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Abstract
This paper presents the design, fabrication and characterization of a linear-variable
optical-filter (LVOF) that will be used in a micro-spectrometer operating in infrared (IR) for
natural gas composition measurement. An LVOF is placed on top of an array of detectors and
transforms the optical spectrum into a lateral intensity profile, which is recorded by the
detectors. The IR LVOF was fabricated in an IC-compatible process using a photoresist reflow
technique, followed by transfer etching of the photoresist into the optical resonator layer. The
spectral range between 3 to 5 μm contains the absorption peaks for hydrocarbons,
carbon-monoxide and carbon-dioxide. The resulting optical absorption is utilized to measure
the gas concentrations in a sample volume. Two LVOF structures were designed and fabricated
on silicon wafers using alternate layers of sputtered silicon and silicon-dioxide as the high- and
low- refractive index materials. These filters consist of a Fabry–Pérot resonator combined with
a band-pass filter designed to block out-of-band transmissions. Finally, the filters were fully
characterized with an FTIR spectrometer and showed satisfactory agreement with the optical
thin-film simulations. The characterization showed a spectral resolution of 100 nm, which can
be further improved with signal processing algorithms. This method makes it possible to
fabricate small and robust LVOFs with high resolving power in the IR spectral range directly
on the detector array chip.

Keywords: LVOF, micro-spectrometer, hydrocarbon measurement, IC-compatible, optical
filter, infrared spectrum

(Some figures may appear in colour only in the online journal)

1. Introduction

The increased global consumption of natural gas as an essential
source of energy leads to depletion of natural gas sources. In
the Netherlands, the diminished supply of local gas sources has
prompted a transition from the extensive use of local gas, the
Groningen gas, to a more varied energy source, which is called

‘new gas’ [1, 2]. The new gas consists of imported gas from the
Middle East (such as LNG) and newer gas sources like biogas
and coal gasification gas mixed with the local gas (table 1).
The constant composition of the Groningen gas has been an
advantage in burner design, since a fixed setting was sufficient
to ensure safe and clean combustion. The new gas comes from
a variety of sources; therefore, the end user receives a gas of
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Figure 1. Spectral absorption lines of gases that are relevant in combustion processes [24].

Table 1. Typical combustible gas compositions taken from [2].

CH4 (%) CxH2x+2 (%) CO (%) CO2 (%) N2 (%) H2 (%)

Groningen-gas 81 2 – 1 14 –
LNG 87 12 – – 1 –
Gasification of biomass 12 2 32 23 2 29
Gasification of coal – – 4 5 9 81

diverse composition and thus with an unknown energy content.
Hence, the composition of the gas fed into the burner needs to
be known, and this requires reliable and low-cost gas sensors.

Traditionally, gas composition measurements are
performed with expensive industrial gas analyzers, such as
gas chromatographs (e.g. [3–5]), or low cost pellistors (e.g.
[6, 7]), and electrochemical sensors (e.g. [8, 9]). Compared to
pellistors and electrochemical sensors, industrial gas analyzers
have a superior detection accuracy; however, they are bulky
and not suitable for real-time and in situ measurements. While
pellistors are small and low-cost sensors, they suffer from
signal drift at low (ppm) gas concentrations. Electrochemical
sensors also have low selectivity, and the sensitive element is
inhibited or degraded by certain chemicals (sensor poisoning)
[9]. Over the past few decades, the possibility of fabricating
inexpensive sensors using different detection techniques
such as optical, viscosity and thermal conductivity sensing
has been investigated (e.g. [2, 10–15]). Compared to the
other techniques, optical absorption sensing offers attractive
features, such as faster acquisition time, lower signal drift,
higher reliability and longer lifetime. Furthermore, optical
spectroscopy is non-invasive and self-referenced, and it can
be used for in situ gas detection (e.g. [11, 16–20]).

Most of the gaseous components present in natural gas
have absorption spectra located in the 1000–5000 nm spectral
range (figure 1). In absorption spectroscopy, these infrared
(IR) spectral absorption signatures are used to identify the
target gases. While several miniaturized optical gas sensors
have been built, these are not fully CMOS compatible, and
are also too expensive for the high-volume production that is
required for the application in gas distribution [11]. Therefore,

a robust, low-cost, CMOS-compatible and fully integrated
MEMS device is needed.

In this paper, we present the design, fabrication and
characterization of an infrared linear-variable-optical-filter
(LVOF) that will be used in a micro-spectrometer for natural
gas analysis. An LVOF-based micro-spectrometer is a tapered-
cavity Fabry–Pérot (FP) filter that is placed on top of a linear
array of detectors. The LVOF filter transforms the optical
spectrum into a lateral intensity profile, which is then recorded
by the detectors. This micro-spectrometer was fabricated
through a fully controlled CMOS-compatible process and thus
it can be integrated into a multi-sensor chip design. The same
concept can also be implemented for any wavelength range
from UV to IR by choosing the right material combination and
optical design. The use of LVOF micro-spectrometers for UV
and visible spectral range has already been studied in earlier
works [21–23]. This paper applies this method in the infrared
to analyze natural gas. The first part of the paper presents the
design of the micro-spectrometer. Then, the fabrication flow is
explained in the second section. The characterization setup is
described and the experimental results are shown in the third
section.

2. The system-level optical design

Most of the natural gases have specific optical absorption
signatures, usually in the infrared range. Therefore, when it
passes through (the length of) a gas cell, a beam of wideband
light, generally from a thin-film emitter, is spectrally absorbed
according to the gas-specific peaks. Measuring the missing
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Figure 2. Basic LVOF micro-spectrometer configuration for gas
sensing application. The values in brackets are some typical values;
the final design might have a different configuration.

wavelengths in the beam reveals the concentrations of the
components present in the gas cell. This physical property of
the gases is commonly used in optical gas sensors to detect
and measure the concentration of target gases. An optical gas
sensor is made of three basic elements: a light source, a gas
cell and the spectrometer (figure 2). The spectrometer analyzes
the spectrum intensity of the light after passing through the
gas-cell and reveals the presence and the concentration level
of gases in the sample volume. Furthermore, measuring the
spectrum without any gas in the chamber can be used as a
reference, making this method self-referenced [25].

The optical design of the proposed LVOF-based micro-
spectrometer consists of a light source, an aperture, a
collimating lens and an LVOF. After passing through the
aperture and the lens, the collimated light illuminates the
surface of an LVOF (figure 2). The LVOF is a FP type filter and
consists of two dielectric multi-layered Bragg reflectors, one
on each side of a central resonator cavity layer. The thickness
of the cavity layer changes linearly along the length of the
filter and determines the wavelength of the transmitted light.
Therefore, instead of a large number of discrete filters, which is
difficult to fabricate, the LVOF operates as a one-dimensional
array of FP filters. By passing through the filter, the light is
band-pass filtered according to the width of the resonator at
each point and thus by the spatial position along the length
of the LVOF [21, 23]. Finally, a detector array positioned
underneath the LVOF records the transmitted light. In this
way, each detector receives a specific wavelength, and hence
the whole structure operates as a micro-spectrometer.

The LVOF is the wavelength-sensitive element in this
micro-spectrometer design and should be optically designed
to cover the target spectrum. In order to design such a filter,
the absorption spectrum of the target gas components should
be investigated. Figure 1 depicts the relevant and useable
absorption peaks in the wideband infrared absorption spectrum
for various components in the combustible gas, spaning the
wavelength region from near to mid infrared [24]. Absorption
due to water presence is dominant in the infrared, except for
the 3–5 μm wavelength range. Therefore, 3–5 μm band is
convenient for measuring the gas concentration in the presence
of water vapor, resulting in a reliable measurement. In this
study, we focus on the range between 3 to 4 μm, in which

Figure 3. Transmission spectra through a 5 cm gas cell containing
different hydrocarbons and water vapor measured at 150 mmHg.

(a)

(b)

Figure 4. Principle of operation: (a) an array of fixed Fabry–Pérot
filters and (b) an LVOF.

the highest peaks for the hydrocarbons are located. A similar
approach can also be used for the 4–5 μm band for measuring
CO and CO2.

A closer look into the infrared spectra (figure 3) shows that
the absorption peaks of hydrocarbons overlap. Therefore, the
absorption at a single wavelength is not directly proportional
to the concentration of one component. This complication
requires a certain number of measurements performed at
different wavelengths, or spectral channels, to obtain the
expected accuracy (resolution) on the concentration of the
gases. Figure 3, suggests that a minimum spectral resolution
of about 10 nm, which is equivalent to a resolving power
of about 40 channels over the 3.2 to 3.6 μm spectrum, is
sufficient to de-convolve the recorded absorption into gas-
specific signatures. This spectral information allows us to
measure the concentration of different gases in the sample.

3. LVOF design

This paper investigates an IC-compatible fabrication process
for IR LVOFs. Figure 4(a) depicts a one-dimensional array of
discrete FP filters with a width of w, and a cavity thickness of
t. An LVOF is an array of infinitely many (w → 0) discrete FP
filters, each with a slightly different cavity thickness (t), due to
its continuously tapered structure as shown in figure 4(b). The
spacing between the mirrors (t) in a FP resonator determines

3
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Figure 5. Optical constants for the sputtered polysilicon thin film analyzed by VASE. Optical constants of two different types of amorphous
silicon are also included [28].

the wavelength of the transmitted beam. This yields a staircase-
like lateral profile of the resonator width along the FP elements
with constant step height. This becomes a taper with a constant
taper angle for a large array of FP elements with a very
narrow pitch between them. Therefore, the LVOF operates
as a one-dimensional linear array of FP filters. Similar to the
conventional FP resonators, the mirror reflectance determines
the full-width half-maximum (FWHM) of the transmitted
beam and hence the resolution of the spectrometer. However,
the resolution of LVOFs is not only limited by the FWHM but
also by the size of each detector unit [21].

Material selection is crucially important in optical filter
design. The actual values of the refractive index of the high-
and low- refractive index materials, which constitute the Bragg
reflector, must be transparent in the desired wavelength range.
In addition, they must have good optical contrast and be
IC-compatible. Silicon and silicon-dioxide thin-films fulfill
all of these requirements and were selected as high- and
low- refractive index materials for LVOF design, respectively.
A multi-layer out-of-band blocking filter was placed on
top of the LVOF to block other transmission-orders of the
LVOF. The thin-films were deposited using a commercial
sputtering machine (FHR MS150, Germany). The sputtering
conditions were tuned while the layers were characterized by
variable-angle spectro-ellipsometric (VASE) measurements
(J.A. Woollam M2000, Lincoln, NE, USA) to optimize the
optical properties of the layers.

The Cauchy model (for dielectrics) [26], and various
oscillator models such as the Lorentz model (for materials
with band-gap in the optical range) [27] are usually used to
analyze ellipsometry results. Here, we used the Cauchy model
to extract the optical constants for silicon-dioxide, and Tauc–
Lorentz for silicon thin-films. However, the ellipsometer used
for the measurements operates only in the visible and short
infrared region of the spectra, in the range of 250–1700 nm,
and the acquired optical data does not cover the target spectral
range (figure 5). Comparing the results with the literature
shows that the optical constants of silicon thin-films are close
to amorphous silicon. Since silicon is nonabsorbing in the
mid-infrared and its refractive index is slowly decreasing with

Table 2. Layer thickness for IR LVOF in 3.0–4.5 μm wavelength
range.

# Layer Thickness (nm)

Mirror 1 1 SiO2 553.1
2 Si 230.4
3 SiO2 553.1
4 Si 230.4

Resonator 5 SiO2 900–1660
Mirror 2 6 Si 230.4

7 SiO2 553.1
8 Si 230.4
9 SiO2 553.1

10 Si 230.4
Out-of-band 11 SiO2 175.5
blocking filter 12 Si 147.5

13 SiO2 350.9
14 Si 147.5
15 SiO2 350.9
16 Si 147.5
17 SiO2 350.9
18 Si 73.7

wavelength, the optical constants of silicon can be modeled
using the Cauchy equation in 1–1.7 μm wavelength range.
Then, the wavelength range is extended up to 5 μm by
extrapolating the Cauchy equation fitted over the ellipsometry
data in 1–1.7 μm range (figure 5). For silicon-dioxide, the
refractive index follows a decreasing trend and the extinction
coefficient remains zero up to 2 μm in the literature [28]. The
optical constants of silicon-dioxide that were extracted by the
ellipsometer were extended in the infrared region up to 5 μm
using the method above (figure 6). These values were then
used in the optical thin-film simulations.

An LVOF was designed based on these optical constants
for operation between 3.0 and 4.5 μm. Table 2 lists the
thicknesses of the layers used in the design of this LVOF.
This design employed two Bragg reflectors, one with four
layers (#1–4) on top of the substrate and another one with
five layers (#6–10) on top of the cavity. In between these two
reflectors, a cavity with linearly varied thickness (#5) is placed.
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Figure 6. Optical constants for silicon-dioxide. (The absorption peaks around 1.5 μm corresponds to the presence of water vapor in the
thin-film. The extinction coefficient was assumed to be zero over the operating range of LVOF.)

Figure 7 shows the expected transmission of the LVOFs
designed, simulated using TFCalcTM software (Software
Spectra, Portland, OR, USA), with the optical database built
on the materials used in this filter and according to the
layer thicknesses in table 2. This result revealed an expected
transmission of more than 60% with a FWHM of less than
40 nm, which is equal to about 40 spectral channels in the
range of operation.

4. LVOF fabrication

In 2012, Emadi et al [21] investigated an IC-compatible
process-flow for fabricating visible LVOFs. In this study, we
applied the same technique of using linearly variable distanced
trenches to create a tapered cavity. However, to implement this
approach for different wavelength ranges, other materials were
selected considering both optical and cleanroom constraints.

The fabrication process flow is schematically presented in
figure 8. At the beginning, the first four layers corresponding
to the bottom Bragg reflector, and the thick resonator layer
were sputtered on a silicon wafer. The SiO2 thin-film layers
were deposited by reactive RF sputtering and Si thin-films by
RF sputtering (FHR MS150, Germany) alternatingly without
breaking the vacuum. The thickness tolerances in the resonator
layer do not influence the performance of the filter because of
its linearity, though changing the thickness shifts all the peaks
consistently. Hence, a larger thickness variation was targeted
to include the intended range.

The blocking filter placed on top of the reflectors
(#11–18) filters out the out-of-band transmission of the LVOF.
The thickness of the resonator was set equal to the maximum
cavity thickness in the optical design. In the next step, a 1.4 μm
layer of positive photoresist (AZ9260) was spin-coated on the
wafer, baked, and then patterned with a specially designed
mask using a contact aligner (Karl Suss MA6/BA, Germany).
This lithography step produces an array of trenches in the
photoresist layer where each trench has a linearly variable
distance from the neighboring trench, and hence the density
of the trenches is different from one side of the filter to the
other. This density defines the tapered angle of the resonator

Figure 7. Expected transmission through the LVOF designed for
3–4.5 μm wavelength range while changing the thickness of the
resonator layer (increasing the thickness shifts the peaks to higher
wavelengths).

layer and hence the operating range and resolution of the
filter. A chemical-thermal treatment smoothens the photoresist
layer into a tapered structure (reflow) [22]. In this study the
reflow was done in PGMEA vapor at 50 ◦C followed by hard-
baking at 100 ◦C. An optimized plasma etching process in a
CHF3 and Ar mixture with a predefined photoresist-to-oxide
etch ratio, transformed the tapered photoresist layer into the
thick SiO2 cavity layer. Finally, the remaining layers were
sputtered to finalize the fabrication of the top Bragg-reflector
and the out-of-band blocking filter.

5. Characterization and results

Based on the optical designs (table 2), two LVOF filters, both
covering the same wavelength range but with different length
were fabricated (8 and 3 mm active length). The long LVOF
has a smaller slope and therefore, it comprises more channels.
The longer LVOF has a higher resolving power, but at the
expense of a larger chip area. The short LVOF on the other
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(a)

(b)

(c)

(d)

(e)

( f )

Figure 8. Fabrication process flow: (a) depositing the first Bragg reflector, (b) depositing the cavity layer, (c) patterning, (d) reflowing the
photoresist, (e) transferring the tapered layer into oxide by dry etching, and ( f ) depositing the second multilayer Bragg reflector.

Figure 9. Profile of the 8 and 3 mm long LVOF including the margins on both sides.

Figure 10. Schematic of the characterization setup.

hand, has a higher slope and fewer channels, which limits the
resolving power.

Roughness is an important parameter that should be
considered in optical absorption-based spectroscopy. An
optical flatness worse than λ/10 degrades the optical
performance. Therefore, considering the operating wavelength
range (3.0–4.5 μm) in this particular filter design, the
roughness should be less than 300 nm. The average roughness
of both long and short LVOFs was measured by a 3D
optical microscope (Bruker ContourGT-K1). Ten sampling
areas (each 250 μm × 250 μm) on each filter were analyzed,
and the roughness average (Ra) was calculated as 102 nm for
both. In addition to the optical roughness analysis, the profile
of the LVOFs was also extracted. The results are shown in
figure 9.

To characterize the filters, these were mounted on a
motorized stage for positioning directly in the light path of
an FTIR spectrometer (Bruker VERTEX70, Germany). The
aperture size of the spectrometer, which is proportional to
the spot size at the sample holder, can vary from 0.25 to
8 mm. The smallest aperture size (i.e. 250 μm) was selected
to characterize the LVOFs. The filter was moved along its
length and the transmission curve was measured at each
step (figure 10). Figures 11 and 12 show the transmission
curves obtained for the long and the short filters at different
positions while moving the filter at 400 and 332 μm steps,
respectively. The average FWHM obtained by this method
was 100 nm and the transmittance was almost 40% for both
filters. This proves that the filters are functional for the intended
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Figure 11. Measured transmission through an 8 mm long LVOF in
infrared spectrum with 400 μm step size. Moving the LVOF shifts
the transmitted peak from 3.0 to 4.4 μm.

Figure 12. Measured transmission through a 3 mm long LVOF in
infrared spectrum with 332 μm step size. Moving the LVOF shifts
the transmitted peak from 3.0 to 4.0 μm.

application. The resolution can be further improved by post-
processing algorithms (e.g. Kalman-filter) as suggested in [29].

6. Conclusion

This paper has presented the design, fabrication and
characterization of infrared LVOF filters specially designed
to measure the hydrocarbon content of combustible gases.
Two different LVOFs with slope angles of 0.006◦ and 0.012◦

were fabricated. The micro-fabrication techniques were found
be effective for the fabrication of a functional IR micro-
spectrometer. The transmission percentage and roughness
average were measured with a commercial FTIR spectrometer
and a 3D optical microscope, respectively. The measurement
results show a FWHM resolution that is better than 100 nm
and a roughness average (Ra) of 102 nm. Although the
filter functions properly, this resolution does not meet all the

requirements of the intended application. The resolution is
limited by the spot size as well as the wavelength range for
which the filter is designed. In the actual micro-spectrometer,
the spot size will be constrained by the pixel size of the
detector. In characterization on the other hand, the aperture
size of the instrument is the limiting factor. According
to [21], the operating wavelength range (free spectral
range: FSR) and FWHM are linearly proportional. Thus,
by limiting the wavelength range, FWHM resolution can be
improved.

The thickness tolerances increased the FWHM of the
peaks, and also decreased the transmission level of the filter;
however, due to the continuous nature of the LVOF, it did not
influence the wavelength range transmitted through the filter.
The on-going research is directed toward integrating the LVOF
with arrays of thermal detectors on a micro-machined carrier.
However, this study proved the feasibility of using LVOFs in
micro-spectrometers for natural gas detection.
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