguide

1.6 micron, and the following equation shows the poly-

nomial fit.

Fig. 2 Wavelength sweep of Effective Index

3

neff (λ) = 2.4 − 1.1(λ− 1.55) − 0.1(λ− 1.55)2
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4 Mach-Zehnder Interferometer

The basic layout of a MZI is shown in figure 3. Incom-

ing light is split into two branches. For the unbalanced

MZI, these branches have different lengths. The light is

coupled together at the end. For frequencies that expe-

rience a π phase shift from the different lengths, those

frequencies will destructively interfere and the light ra-

diates out of the waveguide.

Fig. 3 MZI Schematic from Lumerical INTERCONNECT

Light is modeled as a plane wave as describe by the

following equation:

E = E0e
i(ωt−βz)

where

β = 2πn
λ

At the splitter, half of the light is directed down

each branch. The light propagates down each branch,

and the combined field is

Eo = 1√
2

(Eo1 + Eo2) = Ei
2

(
e−iβ1L1−α1

2 L1 + e−iβ2L2−α2
2 L2

)
Converting the E-field to intensity, and assuming

loss-less propagation, this simplifies to:
Io
Ii

= 1
2 [1 + cos (β∆L)]

FSR is defined as the space between adjacent peaks,

or where the phase shift is a multiple of 2π.

Solving for FSR gives

FSR = ∆λ = λ2

∆Lng

5 Simulation

Table 1 shows the devices that will be fabricated. FSR

were calculated using Lumerical INTERCONNECT sim-

ulations. In addition, a de-embedding device is in-

cluded which includes just an input grating coupler,

and a Y-Branch connection to two output grating cou-

plers. From this device we can learn the response of

the grating couplers themselves.

The included figures show the simulated gain re-

sponse of the MZI devices as calculated in Lumerical

INTERCONNECT.

Monte-Carlo simulations were run to take into ac-

count manufacturing variability. [1] For this purpose,

50 simulations were run on each MZI, and the resulting

FSR binned into histograms.

Delta L (nm) FSR (nm)

0 N/A

30 18.3

100 5.5

400 1.4

Table 1 List of MZI device lengths and their associated FSR

Fig. 4 Direct Grating Coupler Connection

Fig. 5 Balanced MZI, ∆ L = 0

Fig. 6 ∆L = 30

Table 2 shows the data from the simulation runs. The

group index is calculated from the FSR histogram bins.

6 Fabrication
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Fig. 7 ∆L = 100

Fig. 8 ∆L = 400

Fig. 9 Monte-Carlo histogram, MZI ∆L = 30 nm

Fig. 10 Monte-Carlo histogram, MZI ∆L = 100 nm

The devices were fabricated using 100 keV Electron

Beam Lithography [2]. The fabrication used silicon-on-

insulator wafer with 220 nm thick silicon on 3 μm thick

silicon dioxide. The substrates were 25 mm squares

diced from 150 mm wafers. After a solvent rinse and

hot-plate dehydration bake, hydrogen silsesquioxane re-

Fig. 11 Monte-Carlo histogram, MZI ∆L = 400 nm

FSR Group Index
Delta L Min Max Mean Max Min Mean

30 18.31 18.57 18.42 4.37 4.31 4.35
100 5.54 6.21 5.78 4.34 3.87 4.16
400 1.4 1.43 1.42 4.3 4.19 4.22

Table 2 Fabrication variances from Monte-Carlo Simula-
tions

sist (HSQ, Dow-Corning XP-1541-006) was spin-coated

at 4000 rpm, then hotplate baked at 80 °C for 4 minu-

tes. Electron beam lithography was performed using a

JEOL JBX-6300FS system operated at 100 keV ener-

gy, 8 nA beam current, and 500 μm exposure field size.

The machine grid used for shape placement was 1 nm,

while the beam stepping grid, the spacing between dwell

points during the shape writing, was 6 nm. An expo-

sure dose of 2800 μC/cm2 was used. The resist was de-

veloped by immersion in 25% tetramethylammonium

hydroxide for 4 minutes, followed by a flowing deion-

ized water rinse for 60 s, an isopropanol rinse for 10

s, and then blown dry with nitrogen. The silicon was

removed from unexposed areas using inductively cou-

pled plasma etching in an Oxford Plasmalab System

100, with a chlorine gas flow of 20 sccm, pressure of 12

mT, ICP power of 800 W, bias power of 40 W, and a

platen temperature of 20 °C, resulting in a bias volta-

ge of 185 V. During etching, chips were mounted on a

100 mm silicon carrier wafer using perfluoropolyether

vacuum oil. Cladding oxide was deposited using plas-

ma enhanced chemical vapor deposition (PECVD) in an

Oxford Plasmalab System 100 with a silane (SiH4) flow

of 13.0 sccm, nitrous oxide (N2O) flow of 1000.0 sccm,

high-purity nitrogen (N2) flow of 500.0 sccm, pressure

at 1400mT, high-frequency RF power of 120W, and a

platen temperature of 350C. During deposition, chips

rest directly on a silicon carrier wafer and are buffered

by silicon pieces on all sides to aid uniformity.[3]
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6.1 Device Characterization

To characterize the devices, a custom-built automated

test setup [4]with automated control software written

in Python was used [5]. An Agilent 81600B tunable

laser was used as the input source and Agilent 81635A

optical power sensors as the output detectors. The wa-

velength was swept from 1500 to 1600 nm in 10 pm

steps. A polarization maintaining (PM) fibre was used

to maintain the polarization state of the light, to couple

the TE polarization into the grating couplers [6]. A 90º
rotation was used to inject light into the TM grating

couplers [6]. A polarization maintaining fibre array was

used to couple light in/out of the chip [7].
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7 Analysis

The goal of analysis is to find the group index of the

manufactured device and compare that to the results

found in simulation. To do this, we must first determine

the parameters of the MZI based on the measured data.

First step is to remove the response of the grating

couplers so we can see the effect of the MZI itself. For

example, Figure 12 shows the measured data of a de-

embedding device: one input GC followed by a Y-branch

which connects to two output GC. As can be seen, the

response peaks around 1600 nm.

In Figure 13 the raw measured data for one of the

MZI devices is plotted. The characteristic response of

the GC can be seen superimposed on the MZI peaks. To

compensate for this, a low-order polynomial is fit to the

data, then subtracted from it. The results are seen in

Figure 14.
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Fig. 12 ng couplers so we can see the effect of the MZI it-
self. For example, Figure 12 shows the measured data of a
de-embedding device: one input GC followed by a Y-branch
which connects to two output GC. As can be seen, the re-
sponse peaks just below 1600 nm. De-embedding structures
to show the response of the grating couplers

Fig. 13 Raw measured data for MZI with ∆L=100nm

Fig. 14 Baseline correction applied to MZI with ∆L=100nm

From here, the peaks are found using the MATLAB

“findpeaks” routine. The distance between peaks de-

termines the FSR, which in turn can be used to find

the group index. Figure 15 shows the plot of the MZI



Experimental validation of Mach-Zehnder Interferometer group index by measuring free spectral range 5

function that has been fit to the measured data. It can

be determined the the group index of this MZI is 4.21.

Figures 16-19 show plots from other MZI devices,

with ∆L from 30 to 400 nm.

Fig. 15 MZI with ∆L=100nm with parameters fit from the
measured data

Fig. 16 Raw measured data for MZI with ∆L=30nm

Fig. 17 MZI with ∆L=30nm with parameters fit from the
measured data

Fig. 18 Raw measured data for MZI with ∆L=400nm

Fig. 19 MZI with ∆L=400nm with parameters fit from the
measured data

Table 3 shows a summary of the FSR and group

index calculated from the measured data. Comparing

with the Monte-Carlo simulations above, we can see

that the 100 nm devices do fall within the predicted

range from the simulations, but the 30 nm and 400 nm

devices fall just outside the range.

Delta L

N G FSR

100 4.21 5.86

100A 4.18 5.99

30 4.25 19.6

400 4.17 1.5

Table 3 FSR and Group Index calculated from measured
data

8 Conclusion

This work shows the derivation of a Mach-Zehnder in-

terferometer transfer function, which was used to sim-

ulate performance for several different devices with un-

balanced lengths. These devices were fabricated, and
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the measured data compared to the simulations. It was

determined that some devices did indeed fall within the

predicted values of the simulations, while others were

close but outside the predicted range.
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