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range, using the Fabry-Perot interferometric technique. The microspectrometers are devices able to do
the analysis of the individual spectral components in a given signal and are extensively used on
spectroscopy. The analysis of the interaction between the matter and the radiated energy can found
huge applications in the industrial sector. The microspectrometers can be divided on three types,
determined by the dispersion element or the used approach and can be found microspectrometers

Keywords: based on prisms, gratings interferometers. Both types of microspectrometers can be used to analyze the

Microspectrometer
Integrated silicon microsystem
Industrial applications

spectral content ranging from the ultraviolet (UV, below 390 nm), passing into the visible region of the
electromagnetic spectrum (VIS, 390-760 nm) up to the infrared (IR, above 760 nm). The microspect-
rometers in silicon are versatile microinstruments because silicon-compatible techniques can be used

to assembly both the optical components with the readout and control electronics, thus resulting high-
volume with high-reproducibility and low-cost batch fabrications. A compensation technique for
minimizing the scattered light effects on interferometers was implemented and is also a contribution of
this paper. Fabry-Perot microspectrometers for the visible range are discussed in depth for use in

industrial applications.
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1. Introduction

The developments in the microelectronic field observed on last
years resulted in an increased well being for the mankind. This is
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especially true when looking for almost all aspects of the human
life, where it is possible to found microelectronic devices and
microstructures whose fabrication were impossible without the
currently available fabrication techniques [1-7]. In this context,
new industrial applications of Microsystems made possible the
development and proliferation of low-power wireless devices with
reduced dimensions for data and sensory communications [8],
object tagging and components for chain fabrication facilities [9],
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silicon-compatible microbatteries [10] for micropowering and
photonic applications [11-13]. However and despite the huge and
fascinating range of applications for microsystems, the most chal-
lenging is undeniably those one used to detect and/or manipulate
the light. This idea backs to the second century before our age, when
Archimedes planned to destroy enemy ships using a solar heat ray
with an array of actuators to change the shape of a mirror [14]. The
field of photonics is one that offers the possibility to achieve one of
the greatest realizations and applications because the light is
present in all aspects of the human life and our way of living is
impossible without light. A detailed search for microsystems appli-
cation in the industry allows concluding that the spectroscopy is the
field where the use of optical sensors is essential.

Spectroscopy is the science of studying the interaction of light
with matter as a function of the wavelength, 2 [nm]. The state of
electrons in atoms and molecules can be changed due to the
interaction between the light and the matter. In this case, the
exchanging of energy between them can result in one of the
following effects: scattering, emission or absorption of light [15].
The spectrography is a well-established technique in several fields
of science (e.g., physics, chemistry and biology) and can be applied
in virtually almost applications. The near infrared (NIR) spectro-
scopy analyses the spectral region located between 700 nm and
2500 nm [16] and can be used for monitoring the quality control
of food and beverages [17], as well as for detecting counterfeit
medicines [18]. The spectral region located between 1.4 um and
10 pm is the so-called mid infrared (MIR) range and it can be used
in the agriculture for quantitative analysis of soil contents [19] as
well as for doing quality control in the food industry by detecting
oils and/or fats [20]. The MIR spectroscopy can also be used with
success by criminalist investigators for doing forensic analysis of
several kinds [21]. It is possible applying spectroscopy methods in
the visible range of the electromagnetic spectrum. The visible
range is a small part of the entire electromagnetic spectrum
located between 390 nm and 760 nm and the only part which
can be perceived by the human eye. Many applications require
spectral analysis at the visible wavelengths: inspection of product
defects in the industry by means of color determination, biochem-
ical analysis (e.g., physiological fluid, human blood, muscle tissue,
DNA fibers) [22], light scattering by materials (liquids, plastics,
polymers and gels), and so on. It is also possible to use the energy-
dispersive X-ray spectroscopy (EDS or EDX) technique for doing
the characterization of environmental particles [23], but its usage
is out-of-the-scope of this paper. A microspectrometer is an
instrument that separates the light into its basic spectral compo-
nents [24] for analysis.

It is commercially available few high-performance multiple-
grating spectrometers featuring impressive spectral resolutions,
R=/1/AJ, that easily exceeds R=10°, where A/ [nm] is the —3 dB
power bandwidth (also known as the full-width half-maximum,
FWHM) for a particular settled wavelength, / [nm], but only very
specific applications such as those required by the astronomy
require such spectral resolutions [25]. Furthermore, the strong
dependence of the quantity R with the resolving power capability
makes it the most important indicator of a spectrometer. The
spectral resolutions found in microsystems based on assembled
MEMS and based on integrated silicon components are typically
limited by R=100 and R=20, respectively [26]. Fortunately, the
majority of the industrial applications (including the formerly
cited) require smaller spectral resolutions that do not exceed few
dozens. The main consequence of this is the huge industrial
potential of microspectrometers, where its small size and cost
more than compensates their R-limitation [27].

This review presents visible-ranged microspectrometers based
in the Fabry-Perot interferometric technique for the industry, and
is followed by a discussion on the limitations imposed to these

devices. An array-type microspectrometer for the visible is pre-
sent as a case study. A compensation technique to minimize the
effect of the scattered light was implemented and is also a major
topic of discussion.

2. Microspectrometer’s taxonometry

Since spectrometers work with the optical domain, specific
techniques are required for processing the wavelength compo-
nents of the light beam. A wavelength separator of some kind can
be found in a spectrometer and depends from the used dispersion
element. This leads to three know types of spectrometers: these
one based on prisms, on gratings and on interferometers. The first
type requires long optical paths and thus, it is not suitable for
fabricating microspectrometers.

Fig. 1 shows simplified schematics of typical grating and
interferometric type microspectrometers. In a grating type micro-
spectrometer, the incident passes by an entrance slit and is
dispersed by way of a grating [15]. Normally, the diffraction
gratings are composed of closely spaced transmitting slits on a
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Fig. 1. Simplified schematics illustrating the principle of (a) grating and (b) inter-
ferometric (a Fabry-Perot cavity) microspectrometers.
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flat surface (also known as transmission gratings) [28] or alter-
nate reflecting and non-reflecting grooves on a flat or curved
surface (the reflection gratings) [29]. For the case of microspect-
rometer based on interferometers, the dispersion of the incident
light is done by splitting it on several components and putting
them traveling several optical paths. After their recombination,
these components interfere constructively only if their path
difference is an integer quantity of a selected wavelength. This
means that an interferometer is a device that acts as a filter for
transmitting certain wavelengths and reflecting (rejecting) the
others back to the light source. It exist at least four types of
interferometric techniques (e.g., Michelson [30], Mach-Zender [31],
Sagnac [32] and Fabry-Perot [33]). The most promising approach for
fabricating interferometer type microspectrometers is using Fabry—
Perot interferometer (also known as Fabry-Perot etalon) for acting
as a dispersion element - see Fig. 1(a). This is true because the
interferometer can be mounted on top of microelectronic devices
(CMOS and/or bipolar) using IC-compatible fabrication techniques
(deposition techniques of both dielectric and metal layers, etching
techniques (e.g., bulk micromachining using wet solutions of potas-
sium hydroxide solutions — KOH — and dry micromachining by
way of reactive ion etching - RIE) [26].

3. Grating microspectrometers

Grating microspectrometers are generally fabricated using
bulk micromachining techniques (either with KOH alkaline solu-
tions or RIE techniques). The roughness resulted on microma-
chined surfaces make these type of microspectrometers to be very
difficult to fabricate and to reproduce their spectral character-
istics. Moreover, high-quality gratings are required to match the
targeted resolutions and can take two types of shapes: transmis-
sion slits [34] and reflective gratings [35] arrays. The need of
dedicated processing steps for obtaining diffraction gratings is the
main limitation associated to the fabrication of these microspect-
rometers. It must be noted that these kind of microspectrometers
are more suitable for separating the light in the infrared (IR) range
and behind (i.e., outside the visible range). In this sequence of
ideas, the microspectrometers based on interferometric techni-
ques constitute cheaper and simpler approaches.

4. Interferometric microspectrometers
4.1. Microspectrometer design

Fabry-Perot etalons (FPEs) are structures widely used for
separating a specific wavelength from a broad band light source.
FPEs are composed by two highly reflective surfaces (e.g., two
parallel mirrors) facing each other and a dielectric resonant cavity
in-between those with a selected distance d [m]. There are two
methods to fabricate such structures. One method is stacking a
given number of dielectric layers, which defines the properties of
the mirror but having a very complex and hard to control
fabrication process due to the number of layers (and their
thicknesses) required for defining the full width half maximum
(FHWM). The other method uses two plasmonic waveguides in
the following interfaces: air/resonance cavity and resonance
cavity/photodetector. Because the thickness of the metallic mir-
rors is in the nanometer range, the light transmission between
dielectric mediums is done through the mirrors working as
plasmonic waveguides [36]. Simultaneously, these mirrors work
as highly reflecting surfaces inside the cavity (e.g. the light
resonate due to successive reflections) [37]. The optimum result
obtainable when working with FPEs is dependent on the light

source beam and the generic homogeneity and smoothness of the
fabricated structure. This type of devices is fabricated by stack-
like thin-film deposition techniques inducing even more stray-
light in the FPE environment due to the interface surfaces’
roughness caused by the fabrication processes. The contact
interfaces between layers are critical in quantifying the light
scattering phenomenon that decreases the efficiency in the
spectral selectivity expected for these resonant cavities.

The spectral selectivity of a FPEs depends directly on the
finesse, Fin, Of the resonator. It is desirable to have the highest
possible value of Fy, in order to increase the resolution.
The finesse of parallel mirrors is given by:

Fine=mr'? x (1=r)71 1)

where r is the reflection coefficient of the mirrors. The most
relevant aspects when designing such devices are the ability to
fabricate flat mirrors with high reflectivity and at the same time
guaranteeing that the two are parallel to each other. The resolu-
tion depends on the incidence angle of the light entering the
cavity (for a given wavelength) and takes the maximum value
when the parallelism of mirrors is perfect. This enhances the
number of reflections and at the same time, this increases the
number of interferences with the consequent finesse improve-
ment. The spectral information can be obtained simply by varying
the variables intrinsically associated with the resonator, whose
values are (under ideal conditions) given by:

q/.=2ndcos() )

where ¢ is an integer number that gives the interference order,
o [°] or [rad] is the angle of incidence, n is the refractive index
inside the cavity and d [m] is the distance between the mirrors.
The resonance in the cavity occurs at 2nd=gq/o. It should be noted
that such devices are designed for g=1 for application in the
visible spectrum. As illustrated in Fig. 2, the distance between the
mirrors must be within the 200-390 nm range, for operation in
the visible spectrum with g=1. The distance between mirrors
(for the same wavelength range) decreases when the dielectric
material that forms the cavity is replaced by another one with a
higher refractive index. This means that using silicon dioxide, the
distance between the mirrors must decrease in accordance for
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Fig. 2. Transmitted wavelength versus air gap (n=1) between mirrors. The visible
range is in the horizontal shading. The cavity width must be in the range
200-390 nm (g=1) for allowing only one wavelength (vertical shading) in the
range 400-780 nm to pass through it.
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still covering the visible spectrum. This happens because the
refractive index of this material (n=1.46) is higher than of the air
(n=1).

The FPEs design was done in a way to allow their integration
with the electronics of control and optoelectronic conversion. In
this context, the aluminum (Al) was the selected material for the
bottom mirror due to its compatibility with microelectronics
processes (either CMOS and/or bipolar) [36,38]. The aluminum
could be also a suitable candidate for the top mirror, but
unfortunately this material presents higher absorption losses in
the visible when compared with silver (Ag) [36,38]. Contrary to
what happens in the macroscopic scale, a good protection from
environmental exposition must be provided (for example, by
sealing the complete microsystem) for avoiding any type of
mirror degradation. In this sequence of ideas, it must be noted
that to perform the spectral analysis, both the aluminum and
silver mirrors cannot be opaque in order to allow the light to
enter into the resonating cavity. This semi-transparency state is
what will allow the light to enter into the etalon and resonate
inside the cavity and reflect back and forth as many times as
possible until exiting. The number of reflections and transmis-
sions occurring during the resonating time evaluates the effect of
the wavelength’s interference until it is completely dissipated.
The silicon dioxide (SiO,) is transparent enough to allow the light
to resonate within dielectric cavities and at the same time it is
simple to deposit above the bottom mirror. This makes the silicon
dioxide a suitable material for fabricating the dielectric cavities.
Moreover, the silicon dioxide presents a constant refractive index
approximately of 1.46 in the visible region, which is an added
advantage for applications working in this particular portion of
the electromagnetic spectrum. Since different wavelengths have
different penetration depths, it means that shorter wavelengths
will have smaller penetration depths. Fig. 3(a) shows this concept.
This simplifies the fabrication of matrixes of cavities (each single
cavity for a single photodetector) with different thicknesses of
silicon dioxide [39]. The summary of the main characteristics
(optical, electronic and mechanical) of this microspectrometer
can be found in Table 1.

Alternatively and as illustrated in Fig. 3(b), a tapered cavity
(above a large number of photodetectors) with a continuously
variation in the thickness profile also constitutes an interesting
idea for fabricating microspectrometers [40]. Independently of
the used fabrication processes, the cavities must resonate within
the visible spectrum. The Fabry-Perot interferometer fabricated
by Emadi et al. [40] was designed to cover the spectrum between
570 nm and 720 nm. These specifications were achieved by
fabricating cavities with its thickness varying linearly between
850 nm and 1000 nm. For this reason, this interferometer was
denominated as Linear-Variable Optical Filter (LVOF). Moreover
and contrary to what is usual, the mirrors were fabricated using
layers made of different dielectric materials with different thick-
nesses. Each mirror contains five alternate layers of titanium
dioxide (TiO,) and silicon dioxide (e.g., three layers of TiO, and
two layers of SiO, with 67 nm and 112 nm, respectively). The
LVOF was tested with the help of a commercial CCD digital
camera, by attaching it into the camera’s objective and selecting
the wavelength of a light source. A monochromator was used for
this purpose. Then, a successive number of snapshots were
acquired for further analysis, as well as for calibrating the whole
system (composed by the LVOF and the camera). This is not a
true-silicon microspectrimeter. However, this opens good per-
spectives for future fabrication of complete microspectrometers
because the techniques and the materials used for fabricating the
LVOFs are compatible with those used by the microelectrics
industry (either CMOS or bipolar or both). Table 1 also lists the
main characteristics of this approach.

a

silver (Ag)

aluminium (Al)
4x4 silicon dioxide (SiO,) matrix

silver (Ag)

N
photodetectors

upper mirror

photodetector

air cavity (n=1)

silicon substrate bottom mirror

Fig. 3. Approaches for obtaining Fabry-Perot integrated microspectrometers used
by (a) Correia el al [39], (b) Emadi et al. [40], and (c) Chang et al. [41]
(for convenience of illustration, only one Fabry-Perot etalon with air cavity is showed).

A previous attempt using the air (n=1) as the material within
the cavities array was achieved by Chang et al. [41]. This
microspectrometer contains 16 photodetectors (forming a 4 x 4
matrix of photodetectors) made of lateral interdigit PIN diodes,
which were fabricated on a High Resistive Silicon (HRS) substrate
for providing high isolation between adjacent photodetectors.
As illustrated in the artwork of Fig. 3(c), the mirrors are both made
of silver with a thickness of 50 nm and presenting a circular shape.
The main difference between the mirrors relies in the selected
materials for providing mechanical adaptation. The bottom mirrors
are supported on a 1 pm-thick silicon nitride (SiN) layer, whereas
each of the top mirrors are suspended by a 50 nm-thick silicon
dioxide pre-buckled bridge. The width of the air cavities are in the
range 140 nm and 290 nm for detecting light within the 400-
680 nm range. The summary with the main characteristics of this
microspectrometer can also be found in Table 1.

4.2. Case study

Fig. 4 illustrates the array with 16 resonators (i.e., the 4 x 4
Fabry-Perot etalons array) without the upper mirror [39].
This Figure clearly illustrates this concept, whose result is the
thinning of silicon dioxide layers into 16 channels with different
thicknesses. The white squares in black masks are holes that
were drilled in order to allow the plasma etching of the silicon
dioxide. The Scanning Electron Microscope (SEM) photograph
in Fig. 5(a) shows a cross section of one of the fabricated
Fabry-Perot etalons, where it is possible to observe the resonant
cavity made of silicon dioxide layer between the top silver
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Table 1

Summary of the several approaches for obtaining Fabry-Perot microspectrometers.

Correia et al. [40]

Emadi et al. [39]

Chang et al. [41]

LVOF mounted on a CCD Canon EOS
10D digital camera

Chip-area 3.9 x 4.2 mm?

FWHM 18 nm 0.2 nm
Technology 1.6 pm CMOS

Wavelength range (nm) 380-500 570-720
Photodetectors (PDs) P [N-well ivi

Number of PDs 16: 4 x 4 matrix

Dark current (fA) 30

Size of PDs 500 x 500 pm
Mirror types Metallic materials
Top mirror materials Silver (Ag)

Bottom mirror materials Aluminum (Al)

Thickness of Top/Bottom mirrors (nm) 45 nm/20 nm

Cavity materials Silicon dioxide (SiO,)
Refractive index, n, of cavities ~1.46

Thickness range of cavities (nm) 225-300, step=5 nm

CCD pixels of the digital
camera

13: 200 pixels within 13 groups of
15 pixels

75 pm: groups of 15 pixels

ina 5 pm pitch

Dielectric materials

Alternate layers made of titanium
dioxide (TiO,) & silicon dioxide (SiO3)
Alternate layers made of titanium
dioxide (TiO,) & silicon dioxide (SiO>)
TiO,/Si0,/Ti0/Si02/TiO, 67/112/67/
112/67 nm total thickness=425 nm

Lateral interdigit PIN diodes

400-680

Lateral interdigit PIN diodes on a HRS
substrate

16: 4 x 4 matrix

633
<160 pm

Dielectric metalic mixed materials
Silicon dioxide (SiO,) bridge/silver (Ag)

Silicon nitride (SiN)/silver (Ag)

50 nm of SiO, and 50 nm of Ag/1 pm
of SiN and 50 nm of Ag

Silicon dioxide (SiO5) Air
~1.46 Bl
850-1000, linear thickness variation 140-290

4 4 silicon dioxide (SiO,) matrix
after doing the PECVD deposition

aluminium (Al)

4 4 silicon dioxide (SiO,) matrix
after applying n= 4 etching masks

T (etching time) T2
T4 T8

aluminium (Al)

Fig. 4. The principle used to form the etalons matrix. After the deposition of the 4 x 4 silicon dioxide matrix, different etching times are used for each mask. The result is a

4 x 4 silicon dioxide matrix with different thicknesses.

and the bottom aluminum mirrors. The artwork depicted in Fig. 5(b)
makes clear how the FPEs were deposited on top of the photo-
detectors (which were fabricated in a 1.6 pm standard CMOS
process).

A thin-film optics software package was used for structural
optimization of the 16 FPEs because the thickness of the silver
layer is a trade-off between the absorption loss and the full-width
half-maximum (FWHM). Contrary to what happens under ideal
conditions, the simulations already taken in account the effects
introduced by the materials used in the mirrors. In this context,
the simulations showed that the most suitable thicknesses of
mirrors were, respectively, 45 nm and 20 nm for the silver and
aluminum. In terms of technology there are no constraints
associated to the silicon dioxide, because this material acts as
an adaptation layer, ensuring the further coexistence of silver

with the microelectronics (e.g., the array of 16 photodiodes). As
showed in Fig. 5, the thickness of the 16 dielectric cavities was
selected to change from 225 nm up to 300 nm and increasing in
increments of 5 nm. This makes possible to cover the 400-500 nm
wavelength range with an inter-channel shift of about 6 nm.
The performance evaluation of the device was done by
measuring the electrical characteristics and the optical response
of each individual channel. The measurement setup was mounted
as follows: a light beam sourced by a monochromator (model
Triax-180 featuring a 1.2kg mm~' grating with a spectral
dispersion of 3.6 nm mm~" for achiving a spectral resolution of
0.3 nm at the 546 nm wavelength) was collimated with the help
of a lens. Then a slit, a pinhole and focusing lenses allowed the
production of an optical beam with a 400 um of diameter for
testing the 16 channels in the matrix. Both the electrical and
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Fig. 5. (a) Cross section SEM photograph of a selected sample of Fabry-Perot
cavity, which is composed of a SiO, layer (with a thickness of 300 nm) between a
top silver and a bottom aluminum mirrors. The roughness of the contacting
surfaces between the different layers is clearly visible in the device. (b) Artwork
illustrating the cross section of the photodetector design in a 1.6 pm standard
CMOS process.
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Fig. 6. Simulated transmittance versus the wavelength for a set of 16 Fabry-Perot
etalons with mirrors made of silver and aluminum with thicknesses of 45 nm and
20 nm, respectively. The thickness of their dielectric layers made of silicon dioxide
is in the 225-300 nm wavelength range and varies in integer steps of 5 nm.

optical characteristics of the 16 channels were measured with the
help of a DC source/monitor HP model 4142B (featuring a full-
scale ranging from 1fA up to 1A with a resolution of 0.1 pA).
A commercial photodiode (Hamamatsu model S1336-5BQ) was
used for calibrating the measurement system in order to make the
measurements the most reliable as possible. To finish, all the
measurement hardware was mounted and aligned on top of an
optical table with an anti-vibrating system to guarantee the
precise focusing of the individual channels. Fig. 7 illustrates the
setup for a better understanding.

Fig. 8 shows the spectral responsivity, R [AW~'], of the
16 channels, which were measured for the 400-800 nm wave-
length range with the help of the respective on-chip photodiodes.
It can be observed that the ratio between the base line and the

0.006

0.004

Spectral responsivity, R [AW ']

0.002

400 450 500 550 600 650 700 750
Wavelength, /. [nm]

Fig. 8. Measured spectral responsivity of the 16 channels versus the wavelength.

peak maximum ranges from 4 to 7. It can be also observed that
the relatively high scattered light, the beam divergence and the
roughness surface are the main causes that affected the back-
ground signal. As presented in one of the next subsections, a
method to compensate the scattered light will help to reduce the
effect of the non-idealities of both the incident light beam and the
FPEs. The photography of this array-type microspectrometer for
the visible range of the electromagnetic spectrum is showed in
Fig. 9.

4.3. Limitations

The spectral range can be extended up to about 571 nm
(e.g., to more than 480 nm) by using two adjacent dies with 16
channels each (each die with a 4 x 4 matrix) and doing an initial
PECVD silicon dioxide deposition with a thickness of 350 nm.
Then, an additional fifth etching mask can be applied in the
second die for doing a fifth etching step during a time of T/16 s.
This simple technique is used to form a 32 channels microspec-
trimeter with a higher wavelength range. This technique can be
further extended to yield a device with 64 channels (T/32) or even
with 128 channels (T/64).

The major and obvious limitation of array-type microspect-
rometers is the high waste of the impinged optical power. This
happens because the light is projected into the direction of the
microspectometer and then, it is distributed over the array before
the dispersion take place. This means that the optical power
delivered to each etalon is inversely proportional to the number
of channels. The resolution of the fabricated microspectrometer
presented in this paper is thus intrinsically limited to R=16. This
limited performance is due to only the first-mode (q=1) be the
one allowed for operation in these type of microspectrometers
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with the consequence to have a FWHM equal to the finesse, Fin, of
the FPE (that is limited by the mirror reflectivity) — see Eq. (2).
The thickness of thin-films used for fabricating the mirrors limits
the designer’s action because IC-compatible materials (as it is the
case of the aluminum) must be used at least in the bottom
mirrors. The fabrication of good aluminum mirrors is a complex
and challenging task because high resolutions require mirrors
with high reflectances and at the same time, high throughputs are
only achieved with low absorptions. This is evident when looking
for the thickness increase of aluminum mirrors from 5nm to
10 nm, whose consequence is an optical transmission reduction
from 90% to only 5% and inversely the reflectivity varies from 10%
to 85% [42]. These contradictory factors trade between them and
difficult the task to get good mirrors in aluminum, especially
when the absorption increases rapidly with the thickness of the
metallic layer. Therefore, the consequence is achieving a poor
signal-to-noise ratio. Practical devices with FPEs made with
metallic mirrors typically present throughput peaks at resonance
of only 10%. High-performance (high-reflection/low-absorption)
mirrors can be fabricated by combining a multiplicity of layers
made of dielectric materials [40]. These dielectric mirrors can be
easily assembled on top of microelectronic devices (in CMOS or

Fig. 9. Photograph of a prototype of an array-type microspectrometer composed
by 16 channels, each one with a CMOS photodiode with a Fabry-Perot etalon
mounted on top. Three main subsystem blocks can be identified in the photo-
graph: (a) array of 16 Fabry-Perot mounted above 16 photodiodes, (b) dark
current reduction, and (c) electronics for readout and signal processing (analog-to-
digital conversion and amplification) and a serial bus for communicating with
external devices [39].

non-ideal light contains

bipolar technology) using IC-compatible thin-film deposition
techniques (chemical vapor deposition, CVD) as well as IC-
compatible materials (silicon dioxide, SiO», and titanium dioxide,
TiO,) for the several layers of the mirrors [40,43].

Other problems in microspectrometers are the structural
induced and the light source noises. The first one happens due to
the non-perfectly matching connecting surfaces resulted from the
thin-film deposition process where different materials inherently
present non-parallelism and roughness. The light source noise
problem happens due to the light scattering caused by the non-
idealities of Fabry-Perot etalons. A method for compensating this
non-ideality will be discussed in detain on the next subsection.

4.4. Compensation of scattering non-idealities

The optimum result obtainable when working FPEs is depen-
dent on the light source beam and the generic homogeneity and
smoothness of the fabricated structure. This type of device is
fabricated by stack-like thin-film deposition techniques inducing
even more stray-light in the FPE environment due to the interface
surfaces’ roughness caused by the fabrication processes. The
contact interfaces between layers are critical in quantifying
the light scattering phenomenon that decreases the efficiency in
the spectral selectivity expected for these resonant cavities. The
non-idealities of this kind of FPEs are responsible for the inherent
noise this device presents. This noise is independent from the
etalon’s thickness and it was noticed that several fabricated devices
with different widths present similar noise. Therefore, an improve-
ment of the device’s spectral selectivity is obtained by doing the
following procedure: first, it is necessary to add an identical passive
structure but fabricated to transmit through the etalon a wavelength
ten times thinner than the one filtered by the active FPE.

Due to the thin-film deposition process, the non-perfectly
matching interfaces of different materials inherently present non-
parallelism and surface roughness, detailed in Fig. 6(a). These
plasmonic waveguides are the critical part of the FPE to be improved
because they better represent the non-idealities of the fabricated
device. Nevertheless, it is possib le to reduce the overall roughness of
the silver surface by applying a pretreatment with a SnCl, solution
and low iodination temperature [44]. This is very important to do in
the silver plasmonic waveguide because it is where the light enters
the etalon and the scattering starts immediately after the first
contact of the light with the optical cavity. In Fig. 10 is demonstrated
how the light interacts inside the cavities with different thicknesses,
and the corresponding optical output, caused mainly by two
reasons. One is related to the way light travels through different
mediums. As light crosses the different layers that compose the FPE,
the aforementioned issues induce diffuse reflection. For the visible
range, when the free-space incident light reaches the SiO, filtering
cavity, it will shorten the wavelengths by the medium’s refractive
index. The other source for noise in the optical filter is caused by the

scattered and non-parallel

Ag mirror
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Ag mirror
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d=—
2
Al mirror
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Fig. 10. The optical noise inside a Fabry-Perot etalon, where d [m] is the thickness for resonance to occur for a given wavelength 4 [m], and d’ [m] is at least ten times

thinner than d.
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8 fabrication were also presented, as well as the limitations
"\ =——=————= Active structure imposed by their intrinsic dimensions. A compensation technique
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Fig. 11. Mean values of measured spectral responsivities (dashed line) for 300 nm
thick FPEs and noise (thinner line) for 30 nm thick compensation FPEs. The “clean”
compensated output signal after noise subtraction is also presented (thickest line).
It can be observed that the mean FWHM centered at 480 nm was improved by
8 nm (e.g., from 33 nm to 25 nm).

light source’s components that are not perpendicular to the filter's
plane, which ideally should be. The non-normal components of the
light, with unknown angles of incidence, induce multiple reflections
inside the cavity [45]. In controlled environments, a collimator is
used to minimize the stray light by narrowing the beam, therefore,
the presented compensation cavity overcomes these limitations. For
the visible wavelengths, the different roughness for each layer are
responsible for scattering the light noticeably, visible wavelengths,
the different roughness for each layer are responsible for scattering
the light noticeably, hence prejudicing the FPE's ability to distin-
guish a narrow tuned wavelength.

The proposed solution is a ten fold reduction in the thickness
of the resonant cavity. Apart from that, this structure is exactly
the same as the active FPE. The Ag/SiO, interface presents
roughness caused by the fabrication processes, which is respon-
sible for the light scattered into plasmonic modes in that region
and, ultimately, also for the 8 nm FHWM width improvement. By
using such a compensation structure with the only purpose of
quantifying the noise and subtract it from the measured signal of
the FPE, a reduction of the transmitted spectral band around the
resonance wavelength is achieved. This is possible because the
fabricated FPEs have similar background noise. Fig. 11 shows the
mean values of spectral responsivities [mA/W] measured for all
active FPEs and the noise compensation FPEs with thicknesses
with 300 nm and 30 nm, respectively. The improved output signal
obtained after the subtraction is also represented in Fig. 11.
Moreover, Fig. 11 also shows that the FWHM, before and after
compensation, is improved by 8 nm hence increasing consider-
ably the device’s spectral selectivity. Furthermore, when operat-
ing in the visible part of the spectrum, the new passive FPE does
not present any new resonance peaks at shorter wavelengths.
Therefore, there are not undesirable consequences in adopting
such a structure to measure the non-resonant effects and use
them for signal compensation purposes.

5. Conclusions

This paper made a review of microspectrometers in silicon for
the industry. The technical issues and challenges concerning their

in this paper. By fabricating a compensating structure producing a
background noise similar to the active FPE, the otherwise
unwanted signal is then subtracted resulting in a better output
signal then without the compensation FPE. The compensation
etalon also results in a considerable improvement in the device’s
spectral selectivity by reducing the FWHM from 33 nm to 25 nm.
This solution was applied to a set of FPEs for a wavelength inside
the visible range (e.g., 40=480nm) and resulted in a FWHM
improvement in the order of 24%. Adding more etalons will cover
the entire 380-780 nm wavelengths. The array-type microspect-
rometer that was presented as case study can be used with
success in the industry for doing. To finish, it must be noted that
microspectrometers in silicon offer the opportunity to integrate
the spectrometer, the readout and signal processing subsystems
in the same die in order to provide a genuine microdevice with
low-cost.
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