Optical filters for stereoscopic image sensors
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Abstract—This paper presents optical filters for integration
on stereoscopic image sensors. The filters must cover each one of
primary colors within the visible, in order to yield a passband
around the respective wavelengths. Dielectric materials based on
SiO, and TiO, were used due to their compatibility with silicon.
The best simulation with only 3 dielectric layers resulted in
optical filters with full width at half maximum (FWHMs) of 79,
95 and 124 nm and central wavelengths of 456, 529 and 605 nm,
respectively.
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l. INTRODUCTION

In the present days, the range of applications based on
optics is wide and don’t cease to increase [1-9]. Examples of
applications include optical sensors, optical sources, laser
sources, lighting, optical communications, image sensors,
displays, solar cells and so on [8]. Under normal
circumstances, an optical sensor requires optical filters with a
large number of layers either for providing a sharp transition
between the pass and the stop-band or for providing pass-bands
with a very small width. Fortunately, the human eye can’t
distinguish between well-confined pass-bands with sharp
transitions to the stop-band and not so well defined pass-bands
with smoothed transitions to the stop-band. In this context and
taking into account the need to reduce their complexity for
decreasing the costs and at the same time optimizing the time
required on their fabrication, it was put an effort to design
optical filters with the smallest possible number of layers. For
this reason, the optical filters presented in this paper were
designed with only three dielectric layers for a reasonable
coverage of each one of primary colors (red, green and
blue - RGB) and to yield a passband around the respective
wavelengths.

Il. DESIGN

The optical filters presented in this paper were designed for
integration into optical microsystems for allowing the
acquisition of polychromatic stereoscopic images. Figure 1
illustrates the architecture of the targeted image sensor, which
is composed by two pupils (two entrance apertures just like the
human eyes) from where both the left and right images (that
originate the tridimensional effect) pass through before being
focused into the photodetectors by an objective lens. This lens
focuses the two incident beams in the direction of an array of
microlenses. Then, the light is concentrated into the
photodetectores, which defines a small sensitive area where the
light is converted to currents and further amplified and used by
a display device. The photodetectors are based on CMOS
photodiodes, where the left and right images are separated by
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focusing each side onto the appropriate sensor column under
the microlens, whose fabrication on top of the optical filters is
desired. For this reason, the optical filters are the focus of
analysis in this paper.
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Fig. 1. [llustration of the stereoscopic image formation, and (b) illustration of
the concept associated to the microlenses array for stereoscopic acquisition
with a single polychromatic CMOS image sensor (example with one lens and
two photodiodes PDy left and right).

As illustrated in Figure 2, microsystem integration require
layers of two different dielectric materials. These dielectric
materials are selected in order to make their indexes of
refractions being different with relation to each other. The
example of Figure 2 helps to illustrate the mechanism that
explains the wavelength filtration. The reflected light is the
combination of four k reflected beam with four different phases
and amplitudes, where each component k contains its own
optical path dy. The same applies to the transmitted light, which
is simply given by the difference between the incident and the
reflected light. If Ag is the amplitude of the incident light, then
each k reflected component will be Ag.Ac.exp(-jf.dy), with
|A<l and f=24 . This makes both the reflected and the
transmitted  light  wavelength A4 dependent.  This
interferometer-based mechanism is what explains the optical
filtration with respect to the wavelength.



The fabrication technology of the optical filters must allow
their integration with the microelectronics (comprising
photodetectors and respective readout electronics) on
post-processing steps. This can be easily achieved with
dielectric materials compatible with the silicon. Examples of
dielectric materials extensively used on microsystems due to
their compatibility with silicon are: silicon dioxide (SiO,),
titanium dioxide (TiO,) and silicon nitride (SiN), whose typical
indexes of refractions are respectively, 1.5, 3 and 2.16.
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Fig. 2. A multilayer consisting of alternate high and low index of refraction.

The selected materials for fabricating the optical filters
were the TiO, and the SiO, because the same reactive RF
sputtering thin-films deposition technique can be used.
Additionally, it is extremely difficult or even impossible to
remove these materials from the silicon substrate. Moreover,
the index of refraction of the SiO, is almost constant in the
visible range (e.g. between 400 and 740 nm). The TiO, was
also selected due to fabrication constraints (the deposition
process is well characterized) and because it is compatible with
the silicon that forms the microelectronic circuits. This last
issue is very important because this material is the first one to
be deposited. Finally, the TiO,and the SiO, where also selected
because all depositions can be done without open the
deposition chamber, thus avoiding air contamination and
temperature gradients.
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Fig. 3. [Illustration of the 3 optical filters with 3 dielectric layers (each one
composed by a sequence of HLH materials. It must be observed that the
thickness of the inner layer (where the L material is deposited) is not the same
for the 3 filters, in order to create 3 top-to-bottom wavelenght pass-bands.

The optical filters will be postprocessed by reactive plasma
sputtering deposition of thin-films on top of the photodetectors.
The filter fabrication starts with the deposition of a TiO, layer
after the completion of the standard CMOS process, including
the removal overlayer (this issue will be further discussed).

Then, the subsequent layers of SiO, and TiO, will be deposited
with the suitable thicknesses. Figure 3 illustrates a cut view
with the structure the optical filters, where it can be observed
the existence of three layers. The middle layer of the filters is
composed by SiO,, e.g., it is filled with the material with
smaller index of refraction, and for this reason is denominated
by L. Additionally, the external layers are composed by TiO,
(the higher index of refraction, e.g., the H material). The
thickness of the SiO, middle layer is what defines the central
wavelength 4;, ie{red, green, blue}, whereas the up and
bottom layers are the main responsible for defining the
bandwidth.

Figure 4 shows the simulated transmittances [%] versus the
wavelength [nm] in the visible range that were obtained with
the three optical filters, whose characteristics are listed in the
Table I. The simulations were performed using a freeware tool
for thin-films calculations [10].
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Fig. 4. Simulated transmittance for the 3 RGB optical filters.

Table I: Thicknesses of the 3 dielectric layers that form the optical filters
illustrated in the Figure 3, whose simulated transmittances are in the Figure 4.
Layer number [#]

" 2
[mi 1 2 3

Thickness [nm]

45

45

45

Figure 4 also allows to observe that the best simulations
with only three dielectric layers resulted in optical filters with
full width at half maximum (FWHMs) of 124, 95 and 79 nm
and central wavelengths of 605, 529 and 456 nm, e.g., in the
red (R), green (G) and blue (G) regions of the visible spectrum,
respectively. Moreover, the simulations seems to be promising



because the superposition of the three optical filters reasonably
covers the entire visible spectrum (e.g., the 400-740 nm range).

I1l.  EXPERIMENTAL

Few depositions of thin-films made of TiO, were
performed on top of glass substrates in order to evaluate and
demonstrating the suitability for fabricating arrays of
microlenses above the optical filters. The other two depositions
of SiO, and TiO, were not done because their total thickness
didn’t affect the reflow process. This fact can be twice
explained by analyzing the thermal conductivities of these
materials: TiO,, SiO,, glass and silicon materials which are
respectively, 6.5, 1.3, 0.8 and 148 W.mK™. First and for
depositions on top of silicon, the two remain layers of SiO, and
TiO, don’t make difference because, when compared with SiO,
and TiO,, the dominant thermal effect is due to the high
thermal conductivity of silicon. Second and for depositions on
top of glass, the two remain layers of SiO, and TiO, don’t also
make difference because, when compared with SiO, and TiO,,
the glass substrate strongly affects the reflow due to both its
larger thickness (L mm) and small thermal conductivity
(compared with those found on SiO, and TiO, thin-films).
Therefore, only one thin-film was considered, e.g., the material
that constitutes the top layer of the optical filters. In this
context, the depositions were performed by the reactive RF
sputtering technique. A reactive atmosphere composed by
argon (Ar) and oxygen (O,) was used during the depositions. In
these depositions, the gas flows were maintained at 25 and
2 sccm of argon and oxygen, respectively.
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Fig. 5. (a) the photography and (b) the respective (top) SEM image of a
selected sample of a thin-film made of TiO, before doing the deposition of the
material that will be used in the fabrication of the microlenses array.

Figure 5 shows (a) the photography and (b) the respective
(top) SEM image of a selected sample of a thin-film made of
TiO, before depositing the material that will form the array of
microlenses (e.g., the AZ4562 photoresist). A naked eye
analysis of the SEM image reveals a thin-film whose surface
shows a reasonable uniformity (low roughness). This issue is
important for decreasing the stray-light effect and therefore, to
avoid the degradation of the filter’s characteristics (central
wavelength and FWHM). Thin-films with good uniformity is
also important for fabricating microlenses on top of their
surface.
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Fig. 6. Two SEMs showing the top view of few AZ4562 strips that were
deposited on top of a thin-film made of TiO,. These SEMs were acquired at
two different angles for a better illustration purpose.

Few arrays of microlenses were fabricated on top of the
titanium dioxide films. The AZ4562 photoresist was the
selected material due to the fabrication requirements. The
AZ4562 is a positive photoresist, which is ideal for coating
thicknesses above 3-5pum without having to increase the
exposure energy considerably and still providing enough
energy down to the substrate of the AZ. The SEM photographs



in Figure 6 refer to arrays of rectangular strips seen from the
top, which after being reflowed will result on arrays of
microlenses with an hemicylindrical shape. These arrays are
constituted by AZ4592 photoresist. The two SEMs of the
Figure 6 were obtained at two different angles on top of the
AZA4562 strips’” array for better illustrating their transparency
and shape (e.g., high aspect ratio and tridimensionality). The
SEM in Figure 7(a) shows a close-in zoom of the selected strip
of AZ4562, whereas the SEM in Figure 7(b) shows the cross
section of the selected AZ4562 strip.
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Fig. 7. (a) A SEM showing the close-in zoom of a selected AZ4562 strip;
and (b) a SEM with the cross section of the selected AZ4562 strip.
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IV. CONCLUSIONS

This paper presented the design of optical filters for
integration with stereoscopic image sensors. The design was
optimized for the minimum number of dielectric layers, in

order to decrease the complexity of fabrication for achieving
reduced costs. Only three dielectric layers are required thanks
to the desired application that allow relaxed specifications, e.g.,
the perception sensed by the human brain is not sensitive to
reasonable shifts in the pass-band spectrums of different colors.
Therefore, precise central wavelengths and bandwidths are not
required. Additionally, since the stereoscopic image sensor
require arrays of microlenses, then few arrays of AZ4562 were
deposited on top of the external layer of optical filters (made of
TiO,) in order to validate the suitability of the concept.
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