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1.1. NATURAL GAS IN THE NETHERLANDS

N ATURAL gas has been commonly used as a source of energy for more than a cen-

tury in both households and industry [1]. However, several complications have

appeared in the last decade. The depletion of domestic resources has forced many coun-

tries to import natural gas or liquefied natural gas (LNG). Moreover, due to the negative

environmental effects of fossil fuels, more sustainable energy sources such as biogas are

provided to the users. Furthermore, with rapidly growing cities; hence, denser and more

complex gas grids, it has become harder for the energy provider to ensure the quality

and the constant composition of the supplied gas. These issues call for the development

of instruments to monitor the distributed gas quality.

Natural gas is also a major source of energy in the Netherlands. Due to the avail-

ability of the local resources in Groningen and the North Sea as shown in Fig. 1.1, the

Netherlands has so far been self-sufficient in natural gas production.

National Geographic, Esri, DeLorme, HERE, UNEP-WCMC, USGS, NASA, ESA, METI, NRCAN, GEBCO, NOAA, increment P Corp.

Figure 1.1: The natural gas fields in the Netherlands, indicated in green [2].

However, the natural gas production in the Netherlands is expected to decrease by

almost 80% in the coming 20 years as shown in Fig. 1.2 [2]. The depletion of natural gas

resources forces a transition from the locally produced gas (G-gas) with a well-known

composition toward the ’new’ gas with a more flexible composition. The ’new’ gas is a

mixture of high-calorific-value gas (H-gas) imported from other countries such as Russia

and Norway, and LNG imported from Middle East and Africa. Also, biogas is introduced
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in the Dutch gas grid as a sustainable source of energy [3]. In all these scenarios, the

composition of the gas that is supplied to the user changes from the very stable G-gas

composition to mixtures with other sources of energy [4].

Figure 1.2: The expected natural gas production in the Netherlands. (Geq stands for Groningen gas equivalent
with a heating value of 35.17 MJ/m3.)

The main components of natural gas are hydrocarbons. Typical compositions of G-

gas, H-gas and LNG are listed in Table 1.1 [5]. Methane (CH4) has the highest concentra-

tion in all types of natural gas, while ethane (C2H6) is the second most abundant compo-

nent in the natural gas mixture. Although propane (C3H8) and butane (C4H10) constitute

a very small part of natural gas, these cannot be neglected due to their relatively high

heating values [6]. Therefore, gas producers are usually interested in the sum of their

concentration instead of the individual values. In addition to hydrocarbons, natural gas

includes carbon dioxide (CO2) and nitrogen (N2).

Table 1.1: Typical compositions of G-gas, H-gas, and LNG.

CH4 (mol %) C2H6 (mol %) C3H8 (mol %) C4H10 (mol %) CO2 (mol %) N2 (mol %)

G-gas 82.3 3.07 0.47 0.09 1.1 12.7
H-gas 89 5.3 1.3 0.3 1.2 2.3
LNG 90 6.25 1 2.1 1 1.1

The transportation of natural gas from the well to the gas grid is schematically illus-

trated in Fig. 1.3. Imported H-gas and LNG as well as biogas are added to the Dutch gas

at the processing plants. Then, the new mixture is distributed to the industrial customers

and the local distribution companies through high pressure transmission pipelines. Lastly,

the households receive natural gas through the low pressure distribution grid.

The change in the gas concentration has substantial effect on the performance of

the burners and other household appliances [7, 8]. For safe and clean combustion and
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Figure 1.3: Transportation of natural gas.

proper billing, the composition of natural gas must be monitored at both distribution

points and households. This calls for a robust and low-cost gas sensor that does not

require sample preparation or a lab technician to analyze the results.

1.2. GAS SENSING METHODS
Gas sensors are categorized based on the type of response that they exhibit in the pres-

ence of the sample. Ideally, gas sensors must be selective to every specimen as shown

in Fig. 1.4. However, in many applications, the components of the sample mixture are

previously known and have sufficiently dissimilar characteristics to measure.

A

B
C

A
A

A

A

A

A

B

B

B

B

C

C

C
D

D

B

B

B

A

A

A

D

Gas Molecule Concentration (%)
A 40
B 32
C 16
D 12

Gas Sensor

Figure 1.4: An ideal gas sensor distinguishing components of a gas mixture.

Metal-oxide gas sensors are widely used for the detection of carbon monoxide (CO)

and nitrogen dioxide (NO2) in air quality measurements [9]. The operation principle

relies on the fact that the adsorption and desorption of gases changes the electrical con-

ductivity of semiconductors [10]. Despite their high sensitivity and low cost, the depen-
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dency of the optimum operation temperature of the sensor on the sample, which can

vary from 25 ◦C to 500 ◦C for an SnO2-based sensor, is a limiting factor [11]. Moreover,

these sensors suffer from long recovery periods, which makes them undesirable for ap-

plications where fast detection is required.

The poor sensitivity of metal-oxide gas sensors at room temperature pushed carbon

nanotube (CNT)-based sensors forward in spite of the complexity of their fabrication.

Thanks to their large surface-area-to-volume ratio, CNT-based gas sensors exhibit en-

hanced adsorptivity; hence, high sensitivity [12]. Moreover, by applying different coat-

ings, the selectivity and the sensitivity of a CNT-based gas sensor can be improved, while

tailoring the porosity of the structure [13, 14]. These sensors are mainly used in the de-

tection of alcohol, ammonia (NH3), carbon dioxide (CO2) and nitrogen oxide (NOx).

Pellistors are widely used low-cost calorimetric sensors for gas detection. There are

two main types of pellistor, catalytic sensors to measure flammable gases and thermal

conductivity based sensors to measure gases that have a significant difference in ther-

mal conductivity to that of air [15]. A catalytic sensor is composed of two beads on wire

coils, one for gas detection and one for compensation as shown in Fig. 1.5(a), [16]. The

detector bead contains a catalyst to stimulate the combustion of the gas to be measured,

while the compensator bead remains nonreactive. The beads are heated by flowing elec-

trical current through the wires and the resulting change in temperature due to the gas

is measured resistively, typically in a Wheatstone bridge configuration. However, these

sensors suffer from poisoning from certain types of compounds such as sulfur (H2S),

which inhibits the response of the sensor to combustible gases [17]. Therefore, despite

their simple operating principle and low cost, catalytic pellistors put a prior condition

on the sample set and are not capable of distinguishing highly similar molecules such as

hydrocarbons. In a similar fashion, thermal conductivity based sensors correlate the loss

in heated resistance wires due to the gas mixture flowing through the sensor to the ther-

mal conductivity of the individual components of the gas sample [18]. However, these

devices can measure only binary mixtures, where the sample is composed of merely two

gases [19]. Therefore, in spite of its simplicity, reliability and low cost, thermal conduc-

tivity detectors are not suitable for measuring natural gas because of the complex com-

position of the sample and the limited selectivity of the method.

Electrochemical gas sensors are usually employed in the detection of toxic gases.

They consist of a sensing and a counter electrode with a thin layer of electrolyte in-

between as shown in Fig. 1.5(b), [20]. The gas diffusing through the sensor goes into

a reaction with the sensing electrode. By measuring the change in the current or the

voltage between the sensing and the counter electrode, the change in the concentration

of the sample gas is quantified. Since the electrode materials are selected specifically to

catalyze the gas of interest, these sensors must be tailored for different types of samples,
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rendering them highly selective. Compared to nondestructive methods, electrochemical

sensors have a shorter lifespan [21].

sensor
package

bead

coil

catalyst

O2

O2

O2

O2

O2

membrane
sensing
electrode
reference
electrode

counter
electrode

electrolyte

(a) (b)

Figure 1.5: Schematic illustration of (a) a catalytic and (b) an electrochemical sensor.

The gold standard of natural gas composition measurement is gas chromatography

[22]. In this method, the sample mixture is introduced into the injection port, carried

through the column by an inert gas, where it is separated into its components based on

the affinity of each component for the stationary phase and finally reaches the detec-

tor, conventionally a mass spectrometer, where the individual components are quanti-

tatively analyzed as shown in Fig. 1.6. Despite their high sensitivity and selectivity, gas

chromatographs are bulky and expensive lab equipment. Much effort has been put on

miniaturizing the injector [23], the column [24] and the detector element [25, 26] us-

ing microelectromechanical systems (MEMS) technology. Both scientific [27, 28] and

commercial [29] MEMS based gas chromatography systems are available; however, the

method has practical limitations at wafer-level miniaturization for fully portable appli-

cations due to the requirement of sample handling and carrier gas supply.

Optical absorption spectroscopy is a commonly used method for material identifi-

cation due to its nondestructive and self-referencing properties. For gas sensing it offers

a promising compromise between high-resolution and high-cost methods such as gas

chromatography, and nonselective and low-cost methods involving calorimetric sens-

ing [30]. In optical absorption spectroscopy, light is passed through a sample and the

ratio of absorbed to incident radiation is recorded as shown in Fig. 1.7, [31]. The sample
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carrier gas

flow
control

injector
detector

column

oven

Figure 1.6: Schematic illustration of a gas chromatograph.

is identified by comparing the acquired spectrum with a database. The actual spectral

position of the series of absorption peaks is unique for each chemical substance, while

the amount of optical absorption at each of these peaks is correlated to the concentra-

tion of the chemical species. Therefore, the composition of a gas mixture, where each

individual gas is characterized by a specific absorption spectrum, can be measured us-

ing a spectrometer and multivariate analysis techniques [32]. This method is particu-

larly suitable for the measurement of combustible gases that contain hydrocarbons in

the mid-IR, because of their unique absorption spectra in this wavelength range.

detector

spectrum

interferometerlight source

Figure 1.7: Schematic illustration of an optical absorption spectrometer.

Distinguishing the components of natural gas using a single sensing method is chal-

lenging. Therefore, a microsystem that combines multiple sensors on a chip is more

effective and gives more accurate results. This work focuses on the measurement of hy-

drocarbons using optical absorption spectroscopy in the mid-IR wavelength range.
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1.3. OUTLINE OF THIS THESIS

This thesis describes the functional integration of a gas cell and a linear variable optical

filter (LVOF) for the analysis of hydrocarbons in natural gas. The objective is to build

a robust and low-cost microspectrometer that does not require sample preparation or

a carrier gas supply as in gas chromatography. To achieve robustness, optical absorp-

tion spectroscopy is selected as the measurement technique due to its self-referencing

property, which renders periodic calibration unnecessary. Moreover, the wavelength-

selective component that is usually composed of moving parts to achieve wideband op-

eration, is designed such that the spectral response in a wide wavelength range is mea-

sured without any moving parts to aid the robustness of the whole system. The key to

attain low unit cost is high-volume production using microfabrication techniques. A

CMOS-compatible MEMS device that is batch-fabricated at the wafer-level has major

advantages on reproducible high-volume production with low unit cost. The sample

cell occupies a significant volume in a spectrometer due to the fact that the absorption

is proportional to the path that the light beam travels through the sample and a signifi-

cant absorption is required to measure the small spectral variation therein. Integrating

such a large component with a microspectrometer at the wafer-level, while maintaining

the dimensions of a typical external gas cell is a big challenge. Using the resonator cavity

of an LVOF as a gas cell by exploiting the multiple reflections from highly reflective mir-

rors allows for a mm-level effective absorption path, while the dimensions of the cavity

remain at the µm-level. Therefore, the gas-filled LVOF is a significant improvement in

the miniaturization of spectrometers.

The thesis is composed of seven chapters. The motivation and the aim of the project

in addition to the gas composition measurement methods are described in chapter 1.

In chapter 2, the conventional techniques for optical absorption spectroscopy are ex-

plained. Moreover, the optical filter based approach is selected as the most suitable tech-

nique and the miniaturization of individual components of such a system is investigated.

Furthermore, the evolution of the wafer-level miniaturization is presented step-by-step

and finally the gas-filled LVOF is opted for due to its high suitability for the application.

Chapter 3 describes the theoretical background of the optical design of an LVOF and

the optical constraints (or optimization parameters, depending on the perspective) on

the filter performance. Conventionally, LVOFs are approximated as fixed Fabry-Perot

(FP) filters and designed using thin-film design tools. However, an FP filter assumes

two parallel mirrors, while the operation principle of an LVOF relies on the small angle

between them. Therefore, a new design approach, where the LVOF is treated as a Fizeau

wedge with the tilt angle taken into consideration is introduced. The performance of

the LVOF is simulated using both approaches and it is shown that the Fizeau approach
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is more appropriate at demanding operating conditions. In addition, the effect of the

operating order, mirror reflectivity, incidence angle, filter-detector separation and the

cone angle of light source on the spectral performance of the filter are investigated.

The optical design of the gas-filled LVOF using the Fizeau approach is explained in

chapter 4. Firstly, available mid-IR spectral databases for hydrocarbons are investigated.

After selecting the 3.2µm to 3.4µm wavelength range, the operating order of the filter

and the reflectivity of the mirrors that are required for the application are studied. A de-

vice with 3-pair Si-SiO2 Bragg mirrors operating at the 15th order is designed. The effect

of the gas is incorporated into the design using the absorption coefficient of methane

that is modified using the resolution of the device. Also, the incidence angle is included

as an optimization parameter for improving the elongation of the optical path length.

The details of the CMOS-compatible fabrication and the initial characterization of

the tapered structures are provided in chapter 5. After explaining the fabrication flows

of the flat and the tapered Bragg mirrors, the masks that are used in the process are

described. These two mirrors are integrated by wafer bonding, resulting in the gas-filled

LVOF with a tapered cavity that also serves as a gas cell. Moreover, the mirror profiles are

measured using a stylus profilometer prior to wafer bonding.

Chapter 6 explains the characterization of the gas-filled LVOF. Firstly, the Bragg mir-

rors and a fixed FP filter are characterized using a Fourier transform infrared (FTIR) spec-

trometer. Based on these measurements, the limitations of the measurement setup as

well as the susceptibility of the device to the collimation of the light source are demon-

strated. A custom-built setup with a HeNe laser at 3392 nm is used to measure the spec-

tral response of the filters. The same setup is also employed in the gas measurements,

where methane is flown through the filter cavity. For wideband characterization, the

HeNe laser is replaced with an optical parametric oscillator (OPO) laser. Measurements

with methane, ethane and propane prove the selectivity, while dilutions with nitrogen

demonstrate the sensitivity to the concentration of the sample constituents.

Finally, chapter 7 concludes the thesis with a summary of the achievements and re-

marks for future work.
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T HE need for a low-cost and robust sensor for natural gas analysis at many nodes in

the grid (potentially in every burner) necessitates miniaturization at the wafer-level

for batch fabrication. Optical absorption spectroscopy is a self-referencing and nonde-

structive method that is highly suitable for hydrocarbon analysis in the mid-IR. How-

ever, it is a challenge to miniaturize an absorption spectrometer to the wafer-level, while

maintaining the selectivity, sensitivity and robustness. In this chapter, several optical ab-

sorption spectroscopy methods are described and the miniaturization approaches that

led to the development of the gas-filled linear variable optical filter (LVOF) are investi-

gated.

2.1. OPTICAL ABSORPTION SPECTROMETERS

Optical absorption spectrometers are composed of a light source, a wavelength-selective

element, a sample cell, a detector and optical components to steer the light beam. The

key component that sets the resolution of the entire system is the wavelength-selective

element. Wavelength selection can be implemented either in the light source or as a sep-

arate component. In this section, both methods with their suitability for miniaturization

are analyzed.

2.1.1. WAVELENGTH SELECTIVITY IMPLEMENTED AT THE LIGHT SOURCE

Lasers are commonly preferred in spectral analysis due to their high power, narrow linewidth

and long coherence length [1]. In laser absorption spectroscopy, the wavelength se-

lection is implemented in the light source, where the laser either emits a single wave-

length or is tunable. The laser based systems are very suitable for the analysis of low-

concentration gases due to their high power, high resolution and long coherence length.

The sensitivity can be further improved by applying modulation techniques in wave-

length [2] or frequency [3], as well as increasing the absorption path length. In cavity

enhanced absorption spectroscopy (CEAS), either an internal or an external cavity is in-

cluded to increase the absorption path using multiple reflections. An external cavity can

be a multipass cell with nonplanar mirrors to confine the light beam such as the White

cell [4], the Herriott cell [5] and a circular multipass cell [6, 7] or a resonant etalon such

as Fabry-Perot (FP). The FP type cavities are capable of achieving very long optical paths

due to the high reflectivity of the mirrors. However, matching the resonating frequency

of the laser to that of the FP cavity becomes a problem in these systems. Cavity ringdown

spectroscopy bypasses this limitation by sending a pulsed signal to the cavity and subse-

quently measuring decay rate of the circulating light beam transmission in time [8]. The

decay rate is then translated into sample concentration, given the physical dimensions

of the cavity.
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Mid-IR is an important wavelength range for gas monitoring due to the distinguish-

ing spectral features of gases such as hydrocarbons (CH4, C2H6, C3H8, C4H10), carbon

monoxide (CO), carbon dioxide (CO2), etc. Several examples of parametric oscillator

[9, 10], semiconductor such as quantum cascade laser (QCL) [11], fiber [12, 13] and solid-

state [14] lasers have been presented in the literature. In spite of its high sensitivity and

resolution, laser spectroscopy is still far from wafer-level miniaturization.

2.1.2. SEPARATE WAVELENGTH-SELECTIVE ELEMENT

The second way to divide the spectrum into different wavelengths is to combine a wide-

band source with a wavelength-selective element. This component can be dispersive as

in a grating based spectrometer, interferometric as in an FTIR spectrometer or an optical

filter.

GRATING BASED SPECTROMETERS

Gratings are commonly used as both monochromators in research labs and wavelength-

selective components in commercial spectrometers. They can be employed either as

transmissive or reflective elements. The repetitive series of narrow grooves in a grating

allow the incident light to be diffracted at different angles [15]. The operating principle is

governed by the grating equation a (sinθm + sinθi ) = mλ for the reflective configuration,

where a is the grating pitch, θi is the angle of incidence, θm is the angle of diffraction, m

is the diffraction order and λ is the wavelength. For monochromatic incidence, different

orders are diffracted at different angles at a given grating pitch. Similarly, a wideband

incident illumination is separated into different wavelengths at different angles at a par-

ticular diffraction order. Therefore, a wideband light source can be divided into separate

wavelengths either by combining a grating with a detector array to convert the angular

separation into lateral position or by using a single detector element and rotating the

grating to measure one wavelength at each step.

The biggest limitation in the performance of gratings is the optical throughput. In a

conventional grating with flat surfaces, most of the incident light reflects off the grating

without a wavelength-dependent pattern at the 0th order. Blazed gratings overcome this

limitation by creating a tapered grating structure to achieve maximum grating efficiency

at the desired diffraction order. Particularly, in the Littrow configuration for blazed grat-

ings, maximum efficiency is achieved at the 1st order, while the light is diffracted from

the grating back to the source [16]. Moreover, a special type of blazed grating, the si-

nusoidal shaped holographic grating, reduces ghosting and scattering; however, suffers

from degraded efficiency.

Miniaturization of grating based spectrometers has been of great interest toward the

use in portable applications [17, 18]. Compact microspectrometers in the visible extend-
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ing to the near-IR [19–23] and mid-IR [24] ranges have been reported in the literature.

Despite their compactness, grating based spectrometers are not suitable for wafer-level

miniaturization and power efficiency becomes an issue in the infrared, where low-cost

light sources suffer from limited output power.

FTIR SPECTROMETERS

Fourier transform infrared (FTIR) spectroscopy relies on converting the raw interfero-

metric data into a spectrum by Fourier transform. FTIR spectroscopy has several ad-

vantages compared to dispersive methods. The entire spectrum is measured simulta-

neously in an FTIR spectrometer, whereas the spectrum is constructed from individual

narrowband measurements in dispersive spectrometers. The noise in spectral measure-

ments usually arises from the detector in the infrared [25]. Therefore, the signal-to-noise

(SNR) of the measurements of a single spectral feature is proportional to the measure-

ment time. Since the entire spectrum is measured at once in an FTIR spectrometer, the

ratio of the SNR of an FTIR spectrometer to that of a dispersive spectrometer is propor-

tional to the square root of the number of spectral elements. This improvement in the

noise performance is known as the multiplex or the Fellgett advantage [26]. Moreover,

Jacquinot investigated the etendue in grating based and FTIR spectrometers. For disper-

sive instruments, the throughput is limited by the size of the entrance slit. Compared to

the grating based spectrometers, FTIR spectrometers offer an improvement in terms of

etendue, which is known as Jacquinot or throughput advantage [27]. The last advantage

of FTIR spectroscopy over dispersive spectroscopy is about calibration. FTIR spectrom-

eters use a HeNe laser at 632.8 nm wavelength to derive the wavenumber scale of the

spectrum, which is regarded as internal calibration. The wavelength of an HeNe laser is

very stable and accurate. Therefore, FTIR spectrometers do not require additional ex-

ternal calibration. Grating based spectrometers on the other hand need to be calibrated

periodically. This is known as the Connes advantage and renders FTIR spectroscopy a

very reliable method [28].

The key component in an FTIR spectrometer is the interferometer. Conventionally,

Michelson interferometers are employed in FTIR systems. These interferometers are

composed of one stationary and one moving mirror, where the light is divided into two

parts in amplitude by a beam splitter [29]. The wideband interference of light is en-

sured by creating an optical path difference between these mirrors through mechanical

movement. Much attention has been paid to the miniaturization of the interferome-

ter. Microelectromechanical systems (MEMS) implementations of the moving mirror in

the Michelson interferometer has been presented in the literature [30–32]. Moreover,

on-chip Michelson interferometers with both etched [33] and pop-up mirrors [34] have

been demonstrated. In addition, lamellar grating interferometers are introduced as a
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relatively robust substitute for Michelson interferometers. In the lamellar grating struc-

ture, stationary and moving mirrors are combined in a single MEMS device, while the

use of a beam splitter is eliminated. The 0th order is collected by a detector for Fourier

analysis. Miniaturized lamellar grating interferometers have also been demonstrated

[35–37]. Despite the marginal improvement in the latter, wideband operation of both

interferometers still rely on moving parts. Also, in an on-chip configuration, the verti-

cal arrangement of the mirrors does not allow for bottom-up integration with the rest

of the components, which hinders the wafer-level miniaturization of the whole system.

Examples of MEMS implementations are shown in Fig. 2.1.

(a)

(b)

(c)

(d)

(e)

Figure 2.1: (a) MEMS piston device featuring a mirror plate of 5 mm diameter elevated by four pantograph
suspensions that enable large strokes [32]. (b) Monolithically integrated micromachined Michelson

interferometer. BS stands for beam splitter and M stands for mirror [33]. (c) Scanning electron microscopy
(SEM) photograph of the electrostatic actuator, showing the movable (3) and the fixed mirror (4), the
electrostatic comb actuator (5) and the suspension beams (6), [30]. (d) Monolithic MEMS Michelson

interferometer with pop-up mirrors [34]. (e) Schematic of a lamellar grating based FTIR spectrometer. ZCD
stands for zero-crossing detector and ADC stands for analog-to-digital converter. All figures are reprinted

with permission.

OPTICAL FILTER BASED SPECTROMETERS

Optical filter based spectrometers use interference filters to separate the light into differ-

ent wavelengths and are highly suitable for miniaturization [38]. Interference filters, i.e.

FP resonators, are composed of two parallel mirrors with a resonator layer in-between.

The thickness of the resonator determines the wavelength to be transmitted. The wide-

band operation of these filters is achieved either by an array of fixed filters with different

resonator thicknesses or by mechanically moving one of the mirrors, i.e. tunable FP fil-

ter. In both configurations, the mirror parallelism is crucial for high resolution. In an ar-

ray of fixed filters, high-parallelism can be achieved by a fine-tuned fabrication process,

while the number of spectral channels; hence, the spectral resolving power of the spec-

trometer is limited by the number of filters. In tunable FP filters, continuous mechanical
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movement of one of the mirrors allows for more spectral channels, thereby increasing

the spectral resolving power, whereas mirror parallelism and robustness become issues.

Miniaturized implementations of both arrays of fixed filters [39–41] and tunable filters

[42–46] have been demonstrated for microspectrometer applications.

The linear variable optical filter combines the high spectral resolving power of a tun-

able filter with the robustness of an array of fixed filters. The LVOF is composed of one

flat and one slightly tilted mirror with a tapered resonator in-between and is usually

treated as a continuous array of fixed FP filters [47]. The thickness of the resonator, which

can be air as well as an optical material, varies linearly as the filter is scanned along its

length; hence, when combined with a detector array, a wideband spectral response can

be obtained. Several MEMS implementations of LVOFs have been presented [48–50] in

the literature.

Due to the wideband operation capability in a robust structure and eligibility for

wafer-level miniaturization, LVOF is chosen as the wavelength-selective component of

the microspectrometer developed in this thesis.

2.2. MINIATURIZATION OF SPECTROMETER COMPONENTS
The miniaturization of an optical filter based MEMS gas sensor requires the integration

of a light source, a gas cell, a filter, a detector and optical elements. Several research

groups have done substantial work related to miniaturization and integration of these

components. At VTT, Finland, miniaturized tunable FP filter based portable spectrom-

eters are developed [51]. In 2013, a compact spectrometer as shown in Fig. 2.2 for de-

tecting hydrocarbons in the 3µm to 3.5µm wavelength range with a spectral resolution

of 50 nm to 60 nm and an optical path length of 17 mm was reported. However, the filter,

a lead-selenide (PbSe) detector and a pulsed broadband infrared emitter light source are

combined at the component level, rather than monolithic integration [52].

Figure 2.2: The handheld hydrocarbon spectrometer in the gas measurement mode from VTT [52]. Reprinted
with permission.

Another research group uses the flip chip method to integrate an array of fixed FP

filters with a thermopile detector array in the mid-IR region [53, 54]. Mixtures of carbon
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monoxide (CO), carbon dioxide (CO2) and methane (CH4) with a total concentration

of 1000 ppm have been tested using a commercial IR emitter and an external absorp-

tion cell with 10 cm path length. Measurement errors in the range of tens of ppm were

reported. Infratec demonstrated a tunable FP filter mounted on top of a pyroelectric

detector that operates in the 3µm to 4.3µm and 3.7µm to 5µm wavelength ranges [55].

Lastly, a research group from the University of Western Australia published a tunable FP

filter that is monolithically integrated to a Mercury Cadmium Telluride (MCT) detector

in the 1.6µm to 2.5µm wavelength range [56]. More recent results were obtained in the

3µm to 5µm wavelength range, however monolithic integration of filter and detector

was not pursued [57]. Wu et al. investigated the hybrid integration of a thermopile array

that enhances the detection with a thin-film absorber and an LVOF that operates in the

mid-IR; however, the actual integration was not realized [58].

Despite all the efforts on miniaturized gas sensors for natural gas analysis, there are

still important gaps to fill. A very important one is the miniaturization and the integra-

tion of the light source, the gas cell, the filter, the detector, and the optics at the wafer-

level for batch fabrication. Various MEMS implementations of these components have

already been presented in the literature. However, the sample chamber which is used

for storing the sample gas to be measured takes up most of the volume in a microspec-

trometer and is the only component that has not been miniaturized yet. In the rest of

this chapter, the functional integration of the LVOF with an on-chip gas cell is discussed.

2.2.1. ON-CHIP OPTICAL ABSORPTION PATH USING PLANAR MIRRORS

Initial effort is devoted to the integration of the different functional components of a

spectrometer in two wafers. One of the wafers hosts the light source as well as the com-

bination of the optical filter and the detector. The other wafer is composed of two 45°

inclined mirrors facing each other, while the space in-between is used as the optical ab-

sorption path.

Fabrication of 45° inclined mirrors using simple wet etching methods has been previ-

ously reported in the literature. The topic is of interest to the telecommunications com-

munity, due to the requirement of low-cost devices for efficient fiber coupling. By align-

ing the etch mask in the <100> direction in a (100) wafer, 45° inclined mirrors can be

easily fabricated on the {110} planes by wet etching [59, 60]. Crystallographic alignment

can be further improved compared to the angular alignment with respect to the primary

flat of the wafer by observing pre-etched test structures [61–63]. Moreover, by adding a

surfactant such as Triton X-100 to the KOH or the TMAH solution, the surface quality

of the mirror can be improved immensely [64]. Several 45° inclined mirrors on the {110}

plane were fabricated using a rotated SiN mask with 10 mm by 10 mm openings as shown

in Fig. 2.3.
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primary flat

<100> direction

45º

{110} plane

Figure 2.3: Wafer after lithography and development steps with a 10 mm by 10 mm checker pattern.

First wet etching experiments were performed with TMAH, where a solution of 25%

TMAH + 200 ppm Triton X-100 at 75 ◦C was used. 45° inclined mirrors were achieved

on the {110} plane at an etch rate of 0.21µm/min. However, randomly located pyramids

were formed on the {100} plane as shown in Fig. 2.4. Since these pyramids are in the light

path, they could block the light and decrease the throughput.

(a) (b)

Figure 2.4: SEM images of 45° inclined mirrors etched (a) 198µm and (b) 262µm deep using 25% TMAH + 200
ppm Triton X-100 at 75 °C.

For KOH etching, a solution with 2 M KOH + 60 ppm Triton X-100 at 90 ◦C is pre-

pared. KOH etching with the surfactant Triton X-100 resulted in smooth inclined sur-

faces as shown in Fig. 2.5. The etch rate is calculated as 0.10µm/min. In contrast to the

TMAH etching, the KOH etching resulted in roughness-free {100} planes, thereby allow-

ing a light path without randomly formed structures.

The surface roughness of the etched mirrors are measured using atomic-force mi-
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(a) (b)

(c) (d)

Figure 2.5: SEM images of 45° inclined mirrors etched (a, b) 290µm deep and (c, d) through the Si wafer using
2 M KOH + 60 ppm Triton X-100 at 90 ◦C.

croscopy. The mirrors are diced along the edges and placed on a 45° inclined wedge

to obtain a flat surface for roughness analysis as shown in Fig. 2.6. Double sided tape

is used for attaching the mirror to the wedge. The measured root-mean-square (RMS)

roughness values are below 15 nm, safely within the optical flatness limit of λ/10, con-

sidering the mid-IR wavelength range of 3µm to 5µm.

Figure 2.6: 45° inclined wedge used in AFM measurements.

The power efficiency of a system with 45° inclined mirrors is analyzed using the ray

tracing software, Zemax. The simplified system is composed of a light source, two 45°

inclined mirrors with a 10 mm long optical light path in-between and an image plane
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as shown in Fig. 2.7. The light source is implemented as a cylindrical lens to realize a

filament-like IR emitter. The cylindrical lens is designed as a toroidal surface with in-

finite radius of rotation. The diameter of the cylinder is 0.06 mm, while the length is

3 mm. The size of the entrance pupil diameter is selected as 3 mm so that the entire

cylindrical lens surface is illuminated. The size of the 45° inclined mirrors is maximized

to demonstrate the best-case efficiency. The largest mirror can be achieved by through-

wafer etching, therefore the width of the mirror is selected as 0.74 mm assuming a stan-

dard 4" wafer thickness of 524µm. The cylindrical lens and the image plane are placed

0.5 mm away from the mirrors.

cylindrical
lens image plane

45º inclined 
mirror

45º inclined 
mirror

Figure 2.7: The Zemax layout of the on-chip optical absorption path with 45° inclined mirrors.

Geometric image analysis in the sequential mode of Zemax is used for power sim-

ulations. This type of analysis assumes a unit power of 1 W at the initial surface and

calculates the power distribution at every surface based purely on geometrical optics.

Power analysis results for the system with 45° inclined mirrors are given in Fig. 2.8.

Since the cylindrical lens is going to be the light source in the actual implementation,

the power at the image plane is normalized to the power at the cylindrical lens rather

than the entrance pupil. This results in the best-case power efficiency of 1.1%. However,

through-wafer etching, despite maximizing power efficiency, impairs the robustness of

the entire system. Moreover, the stray light that does not follow the predefined opti-

cal path makes the quantitative material identification, which depends highly on the

length of the optical absorption path, unreliable. In addition, the fabrication tolerances

could easily decrease the efficiency below 1.1%, which is undesirable in systems with

low-power wideband IR emitters. Therefore, despite their common use in coupling col-

limated light beam in telecommunications, the efficiency of a system with 45° inclined

mirrors decreases sharply when combined with a wideband emitter without any colli-

mating optics.
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1st 45º Mirror

2nd 45º Mirror

Cylindrical Lens

Image Plane

Figure 2.8: The results of the power analysis of the on-chip optical absorption path with 45° inclined mirrors.

2.2.2. ON-CHIP OPTICAL ABSORPTION PATH USING PARABOLIC MIRRORS

An optical system with an on-chip optical absorption path that lies on the surface of a

wafer requires at least two mirrors; one for collimating the diverging light source and one

for focusing the light onto the detector. A parabolic mirror is capable of focusing parallel

incident rays perfectly, while spherical mirrors suffer from aberration. Therefore, in most

optical systems where collimation of a broadband diverging source is required, parabolic

mirrors are employed. It has been shown that such aspherical mirrors can be fabricated

using simple techniques [65, 66].

In this section, an optical system that consists of a diverging light source, two off-axis

parabolic mirrors, an on-chip optical absorption path and a detector is investigated. As

shown in Fig. 2.9, bottom wafer (blue) includes two parabolic mirrors and the sample

gas cell in-between. Top wafer (grey), which is bonded to the bottom one includes the

light source and the combination of the LVOF and the detector array. The light beam is

shown in semi-transparent orange.

The light source is identical to the implementation of the IR emitter as a cylindrical

lens in the system with 45° inclined mirrors. The parabolic mirror is realized as a non-
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IR emitter

LVOF and the 
detector array

parabolic mirror 
(collimation)

optical absorption path parabolic mirror 
(focusing)

Figure 2.9: A schematic illustration of the envisaged optical system.

rotationally symmetric polynomial surface with the formula y = x2. The focal length of a

parabola defined with the formula y = ax2+bx+c is f = 1/4a, therefore the focal length

of the parabola designed in Zemax has a focal length of 0.25 mm. The size of the mirror

(d), i.e. the height, is defined as the distance between the top and the bottom parts of

the mirror and is limited by the wafer thickness. The maximum size that can be attained

is 524µm assuming through wafer etching. However, this deteriorates the robustness of

the mirrors as well as the entire sensor system. Furthermore, the portion of the parabolic

surface that is employed in the system plays an important role as well, especially in terms

of fabrication limitations. Introducing decentering allows us to choose the part of the

parabola that is defined by the aforementioned formula. Decenter (dcntr ) is defined as

the distance between the axis of symmetry and the centre of a rectangular frame around

the selected parabola portion. Parabolic mirrors defined by the formula y = x2 with d =
1.2mm size and different decentering values are shown in Fig. 2.10 for clarification.

0.1 mm
axis of symmetry

d = 1.2 mm
dcntr = 0 mm

d = 1.2 mm
dcntr = 0.6 mm

d = 1.2 mm
dcntr = 0.7 mm

0.25 mm

Figure 2.10: Polynomial surface y = x2 with d = 1.2mm size for various decentering values.
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The cylindrical lens is placed at the focal point of the polynomial surface, which is

also 3 mm long. After the light gets collimated at the first polynomial surface, it propa-

gates through the sample gas for an optical path length of 10 mm. Later, it gets collected

by the second polynomial surface, which is identical to the first one. Lastly, the light gets

focused on the image plane that is located at the focal point of the second polynomial

surface as shown in Fig. 2.11.

cylindrical lens
image plane

parabolic mirror parabolic mirror

Figure 2.11: The Zemax layout of the on-chip optical absorption path with parabolic mirrors.

For the power simulations of the parabolic mirror based system, geometric image

analysis in the sequential mode of Zemax is used as well. The results of the power analy-

sis for a 400µm mirror decentered for 400µm are given in Fig. 2.12. A quick comparison

between Fig. 2.8 and Fig. 2.12 in terms of the power of the light collected at the im-

age plane already shows a factor of 10 improvement in the efficiency of the design with

parabolic mirrors over the design with 45° inclined mirrors.

The effect of the mirror size and decentering on the optical efficiency of the system

is further investigated by similar power analyses. The decentering value is swept from

0µm to 800µm with 8µm steps for various mirror sizes, while the changes are applied to

both of the parabolic mirrors simultaneously. The results are summarized in Fig. 2.13.

As the mirror size increases, the power at the image plane increases as well. However,

for each mirror size, there is a decentering value at which maximum power is achieved

at the image plane as listed in Table 2.1. These are the peaks of the plots in Fig. 2.13.

There is a huge power loss at the cylindrical lens due to the circular shape of the en-

trance pupil compared to the narrow rectangular aperture of the cylindrical lens. Since

the filament will be the light source in the actual device, the power values at the image

plane are normalized to the power at the cylindrical lens, as given in the last column of
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1st Parabolic Mirror

2nd Parabolic Mirror

Cylindrical Lens

Image Plane

Figure 2.12: The results of the power analysis of the on-chip optical absorption path using off-axis parabolic
mirrors with d = 400µm and dcntr = 400µm.

Figure 2.13: Simulation of the power at the image plane for a parabolic mirror with (a) d = 200µm, (b)
d = 300µm, (c) d = 400µm, (d) d = 500µm, (e) d = 600µm.
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Table 2.1. The simulation shows that approximately 42% of the incident light can reach

the image plane in the best case with a d = 600µm sized mirror that is decentered for

232µm. However, this is an hypothetical mirror, which is larger than the thickness of a

standard wafer. While a power efficiency of about 33% can be achieved by a d = 500µm

sized mirror, robustness of the whole system would be impaired. Therefore, a d = 400µm

sized mirror offers a good compromise between system robustness and power efficiency.

Table 2.1: Mirror size comparison in terms of power efficiency. Optimum decentering is the decentering value
at which maximum power at the image plane is obtained. Power efficiency is calculated as

Pi mag epl ane
Pc yl i ndr i cal l ens

×100.

Mirror size, d (µm) Optimum decentering (µm) Maximum power (mW) Power efficiency (%)

200 408 3.053 11.97
300 368 4.470 17.53
400 344 6.624 25.97
500 296 8.484 33.27
600 232 10.818 42.42

The detailed drawing of a 400µm sized mirror with 344µm decentering is given in

Fig. 2.14. The x and y coordinates of the top, the bottom, and the focal point of the blue

coloured mirror are provided in the figure. Note that the x and y axes are interchanged

as compared to their conventional direction, since the plot is rotated 90° clockwise to be

consistent with the Zemax design parameters.
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Figure 2.14: Detailed drawing of the mirror with 400µm size and 344µm decentering.

Although the solution shown above is the best case in simulation, the uncertainty
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that the fabrication introduces might result in a sharp decrease in power efficiency, es-

pecially for lower decentering values, as shown in Fig. 2.13(c). Therefore, to account

for such uncertainties, a tolerance simulation for 400µm sized mirrors with decentering

values of both 344µm (best case) and 400µm (safe case) is performed. A random error

with maximum 10%, 20%, and 30% of the initial value is added to the polynomial surface

defined with y = x2. The new surface is described as yer r as given in Eq. 2.1.

y = x2 → yer r = x2 +x2 % error

100

random number in [−1:1]︷ ︸︸ ︷
(−1+2 rand)︸ ︷︷ ︸

total error

(2.1)

The definition of the new surface is limited to only the first four even terms of the

polynomial in the sequential mode of Zemax. Therefore, the new dataset with error is

fit to a polynomial with the terms x2, x4, x6, and x8 in Matlab. The polynomial plots

including both cases (i.e. x varies from 144µm to 600µm) without error, with error and

the polynomial fit of the latter are shown for 10%, 20%, and 30% error in Fig. 2.15. Note

that the same random number set is used for all cases.
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Figure 2.15: Polynomial plot covering a 400µm sized mirror with both 344µm (best case) and 400µm (safe
case) decentering with (a) 10%, (b) 20%, and (c) 30% error.

The coefficients acquired for these four terms with 10%, 20%, and 30% error are listed

in Table 2.2, along with the respective power at the image plane and power efficiency

values. The ideal values (i.e. without error) are also provided in the table. These results

show that the mirrors are very sensitive to variations in the polynomial surface. Even

with a maximum 10% error, the power efficiency of the best case decreased from 25.97%

to 5.4%, which translates into almost 80% decline in performance. Since the error intro-

duced in this study is random, it is not possible to conclude that this is the best or the

worst case scenario. However, it is obvious that even small variations in the surface pro-
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file have a tremendous effect on the collimating property of parabolic mirrors. Therefore,

the on-chip optical absorption path with parabolic mirrors is not pursued in this study.

Table 2.2: Tolerance simulation details and results for a 400µm sized mirror with 344µm (best case) and
400µm (safe case) decentering.

Error No error 10% 20% 30%

Coefficient of x2 1 1.0884 1.1768 1.2652
Coefficient of x4 0 -1.5922 -3.1844 -4.7765
Coefficient of x6 0 6.7163 13.4325 20.1488
Coefficient of x8 0 -7.2831 -14.5663 -21.8494

Power at the image plane (best case) 6.624 1.378 1.086 0.985
Power at the image plane (safe case) 6.015 0.594 0.262 0.167

Power efficiency (best case) 25.97 5.40 4.25 3.86
Power efficiency (safe case) 23.58 2.33 1.03 0.65

2.2.3. GAS-FILLED LVOF
Collimation of the light and simultaneously steering it in the right direction with neg-

ligible power loss is a challenging objective. The efficiency of such a system would be

significantly reduced when also considering the fabrication tolerances. Moreover, the

stray light that is not collimated properly might reach the detector and deteriorate the

performance of the microspectrometer. Therefore, a miniaturization approach that is

not susceptible to the fabrication uncertainties is required.

The operating principle of the LVOF relies on the interference of the light that is re-

flected multiple times in the resonator layer between the mirrors. The wavelength to

be transmitted through the filter is governed by the simplified interference equation

2nh = λm, where n is the refractive index of the resonator layer, h is the thickness of

the resonator, λ is the wavelength to be transmitted and m is the operating order. There-

fore, the wavelength to be transmitted is directly related to the thickness of the resonator.

Since the wideband response of an LVOF is achieved by tapering the resonator layer and

scanning the filter along its length, minor fabrication tolerances only shift the position

of the transmission at a certain wavelength on the filter. Thus, the resonator thick-

ness is usually doubled to account for the fabrication tolerances. The positional shift

of the transmission at a particular wavelength can be later characterized with a single-

wavelength calibration.

The low susceptibility to fabrication tolerances and the robustness that arises from

achieving wideband operation without any moving parts makes the LVOF a highly suit-

able candidate for wafer-level miniaturization of spectrometers. Instead of combining

the LVOF with an external sample chamber, as shown in Fig. 2.16(a), the resonator layer

can be replaced with a cavity and used as a gas cell as shown in Fig. 2.16(b). In CEAS, the
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multiple reflections in high-finesse optical cavities are exploited to elongate the effective

optical absorption path [67]. However, this method requires almost perfectly reflecting

mirrors (R > 99.99) and a light source with long coherence length to attain a very long

absorption path. Such systems employ lasers as the light source and are not suitable

for wafer-level miniaturization. By using highly reflective mirrors (R ∼ 98) on the other

hand, the requirements on the light source can be moderated, while still achieving a

moderately long optical absorption path. Therefore, the combination of a low-cost IR

emitter with a gas-filled LVOF, where the filter cavity is used as a gas cell is highly suit-

able for wafer-level microspectroscopy. In the remainder of this thesis, the functional

integration of an LVOF and a gas cell is pursued.
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Figure 2.16: The components of an optical absorption based spectrometer with (a) a standard LVOF combined
with a separate gas cell and (b) a miniaturized gas cell integrated with the resonator cavity of an LVOF.
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I NTERFERENCE filters are wavelength selective devices that are highly suitable for the

development of low-cost microspectrometers. The operating principle is based on the

constructive interference of the light beam that is reflected multiple times between two

reflectors. Although there is no consensus on the terminology, an interference filter is

commonly denoted as an etalon if it is composed of a transparent plate with two reflect-

ing surfaces or as a Fabry-Perot (FP) interferometer if the resonator is trapped between

two highly reflective parallel mirrors. In this thesis, the terms FP filter and FP interfer-

ometer are used interchangeably to refer to an interference filter that is composed of two

parallel mirrors with a resonator layer in-between.

The optical path difference between successively reflected beams must match the

constructive interference condition to ensure filter operation. Since the thickness of the

resonator layer is directly proportional to the optical path difference, it determines the

wavelength to be transmitted through the filter [1]. High-resolution analysis in a wide

wavelength range is crucial for spectroscopic applications. The wideband operation of

these filters is achieved either by creating an array of FP filters with different resonator

thicknesses [2–4], or by tuning the position of one of the mirrors to dynamically adjust

the resonator layer thickness, i.e tunable FP filter [5–8]. In both configurations, the mir-

ror parallelism is required for high-resolution measurements. In an array of fixed filters,

high-parallelism can be achieved by a fine-tuned fabrication process, while the number

of spectral channels; hence, the spectral resolving power of the spectrometer is limited

by the number of filters. In tunable FP filters, continuous mechanical movement of one

of the mirrors allows for more spectral channels, thereby increasing the spectral resolv-

ing power, whereas mirror parallelism and robustness become issues.

A linear variable optical filter (LVOF) is a wideband interferometer without any mov-

ing parts; thus, combining the high spectral resolving power of a tunable FP filter with

the robustness of an array of fixed FP filters. An LVOF is composed of two mirrors; one

flat and one slightly tilted, with a tapered resonator layer in-between. Therefore, the

LVOF in principle represents a continuous array of infinitely many different FP filters.

By combining the LVOF with an array of detectors, a wideband spectral response can be

measured [9–11].

The increasing demand for microspectrometers has triggered the miniaturization of

all the components in a spectrometer in addition to the monolithic integration of these

components. In this thesis, the functional integration of a sample gas cell and an LVOF

is investigated. To achieve that, the tapered resonator cavity of an LVOF serves as a gas

cell besides wavelength selection. This requires highly reflective mirrors and a long res-

onator cavity to start with, which are demanding operating conditions for an LVOF.

The analysis of LVOFs reported in literature is based on dividing the filter in discrete

FP structures. By using the FP description, perfectly parallel mirrors are assumed and
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the tilt between the LVOF mirrors is implemented as a stepwise incremental resonator

width between neighboring structures. In this chapter, a theoretical framework includ-

ing both FP and LVOF structures is developed. The LVOF is described in terms of the

Fizeau interferometer, which is a wedged FP filter. It is shown that the FP approach must

be abandoned for designing an LVOF that should satisfy demanding operating condi-

tions, as required in this application. Also, optical constraints on filter performance are

explored and optimization methods to improve the spectral performance are provided.

3.1. APPROXIMATION AS AN ARRAY OF FABRY-PEROT FILTERS

Optical filters are conventionally designed using optical coating design software, such

as The Essential Macleod or TFCalc. In these tools, an optical layer is defined by the

material type and the thickness. The spectral response of a coating can be simulated by

stacking thin-film layers and selecting the incident and the emergent medium as shown

in Fig. 3.1.

Figure 3.1: An example of coating design file and reflectance spectrum extracted from ’The Essential Macleod’.

A material in these tools is represented by the complex refractive index (ñ = n − i k),

where the refractive index (n) and the extinction coefficient (k) are defined in terms of

wavelength. The refractive index is a unitless number and is equal to the ratio of the

speed of light in free space to that in the medium. Similar to the refractive index, the

extinction coefficient is a unitless number and is related to the absorption coefficient (γ,

usually in cm−1) by γ= 4πk/λ where λ is the wavelength. The material library includes

commonly used thin-film materials; however, material data from external libraries or

data that is extracted from ellipsometry measurements can be imported as custom ma-

terials in these software.

The thickness of a thin-film layer is defined either as physical or optical. The physical

thickness is the actual thickness of the film represented usually in nanometers. In the
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interference calculations of a coating, the most important quantity related to a thin-film

layer is its effect on the phase of the light. The phase change during propagation depends

on the wavelength of the light and the optical path, where the latter is the multiplication

of the physical layer thickness and the refractive index of the layer material. Therefore,

it is more common to denote layer thickness in terms of the optical path as either full-

wave optical thickness (FWOT) or quarter-wave optical thickness (QWOT). In FWOT, the

optical path is equal to the reference design wavelength, whereas in QWOT the optical

path is equal to one quarter of the reference wavelength.

The optical coating design software is a very practical tool to design Bragg reflectors

and FP filters, which are composed of multiple layers of thin-films. The transmittance

and reflectance spectra of these devices can be easily calculated for different optical pa-

rameters; such as incidence angle, cone angle and polarization of the light source. In all

these simulations, the thin-film layers are assumed to be smooth, flat and parallel.

An LVOF is usually simulated as an array of discrete FP filters with increasing res-

onator thickness (h1,h2, ...,hN ) as the filter is scanned along its length away from the

wedge apex (Fig. 3.2). However, mirror nonparallelism is inherent to the operating prin-

ciple of an LVOF, where one of the mirrors is intentionally tilted.

h1
h2

h3
hN

FP1 FP2 FP3 FPN

. . .

Figure 3.2: LVOF approximated as an array of FP filters.

Due to the nonparallelism of the mirrors, the spectral response of an LVOF diverges

from an FP filter, which becomes particularly noticeable when the reflectivity of the mir-

rors approaches to ideal. Highly reflective mirrors are required to be able to use the res-

onator cavity of an LVOF also as a gas cell. Therefore, it is crucial to study the difference

between an FP filter and an LVOF to develop a mathematical framework for the optical

design of our devices.

3.2. THEORETICAL BACKGROUND
The interference filters are composed of two mirrors with a resonator layer in-between.

The optical path between the mirrors, or equivalently the thickness of the resonator

layer, determines the wavelength to be transmitted. The interference theory is based

on calculating the phase difference associated with multiple reflections in the resonator

and subsequently summing these waves to simulate the overall effect on the transmis-
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sion or reflection. In an FP filter, the mirrors are perfectly parallel and the resonator layer

between these mirrors has a fixed thickness. An LVOF on the other hand is composed of

one flat and one tilted mirror with a tapered resonator in-between. Therefore, an LVOF

resembles to a wedged interferometer, i.e. Fizeau interferometer, rather than an array of

FP filters. In the following sections, the theoretical background of FP and Fizeau inter-

ferometers will be investigated to build a mathematical framework for the LVOF design

at demanding operating conditions.

3.2.1. FABRY-PEROT INTERFEROMETER

The theoretical background of an FP interferometer was explained in detail by Born and

Wolf [12]. Assume that a collimated monochromatic light beam is impinging on an FP

interferometer with refractive index n′ and resonator thickness h at an incidence angle

of θ as shown in Fig. 3.3.

θ´

T1 T2 T3 Tp

θ

O

A

B

C

h

N

.

θ
θ

Figure 3.3: Fabry-Perot interferometer.

The light beam hits the second flat of the interferometer at an incidence angle of θ′

and the refractive index of the surrounding medium is n. Then the optical path differ-

ence between the first and the pth wave that is transmitted through the filter is

∆Sp = (
n′(AB +BC

)−n AN
)(

p −1
)

, (3.1)

where n′(AB +BC
)−n AN is the optical path difference between two consecutively trans-

mitted waves such as T1 and T2 or Tp−1 and Tp . Using trigonometry, physical values AB ,

BC and AN can be defined in terms of the resonator thickness and the incidence angle.

AB = BC = h

cosθ′
(3.2)
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AN = AC sinθ = 2h tanθ′ sinθ (3.3)

By applying Snell’s Law (n sinθ = n′ sinθ′) to the equations above, the optical path

difference can be calculated as in Eq. 3.4. The phase change related to the reflection

from the mirrors is neglected. This could be an issue in metal-based mirrors; however,

can be disregarded in dielectric mirrors [13].

∆Sp =
(

2n′h
cosθ′

− 2nh sinθ′ sinθ

cosθ′

)(
p −1

)= (
2n′h cosθ′

)(
p −1

)
(3.4)

Hence, the phase difference between the first and the pth wave that is transmitted

through the filter is given by Eq. 3.5 where λ0 is the wavelength of the light source.

δp = 2π

λ0
∆Sp = 4π

λ0
n′h cosθ′

(
p −1

)
(3.5)

3.2.2. FIZEAU INTERFEROMETER

A Fizeau interferometer can be described as a wedged FP interferometer, where one of

the mirrors is slightly tilted to create fringes of equal thickness when illuminated with

monochromatic light. Such interferometers are used for measuring optical flatness with

high accuracy [14]. An LVOF can therefore be defined as a Fizeau interferometer illumi-

nated with a broadband light source for spectroscopic purposes.

The multiple beam interference of Fizeau wedges was theoretically studied by Brossel

[15]. Based on this theory, the shape and the location of multiple beam fringes were later

calculated thanks to the advances in computation [16, 17]. The wedge material is as-

sumed to have a refractive index n′ surrounded with a medium of refractive index n.

Two mirror surfaces on each side of the wedge are inclined at an angle α. The device

is illuminated with a plane wave of monochromatic light, whose wave-fronts are pass-

ing through the wedge apex. The angle of incidence θ′, is defined as positive if the light

impinges on the flat surface from the side of the normal nearest the wedge apex and

negative otherwise. The phase change associated with the reflection from the mirrors is

neglected.

POSITIVE INCIDENCE

After multiple reflections in the wedge, the light moves away from the wedge apex if the

incidence angle is positive. At the pth reflection from the flat surface, the angle between

the beam and the normal is θ′+2
(
p −1

)
α as shown in Fig. 3.4.

The exit angle from the wedge for all transmitted waves can be defined using Snell’s
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X

Z

α

θ´+2αθ´ θ´+4α
θ´+2(p-1)α

O
θ1 θ2

θ3 θp

T1
T2

T3

Tp

Figure 3.4: Multiple reflections in Fizeau interferometer at a positive incidence angle.

Law.
n sinθ1 = n′ sinθ′

n sinθ2 = n′ sin
(
θ′+2α

)
...

n sinθp = n′ sin
(
θ′+2

(
p −1

)
α

) (3.6)

Multiple reflections inside the wedge give rise to a set of plane waves with wavefronts

W1,W2, ...,Wp, which interfere at point P(x,z) as shown in Fig. 3.5.

X

Z

αO
θ1

θp

P(x, z)

W1

Wp
.

.

N1Np

β

Figure 3.5: Optical path difference after multiple reflections in Fizeau interferometer at a positive incidence
angle.

The optical path difference between the first and the pth transmitted wave can be

calculated as,

∆Sp = n
(
P Np −P N1

)
. (3.7)

Assuming that OP makes an angle of β with the x-axis, the difference of P Np and
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P N1 can be represented in terms of OP , β and the exit angles using trigonometry.

P Np =OP
(
sin

(
θp +β))=OP

(
sinθp cosβ+ sinβcosθp

)
(3.8)

P N1 =OP
(
sin

(
θ1 +β

))=OP
(
sinθ1 cosβ+ sinβcosθ1

)
(3.9)

P Np −P N1 =OP
[
cosβ

(
sinθp − sinθ1

)+ sinβ
(
cosθp −cosθ1

)]
(3.10)

Since, OP cosβ= x and OP sinβ= z,

∆Sp = nx
(
sinθp − sinθ1

)+nz
(
cosθp −cosθ1

)
. (3.11)

Combining Eq. 3.6 and Eq. 3.11, one can define the optical path difference in terms of

θ′, α, and p. If the resonator layer and the surrounding medium are both air (n = n′ = 1)

as in our case, the optical path difference can be simplified as in Eq. 3.12.

∆Sp = x
[
sin

(
θ′+2

(
p −1

)
α

)− sinθ′
]+ z

[
cos

(
θ′+2

(
p −1

)
α

)−cosθ′
]

(3.12)

NEGATIVE INCIDENCE

If the light beam approaches the flat surface of the wedge from the side of the normal

away from the wedge apex, the incidence angle is negative. In this case, the light spot

moves toward the apex after multiple reflections in the wedge. At the pth reflection from

the flat surface, the angle between the beam and the normal becomes ϕ′ − 2
(
p −1

)
α

assuming an incidence angle of ϕ′, as shown in Fig. 3.6. As in the positive incidence

X

Z

α

φ´-2α φ´
φ´-4α

φ´-2(p-1)α

O
θ1θ2

θ3θp

T1T2T3Tp

Figure 3.6: Multiple reflections in Fizeau interferometer at a negative incidence angle.

case, multiple reflections inside the wedge result in a set of plane waves with wavefronts

W1,W2, ...,Wp, which interfere at point P(x,z) as shown in Fig. 3.7. The optical path

difference between the first and the pth transmitted wave can be calculated as,

∆Sp = n
(
P Np −P N1

)
. (3.13)
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Using trigonometry P N1 and P Np can be represented in terms of x, z and the exit

angles.

P Np = PB cosθp = (
z − AB

)
cosθp = (

z −x tanθp
)

cosθp = z cosθp −x sinθp (3.14)

P N1 = PC cosθ1 =
(
z − AC

)
cosθ1 =

(
z −x tanθ1

)
cosθ1 = z cosθ1 −x sinθ1 (3.15)

Therefore the optical path difference is

∆Sp = nx
(
sinθ1 − sinθp

)+nz
(
cosθp −cosθ1

)
. (3.16)

Assuming unity refractive index for both the resonator and the surrounding medium,

the optical path difference can further be simplified as in Eq. 3.17.

∆Sp = x
[
sinϕ′− sin

(
ϕ′−2

(
p −1

)
α

)]+ z
[
cos

(
ϕ′−2

(
p −1

)
α

)−cosϕ′] (3.17)

X

Z

αO

θ1

θp

P(x, z)

W1

Wp.

.

N1

Np

.

A

B

C

θp

Figure 3.7: Optical path difference after multiple reflections in Fizeau interferometer at a negative incidence
angle.

Using ϕ′ = −θ′ as the negative incidence angle, the optical path difference can be

translated into Eq. 3.18.

∆Sp = x
[
sin

(−θ′)− sin
(−θ′−2

(
p −1

)
α

)]+ z
[
cos

(−θ′−2
(
p −1

)
α

)−cos
(−θ′)] (3.18)



3

46 3. LVOF DESIGN APPROACH

Using trigonometric equalities sin
(−θ) = −sinθ and cos

(−θ) = cosθ to convert Eq.

3.18 to Eq. 3.19, one can see that the optical path difference for negative incidence angle

is the same as the optical path difference for positive incidence.

∆Sp = x
[−sinθ′+ sin

(
θ′+2

(
p −1

)
α

)]+ z
[
cos

(
θ′+2

(
p −1

)
α

)−cosθ′
]

(3.19)

Then, the phase difference for both positive and negative incidence is given as fol-

lows:

δp = 2π

λ0
∆Sp

= 2π

λ0

(
x

[
sin

(
θ′+2

(
p −1

)
α

)− sinθ′
]+ z

[
cos

(
θ′+2

(
p −1

)
α

)−cosθ′
])

.
(3.20)

Therefore, the phase difference between the pth and the directly transmitted waves

can be calculated using Eq. 3.5 and Eq. 3.20 for FP and Fizeau interferometers respec-

tively.

3.2.3. FILTER TRANSMISSION

The complex amplitudes of the waves transmitted through the filter can be calculated

using the transmission and reflection coefficients of the mirrors around the resonator.

Let r be the reflection coefficient (ratio of reflected and incident amplitudes) and t the

transmission coefficient (ratio of transmitted and incident amplitudes) for a wave trav-

eling from the surrounding medium into the resonator. For a wave traveling from the

resonator to the surrounding medium r ′ and t ′ are the reflection and transmission coef-

ficients, respectively. If A(i ) is the amplitude of the light source, then the complex ampli-

tudes of the waves transmitted through the filter are:

t t ′A(i )e iδ1︸ ︷︷ ︸
T1

, t t ′r ′2 A(i )e iδ2︸ ︷︷ ︸
T2

, t t ′r ′4 A(i )e iδ3︸ ︷︷ ︸
T3

, ..., t t ′r ′2(p−1) A(i )e iδp︸ ︷︷ ︸
Tp

. (3.21)

Then, the amplitude of infinitely many transmitted waves interfering at point P(A(t ))

can be defined as in Eq. 3.22, given that R and T are the reflectivity and the transmissivity

of the mirrors respectively.

A(t ) = A(i )t t ′
∞∑

p=1
r ′2(p−1)e iδp = A(i )T

∞∑
p=1

R(p−1)e iδp (3.22)

The intensity is calculated by taking the square of the transmitted wave amplitude as
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in Eq. 3.23.

I (t ) =
(

A(i )
)2

T 2

∣∣∣∣∣ ∞∑
p=1

R(p−1)e iδp

∣∣∣∣∣
2

(3.23)

The spectral response of an FP interferometer can be simulated by sweeping the

wavelength for a given cavity length using Eq. 3.5 and Eq. 3.23. To calculate the transmit-

tance of a Fizeau interferometer, the x-position on the slope of the LVOF (i.e. the cavity

length at that position) must be swept for a particular wavelength using Eq. 3.20 and Eq.

3.23.

3.3. OPTICAL CONSTRAINTS ON FILTER PERFORMANCE
Using the resonator cavity of an LVOF also as a gas cell requires the elongation of a µm-

level physical cavity to a mm-level effective optical path length. To achieve such an elon-

gation using multiple reflections, a relatively long µm-level physical cavity (h ≈ 25µm)

must be combined with highly reflective mirrors (R ≥ 95%). These demanding operating

conditions affect the transmission of an LVOF considerably, due to the nonparallel con-

figuration of the mirrors. Moreover, since the light beam is incident on a sloped mirror

surface, normal incidence does not necessarily provide an optimum result. It is shown

that the angle of incidence can be optimized at a given filter-detector separation. In ad-

dition, the collimation of the light beam has a strong effect on the transmission of an

optical filter. Therefore, all these factors should be taken into account to assess and op-

timize the performance of an LVOF and are discussed in the next subsections.

3.3.1. THE EFFECT OF OPERATING ORDER AND REFLECTIVITY

The operating order is an important parameter in optical filter design and is directly cor-

related to the resonator layer thickness. The relation between the operating order and

the thickness of the resonator layer can be described by the phase difference that is cre-

ated by multiple reflections of light in an FP filter. When the phase difference between

two successive waves becomes equal to 2π, the spectral response of the filter starts re-

peating itself. For normal incidence (θ′ = 0°) and air cavity (n′ = 1), Eq. 3.5 can be sim-

plified to 4π
λ0

h = 2πm, where m is the order of interference or the operating order. Hence,

the operating order is directly proportional to the resonator thickness for a specific wave-

length.

The necessity of a relatively long physical resonator cavity to maximize the effective

optical path length forces the filter to operate at a high order (m > 10) for a given wave-

length range. The transmission of an FP and a Fizeau interferometer for both moderate

and high operating orders with various mirror reflectivity values are calculated using

the theoretical descriptions given in the previous section. Fig. 3.8 shows the simulation
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results at the 3rd and the 15th order. Normal incidence (θ′ = 0°) is assumed and interfer-

ence is observed directly after the interferometer (z = 0mm). For the FP interferometer,

a cavity length of respectively 5.085µm and 25.425µm is selected. These correspond to

the 3rd and the 15th operating orders for a wavelength of 3.39µm. The 11.4 mm long

mirrors of the Fizeau interferometer are inclined at an angle of 15.6 millidegree. The

x-position of the Fizeau interferometer is swept in such a way that the 3rd and the 15th

operating orders are captured. The wavelength and the x-position values are correlated

through the interference equation and Fizeau wedge angle using x-position = mλ0
2tanα . The

transmission curve for the 3390 nm wavelength is located approximately at 18700µm

and 93500µm away from the wedge apex for the 3rd and the 15rd order, respectively, for

the device described above.

Figure 3.8: Comparison of FP and Fizeau interferometers for various reflectivity values at 3390 nm: (a) 3rd

order FP interferometer, (b) 3rd order Fizeau interferometer, (c) 15th order FP interferometer, and (d) 15th

order Fizeau interferometer.

The difference in transmission between the FP and the Fizeau representations is evi-

dent from the results. The transmittance of an FP interferometer can theoretically reach

100% at any operating order and reflectivity (Fig. 3.8(a) and Fig. 3.8(c)), which is not
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the case for the Fizeau interferometer (Fig. 3.8(b) and Fig. 3.8(d)). The resolution of

the transmission curves of both FP and Fizeau interferometers improves with increas-

ing order and reflectivity. At 90% reflectivity, the Fizeau interferometer exhibits a similar

performance to the FP interferometer. However, at higher reflectivity values the peak

transmittance of the Fizeau interferometer deviates substantially. The reduced trans-

mittance, as compared to the FP interferometer, is due to walk-off [18]. Moreover, the

transmission curve loses its symmetry and side peaks appear, which are due to the un-

even shape of the structure. It should be noted that the reduction of peak transmittance

with increased mirror reflectivity is more significant at higher orders of operation.

A multi-pass gas-filled resonance cavity operating at high order of resonance with

highly reflective mirrors is required to enable the use of the LVOF cavity as a gas cell. Both

the high order of operation and the high reflectance make it necessary to simulate the

transmission on the tapered slope in an LVOF by treating it as a Fizeau interferometer,

rather than an array of discrete FP filters with parallel mirrors.

3.3.2. THE EFFECT OF INCIDENCE ANGLE AND FILTER-DETECTOR SEPARA-

TION

The sharpness of the fringes in a Fizeau interferometer is highly dependent on the in-

cidence angle of the light. The phase difference between the transmitted waves varies

both along the length of the interferometer (x) and toward the detector (z) depending

on the incidence angle. This complex relation was previously studied and it was shown

that there is an optimum incidence angle for every interferometer-detector separation,

at which the peak transmittance is maximized and the best resolution is achieved [19–

22].

Multiple reflections between nonparallel mirrors cause the light beam to laterally

shift and eventually walk out of the wedge shaped cavity. The nonsymmetrical shape of

the transmission curves of a Fizeau interferometer that exhibit lower peak transmittance

compared to an equivalent FP filter can be explained by this walk-off. This observation

also has significant consequences to any numerical simulations; after a certain number

of reflections, the change in the transmission curve becomes negligible and a stable re-

sult is obtained. As discussed before, a positive incidence angle, at which the angle of re-

flection increases at each reflection on the tapered mirror, pushes the multiple-reflected

light beam away from the wedge apex. In contrast, in the case of a negative angle of

incidence, the angle of reflection decreases at each reflection at the tapered mirror and

the multiple-reflected light beam is pushed toward the wedge apex. Hence, applying

a positive incidence angle on a Fizeau interferometer is similar to enhancing the effect

of walk-off, thereby deteriorating the performance. Therefore, the optimum incidence
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angle must be negative to counteract the walk-off effect. However, this does not imply

that a more negative angle results in a higher peak transmittance. After a number of

reflections, the angle of reflection gets so close to zero (i.e. normal incidence) that the

reflected beams start to move away from the wedge apex. When these beams that are

reflecting away from the wedge apex cancel the effect of the beams reflecting toward the

wedge apex, the transmission curve starts to diverge from the optimum shape again.

The angle of incidence (θ′) was defined as the angle of the light impinging on the flat

mirror of the wedge. The trajectory of the beam is illustrated in Fig. 3.9 for various inci-

dence angles, assuming 4 reflections from the flat mirror in each case. For both normal

and positive incidence, the reflected beam moves away from the wedge apex with nor-

mal incidence giving a sharper curve at a slightly higher transmittance. When changing

the angle of incidence between the optimum and normal, the beam is firstly reflected to-

ward the wedge apex, until the angle of normal incidence is reached (or surpassed) and

then moves away from the wedge apex. The distinction becomes clear at this point; if

the beam passes the x-position of the initial beam that enters the wedge, the reflections

moving away from the wedge apex cancel the effect of the reflections toward the wedge

apex. If the reflected beam does not exceed this point, the system is operated at the op-

timum angle of incidence. As the incidence angle gets even smaller than the optimum

value (i.e. more negative), the beam gets reflected toward the wedge apex; however, its

trajectory resembles the mirrored version of the trajectory of a beam at a positive inci-

dence angle with a smaller value.

θ´ = 0˚

θ´ > 0˚

θ´opt < θ´ <  0˚

θ´ = θ´opt θ´ <  θ´opt

Figure 3.9: The trajectory of a beam in a wedge at different values of the angle of incidence. The light beam
gets reflected 4 times off the flat mirror in each case.

The spectral response of a Fizeau interferometer with a slope of a 15.6 millidegree

angle between its mirrors is simulated for various incidence angles as shown in Fig. 3.10.

The x-position range is selected such that the transmission curve of 3.39µm wavelength
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operating at the 15th order is captured. The interference is observed right after the filter,

i.e. z = 0mm and the reflectivity of both mirrors is R = 0.985. The optimum incidence

angle for this particular case is −2.2° and it can be observed in Fig. 3.10 that any inci-

dence angle other than this value results in wider transmission curves with lower peak

transmittance. The curves with incidence angles that are higher than the optimum value

lean away from the wedge apex, while the curves with incidence angles that are lower

than the optimum value lean toward the wedge apex. This is consistent with the discus-

sion on trajectory, when considering the fact that any incidence angle smaller than the

optimum value directs the beam toward the wedge apex. Moreover, incidence angles

higher than the optimum value either first sends the beam toward the wedge apex and

then away from the wedge apex or directly away from the wedge apex. The transmission

curve for the optimum incidence angle acts as a transition point and looks rather sym-

metric, except for the side peaks. As explained before, a beam with an incidence angle

smaller than the optimum value follows a trajectory similar to that of a beam with a pos-

itive incidence angle with a smaller value. The transmission curves at an incidence angle

of −5° and 3° appear like the mirrored version of each other.

Figure 3.10: The transmission curves for a Fizeau interferometer at different values of the angle of incidence.

Rotating a Fizeau interferometer around the wedge apex or changing the incidence

angle of the light impinging on the filter is equivalent to rotating the coordinate system

of the wedge. Therefore, the effect of filter-detector separation can be analyzed, since

the same interference pattern can be observed at different detector planes at different
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incidence angles. The transmission curves of the Fizeau wedge described above are sim-

ulated at normal and optimum incidence for various filter-detector separation values

and the results are shown in Fig. 3.11. The value of the incidence angle that would be re-

quired for the same optimum transmission curve at increasing filter-detector separation

would be more negative. The reason is that the z-position of the beam waist of the inter-

fering waves shifts with the incidence angle and by adjusting the incidence angle, beam

width on the detector plane can be minimized to achieve a narrower transmission curve

[23]. A similar reasoning holds for normal incidence; as the detector plane moves away

from the filter, the z-position of the beam waist diverges from the optimum resulting in

a wider transmission curve with lower peak transmittance.

Figure 3.11: The effect of filter-detector separation on the spectral response of a Fizeau interferometer.

Are these results relevant to our devices? In an integrated MEMS implementation

of an LVOF and a detector array, the filter-detector separation is negligible. However,

even if the detector is placed right after the filter, the optimum incidence angle has an

offset. Moreover, filter-detector spacing is inevitable in characterization. By studying

the discrepancy between theory and experiment at nonzero filter-detector separation,

the optimum incidence angle can be adjusted for the final device, where the filter would

be right on top of the detector array.

3.3.3. THE EFFECT OF CONE ANGLE

The light source was assumed to be perfectly collimated in the transmission simulations

so far. To achieve a perfectly collimated light beam, a point source must be placed at
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the focal point of a lens. However, in reality, a light source has a finite size and the rays

emerging from the part of the source that does not lie on the optical axis result in the

divergence of the light. Therefore, the effect of collimation of the light source should

be taken into account in the optical simulations. The effect of collimation of the light

on FP filters had been both theoretically and experimentally discussed [24, 25]. Due to

the cosine effect given in Eq. 3.5, all the beams, except for the one normal to the filter,

shift the transmission curve to the shorter wavelengths. Hence, the overall transmission

response of the filter will decrease in amplitude, while moving to a shorter wavelength

than before. For low resolution filters the effect of cone angle is negligible. However,

high resolution filters as in this application are very sensitive to even small changes in

the cone angle.

A cone of beam with a half cone angle of ψ and amplitude A(i ) can be described

as a collection of N beams with an amplitude of A(i )/N and incidence angles ranging

between −ψ and ψ, as shown in Fig. 3.12. By calculating the interference of all these

waves, the effect of cone angle on an FP or a Fizeau interferometer can be simulated.

ψ ψstep

Figure 3.12: The illustration of a cone of light beam impinging on the flat mirror of an LVOF.

In addition to the transmission response of the FP interferometer operating at the

15th order, the Fizeau interferometer that has been introduced before is simulated at

z = 0mm for various half cone angle values divided into a number of beams that corre-

spond to ψstep = 0.1° in the angle of incidence. As shown in Fig. 3.13(a), the transmis-

sion curves of the FP interferometer widen and move toward shorter wavelengths as the

cone angle of the light increases. Also, in agreement with the theory, the overall trans-

mittance decreases with increasing cone angle. In the spectral response of the Fizeau

interferometer on the other hand, the transmission curves corresponding to 0.5°, 1° and

2° half cone angle move to shorter wavelengths or equivalently to smaller x-position val-

ues, while having lower peak transmittance compared to perfect collimation, as shown

in Fig. 3.13(b). However, at even higher values of the half cone angle, the peak of the

transmission curves start moving slightly to the right. This change in the spectral re-

sponse does not coincidentally occur between 2° and 3° of half cone angle, where the

absolute value of the optimum incidence angle of −2.2° resides. Correlated to the effect

of the incidence angle, as was shown in Fig. 3.10, the transmission curves shift to higher
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x-position values at incidence angles that are lower than the optimum value. Therefore,

the overall response of the interferometer at a half cone angle higher than 2.2° shifts

away from the wedge apex. The decrease in the peak transmittance on the other hand

is linearly linked to the increase in half cone angle at which the Fizeau interferometer

is less sensitive. This difference can be explained by the uneven structure of the Fizeau

interferometer. In the FP interferometer, the mirrors are perfectly parallel while in the

Fizeau interferometer, the light beam -even if it is normal to the surface-, is shifting to

the sides due to nonparallel mirrors. In other words, the effect of a converging beam is

partially similar to the operating principle of the Fizeau interferometer. Therefore, the

effect of cone angle is less significant in the Fizeau interferometer compared to the FP

interferometer.

Figure 3.13: The effect of cone angle on the spectral response of (a) FP and (b) Fizeau interferometer, both
operating at the 15th order with a reflectivity of R = 0.985.

Out of the three aspects that have been analyzed using the description of LVOF in

terms of the Fizeau interferometer, the dependence of the transmittance on cone angle

of the light source is the only external constraint. The results indicate that a highly colli-

mated light source with a half cone angle of less than 2° is required for proper operation

of the LVOF at demanding conditions.
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B ENCHTOP spectrometers are widely used for material identification through opti-

cal absorption in a diverse range of fields, such as medicine [1–5], forensics [6, 7],

quality control [8, 9], research [10, 11] and atmospheric [12–14] applications. In these in-

struments light is passed through a sample and the ratio of transmitted to incident radi-

ation is recorded over a wide wavelength range, usually in the infrared (IR). The acquired

spectrum is then compared to a database to identify the composition of the sample [15].

These instruments usually employ the Fourier transform infrared spectroscopy (FTIR)

technique. FTIR spectrometers are composed of a broadband light source, a Michelson

interferometer, a detector and collimating and focusing optics [16]. The interferome-

ter (with Au coated flat mirrors) and the optics (Au coated parabolic and elliptic mir-

rors, ZnSe beam splitter, KBr windows) are coated such that these can be operated over

a wide wavelength range. With a broadband light source and a wideband detector, an

FTIR spectrometer can cover a large part of the spectrum (2.5µm to 16µm); therefore,

is capable of analyzing a large variety of materials. Although FTIR spectrometers are in

high demand due to their wide operating wavelength range and high resolution, these

instruments are cumbersome laboratory equipment with high cost.

Many applications would favor portable instruments, which has triggered the de-

velopment of handheld spectrometers. Microelectromechanical system (MEMS) imple-

mentations of the Michelson interferometer [17, 18] and examples of a slightly more ro-

bust interpretation, called lamellar grating interferometer (LGI) [19, 20], have been re-

ported in the literature. Despite these efforts, there are only a handful of portable spec-

trometers available in the market [21, 22].

Miniaturization of benchtop spectrometers, while maintaining the wide wavelength

range operation, is challenging. Moreover, the movable components in the interferom-

eter compromise the robustness of miniaturized spectrometers, especially in handheld

applications. Interference filter based microspectrometers offer a significant reduction

in size and improvement in robustness in exchange for limited wavelength range and

resolution [23]. Therefore, a linear variable optical filter (LVOF) combined with a minia-

turized light source, a detector array and a sample chamber can serve as a wafer-level

microspectrometer in a rather narrow wavelength range compared to general-purpose

benchtop spectrometers.

The optical design of the interference filter based microspectrometers relies mainly

on the application. The optical design flow of an interference filter is summarized in Fig.

4.1. The operating wavelength range and the required resolution is selected based on

the spectra of the samples to be distinguished. Then, the operating order and the mirror

reflectivity must be calculated to achieve the required resolution. The mirror reflectiv-

ity and the overall operation of the filter depend highly on the material selection. The

refractive index contrast between the mirror materials is crucial for obtaining high re-
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flectivity. Moreover, materials must be non-absorbing in the desired wavelength range

to maximize the light throughput after transmission as the proper operation of the filter

is assured.

Application: determine the
samples to be distinguished

Spectrum

Wavelength range (FSR),
Resolution (FWHM)

Operating order
(High, m > 10)

Mirror reflectivity
(High, R > 95%)

Refractive index contrast
(High, nH / nL > 2) Absorption (k = 0)

Transmission
calculation

Filter properties

Material selection

Figure 4.1: Flowchart for the optical design of an interference filter. The requirements depicted in red are for
the use of the filter cavity also as a gas cell.

As discussed in chapter 3, the use of the resonator cavity of an LVOF also as a gas cell
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requires a mm-level effective optical path length. To achieve such an effective optical

path length, the physical length of the resonator cavity must be relatively high, which

forces the filter to operate at a high order (m > 10). Moreover, the mirrors on both sides

of the cavity must be highly reflective (R > 95%) to enhance elongation through multi-

ple reflections between these mirrors. The material selection for the mirrors becomes

crucial when high reflectivity is required. The optical properties, refractive index (n) and

extinction coefficient (k) of the layers, determine the spectral response of the mirror.

Therefore, these must be carefully studied.

In this chapter, the optical design of the gas-filled LVOF is explained step-by-step.

The operating wavelength range and the resolution required to distinguish the different

hydrocarbons in natural gas are extracted from their mid-IR spectrum. Based on these

specifications and considering the particular requirements imposed by the application

of using the cavity of the LVOF also as a gas cell, the operating order and mirror reflectiv-

ity are subsequently discussed. After explaining the rationale behind the material selec-

tion, the transmission calculations with and without the gas are presented.

4.1. SPECTRA OF HYDROCARBONS

Hydrocarbons have a fingerprint region in the 3.1µm to 3.7µm wavelength range in the

mid-IR. For the selection of the operating wavelength range of the filter and the required

resolution to distinguish these gases, the spectral response must be analyzed. Moreover,

since the cavity of the LVOF is also used as a gas cell, the absorbance of the gases must

be taken into account in the optical design.

The absorption coefficient is a wavelength-dependent intrinsic property of a ma-

terial that is influenced solely by pressure and temperature. The absorbance or trans-

mittance, on the other hand, is dependent on both the optical path that the light beam

travels through the sample and the instrument resolution. Since the resolving power of

the LVOF determines the instrument resolution in this application, it is crucial to use

the correct evaluated absorption coefficient (i.e. values that are calculated by modifying

the absorption coefficient using the appropriate instrument resolution). Taking the cor-

rected values for unit optical path length (OPL) would enable the use as an exponential

attenuation factor in the optical simulations.

There are three main databases available to the public for infrared absorption spectra

of hydrocarbons in the gas phase. In the following sections these three databases are

briefly described and the differences between them are outlined.
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4.1.1. NIST DATABASE

The National Institute of Standards and Technology (NIST) provides the measured trans-

mittance and absorbance spectra of hydrocarbons [24]. The database covers a wide

wavelength range in the IR from 2.2µm to 22µm. The grating-based measurement in-

strument has a resolution of 4 cm−1 and an optical path length of 5 cm. The sample gas

is diluted with nitrogen at 1:3 ratio to reach 600 mmHg total pressure. The evaluated

absorption coefficient per unit pressure (1 atm) and unit optical path length (1 mm) is

extracted from NIST database for methane, ethane, propane and butane as shown in

Fig. 4.2.

Figure 4.2: The evaluated absorption coefficient spectra of methane, ethane, propane and butane per unit
pressure and optical absorption path extracted from NIST database.

4.1.2. PNNL DATABASE

Pacific Northwest National Laboratory (PNNL) presents vapor-phase infrared spectra of

pure chemicals in a narrower window in the IR (1.5µm to 16.6µm) [25]. The data is cap-

tured by the FTIR spectrometer IFS 66v/s (Bruker Optics, Germany) at 0.112 cm−1 reso-

lution. The spectral data is given as absorbance for a unit sample concentration of 1 ppm

over a unit optical path length of 1 m at a temperature of 25 ◦C. The evaluated absorption
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Figure 4.3: The evaluated absorption coefficient spectra of methane, ethane, propane and butane per unit
pressure and optical absorption path extracted from PNNL database.

coefficients of methane, ethane, propane and butane are subsequently extracted using

Naperian conversion (natural logarithm). These spectra are shown in Fig. 4.3.

Compared to the NIST database, PNNL offers more detailed spectra due to the high-

resolution measurements. As evident from the spectra of especially methane and ethane,

it is obvious that narrower spectral lines can be measured if instruments with higher re-

solving power are used. It should also be noted that the peak evaluated absorption co-

efficient values also increase as the resolving power gets higher. For our application, the

dependence of absorption coefficient on the instrument resolution is crucial for proper

calculation of the optical path elongation that the devices can achieve.

4.1.3. HITRAN DATABASE

HITRAN is a high-resolution molecular absorption database for the analysis of atmo-

spheric gases. The data that is presented as line-by-line intensity in cm/mol is a combi-

nation of direct observation, theoretical calculation and semi-empirical values [26]. To

be able to use this high-resolution spectral data, first a Voigt broadening function is ap-

plied. Then, based on the resolution of the instrument, which is the FWHM resolution of
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the LVOF in our application, a Gaussian function is convolved with the spectrum to cal-

culate the absorbance that can be resolved by the filter. By choosing a unit optical path

length of 1 mm, the evaluated absorption coefficient that can be resolved by the filter is

achieved, which can later be used in the optical simulations for other optical path length

values. Data manipulation is performed using the information-calculating system Spec-

troscopy of Atmospheric Gases, http://spectra.iao.ru (ICS SPECTRA) [27]. Among the

hydrocarbons that we are interested in, only the spectrum of methane is fully covered in

the desired wavelength range. As an example, the evaluated absorption coefficient for

methane is extracted from the HITRAN database using a Gaussian profile with 0.1 cm−1

resolution and the result is shown in Fig. 4.4.

Figure 4.4: The evaluated absorption coefficient of methane per unit pressure and optical absorption path
extracted from HITRAN database using a Gaussian profile with 0.1 cm−1 resolution.

To compare the HITRAN database to the PNNL database, evaluated absorption co-

efficient of methane is extracted from the HITRAN database per unit pressure and op-

tical path at 0.112 cm−1 resolution. In the modification of the HITRAN database, a sinc

function instead of the Gaussian profile is employed to replicate the effect of Michelson

interferometer in the FTIR measurements of the PNNL database. As shown in Fig. 4.5, at

the same resolution, these two databases exhibit a highly similar spectral performance

with slight differences at the peak positions. The difference can be explained by the data

acquisition method; the PNNL database is extracted from measurements only, while the

HITRAN database is a combination of measurement and theoretical calculations.

The modification of the absorption coefficient according to the resolution of the de-

vice is crucial for both the optical simulations and the analysis of the experimental data.

As will be discussed in Chapter 6, a highly collimated laser is used for characterization

of the sensor. Compared to the filter, the laser has very high resolution (i.e. narrow

linewidth). Therefore, the resolution of the system is defined by the light source rather

than the filter in the measurements with gas. This leads to the preferred use of high-

resolution HITRAN database rather than PNNL or NIST for quantitative analysis in this
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thesis.

4.2. OPERATING ORDER

In the previous chapter, it was shown that an LVOF must be designed using the Fizeau

approach, rather than the Fabry-Perot (FP) approximation at demanding operating con-

ditions. However, for a quick assessment of the relation between the operating order,

resonator thickness and bandwith, FP approach provides adequate results. As previously

explained, when the phase difference between two successive waves becomes equal to

2π, the spectral response of the filter starts repeating itself. For normal incidence (θ′ = 0°)

and air cavity (n′ = 1), Eq. 3.5 can be simplified to 4π
λ0

h = 2πm, where m is the operating

order, h is the resonator layer thickness or the physical cavity length in this case and λ0

is the wavelength to be transmitted when the filter is illuminated with a broadband light

source. This equation indicates that at a given physical cavity length, the filter transmits

multiple wavelengths, depending on the operating order. Due to this repetitive spec-

tral response, FP filters are usually combined with optical band-pass filters for proper

operation in the desired wavelength range.

The spectral response of an FP filter with an air cavity is simulated at R = 0.85 and

h = 24.75µm using the theoretical description given in the previous chapter. As shown in

Fig. 4.6, the spectral separation between successive operating orders become smaller as

the operating order increases. Therefore, a filter can operate in a wide wavelength range

either by moving one of the mirrors as in a tunable FP filter, or by tapering the cavity
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length as in an LVOF, provided that the transmission curve of the next order remains out

of this band.

Figure 4.6: The transmission curves calculated for an FP filter with air cavity at R = 0.85 and h = 24.75µm.

The free spectral range (F SR) describes the operating wavelength range of a wide-

band interference filter. For a filter operating at the mth order, F SR is defined as the

spectral separation between the mth and the (m + 1)th order. Using the constructive

interference condition 4π
λ0

h = 2πm, while assuming normal incidence (θ′ = 0°) and air

cavity (n′ = 1) to extract the position of the mth and the (m +1)th orders in wavelength,

F SRm can be calculated as

F SRm = 2h

m
− 2h

m +1
= 2h

m (m +1)
. (4.1)

In an operating bandwidth from λmi n to λmax , the F SR is limited by the minimum

wavelength. Using the interference equation, the F SR can be defined in terms of m and

λmi n as given in Eq. 4.2.

F SRm = 2h

m (m +1)
= λminm

m (m +1)
= λmin

(m +1)
(4.2)

As investigated in the previous section, hydrocarbons have a fingerprint region at the

3.1µm to 3.7µm wavelength range in the mid-IR with characteristic absorption peaks.

However, selecting such a wide wavelength range limits the operating order to m = 4,

thereby restricting the physical cavity length to less than 10µm. To be able to use the
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resonator cavity of the filter also as a gas cell, the physical cavity must be elongated to

a mm-level effective OPL. Considering the fact that mirror reflectivity is strongly depen-

dent on actual layer thicknesses, which are subject to tolerances in deposition rate of

the equipment used, starting with moderate values of the reflectivity combined with

a long resonator cavity provides a higher chance of achieving sufficient absorption in

the device. Therefore, instead of the wide 3.1µm to 3.7µm region, a narrower wave-

length range where the spectra of hydrocarbons have distinguishing signatures, namely

3.2µm to 3.4µm, is selected. In this narrow band, methane (CH4) has oscillating absorp-

tion peaks through the entire range, while ethane (C2H6) starts to absorb light around

3.25µm. This provides a spectral window to distinguish between methane and ethane

easily. Propane (C3H8) and butane (C4H10) on the other hand have very similar spectra

starting from 3.3µm and require detailed post-processing analysis to extract their indi-

vidual concentrations from the spectrum of a mixture.

Selecting λmi n = 3.2µm and 200 nm as the minimum operating bandwidth, one can

calculate that the highest operating order is m = 15 using Eq. 4.2. This translates into

a physical cavity length that varies from h1 = 24µm to h2 = 25.5µm, corresponding to

λmi n = 3.2µm and λmax = 3.4µm respectively.

4.3. REFLECTIVITY

The use of the LVOF as a gas cell in addition to a wavelength-selective device requires

highly reflective mirrors to enhance the optical path elongation. In the previous chap-

ter, it was shown that even a slight change in reflectivity has a substantial effect on the

peak transmittance at reflectivity values higher than 90%. Moreover, the effect is more

profound at high order of operation as is actually required in this application.

As explained in the following chapter about fabrication, the tapered cavity results

from bonding a flat mirror with a tapered mirror at the wafer-level. Both mirrors are of

Bragg type and composed of thin-film layers. Since the tapered mirror is fabricated by

tapering one of the thin-film layers, the spectral response of the mirror becomes position

dependent, as the thickness of the tapered layer changes along the length of the filter.

In this section, firstly the transfer-matrix method for calculating the spectral response

of the Bragg mirrors is introduced. Subsequently, the available materials that are suit-

able for mid-IR and their optical characterization are discussed. Lastly, the design and

the optimization of the Bragg mirrors are presented.

4.3.1. TRANSFER-MATRIX METHOD

The transfer-matrix method is used to analyze the propagation of electromagnetic waves

through a layered medium in one-dimensional systems [28, 29]. It is commonly em-
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ployed in the design of optical filters, antireflection coatings and polarizers [30, 31]. In

the transfer-matrix method, propagation through each layer and boundary can be de-

scribed with a matrix. Since it is a one-dimensional system, there are two components

of a wave at every boundary, one going left and one going right and also two states of the

wave, one before and one after the boundary. Also for the propagation through a layer,

left and right going components exist with two states, one at the beginning and one at

the end of the layer. Therefore, both boundaries and layers can be represented by 2×2

matrices.

Propagation through a multilayer of thin-films with N layers is illustrated schemati-

cally in Fig. 4.7. The wave is assumed to propagate from left to right. The parameters of

incidence and exit media are represented with subscripts 0 and N+1, respectively. The

incident wave is reflected and refracted at every boundary and the left and right going

waves are shown with superscripts L and R. An additional star means that the quantity

belongs to the right side of the boundary. The thicknesses of the layers are represented by

h1,h2, ...,hN , while the refractive indices of the media are indicated as n0,n1, ...,nN ,nN+1.

The angles of refraction at each boundary (θ0,θ1, ...,θN ,θN+1) are correlated by Snell’s

Law.
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Figure 4.7: A multilayer of thin-films.

The transition through a boundary from its right to its left is described by the refrac-

tion matrix W,

(
E R

k−1

E L
k−1

)
= Wk−1,k

(
E R∗

k

E L∗
k

)
= 1

tk−1,k

(
1 rk−1,k

rk−1,k 1

)(
E R∗

k

E L∗
k

)
, (4.3)

where rk−1,k and tk−1,k are the Fresnel coefficients for reflection and transmission re-

spectively. The Fresnel coefficients for p- (i.e. parallel polarization, TM wave) and s-

polarization (i.e. perpendicular polarization, TE wave) are calculated as follows [32]:
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r p
k−1,k = nk−1 cosθk −nk cosθk−1

nk−1 cosθk +nk cosθk−1

t p
k−1,k = 2nk−1 cosθk−1

nk−1 cosθk +nk cosθk−1

r s
k−1,k = nk−1 cosθk−1 −nk cosθk

nk−1 cosθk−1 +nk cosθk

t s
k−1,k = 2nk−1 cosθk−1

nk−1 cosθk−1 +nk cosθk

. (4.4)

The propagation through a layer is defined by the phase matrix P,(
E R∗

k

E L∗
k

)
= Pk

(
E R

k

E L
k

)
=

(
e iδk 0

0 e−iδk

)(
E R

k

E L
k

)
, (4.5)

where δk = 2π
λ nk hk cosθk is the phase difference introduced by the kth layer.

The system transfer matrix is therefore the multiplication of the refraction and prop-

agation matrices of all the boundaries and layers that the light travels through as shown

in Eq. 4.6.

(
E R

0

E L
0

)
= W01P1W12P2W23 . . .WN−1,N PN WN ,N+1︸ ︷︷ ︸

S

(
E R∗

N+1

E L∗
N+1

)
(4.6)

The reflection and transmission coefficients of the multilayer are calculated as given

in Eq. 4.7.

r R = r0,N+1 =
E L

0

E R
0

∣∣∣∣∣
E L∗

N+1=0

= S21

S11

t R = t0,N+1 =
E R∗

N+1

E R
0

∣∣∣∣∣
E L∗

N+1=0

= 1

S11

r L = rN+1,0 =
E R∗

N+1

E L∗
N+1

∣∣∣∣∣
E R

0 =0

=−S12

S11

t L = tN+1,0 =
E L

0

E L∗
N+1

∣∣∣∣∣
E R

0 =0

= S11S22 −S12S21

S11

(4.7)

As a result, the reflectivity and transmissivity of the multilayer are calculated as,

R = |r |2,T = |t |2. (4.8)
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COHERENCE

Coherence is a property of an optical system that defines the ability to produce an inter-

ference pattern. An optical system is referred to as coherent if the interference effect is

at maximum, while incoherence describes the complete lack of it. The coherence of an

optical system depends on the variations in both the light source and the system itself.

Coherence length is a commonly used term dedicated to the light source, to describe the

ability of the light beam to interfere. The coherence related solely to the optical system

is defined in terms of the thickness of the optical layers. A thin-film is regarded as coher-

ent, while a substrate must be treated as incoherent due to its thickness and variations

in its thickness [33].

The transfer-matrix method assumes coherent thin-film layers, while ignoring the

incoherent nature of the substrate, which results in unrealistic high-frequency oscilla-

tions in reflectivity and transmissivity of the system. These oscillations are not observed

in measurements either due to incoherence of the substrate or the limited sensitivity

of the measurement. The spectral response that is observed is the average of the high-

frequency fringe pattern. To be able to simulate the optical properties of a multi-layer

system that contains both coherent and incoherent layers, two approaches come for-

ward. The first approach clusters the coherent layers and forms the transfer-matrix for

each cluster, while the incoherent layers are treated as phase matrices with both having

the absolute square of their coefficients, thereby using intensities rather than the field

amplitudes. The multiplication of these matrices yields the overall transfer matrix of the

system [34]. The second approach introduces an additional factor to the phase differ-

ence in the phase matrix given in subsection 4.3.1 from 0 to 2π either randomly [35] or

at equidistant values [36] for incoherent layers, followed by averaging at the reflectivity

and transmissivity level. Using equidistant values was proved to converge toward the

exact solution faster; hence, the optical properties in this thesis are calculated by the

transfer-matrix method using phase matrices altered with equidistant phase factors for

incoherent substrates.

4.3.2. MATERIAL SELECTION

Material selection is crucial for the optical design of interference filters. To achieve wave-

length selection through transmission, non-absorbing materials must be selected for ad-

equate light throughput. As shown in Fig. 4.8, this requirement eliminates many metals

such as gold (Au), aluminum (Al) and silver (Ag) that are commonly used in IR mirrors

due to their high reflectivity (> 96%) over a wide wavelength range (0.8µm to 20µm).

Bragg mirrors are composed of alternate layers of high and low refractive index mate-

rials. The reflectivity of a Bragg mirror increases with increasing refractive index contrast

between materials (nhi g h/nl ow ) and the number of layers. Since highly reflective Bragg
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Figure 4.8: The refractive index (a) and extinction coefficient (b) of Ag, Al and Au. The data are extracted from
the material database of ’The Essential Macleod’.

mirrors are required for optical path elongation in a transmission filter in this applica-

tion, extra attention must be paid to the refractive index of materials in addition to their

extinction coefficients.

Silicon (Si), germanium (Ge) and zinc-selenide (ZnSe) are commonly used materials

in commercially available mid-IR lenses [37]. The latter two are also widely used in anti-

reflection coatings in the same wavelength range. Sapphire (Al2O3) and calcium fluoride

(CaF2) are often employed as window materials due to their low refractive index and zero

extinction coefficient [38]. Silicon-dioxide (SiO2) is also a non-absorbing material with

low-refractive index that is frequently used in clean rooms. The optical properties of

these IR materials are given in Fig. 4.9.

The performance of thin-film coatings is highly dependent on the quality of layer de-

position. The thickness and the optical properties must be uniform throughout the layer

and must be well controlled. Evaporation and sputtering are two widely used physical

vapor deposition (PVD) methods for thin-film deposition. In the evaporation technique,

the material to be deposited is brought to evaporation through heating inside a vacuum

chamber and the vaporized material condenses on the wafer to form the thin-film layer.

In sputtering on the other hand, a high voltage is applied between two parallel disks;

the target (cathode), which is the material to be deposited and the substrate (anode),

where the wafer to be deposited on resides. The inert gas, usually argon (Ar), flowing

between these electrodes becomes a plasma when the voltage is applied. The target at-

tracts positive ions from the plasma and these ions hit the target causing the ejection of

neutral target atoms or molecules. These neutral atoms or molecules later travel toward

the substrate, forming a thin-film layer [39]. The deposition rate of sputtering is usually
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Figure 4.9: The refractive index (a) and extinction coefficient (b) of Al2O3, CaF2, Ge, Si, ZnSe and SiO2. The
data are extracted from the material database of ’The Essential Macleod’.

slower but the film properties are more controllable than in evaporation. Although it

is expensive and often used in industry rather than research, sputtering provides films

with good uniformity and adhesion with negligible shadowing effect [40]. Due to the

availability in our clean room facilities and its desirable performance in terms of uni-

formity and control over film properties, which is crucial in filter design, sputtering is

selected as the thin-film deposition method for this project.

What is more limiting in terms of material selection is the availability of the target

materials and related recipes in the instrument. For the instrument we had access to

(FHR MS150, FHR Anlagenbau GmbH, Germany), the standard materials were Au, Ti,

Si and Al in DC mode as well as TiN, TiO2, SiO2, Si3N4 and AlN in RF mode, reactively.

Due to the availability of the target and its optical properties (n = 1.41 and k = 0 at λ =
3.3µm), SiO2 is a very suitable low refractive index material. For the high refractive index

material on the other hand, Ge is the best candidate because of its optical properties

(n = 4.38 and k = 0 at λ= 3.3µm) that allows a refractive index ratio of nhi g h/nl ow = 3.11

when combined with SiO2. Although it is possible to sputter Ge, it was not available

as a target in the instrument. Therefore, we selected the next best candidate, Si as the

high refractive index material. With optical properties, n = 3.53 and k = 0 at λ= 3.3µm,

Si-SiO2 combination led to a refractive index ratio of nhi g h/nlow = 2.50.

THIN-FILM CHARACTERIZATION

Optical properties of thin films are highly dependent on deposition conditions. This

necessitates the characterization of thin films at the actual sputtering conditions. Mea-

suring the refractive index and the film thickness allows the designer to adjust the depo-

sition equipment and to fine-tune the design.
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Ellipsometry is a commonly used method for thin-film characterization. It measures

the complex reflectance ratio (ρ) that describes the change in polarization state of light

reflected from the surface of a sample [41]. The complex reflectance ratio is defined as

the ratio of p- and s-polarized components of the reflected light, which is measured in

terms ofΨ and ∆ representing the amplitude ratio and phase difference respectively, as

given in Eq. 4.9. Since the ratio of two values is measured in ellipsometry rather than

absolute intensity, the results are more accurate and reproducible.

ρ = rp

rs
= tan(Ψ)e i∆ (4.9)

A typical ellipsometer setup consists of a light source, a polarizer, an analyzer and a

detector as shown in Fig. 4.10. The unpolarized light beam from the source is linearly

polarized by the polarizer. Upon reflection off the sample, which is usually a thin-film

layer on a silicon or glass wafer substrate, the light beam becomes elliptically polarized.

By measuring the change in the polarization using the analyzer and the detector, the

optical properties of the sample can be extracted.

substrate

thin film

light source

polarizer

rotating analyzer

detector

Figure 4.10: A schematic illustration of the ellipsometer setup.

Ellipsometric measurement data cannot be converted to the optical properties of a

thin film directly. Following the measurement, a model must be constructed to predict

the behavior of the film. The designer must generate data that closely matches the mea-

sured optical data by varying the parameters in the model during the fitting process.

Quality of the fit is usually measured by the mean-squared error (MSE). The parameters

in the model should be varied until the minimum MSE is achieved. After the best fit is

attained, the refractive index and the extinction coefficient can be extracted in a wide

wavelength range.

By adjusting the deposition recipes, both films have been sputtered on 2" Si wafers

with thicknesses that are close to the target film thickness, which is calculated using the

existing optical data. According to the previous fabrication runs, the deposition rates
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for SiO2 and Si were 0.225 nm/s and 0.657 nm/s respectively. The SiO2 was sputtered

for 2474 s to achieve a thickness of approximately 560 nm. For Si on the other hand, a

shorter deposition time of 343 s was selected to achieve a layer with 230 nm thickness.

Woollam M-2000UI ellipsometer (J.A. Woollam Co. Inc., USA) working in the 245 nm

to 1700 nm wavelength range and WVASE ellipsometry analysis software (J.A. Woollam

Co. Inc., USA) have been used for material characterization. This instrument is capable

of performing measurements at different incidence angles. The confidence in fitting the

model is improved using two or three measurements around the Brewster angle. Oblique

incidence close to the Brewster angle provides the most sensitive measurement, since

the largest changes in polarization occur at these angles. However, for the analysis of

simple one-layer coatings as we have, the incidence angle is not crucial. For SiO2, three

measurements at 45°, 50° and 55° have been recorded. The measured and fitted spectra

ofΨ and ∆ are shown in Fig. 4.11 for these incidence angles.

Figure 4.11: Measured (a)Ψ and (b) ∆ spectra of the SiO2 film compared to the model fit at various incidence
angles.

The Cauchy model is usually employed to fit dielectric layers. In this model, the

refractive index is represented by a slowly varying function of wavelength as n (λ) =
A + B

λ2 + C
λ4 . The thickness has been fitted to 550.7 nm with an MSE of 19.73. The op-

tical constants (n,k) calculated using the model fit is shown in Fig. 4.12. The refractive

index is extrapolated linearly into mid-IR since the wavelength range of the ellipsometer

extends only up to 1700 nm.

The refractive index of SiO2 decays from 1.52 toward 1.45 in the visible to the near-

IR region, which is consistent with the literature [42]. In the mid-IR, the decay of the

refractive index becomes almost negligible, as is shown by the extrapolated refractive

index in Fig. 4.12, also supported by the values reported in the literature [43].
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The extinction coefficient of SiO2 is well known to be close to zero in the mid-IR [43].

The absorbing peaks that are shown in Fig. 4.12 are similar to the spectrum of water,

which might be a sign of water contained in the oxide, that possibly originates from the

humidity during layer deposition. Since the wavelength range that we are interested

in (3µm to 5µm) is free from water absorption, assuming zero extinction coefficient is

acceptable.

Figure 4.12: Refractive index and extinction coefficient of SiO2 film modeled using ellipsometer
measurements.

The thickness distribution map of the sputtered SiO2 layer is measured using the

same ellipsometer. The 2" wafer is divided into 21 sections and a mean thickness of

549.63 nm is calculated as shown in Fig. 4.13. The difference between the maximum

and the minimum thickness is 7.72 nm, which corresponds to less than 1.5% thickness

change over the entire wafer.

Previous fabrication runs indicated that the optical properties of our sputtered Si

are very similar to amorphous Si [44]. A general oscillator layer of type Psemi-MO is first

fitted to the optical properties of amorphous silicon. Then, the measured data is fitted to

this model by adjusting the oscillator parameters as well as the thickness values. Native

oxide layers have been added on the wafer and on the sputtered Si in the model. The

measured Ψ and ∆ is fitted with an MSE of 14.37 at incidence angles of 45°, 55° and 65°

as shown in Fig. 4.14.

The refractive index and extinction coefficient of a 229.2 nm thick Si layer are shown

in Fig. 4.15. As in amorphous Si, the refractive index has a peak in the visible range and

later decays slowly in the near- and mid-IR [45, 46]. The extinction coefficient exhibits

a similar behavior, it decreases down to negligible levels at around near-IR and remains

practically zero in the mid-IR.
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Figure 4.13: Measured distribution of the sputtered SiO2 layer thickness over the wafer. The thickness values
are in nm.

Figure 4.14: Measured (a)Ψ and (b) ∆ spectra of the Si film compared to the model fit at various incidence
angles.

The thickness distribution map of the sputtered Si layer is measured using the same

procedure used for the SiO2 layer. The 2" wafer is divided into 21 sections. An average

thickness of 231.64 nm is calculated as shown in Fig. 4.16. The difference between the

maximum and the minimum thickness is 10.9 nm, which corresponds to approximately

4.7% thickness change over the entire wafer.
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Figure 4.15: Refractive index and extinction coefficient of the Si film modeled using ellipsometer
measurements.
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Figure 4.16: Measured distribution of the sputtered Si layer thickness over the wafer. The thickness values are
in nm.
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4.3.3. BRAGG MIRROR DESIGN

Quarter-wave Bragg mirrors are well known to provide a reflectivity that is comparable

to the high values in metallic coatings. With the right choice of non-absorbing materials

they can be used in transmissive optical filters. Bragg mirrors are composed of alternate

layers of high and low refractive index materials with quarter wavelength optical thick-

ness. The constructive interference of the reflected beams, i.e. high reflectivity, occurs

due to the following rules:

(i) the reflected waves undergo π phase shift when traveling from low to high index

medium and no phase shift occurs when they travel from a high to a low index

medium, so that the continuity of boundary conditions for the electromagnetic

field vectors are maintained

(ii) a phase change of π is equivalent to shifting a wave by half a wavelength

The reflections from a 4-layer quarter-wave stack with the associated phases are

shown in Fig. 4.17. For an initial phase of δ, all the reflected waves experience an equiva-

lent phase shift ofπ and interfere constructively if the optical thickness of the layers are a

quarter of the wavelength. Obviously, the same effect applies for layers with a thickness

equal to five quarters of the wavelength. Constructive interference occurs if the phase

difference between the waves is an integer multiple of the wavelength (i.e. δ2−δ1 = mλ).

Therefore, increasing the layer thickness is equivalent to a higher order of interference.

Similar to the FSR in filter design, high order of operation in a dielectric mirror results in

a limited operating wavelength range with undesired side peaks.
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Figure 4.17: A 4-layer quarter-wave stack.

The effect of number of thin-film pairs and refractive index contrast on Bragg mir-

ror reflectivity is studied using the transfer-matrix method. The low and high refractive

index materials are selected as SiO2 and Si respectively, while the layer thicknesses are

calculated according to the reference wavelength of 3300 nm. As shown in Fig. 4.18(a),
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increasing the number of thin-film pairs in a Bragg mirror increases the reflectivity, while

limiting the operating bandwidth. The effect of refractive index contrast is analyzed by

assuming SiO2 as the low-index material and calculating the high-index for contrast ra-

tios 2, 3 and 4. As given in Fig. 4.18(b), a high refractive index contrast between the

mirror materials improves both reflectivity and operating bandwidth.

Figure 4.18: (a) The effect of number of thin-film pairs and (b) refractive index contrast on reflectivity in a
Bragg mirror. The reference wavelength used in layer thickness calculation is 3300 nm.

The reflection and transmission coefficients used for calculating the reflectivity of

the Bragg mirrors and eventually the transmittance of an FP filter are identical for the top

and the bottom mirror, due to its flat structure as shown in Fig. 4.19(a). To assure wide-

band operation in an LVOF, the resonator cavity must be tapered. This can be achieved

by combining a flat mirror either with a tilted flat mirror or with a tapered mirror. Due to

the challenges in the fabrication of a tilted mirror, we selected the latter and fabricated a

tapered Bragg mirror by tapering the first SiO2 layer. Since the thickness of this SiO2 layer

depends on the lateral position along the length of the filter, the optical properties of the

tapered Bragg mirror requires more attention. Therefore, position dependent reflection

(r ′
t aper ed ) and transmission (tt aper ed ) coefficients of the tapered mirror are combined

with the constant reflection (r ′
f l at ) and transmission (t ′f l at ) coefficients of the flat mir-

ror to calculate the transmission through the linear variable optical filter as depicted in

Fig. 4.19(b).
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Figure 4.19: The reflection and transmission coefficients for (a) a Fabry-Perot filter and (b) an LVOF. The
coefficients that are used for the calculating the transmission of an LVOF are shown in red.

To create the required cavity length along the filter varying from h1 = 24µm to h2 =
25.5µm as described in section 4.2, the level difference between the thickest and the

thinnest part of the tapered SiO2 layer must match the cavity length difference of merely

1.5µm. The thickness of the tapered SiO2 layer is thus selected to range from d2 =
960nm to d1 = 2460nm to align the maximum reflectivity to the reference wavelength

of 3300 nm. The rest of the SiO2 layers of the tapered mirror are tSiO2
= 569.97nm thick.

The thickness of the Si layers used in both mirrors is tSi = 228.41nm. The latter two were

calculated using the reference wavelength of 3300 nm. The cross section of the device

with related dimensions is shown in Fig. 4.20.
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Figure 4.20: A schematic illustration showing the cross-section and layer stack of the LVOF.
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The reflectivity and transmissivity values required to calculate the filter transmission

are analyzed for both the FP filter and the LVOF assuming 3-pair Si/SiO2 Bragg mirrors

using Eq. 4.10.

RF P = ∣∣r ′r ′∣∣
TF P = ∣∣t t ′

∣∣
RLV OF = ∣∣r ′

f l at r ′
t aper ed

∣∣
TLV OF = ∣∣tt aper ed t ′ f l at

∣∣
(4.10)

The effect of substrate coherence is taken into account by using phase matrices al-

tered with equidistant phase factors in the transfer-matrix method as described in sub-

section 4.3.1. Moreover, the effect of polarization has been investigated for oblique in-

cidence at θ′ = 5°. The simulated reflectivity and transmissivity of the FP filter and the

LVOF are shown in Fig. 4.21.

Figure 4.21: The reflectivity and transmissivity of the FP filter (a, b) and LVOF (c, d) in the 3.2µm to 3.4µm
wavelength range.

The reflectivity and transmissivity of the FP filter is almost constant over the 3.2µm to

3.4µm wavelength range. There is a slight decrease in reflectivity and increase in trans-

missivity away from 3300 nm, since the physical thicknesses of the layers are calculated
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according to the reference wavelength of 3300 nm. In contrast, the LVOF has a wave-

length dependent reflectivity and transmissivity due to the tapered mirror. The differ-

ence between the maximum and the minimum reflectivity is approximately 1%. Such a

small change in reflectivity might be negligible for many applications; however, it must

be taken into account in LVOFs where highly reflective mirrors are required.

The dependency of reflectivity and transmissivity on polarization at oblique inci-

dence is shown in the insets of Fig. 4.21 for both the FP filter and the LVOF. In both

configurations, the change in reflectivity and transmissivity is less than 0.02%, thus can

be disregarded.

4.4. OPTICAL SIMULATIONS
The transmission through an LVOF is calculated by incorporating the phase difference

of the Fizeau interferometer calculated by Eq. 3.20 into Eq. 3.23 as described in the

previous chapter. By using the reflectivity and the transmissivity values simulated above

for the tapered and flat Bragg mirrors, the spectral response of an LVOF with a tapered

mirror can be obtained.

In Eq. 3.23, the plane wave propagating through the filter was defined as e iδp , where

the effect of the absorbing sample was neglected. The attenuation of a wave in amplitude

can be calculated by multiplying the initial amplitude by the exponential e−γz , where γ

is the evaluated absorption coefficient per unit optical path length and z is the distance

that the wave travels. In our application, the evaluated absorption coefficient is that of

the gas sample that fills the cavity and the distance is the optical path difference. There-

fore, to calculate the effect of an absorbing medium in the cavity, the exponential part of

Eq. 3.23 must be replaced with Eq. 4.11.

e iδp e−γ∆Sp = e

(
i−γ λ

2π

)
δp (4.11)

The transmission of a 14 mm long LVOF in 3.2µm to 3.4µm wavelength range is

numerically simulated with 2.5 nm steps. For the sake of readability, the transmission

curves at every 10 nm are shown in Fig. 4.22(a). The spectral response is observed right

after the filter (z = 0) and normal incidence is assumed (θ′ = 0). The x-axis shows the po-

sition along the length of the filter, which is the distance from the wedge apex. It should

be noted that in a practical device, the wedge apex is imaginary and an offset is intro-

duced to the x-position such that the resulting cavity length range covers the spectrum

of interest. For a 14 mm long filter with h1 = 24µm and h2 = 25.5µm, the desired trans-

mission peaks lie in the 224 mm to 238 mm range, away from the cavity wedge apex.

Each transmission curve corresponds to a wavelength starting with 3.2µm at 224 mm

and ending with 3.4µm at 238 mm. The average full-width-half-max (FWHM) resolution
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of the curves is 1.55 nm, which translates into wavenumbers as 1.42 cm−1. The same

simulation is run for methane in the cavity, where the evaluated absorption coefficient

of methane is extracted from the HITRAN database by convolving a Gaussian profile

with 1.42 cm−1 resolution with the broadened database. Then these values are used as

attenuation factors defined by Eq. 4.11. The effect of methane can be observed with a

decrease in the peak transmittance as shown in Fig. 4.22(b). The most significant drop

is in the peak at 3320 nm located at 232.4 mm, where the absorption of methane is the

strongest. The transmittance of methane is then calculated by taking the ratio of the fil-

ter response with methane in the cavity to the filter response without the gas as shown

in Fig. 4.22(c).

Figure 4.22: Transmission response of (a) the linear variable filter without gas, (b) the linear variable filter with
methane in the cavity, and (c) methane alone at normal incidence (θ′ = 0) observed right after the filter (z = 0).

The OPL can be defined as the geometric length of the path that the light beam

follows through the sample. The relation between the OPL and the absorption coeffi-

cient is rather straightforward in spectrometers with external sample cells with previ-
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ously known dimensions. First a reference measurement is done to retrieve the spectral

response of the filter only (T f i l ter ), then the sample cell is filled with the sample and

another measurement is run to obtain the combined effect of the filter and the sample

(T f i l ter+sample ). To extract the effect of the sample, the ratio of these two measurements

is taken and the already known OPL of the sample cell is introduced in the equation as

shown in Eq. 4.12. This gives the wavelength-dependent absorption coefficient of the

sample, which enables quantitative identification through comparison with a material

database.

Tsample =
T f i l ter+sample

T f i l ter
=

T 2

∣∣∣∣ ∞∑
p=1

R(p−1)e iδp

∣∣∣∣2

e−γOPL

T 2

∣∣∣∣ ∞∑
p=1

R(p−1)e iδp

∣∣∣∣2 = e−γOPL (4.12)

When the cavity of an LVOF is used as a gas cell, extracting the absorption coeffi-

cient of a sample is not trivial. The measured transmission of the sample as given in Eq.

4.13 cannot be simplified further and hence cannot be linearly correlated to a fixed OPL

value. In other words, the exponential attenuation in the equation depends on the phase

difference between the reflected waves (δp ) and cannot be taken out of the summation.

Also, the optical path difference between the first and the pth transmitted wave, i.e. ∆Sp ,

which goes to infinity in theory, cannot be employed as the OPL value, since after a num-

ber of reflections the waves do not contribute to the interference pattern anymore.

Tsample =
T f i l ter+sample

T f i l ter
=

T 2

∣∣∣∣ ∞∑
p=1

R(p−1)e

(
i−γ λ

2π

)
δp

∣∣∣∣2

T 2

∣∣∣∣ ∞∑
p=1

R(p−1)e iδp

∣∣∣∣2 (4.13)

The transmission of the device described above is further investigated at 3.3µm wave-

length, both with and without the absorbing medium in the cavity. The transmittance at

the x-position of 231 mm is simulated and for each wave that passes through the filter,

the transmittance is recorded. The number of transmitted waves is denoted by p, while

the number of reflections inside the cavity is 2p−2. The calculated transmittance values

are shown in Fig. 4.23 for both high (R = 0.985) and medium (R = 0.95) reflectivity.

At high reflectivity, the filter transmittance reaches the steady state after approxi-

mately 600 reflections. When the absorbing sample with γ= 0.2mm−1 is inserted inside

the cavity, the number of reflections required to reach the steady state decreases to 300.

As the evaluated absorption coefficient goes even higher, less than 200 reflections are

sufficient to come to a steady state in transmittance. As evident from the discussions in

chapter 3, the transmittance values are higher in the simulations with medium reflectiv-
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ity, compared to the simulations with high reflectivity. When mirrors with medium re-

flectivity are employed, the number of reflections required to reach the steady state are

all below 200 and decreasing further as the evaluated absorption coefficient becomes

higher.

Two important conclusions can be drawn from Fig. 4.23. Firstly, the higher the reflec-

tivity of the mirrors, the higher the number of reflections; hence, the longer the effective

optical path is. This makes the device more sensitive to low concentrations of the gas.

A visual proof would be the spacing of the curves in Fig. 4.23(a) and 4.23(b). Since a

lower concentration is equivalent to a lower evaluated absorption coefficient, the device

would be able to sense lower concentrations if the spacing between the transmission

curve without gas and the transmission curve with γ = 0.2mm−1 is wider. Comparing

Fig. 4.23(a) and 4.23(b), one can conclude that the filter with highly reflective mirrors

has a longer effective optical path and is more sensitive. Secondly, a short effective opti-

cal path does not necessarily mean that the filter is not serving its purpose. It means that

there is either a very high absorption peak at that wavelength or the concentration of the

sample is very high. The important aspect is the transmission distribution rather than

the effective optical path length. Figure 4.23(a) shows that the filter is capable of sensing

high absorption, while maintaining the sensitivity for lower concentrations.

Figure 4.23: Transmittance calculated according to the number of reflections in the cavity of a 14 mm long
device with a cavity taper angle of α= 6.1 millidegree. The incidence angle is θ′ =−1.61° and the spectral

response is observed right after the filter. The transmittance belongs to 3.3µm wavelength at an x-position of
231 mm corresponding to the 15th order of interference.

The effect of absorption coefficient on OPL is investigated by simulating the spectral

response of the LVOF for various absorption coefficients that are kept constant through-

out the spectrum. After taking the ratio of the peak transmittance values, OPL is cal-

culated using the known absorption coefficients. As shown in Fig. 4.24(a), the OPL de-

creases with increasing absorption coefficient. The change in OPL at absorption coeffi-
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cients at the cm−1 level is negligible, while an absorption coeffient at the mm−1 level

results in a sharper decrease in the OPL. Moreover, the combined effect of position-

dependent reflectivity and cavity length results in a position-dependent path length.

Comparing the transmission response of methane to the database is not trivial, due

to the position and absorption coefficient dependency of OPL. Hence, modifying the

methane spectrum acquired from the database with a constant optical path length will

not match the calculated transmission response of the linear variable filter. In a re-

verse manner, the elongated OPL can be calculated using the transmission response

of methane and the wavelength dependent absorption coefficients. As shown in Fig.

4.24(b) the actual OPL varies from 2.8 mm to 6.5 mm, depending on the position on the

filter. The effect of the cavity length can be eliminated by dividing the OPL to the cav-

ity length at every position. Therefore, an elongation factor is achieved as shown in the

right y-axis of Fig. 4.24(b). Both OPL and elongation plots show that the improvement

is highly dependent on the mirror reflectivity due to the strong resemblance between

the Bragg mirror reflectivity shown in Fig. 4.21 and Fig. 4.24(b). It should be noted that

the irregularities in the OPL curve in Fig. 4.24(b) arise from the absorption coefficient

dependency of the OPL. For instance, the dip at 232 mm corresponds to a major absorp-

tion peak in the spectrum of methane; hence the higher the absorption coefficient the

shorter OPL is.

Figure 4.24: The calculated optical path length (OPL) of the linear variable filter using (a) constant absorption
coefficients and (b) the evaluated absorption coefficient of methane.

In chapter 3, it was shown that the spectral response of an LVOF is highly dependent

on the incidence angle of the input light beam and the filter-detector separation if the

filter has highly reflective mirrors and is operating at a high order. At every detector
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plane, there is an optimum incidence angle, which results in the narrowest transmission

curves with the highest transmittance. However, due to the position dependency of the

reflectivity, the optimum incidence angle is slightly different at different wavelengths

along the length of the filter. To find the optimum value, the incidence angle was swept

from −2° to −1.4° by 40 millidegree steps in the 3.2µm to 3.4µm wavelength range. The

optimum incidence angle calculated for 21 different wavelength values are plotted in

Fig. 4.25. Due to the change in reflectivity and transmissivity along the filter length, the

optimum incidence angle fluctuates between −1.38° and −1.83°.

Figure 4.25: The optimum incidence angle.

In the final device, the wideband light can impinge on the device at only one inci-

dence angle. Therefore, the optimum incidence angle is averaged to optimize the per-

formance of the device in the given wavelength range. Then, the averaged optimum in-

cidence angle, θ′opt ,av g =−1.61° is used for calculating the average FWHM resolution of

the transmission curves. Subsequently, the average FWHM resolution, 0.92 nm or equiv-

alently 0.84 cm−1, is used as the resolution of the Gaussian profile to calculate the eval-

uated absorption coefficient of methane. As shown in Fig. 4.26, the absorption curves

of methane are sharper and stronger at the optimum incidence angle. Therefore, a more

detailed spectrum of the sample can be extracted if the filter is illuminated at the opti-

mum incidence angle rather than at normal incidence.

To see the effect of the incidence angle on the spectral response of the filter, the same

design has been simulated at θ′ = −1.61° using the evaluated absorption coefficient of

methane with 0.84 cm−1 FWHM resolution. The detector plane is right after the filter,

i.e. z = 0. The results are shown in Fig. 4.27. Compared to Fig. 4.22, the transmission

curves are narrower with higher transmittance. Moreover, the absorption of methane is

higher as is evident from the difference between Fig. 4.22(c) and Fig. 4.27(c).

The increase in the absorption of methane at the optimum incidence angle can be
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Figure 4.26: The evaluated absorption coefficient of methane calculated by convolving the HITRAN database
with a Gaussian function at a FWHM resolution of 1.42 cm−1 and 0.84 cm−1. The insets show expanded

curves at various parts of the spectrum.

Figure 4.27: Transmission response of (a) the linear variable filter without gas, (b) the linear variable filter with
methane in the cavity, and (c) methane alone at the optimum incidence angle of θ′opt =−1.61° observed right

after the filter (z = 0).
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caused by either the higher evaluated absorption coefficient due to better resolution, or a

longer OPL or the combination of the two. To see the effect of the incidence angle on the

OPL, constant absorption coefficients of 0.2 mm−1, 0.5 mm−1 and 0.8 mm−1 have been

applied. As shown in Fig. 4.28(a), the effective OPL is still dominated by the reflectivity

of the mirrors. However, the values are higher compared to the normal incidence case as

was shown in Fig. 4.24(a). Furthermore, a similar comparison between Fig. 4.28(b) and

4.24(b) demonstrates the increase in the effective OPL and the corresponding elongation

factor, when the actual evaluated absorption coefficient of methane is used. Therefore,

by making use of the optimum incidence angle, the effective OPL can be increased in

addition to improving the resolving power of the device.

Figure 4.28: The calculated optical path length (OPL) of the linear variable filter using (a) constant absorption
coefficients and (b) the evaluated absorption coefficient of methane at the optimum incidence angle of

θ′opt =−1.61° observed right after the filter (z = 0).

The absorption coefficient dependency of the OPL makes the spectral analysis of a

gas filled LVOF more complex as compared to a spectrometer with an external sample

holder. Together with the sample concentration, the analysis of a one-wavelength trans-

mission measurement results in several combinations of absorption coefficient, con-

centration and OPL. The wideband operation of the device is the key factor in the anal-

ysis here. By putting together the spectral data measured over the operating wavelength

range and using multivariate analysis methods, the composition of the sample can be

extracted. It must be noted that the filter properties, such as mirror reflectivity and cav-

ity length, must be known prior to the calculations.
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K. Sung, S. A. Tashkun, J. Tennyson, R. A. Toth, A. C. Vandaele, and J. Vander Auwera,

The HITRAN 2008 molecular spectroscopic database, Journal of Quantitative Spec-

troscopy and Radiative Transfer 110, 533 (2009).

[27] E. V. Semiletova, Y. F. Arshinov, C. N. Mikhailenko, Y. L. Babikov, and V. F. Golovko,

Information-calculating system spectroscopy of atmospheric gases. The structure and

main functions, Atmospheric and Oceanic Optics 18, 685 (2005).

[28] Z. Knittl, Optics of Thin Films: An Optical Multilayer Theory (Wiley London, 1976).

[29] P. Yeh, Optical Waves in Layered Media, Vol. 95 (Wiley New York, 1988).

[30] M. Born and E. Wolf, Principles of Optics: Electromagnetic Theory of Propagation,

Interference and Diffraction of Light, 7th ed. (Cambridge University Press, 1999).

[31] E. Hecht, Optics (4th Edition) (Addison Wesley, 2001).

[32] P. W. Baumeister, Optical Coating Technology (SPIE Press, 2004).

[33] H. A. Macleod, Thin-film Optical Filters (CRC Press, 2010).

[34] C. C. Katsidis and D. I. Siapkas, General transfer-matrix method for optical multi-

layer systems with coherent, partially coherent, and incoherent interference, Applied

Optics 41, 3978 (2002).

[35] M. C. Troparevsky, A. S. Sabau, A. R. Lupini, and Z. Zhang, Transfer-matrix formal-

ism for the calculation of optical response in multilayer systems: from coherent to

incoherent interference, Optics Express 18, 24715 (2010).

[36] R. Santbergen, A. H. M. Smets, and M. Zeman, Optical model for multilayer struc-

tures with coherent, partly coherent and incoherent layers, Optics Express 21, A262

(2013).

[37] A. Mann, Infrared Optics and Zoom Lenses (SPIE Press, 2009).

[38] D. C. Harris, Materials for Infrared Windows and Domes: Properties and Perfor-

mance (SPIE Press, 1999).

http://dx.doi.org/http://dx.doi.org/10.1016/j.jqsrt.2009.02.013
http://dx.doi.org/http://dx.doi.org/10.1016/j.jqsrt.2009.02.013
http://www.amazon.ca/exec/obidos/redirect?tag=citeulike09-20&amp;path=ASIN/0805385665
http://app.knovel.com/hotlink/toc/id:kpOCT00001/optical-coating-technology/optical-coating-technology
http://dx.doi.org/ 10.1364/AO.41.003978
http://dx.doi.org/ 10.1364/AO.41.003978
http://dx.doi.org/10.1364/OE.18.024715
http://dx.doi.org/10.1364/OE.21.00A262
http://dx.doi.org/10.1364/OE.21.00A262
http://dx.doi.org/10.1117/3.829008


4

92 REFERENCES

[39] S. Franssila, Introduction to Microfabrication (John Wiley & Sons, 2010).

[40] M. J. Madou, Fundamentals of Microfabrication: The Science of Miniaturization

(CRC Press, 2002).

[41] H. G. Tompkins, A User’s Guide to Ellipsometry (Academic Press, 2012).

[42] L. Gao, F. Lemarchand, and M. Lequime, Refractive index determination of SiO2

layer in the UV/Vis/NIR range: spectrophotometric reverse engineering on single and

bi-layer designs, Journal of the European Optical Society - Rapid publications 8

(2013).

[43] J. Kischkat, S. Peters, B. Gruska, M. Semtsiv, M. Chashnikova, M. Klinkmüller, O. Fe-

dosenko, S. Machulik, A. Aleksandrova, G. Monastyrskyi, Y. Flores, and W. Ted Mas-

selink, Mid-infrared optical properties of thin films of aluminum oxide, titanium

dioxide, silicon dioxide, aluminum nitride, and silicon nitride, Applied Optics 51,

6789 (2012).

[44] M. Ghaderi, N. P. Ayerden, A. Emadi, P. Enoksson, J. H. Correia, G. de Graaf, and

R. F. Wolffenbuttel, Design, fabrication and characterization of infrared LVOFs for

measuring gas composition, Journal of Micromechanics and Microengineering 24,

084001 (2014).

[45] E. D. Palik, Handbook of Optical Constants of Solids (Elsevier, 1998).

[46] D. T. Pierce and W. E. Spicer, Electronic structure of amorphous Si from photoemis-

sion and optical studies, Physical Review B 5, 3017 (1972).

http://www.jeos.org/index.php/jeos_rp/article/view/13010
http://www.jeos.org/index.php/jeos_rp/article/view/13010
http://dx.doi.org/10.1364/AO.51.006789
http://dx.doi.org/10.1364/AO.51.006789
http://iopscience.iop.org/0960-1317/24/8/084001/pdf/0960-1317_24_8_084001.pdf
http://iopscience.iop.org/0960-1317/24/8/084001/pdf/0960-1317_24_8_084001.pdf
http://app.knovel.com/hotlink/toc/id:kpHOCS000M/handbook-optical-constants/handbook-optical-constants
http://link.aps.org/doi/10.1103/PhysRevB.5.3017


5
DEVICE FABRICATION

93



5

94 5. DEVICE FABRICATION

T HE increasing need for material identification in field applications calls for robust,

reliable and low-cost microspectrometers. Thanks to the wafer-level batch fabri-

cation, a microelectromechanical systems (MEMS) solution would make this possible,

forcing the device to be miniaturized to the wafer-level. However, integrating the read-

out circuitry with the sensor at the wafer-level puts emphasis on the CMOS compatibility

of the solution. Wafer bonding can be used to alleviate the compatibility constraints or

to distribute microsystem complexity over more than one wafer. The latter argument is

the reason why wafer bonding is used here.

A linear variable optical filter (LVOF) is a robust wavelength-selective MEMS device

without any moving parts. The CMOS-compatible fabrication method using standard

clean-room processes makes the LVOF highly suitable for building a robust and low-

cost microspectrometer. Using the resonance cavity of an LVOF also as a gas cell (gas-

filled LVOF), i.e. performing wavelength selection and absorption of light by the sample

simultaneously allows for high reliability, low cost, wideband operation and a significant

reduction in the size of MEMS-based spectrometers.

The fabrication of a gas-filled LVOF relies on manufacturing the flat and the tapered

mirrors separately and subsequent wafer bonding as shown in Fig. 5.1. In this chapter,

firstly, the fabrication flows of the flat and the tapered Bragg mirrors are explained. Then,

the masks used in the fabrication of the device are described. After a discussion of the

surface profile measurements, the chapter is finalized with a brief description of the de-

vice assembly through wafer bonding and subsequent inspection by a near-IR camera.

Gas inlet

Gas outlet
Tapered Bragg 
mirror

Flat Bragg 
mirror

LVOF integrated 
with gas cell

Figure 5.1: Schematic illustration of the device assembly.
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5.1. FLAT BRAGG MIRROR

The fabrication of the flat Bragg mirror is based on opening a cavity, which forms the

basis of the gas cell, by wet etching and subsequent mirror layer deposition. The fabri-

cation steps of the flat reflector are shown in Fig. 5.2. Since the surface of the wafer must

be very clean for wafer bonding, initially a 500 nm thick layer of thermal SiO2 is grown on

a bare wafer. Then, a 1µm thick PECVD oxide is deposited for further protection. Subse-

quently, a 30µm deep cavity is patterned by the cavity mask and opened by KOH etching.

After that, the six alternate layers of Si and SiO2 are sputtered without breaking the vac-

uum in the sputtering machine (FHR MS150, FHR Anlagenbau GmbH, Germany). Later,

the mirror layers are patterned using the small cavity mask such that they only remain in

the cavity. The layers on the frame and on the edges of the cavity are removed using RIE

with CF4, SF6 and O2 gases. Subsequently, 275µm deep openings for gas inlet and out-

let are etched using DRIE (Omega i2L Rapier, SPTS Technologies, USA). In the last step,

the excess oxide layers on the frame are removed using BHF and the wafer goes through

RCA1 cleaning followed by a Marangoni drying step for wafer bonding.

Si

Thermal SiO2

PECVD SiO2

Photoresist

Bragg reflector layers

(a) (b) (c)

(d) (e) (f)

Figure 5.2: Fabrication steps of the flat Bragg mirror: (a) thermal and PECVD oxide deposition, (b) KOH
etching of the cavity, (c) sputtering and patterning of the mirror, (d) plasma etching of the mirror layers on the

frame, (e) DRIE for opening gas inlet and outlet, and (f) removing oxide on the frame and cleaning.
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5.2. TAPERED BRAGG MIRROR

The tapered mirror is fabricated by tapering the first SiO2 layer and then depositing the

remaining quarter-wave thick layers on top. The key step of LVOF process is the fabrica-

tion of the vertically tapered SiO2 layer with a small taper angle. Moreover, maintaining

the same taper along the width of the layer is crucial to ensure sufficient light through-

put.

Tapered MEMS structures are commonly used for coupling optical fibers to chips

efficiently. These tapers are usually fabricated using a grayscale mask for patterning the

resist and then transferring the tapered resist profile onto the substrate by dry etching

[1, 2]. Despite the high cost of grayscale mask manufacturing, the limited taper length

(< 1mm) of these mode size converters allows for moderate resolution; hence, moderate

cost. In contrast, the typical length of an LVOF (the taper length of the SiO2 layer in this

case) is higher (> 10mm) to enable larger pixels in the detector array underneath, given

the required number of filter channels. This necessitates an increased number of gray-

tones in the mask for a smooth taper; thus, increasing the cost and the complexity of

mask fabrication.

Another method used for taper fabrication is based on moving rectangular or trape-

zoidal masks in the deposition instrument. Detailed analysis of instrument operation

and mask movement has been reported for mass production [3–5]. Moreover, Sheng et

al. suggested the use of a triangular mask during the ion-beam etching of a flat thin

film instead of using such a mask during deposition [6]. However, both methods require

alteration in high-cost cleanroom instruments.

Emadi et al. developed a CMOS-compatible method for fabricating vertically tapered

layers [7]. Similar to the method with grayscale mask, this method also relies on the fab-

rication of a tapered resist and subsequent transfer etching. However, the tapered re-

sist profile is fabricated by low-cost methods using a conventional mask with linearly

variable distanced trenches. The technique is based on the principle that the volume

of a trench must be equal to the volume of the photoresist on both sides of the trench

that must be removed to obtain the desired slope as shown in Fig. 5.3(a). After the re-

sist is patterned with this mask as shown in Fig. 5.3(b), the wafer undergoes a thermal-

chemical treatment to convert the resist layer with linearly variable distanced trenches

to a smooth tapered structure. Then, this tapered resist layer is transferred to the under-

lying optical layer using one-to-one plasma etching.

Thermal reflow is based on heating the wafer coated with photoresist above the glass

transition temperature, where the photoresist softens and the sharp edges/corners be-

come round. However, the viscosity of the photoresist during thermal reflow is too high

to achieve the required taper. Therefore, the thermal reflow is accompanied by chemical
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trench photoresist

2 μm
optical layer

trench

desired 
profile

(a) (b)

photoresist

Figure 5.3: (a) Fabrication method for creating a tapered optical layer. (b) Microscope image of the
photoresist after lithography and development.

reflow to decrease the viscosity of the resist. When the wafer is exposed to a solvent va-

por, the resist absorbs the solvent and becomes less viscous. After the reflow, the wafer

must be baked to remove the remaining solvent in the resist [8].

Negative photoresists are generally not suitable for reflow, since they cross-link after

exposure and baking. The positive photoresist AZ9260 is selected for the reflow and has

a glass transition temperature around 100 ◦C to 130 ◦C. Propylene glycol methyl ether

acetate (PGMEA) is selected as the solvent, due to its compatibility with AZ-type pho-

toresists in addition to its low vapor pressure and its suppression of particle formation

in the resist layer. The solution prepared with PGMEA is heated up to 40 ◦C and the wafer

with patterned resist is exposed to the vapor for 4 minutes as shown in Fig. 5.4. Subse-

quently, the wafer is baked on a hot plate at 100 ◦C for 2 minutes.

DI water and 
PGMEA solution

Wafer with tapered
photoresist

Figure 5.4: A schematic illustration of the reflow setup. The beaker is filled with the DI water and PGMEA
solution. The wafer is placed on a holder inside the beaker such that the PGMEA vapor can reach the wafer

surface. The beaker is placed on a temperature-controlled hot plate and the solution is kept at 40 ◦C.

The process steps for the fabrication of the tapered Bragg mirror are summarized in
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Fig. 5.5. First, a 500 nm thick oxide layer is grown thermally for surface protection. Then,

a 3µm thick PECVD TEOS layer is deposited. Later, 6µm thick AZ9260 positive photore-

sist is spin coated, patterned, and developed using the LVR mask, resulting in an array of

trenches that are distanced in a linearly variable manner. A thermal-chemical treatment

with PGMEA vapor at 40 ◦C transforms this layer into a smooth tapered structure. Sub-

sequently, this layer is transferred to the TEOS layer underneath using plasma etching

with the instrument Plasmalab System 100 (Oxford Instruments, Germany) with equal

etch rate for resist and oxide. The recipe to achieve one-to-one transfer is based on a gas

mixture of 2 sccm O2, 9 sccm CF4 and 77 sccm CHF3 at 20 mTorr process pressure with

50 W power. The calculated etch rate for both the photoresist and SiO2 is 15 nm/min.

Si

Thermal SiO2

PECVD TEOS

Photoresist

Bragg reflector layers

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.5: Fabrication steps of the tapered Bragg mirror: (a) thermal oxide and PECVD TEOS deposition, (b)
photoresist patterning and development, (c) thermal-chemical treatment of the photoresist, (d) transfer

etching of the tapered profile on the PECVD TEOS layer, (e) sputtering the remaining mirror layers, (f)
removing excess mirror layers on the frame, (g) DRIE for opening gas inlet and outlet, and (h) removing oxide

on the frame and cleaning.
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The remainder of the fabrication steps for the tapered Bragg mirror are similar to

those of the flat mirror. After the transfer etching of the tapered photoresist onto the

SiO2 layer, the remaining five layers of the mirror are sputtered. The excess mirror layers

on the frame are removed by plasma etching after patterning by the small cavity mask.

The 275µm deep gas inlet and outlet are patterned by the pipe mask and etched by DRIE.

Finally, the wafer goes through RCA1 cleaning and Marangoni drying for wafer bonding

after the remaining oxide layers on the frame are removed by BHF.

5.3. MASK DESIGN

The gas-filled LVOF is fabricated in a 4-mask process. The combination of all these masks

are shown in Fig. 5.6. The cavity mask is used in the fabrication of the flat mirror to etch

the cavity, where the flat Bragg mirror layers are later deposited. The uppermost filter

on the mask (LVR1) requires a cavity that is 32 mm wide and 12 mm tall. The cavities

on the second row that consist of the short filters LVR2, LVR3 and LVR4 from the top to

the bottom, are squares with a side length of 12 mm. The slightly larger cavities on the

third row include the long filters LVR2-ver2, LVR3-ver2 and LVR4-ver2 from the top to the

bottom. These cavities are also squares with a side length of 16 mm. The small cavities

on the corners and on the fourth row are test structures with similar filters.

Figure 5.6: The combination of the masks for gas-filled LVOF fabrication.
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The small cavity mask is used in the fabrication of both the flat and the tapered mir-

rors. It is employed in the removal of the sputtered Si and SiO2 Bragg mirror layers from

the frame and the edges of the cavity. The sides of the structures in this mask are 500µm

further inside the structures of the cavity mask. The pipe mask is composed of pipe-like

structures to open deep cavities on the frame of the filter. These cavities serve as gas inlet

and outlet after the wafer bonding. This mask is also used in the fabrication of both the

flat and the tapered mirror wafers.

The linear variable reflector (LVR) mask is used for opening trenches with linearly

varying distances. This mask is used to pattern a photoresist layer, which transforms into

a tapered structure by a thermal-chemical treatment. Transfer etching of the tapered

photoresist layer onto the underlying SiO2 layer results in a tapered SiO2 layer, which

forms the basis of the tapered Bragg mirror.

The principle of the mask design to fabricate a tapered layer by the combination of

thermal-chemical treatment of photoresist with subsequent transfer etching was previ-

ously explained in detail [9]. According to this principle, the volume of a trench (indi-

cated with a pattern) must be equal to the volume of the photoresist on both sides of the

trench that must be removed (shown in red) to obtain the desired slope (indicated with

a dotted line) as shown in Fig. 5.7. This translates into Eq. 5.1, where wt is the trench

width and tPR is the photoresist thickness. The parameters a and b define the size of the

photoresist slab to be removed, while x0 and x1 defines the position of the slab along the

length of the layer.

optical layer

photoresist

wt

a b

d1

d2

tPR

L

x0

x1

Figure 5.7: A schematic illustration of the principle of the mask design for fabricating a tapered layer.

wt tPR = (a +b) (x1 −x0)

2
(5.1)

The trench width is selected as wt = 2µm based on the minimum feature size that

can be achieved with the contact aligner. The spacing between the trenches are calcu-

lated iteratively using the initial thickness of the photoresist (tPR ), the intended level
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height at both ends of the tapered layer (d1,d2), the trench width (wt ) and the length of

the layer (L). Previous fabrication runs show that the taper becomes slightly nonlinear

closer to the edges and in some cases, undesired bumps start to appear at the corners

as shown in Fig. 5.8. Therefore, the level difference calculated in Chapter 4 as 1.5µm is

extended above 2µm.

Figure 5.8: The measured profile of photoresist after thermal-chemical reflow.

A higher level difference, or equivalently taper angle, forces the trenches to be deeper

to compensate for the increased volume of photoresist to be removed. Therefore, a

thicker initial layer of photoresist is required to achieve the intended slope. The list of

the devices with various lengths and level differences are summarized in Table 5.1. The

initial photoresist thickness for all these devices is tPR = 6µm.

Table 5.1: The tapered layer parameters used in the mask design.

Tapered mirror name Level difference (nm) Length (mm) Width (mm) Taper angle (millidegree)

LVR1 2900 30 10 5.54
LVR2 2900 10 3 16.61
LVR3 2500 10 3 14.32
LVR4 2000 10 3 11.46

LVR2-ver2 2900 14 4 11.87
LVR3-ver2 2500 14 4 10.23
LVR4-ver2 2000 14 4 8.18

5.4. SURFACE PROFILE MEASUREMENTS

The profiles of the various tapered SiO2 layers listed in Table 5.1 are measured with a

stylus profiler and the results are shown in Fig. 5.9. The measurement data has been
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corrected for the thin-film stress induced curvature of the die on which the filter is fab-

ricated. For this purpose, the thin-film-free parts on both sides of the tapered layer are

used as a reference as shown in Fig. 5.10. A 3rd order polynomial is fitted to these parts

to replicate the curvature over the entire layer. Then, the fitted curvature is subtracted

from the measured profile, resulting in the plots given in Fig. 5.9.

Figure 5.9: The profile of the tapered layers (a) LVR1, (b) LVR2, LVR3, LVR4 and (c) LVR2-ver2, LVR3-ver2,
LVR4-ver2 measured over the length of the device with a stylus profiler.

Since all these layers are on the same wafer and are going through the same transfer-

etch step, it is not possible to achieve a wedge shape with an apex at the end while keep-

ing the length the same for all of the layers. One-to-one plasma etching is performed

such that LVR3 and LVR3-ver2 would result in an ideal triangular tapered layer. As a

consequence, LVR1, LVR2 and LVR2-ver2 were over-etched, meaning that the same level

difference as in LVR3 and LVR3-ver2 is achieved, while the length of the layer is shorter.

In contrast, LVR4 and LVR4-ver2 have a smaller level difference compared to LVR3 and

LVR3-ver2, while the length of the layer remains the same.

As seen in all of the profiles in Fig. 5.9, undesired bumps have been observed at both

ends of the tapered layer, except for the over-etched layers. The short devices in Fig.

5.9(b) are suffering from surface roughness, while the rest of the layers are smooth. In-
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Figure 5.10: The correction of the stylus measurement data. The thin-film-free parts are indicated with green
boxes.

tegrating a long filter with a detector array allows for a larger pixel size; thus, gives more

freedom in the detector design. In addition, the longest device, LVR1, looks smooth and

linearly tapered when its profile is compensated for the stress-induced curvature. How-

ever, it is not acceptable to ignore the effect of curvature on the taper slope in such a long

device. Hence, the devices LVR2-ver2, LVR3-ver2 and LVR4-ver2 are the best candidates

for proper filter operation due to their smooth surface and negligible bending thanks to

their medium-level length.

The surface profiles of the tapered Bragg mirrors LVR2-ver2, LVR3-ver2 and LVR4-

ver2 were measured before wafer bonding. The raw measurement data is shown in Fig.

5.11. Without any post-processing, the slope of the surface is almost linear with negligi-

ble roughness.

The performance of an LVOF with air cavity is highly dependent on the profile of the

mirrors. The deviation from the linear taper might result in the nonuniform separation

in the wavelength domain; thus, deteriorating the performance of the device. Moreover,

since interference occurs at different positions along the length of the filter, the localized

deviation of the taper, i.e. surface deformation, has a significant effect on the quality of

the interference. The rule-of-thumb for the quality of an optical surface, either defined

as surface form error of a lens [10] or dynamic deformation of a micro-scanner [11], is

that the deviation from the nominal value must be less than λ/10, where λ is the short-

est design wavelength. For a coarse pixel distribution in the detector array, such as 20

pixels over the length of 14 mm, results in a pixel size of 700µm. As given in Fig. 5.12,

the deviation from the ideal tapered profile at every 700µm is within the limits of sur-

face deformation, given that the shortest wavelength in the system is 3200 nm. Also, the

highly linear measured profile of the tapered mirror allows for uniform separation of the
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Figure 5.11: The raw profile data of the tapered Bragg mirrors LVR2-ver2, LVR3-ver2 and LVR4-ver2 measured
before wafer bonding.

wavelengths.

5.5. WAFER BONDING
The flat and the tapered mirrors are integrated by direct wafer bonding [12]. Since direct

wafer bonding relies on the short range intermolecular and interatomic attraction forces,

the surface roughness becomes a critical parameter [13]. The frame of the device, where

the two mirror wafers are bonded, had been protected by a thermal SiO2 layer during the

mirror fabrication. This protective layer is removed in a BHF bath before wafer bonding.

Then, the wafer goes through the RCA1 cleaning step. In this step, the wafer is kept in

a DI water, hydrogen peroxide(H2O2) and ammonium hydroxide (NH4OH) solution of

5:1:1 volume ratio at 75 ◦C for 10 minutes. Later, the wafers are placed in the Marangoni

drying bath filled with DI water at a neutral pH value. Drying takes place as the wafers

are withdrawn from the bath while IPA is flowing toward the surface of the wafer at a rate

of 500 sccm. The surface tension gradient introduced on the wafer forces the water film

to drain back into the bath as described by the Marangoni effect [14]. As a consequence,

the wafer comes out of the bath dry. For the Si-to-Si direct bonding, AML Aligner Wafer

Bonder (Applied Microengineering Ltd, UK) is employed. The flat and tapered mirror

wafers are aligned using the IR cameras installed in the system. Wafers are bonded in

vacuum, using 3000 N force. In the last step, the bonded wafers are investigated under

a near-IR camera as shown in Fig. 5.13(a). It was observed that the bonding was prob-

lematic around the edge of the wafer, while the dies close to the center were perfectly

bonded. Finally, the bonded wafers are diced in 20 mm by 20 mm dies as shown in Fig.

5.13(b).
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Figure 5.12: The measured profiles of the tapered Bragg mirrors LVR2-ver2, LVR3-ver2 and LVR4-ver2
compared with their linear approximations.
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Q UANTITATIVE material identification in optical absorption spectroscopy is strongly

related to the spectral performance of the measurement instrument. The resolu-

tion of these tools, usually specified in either wavenumbers (cm−1) or wavelength (nm),

determines which spectral lines in the spectrum could be resolved. The resolution of the

instrument and the optical path length (OPL) of the sample cell largely determine the

quality of the composition measurement.

The gas-filled linear variable optical filter (LVOF) also requires prior knowledge on

the instrument resolution and the OPL of the sample cell to measure the composition of

a gas mixture. Since the resonator cavity of an LVOF is used as a sample cell in the gas-

filled LVOF, the effective OPL rather than the physical cavity length is taken into account.

Unlike external sample cells with known dimensions, the assessment of the effective OPL

of a gas-filled LVOF requires characterization with known samples at well-controlled ex-

perimental conditions.

In this chapter, the characterization of the gas-filled LVOF is presented in two parts.

Firstly, the performance of the LVOF is investigated with both wideband and single-

wavelength measurements. Secondly, the effect of the gas in the filter cavity is exam-

ined experimentally using a single-wavelength HeNe laser as well as a tunable optical

parametric oscillator (OPO) laser as the light source in a custom-built optical setup.

6.1. FILTER CHARACTERIZATION

The spectral response of an LVOF can be measured by either combining it with a detec-

tor array or scanning the filter along its length with a single detector element. The latter

is more flexible in the sense that the width of the detector element can be adjusted with

a slit and the individual transmission curves can be constructed to assess the resolu-

tion, while the former would be more appropriate in a final microsystem. Therefore, the

characterization of an LVOF in this thesis is based on scanning the filter along its length

and measuring the transmission at every step in both wideband and single-wavelength

arrangements.

6.1.1. WIDEBAND MEASUREMENTS

Fourier transform infrared (FTIR) spectrometers are commonly used for material iden-

tification in a wide wavelength range. The sample is quantitatively identified by mea-

suring either the transmission (or equivalently absorption) through the sample or the

reflection off the specimen based on its physical state. To acquire the spectral perfor-

mance, first a reference measurement is done. Then, the sample is placed at the sample

plane/chamber and another measurement is run. The ratio of the sample and the refer-

ence measurements is subsequently used for further data analysis.
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Similarly, an FTIR spectrometer can be used to characterize an optical filter. The

transmission through a Fabry-Perot (FP) filter can be measured by placing the filter at the

sample plane and taking the ratio of the measurement with the filter to the measurement

without the filter. Due to the repetitive nature of optical resonance, several orders of

interference spanning the wavelength range of the FTIR spectrometer can be observed

in the spectrum.

Analogous to characterizing a fixed FP filter, the incoming light beam can be limited

by a slit, such that the spectral response of only one channel in an LVOF is acquired.

Therefore, by placing an LVOF after a slit and scanning it along its length, a spectrum

that is composed of several sets of interference orders can be measured.

Prior to the fabrication of the gas-filled LVOF, 3-pair Si/SiO2 Bragg mirrors were pre-

pared based on the design specifications discussed in chapter 4. The reflectivity of these

mirrors is extracted from the transmission measurement assuming negligible absorp-

tion. An FTIR spectrometer (Vertex 70, Bruker Optics, Germany) with a Mercury Cad-

mium Telluride (MCT) detector that is cooled with liquid nitrogen is used in the mea-

surements. The resolution of the instrument is selected as 4 cm−1, while the aperture

after the mid-IR emitter is set to 0.5 mm in diameter. After averaging over 32 scans, the

reflectivity of the mirror is calculated using the transmission measurement as shown in

Fig 6.1 in the 2µm to 5µm wavelength range.

Figure 6.1: Measured and simulated reflectivity of a 3-pair Si/SiO2 Bragg mirror.

The slight spectral shift between the simulated and measured reflectivities stems
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mainly from the fabrication tolerances. The unavoidable fluctuations in the deposition

conditions affect both the physical and the optical properties of the thin films. As a re-

sult, the reflectivity might slightly change in wavelength as well as in amplitude. How-

ever, since the wavelength range of the device is 3.2µm to 3.4µm, the slight shift in the

reflectivity does not affect the operation of the filter.

Two flat Bragg mirrors, one fabricated on a bare Si wafer and the other on a 24.9µm

KOH etched cavity are clamped together. The response of the resulting FP filter that is

tuned to 3320 nm at the 15th operating order is measured using an FTIR spectrometer as

shown in Fig. 6.2. The transmission curves in the desired wavelength range are highly

suppressed, while the curves of both higher and lower orders start to increase in ampli-

tude as they shift to shorter and longer wavelengths.

Figure 6.2: The measured transmission through an FP filter with a cavity length of 24.9µm.

As discussed in chapter 3, the collimation of the light source has a substantial effect

on the spectral performance of interference filters operated at demanding conditions.

This forced us to investigate the measurement instrument in more detail, so that the

limitations of the device and the instrument could be correctly analyzed.

OPTICAL LAYOUT OF THE FTIR SPECTROMETER

FTIR spectrometers are conventionally composed of a light source, a Michelson inter-

ferometer, a detector and optical components to collimate, focus and collect the light.

The light beam is focused on the sample at the sample plane to allow for the analysis of
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small specimens. Moreover, most FTIR spectrometers allow the user to adjust the spot

size at the sample plane by changing the size of the aperture after the light source. In

a perfect optical system, the spot size at the aperture would be replicated at the sam-

ple plane. However, due to divergence and the different effective focal length (EFL) of

the collimating and focusing mirrors, the spot size at the sample plane differs from the

selected aperture size. Moreover, the size of the aperture directly affects the cone angle

of the light beam impinging on the sample surface. Therefore, it is crucial to study the

propagation of the light beam in the measurement system to interpret the characteriza-

tion results.

The optical layout of the FTIR spectrometer is shown in Fig. 6.3 [1]. The emission

from the source is collected by an elliptical mirror, which then focuses the light beam on

the aperture. Later, the light beam passes through the aperture and gets collected by a

90° off-axis parabolic mirror with 50 mm diameter and 100 mm EFL. After propagating

from the first parabolic mirror (collimating) to the second (focusing) through the inter-

ferometer for 470 mm, the light beam gets reflected off the focusing mirror. The second

90° off-axis parabolic mirror has a diameter of 50 mm and an EFL of 180 mm. Later, the

beam is focused at the sample plane after passing through a window with 40 mm di-

ameter. Lastly, the light beam that is transmitted through the sample is focused on the

detector by an elliptical mirror.

MIR 
source

Elliptical 
mirror

APT

1st off-axis 
parabolic mirrorMichelson 

interferometer

2nd off-axis 
parabolic mirror

Sample position

Detector

Elliptical 
mirror

Electronics

Figure 6.3: The layout of the FTIR spectrometer, Vertex 70 from Bruker Optics [1].

According to the information provided by the manufacturer, the diameter of the beam

after the first off-axis parabolic mirror denoted by D is defined by Eq. 6.1, where APT is
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the aperture diameter, Dm,e f f is the effective diameter of the mirror and d is the distance

of the image plane from the mirror.

D ≈ 2APT
d

EF L
+Dm,e f f (6.1)

To create a similar layout with the given specifications, a simple calculation using

the sketch in Fig. 6.4 is done as follows: instead of an aperture and an off-axis parabolic

mirror, an imaginary point source with a half cone angle (β) is introduced in the system,

where the mirror is defined as a standard surface with 50 mm circular aperture in the ray

tracing software, Zemax.

EFL

APT

ds

d

(d/EFL)APT
mirror

aperture

imaginary
point source

β

β

Dm,eff

Figure 6.4: The approximation of the optical layout from the light source until the second off-axis parabolic
mirror.

The cone angle of the imaginary point source can be described by Eq. 6.2 using the

two triangles indicated with dashed lines. Moreover, the distance between the mirror

and the imaginary point source (ds ) can be extracted from the similarity between the

small and the large triangle.

t anβ= APT

EF L
= Dm,e f f /2

ds
(6.2)

The aperture size of the instrument varies from 0.25 mm to 8 mm. As the aperture

gets smaller, the signal-to-noise ratio (SNR) decreases and the cone angle of the light

beam impinging on the sample increases. For the FP filter measurements shown in Fig.

6.2, the diameter of the aperture was selected as 0.5 mm. Thanks to the high sensitivity

of the cooled MCT detector, even the highly suppressed peaks with less than 2% peak

transmittance were captured.

For APT = 0.5mm and EF L = 100mm the cone angle of the imaginary point source

is calculated as 0.28°. Using Dm,e f f = 40mm as provided by the manufacturer, results in

a separation of ds = 4000mm between the imaginary point source and the mirror. These

values as well as description of the whole layout are then used to design a simplified

optical layout for the FTIR spectrometer in Zemax as shown in Fig 6.5.

The size of the spot at the window is measured as 16.84 mm, while the focused light
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90º off-axis 
parabolic mirror
EFL = 100 mm 

90º off-axis 
parabolic mirror
EFL = 180 mm 

window

sample
plane

470 mm
55 mm

125 mm

Figure 6.5: The simplified optical layout of the FITR spectrometer.

beam has a diameter of 1.02 mm at the sample plane as shown in Fig. 6.6. The change

in the spot size, combined with the 125 mm distance between the sample plane and the

window, translates into a light beam with 7.2° half cone angle impinging on the filter.

(a) (b)

Figure 6.6: Spot diagram of the light beam at (a) the window and (b) the sample plane.

The transmission of the FP filter with 24.9µm cavity length is simulated using the FP

model and the measured reflectivity of the flat mirror that had been given in Fig. 6.2. As

shown in Fig. 6.7, the filter is very sensitive to the collimation of the light source when the

reflectivity of the mirrors is high. As the mirror reflectivity decreases, the transmission

peaks start to appear, confirming the cone angle discussion given in chapter 3. At short

wavelengths around 2500 nm, where the operating order is higher than 15, the reflectiv-

ity is still high, suppressing the transmittance at these demanding operating conditions.

At longer wavelengths, on the other hand, the operating order is lower as well as the re-

flectivity of the mirrors. Therefore, the filter is less vulnerable to the cone angle of the

light, allowing a peak transmittance of almost 20% at 4500 nm wavelength.
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Figure 6.7: The comparison of measured transmission of an FP filter with a cavity length of 24.9µm to the
calculated transmission using the measured mirror reflectivity.

The same FTIR spectrometer with a Deuterated Tri Glycine Sulfate (DTGS) detector

is employed for the wideband characterization of the LVOF. Since the sensitivity of the

DTGS detector is worse than the cooled MCT detector, the aperture size is selected as

APT = 8mm to increase the SNR. Given the properties of the rest of the optical compo-

nents, this translates into an imaginary point source that is ds = 250mm away from the

first off-axis parabolic mirror with a 4.57° half cone angle in the simplified Zemax layout

of the instrument. In this case, the diameter of the light spot at the window is simulated

as 19.73 mm, while the spot size decreases to 7.45 mm at the sample plane. Therefore,

the half cone angle of the light beam impinging on the filter can be calculated as 5.6°.

The spectral channels are separated spatially along the length of the filter using a

200µm wide and 3 mm tall slit. By placing the slit in front of the filter at the sample

plane and scanning the filter along its length at 2 mm steps using a translational stage,

the spectral response of the LVOF is measured as shown in Fig. 6.8. At each step, 32 scans

were averaged to improve the SNR. Moreover, the resolution of the instrument was set

to 4 cm−1, which is less than 5 nm in wavelength. Similar to the FP filter, the transmis-

sion curves in the desired wavelength range (i.e. 15th order) are suppressed due to the

cone angle of the light beam. As discussed in chapter 3, the effect of cone angle is less

significant in the LVOF compared to an equivalent FP filter, due to the nonparallel con-

figuration of the mirrors. The peak transmittance at 3325 nm wavelength is measured
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as less than 1% in the FP filter, while it is approximately 3% in the LVOF thanks to the

combined effect of the nonparallelism of the mirrors and the smaller cone angle in the

LVOF measurements.

(a)

(b)

Figure 6.8: The transmission curves of the LVOF measured with the FTIR spectrometer in the (a) 2µm to 5µm
and (b) 3.1µm to 3.5µm wavelength ranges.
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Analyzing the FTIR measurement results is not trivial for a number of reasons, in-

cluding, but not limited to, the cone angle limitation. After passing through the filter,

the light propagates toward an elliptic mirror, where it is focused on the detector. Hence,

the light propagates for almost 25 cm with a focusing element in the path after filtering.

Therefore, the filter-detector separation, which is an important parameter in the charac-

terization of an LVOF, cannot be controlled in the FTIR measurements. Furthermore, the

SNR limit of the instrument forces us to use a slit that is wider than the required size to

capture the expected transmission curve in detail. As the slit gets wider, a wider range of

cavity length is covered, which means a wider wavelength range will be transmitted per

measurement; thus, making the transmission curve wider.

Although the curves are widened and exhibit a very low transmittance (< 5%), there is

a spectral shift toward longer wavelengths at increasing cavity length; thus, qualitatively

demonstrating the functionality of the filter in a wideband arrangement as shown in Fig.

6.8(b) in the desired wavelength range.

6.1.2. SINGLE-WAVELENGTH MEASUREMENTS

The gas-filled LVOF is to be integrated with a wideband light source and a detector array

in the final device. However, to investigate the spectral resolution limit, the device must

be characterized using a light source with a spectral purity that is better than the resolu-

tion of the LVOF. Moreover, the light source must be highly collimated to overcome the

cone angle limitation. Furthermore, the setup must be sufficiently flexible so that the

filter-detector separation and the incidence angle of the light beam are both adjustable.

The mid-IR is a very information-rich band for material identification due to the fact

that the vibrational modes of many organic molecules fall within 3µm to 5µm wave-

length range. However, there are only a handful of commercially available light sources

that meet the requirements of the characterization method, i.e. high resolution and

high degree of collimation. The HeNe laser at 3392 nm (Research Electro-Optics, Inc.,

Colorado, USA) is the only single-wavelength laser in the market in the mid-IR. For the

wideband operation, optical parametric oscillator (OPO) based tunable lasers stand out.

Firefly-IR (M Squared Lasers, Ltd., Glasgow, Scotland) and Cobolt Odin (Cobolt AB, Solna,

Sweden) are OPO-based commercially available tunable lasers in the band of interest.

Despite their high resolution and high degree of collimation, the latter two are costly

instruments used mainly for research purposes. Much effort has been put in the devel-

opment of quantum cascade lasers (QCLs) in the last decade. Commercially available

QCLs are currently in the 4µm to 12µm wavelength range [2]; however, there is ongoing

research about the development of QCLs in the 3µm to 5µm band [3].

An optical setup with the HeNe laser at 3392 nm wavelength is built to measure the

spectral response of the LVOF and to validate the theoretical discussion as shown in Fig.
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6.9. The laser has a 2 mW minimum output power and a 2.13 mrad full angle of diver-

gence. The 1/e2 beam diameter, where the intensity drops down to 0.135 of its peak

value is 2.02 mm. The degree of linear polarization is usually quantified as the extinction

ratio, which is the transmitted intensity of p-polarized light relative to the s-polarized

light. A high extinction ratio indicates a very pure transmitted p-polarized beam. The

extinction ratio of the HeNe laser is specified as 500:1, meaning that the output of the

laser is highly p-polarized. The linewidth of the laser is indicated as 200 MHz in fre-

quency, which translates into 7.67 pm in wavelength. Therefore, the HeNe laser meets

the high resolution and high degree of collimation requirements of the characterization

method.

laser

optical 
chopper

beam steering 
mirror

optical 
filter

detector 
with slit

slit

laseroptical 
chopper

beam
steering
mirror

optical 
filter

detector 
with slit

X

Z

(a) (b)

Figure 6.9: (a) A schematic illustration of the optical characterization setup with the HeNe laser. (b) The actual
optical characterization setup. The optical filter and slit are shown in detail in the inset.

An optical chopper that operates at 1 kHz is placed in front of the laser output to im-

prove the SNR. After the optical chopper, a beam steering mirror that is mounted on a

motorized rotational stage is used for steering the beam for the intended angle of inci-

dence. The optical filter to be characterized is mounted on a motorized translational

stage and moved along its length. Lastly, a large-area Lead Selenide (PbSe) detector

(ET-6000, Electro-Optics Technology, Inc., USA) with a 15µm wide and 3 mm tall slit is

mounted on another motorized translational stage for proper position monitoring dur-

ing consecutive measurements. The detector signal is band-pass filtered to allow the

signal at only 1 kHz to pass by cascading a high- and a low-pass filter (SR650, Stanford

Research Systems, USA). The filtered signal is then recorded with a high performance

digital multimeter (Keithley 2002, Keithley Instruments, Inc., USA).

The measurement is done by first aligning the detector with the laser such that the
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maximum signal is obtained. Then, the filter is inserted again in the light path and the

position range on the filter that corresponds to the transmission curve at 3392 nm wave-

length is searched. This range is scanned by moving the filter along its length so that the

curve is fully captured. The step size of the movement is selected as 15µm, same as the

slit width, to avoid any convolution effect or missing data.

The motorized stages and the high performance digital multimeter are controlled via

computer using Labview. The entire scan is performed in a loop, where the start and stop

positions, as well as the step size of the filter movement are used as loop parameters in

the software. During the scan, two intensity measurements are performed for each po-

sition to account for the fluctuations in the laser power. The first measurement without

the filter is used as a reference, while the second measurement is done with the filter in

the light path. The ratio of the latter to the former gives the transmittance at that partic-

ular position along the length of the filter. By repeating the same measurement scheme

from the start to the stop position, the transmission curve that belongs to the 3392 nm

wavelength is constructed.

The measurement results at the filter-detector separation z = 6mm are shown in Fig.

6.10 for various incidence angles. It must be noted that in these measurements, the ta-

pered reflector LVR4-ver2 is used. Due to the repetitive movement of the filter in and

out of the light path, each measurement takes about 1 hour. To avoid the effect of pos-

sible overheating on the filter performance, two scans were taken after turning on the

laser that were later averaged to calculate the transmission response. Then, the laser

was turned off for half an hour to cool down until the next measurement. The x-position

in this setup indicates the position on the filter, where the curve that corresponds to

3392 nm wavelength is located, rather than the distance from the imaginary wedge apex

as was used in the optical simulations. The shift in the x-position of the filter, which re-

sults from the angular positioning of the beam steering mirror, is corrected for different

values of the angle of incidence in the measurement results. Therefore, the relative val-

ues rather than the absolute values of the x-position must be taken into account in the

measurements.

The transmission curve at normal incidence exhibits a low peak transmittance with

side peaks emerging at positions away from the wedge apex, which is in agreement with

the theoretical analysis. As the incidence angle gets smaller, the transmission curve

starts moving toward the wedge apex with an increasing peak transmittance. At the op-

timum incidence angle, the peak transmittance reaches almost 40%, while the top part

of the curve becomes significantly narrow. The full width at half maximum (FWHM) of

this curve is measured as 105µm in the x-position, which corresponds to 4.1 nm spectral

resolution. When the incidence angle is further decreased, the peak transmittance starts

to get lower and the curve leans away from the wedge apex as expected.
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Figure 6.10: Measured transmission curves at (a) normal incidence, (b) θ′ > θ′opt , (c) θ′ = θ′opt and (d)

θ′ < θ′opt .

The device was simulated using the actual cavity length that was calculated using

the measured mirror profile given in Fig. 5.11. The spectral response at a filter-detector

separation of z = 6mm is shown in Fig. 6.11 for various incidence angles. The step size

in the x-position was selected as 1µm in calculations. The simulated spectral response

has been averaged to a single value over every 15 data points to be consistent with the

measurement that has been performed with a 15µm wide slit. The simulated optimum

incidence angle is higher than the measured value. Nevertheless, the curves confirm the

shapes and shifts in position.

The main reason of the widening of the transmission curves is that the responses

of several different cavity lengths are captured at every measurement step. This can be

caused by both the filter and the measurement setup. The thickness of an ideally ta-

pered layer at a certain position along its length is the same at every position along its

width. Therefore, if the slit width is small enough to capture the transmission curve, as

is illustrated in Fig. 6.12(a), no widening will be observed. In this application, the ta-

pered cavity is defined by the tapered mirror, which is fabricated by thermal-chemical

reflow of photoresist blocks with linearly variable width. The reflow process rounds the

corners of these blocks, which results in an arc-shaped taper rather than a linear one.

Therefore, the part of the slope that is selected by the slit during measurements spans a

wider range of cavity length; hence, a wider spectral range as shown in Fig. 6.12(b) that
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Figure 6.11: Simulated transmission curves at (a) normal incidence, (b) θ′ > θ′opt , (c) θ′ = θ′opt and (d)

θ′ < θ′opt .

results in wider transmission curves. Moreover, the alignment between the slit and the

filter affects the results in a similar way as shown in Fig. 6.12(c). Since the slit is mounted

on the detector housing without any alignment marks, it might be tilted with respect to

the filter. For instance, if the slit is 3° tilted, the x-position that is covered by the slit will

increase by 157µm assuming an ideally tapered mirror. Compared to the width of the

slit, this will have a substantial effect in the measurement results.

(a) (b) (c)

Figure 6.12: The relationship between (a) a straight slit and an ideal taper, (b) a straight slit and an arc-shaped
taper, and (c) a tilted slit and an ideal taper.

The slight difference between the measured and simulated peak transmittance is re-

lated to the fabrication. The fabrication tolerance of the Bragg mirror layer deposition is

neglected in simulations, where reflectivity has an important effect. It is impossible to

avoid layer thickness alteration during fabrication; hence, a lower reflectivity compared

to the simulations must be anticipated in the actual device. These filters are expected to

exhibit a higher peak transmittance at lower mirror reflectivity due to the demanding op-
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erating conditions. Therefore, the discrepancy between the measured and the simulated

peak transmittance can be explained by thin-film deposition tolerances.

6.2. GAS MEASUREMENTS

The gas-filled LVOF translates a µm-level physical cavity into a mm-level effective opti-

cal path. Despite the improvement, the effective OPL of a gas-filled LVOF is shorter than

commercially available sample chambers. The gas cell with the shortest absorption path

available in the market is 5 cm long, which results in full absorption in our measurement

method. Moreover, placing the filter inside a gas cell limits the flexibility of the opti-

cal setup in terms of the adjustment of incidence angle and filter-detector separation.

Therefore, the sample gas must remain only in the cavity during the measurement, so

that the effect of optical path elongation could be observed.

6.2.1. DEVICE PACKAGING

The proof-of-concept device includes three filters in a row with openings on the left and

the right side of the filters. During the experiments, these openings are used as gas inlet

and outlet. A pressure difference between the two results in a gas flow through the cavity.

The challenge is to connect a big tube to the 550µm wide openings without damaging

the device during the repetitive measurements. Moreover, the reference measurement

requires taking the device out of the optical path at every step. Given the die size of

20 mm, this necessitates very frequent long distance movement of the device. Therefore,

the package must be compact enough to minimize the time spent for taking the filter out

of the optical path so that the laser remains stable during the measurement.

The intended package is composed of two parts and the device is clamped between

them. The bottom part has an 18 mm by 18 mm opening, where the filters are located. A

shallow bed that covers the frame of the die is designed to hold the device in such a way

that, when the die is placed in the bottom part, the top surfaces of the package and the

die would be at the same level. The bottom part of the package also houses a built-in

channel for the gas to flow, that is connected to the gas tube at the bottom and aligned

with the openings on the sides of the die at the center. The second part of the package is

rather simple, a thin and flat frame with an 18 mm by 18 mm opening at the center.

3D printing is an innovative technology that offers rapid prototyping with low cost.

The resolution of the 3D printers and the variety of materials that can be printed are

constantly improving. We selected the strong and flexible material offered by Shapeways

(Shapeways BV, Eindhoven, The Netherlands) to print the package for the gas-filled LVOF.

The bottom part of the package with the die in it is shown in Fig. 6.13(a). The device is

clamped between the two parts of the package and tightened at the corners using screws
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as shown in Fig. 6.13(b). Finally, the device is sealed around the frame using a thin layer

of silicone.

(b)(a)

Figure 6.13: The 3D printed package, (a) the bottom part of the package with the gas-filled LVOF die in it and
(b) the whole package with the gas inlet and outlet.

Initial tests with the package showed that most of the gas coming out of the inlet tube

leaked from the package before reaching the openings on the device. This was caused by

the powder-like material used in 3D printing. Covering the package with resin was sug-

gested for proper sealing; however, another aspect of the package, i.e. the thickness, was

limiting the flexibility of the measurements. The increasing filter-detector separation

due to the thickness of the package counteracted the optimization of the angle of inci-

dence. As the incidence angle became more negative, the transmitted light was blocked

by the package before it could reach the detector. This limited the position range that

could be scanned along the length of the filter. Therefore, we decided to switch to sim-

pler packaging options, where we rely on the sealing of the wafer bonding.

Instead of putting a frame around the die, the openings on the sides of the filters

are connected directly to the inlet and the outlet tubes. As shown in Fig. 6.14(a), the

connection can be done using dispensing tips with silicone as the gluing agent. Pieces

of silicon wafer are used for extra support. However, putting long dispensing tips at the

sides of the device limits the reference measurements of the filter in the middle. Another

approach is to partially split the tube along its length and seal the device on the frame

using silicone as shown in Fig. 6.14(b). Both of the packages shown in Fig. 6.14 are used

in the gas measurements discussed in the following sections.

(a) (b)

Figure 6.14: Gas inlet and outlet connected to the device (a) via dispensing tips and (b) directly.
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6.2.2. HENE LASER MEASUREMENTS

The effect of optical path elongation can correctly be characterized if the sample gas is

present only in the cavity of the LVOF. To selectively flow gas in the cavity of the device

with the reflector LVR4-ver2 that was described in chapter 5, dispensing tips are glued to

the openings on both sides of the device using silicone. The inlet is connected to the gas

bottle via flexible tubing, while the outlet tube is left open and pointing away from the

measurement area. The gas flow through the cavity is ensured by applying a pressure

of a few mbar above atmospheric pressure to the gas inlet. The optical characterization

setup with the HeNe laser that is adjusted for the gas measurements is shown in Fig. 6.15.
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Figure 6.15: Optical characterization setup for methane measurements.

The same laser measurement procedure has been employed for the gas experiments.

Thanks to the flexible tubing, the repetitive mechanical movement of the filter holder did

not disturb the measurements. To avoid the effect of a possible gas leakage on the optical

performance, a fan was placed above the filter.

The position of a transmission curve depends strongly on the cavity length and a

small perturbation could shift the curve to another position. During the measurements,

we observed that due to the pressure of the gas flowing toward the cavity, the mirrors

on each side were pushed outwards. The resulting increase in the cavity length shifted

the x-position of the transmission curve. Therefore, a comparison between the trans-

mission of the filter at ambient pressure to the filter with methane above the ambient

pressure is not valid, since the optical performance of the latter could be affected by the

physical influence of the gas pressure. To overcome this, the filter measurement at am-

bient pressure was replaced with a measurement using a nonabsorptive gas, nitrogen in

this case, at the same experimental conditions as the methane measurement. Thus, the
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physical effect of the gas pressure would be the same for both measurements.

The transmission curves of the filter at 3392 nm wavelength with methane and ni-

trogen in the cavity are shown in Fig. 6.16. Because of the dispensing tips, the detector

had to be placed further than 6 mm, resulting in a smaller optimum incidence angle of

−8.8°. The peak transmittance of the reference measurement with nitrogen (39.9%) is in

agreement with the theory in the sense that the same optimum transmission curve can

be found at a different incidence angle for every filter-detector separation.

Figure 6.16: The measured transmission response of the gas-filled LVOF at 3392 nm wavelength with methane
and nitrogen in the cavity.

Compared to the high peak transmittance of nitrogen, methane absorbs almost 80%

of the light with a 7.8% peak transmittance. The slight positional shift in the peak trans-

mittance of the two measurements arises from the pressure setting. The output pressure

of the gas bottle is adjusted manually using a valve while reading the value on an analog

gauge. The pressure displayed on the gauge was 7 mbar and 5 mbar above the ambient

pressure for methane and nitrogen respectively, thereby explaining the minor shift in the

position of the peak.

The absorption of gas in a spectroscopic measurement system is highly dependent

on the resolution of the wavelength-selective element. In the gas-filled LVOF, where the

light source is a wideband infrared emitter, the resolution is determined by the filter.

In the laser-based experiments, on the other hand, the resolution of the system is de-

termined by the light source rather than the filter, since the spectral purity of the HeNe

laser outperforms the LVOF in terms of spectral resolution. The absorption coefficient

of methane corresponding to the 7.67 pm resolution of the HeNe laser at 3392 nm wave-

length is extracted from the HITRAN database, using the information-calculating sys-

tem Spectroscopy of Atmospheric Gases (ICS SPECTRA) for unit pressure and absorp-

tion length as 1.0314 mm−1 [4, 5]. Then, the modified absorption coefficient is used as

an attenuation factor in the simulations performed with the actual cavity length values.

Averaging is applied to the transmittance at every 15µm to be consistent with the mea-
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surements. The transmission curves of only the filter and the filter with methane are

shown in Fig. 6.17. The peak transmittance of only the filter is 29.3%, while the absorp-

tion of methane decreases this value to 1.52%, which translates into 2.86 mm effective

OPL, given the modified absorption coefficient. Compared to the physical cavity length

of 25.44µm, 112.6-fold elongation is achieved.

Figure 6.17: The simulated transmission response of the gas-filled LVOF at 3392 nm wavelength. The effect of
methane is introduced using the modified absorption coefficient.

The effective OPL is calculated as 1.58 mm for the measured absorption of methane

as was shown in Fig. 6.16, using the modified absorption coefficient value. Therefore,

the physical cavity length of 25.44µm is elongated by 62.2-fold, experimentally. The dif-

ference between the simulated and the measured elongation factor arises from the fab-

rication tolerance of the Bragg mirror layer deposition. The unavoidable fluctuations in

the thin-film layer thickness results in a reduced reflectivity, which is observed as an in-

creased measured peak transmittance of almost 40% compared to the 29.3% simulated

peak transmittance. Lower mirror reflectivity is equivalent to a reduced number of re-

flections, thereby limiting the elongation to 62.2-fold compared to the simulated value

of 112.6-fold.

Both simulated and measured effective OPLs are shorter than the values derived in

chapter 4. Even though the designed and fabricated devices have minor differences in

taper angle and mirror layer thicknesses, the reduction in the effective OPL cannot be

solely explained by these effects.

The explanation becomes clear when considering the fact that the operating princi-

ple of the gas-filled LVOF is similar to cavity enhanced absorption spectroscopy (CEAS),

since both methods exploit multiple reflections from high-finesse optical cavities. In the

CEAS method, as the absorption of the sample becomes comparable to the cavity loss,

the sensitivity improvement saturates [6]. In other words, the absorption of the sample

begins to dominate the effective number of cavity passes. Therefore, the effective OPL
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becomes a function of the absorption coefficient, or equivalently the concentration, of

the sample. The narrow linewidth of the HeNe laser allows it to resolve narrower absorp-

tion peaks with higher coefficients. The increased absorption saturates the sensitivity

and limits the effective number of reflections. Thus, the difference between the effective

OPL of the optical design and both the experimental and the simulated OPL that is based

on profile measurements is primarily a result of the high resolution of the laser.

6.2.3. OPO LASER MEASUREMENTS

For the characterization of the gas-filled LVOFs in a wide wavelength range, a highly col-

limated broadband light source is required. Moreover, the resolution of the laser must

be better compared to the filter, so that the spectral limits of the device could be experi-

mentally specified. Therefore, we collaborated with the Trace Gas Research Group from

Radboud University to characterize our devices with their benchtop mid-IR OPO laser.

Optical parametric oscillator lasers are powerful tools in laser spectroscopy, espe-

cially at the wavelength bands that are difficult to access through stimulated emission

from a gain medium such as mid-IR [7–10]. In OPO lasers, a pump beam is converted

into signal and idler beams by a nonlinear crystal as shown in Fig. 6.18. The optical gain

is achieved by parametric amplification in the nonlinear crystal that is placed in a res-

onator cavity. The output wavelength of an OPO laser is tuned in a wide range by altering

the phase-matching condition [11]. This condition is usually adjusted by changing the

temperature or the orientation of the nonlinear crystal.

pump
nonlinear

crystal

signal

idler

Figure 6.18: A schematic illustration of the OPO laser.

The setup for the OPO laser is described in detail in [12]. The OPO laser is pumped by

a 1064 nm distributed Bragg reflector (DBR) diode laser (EM4, Bedford, Massachusetts,

USA). The nonlinear crystal is placed inside a bow-tie ring resonator that is composed of

two plano-concave and two plane mirrors. The output wavelength is adjusted by altering

the position and the temperature of the crystal.

The output of the laser is highly collimated; however, due to the slight misalignment

between the mirrors, it is no longer a Gaussian beam. To convert the TEM10-like spot
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into TEM00 mode, i.e. a Gaussian beam, the output of the laser is coupled into a fiber.

Due to the small core diameter and small refractive index difference between core and

cladding, single-mode fibers support only the TEM00 mode [13]. Then, the light beam

coming out of the fiber is collimated and used as the light source for the characterization

of the gas-filled LVOF. The optomechanical setup used in the HeNe laser measurements

is integrated to the OPO laser as shown in Fig. 6.19.
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(a)

(b)

Figure 6.19: (a) The OPO laser. The pump laser enters the setup on the left side, while the output beam leaves
the setup on the right side. (b) The output of the OPO laser passes through the optical chopper, propagates

through the fiber and finally reaches the optomechanical setup.

The entire setup is schematically illustrated in Fig. 6.20(a). The output of the OPO

laser is focused on the fiber coupler (FiberPort PAF-X-4-E, Thorlabs, Germany) while

passing through an optical chopper operating at 1.6 kHz. After propagating through

a single mode ZrF4 fiber (P3-23Z-FC-1, Thorlabs, Germany), the TEM00 mode is colli-

mated by an aspheric lens package with 5.95 mm focal length (F028APC-3450, Thorlabs,

Germany), resulting in a 1 mm diameter light beam with a measured divergence of 0.126°

at 3.3µm wavelength. The collimated light beam is then directed at the optomechanical

setup described before, as shown in Fig. 6.20(b).

The chip that is shown in the inset of Fig. 6.20(b) has three filters with openings

at both sides for gas flow. Among these filters, LVR3-ver2 is selected for the OPO laser

measurements. Since this device is at the center of the die between the openings, using

long dispensing tips as gas inlet and outlet is not practical. Instead, the device is par-

tially placed in the split tubing and sealed with silicone. The bottle with the pure sample

gas and nitrogen as the IR-inactive diluting component are combined into a single flow
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Figure 6.20: (a) A schematic illustration of the entire setup with the OPO laser as the light source. (b) The
actual optomechanical setup with the fiber collimator.
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with a T-shaped tubing adapter. The flow of both gases is controlled by a mass-flow con-

troller (5850S, Brooks Instrument, USA) at a rate of 3 L h−1 in total. To assure the gas flow

through the resonator cavity of the filter, the gas outlet is connected to a vacuum pump

and the pressure is set to 750 mbar.

In the final device, two identical filters; one with openings to allow the ambient

gas inside and one fully sealed, are used for measurement and referencing respectively.

Moreover, the filters are fabricated directly on top of a detector array. Therefore, the final

device does not require the use of mass-flow controllers or extra tube sealing; the ref-

erence device is sealed during wafer bonding. In contrast, keeping the gas only inside

the cavity during characterization is crucial to be able to measure the effect of using the

resonator also as a gas cell. Hence, extra precaution should be taken during the mea-

surements to remove any leaking gas from the optical path. A fan was placed on top of

the device to avoid any leaking gas absorb the incoming light. Since the sealing with sil-

icone was not perfect, the gas pressure inside the cavity is assumed to be equal to the

atmospheric pressure.

The experimental procedure starts with tuning the wavelength of the laser by choos-

ing the right slab on the nonlinear crystal and subsequent computer-controlled tem-

perature setting. Then, the position of the transmission curve at this wavelength is ap-

proximately located along the length of the device. Subsequently, the incidence angle

is adjusted for the optimum transmission while 100% nitrogen is flowing through the

resonator cavity. To calculate the transmittance, first the filter is taken out of the op-

tical path and a reference measurement is done, then the filter is brought back in the

optical path and scanned along its length at a step size of 15µm. The ratio of the fil-

ter to the reference measurement gives the transmittance. To see the effect of the gas,

first pure sample gas is flown into the cavity and then diluted with nitrogen to observe

the effect of concentration in filter transmission. For methane, four measurements at

3221.69 nm, 3270.75 nm, 3317.89 nm and 3416.60 nm wavelengths are performed. The

nonlinear crystal in the OPO laser was not optimized for the 3.2µm to 3.4µm wavelength

range; thus, only a handful of wavelengths could be selected given the required time for

the temperature stabilization.

A coarse adjustment of the beam steering mirror resulted in the experimental opti-

mum incidence angle of −6° at a filter detector distance of approximately 7 mm, while

the OPO laser was tuned to 3416.60 nm wavelength. As shown in Fig. 6.21, the re-

sponse of the filter to the injection of gases was very repeatable and stable. The trans-

mission curve with 18.88% peak transmission has an experimental FWHM resolution of

309.68µm in position at a cavity taper angle of 12.9 millidegree, which translates into

10 nm FWHM resolution in wavelength. In the final device, the resolving power of the

sensor is determined by the resolution of the filter; however, in the experimental setup
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the resolution of the laser theoretically outperforms the filter. Hence, the absorption co-

efficient of methane that is used for the effective OPL calculation is modified using the

10 MHz linewidth of the laser. Using the peak transmittance ratio of pure methane and

nitrogen, an effective OPL of 1.534 mm is calculated. This is equivalent to an elongation

of 64-fold compared to the 23.916µm long physical cavity.

Figure 6.21: The spectral response of the gas filled LVOF measured at 3416.60 nm wavelength with pure
nitrogen and methane in addition to 50% and 25% of methane in a mixture diluted with nitrogen. (a) The
transmission curves measured along the length of the filter with various samples. For each sample 2 or 3

scans were done. (b) The peak transmittance values extracted from the transmission curves.

The wideband operation of the filter is crucial for sample selectivity. Transmission

curves with and without sample gas were measured at four different wavelengths along

the length of the device as shown in Fig. 6.22. The shape of the curves, as well as the peak

transmittance and FWHM resolution, are different at each wavelength. This is mainly

due to the position-dependent optimum incidence angle that is a direct result of the po-

sition dependency of the tapered mirror reflectivity. In the final device, the average of the

optimum incidence angle will be selected, or the position dependency of the reflectivity

will be removed, by tapering the Si wafer instead of the SiO2 layer of the Bragg mirror.

However, during the measurements, the optimum angle was adjusted for 3416.60 nm
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wavelength and the alignment was kept the same for the remaining wavelengths. The

change in peak transmittance with the sample on the other hand is highly dependent on

the absorption of the sample at that wavelength.

Figure 6.22: The measured spectral response of the gas filled LVOF at 3221.69 nm, 3270.75 nm, 3317.89 nm
and 3416.60 nm wavelengths. The inset shows the modified absorption coefficient of methane for a laser
linewidth of 10 MHz, which is the resolution of the experimental OPO laser used in measurements. The

values that correspond to measurement wavelengths are labeled with a star.

The higher hydrocarbons, ethane and propane, have distinctive spectral features in

the 3.25µm to 3.5µm and 3.3µm to 3.5µm wavelength ranges, respectively. Since there is

no high-resolution data on these gases available, the comparison is made qualitatively.

According to the PNNL database, as presented in Fig. 4.3, both gases are almost nonab-

sorptive at 3222 nm, while propane has a higher absorption coefficient at 3449 nm than

ethane does at 3448 nm. As shown in Fig. 6.23(b) and 6.23(d), pure propane absorbs

54.6% of the light compared to ethane absorbing only 15.8%. At 3222 nm wavelength, the

peak transmittance of the measurement with the pure gases remains almost the same as

shown in Fig. 6.23(a) and 6.23(c). However, we observed a slight shift of the curve along

the length of the filter. Similar shifts, either as the whole curve or the peak transmittance,

were observed in all measurements. Although it has not been systematically confirmed,

we believe that the dispersion of light in the sample (i.e. the refractive index of the gases

are slightly different from that of nitrogen), which was disregarded in the simulations,

combined with the position dependent reflectivity of the tapered mirror and imperfec-
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tions in the taper itself, results in various shifts in the spectral response.

Figure 6.23: The spectral response of the filter with ethane and propane measured at two wavelengths. The
spectrum of ethane compared to nitrogen at (a) 3222 nm and (b) 3448 nm wavelength. The spectrum of

propane compared to nitrogen at (c) 3222 nm and (d) 3449 nm wavelength.

6.3. RESULTS AND DISCUSSION

In this chapter, the feasibility of a gas-filled LVOF for the composition measurement

of natural gas is demonstrated with actual measurements with methane, ethane and

propane. Moreover, the theoretical approach presented in chapter 3 that is based on

the Fizeau model is confirmed with experimental results. Although gas-filled LVOF is

a new concept and benchmarking requires a complete device with a light source and a

detector, various aspects of the sensor can still be evaluated.

The most important property of a sensor is the selectivity. A highly selective sen-

sor is capable of distinguishing the entire composition of a sample. Selectivity of the

gas-filled LVOF is achieved by the distinctive spectral features of the target molecules in

mid-IR and the wideband operation of the sensor tailored for this wavelength range. Al-

though the spectra of hydrocarbons are very similar, they have characteristic features in

the 3.2µm to 3.4µm spectral window. The highly oscillating spectrum of methane starts

from 3.15µm and extends up to 3.5µm. The absorption of ethane begins at 3.25µm,
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thereby allowing methane and ethane to be distinguished in the 100 nm wide spectral

window between 3.15µm and 3.25µm. Propane and butane have almost identical ab-

sorption features that start from 3.3µm wavelength. Since the latter two gases constitute

only a small part of the natural gas, much interest is paid to their combined concen-

tration. Therefore, the gas-filled LVOF that operates in the 3.2µm to 3.4µm wavelength

range with an experimental resolution of 4.1 nm, as demonstrated in this chapter, is suit-

able for distinguishing methane, ethane as well as the combination of propane and bu-

tane, when the wavelength selectivity is considered.

Sensitivity is another crucial aspect of sensors. The concentration sensitivity of the

gas-filled LVOF is highly dependent on the measurement limit of the detector, given the

power of the light source. A change in the sample concentration always alters the trans-

mitted intensity. However, this change should exceed the detection limit of the sensor

for a measurable response. Since the measurements of the gas-filled LVOF are performed

with a commercially available detector integrated with a slit to replicate a detector pixel,

the concentration sensitivity and the limit of detection are set by the performance of the

detector rather than the filter.

Due to the stability of the light source and availability of the data, the measurements

with methane at 3416.60 nm wavelength are employed in the calculation of the concen-

tration sensitivity. The peak transmittance of the filter with pure nitrogen is compared

to dilutions with 25% and 50% methane concentration as well as to pure methane as

shown in Fig. 6.24. The related absorption coefficient values are also indicated on the

top x-axis, assuming 1 atm pressure for 100% methane. Despite the limited number of

data, the slope of the linear fit shows that 1% change in the concentration of methane

requires the detection of 0.104% change in the transmittance of the gas-filled LVOF.

The peak transmittance of a 14 mm long LVOF is simulated at 3390 nm wavelength

with respect to the absorption coefficient of the sample as shown in Fig. 6.25. The fil-

ter is operated at the 15th order and has a taper angle of 6.13 millidegree. In agreement

with the discussion on the reduced sensitivity at high absorption coefficient values in

CEAS, the peak transmittance curve exhibits an exponential decay, where the slope - or

equivalently the concentration sensitivity - gradually decreases with increasing absorp-

tion coefficient. The linear response regime for this particular device can be defined as

0 mm−1 to 0.08 mm−1 using the linear approximation. Although the comparison of Fig.

6.24 to Fig. 6.25 reveal qualitative overlapping in the spectral response, further analysis

is required to draw an analogy.

The wavelength sensitivity, or usually referred to as spectral sensitivity, is a property

of both the detector and the filter. Due to the varying thickness of the first SiO2 layer and

thereby the varying reflectivity of the tapered mirror, the peak transmittance changes

over the length of the LVOF. As presented in the measurement section, various experi-
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Figure 6.24: The peak transmittance of the gas-filled LVOF measured at 3416.60 nm wavelength using various
methane concentrations.

mental peak transmittance values were observed at different wavelengths. Therefore, if

the specifications of the detector are known, the wavelength sensitivity can be calculated

for the entire operating range using the filter properties.

Accuracy and precision are important parameters that must be specified in the com-

mercialization step of the sensor. Within the framework of the proof of concept, the

accuracy can only be specified in a rather crude fashion and from two different perspec-

tives: the accuracy of the LVOF and the concentration accuracy of the gas measurements,

with the latter being the critical specification for the user. The measured and simulated

transmission responses of only the filter, as shown in Fig. 6.10 and Fig. 6.11 respectively,

are in good agreement. The slight difference between the two arises from the fabrication

and characterization tolerances.

The main requirement for the assessment of the concentration accuracy is measur-

ing the effective OPL with previously known concentrations of a sample in controlled

experimental conditions. This requires unlimited access to the characterization setup

and the sample handling equipment, as well as having two identical devices - one sealed

reference filter and one measurement filter with gas inlet and outlet - integrated to iden-

tical detector arrays. Given the limited access, the effective OPL values presented in this

thesis were extracted from only a small number of measurements.

Similarly, the precision of the device is strongly influenced by the experimental con-

ditions, particularly by the stability of the light source. When the wavelength of the laser

is stable, the same transmission curve can be measured with high precision. As shown

in Fig. 6.21, the OPO laser was very stable at 3416.60 nm and a high level of repeatability
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Figure 6.25: The peak transmittance of the gas-filled LVOF calculated at 3390 nm wavelength using various
values of absorption coefficient.

was observed. Apart from the rest of the optical components, the LVOF is a passive de-

vice without any moving parts and the environmental conditions, such as temperature,

have negligible effect on the thin-film properties. Therefore, the LVOF is well-suited for

high precision optical measurements.

The calculated effective OPL is highly dependent on the spectral resolution of the

laser, which outperforms the LVOF. In the final device, a wideband light source is com-

bined with the LVOF and the resolution of the LVOF determines which spectral lines

of the sample are resolved. Due to the high spectral purity of the light source, the ab-

sorption coefficient of the sample is higher in the current configuration. This leads to

a shorter effective OPL, due to the absorption coefficient dependency of the OPL as in

CEAS. In the final device, the resolution and therefore, the absorption coefficient of the

sample is determined by the LVOF, which is very similar to the NIST database that was

presented in Fig. 4.2. In that case, the effective optical path will be longer than the values

measured using the laser as the light source.

The response time is an important parameter in chemical sensing. Optical chemical

sensing is inherently a real-time measurement method. Considering the gas flow rate

and the length of the pipeline in a household, the response time of an optical sensor is

short enough to control the burner dynamically for the application. The measurements

presented in this chapter are also, in a sense, in real-time. Nevertheless, since the mea-

surements are based on scanning the filter along its length, it takes some time to con-

struct the transmission curve. In the final device the filter is integrated with a detector

array and, instead of the transmission curve, the area under the curves that corresponds

to the pixel width is measured. Therefore, apart from the delay that originates from the

electronics and the analysis, a real-time measurement is possible with a detector array.

The robustness of the gas-filled LVOF can be interpreted in two ways: the robust-
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ness originating from the physical properties of the device and the long-term stability

of the measurements. The robustness of the sensor arises from the fact that there are

no moving parts in the device. The robustness of the measurements, on the other hand,

is strongly dependent on the characterization setup. The repeatability, for instance, is

directly affected by the wavelength stability of the laser. As is evident from the multi-

ple measurements of the same sample, the filter response is very stable provided that

the wavelength of the light source does not fluctuate. Since the filter characterization is

performed by measuring individual transmission curves, the wavelength stability of the

light source is crucial. However, it should be noted that a wideband light source rather

than a laser is to be used in any future product based on the gas-filled LVOF. Therefore,

the wavelength stability is no longer a problem in the final device. Moreover, the insta-

bility of the light source in terms of power is also not an issue, due to the self-referencing

property of the method.
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7
CONCLUSIONS AND REMARKS

Natural gas is a major source of energy for many countries, especially for the Nether-

lands, due to the local resources in Groningen and the North Sea. However, the local

production is expected to decrease by almost 80% in the coming 20 years due to the

depletion of the resources. This is mainly compensated by importing natural gas from

other countries. Moreover, there is an increasing trend toward the use of sustainable

resources such as biogas. With all these changes, the composition of the natural gas in

the Dutch gas grid diverges from the stable Groningen-gas to the more flexible ’new’

gas. For safe and clean combustion and proper billing, the composition of natural gas

must be monitored at both distribution points and households. This societal drive calls

for a robust and low-cost gas sensor that does not require sample preparation or a lab

technician to analyze the results.

Optical absorption spectroscopy in the mid-IR is a highly suitable method for com-

position measurement of combustible gases. It is a promising compromise for gas sens-

ing between high-resolution and high-cost methods such as gas chromatography and

non-selective and low-cost methods like calorimetric sensing. In optical absorption

spectroscopy, light is passed through a sample and the ratio of absorbed to incident ra-

diation is recorded. The sample is identified by comparing the acquired spectrum with

a database. Because of these advantages and its non-destructive and self-referencing

properties, mid-IR absorption spectroscopy is the method of choice in this thesis work.

Among several ways of implementing an optical absorption spectrometer, the linear

variable optical filter (LVOF)-based option offers high sensitivity while maintaining low

cost. An LVOF-based microspectrometer is composed of a wideband light source, an

LVOF, a sample cell and a detector array. The manufacturing costs of such a microspec-

trometer can be kept to a minimum, as the batch fabrication of these elements is as-
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sured. Therefore, the miniaturization of these components at the wafer-level is crucial.

Several MEMS implementations of the light source, the filter and the detector array have

been reported in the literature. However, the sample cell takes up most of the space in

an LVOF-based microspectrometer and needs to be miniaturized at the wafer-level.

This ultimate miniaturization ambition is pursued in this thesis work by realizing a

hollow LVOF resonator that serves also as a sample chamber. Therefore, the gas-filled

LVOF functionally integrates the LVOF and the gas cell. The basic idea is that if the filter

is operated at a high order, i.e. initially long cavity, and the mirrors are highly reflective,

the physical cavity length at the µm-level can be elongated to the effective optical path

length at the mm-level.

An important conclusion of this work is that, contrary to the general approach taken

in the literature, LVOFs cannot be treated as Fabry-Perot (FP) filters, where the mirrors

are perfectly parallel. At the demanding operating conditions of high mirror reflectivity

and high order of operation, the angle between the mirrors of an LVOF that allows it to

act as a wavelength-selective device in a wide wavelength range, cannot be neglected.

Therefore, the design approach using the Fizeau interferometer model, where the angle

between the flat and the tilted mirror is taken into account, was introduced in this thesis.

The nonparallelism of the mirrors results in more design and optimization parameters

such as the incidence angle, the filter-detector separation and the cone angle of the light

source. It was shown both theoretically and experimentally that the optimum spectral

response is obtained at a different negative incidence, directed at the imaginary apex of

the cavity wedge, for every filter-detector separation. Moreover, the light source must be

highly collimated to achieve interference.

The fabrication of the gas-filled LVOF relies on the integration of a flat and a ta-

pered mirror by wafer bonding. The Bragg type mirrors are composed of alternate lay-

ers of sputtered Si and SiO2 layers. The tapered mirror is fabricated using the CMOS-

compatible method of patterning blocks of photoresist with linearly variable width, fol-

lowed by transforming these blocks into a tapered photoresist layer by thermal-chemical

reflow and subsequent transfer etching onto the underlying SiO2 layer. The rest of the

layers are sputtered on top and a tapered Bragg reflector is achieved.

The demanding operating conditions necessitate a custom-built opto-mechanical

characterization setup combined with a HeNe laser at 3392 nm to confirm the theoreti-

cal approach of the Fizeau model. With slight differences due to fabrication tolerances,

the design approach was validated. To see the optical path elongation effect of the de-

vice, the same setup is used, while methane is injected in the cavity of the filter. The

measurement result shows that a 62.2-fold elongation in the optical absorption path is

achieved using highly reflective mirrors. The measured elongation is lower than the the-

oretically predicted values mainly due to the high resolution of the laser compared to
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the LVOF, which determines the resolution of the optical system with a wideband light

source as was assumed in the calculations.

Wideband characterization of the filter with hydrocarbons was performed using an

experimental optical parametric oscillator (OPO) laser in the mid-IR as the light source of

the custom-built optomechanical setup. The spectral response of the LVOF with methane

was compared to the IR-inactive gas, nitrogen, at 3221.69 nm, 3270.75 nm, 3317.89 nm

and 3416.60 nm wavelengths using several dilution ratios. Based on the absorption co-

efficient of methane at these wavelengths, different changes in the filter transmission

were observed. An effective optical path length of 1.534 mm is achieved at 3416.60 nm

wavelength, which translates into a 64-fold path length elongation. Similar to the mea-

surements with the HeNe laser, the elongation is lower than the theoretical values due to

the high resolution of the OPO laser. Moreover, the response of the device to ethane at

3222 nm and 3448 nm wavelengths was demonstrated. Due to the lack of spectral data

for ethane, the comparison was done qualitatively. As expected, the transmittance re-

mained almost the same at 3222 nm wavelength, where ethane is nonabsorptive, while

the transmittance decreased slightly at 3448 nm wavelength, where the absorption coef-

ficient of ethane is nonzero. The spectral response of the filter with propane remained

exactly the same at 3222 nm wavelength, where propane has no absorption, whereas the

change in transmission was clearly demonstrated for several dilution ratios at 3449 nm

wavelength, where propane is absorbing. Therefore, the feasibility of a gas-filled LVOF

has been demonstrated for the composition analysis of natural gas with actual gas mea-

surements.

The gas-filled LVOF is highly suitable for wafer-level microspectroscopy with low-

cost and high-volume fabrication. Compared to its high-resolution benchtop counter-

parts with wide wavelength range and laser-based systems with ppb-level high sensi-

tivity, gas-filled LVOF offers moderate wavelength range and sensitivity. However, both

of these parameters can be tailored by adjusting the mirror materials and the optical de-

sign. Thanks to its design flexibility, gas-filled LVOF can be used to detect various materi-

als at different wavelengths. Despite the demonstration of the feasibility of the gas-filled

LVOF, several aspects of the device needs to be improved. First of all, the fabrication of

the tapered mirror relies on tapering the first SiO2 layer of the Bragg mirror. This results

in a position dependent mirror reflectivity; hence, spectral response of the filter. To over-

come this limitation, the taper must be transferred onto the Si wafer, which serves merely

as a substrate. In this way, the optical design can be simplified. Furthermore, despite its

simplicity, the thermal-chemical reflow method is still in the experimental phase. This

technique should be standardized for high-volume batch fabrication. Secondly, instead

of assuming discrete wavelengths, the effect of a wideband light source must be simu-

lated using the design approach developed in this thesis. Based on this simulation, the
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device parameters can be optimized more realistically and the sensor properties such

as selectivity and sensitivity can be calculated. In this way, in addition to the device pa-

rameters, the optimum pixel size of the detector array can be calculated for the required

selectivity and sensitivity. The demanding operating conditions of the gas-filled LVOF

require an extremely well collimated light source. Therefore, a miniaturized light source

with collimating optics must be realized with less than 2° half cone angle. Finally, the

gas-filled LVOF must be integrated with a highly collimated light source and a detector

array to be tested in the field.



SUMMARY

This thesis presents a robust and low-cost sensor for measuring the composition of nat-

ural gas. The functional integration of a linear variable optical filter (LVOF) and a gas

cell using microelectromechanical systems (MEMS) technology allows for composition

measurement in a wide wavelength range with a compact microspectrometer.

Chapter 1 describes the motivation of the project and investigates several gas sens-

ing methods. The focus of the research is on methane, ethane and the combination of

propane and butane. The ambition is to enable the selective measurement of these two

molecules plus the combination. Moreover, optical absorption spectroscopy is chosen

as the measurement method. The aim is to realize a robust and low-cost microspec-

trometer that operates in the mid-IR.

In Chapter 2, the options for implementing a miniaturized spectrometer for opti-

cal absorption spectroscopy are investigated. The most suitable method is optical filter

based, especially the LVOF, which was indeed selected. The largest component in an

LVOF-based microspectrometer is the sample cell and this thesis focuses on the func-

tional integration of the gas cell and the LVOF. Firstly, the possibility of an on-chip opti-

cal absorption path as defined by 45° inclined mirrors is examined. Such structures are

fabricated on the {110} planes using wet etching, by aligning the etch mask in the <100>

crystal direction in a (100) wafer. However, optical simulations show that the efficiency

of a system with 45° inclined mirrors is less than 1.1%. Instead, an on-chip optical ab-

sorption path with off-axis parabolic mirrors, where the collimation and the steering of

the light are performed simultaneously, is analyzed. However, the strong effect of the

fabrication tolerances on optical efficiency forced us to skip this intermediate step and

to the take the miniaturization one step further. As a result, the full emphasis of this

thesis is on using the resonator cavity of an LVOF also as a gas cell.

Due to the demanding conditions required for the operation of the gas-filled LVOF,

the design approach is revisited in chapter 3. It was shown that an LVOF cannot be

treated as a Fabry-Perot (FP) filter if it is operating at a high order and has highly re-

flective mirrors. Instead, the Fizeau interferometer model is adopted, where the angle

between the two mirrors is taken into account. Both approaches are explained theoreti-

cally and compared in terms of the operating order, mirror reflectivity, incidence angle,

filter-detector separation and the cone angle of the light source.
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Chapter 4 explains the optical design of the gas-filled LVOF. Following the road map

defined for the filter design, firstly the available IR spectral databases on hydrocarbons

are compared. Based on the spectra of hydrocarbons and the requirements of the ap-

plication, the operating order of the resonator and the reflectivity of the mirrors are se-

lected. Since the tapered mirror is fabricated by tapering one of the mirror layers, extra

attention was paid to the reflectivity calculations of such a structure. The chapter is fi-

nalized with the wideband optical simulations using the Fizeau approach developed in

the previous chapter.

The fabrication details of the gas-filled LVOF are discussed in chapter 5. The devices

are fabricated by integrating a flat and a tapered mirror by wafer bonding. Firstly, the

fabrication flow of the flat and the tapered Bragg mirrors are described in detail. Then,

the mask design for the 4-mask process is explained. The chapter ends with the descrip-

tion of the wafer bonding and the analysis of the mirror profile measurements.

In chapter 6, the characterization of the gas-filled LVOF is discussed in detail. Firstly,

the results of the characterization of the filter itself are shown and explained. Due to the

limitations of the measurement instrument in terms of the light source, the wideband

characterization using a Fourier transform infrared (FTIR) spectrometer remained only

qualitative. The simulations with the Fizeau model were confirmed using a custom-built

setup with a HeNe laser. After a short discussion about the requirements imposed on de-

vice packaging for gas measurements, the spectral response of the filter with methane at

3392 nm is presented. The wideband measurements with methane, ethane and propane

were performed using an optical parametric oscillator (OPO) laser as the light source.

More than 60-fold elongation in optical path length is experimentally achieved and the

response of the device to different gas mixtures is demonstrated.

Chapter 7 concludes the thesis and gives suggestions for the future work.



SAMENVATTING

Dit proefschrift presenteert een robuuste en goedkope sensor voor de meting van de

samenstelling van aardgas. De functionele integratie van een lineaire variabele opti-

sche filter (LVOF) en een gascel, door toepassing van microelektromechanische systeem

(MEMS) technologie, maakt compositiemeting mogelijk over een breed golflengtegebied

met een compacte microspectrometer.

Hoofdstuk 1 beschrijft de motivatie van het project en onderzoekt de verschillende

methoden voor de detectie (sensing) van gas. De focus van het onderzoek is op me-

thaan, ethaan en de combinatie van propaan en butaan. Het is de ambitie om deze twee

moleculen plus die combinatie selectief te kunnen meten. Bovendien is optische ab-

sorptiespectroscopie gekozen als meetmethode. Het is de bedoeling om een robuuste

en goedkope microspectrometer te realiseren, met het mid-IR als het werkgebied.

In hoofdstuk 2 worden de mogelijkheden voor de uitvoering van een geminiaturi-

seerde spectrometer voor optische absorptiespectroscopie onderzocht. De meest ge-

schikte methode is gebaseerd op optische filters, in het bijzonder met een LVOF, welke

dan ook is gekozen. De grootste component in een LVOF-gebaseerde microspectrometer

is de gas cel waarin het monster van het gas gedurende de meting is opgeslagen, en dit

proefschrift richt zich op de functionele integratie van deze gas cel en de LVOF. In eerste

instantie wordt de mogelijkheid van een chip met daarop een optisch absorptietraject als

gedefinieerd door spiegels onder een helling van 45° onderzocht. Dergelijke structuren

worden vervaardigd op de {110} vlakken met behulp van nat etsen, door het uitrichten

van de etsmasker in de <100> kristalrichting in een (100) wafer. Echter, uit optische si-

mulaties blijkt dat de efficiëntie van een systeem met 45° schuine spiegels minder dan

1,1%. In plaats daarvan is een on-chip optische absorptie pad met parabolische spiegels

geanalyseerd, welke zijn verschoven ten opzichte van het optische pad en daarmee zorg

draagt voor zowel collimatie als ook sturing van het lichtbundel. Echter, de sterke in-

vloed van de fabricagetoleranties op de optische efficientie dwong ons deze tussenstap

over te slaan en de volgende stap in de miniaturisatie te nemen. Hierdoor kwam de vol-

ledige nadruk van dit onderzoek te liggen op het gebruik van de resonatieruimte van een

LVOF ook als gascel.

Vanwege de hoge eisen waaraan de gasgevulde LVOF moet voldoen, wordt de ont-

werpmethodiek in hoofdstuk 3 herzien. Daarbij werd aangetoond dat een LVOF niet kan

worden beschouwd als een Fabry-Perot (FP) filter indien deze werkt bij een hoge orde
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en is voorzien van sterk reflecterende spiegels. In plaats daarvan wordt het Fizeau inter-

ferometermodel overgenomen, waarbij de hoek tussen de twee spiegels wordt meege-

nomen in de benadering. Beide benaderingen zijn theoretisch toegelicht en vergeleken

wat betreft het effect van de ingestelde orde van de resonantie, reflectie van de spiegels,

invalshoek, afstand tussen filter en detector en de openingshoek van de lichtbron.

Hoofdstuk 4 verklaart het optisch ontwerp van de gasgevulde LVOF. Het stappenplan

zoals gedefinieerd voor het filter ontwerp wordt gevolgd, waarbij eerst de beschikbare IR

spectrale databases voor koolwaterstoffen worden vergeleken. Gebaseerd op de spectra

van koolwaterstoffen en de vereisten van de toepassing, worden de orde van de resonan-

tie en de reflectie van de spiegels gekozen. Aangezien de tapse spiegel wordt vervaar-

digd door een tapsgewijze vormgeving van een van de lagen in de spiegel, werd extra

aandacht besteed aan de berekening van de reflectie van een dergelijke structuur. Het

hoofdstuk wordt afgesloten met de optische simulaties over een brede spectrale band op

basis van de Fizeau aanpak, zoals ontwikkeld in het voorgaande hoofdstuk.

De details van de fabricage van de gasgevulde LVOF worden besproken in hoofdstuk

5. Deze zijn vervaardigd door het integreren van een plat en een taps toelopende spiegel

met behulp van wafer bonding. In eerste instantie wordt het stroomdiagram van de fa-

bricage van de vlakke en de tapse Bragg spiegels in detail beschreven. Vervolgens wordt

het maskerontwerp voor het 4-masker proces toegelicht. Het hoofdstuk eindigt met de

beschrijving van de hechting van de wafers (wafer bonding) en de analyse van de pro-

fielmetingen aan de spiegel.

In hoofdstuk 6 wordt de karakterisering van de gasgevulde LVOF in detail bespro-

ken. Allereerst worden de resultaten van de karakterisering van het filter zelf getoond en

toegelicht. Door de beperkingen van het meetinstrument wat betreft de lichtbron, kan

de breedbandige karakterisering met een Fourier spectrometer (Fourier transform in-

frared -FTIR- spectrometer) slechts kwalitatief zijn. De simulatieresultaten op basis van

het Fizeau model werden bevestigd door gebruik te maken van een op maat gemaakte

opstelling met een HeNe laser. Na een korte discussie over de eisen te stellen aan de be-

huizing van sensoren voor gasmetingen, wordt de spectrale respons van het filter voor

methaan bij 3392 nm gepresenteerd. De breedbandige metingen aan methaan, ethaan

en propaan werden uitgevoerd met een optische parametrische oscillator (OPO) laser

als lichtbron. Een meer dan 60-voudige verlenging in optische weglengte wordt experi-

menteel verkregen en de respons voor verschillende gasmengsels wordt getoond.

Hoofdstuk 7 sluit het proefschrift af en geeft voorstellen voor toekomstige werkzaam-

heden.
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Robert Sokolovskij and Gustavo Campos Martins. I was lucky to work with Prof. dr. Kofi

Makinwa in the organization of monthly colloquiums, where I learned how to help my

colleagues prepare their presentations and how to trick people into attending an event

using pizza as a bait.

According to the World Health Organization, most of the world’s population spend

one-third of their adult life at work. If it was not for my past and present office mates

Dr. Zhichao Tan, Saleh Heidary Shalmany, Long Xu and Hui Jiang, my job would not be

bearable. I am particularly thankful to Hui for always having back-up for my afternoon

sugar craving. Thanks to Hui and his wife Unee, I had the chance to taste amazing, and

usually very spicy, Chinese food at several occasions.

The Electronic Instrumentation Laboratory has been my second home in the last

four years. This thesis would not be completed without the help of EI people. Our tech-



ACKNOWLEDGEMENTS 151

nicians Lukasz Pakula, Zu-yao Chang, Ron van Puffelen and Jeroen Bastemeijer were

always there with practical solutions when needed. The secretaries Joyce Siemers and

Karen van Busschbach served more like lifelines when we had to tackle the bureaucracy

of TU Delft. It was always great to see friendly faces of my colleagues Zeyu Cai, Chao

Chen, Xiaoliang Ge, Burak Gönen, Accel Abarca Prouza, Uğur Sönmez, Xin Yu, Stephen

van ’t Hof, Dr. Fabio Sebastiano, Dr. Ruimin Yang and Dr. Guijie Wang in the corridors

of EI Laboratory and Dr. Aslıhan Arslan, Dr. ir. Sten Vollebregt, Dr. Jing Zhang, Pan Liu,

Cinzia Silvestri, Miki Trifunovic, Dr. Amir Sammak and Dr. Sima Tarashioon at ECTM.

My special thanks go to Aslıhan for helping me find this PhD position and adjust to Delft

during my first year.

I fell in love with Delft, the moment I set foot in it. But what made it more beauti-

ful was the kind people of Delft. Among many of them that I got to know, I am mostly

grateful to René and Marijke Colsen for making this small town feel more like home.

They say it becomes harder to make good friends as you become older. Funnily

enough, I made my best friends after mid-twenties. Dr. Sibel Eker, my true friend, has

been there for me from the beginning to the end at good times and bad times. Together

we traveled to places that I would never go, cooked dishes that I would never cook, saw

movies that I would never see, did sports that I would never do... Ok, ice-skating does

not count, but at least we tried. I am also grateful that she agreed to be my paranymph

in the defense ceremony. Rumor has it that paranymphs are officially entitled to carry a

sword, so will she? I had the chance to get to know Arjang Alidai only in the last two years

but all the laughter that Sibel and he brought into my life made up for lost time. Laura

Kingston came into my life quite unexpectedly as a room mate when I was an under-

graduate. Despite moving to initially different universities and then different countries,

we always stayed in touch. Although she is not able to stand by my side this time, I am

deeply grateful for her moral support during both my MSc and PhD years. Cem Sağıroğlu

was always a phone call away when I needed a friend to talk to. It is very comforting to

know that we can still share a laughter despite the miles between us.

The involvement of parents in their child’s education is indispensable. However, my

parents took it a bit too seriously. My mother, a primary school teacher herself, was

practically my in-house teacher, who turned out to be more demanding than her day-

time counterpart. To this day, I can confidently say that I studied primary school twice.

Despite his vast knowledge about geography, my father did not particularly enjoy help-

ing me with my courses. Instead, he took care of all the practical matters. Thanks to

this admirable team effort I made it through high school. Then, my brother, whom I fol-

lowed career-wise for quite a while, came into play. Thanks to his endless support and

experience, I managed to become an engineer. Even though my family’s input gradually

decreased over the years, they never stopped supporting me and occasionally remind-



152 ACKNOWLEDGEMENTS

ing me to work harder. Apparently the involvement of family in a child’s education is also

everlasting! In all seriousness, I am deeply grateful to my family for standing by my side

at every step I take in life.

As the Swedish proverb goes: shared joy is a double joy, shared sorrow is half a sorrow.

I was lucky to share all the ups and downs of the last four years with René. Here’s to many

more years full of adventures...



LIST OF PUBLICATIONS

JOURNAL ARTICLES
1. N. P. Ayerden, M. Ghaderi, P. Enoksson, G. de Graaf, and R. F. Wolffenbuttel, "A

miniaturized optical gas-composition sensor with integrated sample chamber",

Sensors and Actuators B: Chemical (2016).

2. N. P. Ayerden, G. de Graaf, and R. F. Wolffenbuttel, "Compact gas cell integrated

with a linear variable optical filter", Optics Express 24, 2981-3002 (2016).

3. N. P. Ayerden, U. Aygun, S. T. S. Holmstrom, S. Olcer, B. Can, J.-L. Stehle, and

H. Urey, "High-speed broadband FTIR system using MEMS", Applied Optics 53,

7267-7272 (2014).

4. H. R. Seren, S. Holmstrom, N. P. Ayerden, J. Sharma, and H. Urey, "Lamellar-grating-

based MEMS Fourier transform spectrometer", Journal of Microelectromechani-

cal Systems 21, 331-339 (2012).

5. M. Ghaderi, N. P. Ayerden, A. Emadi, P. Enoksson, J. H. Correia, G. de Graaf, and

R. F. Wolffenbuttel, "Design, fabrication and characterization of infrared LVOFs for

measuring gas composition", Journal of Micromechanics and Microengineering

24, 084001 (2014).

6. M. Ghaderi, N. P. Ayerden, G. de Graaf, and R. F. Wolffenbuttel, "Minimizing stress

in large-area surface micromachined perforated membranes with slits", Journal of

Micromechanics and Microengineering 25, 074010 (2015).

CONFERENCE PROCEEDINGS
1. N. P. Ayerden, G. de Graaf, P. Enoksson, and R. F. Wolffenbuttel, "A highly minia-

turized NDIR methane sensor", in SPIE Photonics Europe, Brussels, Belgium, 2016,

pp. 98880D-98880D-8. *Best student paper award

2. N. P. Ayerden, M. Ghaderi, G. de Graaf, and R. F. Wolffenbuttel, "A miniaturized

optical sensor with integrated gas cell", in Procedia Engineering (Eurosensors), 120,

392-395, 2015.

153

http://dx.doi.org/10.1016/j.snb.2016.03.081
http://dx.doi.org/10.1364/OE.24.002981
http://dx.doi.org/10.1364/AO.53.007267
http://dx.doi.org/10.1364/AO.53.007267
http://dx.doi.org/10.1109/JMEMS.2011.2180362
http://dx.doi.org/10.1109/JMEMS.2011.2180362
http://iopscience.iop.org/0960-1317/24/8/084001
http://iopscience.iop.org/0960-1317/24/8/084001
http://iopscience.iop.org/0960-1317/25/7/074010
http://iopscience.iop.org/0960-1317/25/7/074010
http://dx.doi.org/10.1117/12.2225924
http://dx.doi.org/10.1117/12.2225924
http://dx.doi.org/10.1016/j.proeng.2015.08.649
http://dx.doi.org/10.1016/j.proeng.2015.08.649


154 LIST OF PUBLICATIONS

3. N. P. Ayerden, M. Ghaderi, G. de Graaf, and R. F. Wolffenbuttel, "Optical design

and characterization of a gas filled MEMS Fabry-Perot filter", in SPIE Microtech-

nologies, Barcelona, Spain, 2015, pp. 95171N-95171N-8.

4. N. P. Ayerden, M. Ghaderi, G. de Graaf, and R. F. Wolffenbuttel, "A miniaturized

optical sensor for natural gas analysis", in The Sense of Contact, Soesterberg, the

Netherlands, 2015. *Best poster award

5. N. P. Ayerden, M. Ghaderi, G. de Graaf, and R. F. Wolffenbuttel, "A lossy Fabry-Perot

based optical filter for natural gas analysis", in Procedia Engineering (Eurosensors),

87, 1410-1413, 2014.

6. N. P. Ayerden, M. Ghaderi, M. F. Silva, A. Emadi, P. Enoksson, J. H. Correia, G. de

Graaf, and R. F. Wolffenbuttel, "Design, fabrication and characterization of LVOF-

based IR microspectrometers", in SPIE Photonics Europe, Brussels, Belgium, 2014,

pp. 91300T-91300T-10.

7. N. P. Ayerden, M. Ghaderi, G. de Graaf, and R. F. Wolffenbuttel, "A linear vari-

able optical filter (LVOF) for gas analysis", in The Sense of Contact, Soesterberg,

the Netherlands, 2014.

8. N. P. Ayerden, M. Ghaderi, G. de Graaf, and R. F. Wolffenbuttel, "Design and fab-

rication of a lossy Fabry-Perot detector for infrared absorption spectroscopy on

combustible gases", in Micromechanics and Microsystems Europe, Espoo, Finland,

2013.

9. N. P. Ayerden, J. L. Stehle, S. Holmstrom, and H. Urey, "MEMS FTIR spectrome-

ter and optical results", in 2012 International Conference on Optical MEMS and

Nanophotonics, Banff, AB, Canada, 2012, pp. 130-131.

10. N. P. Ayerden, S. Holmstrom, H. R. Seren, S. Olcer, J. Sharma, S. Luettjohann, T.

Sandner, and H. Urey, "MEMS Fourier transform IR spectrometer", in 2011 Inter-

national Conference on Optical MEMS and Nanophotonics, Istanbul, Turkey, 2011,

pp. 11-12.

11. H. R. Seren, N. P. Ayerden, S. Holmstrom, and H. Urey, "MEMS Fourier transform

spectrometer", in General Assembly and Scientific Symposium, 2011 XXXth URSI,

Istanbul, Turkey, 2011, pp. 1-4.

12. H. R. Seren, N. P. Ayerden, J. Sharma, T. S. S. Holmstrom, T. Sandner, T. Grasshoff,

H. Schenk, and H. Urey, "Lamellar grating based MEMS Fourier transform spec-

trometer", in 2010 International Conference on Optical MEMS and Nanophotonics,

Sapporo, Japan, 2010, pp. 105-106.

http://dx.doi.org/10.1117/12.2178773
http://dx.doi.org/10.1117/12.2178773
http://dx.doi.org/10.1016/j.proeng.2014.11.707
http://dx.doi.org/10.1016/j.proeng.2014.11.707
http://dx.doi.org/10.1117/12.2052620
http://dx.doi.org/10.1117/12.2052620
http://dx.doi.org/10.1109/OMEMS.2012.6318837
http://dx.doi.org/10.1109/OMEMS.2012.6318837
http://dx.doi.org/10.1109/OMEMS.2011.6031021
http://dx.doi.org/10.1109/OMEMS.2011.6031021
http://dx.doi.org/10.1109/OMEMS.2011.6031021
http://dx.doi.org/10.1109/URSIGASS.2011.6050602
http://dx.doi.org/10.1109/URSIGASS.2011.6050602
http://dx.doi.org/10.1109/OMEMS.2010.5672163
http://dx.doi.org/10.1109/OMEMS.2010.5672163


LIST OF PUBLICATIONS 155

13. M. Ghaderi, N. P. Ayerden, G. de Graaf, and R. F. Wolffenbuttel, "Vapour HF release

of airgap-based UV-visible optical filters", in Procedia Engineering (Eurosensors),

120, 816-819, 2015.

14. M. Ghaderi, N. P. Ayerden, G. de Graaf, and R. F. Wolffenbuttel, "Optical characteri-

zation of MEMS-based multiple air-dielectric blue-spectrum distributed Bragg re-

flectors", in SPIE Microtechnologies, Barcelona, Spain, 2015, pp. 95171M-95171M-

6.

15. M. Ghaderi, N. P. Ayerden, G. de Graaf, and R. F. Wolffenbuttel, "Surface-microma-

chined Bragg reflectors based on multiple airgap/SiO2 layers for CMOS-compatible

Fabry-Perot filters in the UV-visible spectral range", in Procedia Engineering (Eu-

rosensors), 87, 1533-1536, 2014.

16. M. Ghaderi, N. P. Ayerden, A. Emadi, P. Enoksson, J.H. Correia, G. de Graaf, and

R. F. Wolffenbuttel, "LVOF-based IR microspectrometer for gas composition mea-

surement", in Micromechanics and Microsystems Europe, Espoo, Finland, 2013.

17. E. Karimi Shahmarvandi, M. Ghaderi, N. P. Ayerden, G. de Graaf, and R. F. Wolffen-

buttel, "CMOS-compatible metamaterial-based wideband mid-infrared absorber

for microspectrometer applications", in SPIE Photonics Europe, Brussels, Belgium,

2016, pp. 988309-988309-9.

http://dx.doi.org/10.1016/j.proeng.2015.08.674
http://dx.doi.org/10.1016/j.proeng.2015.08.674
http://dx.doi.org/10.1117/12.2178609
http://dx.doi.org/10.1117/12.2178609
http://dx.doi.org/10.1016/j.proeng.2014.11.591
http://dx.doi.org/10.1016/j.proeng.2014.11.591
http://dx.doi.org/10.1117/12.2227800
http://dx.doi.org/10.1117/12.2227800




ABOUT THE AUTHOR

N. Pelin Ayerden was born in Karabük, Turkey in 1986.

She attended both primary and high school in the histor-

ical town of Safranbolu. She attained her BSc degree from
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