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Abstract

By measuring the transmission of Biodiesel/Diesel mixtures in the near- and far-infrared
wavelength ranges, it is possible to predict the blend level with a high accuracy.
Conventional photospectrometers are typically large and expensive and have a performance
that often exceeds the requirements for most applications. For automotive applications for
example, what counts is size, robustness and most important cost. As a result the
miniaturization of the spectrometer can be seen as an attractive implementation of a
Biodiesel sensor.

Using Silicon-on-Insulator (SOI) this spectrometer miniaturization can be achieved. Due to
the large refractive index contrast of the SOl material system, photonic devices can be made
very compact. Moreover, they can be manufactured on high-quality SOI substrates using

waferscale CMOS fabrication tools, making them cheap for the market.

In this work, we show that it is possible to determine Biodiesel blend levels using an SOI
spectrometer-on-a-chip. We demonstrate absorption measurements using spiral shaped
waveguides and we also present the spectrometer designed and fabricated for on-chip

Biodiesel/Diesel blend measurements.

Keywords: Silicon-on-Insulator, Planar concave demultiplexer, Biodiesel/Diesel blends

measurement.
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ABSTRACT

By measuring the transmission of Biodiesel/Dieseltanes in the near- and far-infrared wavelengtlgesn it is possible to
predict the blend level with a good accuracy. Cotiveal photospectrometers are typically large axgkasive and have a
performance that often exceeds the requirementsidst applications. For automotive applicationsewample, what counts
is size, robustness and most important cost. Assaltrthe miniaturization of the spectrometer carseen as an attractive
implementation of a Biodiesel sensor.

Using Silicon-on-Insulator (SOI) this spectrometeniaturization can be achieved. Due to the lagfeactive index contrast
of the SOI material system, photonic devices canmbele very compact. Moreover, they can be manufegton high-
quality SOI substrates using waferscale CMOS fationaools, making them cheap for the market.

In this paper, we show that it is possible to datee Biodiesel blend levels using an SOl spectrorrmtea-chip. We
demonstrate absorption measurements using spapeshwaveguides and we also present the spectrodestigin for on-
chip Biodiesel blend measurements.

Keywords: Silicon-on-Insulator, Planar concave demultipleXBiodiesel/Diesel blends measurement.

1. INTRODUCTION

Biodiesel is a biofuel with methyl esters as a prima
compound. These can be produced from differentstype
of biomass, including animal fats, waste cookinigaoid
oilseed rape. Oilseed rape, in particular, is oh¢he
principal sources of biofuel because it can beiatkd

on a fairly wide range of agricultural land. Biofusas
become potentially important because it is a nanfox
biodegradable and renewable source of energy ihat,
contrast to conventional Diesel fulreduces the carbon
dioxide (CQ) emission in a combustion process.

hand is higher and from this point of view, thigiom is
more interesting. In the 1665nm region, a transiois
difference of 20% is observed for the two fuel
compounds, as is show below in Figure 1
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A planar concave grating (PCG) is an interesting
wavelength filter used as a miniaturized spectremet
due to its possible small size, high resolution &arde
channel count. These devices have been realizediy
material systems including silica-on-silicon, Ill'sy

large core silicon-on-insulator (SOI) substratésand el .
nanophotonic SOI substraté® . This last one is a 1600 1610 1620 1630 1640 1650 1660 1670
promising material system for a wide range of Wavelenght [nm]

applications, such as telecommunications and dptica
sensors. Due to the large omnidirectional indextresh

of this material system, these devices can be made
compact and they can be manufactured on high-gualit
SOI substrates using CMOS fabrication tools, making
these devices cheap for the market.
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Fig 1.Transmission spectrum in percentage of differblends of
Biodiesel in conventional Diesel fuel

3. DESIGN OF THE SOI CIRCUIT
The evanescent tail of the optical modes in the
waveguides feels the fuel absorption processess Thi
interaction is proportional to the sensing lengamd
longer waveguides are necessary. These long leagths
achieved by curving the waveguide and creatingilsp
shape waveguide. The interactions between the

In this paper, we demonstrate the feasibility of
implementing a Biodiesel blend level sensor on a SOI
platform. We show that dedicated waveguide
configurations can be used for absorption measurtsme

and we discuss the design of an integrated grdtirsgd
SOI spectrometer with an on-chip sensing area Hiw t
application.

2. NEAR-INFRARED TRANSMISSION
SPECTRUM OF BIODIESEL FUEL

We are interested in the region of high and me&adeira
differences in the blends absorptions. Therefoeentiost
promising regions to determine the blends are aoun
2100 nm, 1930nm and 1665nm. The transmission in the
regions around 2100nm and 1930nm however is very
low. The transmission in the 1665nm region on ttieio

v

evanescent tail of the optical modes in the wawgii
and the surrounding material are the key phenomé@non
this sensing approach and we call them the serzsizg
in this work. We found optimum values of 1.1 an@2.
cm for regular and slotted waveguides respectivétig

2. is a scheme for the designed spectrometer.

Spiral (Sensing area)
—

Input Channel

Fig 2. Scheme of planar concave demultiplexer, alapiral
photonics wire.



4. SENSING BIODIESEL USING SOI
STRUCTURES

For the first experiment, we fabricated spiral sthp
500nm wide photonic wire waveguides with different
lengths. For these first experiments, the fuel added
manually on top of the sensing box.

The transmission spectra from the chip were medsure
with an Optical Spectrum Analyser (OSA) with

resolution setting of 0.1nm. A superluminescence
broadband Light Emitting Diode (SLED) with a center
wavelength at 1650nm was used as the light source.

4.1 Sensing the Biodiesdl blends.

A 1.1 and 3.6cm spiral were used as a sensing tool.
Figure 3 compares the transmission spectrum

measurement, for the predicted transmission vadunes
the measurements for pure Diesel and pure Biodiesel.
The measurements agree with our expectations and we
found differences in transmission around 4dB at h6&5
identification  of

making possible the the fuel

composition.

Model for Diesel (D) I
6k Model for Biodiesel (B)
Measurements D

Measurements B | \ B

Tranmission [dB]
&

1610 1620 1630 1640 1650 1660 1670

Wavelenght [nm]

Fig 3. Transmission spectrum measurement, and ncodgbarison
for a 3.6cm spiral absorbing Diesel and Biodiesel

4.2 Sensing the Biodiesel blends using a 14
ChannelsPCG

1600 1620 1640 1660 1680 1700

Transmission [dB]

Wavelength [nm]

Fig. 4. Transmission spectrum measured for a Jldnroél
demultiplexer and simulation comparison

The 14 Channel PCG designed was characterized; First
we measure the transmission spectrum of a straight
waveguide, and secondly we measure the transmission
for each channel. These two transmission spectwens

Vv

normalized by subtracting both measurements. This w
done for each of the 14 channels, thus, we oblenlt
channel PCG characteristic spectrum which show @s th
total on-chip transmissions. The simulation perfednis
then compare with the measured values and arerpegse
in Figure 4.

In concordance with our simulation we found 7 nm of
channel spacing and a good response for almoshall
channels. The measurements obtained show an
improvement in the total on chip losses, and waiabt
0.46dB more than the simulated for the central chlnn
The crosstalk is better than 15dB.

By using a power meter we measured the power &8 the
central channels from our spectrometer-on-a-chips t
we achieve the maximum absorption from the bleirds.
this experiment we add pure Diesel, pure Biodiesdl a
50/50 blend solution in to our sensing area.

Finally we compare the differences in transmission
between pure Diesel and pure Biodiesel for the ptedi

and measured values, and we call these differences
AFuel. We found correspondence for 6 of the 8 chianne
and they presented in Figure 5.

T T

16

12

os| E\{ / \ 1
AR R

o
k=i
T 00f
=3
[N
< oaf
—=&— Model for a D and B
0.8 - —@— Spectrometer-on-a-chip measurements b
for D and B
-1.2 - l -

16 1 1 1 1 1 1
1620 1630 1640 1650 1660 1670 1680

Wavelenght [nm]

Fig. 5 Model and measured transmission spectrufierdiices between
pure Diesel and pure Biodiesel for 8 different afels of our
spectrometer-on-a-chip.

The long error bars in our measurements are catised
to the low power coming out form the corresponding
channels. For the first two channels the measurtane
are not accurate most probably due to a low cogplin
efficiency caused by a shift in the input fiber time
cleaning process.

5. CONCLUSION

We have shown Silicon-on-insulator spiral shape
waveguides are able to sense the absorption of
Biodiesel/Diesel blends and can incorporate thesalsp
successfully with the planar concave demultiplexer.
Thus, the PCG and the spirals fabricated act as
spectrometer-on-a-chips, sensing the blends agrdift
wavelengths.

Using the fabricated spectrometer-on-a-chip witle th
1.1cm spiral, we measured the transmission spedwoum
pure Diesel, Biodiesel and a 50/50 blend. For aquaatr
point in the high absorbing region, (1663.48nm), we
predicted 1.08 dB and we measured 1.075 + 0.559dB for
the difference Biodiesel-Diesel, and for the 50/%hd,

we predicted 0.56dB and we measured 0.339 + 0.509dB
for the difference Biodiesel-50/50 blend.
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1. Introduction

Biodiesel is a biofuel with methyl esters as a primary compound. These can be produced
from different types of biomass, including animal fats, waste cooking oil and oilseed rape.
Oilseed rape, in particular, is one of the principal sources of biofuel because it can be
cultivated on a fairly wide range of agricultural land. Biofuel has become potentially important
because it is a nontoxic, biodegradable and renewable source of energy that, in contrast to
conventional Diesel fuel @, reduces the carbon dioxide (CO,) emission in a combustion
process. Therefore, the emission of greenhouse gases which are in big part responsible for
the climate changes is also reduced.

Biodiesel can be used in Diesel engines as a pure fuel or in blends with Diesel fuel. To
maintain optimum performance and meet emission regulations, it may be necessary to
measure the composition of blended fuels and adjust engine parameters such as fuel
injections timing during operation. @
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Figure 1 - 1 Percentages of transmission for diffeblends of Biodiesel and conventional Diesel figh an optical
path length of 1cf®

1



Intfroduction. | 1.

Previous studies “ % ® have showed that near- and far-infrared absorption spectroscopic
techniques are good tools to determine the Biodiesel/Diesel blend levels. By measuring the
absorbance of the mixture in these wavelength ranges, it is possible to predict the blend level
with good accuracy, as is shown in as is shown in (Figure 1 - 1). This figure plots the
transmission through a 1 centimeter cuvette filled with a mixture of Biodiesel/Diesel as a

function of wavelength.

Conventional photospectrometers are typically large and expensive and have a performance
that often exceeds the requirements for most applications. For automotive applications for
example, what counts is size, robustness and most importantly, cost. As a result the
miniaturization of the spectrometer can be seen as an attractive Biodiesel sensor
implementation, which can be used to adjust fuel injection timing during operation. A planar
concave grating (PCG) is an interesting wavelength filter for spectrometer applications due to
its possible small size, high resolution and large channel count. PCGs have been realized in
many material systems including silica-on-silicon, IlI-V’s, large core silicon-on-insulator (SOI)
substrates  and nanophotonic SOI substrates ® 9. The SOI platform, particularly, is a
promising material system for a wide range of applications, such as telecommunications and
optical sensors. Due to the large omnidirectional index contrast of this material system, these
devices can be made very compact and they can be manufactured on high-quality SOI

substrates using CMOS fabrication tools, making these devices cheap for the market.

1.1.Aim of the Project

The final goal of this project is to fabricate a photonic integrated chip able to sense
Biodiesel/Diesel blends using a Near Infrared (NIR) absorption spectroscopy. This system is
based on Planar Concave Grating demultiplexer on a Silicon-on-Insulator. The proposed chip
design consists of a fiber coupler, a PCG, a sensing SOI platform and InGaAs metal-
semiconductor-metal (MSM) photodetectors heterogeneously integrated on top of the

outgoing SOI waveguides.

The schematic presented in Figure 1 - 2 is a view of the spectrometer-on-a-chip design. Light
is first coupled from fiber to the chip via planar grating couplers. A Input single mode fibers is
aligned and glued on top of the fiber couple under a 10 degree angle from verticality using an

UV-curable glue.
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Figure 1 - 2. Schematic view of spectrometer ohip adapted for a Fuel sensing application

The light is guided trough the photonic wire and crosses the area designed specifically to feel
the absorption processes. Next, the light is guided to the PCG demultiplexer which separates
and focuses the light into 14 different wavelength channels. 14 InGaAs MSM photodetectors
are to be integrated on top of the 14 output waveguides to measure the optical power in the
14 different wavelength channels and to obtain the absorption values at the corresponding
wavelengths.

In this work, we did not integrate MSM photodetectors but their functionality “® and the
heterogeneous integration with a PCG has been successfully studied previously ©.

In the subsequently pages we demonstrate the feasibility of implementing a Biodiesel blend
level sensor on an SOI platform. We show that dedicated waveguide configurations can be
used for absorption measurements and we discuss the design of an integrated grating based
SOl spectrometer with an on-chip sensing area for this application.

The document is organized as follows: In Chapter Il, we discuss the Near infrared
spectroscopy, the transmission spectra for different Biodiesel/Diesel mixtures in the near-
3
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infrared wavelength range, the theory, design and optimization for Silicon-on-Insulators,
Planar concave Gratings and sensing arquitectures. We explain in chapter Il the fabrication
steps used during this work. We discuss the fuel measurement results in chapter IV and we

conclude in chapter V.
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2. Near Infrared (NIR) integrated absorption
spectroscopy with SOI structures

The design and optimization of the constituent elements of the integrated infrared SOI based
biodiesel sensor are the major issues discussed in this chapter. Here we introduce the
concepts behind the NIR spectroscopy, we show and discuss the NIR Biodiesel/Diesel
blends absorption spectrum, we explain briefly the principles of the SOI structures, how they
can be designed as a demultiplexer tool, and how the integration of photonics wires with a
demultiplexer can function as a sensing tool for the Biodiesel. Finally, we estimate the
expected Biodiesel sensitivity of our device using simulation tools as Fimmwave “ and
CAvity Modelling FRamework (CAMFR) ™. These results are to be compared with the

absorptions measurements in chapter 4.
2.1 Near infrared absorption spectroscopy.

Near infrared (NIR) spectroscopy uses light in near infrared region, 780nm to 2500nm to
measure the matter absorption. When the light radiates on the sample, the sample absorb,
scatters or transmits the light, these interaction can be measured by knowing the light

properties before and after penetrating through the sample.

If the energy or frequency of an incoming IR photon matches the energy needed to excite the
atom-to-atom bonds contained in a sample, the IR photon will be absorbed by the molecules,
and the molecules will be excited to higher energy state. This absorbed energy will be
reflected in the transmission spectrum, leading to a low transmission point, and therefore the

fingerprint or characteristic molecule interaction can be recognized form this process.

5
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Different molecules have different bonding strength and hence different vibrational
frequencies. This renders each molecule a unique body with different identification.
Therefore, near infrared spectroscopy is popular for qualitative analysis and quantitative
measurements of functional groups of OH, CH, NH and CO and has been widely adapted as

a sensor in many industrial applications, i.e. pharmaceutical, food and beverages.

For biodiesel for example the primarily compound are the methyl esters, which are formed
basically® by the chain 3R-COOCH,. Here, R is mixed fatty acid of linseed oil. The bond
between these chains are then present in the NIR region, and for that reason, is easy to

study its composition by using NIR spectroscopy.
2.1.1 The Beer Lambert Law & the NIR region for sensing

Using a logarithmic scale, Beer Lambert shows the relationship between the light power
before (P;) and after (P,) passing a sample. These two magnitudes are connected
logarithmically with the absorbance (A) for a particular wavelength as is expressed in
Equation (2-1)

A= —Logq (::—;) (2-1)

Here A is the product of the absorption coefficient (o) by distance the light travels through

the material (i.e. the path length), {.

The link between NIR infrared spectroscopy and the Beer Lambert law is based on the
accessibility of the frequencies resonances for the particulars bonds in the infrared region.
For that reason by combing the Beer Lambert law and NIR spectroscopy it is possible to
obtain the absorption characteristics from a particular material, which in our case is

Biodiesel/Diesel blends.

2.1.2 Near- infrared transmission spectra of Biodiesel fuels

Using infrared spectroscopy the blend level of the Biodiesel/Diesel mixture can be analyzed.
In a previous work @ different samples with different blend levels were prepared and
characterized. The transmission spectra of the samples were recorded with a CARY 5000

UV-VIS-NIR photospectrometer by Varian. For these measurements, they used a plastic

6
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cuvette with an optical path length of 1cm containing the Biodiesel/Diesel mixtures. Using the
Cary WinUV software, the recorded transmission spectra were taken in the wavelength

range of 1400nm to 2400nm, with a resolution of 1nm, as was presented in Figure 1 - 1.

We are interested in the region of high and measurable differences in the blends
absorptions. Therefore the most promising regions to determine the blends are around 2100
nm, 1930nm and 1665nm. The absorption in the regions around 2100nm and 1930nm
however is very low. The absorption in the 1665nm region on the other hand is higher and
from this point of view, this region is more interesting. In the 1665nm region, an absorption

difference of 20% is observed for the two fuel compounds, as is show below in Figure 2 - 1.
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Figure 2 - 1. Transmission spectrum in percentdgkfferent blends of Biodiesel in conventional Dééfuel

To define the number of wavelength channels of the planar concave grating demultiplexer a
better spectral localization of these differences is needed. This localization can be done by
taking the second derivative of the transmission spectrum in the 1665nm region, (Figure 2 -
2). As can be seen, ten peaks at different wavelengths in the 1600-1700nm region are
identified.
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Figure 2 - 2. Second derivative of the transmissjoectrum around 1665nm

Each of these differences are spaced by 7 nm. The identification of these peaks helps us to
design the number of exit channels in our demultiplexer and in addition, by using a statistical
technique called Multivariate analysis ©®, the observation and analysis of more than one

statistical variable at a time can be used to predict the concentration or blend constitution.

2.2 SOl based integrated biodiesel sensor

High refractive index contrasts brings control over a wider range of propagation directions,
moreover the propagation angles are larger, and thus the structures can be bended over a
few micrometers. In this work we use a SOI material stack with a 220nm thick crystalline Si
core layer separated from the Si substrate by 2 um thick amorphous SiO, bottom cladding,
the top cladding in our case is air or fuel to be sensed, this waveguide geometry is illustrated

in Figure 2 - 3, and the refractive indices for these materials are presented in Table 1
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Figure 2 - 3. Cross section view of the silicon-nadilator wires used throughout this work

cSi SiO, Biodiesel
n 3.469 1.442 1.4550

Table 1. Refractive indexes of crystalline Si (c&ijorphous Si®and Biodiesel, at 1650nm wavelength and 300K.

It is possible to fabricate single-mode propagation submicron photonic wire by using SOI
structures. The small dimensions of these arquitectures requires a nanometer-precision

fabrication and in this work we have used deep 193nm deep UV lithography.

SOl structures are totally convenient for integrated arquitectures, because using CMOS
technologies different arrays can be done and the light can propagate and interact with these
structures very efficiently. But is the evanescent tail of the optical modes outside the Si the

principal phenomena in this integrated Biodiesel detector.

2.2.1 Confinement factor

Most of the light propagates inside the waveguide core due to the high refractive contrast
achieved by the SOI structures, but here, it is the evanescent tail of the optical modes

outside the Si waveguides that feels the fuel absorption processes.

This Biodiesel/Diesel blends absorption from the different waveguide configurations can be
described using the Beer-Lambert law. Taking into account the absorption of the material,

and the interaction distance x, we create a model for a sensing area:

P, = Py, 107 Tax 2-2)
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Here T is the confinement factor!, Po, and P,, are the input and exit powers and a is the
absorption coefficient of the surrounding material. The confinement factor is a good measure
for the amount of light that interacts with the surrounding fuel. This value is the fraction of the

intensity in the fuel region over the total intensity.

The intensity profile of the propagating electric field is simulated for slotted and regular
waveguides. These calculations were made using Fimmwave ™, a fully vectorial mode
solver. The intensity color map in Figure 2 - 4 shows how the TEy, propagating mode is
confined mostly in the core of the waveguide, however a large part of the electric field is also
present in the cladding and in the free region; this last one, is where the evanescent tail of

the optical mode feels the fuel absorption processes.
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Figure 2 - 4.Fimmwave simulation for the intengitpfile of the fundamental TE-polarized mode in ay&Rar (a), and
Slotted (b) waveguide. Usingifyicse= 1.455; =3.466; Rio, =1.442, refractive indices.

Fimmwave solves the Maxwell equations and gives solutions in 2D from confinement factor
in the region of interest, we performed simulation changing different parameter as the width
and the depth for slotted and regular waveguides. Figure 2 - 5 shows the results of the
confinement factors of both waveguides. The maximum confinement factor is 77% for a

slotted and 21% for a regular waveguide.

' The confinement factor is defined gf§°:E2(x, V)dxdy/ f:’c E?(x,y)dxdy, where d is the slab thickness.
10
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Figure 2 - 5. Simulation results of the confineméattor of slotted and regular
waveguides. The slot depth varies from 0 to 220high. The width from
100 to 300nm

By knowing the modal overlap between the Biodiesels/ Diesel blends and the propagating
light, we can predict how much of the light will be absorbed by the fuel and thus its

constitution.

2.2.2 Sources of loss

Propagation losses in straight SOI wires arise from different sources, these includes Bulk

and non linear absorptions, substrate leakage, and Rayleigh and sidewall roughness
scattering®. The Bulk Si has a negligibly low absorption (0.02?—2) around 1650nm. The

nonlinear absorption arise from high power interaction, the power used during this work does
not exceed the 12 mW, therefore nonlinear effect are not considered, equally for the

Rayleigh scattering, where the \* effect is totally minimized due to the high crystalline

semiconductor material used as a core.

Light is scattered at irregularities, both on the sidewalls and top and bottom walls of the core,

these are the major cause of propagation losses and are reported for the TEq, around 0.1

dB
ﬁ. The silicon also has some roughens primarily from polishing process, therefore another

11
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source of scattering losses are incorporated. The scattering losses become important and
are minimized when the refractive index of the top cladding decrease the refractive index
contrast with the core. We will show in the next chapters that these losses are present in our

measurements and become visible at the moment of getting conclusions.

The coupling efficiency from fiber to chip is also crucial in our design. We want to couple the
biggest amount of light in to chip and also recover the information after the light has moved
around our device. Previous research ™ has shown an efficient way to couple light from the
fiber into the chip and vice versa, by using grating couplers, no lenses or focusing gratings

are needed, and indeed 38% of coupling efficiency can be achieved.

The high refractive indexes contrast of the nanophotonics wires makes them polarization
sensitive, where the boundary conditions at the steps are different and as a result the
propagation constant of the TE and TM modes are also very different. The grating couplers
designs are also optimized for the TE propagation mode, and for that reason we incorporate

this grating in our work. A draw of this vertical coupler is presented in Figure 2 - 6.

Figure 2 - 6 Schematic ertical coupler used to couple light from the fibep the SOI structure and viceve %,

Finally the substrate leakage losses are considered in this work the most important ones,

because these losses interact with the material to be sensed, in other word the tail of the

12
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modes which is exponentially decreasing outside the core is coupled in the Biodiesel/Diesel

blends and thus the absorption take place for the different wavelengths.

We designed a platform using Mathematica® able to solve the 1D Maxwell equation for a
propagating TEqo mode inside a rectangular waveguide, the parameters imposed to this
design are presented in Table 2, and the solution for the intensity profile is plotted and

presented Figure 2 - 7.
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Figure 2 - 7. Mathematica Simulation made for gglfBode Intensity profile propagating inside a regtdar box, The
green line is the evanescent intensity tail whichdntact with the Biodiesel/Diesel Blends.

Propagating wavelength 1650 nm

Slab thickness (d) 220 nm
Biodiesel Refractive index n; 1.455
Si refractive index n, 3.476
SiO, Refractive index n; 1.442

Table 2. Parameter used for the Mathematica simoualaiatform.

On the other hand as a first approximation, this platform helps us to obtain values as
confinement factor and good 2D and 3D visualization. Below in Figure 2 - 8 we present a 3D
solution for the propagating intensity field in a SOI configuration with a given refractive
indexes of (1.755) on top of Si and (0.442) for the cladding

The confinement factor value obtained using these set of arbitraries refractive indexes was
29.616 %, but using the parameter described in Table 2 we obtain a confined factor of

22.589 %, 1% higher than the value obtained in section 2.2.1. Caused because our model
13
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does not consider the width of the SOI, only consider the height of Si core and also because
we have used a particular solution for solving the Maxwell equation, while Fimmwave do the

same calculation in a rigorous way.
si
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Figure 2 - 8. 2D and 3D Simulation for a propagatintensity field in a SOI structure with a givesfractive index of
(1.755) on top of Si, and given refractive index4@2) for the cladding.

The platform is described in detail in the Mathematica file and can be found in the
appendices 6.1 of this document, we also compare our results using Fimmwave, and a
contour plot in 2D was produced for the same waveguide parameters from Table 2 as is
seen in Figure 2 - 9. We found correlation for the visualization with our platform.

14
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Figure 2 - 9. Intensity contour plot simulation gy in a rectangular waveguide

2.2.3 The Planar Concave grating demultiplexer (PCG) plus distributed
Bragg reflectors (DBR)

Configurations as a planar concave demultiplexer can be realized with SOI technologies, and
the principal advantage that overcomes, is the miniaturization of this structure which works
as spectrometer, in this section we are going to explain how a PCG works and how we

changed the design parameters to fulfill the requirements of our biodiesel sensor.

The light is traveling inside the Si core, here it can take different direction or paths depending
of the arrays created, therefore by implementing a grating element it is possible to diffract the

light and give the direction that we decide.

The PCG uses the Rowland circle theory, this configuration is well-know, and widely
described in literature ™. Its working principle is based on its diffraction grating which is the
responsible for splitting the light and diffracting it in several beams traveling in different
directions. These directions depend on the spacing of the grating facets and the wavelength.
The input and output waveguides are positioned along a circle with radius R called the
Rowland circle, the grating facets sit on a grating circle with radius 2R and both circles touch

at the middle of the grating as is presented in Figure 2 - 10.

15
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Figure 2 - 10. PCG demultiplexer based on Rowlandigwration.

All the waveguides incorporated in this device ends in an unetched slab region, the lights that
come out from the input waveguide is expanded in the free propagation region and travel into
the direction of the grating, this concave grating act as a mirror diffracting and focusing the
diffracted light into a series of output waveguides positioned on the Rowland circle. The

grating equation is given by:

d(sin9d; —sindy) = m A

2- 3).
e (2-3)

This relationship relates the grating period (d), the incident (9;) and diffracted (9,) angles,
with the order of diffraction (m), the wavelength (1) in the vacuum and the effective index
(nesr) of the slab mode. In this way the condition for constructive interference and the fact

the light with the same wavelength is focused in the same point, is explained.

By designing a PCG with 14 output channels with a channel spacing of 7nm, each of the
peaks found in Figure 2 - 2 are reached, therefore to measure the transmission at the
different wavelengths of interest we have designed a 14 channel PCG and incorporated DBR
grating facets. In our design, the DBRs have four periods. Figure 2 - 11 is a schematic view
of the PCG and part of the DBR grating.

Figure 2 - 11. Schematic for a 1x14 PCG demultiplebesigned in this work and DBRs added to grating.

16
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The dimension implemented in our design has a grating period d = 4.7258um, Rowland
radius R = 561.912um, input angle 9; = 41° first diffracted angle 9, = 37°, order of diffraction
m = 10, a calculated effective index n,f;=2.7756, 91 facets and 5 um of spacing between the

14 output channels.

We first simulated the Transmission spectrum of the PCG, changing the number of reflecting
facets (Figure 2 - 12), and we found an exponential decay, that after 80 facets take a
constant value around 0.5dB, therefore considering this behavior, we took 91 facets for the

grating in our design.

The simulated transmission spectrum of a demultiplexer is presented in Figure 2 - 13. One
input waveguide and 14 output waveguides are considered in these simulations. The channel

spacing is 7 nm. The size of the diffraction grating, with the 91 facets, is about 440um.
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Figure 2 - 12, Minimum transmission spectrum pé&nthe two central PCG channels versus numbesats

The simulation of the PCG spectrum is done using scalar diffraction theory (Figure 2 - 13).
For these simulations, we take into account a perfectly reflecting grating (R=1). This means
these results give information on diffraction losses, crosstalk, channel spacing and loss
variation over the total wavelength range. This design has a diffraction loss of about 0.5 dB

for the central channel (1650nm), and 30dB crosstalk.
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Figure 2 - 13. Simulated transmission spectrunifbchannels demultiplexer

The grating facets are acting as a mirror and are the responsible for the diffraction. In
previous publication “” '® has been shown that using a second order DBRs the reflection
losses can be improved and decreased from 4.9dB down to 1.0dB, as we will show in

chapter 4, for the measurements.

The basic working principle behind this effect is the Bragg condition, which for Si and Air, can

be expressed as:
2
Mg hg; + Ny hyir = M (2-4)

Here (h) is the width of the material and (n) is its refractive index, the reflected constructive

interference can then achieved by the correct array of this magnitudes.

In our design we include a deeply etched (220 nm) second-order DBR consisting of four
periods with 145nm width for air (etched part) and 524.2nm width for Si. To calculate the total
on-chip loss of the PCG, we also need to take into account the grating reflection loss. The
reflection of the DBR facets is calculated using CAMFR. The results from this simulation are

presented in Figure 2 - 14 as can be seen, the reflection at the central wavelength is 89%.

This corresponds with a grating reflection loss of 0.5dB.
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Figure 2 - 14. Simulation results of the refledtivdf a four-period DBR-type facet. The period iD&¥m and
the trench width varies from 130 to 150 nm, thetcimed part from 470 to 542.3 nm. Perfect vertical
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The coupling efficiency was also calculated using CAMFR, the parameter analyzed were the
input angles and the grating period. (Figure 2 - 15). Here at 10 degrees angle we found the
optimal position for the wavelength of interest 1650nm, achieving 4.87 dB of coupling

Coupling efficiency [-]

efficiency, and the grating period for the couplers was 680nm.
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Figure 2 - 15. Simulation results of coupling affitcy by changing the optic fiber input angle amel grating period
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2.2.4 The spiral waveguides and sensing area

The evanescent tail of the optical modes in the waveguides feels the fuel absorption
processes. This interaction is proportional to the sensing length, and thus, longer
waveguides are necessary. These long lengths are achieved by curving the waveguide and
creating a spiral shape waveguide. The interactions between the evanescent tail of the
optical modes in the waveguides and the surrounding material are the key phenomenon in
this sensing approach.

Figure 2 - 16, presents a spiral photonic wire photograph, which was took by using a
Scanning Electron Microscopy (SEM). This spiral has 11394mm long, 500nm width, 20nm of

radius and 6 loops.

Figure 2 - 16. SEM photograph of a Spiral photamiie. °

It is also possible to obtain the absorption information using structures which have a higher
interaction with the surrounding material; this is the case for slotted waveguides. These
waveguides are fabricated by etching a very narrow slot in the middle of a conventional
waveguide. The intensity in the slotted area is very high ®® and, an intensity plot for a slotted

waveguide was presented previously in Figure 2 - 4(b).

The Biodiesel/Diesel absorption occurs in these waveguide configurations, and we have
called them the sensing area in this work.
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2.2.5 Integrated detectors

For the goal of this project the inclusion of integrated photodetectors by heteroepitaxial
growth of 1ll-V materials, is the most feasible solution “% 2!, these detectors are formed by

layers of Metal-Semiconductor-Metal (MSM).

The semiconductor InGaAs is a highly absorbing material in the near infrared region and is
commonly used for the fabrication of NIR photodetectors. We present in Figure 2 - 17 a
schematic three-dimensional (a) and cross-sectional (b) views of waveguide integrated MSM
detectors.

Schottky contacts

MSM detector
A /

BCB layer

SOl substrate

(a)
InGaAs
cco | -
) 3um iy
Sio,
(b)

Figure 2 - 17. (a) Three-dimensional and (b) csesstional views of waveguide integrated MSM detetd

The 11I-V material can be heterogeneously integrated on the SOI substrate using adhesive
bonding by means of BCB as an intermediate bonding layer, this way the photodetectors can
be lithographically aligned onto the SOI waveguides

A previous research @ developed a complete set of integrated photodetectors (Figure 2 - 18)
for a 1x30 PCG demultiplexer, showing a solution of integration and possible implementation
for the goal of this project.
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Figure 2 - 18. Photograph for the complete set0ofl3-V photodetectors bonded on SOI waveguideuitt’

For time reason’'s we did not integrate MSM photodetectors in this work, but their
functionality ®® and the heterogeneous integration with a PCG has been successfully studied
previously ®. However as an immediately solution, we used a power meter for measuring the

exit power from the 14 channels.

2.3 Modeling the absorption for the Biodiesel/Diesel blends using a
spiral shaped waveguide.

The interaction length between the Spiral and the Fuel is called the sensing area in this work.
By using the simulations software’s and Equation (2-2) we create a model able to predict the

fuel transmission spectrum using a spiral photonics wire structure.

The model uses the fuel absorptions obtained from the spectrum in Figure 1 - 1, the
confinement factor obtained from the simulations, and the propagation losses from the

regular spiral shaped waveguides. We show the predicted values in Figure 2 - 19.
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Figure 2 - 19 Model for the Biodiesel/Diesel traission spectrum for a 1.1 and 3.6 cm long spirals

This model shows the fuel transmission spectrum obtained by using 1.1 and 3.6 cm spirals
photonics wire measured by a conventional spectrometer. Here we observe for higher
wavelengths more absorption i.e. less transmission. The model also predicts higher
absorption for the longest spiral which in our case has 3.6 cm long, moreover the difference

between pure Diesel and pure Biodiesel also increase.

2.4 SOl spectrometer-on-a-chip design implemented in this work

The final design implemented for our spectrometer-on-a-chip was made by considering all
the simulations, losses and predictions mentioned previously. Our goal is to obtain the

maximum absorption from the fuel, but also be able to detect it.

We know that the differences in transmission are larger for longer waveguides, but all the
measurements are also limited by different factors. These factors are: The power for the
source, the coupling efficiencies, the losses on the chip and the power at the exit channels,
moreover this last one should be large enough to be detected. Consequently the sensing
area and its length are also limited by these values. These parameters are already
considered and the design is optimized. To find this length, we obtained that the fiber
coupling losses are (2 x 4.877 dB). For the central channel at the PCG the diffraction loss
and the DBR loss are 0.5dB in both cases, the total on-chip loss for the PCG is 1.0dB. The
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spiral waveguide have a propagation of 6.0 j—:;, the slotted has 14.0 j—:; and finally a

minimum detectable power of 100nW was imposed to our design.

With all these values we obtained a maximum length available to incorporate in our device,

which for regular waveguide is 1.10cm and for slotted waveguides is 0.22cm.

We designed and incorporated the spiral photonics wire to the PCG, and this configuration is

explained in the Figure 2 - 20
14 output
waveguides

CG

s 3l

Input Channel Spiral (Sensing area) DBR

Figure 2 - 20. Scheme of a PCG demultiplexer, witpigal photonics wire designed as spectrometes-ohip for a
Biodiesel blends measurements

With all these parameter founded we uses IPKISS®? a Python based programming language
for generation of GDSII layouts and PICAZZO, a parametric library for photonic components,
including waveguides, ring resonators, arrayed waveguide gratings, fiber interfaces,
detectors, to create our mask. Our final design contains spectrometers plus and without
spiral, spirals as reference and also as sensing tools, and other important devices for our

aim. The designed mask is presented in Figure 2 - 21
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Figure 2 - 21. GDS design used in this work to teréhe spectrometer able to detect and perfornBtbdiesel/Diesel
blends absorptions measurement.
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As a summary of this chapter, the basic principles behind the SOI arquitectures has been
presented, we have described the sources of loss in these devices. Using simulations
packages we have found optimum parameters filling the conditions for the task required, and
we present the first design realized for a spectrometer-on- a-chip able to perform

transmission spectrum measurements for a Biodiesel/Diesel blends.
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3. Fabrication.

High-index contrast and highly integrated photonics requires a suitable fabrication
technology. The silicon-on-insulator material systems fabricated and discussed in this work is
presented in Figure 3 - 1. Consist of a 220nm thick Si waveguide layer on top of 2um thick
buried oxide layer on a Silicon substrate. By etching completely through the silicon

waveguide layer, we obtain a very high refractive index contrast leading to a strong

-

confinement.

 — V11

Figure 3 - 1. Electron micrograph cross-sectioa photonic wiré'®

In this chapter we describe the fabricated circuit used in this work, also a basic description
how the UV photolithography works, the fabrication techniques used for the sensing area
implementation, the heaters designed to expand the functionality in our device are explained,
and as a final section we compare the GDS designed structure and the fabricated one,

including the SU8 opened box.
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3.1 Photolithography

Photolithography uses light to transfer a geometric pattern from a photo mask to a light-
sensitive chemical photo resist, this is a process used in micro fabrication to selectively

remove parts of a thin film or the bulk of a substrate.

light source

mask withﬁ

pattern

lens

photosensitive resist

Figure 3 - 2 Schematic draw, showing how to pattdesign in a photosensitive re$st
The Schematic presented in Figure 3 - 2 shows a photoresist pattern obtained for a mask
illuminated by a light source and Figure 3 - 3 depicts the fabrication process overview
—
7 7 ==
] ] —/

(@) SOl wafer (b) Bottom AR cotton (c) Resist coating an bake
and bake

QL

(d) Exposure (e) Post exposure and (f) Development
bake
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(g) Bottom AR coaching etch (h) Silicon etch (i) Resisd Bottom AR
strip
Figure 3 - 3. Lithographic fabrication process flo%

The lithographic processes of making a SOI circuit used in this work are described next 9:
We use 200mm wafer scale technology for all of our experiments. The photonic circuits are

fabricated on SOI wafers with 2nm of buried oxide and 220nm of top silicon.

« Photoresist application:

The SOI wafer is first spin coated with bottom antireflective coating (BARC) followed
by photoresist. We use chemically amplified photoresist which requires no delay in
processing after exposure. Therefore resist process is done on an automated track
which is attached to the scanner. After exposure the wafers are baked and developed

in the track. The patterned resist is used as an etch mask for silicon etch.
* Exposure and developing:

For transferring the pattern from reticle/mask to the wafers we use ASML
PAS5500/1100 193nm (dry) scanner. The scanner use ArF laser (193) to illuminate

the wafer with the reticle image.
* Etching:

We use ICP-Dry etching to transfer the photoresist pattern into silicon. Lam research
Domino is used for dry etching. We use bottom antireflective coating which is
insoluble in water and developer solution. Therefore we used HBr/O2 chemistry to
etch BARC etch. To etch Silicon we use a combination of HBr/CI2/CF4/He in three
different steps and process condition to achieve profile and dimension control. After
etching the wafers the remaining photoresist and BARC is removed by combination of

dry and wet etch process
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This process is repeated for each designed layer, and complex structures can be obtained.

3.2 Sensing Area implementation

We protected the chip area with SU-8, a photo-definable polymer and rectangular contact
windows were opened on top of the sensing area as can be seen in Figure 3 - 4. In addition,

a silicone box was also attached to the chip, keeping the fuel inside the open box.

Figure 3 - 4. Photograph of Si plus SU-8 and chip w& Silicone box on top

To be able to perform reproducible measurements, two single mode fibers were aligned and
glued on top of the fiber couplers under a 10 degree angle from verticality using an UV-

curable glue. This is shown in Figure 3 - 5.

Figure 3 - 5. Picture of the chip and the gluedlermode fiber

For the chip characterization we did not glue the exit channel fiber, Instead we use this fiber
to measure each of these 14 channels. During the measurements we cleaned the chip by
first removing the exit optical fiber and then using acetone and Isopropanol to clean the

surface that was exposed with the fuel.
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3.3 Heater on SOIl-waveguide circuit

Silicon waveguide circuits are very sensitive to temperature; therefore by rising the
temperature of the SOI circuit the refractive index of the material change and as a result the

output focused wavelength form the grating will be also changed.

This can be done by growing a thin layer of BCB on top of the SOI chip, and adding two
metal contacts joined by a metal path. This path is transporting a given current between the
contacts and will heating the BCB layer, thus the SOI will be also heated leading to a

refractive index change.

We designed a mask for the heater and are presented below in Figure 3 - 6.
/
i —
L}
“}L -/
u\[

Figure 3 - 6. GDS schematic for the heater desidoethis work (heaters in dark green)

Although this heaters mask was fabricated we did not used it, because the design was
developed for the positive layout and the fabricated was a negative layout. Therefore we

needed to incorporate another fabrication step in the process.

3.4 Fabricated circuit.

The SOI waveguide circuits were defined with 193nm deep-UV lithography and transferred
into the silicon using ICP-RIE etching. For the definition of the grating demultiplexer, the

photonic wire and slotted waveguides, we etched completely through the 220 nm thick Si

30



Fabrication. | 3,

layer. A more shallow etch (70 nm) was used for the definition of the 2 ym wide entrance and
exit waveguides of the PCG. In the shallow etch step we also defined grating fiber couplers
which allow for easy characterization®®. The fiber couplers are one dimensional grating
which allow to couple nearly vertical incident light from a standard single mode fiber into the

nanophotonic SOl waveguides.

The fabricated DBRs have four periods of 682.2 nm in total, a trench width of 145 nm and an
unetched part of 542.2nm. Figure 3 - 7 is a top view photograph of a part of the grating and
Figure 3 - 8 is a SEM picture of one DBR facet.

‘waveguide

waveguides

Figure 3 - 7. Microscopic photograph of the falicaSOI - PCG Figure 3 - 8. SEM Top view of DBR-type
with 14 channels and DBR grating facets, with a width of 145
nm. The unetched part is 542.2nm
wide
The PCG demultiplexer has one input waveguide and 14 output waveguides. The size of the

diffraction grating, consisting of 91 facets totally, is about 440um.

Finally Figure 3 - 9 compare the designed SOI chip containing all our structures and the
fabricated. The fabricated differs from the designed one by a mirrored effect and we have
called the GDS layout, positive and the fabricated layout, negative.
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Figure 3 - 9. Comparison between GDS design (Re$itind fabricated SOI chip with a SU8 box on tdpdative).

Using photolithographic technique it is possible to fabricate a High-index contrast and highly
integrated photonics. We have fabricated a Silicon-on-insulator structure designed to fill the

requirements for a Biodiesel sensor application.

We create a sensing area to be in contact with the fuel and to feel the absorption processes.
We integrate successfully a SU8 box able to keep the fuel inside on our sensing area and

isolating the chip for a possible fuel spreading.
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4. Measurements & Results.

The experimental setup used to characterize the sensor structure and to take all the
measurement is presented in Figure 4 - 1. In this setup, two single mode fibers are aligned
on top of fiber couplers under a 10 degree angle from verticality. These fiber couplers allow

to couple light from the fiber into the chip and vice versa @,

For the first characterization experiments, we measured the transmission spectra on existing
chips with an Optical Spectrum Analyzer (OSA) with resolution setting of 0.1nm. We used as
a light source a Superluminescence Broadband Light Emitting Diode (SLED) with a center
wavelength at 1550nm, and for the spectrometer-on-a-chip that we designed we used a

SLED centered on 1650nm, which corresponds to the Biodiesel/Diesel blends absorption.

Figure 4 - 1. Picture of the chip and the singlaelenbbers aligned in the chip
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In this chapter, we will discuss the measurements we performed. These measurements
include the characterization of the individual components such as the spiral waveguides and
the PCG demultiplexer, and the fuel absorption measurements using these spirals in

combination with both the OSA and the 14 channel spectrometer-on-a-chip.

4.1 Spiral waveguide characterization using a 1550nm SLED

As a first approximation to our sensing structure we used a set of existing spirals photonics
wires optimized for 1550nm. We measured the propagation losses and the interactions

between the fuel blends and photonics wires with a SLED centered on the same wavelength.

4.1.1 Spiral waveguide characterization

We measured the transmission spectrum of a set of four different spirals with lengths from
6.394mm up to 41.394mm. These transmission spectrums are presented in Figure 4 - 2, and
the linear behavior observed in Figure 4 - 3 was obtained by taking the maximum power

transmitted for each spiral. With the linear regression we compare the losses and we

calculated a propagation loss of 3.03 + 0.03 f—i for the wires.

Spiral losses:
-46 - -3.03 +/- 0.03 dB/cm b
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Figure 4 - 2. Transmission spectra for spiral sdap  Figure 4 - 3. Propagation losses for a set oé fiv
photonic wire waveguides with different lengths different spirals.
ranging from 7mm to 41 mm.

We also measured the transmission spectrum after the incorporation of the sensing area.

Here the effect of the SU8 on top of the grating couplers and photonics wire structures
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produces a shift to all the transmission spectrum of 5nm towards longer wavelengths. We
added manually the fuel by adding a drop on top of the chip and we found that the

transmission spectrum shift again nearly to its original position (Figure 4 - 4.)
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E —-— Spiral 6.394 mm + SU8
k=i Biodiesel

50 | )
= —— Diesel
0
c
(3]
©
o
=
o
o

70

S
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Figure 4 - 4. Transmission spectra for a 1550nmI3(Elear Blue), 6.394 mm spiral shaped photonic wiszeguides
(Purple), plus the SU8- sensing area design (Red)tlee fuel additions (Green and Blue)

When we added the fuel on top of the chip we observe a small leak from our sensing area
and therefore the fuel get in contact with the grating couplers, for that reason we attribute the
shift in the transmission spectrum to this change in the coupling efficiency and refractive
index contrast between these materials, as a solution to this leak we decide to glue the
optical fibers using a photo curable UV Glue. The glue protects and covers both the grating

coupler and the optical fiber

4.2 Sensing Biodiesel using spiral shaped waveguides

As mentioned earlier, the goal of these measurements is to investigate the possibility to
determine Biodiesel blend levels by measuring the transmission through different waveguide
configurations. For these experiments, we fabricated spiral shaped 500nm wide photonic
wire waveguides with different lengths. The fuel was added manually on top of the sensing

box, as is shown in Figure 4 - 5.

35



Measurements and results. | 4,

Figure 4 - 5. Set up Photograph and fuel additgingia syringe.

The transmission spectrums from the chip were measured with an Optical Spectrum
Analyzer (OSA) with resolution setting of 0.1nm. And we used the SLED centered at 1650nm
as the light source.

4.2.1 Spiral waveguide characterization

We measured the transmission spectrum of a set of four spirals with different lengths. (Figure
4 - 6). The small oscillations are due to Fabry-Pérot effects caused by reflections at the fiber
couplers ¥ The linear behavior observed in Figure 4 - 7 was obtained by taking the

maximum power transmitted for each spiral. With the linear regression we compare the
losses and we calculated a propagation loss of 5.80 + 0.27 S—Ti for the wires without Biodiesel

on top.
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Figure 4 - 6. Transmission spectra for spiral stape Figure 4 - 7. Propagation losses for a set of éhfferent
photonic wire waveguides with different lengths spirals.
ranging from 7mm to 36 mm.

We found that these losses are higher than the previous ones for the spirals optimized at
1550nm. This is explained due to the SiO, infrared absorption. The oxide layer for
wavelength longer than 1600nm becomes highly absorbing and thus, more light from the Si

core is extracted.

4.2.2 Sensing the Biodiesel blends.

Each photonic wire waveguide was tested with different kinds of Biodiesel/Diesel blends. As
mention previously the different fuels were added manually on top of the sensing box. Here
using equation 2-2, we predicted the behavior of the spiral with the fuel on top; this model
uses the measured transmission for pure Biodiesel and pure Diesel shown in Figure 1 - 1

and the confinement factor of each structure (20% for regular waveguides).

As a comparison we present in Figure 4 - 8 (a) the fuel absorbance for pure Diesel and pure
Biodiesel and in Figure 4 - 8 (b), the predicted transmission obtained, using this absorbance

and the model described in chapter .
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Figure 4 - 8. (a). Biodiesel and Diesel absorbafimeRredicted transmission spectrum for a 1.1cmakphotonics wire.
We found agreement with the higher wavelengths absorption i.e. less transmission.
Moreover the crossing of both lines for 1630, 1645 and 1670nm are related with the
absorption properties for both fuels. We found that for these points the absorption coefficient

has the same value.

Each measurement sequence consists of two parts. First, we measure the transmission
spectrum of the spiral waveguide without fuel on top of the sensing area. Secondly, we
measure the transmission after we added a fuel mixture on top of the sensing area. Finally,
the transmission is normalized by subtracting both measurements. This way, the normalized

spectrum already takes into account the waveguide propagation loss.

The experimental measurements are shown in Figure 4 - 9, together with the simulated
transmission. As can be seen, the measured transmission is about 2dB higher than the
modeled transmission. This is due to influence of the presence of the fuel on the waveguide

scattering losses ¥,

The lower index contrast obtained from (Biodiesel-SOI) in comparison with, (Air—SOl),
reduces the propagation losses. The Fuel has higher index than air, thus less waveguide
confinement and smaller light intensity at the edges is achieved, therefore the light feels less
the presence of roughness along the edge of the waveguide and travel trough the Si core in

an efficient way.

To solve this fact and to obtain a better visualization in our results, we have subtracted to the

measured spectrum, the difference between the model and the experimental result, and we
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took the 1670nm point as a reference, because the transmission spectrum for both fuels has

the same value in this point. We found a reduction due to scattering losses of 2.1dB.

Tranmission [dB]

2

—— Model for Diesel (D)
—— Model for Biodiesel (B)
Measurments D .
Measurments B

l 1 I 1 I 1 I 1 I 1 I 1 I 1
1640 1645 1650 1655 1660 1665 1670 167!

Wavelength [nm]

Figure 4 - 9. Measurement and model comparisothfoBiodiesel Diesel transmission spectrum forlacin long spiral

After the scattering losses subtraction, Figure 4 - 10 plots the theoretical and the measured
transmission of a 1.1 cm spiral. Here we found good agreement between model and
measurements, and the differences in transmission between wires with standard Diesel and
with Biodiesel are in the order of 2 dB for the 1665nm region. The oscillating behavior is

attributed to the Fabry-Pérot behavior found also in the spiral characterization
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Figure 4 - 10. Measurement and model comparisonh®mBiodiesel Diesel transmission spectrum forlacin long
spiral after scattering losses subtraction

We carried out a second experiment with the 1.1cm long spiral, to confirm our results (Figure
4 - 11), but in this case we create an unknown Diesel/Biodiesel blend by adding a drop of
pure Biodiesel on top of an existing Diesel in the sensing box. As expected, the difference

between pure Diesel and the blend decreases but is still clearly visible.
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Figure 4 - 11. Measurement and model comparisothfoDiesel — Blended Diesel
transmission spectrum for a 1.1 cm long spiral.

Finally a 3.6cm spiral was analyzed and is presented in Figure 4 - 12. Again, the
measurements agree with our expectations and the differences in absorption are around 4dB
(at 1665nm), making possible the identification of the fuel compaosition.
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Figure 4 - 12. Transmission spectrum measuremedtireodel comparison for a 3.6cm spiral plus Biodiesd Diesel

4.3 Sensing Biodiesel using a 14 channel planar concave grating
demultiplexer.

The integration of SOI structures and a PCG as a fuel sensing arquitectures are the aim of
this work. Here we get closer to the goal of this project, which consists in the use of a
miniaturized spectrometer able to perform Biodiesel/Diesel blends measurements and bring

to the market a cheap, small and reproducible easy handling device.

4.3.1 Planar Concave Grating demultiplexer characterization.

For the characterization of the chip we also used the set up mention previously, and the drop
of the fuel was also added manually in to the chip. For this characterization, we measure the
transmission spectrum of a straight waveguide, and secondly we measure the transmission
of each channel. The transmission measurements were normalized by subtracting both
measurements, in this way the normalized spectrum already takes into account the
waveguide propagation and the grating couplers losses, and give us the diffraction and the

reflection losses which are known as the total on-chip losses.

We characterize the 14 Channel PCG; and the normalization was done for each of the 14

channels, thus, we obtain the 14 channel PCG characteristic spectrum which shows us the

41



Measurements and results. | 4,

total on-chip losses. The simulation performed and presented in Figure 2 - 13, is then

compared with the measured values, and are presented in Figure 4 - 13.

1600 1620 1640 1660 1680 1700

I T I T I T I T I T

Transmission [dB]

Wavelength [nm]

Figure 4 - 13. Transmission spectrum measured fo4 @hannel demultiplexer and simulation compariso

In concordance with our simulation we found 7 nm of channel spacing and a good response
for almost all the channels, however the last two channels at the right of the characteristic
PCG transmission spectrum were difficult to measure due to the noise floor and the
propagation losses incorporated by the 1.1cm spiral, but they are out of our interest because
the blends obtained using only the spiral shows us that the big differences are centered
around 1610 and 1670nm.

The simulation discussed in the previous chapter shows diffraction losses of about 0.5 dB for
the central channel (1650nm), also 30dB crosstalk, and 0.5dB due to the DBRs. The
measurements obtained show an improvement in the total on chip losses, and we obtain
0.46dB more than the simulated for the central channel. The crosstalk is better than 15dB as
is presented in Figure 4 - 14.
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Figure 4 - 14. Transmission spectrum comparisowds an ideal channel response and the measured one

We obtain higher values for the transmission spectrum, than the simulated ones, which only
take in account the diffraction losses, most probably because we have a very long photonic
wire, whereas the input of the PCG is maybe a very short wire. Therefore the straight
waveguide which works as normalizing tool incorporating losses can also show an

apparently improvement in the efficiency for our device.

On the other hand the lithographic exposure doses will results in a different width of the
deeply etched trenches. This has a major influence of the transmission spectrum of the DBR
grating facets as is was explained in section 2.2.3. In our case the simulation showed for the

central channel, diffraction and reflection losses of 1dB, values which were obtained in our
measurements for 24 :n—jz dose. The transmission spectrums for the PCG central channel
were taken for different doses and are plotted in Figure 4 - 15. This characterization showed

us that for a 26 ;11—]2 dose the diffraction and reflection losses are both improved by 0.4dB in

comparison with our design which uses 24 mjz dose.

cm
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Figure 4 - 15. Maximum transmission spectrum fer BCG central channel versus exposure doses

Using this reasoning and the value obtained from the measurement, the consequent

experiments were realized using the chip which was exposed to 26 ;11—]2

As a reference in our design we incorporate a PCG with a flat reflecting facets, this was also
done to avoid any possible mistake in the parameters imposed to the DBR widths. The
improvement achieved by adding the DBR was around 5dB for each channel, the measured
values are compared in the Figure 4 - 16 .

Tranmission [dB]

a1

I 1 15l

1600 1610 1620 1630 1640 1650 1660 1670 1680 1690

Wavelength [nm]

Figure 4 - 16. Transmission spectrum of a 14 ddpieker, Demultiplexer with flat (black line) andBR-type facets are
compared.
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4.3.2 Sensing the Biodiesel blends.

As a final part of this work we measured the Fuel blends using the PCG plus the 1.1 cm
spiral designed for that propose. In these measurements we manually added a fuel drop in
the sensing box and the procedure to obtain the spectrum was similar as the used to
characterize the spectrometer, with the differences, that here we use the 1.1 cm spiral
reference as a normalizing tool, the spectrum was taken using the OSA with resolution

settled at 0.5nm and we glued the optical fiber into the input channel after the spiral
characterization.

Figure 4 - 17(a) plots the fiber-to-fiber power density transmission spectrum for a 1.1 cm
spiral photonic wire and the 14 Channels PCG plus this spiral without gluing the optical fiber.

Figure 4 - 17(b) presents the fiber-to-fiber power density transmission spectrum only for 3
channels from the 14 channels PCG plus a 1.1 cm spiral. Here the PCG was implemented as
a spectrometer-on-a-chip for a Biodiesel sensing application by adding the sensing area that
we design and by gluing the input optical fiber.
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Figure 4 - 17. (a) Power density transmission spettfor a 14 Channels PCG plus a 1.1 cm spiral. (bhanels Power
density transmission spectrum from a 14 Channels Riflca 1.1 cm spiral implemented as a spectromatea-
chip for a Biodiesel sensing application.
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We believe that here the decrease in the power density for longer wavelength is due to the
SU8 box added to the chip and we also observe that the grating coupling efficiency decrease

after we glued the optical fiber into the input channel.

Figure 4 - 18 compares the transmission spectrum for pure Diesel and pure Biodiesel for the
three channels presented previously. These three channels correspond to the higher fuel
absorption region, the differences obtained for the Diesel and the Biodiesel has for all of the
points correspondence with the differences observed in the Biodiesel/Diesel blends
transmission spectrum (Figure 1 - 1) and in with the model which predicts the absorption
behavior (Figure 2 - 19)
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Figure 4 - 18. Three channels Blends measuremeimg a4 Chanel PCG.

But, for a better observation from this last results and as a final goal of this project we did not
use the OSA, instead we used a power meter with resolution of +2 nW for high power

channels and +5 nW for low power channels.
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We measured the power at the 8 central channels from our spectrometer-on-a-chip, thus we
achieve the maximum absorption from the blends. In this experiment we add pure Diesel,
pure Biodiesel and a 50/50 blend solution in to our sensing area. These measurements are
presented in the Figure 4 - 19
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Figure 4 - 19. Biodiesel/Diesel Blends measured witpower meter using a 14 Channel PCG plus 1.1cnalSmera
sensing tool.

Again the Scattering losses are important in these measurements. We consider the values
above 0dB and we define a reference point. We took again the 1670nm shared point for both
measurements and the scattering losses were considered around 2dB as in previous results.
On the other hand the 50/50 mixture (green line), is beyond the limits before 1650nm,
definitely for the values minor to 1650nm, something went wrong, we have attributed this
behavior probably due to a low coupling efficiency caused by a shift in the input fiber during

cleaning process.

To understand the last graph, we compare the differences in transmission between pure
Diesel and pure Biodiesel by means of absolute difference, for the predicted and measured

values and we call these differences AFuel. (Figure 4 - 20)
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Figure 4 - 20. Model and measured transmissiontapacdifferences between pure Diesel and pure Bsadiéor 8
different channels in our spectrometer-on-a-chip.

The previous graph shows how the differences between pure Diesel and pure Biodiesel can
be used as reference for blends identifications, moreover the agreement founded shows the

how our model is working in concordance with our expectations.

The long error bars in our measurements are caused due to the low power coming out form
the corresponding channels. Again due to cleaning process we observe that for the first two

channels the measurements are not accurate.

Finally we also compare the difference in transmission between Pure Biodiesel and the 50/50
Blend. Figure 4 - 21 excludes the first four channels because we already saw that something
went wrong during the measurements, but the important fact here is that we prove that we

are able to sense the Biodiesel/Diesel blends using SOI structures.
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Figure 4 - 21. Model and measured transmissiontapacdifferences between pure Biodiesel and a 50I66d for 4
different channels in our spectrometer-on-a-chip.

Now by considering all the 14 channels and using a multivariate analysis®, the spectrum or
the values measured in the previous graphs can be related to the change in blends
concentration, and in addition this technique also involves more than one wavelength,

exactly as in our case for all the 14 exit channels from our spectrometer-on-a-chip.

As a conclusion in this chapter we integrate all the study developed in order to sense the
Biodiesel blends and we prove that using SOI arquitectures this analysis can be reliable,
moreover important facts as the scattering losses, Fabry-Pérot reflections in the grating
couplers, the fuel interaction with the material and the accuracy in the measurements will

determine the final spectrum and the fuel absorption characteristics.
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5. Conclusion.

The basic principles behind NIR absorption spectroscopy including a SOI structures are
presented in this study. We describe the sources of loss in the SOI devices used. Using
simulations packages, we were able to determine the optimal parameters allowed for the

effective measurement of the fuel blends.

With deep UV photolithographic techniques, it is possible to fabricate a High-index contrast
and highly integrated photonics. We have shown Silicon-on-insulator spiral shape
waveguides are able to sense the absorption of Biodiesel/Diesel blends and can incorporate
these spirals successfully with the planar concave demultiplexer. Thus, the PCG and the
spirals fabricated act as spectrometer-on-a-chips, sensing the blends at different

wavelengths.

Using the fabricated spectrometer-on-a-chip with the 1.1cm spiral, we measured the
transmission spectrum for pure Diesel, pure Biodiesel and a 50/50 blend. For a particular
point in the high absorbing region, (1663.48nm), we predicted 1.08 dB and we measured
1.075 £ 0.559dB for the difference between Biodiesel and Diesel, and for the 50/50 blend, we
predicted 0.56dB and we measured 0.339 = 0.509dB for the difference between pure
Biodiesel and the 50/50 blend.

With the fabricated device we show and demonstrated important factors influencing this
absorption and sensing process, including; the scattering losses, Fabry-Pérot reflections in
the grating couplers, the fuel interaction with the material, the accuracy of measurements in

determining the final spectrum, and the fuel absorption characteristics.
Perspectives

* The addition of a flow cell or a tube transporting the fuel into the sensing area should

be implemented.

* The scattering losses should be studied in detail to achieve better accuracy in the

measurements.

* The use of more than one spectrometer is recommended to sense the blends in the

final package.

e« The performance with the MSM detectors should be studied in greater depth.
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6. Appendices

6.1 Confinement factor- Mathematica Platform

"Even modes";

Eeyi =B+ Cos[h+x] Cos[wst-G%xz];

Eeyo = A+ Exp[-p+ (Bbs[x] -d)] Cos[wsxt -8+ =2];
"odd modes";

Eoyi =B+ Cos[h+x] Cos[w+t-F%z];

Eoyo = A+ Exp[-p+ Abs[x] -d] Cos[wst-5G+2];
"FINDING THE ROOTS TO SOLVE MAMWELL EQUATTIONY
Ag=1650%10*-9; "ym" ;

d = 220%1077; "thickness";

2

l_u;

Nz =3.476; "8i";

1 =1.442; "8i0;";

s = 1.455; "Biodiesel";

v="(n2-m)% ke d?;

vi =V (n2 - n2)? ko? @%; =y

wr

ko =

Vi
x1[hd ] = Vw2 _hd?; v=pd";
¥z2[hd ] = hd+Tan[hd];
xz3[hd ] = -hd *Cot[hd];
"Roots for solving Maxwell equations”
Plot[{x:1[t], xz[t], xa[t]}, {t, O, v},

Flotstyle » { {RGBColor[0, 0, 1]}, {RGBCcoleor[l1l, O, 0]},

{RGBColor[0, 1, 0]}} , PlotRange —» {0, v},
Frame -+ True,
FrameLabel -
{StyleForm["hd", FontSize + 16, FontFamily -+ Arial],
StyleForm["pd", FontSize » 14,
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FontFamily -+ Arial]}]
"This Root is tha walue to put in a:"
FindRoot [V v? - hd® = hd + Tan[hd], {hd, .7}]
ik i AF A 0 A OF A A A A A
xg[u 1 =vVw?-u?;
¥s5[u ] =u%Tan[u];
¥s[u ] = -u=xCotlu];
"Roots for solving Maxwell equations";
"Plot[{xas[t] ,xs[Lt] ,xs[Et]},{t,0,v1} ,PlotStyles
{{RGBColor[0,0,1]}, {RGBColor[1,0,0]},
{RGBColor[0,1,0]}} ,PlotRange—{0,v:i},Frame—
True ,FramelLabels {StyleForm[" hd
", FontSize—+16 ,FontFamily—»Arial] ,StyleForm["
rd",FontSize—14  FontFamily—+Arial]}]";

"This Root is tha walue to put in a;:"

FindRc:c:t["u"l vi? - hds® = hd; # Tan[hd;], {hd:, .7}]

"Single mode waveguide TEOO"

A
i

"#####I1f d is changed replace the last value in
atti###" ;

i
HiH####"

a=0.8940313320456533";

a; = 0.8913162878355906" ;

pd=vwv*2_-a;
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fi1=NVvL "2 -a;;
h=a/d;
p=pd/d;

1, =% /4d;

P7 = Plot3D[Exp[-p* (Bbs[x] -d/2)] Cos[z],
{x, -5d, -d/2}, {z, 0, 47}, PlotPoints » 40,
Mesh - False] ;

P8 = PlotBD[ Cos [h]; a72] Cos[h+x] Cos[z],
{x, -d/2,d/2}, {2, 0, 47}, PlotPoints » 40,
Mesh — False];

P2 = Plot3D[Exp[-p* (Abs[x] -d/2)] Cos[z],
{x,d/2,5d}, {z, 0, 4}, PlotPoints —» 40,
Mesh - False] ;

Show[{p7, p8, p9}]
"Cosidering z=0 and t=0";

pl:Plot[( Cos[h*x]]z, (x, -d/2,d/2},

Cos[h+d /2]
PlotsStyle » {RGBColor[0, 0, 1]}];
p2 = Plot[Exp[-11 % (Abs[z] -d/2)]1%, {z,d/2, 3d},
Plotstyle - { {RGBColor[0, 1, O]}1}1;
p3 = Plot[Exp[-p#* (Abs[x] -d/2)]1°, {x, -3d, -d/2},
Plotstyle » {{RGBColor[1, O, O0]}1}1;
Show[{pl, P2, p3}, GridLines » {{-d /2, d/2}, None},
Frame —+ True,
FrameLabel —+ {"Widht [m]", "Intensity [A.U.]"},
RotatelLabel -+ True] ;

d/2 1 2

A= ( Cos[h*x]) dx +
_as2 ' Cos[hsd /2]

-djs2
J Exp[-p+ (Abs[x] -d /2)]° dx;

o

Ppio = J Exp[-11# (Abs[x] -d /2)]° dx;
as2

"Porcentage Modes Values Outside Vs Inside”;

-Abio

r; = 100 ;

"Value for the confinement factor in the region
to add the biodiesel:T="
{r‘l ) 1!%"
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