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LVOFs are presented.

This paper reports on an IC-Compatible process for the fabrication of Linear Variable Optical Filter (LVOF).
The LVOFis integrated with a detector array toresultin a micro-spectrometer. The technological challenge
in fabrication of an LVOF is fabrication of a well-controlled tapered cavity layer. Very small taper angles,
ranging from 0.001° to 0.1°, are fabricated in a resist layer by just one lithography step and a subsequent
reflow process. The 3D pattern of resist structures is subsequently transferred into SiO, by an appropriate
etching. Complete LVOF fabrication involves CMOS-compatible deposition of a lower dielectric mirror
using a stack of dielectrics on the wafer, tapered layer formation and the deposition of the top dielectric
mirror. The design principle, IC-Compatible processing and the characterization results on fabricated

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Single-chip optical micro-spectrometers have huge potential
in many applications, such as identification of bio-molecules, gas
detection and in chemical analysis, because of their properties such
as low-cost and low sample volume [1-5]. A small Linear Variable
Optical Filter (LVOF) integrated with an array of optical detectors is
avery suitable candidate for a micro-spectrometer that should fea-
ture both low unit cost and high resolving power [6,7]. Although
grating-based micro-spectrometers generally outperform optical
resonance based systems, such as the Fabry-Perot etalon or the
LVOF-based micro-spectrometer, in case of operation over a wide
spectral bandwidth, LVOF-based micro-spectrometers are more
suitable for operation with high resolving power over a narrow
spectral band, as is required in spectral analysis around an absorp-
tion line [8]. IC-Compatible fabrication enables the fabrication of
LVOFs as a post-process in CMOS. Having the detector array and
electronic circuits realized in CMOS prior to application of the post-
process offers opportunities for low unit costs in case of a high
production volume.
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The LVOF is basically a one-dimensional array of many
Fabry-Perot (FP)-type of optical resonators. Rather than a huge
number of discrete devices [9], the LVOF has a center layer (the res-
onator cavity) in the shape of a strip and a thickness that changes
over its length. Dielectric mirrors are on either side. The spectral
resolution of a Fabry-Perot interferometer is determined by surface
flatness, parallelism between the two mirror surfaces and mirror
reflectivity. The possibility to have high number of spectral chan-
nels in an LVOF spectrometer theoretically makes it possible to
have spectral resolution better than 0.2 nm in the visible spectrum
range using signal processing techniques. For a Fabry—Perot type of
LVOF, the thickness variation of the cavity layer has to be in order of
quarter of the wavelength and very well controlled, which makes
fabrication of miniature LVOFs a technological challenge. The the-
oretical limit for the spectral resolving power of the LVOF-based
spectrometer is the spectral bandwidth divided by the number of
channels in the detector array. However, this is difficult to achieve
when considering the signal to noise ratio. This simple geometric
optimum is only approached in case of a high SNR.

LVOF fabrication is based on reflow of a specially patterned layer
of resist. Fig. 1 shows the process steps for the fabrication of an
IC-Compatible LVOF. The process starts by deposition of the lower
dielectric mirror stack and the oxide layer that results in the cavity
layer. Photoresist is spin coated as the next step and lithography
is applied to define the strip-like structure in the resist layer to be
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Fig. 1. Process flow for the fabrication of LVOF.

reflowed. A series of trenches of constant width and with variable
spatial frequency or trenches of variable width and constant pitch
are etched over the length of the strip of resist to vary the effec-
tive amount of resist per unit area. The subsequent reflow transfers
this gradient volume of resist into a smooth tapered resist layer.
The topography of the tapered resist layer is transformed into the
thick oxide cavity layer by an appropriate plasma etching process.
The process is completed by deposition of the top dielectric mirror
stack. This first prototype of the LVOF is fabricated on a glass sub-
strate. However, fabrication directly on a CMOS detector chip as a
compatible post-process is well possible.

For the LVOF presented in this work the wavelength range of
570-720 nm is chosen. This wavelength range contains the essen-
tial information in applications such as fluorescence spectroscopy
of plants and H-a spectroscopy. The performance characterization
of the LVOF and related micro-spectrometer in this wavelength
range can be tested using a Neon lamp, which has most of its major
peaks in this wavelength range. The same principle of design can
be applied to other wavelength ranges in visible, Infrared and UV.
The difference would be the choice of dielectric materials for the
LVOF filter and suitable detector array. For near-infrared region, for
example PolySi and SiO, are to be used as dielectric materials [10]
and MEMS fabricated thermopile arrays as detectors [11].

2. Design and fabrication

The dielectric multilayered Fabry-Perot LVOF consists of 14
alternative layers of TiO, and SiO,. Table 1 shows the layers thick-
nesses required for a visible LVOF to cover the 570-720 nm spectral
range based on optical simulations. Fig. 2 shows the simulated spec-
tral response for different thicknesses of the cavity layer, which
gives a prediction of the spectral response of the LVOF at dif-
ferent positions along its length. As the table shows, the cavity

Table 1
Layers thickness for an LVOF for 570-720 nm wavelength range.

Layer material Layer thickness (nm)

TiO, 67
SiO; 112
TiO, 67
Sioy 112
TiO, 67
Sio, 112
TiO, 67
SiO; 850-1000
TiO, 67
Sioy 112
TiO, 67
SiO; 112
TiO, 67
Sioy 112
TiO, 67
Sio, 112

layers thickness should vary between 850nm and 1000 nm to
cover the desired wavelength range. The simulation has been done
with TFCalc® 3.3 software [12]. The spectral bandwidth of the fil-
ter depends on reflection spectrum of dielectric mirrors and the
order of the Fabry-Perot. Increasing the order of the cavity results
in higher resolving power, but limits the operating free spectral
range of Fabry-Perot etalon. The LVOF based on the Fabry-Perot
etalon listed in Table 1 gives a half-power spectral bandwidth
HPBW =2.2 nm over 150 nm wavelength range. The HPBW of an
LVOF is slightly larger than that of a corresponding Fabry-Perot,
because of multiple reflections between the non-parallel mirrors
[13].

Based on the simulation it was decided to design for 2 types
of LVOFs; the first with a length of 2.5 mm and the second with
a length of 5mm. In the 5mm long LVOF the thickness variation
(slope) would be equal to 150 nm/5 mm. In case collimated light
of a single wavelength is used to illuminate the strip, the light
over a small length is transmitted, due to filtering property of the
LVOF. The length of the transmitted light spot can be calculated
as: Ax=HPBW/0, where 6 denotes the slope of the LVOF. Using the
values of HPBW =2.2 nm and above-mentioned slope angle results
in Ax~ 75 pm. This means for each single wavelength in the spec-
trum a region of 75 pm in length is illuminated on the detector.
Therefore, if a typical detector with 5 wm pitch is used, about 15
pixels on the detector are illuminated.

Fig. 2. Simulated spectral response of multilayered Fabry-Perot for different cavity
layer thicknesses, thickness values in nm.
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Fig. 3. Structure of LVOF micro-spectrometer.

The structure of an LVOF-based micro-spectrometer is shown
in Fig. 3. Light passes an aperture and collimating optics before
being projected onto the LVOF, which is placed or deposited on the
top of the detector. The entrance aperture in Fig. 3 can be larger
than that typically used in grating-based micro-spectrometers,
allowing more light entering the optical system. Consequently, the
resolution of the micro-spectrometer depends primarily on the
Half-Power BandWidth (HPBW) of the LVOF, rather than on the
aperture size. To determine the size of aperture and focal length of
the collimating lens the following equations can be used.

Fig. 3 results f=D/2NA, in which D is size of the LVOF, f is the
focal length of the lens and NA is entrance numerical aperture.
Smith-Helmholtz invariant theorem [14] results d-NA=D- ¢, that
can be rewritten as d=D-¢/NA in which d is the diameter of the
aperture and ¢ is maximum acceptable angle of incidence on the
LVOF. Since these equations depend on ¢, transmission through the
multilayered Fabry-Perot filter (which can be at any position along
the length of the LVOF) is simulated at different angles. Fig. 4 shows
the result. It can be seen that at 3° angle of incident there is 0.4 nm
wavelength shift in the spectral response and at 5° angle of incident
this wavelength shift has increased to 0.9 nm. Based on these sim-
ulations ¢ can be selected. For spectral accuracy better than 2 nm,
¢=5°is an acceptable choice.

Fig. 4. Transmission through the multilayered Fabry-Perot at different angles.

The first step for the fabrication of LVOF is to deposit dielec-
tric mirrors, layers 1-7, and a thick oxide of 1050 nm, layer 8, on
a 4in. glass wafer. The thick oxide layer is tapered in subsequent
process steps. A FHR MS 150 sputter machine has been used for
the deposition of TiO, and SiO, films. TiO, is deposited by reactive
DC sputtering and SiO, by reactive RF sputtering. The films can be
deposited subsequently without breaking the vacuum. The films
are optically characterized by ellipsometry and the data were used
to refine the values used for the designed thicknesses. The thick-
ness variation over the 4in. wafer size is measured to be less than
2% for both films. The effect of such a relative thickness is shown in
the simulation of reflectance of the optical filter, as shown in Fig. 5.
Thickness variation can cause +6 nm wavelength shift of the peak.
This implies that fabricating a Fabry-Perot at an exact desired peak
can be challenging. However, for an LVOF type of Fabry-Perot this
problem is resolved since the sloped cavity layer makes it possible
to cover the whole spectrum range of interest despite of wave-
length shift. The 4in. glass wafer is diced into 2 cm x 2 cm pieces
before applying further processing.

The SiO, cavity layer is tapered in an IC-Compatible fabrication
process. Initially, a tapered photoresist layer is formed by one step
lithography and reflow of the resist. Subsequently, the topography
of the tapered resist layer is transferred into SiO, by RIE. With a sin-
gle lithography step a pattern of trenches (or holes) is developed

Fig. 5. Simulated reflectance spectrum of multilayered Fabry-Perot for 850 nm thickness of the cavity layer.
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Fig. 6. (a) Pattern of trenches in the photoresist layer. (b) Tapered resist layer after reflow.

in a photoresist layer. The trench or holes size is 2 wm, which is
the minimum possible with the available lithography. The trench
density defines the local amount of material removed (Fig. 6a) and
is followed by reflow of this patterned photoresist to locally pla-
narize the remaining strips of material (Fig. 6b). The result is an
effective reduction of the resist layer thickness by a value defined by
localized trench density. Hence a taper can be flexibly programmed
by mask design to be from 0.001° to 0.1°. This enables simultane-
ous fabrication of tapered layers of different angles. The mask is
designed based on a geometrical model and FEM simulations using
COMSOL[15].

Two different types of photoresist have been used in the fabri-
cation: AZ4562 and Shipley S1813. AZ4562 has an initial thickness
of 4-4.5 pm after spin coating. S1813 is a thinner resist with initial
thickness of 1.2 wm after spin coating and is used in fabrication of
smaller slopes.

The viscosity of the resist decreases rapidly at temperatures
above the glass transition temperature and the material flows
because of surface tension, while remaining coherent. Although
the glass transition temperature of resist is relatively low value
(110-120°C), the resist does not flow well over the substrate due
to its high viscosity. Another approach to decrease the viscosity
of the resist is to expose it to its solvent vapor. The wafer with
patterned photoresist is alternatively exposed for short time to
solvent, so that the resist absorbs some of the solvent vapor and
is subsequently exposed to a temperature above glass transition
temperature until most of the solvent is removed. Cross-linking of
the resistis avoided and a better control on the quality of the surface
is obtained. A process has been designed with a limited number of
solvent exposure/baking cycles and optimized towards minimum
surface roughness for the desired range of taper angles. The sam-
ples with patterned resist on the dielectric stack are exposed to
PGMEA solvent vapor heated to 50°C for 3 h and heated on hot-
plate at 110°C for 10 min. Fig. 7 shows profile scans on tapered

Fig. 7. Profiles of four 4 mm long tapered resist structures.

AZA562 resist layers. It can be seen that different slopes with the
same initial thickness have been fabricated and the profile of the
structures is smooth.

The process for transferring the resist structure into SiO-, is opti-
mized to getan optically smooth surface. The process uses a mixture
of NF3 5sccm, Ar 50 sccm and O, 30 sccm at 20 mTorr with 100 W.
The etch rate of SiO, is 0.7 nm/s and etchrate of the resist is 4.6 nm/s
which gives a resist/SiO, etch ratio of 6.5. A laser illuminates the
thickest part of the resist structure during etching and the reflection
from the surface is measured. Due to interference between resist,
oxide layer and substrate, this will show exactly how much of the
resist and SiO, has been etched. The etching process is stopped
after resist is removed from the thickest part and 50 nm of the SiO,
under it, is etched. Fig. 8a and b shows the video screen of the etch-
ing system before and during the etching. The dark and light strip
pattern on the resist structure illustrates the slope shape. In Fig. 8b

Fig. 8. Patterns, due to interference, illustrate the sloped shape of the structures: (a) before start of etching and (b) during etching.
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Fig. 9. LVOF deposited on the glass mounted at the entrance of the Camera. The
glass contains five different LVOF filters.

resist has been etched from the thin part of the resist structure and
etching of the SiO, has started in those areas.

After etching the samples are cleaned in acetone and further
by oxygen plasma to remove any remaining of photoresist. Sub-

Fig. 10. Image recorded on the CCD at several wavelengths.

Fig.11. Intensity of light recorded on the CCD at several wavelengths (580-720 nm).

sequently, the dielectric stacks, layers 9-16 from Table 1, are
deposited on the samples to complete the LVOFs.

3. Characterization

Characterization involves illumination of the LVOF with
monochromatic light and recording the image due to transmission
through the LVOF using a CCD. The wavelength of the monochro-
matic light is swept over the wavelength range of the LVOF. A
Canon EOS 10D camera has been used for the characterization of
the LVOF filter. Fig. 9 shows the LVOF placed on the entrance of
the Canon camera. Infrared blocking filter of the camera has been
removed. Collimated monochromatic light is projected on the LVOF
and the wavelength of light is swept with 1 nm steps. The image
recorded on the Camera is exported to Matlab®. There is 3 cm dis-
tance between the LVOF and the camera. This has an adverse effect
on the quality of the projected image and thus on the measure-
ments, because of the diverging light.

Fig. 10 shows image on the camera at several wavelengths.
The illuminate part moves along the detector as the wavelength
is swept. The illuminated strip is around 1 mm, which is a much
larger spot size than the calculated 75 pm strip size. This is directly
due to the distance between the LVOF and the detector. It can be
easily calculated that a 1° diverging angle causes a 1 mm area spot
size in case of a 3 cm distance. Fig. 11 shows the intensity of the
pixel on the camera at different wavelengths. The wavelength is
swept from 580 nm to 720 nm. For each monochromatic wave-
length around 200 of the pixel on the CCD are illuminated. This is

Fig. 12. Position of transmission peak along the LVOF.
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mainly due to the distance between LVOF and detector and partly
due to bandwidth of the monochromatic light and HPBW of the
LVOF at each position. The position of illuminated pixels on the CCD
shifts over about 30 pixels per 3 nm wavelength, which is equiv-
alent to 10 pixels/nm. This characterization data can be used for
the calibration of the spectrometer [16,17]. The shift over a large
number of pixels is a desirable property for high-resolution spec-
tral measurements after calibration. Fig. 12 shows the position of
the intensity peaks on the detector versus wavelength. This figure
shows that the wavelength of the light passing through the LVOF
changes linearly with the position along the length of the LVOF.
Placing the LVOF directly on the top of a linear detector array in
CMOS in a CMOS-compatible fashion strongly reduces the prob-
lems associated with diverging light mentioned. Also the use of
characterization data for calibration and spectral measurements is
subject of future work.

4. Conclusions

LVOFs for operation in a wavelength range between 570 nm and
720 nm have been fabricated with an IC-Compatible process. The
process includes a reflow process to fabricate a smooth tapered
layer in resist. Miniature LVOFs fabricated by this technique can be
used for mass production of on-chip micro-spectrometers. Char-
acterization of the LVOFs using monochromatic light proves the
operation for the LVOF. Spectral measurements using the LVOF
are possible after using the characterization data to calibrate the
wavelength response. Future research is directed towards a fully
integrated micro-spectrometer in CMOS.
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