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De omgevingscondities zijn uitermate belangrijk voor het verkrij gen van
gunstige eigenschappen van een IR sensor: koeling is voor een
fotonsensor net zo belangrijk als vacuiimzuigen is voor een thermisch
Sensor.

De "absorbers" die in dit proefschrift worden voorgesteld beperken zich
niet tot toepassing in thermo-elektrische onderdelen, maar kunnen ook
worden toegepast in zonnecollectoren en andere onderdelen.

"Absorbers" die gebaseerd zijn op het gebruik van metamaterialen
combineren de functies van zowel absorptie als van spectrale filtering.

Het meten van lokale temperatuurverschillen maakt het mogelijk om met
een thermokoppel op directe wijze opgenomen warmte te kunnen meten.
In vergelijking met alternatieve thermo-elektrische onderdelen met
dezelfde kwaliteiten gaat dit echter ten koste van gebruik van een groter
chipoppervlak. Dit grotere oppervlak is nodig om lokaal contact te
kunnen maken tussen twee grenslagen.

De voordelen die behaald zijn met het verminderen van warmtegeleiding
via lucht door vacuiimzuigen zijn van meer betekenis voor "surface-
micromachined" onderdelen dan voor "bulk-micromachined"
alternatieven (dit proefschrift, Figure 4-9).

Ofschoon het geweldig was een sensorsysteem te ontwikkelen
uitgevoerd met microtechnologie, zou het toch tijdbesparend zijn
geweest om hetzelfde te doen met macrotechnologie.
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Hoewel TUDelft binnenshuis een uitnodigende infrastructuur biedt voor
het uitvoeren van onderzoek, vormt het Nederlandse weer de
belangrijkste aanmoediging om er regelmatig gebruik van te maken.

Met het begrijpen van de complexiteit van het leven is het net zo gesteld
als met het interpreteren van een meetresultaat. Je moet het statische
gedrag begrijpen voordat je je in het dynamische domein begeeft.

Een positieve werkhouding doet je jonger voelen dan je leeftijd is. Dit is
bijzonder nuttig voor het oplossen van al die problemen waarvoor je
wordt gesteld bij het uitvoeren van experimenteel onderzoek.

Het opgroeien op een bergachtig eiland verschaft iemand het perspectief
om de schoonheid van de natuur te zien; het uitvoeren van onderzoek in
een vlak land op zeeniveau verwijdt iemands kijk op wetenschap.

Eén van de culturele verschillen tussen Oost en West: In Taiwan,
zakelijke activiteiten worden verspreid over de gehele dag uitgevoerd. In
Nederland, bel a.u.b. gedurende werktijd.

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als
zodanig goedgekeurd door de promotor, prof. dr. ir. G.C.M. Meijer.
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The operating ambient is a key performance parameter for an IR sensor:
cooling is as important to the photon sensor as evacuation is to the
thermal sensor.

The absorbers presented in this thesis are not restricted to application in
thermo-electric detectors, but they can be applied in solar collectors and
other devices.

Absorbers based on metamaterials combine both the absorption and
spectral-filtering functions.

Measuring the local temperature difference enables the thermocouple to
directly measure absorbed heat, but comes at the expense of more chip
area required than for alternative thermo-electric devices with the same
performance. The larger area is needed to make thermal contact between
two junctions locally.

The benefit gained from reducing heat conduction through air by
evacuation is more significant for surface-micromachined devices than
for bulk-micromachined devices. (This thesis, Figure 4-9).

Although it has been great to develop a sensor system in micro-
technology, it would have taken much less time to do so in conventional
macro-technology.
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Propositions required for the thesis
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Although Delft University of Technology offers an inviting indoor
research infrastructure, it is the Dutch weather that provides the main
incentive to make frequent use of it.

Understanding the complexity of life is like interpreting a measurement
result. You have to understand DC behaviour before being able to jump
into the AC domain.

A positive working attitude makes one feel even younger than one's age,
which is particularly useful when trying to solve all those unexpected
experimental problems.

Growing up on a mountainous island gives one the perspective of seeing
the beauty of nature; performing research on a flat terrain at sea level
widens one's view on science.

One of the cultural differences between East and West: In Taiwan,
business activity is spread out over almost the entire day. In the
Netherlands, please only call during office hours.

These propositions are regarded as opposable and defendable, and have been

approved as such by the supervisor, prof. dr. ir. G.C.M. Meijer.
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Introduction

1.1 Motivation and Objectives

The performance of laboratory infrared (IR) spectrometers, which include
optics, electronics, firmware and software, has been enhanced consistently over
the years. Presently, the overall system is typically capable of satisfying a

resolution of 8 cm’! (3.2 nm) at a wavelength of 2 pum, which is more than
adequate for the vast majority of applications [1.1]. Spectrometers which measure
an optical spectrum have huge potential in many applications, such as in
chemistry, medicine, space exploration, agriculture, and quality control in
manufacturing industries [1.2]. However, laboratory spectrometers have several
operational drawbacks, such as size, cost, high power consumption and lack of
capability to perform the in-situ measurements. Therefore, there is an increasing
demand for miniaturizing /R spectrometers by means of the well-developed
integrated circuit (/C) technology. When miniaturized, a device can provide
operational advantages such as portability and smaller sample requirements.

This thesis describes IR micro-spectrometers which are based on
components that are fabricated using photonic and micro-electro-mechanical
systems (MEMS) technologies. The micro-spectrometer may operate either by
using an array of detectors, each with a uniform or spectrally selective response,
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or by scanning the dispersed light using a single calibrated detector. Both methods
have advantages and drawbacks. The system with a single calibrated detector can
offer the options of being lower cost and having a simple design. However, the
scanning time is longer during the wide spectral range scan. The complete system
can even malfunction or have stability issues if the single detector is damaged or
drifts. Therefore, the implementation of a detector array is usually preferred.

In general, IR detectors' can be divided into two categories: photon and
thermal. Photon detectors perform much better in terms of sensitivity and
response time. However, the material used for fabrication of photon detectors is
not silicon, because of physical limitations. As a result, the integration of a CMOS
process into the read-out electronics is less possible due to compatibility issues.
Furthermore, the spectral response of the photon detector is not flat, meaning that
the detector needs to be characterized before use in some spectral scan
applications. Thermal detectors, on the other hand, convert the infrared radiation
into the heat flux. The heat flux can be further converted into the electrical signal
by the transduction effect. Moreover, thermal detectors can be fabricated using
silicon technology, which makes it possible to integrate the electronics into the
system.

Thermal detectors are suitable for consumer applications, where a moderate
performance is required in terms of sensitivity and response time. The spectral
response of the detector is flat due to the coating material. By applying the new
technology of absorber, the spectral response can be custom tuned to achieve the
spectral selective function. This option increases the possibility of further
reducing the number of optical components in the micro-spectrometer.

The target of this thesis is to design an R detector array for use in micro-
spectrometer applications. Since the emphasis is on the compatibility with a
CMOS process, a system with a CMOS-compatible silicon thermal detector array
is pursued. The thermal detector array has a wide range of applications and it can
be used not only in spectroscopy but also to acquire the temperature profile of the
object. The potential applications of the thermal detector array are listed in
Table 1.

1. The term detector is also meant 'sensor' represented in the whole thesis.
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TABLE 1. Potential applications of thermal detector. [1.3]

Area Use Application
Exhaust gases Gas analysis
Automotive industry Tyres Temperature
Engine Technique Temperature
Breathing air Gas analysis
Medical Anaesthesia Gas analysis
Body temperature Temperature
Steel industry Temperature
Rolling mills Temperature profile
Industry . g |
Mechanical engineering Temperature
Industrial plants Temperature
A Greenhouses Gas analysis
Agriculture
Foods Temperature
Air conditioning COFAil mesreiet T~
technology
Security Gas concentration Gas analysis
Protection from poisonous ;
. : Gas analysis
Military equipment gases
Troop movement Temperature
Space [1.4] Thermal imager Temperature

Hence, the objectives to achieve a high-performance CMOS-compatible IR
micro-spectrometer are listed as follows:

* Design the optical systems for an IR micro-spectrometer.

® Analyze and evaluate all available absorbers which perform the radiant-to-
thermal conversion.

* Analyze and compare all available thermo-electric CMOS compatible
materials.
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Design and optimize a pixel based on the geometries, materials and
projected image from optics.

Design and optimize a detector array based on the single pixel and
projected image of optics.

Analyze and implement the fabrication technologies on the device.

Integrate the optical system with the detector array.

1.2 Organization of this thesis

The objectives and motivation of the work presented in this thesis were
introduced in previous section. An overview of the contents of this thesis is
presented below:

Chapter 2 Architecture of the IR Microspectrometer

An overview of microspectrometers based on different operating principles
is introduced. A new type of spectrometer using metamaterial is purposed as well.
This spectrometer has the potential to be either implemented with other optics or
used alone such that the number of required optical components in the
microspectrometer can be further reduced. Since this thesis concentrates mainly
on the thermal detector, various types of thermal detectors are analyzed and their
characteristics are compared with the photon detector. A market survey of
commercially available products based on different operating principles is also
investigated. The survey shows that not many micro-scale spectrometers can be
found, which constitutes one of the driving forces behind this research.

Chapter 3 Design and Analysis of the Thermo-Electric Detector:
Radiant-to-Thermal Effect

As a tandem detector, the thermal detector performs two conversions: a
radiant (optical)-to-thermal and a thermo-to-electrical conversion. This chapter
discusses the various types of absorbers that can be utilized for the optical-
thermal conversion. Two new types of absorbers are introduced: carbon
nanotubes and metamaterials. Each type of absorber has its strengths and
weaknesses. The choice of absorber is based on the conversion efficiency and
process compatibility.
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Chapter 4 Thermo-Electric Effect and Design of the Detector Array

Chapter 4 discusses the thermo-to-electrical conversion by exploiting the
Seebeck effect. Although the selected materials do not have the best
thermoelectric (7E) effect, the choice of materials and fabrication strategy is
driven by CMOS compatibility. The second part of this chapter presents the
design and an advanced analysis. The design starts from a single element and then
extends to an array that is suitable for the imaging of the dispersive spectrum. The
design analysis includes the analytical modeling and numerical method for
verification.

Chapter 5 Micromachining Technology for the Thermo-Electric
Detector

The performance of the thermal detector is determined by its structure and
the extent to which the transduction effect can be actually used. Therefore,
micromachining technology is required to realize a 3D device in which the
thermal loss is minimized. Two types of conventional micromachining
technologies are discussed separately.

Chapter 6 TE Detector Array Fabricated by Bulk Micromachining

A thermoelectric detector array fabricated by bulk micromachining is
introduced. As the preliminary yield after the fabrication is not acceptable, the
process needs to be modified in order to maintain good mechanical stability.
Moreover, a device fabricated by bulk micromachining has less freedom in the
post-packaging process, which is often used nowadays to improve the
performance of the device substantially.

Chapter 7 TE Detector Array Fabricated by Surface Micromachining

This chapter discusses a thermoelectric detector array fabricated by surface
micromachining. The fabrication of the interference-based IR absorber is
presented. The performance of the detector array is discussed in the final part of
this chapter. Although the performance of the device has much lower sensitivity
compared to the device processed with bulk micromachining, it can be further
improved by advanced packaging technology such as wafer-level packaging or
thin-film encapsulation.

MEMS-based Linear Thermopile Detector Arrays for IR Microspectrometers )’
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Chapter 8 Conclusions

The whole work presented in the thesis is summed up in this chapter, and
several relevant inferences and future research are proposed as well.

1.3 References

[1.1] R.A. Crocombe. (2008, 01/Jan) Miniature Optical Spectrometers: There's
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Architecture of the IR
Microspectrometer

2.1 Introduction

A spectrometer is an optical instrument used to measure properties of light
over a specific part of the electromagnetic spectrum, as shown in Figure 2-1. It is
used in spectrometry for producing spectral lines and measuring the wavelengths
and intensities of light emitted, reflected or transmitted by a sample under test.
Small, light-weight, miniature spectrometers for measuring an optical spectrum
have a huge functionally potential in many applications, such as chemistry,
medicine, space, agriculture and quality inspection in the manufacturing
industries [2.1].

The practical advantages of the miniaturization of the spectrometers are
their portability and the possibility to perform in-situ measurements. The
miniaturization can also ease the integration of micro and miniature
spectrometers into other technologies like microelectronics to results in lab-on-a-
chip devices which are in great demand. Combining the microspectrometer with
microelectronics enables the integration of the functionality that is required to
realize the kind of user-friendliness that is required in medical applications, such
as point of care diagnostics.

MEMS-based Linear Thermopile Detector Arrays for IR Microspectrometers 7
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The pixel number in combination with the slit and grating options
determines both the dimensions and resolving power. Normally, the dispersion, or
the wavelength range divided by the number of pixels, is utilized while discussing
the resolution. Full width-half maximum (FWHM), or the width of a peak at half
of its maximum intensity is a better way of determining the resolution [2.2].
Based on the FWHM the actual optical performance of one spectrometer design
can be compared directly to another. This chapter chiefly introduces the
applications of the spectrometer in the first section. The different types of the
spectrometers are demonstrated according to operating principle. A new type of
spectrometer using metamaterials is subsequently introduced. Since this thesis
emphasizes the detector array, an overall view of available detector arrays is
presented as well. Finally, the commercially available mini or micro-
spectrometers are outlined in the last section.

@ Electronics Photonics

Microwaves visible x-ray y-ray
MF, HF, VHF, UHF, SHF, EHF -~ ‘I .
| | | | |
10°  10° 10° 10° 107 10® 10" 10 10*
kilo mega giga | tera kilo exa zetta yotta
Frequency (Hz)
Possible Radio Radar | Optical Medical Astrophysics
Applications  Communciations Communciations imaging

(b) Infrared

Fig. 2-1. (a) The electromagnetic radiation spectrum. (b) The infrared
spectrum (FIR: far infrared, MIR: mid infrared, NIR: near
infrared).
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2.2 Applications of the spectrometer

In science, medicine and industry, spectroscopy is used to completely
understand the chemical composition of a gas, liquid or solid of interest.
Spectroscopy is the use of the absorption, emission, or scattering of
electromagnetic radiation by materials to study atom or molecules or to observe
physical processes. /R absorption spectroscopy is the most frequent and most
important implementation [2.4]. An example is shown in Figure 2-2 showing the
IR absorption spectra of water, CO,, and ethanol.

[ I I | | | | [ [ | I I
H,0
O-H stretching
H
” %
O\H bending
{4
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!
2
Q O,
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2 stretching
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& O-H  stretch c-c-0 GHOH
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/
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| 1 | | | | | | | | 1 |

2 3 4 5 6 7 9 1

8 0 n 12 13 14 15
Wavelength (um)

Fig. 2-2. IR absorption spectra of water, CO, and ethanol [2.3].

2.3 Configuration of a spectrometer

The generic configuration of the spectrometer is illustrated in Figure 2-3. A
suitable light source can be used to generate a continuous or pulsed optical signal.
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Pulsed light typically enables the use of measurement techniques that result in a
higher signal-to-noise ratio (SNR). The amplitude or spectral distribution of the
light is changed after passing through the target, which contains compounds that
adsorb light at specific spectral components or generate new components by
photoluminescence. Thus the information of the target is encoded in the spectrum
of the light. The spectrometer is used to decode this information. The dispersion
element is used to separate the broadband light signal into several narrowband
signals.

In general, two different devices are used for the dispersion: a wavelength-
selective or wavelength-encoding device. After the dispersion, the optical signals
are accurately measured and converted into the electrical domains for further
processing. The next sub-section gives more detail information of the principle of
the dispersion.

Light -
ispersion 5 Detection
—p =) element element
&

Fig. 2-3. Configuration blocks of a spectrometer.

2.3.1 Dispersion of light

The dispersion element in a spectrometer can be realized and classified into
several categories based on the operating principle: refraction, interference,
diffraction and newly developed metamaterial method. The first three
foundational operating theory has been explained in detail in the previous
dissertations [2.4][2.5] from Electronic instrumentation laboratory of Delft
university of technology. Therefore, only a short summary is given.

2.3.2 Operating principles

Refraction

The refraction occurs when the light of interest is incident on a medium
with different optical indexes. The prism and optical fiber are the renowned
examples. The different spectral components end up at the detector due to the
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Configuration of a spectrometer

different speed.
Diffraction

When a monochromatic light is incident on the surface of the grating with
multi slits, it passes through the grating and is diffracted into several spectral
components. The distance between two slits, namely the grating constant
determines the diffraction response.

Interference

Interference is realized by splitting the incident radiation into two beams.
The two beams will interfere after passing the two different optical paths with a
well defined difference in length. By proper selecting the path length difference
relative to the wavelength, the specific spectral component comes out at the
entrance of the detector. The famous commercially available standard instrument
using the interference principle is the fourier transform infrared spectrometer
(FTIR). FTIR based spectrometers have two major advantages over dispersive
and interference filter-based instruments [2.6]:

* A multiplex SNR since the detector views all the wavelengths
simultaneously.

* Enhanced light gathering capability since the aperture size is much larger
than that in dispersive instruments.

On the other hand, some shortcomings can be stated: the mechanical
complexity, the precision of alignment and translation of moving parts. Therefore,
it is less favourable for the low cost and mass fabrication.

2.3.3 Dispersive component

2.3.3.1 Grating

In 2001, S.H. Kong et al. [2.5] reported an infrared microspectrometer using
diffraction grating as the dispersive element, as shown in Figure 2-4. The benefits
are no-moving parts used in the system and high speed. It has been stated that the
system performance is driven by not only the grating but the slit (both entrance
and exit) and detector (number of and size of pixels) as well. The different types
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of gratings have different efficiency curves and the imaging pattern, which is also
important during optimization. A grating-based microspectrometer is designed in
this thesis as well. Then the next chapter will explore the optimization of the
detector array based on the imaging pattern of the grating.

Entrance

slit "\l Collimating
mirror

Focusing
| 7 mirror
Exit slit

Fig. 2-4. A grating spectrometer [2.4].

2.3.3.2 Fabry-Perot interference filter

Fabry-Perot interferometer is another type of the device using interference
principle except FTIR. A specific wavelength can be selected by simply adjusting
the width of resonating cavity in the Fabry-Perot etalons as shown in Figure 2-5.
JH. Correia et al. [2.7] published a micro-spectrometer with Fabry-Perot
interferometer ion the visible range. It is arranged in a 4 x 4 array in which each
pixel has one Fabry-Perot etalon channel to a selective specific wavelength. As a
result, no moving part is required.

A. Emadi et al. [2.8] reported a continuous bandpass filter which has been
intentionally wedges in one direction. This linear variable optical filter (LVOF) is
fabricated using the reflow of photoresist and transferred the wedge shape into the
silicon by etching process. The LVOF can be fabricated by other methods and is
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commercially available [2.9].

Reflected light

e e

Input source

St
\\ i\ \\'!’\ \\
Transmitted light
Fig. 2-5. Fabry-Perot etalon [2.4].

2.3.3.3 Metamaterial

The metamaterial is defined as a substance that acquires its electromagnetic
properties from imbedded physical structures instead of from its chemical
composition. Therefore they are artificial materials engineered to have properties
that may not be found in nature. We propose to use metamaterial to perform the
spectral selection function. The idea is to simply integrate the dispersive element
and the detection function in the detector array such that the number of
components can be reduced to achieve the low-cost requirement for mass
production. It is also possible to combine with an external optical filter, for
instance LVOF, in the system to realize a high resolution microspectrometer. The
principle of the metamaterial based-spectrometer is discussed in the next chapter.

2.4 Detection of Infrared radiation

Infrared radiation was discovered by Herschel using a mercury-glass
thermometer to detect the sunlight that had been dispersed by a prism [2.10].
From the history of the development in the IR detector technology, a simple
theorem can be declared: All physical phenomena in the range of about 0.1-1 eV
(12-1.2 um in wavelength) can be proposed for infrared detectors [2.11]. Those
applications of the effects are thermoelectric power (thermocouples), change in
electrical conductivity (bolometers), gas expansion (Golay cell), pyroelectricity
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(pyroelectric detectors), photon drag, Josephson effect (Josephson junctions),
internal emission (PtSi Schottky barriers), fundamental absorption (intrinsic
photodetectors), impurity absorption (extrinsic photodetectors), low dimensional
solids (quantum well detectors), different types of phase transitions, etc [2.12]. In
general, infrared detectors can be classified into two groups based on operating
principle: Photon detectors and Thermal detectors.

2.4.1 Photon detectors

In photon detectors the radiation is absorbed within the material by
interaction with electrons, either bound to lattice atoms or to impurity atoms or
with free electrons. The observed electrical output signal results from the changed
electronic energy distribution. The photon detectors show a selective wavelength
dependence of response per unit incident radiation power. They exhibit both good
signal-to-noise performance and a very fast response. Photon detectors for long-
wavelength operation (beyond about 3 pm) are generally cooled to avoid a
detection limit by high leakage current by thermal generation of charge carriers.
The thermal transitions compete with the optical ones, making non-cooled
devices very noisy. Cooling requirements are the main obstacle to the more

widespread use of IR systems based on the semiconductor photo detectors,
making them bulky, heavy, expensive and inconvenient to use [2.13].
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Fig. 2-6. Comparison of the detectivity D"of various commercially
available infrared detectors when operated at the indicated
temperature. Chopping frequency is 1000 Hz for all detectors
except the thermopile (10 Hz), thermocouple (10 Hz),
thermistor bolometer (10 Hz), Golay cell (10 Hz) and
pyroelectric detector (10 Hz). Each detector is assumed to
view a hemispherical surrounding at a temperature of 300 K.

Theoretical curves for the background-limited D*(dashed
lines) for ideal photovoltaic and photoconductive detectors
and thermal detectors are also shown. [2.14] year:2005

2.4.2 Thermal detectors

Another group of infrared detectors is the thermal detectors. The incident
radiation is absorbed to change the material temperature, and the resulting change
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in some physical properties is used to generate an electrical output.

Incident radiation power

Fig. 2-7. The schematic of thermal detector mounted via legs to heat
sink.

In general, thermal detectors include an absorbing element with heat
capacity (C) which converts the incident electromagnetic radiation to heat, and
which is attached to a heat sink at temperature 7 via thermal conductance (G).
After the incident radiation power (P) is turned on, the temperature 7 of this
absorbing element initially increases with time at rate d7,/dt = P/C and
approaches the limiting value T, =T + P/G with the thermal time constant 7= C/
G. When the radiation is turned off, the temperature is reduced again to 7; with

the same time constant 7. Thermal detectors are frequently used in combination
with an optical chopper to give a periodic response to a signal which is modulated

at a frequency @ ~ 1/ 7. The signal does not depend upon the band gap structure
of the detector material in relation for the photonic nature of the incident
radiation. Thus, the thermal effects are generally wavelength independent. In
contrast to photon detectors, thermal detectors typically operate at room
temperature. The heating and cooling of a detector element by absorbed radiation
is a relatively slow process, which results in a modest sensitivity and slow
response relative to photon detectors [2.15]. Nevertheless, it has found wide
spread use in consumer applications, where high sensitivity or fast response is not
required. The comparison between photo and thermal detectors is shown in
Table 1.
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TABLE 1. Comparison of Photon Detectors and Thermal detectors
for IR applications [2.16].

Parameter Photon Detectors Thermal
Detectors
Sensitivity High Low
Spectral response Narrow and Wide and flat
selective

Response time Fast Slow
Operating temperature ~ Cryogenic Room
Cost Expensive Economical
System requirement Cooling system Optical chopper

The three types of thermal detectors that have been most widely used in
infrared systems are elaborated in the following sub-section. These and other
types of thermal detectors are presented in Table 2.
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TABLE 2. Thermal detectors [2.17].

Detector type Operating principle Change due to
temperature
variation

Bolometer:( Change in electrical Resistance
Metal conductivity

Semiconductor

Superconductor

Ferroelectric

Hot electron)

Thermocouple Voltage generation, caused

/Thermopile by change in temperature
of the junction of two
dissimilar materials

Pyroelectric Change in spontaneous Capacitor
electrical polarization

Golay cell Thermal expansion of a Mechanical
/Gas microphone gas displacement

2.4.2.1 Bolometer

Advanced bolometers use surface micro-machined bridges on CMOS
processed wafers, where the infrared radiation increases the temperature of a
material formed on the thermally isolated and suspended bridge, causing a change
in its resistance related to its temperature coefficient of the resistance. As a result
temperature coefficient resistance (TCR), depending on the material, is needed to
be as high as possible.

The most popular material used in fabrication of the bolometer is vanadium
dioxide, VO, [2.18]. Actually more than 95% market of 2D imager uncooled IR

detectors was taken by VO»-based technologies in 2010 [2.19]. The reason is the

huge development costs were paid for by US military research. The DC
sensitivity can be reached several thousands of volts per watt [2.20]. F. Niklaus et
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al. reported a good overview on MEMS based uncooled IR bolometer array [2.21].
Unfortunately, VO, is not a standard material in /C fabrication and requires

dedicated expensive equipment to prevent the contamination of the CMOS line.
Moreover, the external source applied on the bolometer may cause self-heating
which will introduce the inaccuracy measurement. The external source also limits
the application where each energy payload is taken into account.

Fig. 2-8. The uncooled microbolometer array [2.22].

2.4.2.2 Pyroelectric detector

Pyroelectricity is the electrical potential created in certain materials by
polarization when heated. As a result of a change in temperature, positive and
negative charges accumulate or move to opposite ends of the material and hence,
an electrical potential results [2.23]. A simple pyroelectric detector is illustrated
in Figure 2-9. Overviews of micromachined infrared detectors based on
pyroelectric materials are available [2.24][2.25].
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Fig. 2-9. Illustration of a pyroelectric detector. An increase in
temperature prompts the spontaneous polarization Pg to
decrease the magnitude of dipole moments. The generated
electric potential results the current when the load
(Ammeter) is mounted [2.26].

According to the report of S. Tadigadapa and K. Mateti [2.24], there are
essentially three approaches for realizing piezoelectric MEMS IR devices:

e Deposition of piezoelectric thin films on silicon substrates with
appropriate insulating and conducting layers followed by silicon surface or
bulk micromachining to realize the micromachined transducers.

Direct bulk micromachining of single crystal or polycrystalline
piezoelectrics and piezoceramics Wwith electrodes added to realize
micromachined transducers.

Integration of micromachined structures in silicon via bonding techniques
with bulk piezoelectric substrates.

A good example of a commercially available linear pyroelectric array can
be obtained from DIAS Infrared GmbH [2.27]. The array is produced in a hybrid
fashion where the read-out circuit and a subcarrier with the pyroelectric chip are
placed on a thick-layer wiring carrier. The resulting array has up to 256 elements
and a responsivity up to 65 kV/W. However, the noise equivalent power (NEP) is
less favourable due to the high impedance of pyroelectric films.
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2.4.2.3 Thermocouple/Thermopile-based detector

Two dissimilar materials are connected at two junctions to make a
thermocouple as shown in Figure 2-10. When there is a temperature difference, a
voltage is generated due to the Seebeck effect in the thermoelectricity. In general,
two or more thermocouples are required across the same temperature difference
for yield a sufficient voltage output, which is to the so called thermopile. Details
of the Seebeck effect are given in chapter 4. Other thermoelectric effects are: the
Peltier effect, and the Thomson effect.

Material A Cold junction

ab,Seebeck

Material B

Fig. 2-10. A simple thermocouple.

Forcing an electric current through the thermocouple results in a
temperature difference between the two junctions. This effect is referred to as the
Peltier effect. The current results in a transfer of heat from one junction to the
other, which means one junction cools down while the other one heats up. As a
result, this effect can be practically applied as an integrated thermoelectric cooler
in a microsystem [2.28].

The Thomson effect describes the heating or cooling of a current-carrying
conductor in case of a temperature gradient. Any current-carrying conductor, with
a temperature difference between two points, will either absorb or release heat,
depending on the material. However, there is still no prominent application in
micro-electronics so far.

A good example of a supplier of thermopile-based /R detector arrays is
Dexter Research [2.29]. Figure 2-11 shows a 2 x 16 staggered element silicon-
based thermopile array.
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Fig. 2-11. Thermopile detector (Courtesy of Dexter Research, USA).

The requirements using the thermopile-based linear array for use in the
spectroscopy in the consumer applications are a subset of the space application,
which is typically with more restrictions. The following requirements are used in
the space application [2.30]:

e Uncooled detector array

¢ Flat and broadband response

¢ No requirement of electrical bias
Reduction of mass, size and cost
Stability with substrate temperature
Linear Response
Calibrated response for radiometry
Radiation hard
CMOS compatibility

Except for the radiation hardness, these requirements are also relevant to the
thermopile array for terrestrial use. Table 3 reveals the typical performance
specifications of some commercially available linear thermopile arrays.
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It has been shown from the table that the thermopile detectors have low
impedance, while pyroelectric detectors have very high impedance. Therefore
usually an amplifier or an impedance converting buffer is required to make them
functionally usable. The low impedance of the thermocouple is an advantage,
because the associated circuitry is less susceptible to disturbance from extraneous
radiation and electrical noise. Another point of view is that thermopile detector
output is proportional to incident radiation, while the output of the pyroelectric
detectors is proportional to the rate of change in the incident radiation. Therefore,
the thermopile detector is DC coupled, whereas the pyroelectric detector is AC
coupled.

The often-mentioned self-generating effect of the thermopile (no external
electric power source required) is of limited value, because of the relatively low
thermo-electrical sensitivity and the high-gain amplifier is required.

2.5 Commercially available mini- or micro-
spectrometer on market

One of commercially available miniaturized FTIR is from Carinthian Tech
Research AG [2.34]. This device employed a resonantly driven micromirror,
suspended on two long springs, driven by interlocking comb-structured
electrodes, and contained in a vacuum chamber. The spectrometer covers a
spectral range from 2 to 6 pm, using a thermoelectrically cooled Mercury
Cadmium Telluride (MCT) detector with a spectral resolution of 48 nm at 4 pm. It

has a footprint of 140 x 120 x 120 mm? and a mass of about 1.5 kg.
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Fig. 2-12. (a) A translational micromirror component, using two long
bending springs [2.35] for use in (b) a miniaturized FTIR
spectrometer (Courtesy of CTR, Villach, Austria)

A compact mid infrared (MIR) spectrometer from Wilks Enterprise employs
an uncooled 64-element pyroelectric array and an LVOF, resulting a monolithic,
no-moving-parts design. Two standard spectral ranges are offered: 2.5-4.8 pm
and 5.4-10.8 pm. The spectral range is limited and defined by the LVOF. This
instrument has a built-in attenuated total reflectance sample interface and features

a resolution of 40 nm at 4 pm. The volume is 152 x 165 x 70 mm>with the weight
of 1.5 kg.

. Source

(®)

Fig. 2-13. (a) Optical diagram of the optical head [2.36] for use in (b) a
portable MIR spectrometer (Courtesy of Wilks Enterprise
Inc. East Norwalk, CT USA)

ICx Photonics [2.37] uses a slab waveguide spectrograph design, using
either silicon or germanium. The spectrograph that is based on silicon can operate
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in the 3-5 pum range with a spectral resolution of 20 nm at 4 pum. In case of
germanium, the operation range is in between 7-12 pm with a resolution of 80 nm
at 10 um. The grating was lithographically constructed on the waveguides. The
detection system employs 64 thermopile linear array (Bi-Te, Bi-Sb-Te).
Notwithstanding the outstanding performance, the product is not yet
commercially available.

One interesting product from ICx Photonics is the one chip CO, gas
detector. A highly integrated single component /R device containing all elements
of a Non-dispersive infrared sensor (NDIR) optical bench on a single MEMS

bolometer chip which has size of 2.9 cm? with a mass of about 5 g. This miniature
device generates narrowband infrared radiation tuned to a specific gas by using a
photonic crystal rather than a conventional optical filter. The emitter provides
tuned output with 85% of the blackbody power at the CO, wavelength and

suppresses emission at other bands for high CO, selectivity and power efficiency.
The resulted device can detect CO, in a range of 0—100% with a detection limit of
about 100 ppm.

(®)

Fig. 2-14. (a) Unpackaged die in a traditional package (b) Die with a
high-vacuum wafer-level packaging (Courtesy of ICx
Photonics, USA)

Infratec GmbH [2.38] offers a tiny MIR spectrometer that is based on a
single pyroelectric detector and a tunable Fabry-Perot interferometer in a TO-8
package. The operating principle is illustrated in Figure 2-15(a). The
micromachined Fabry-Perot element is used for scanning over a range of
wavelengths by simply adjusting the control voltage. The bandwidth of these
filters is typically in the range of 60-100 nm. The tuning range is from 3-4.1 pm
and 3.9-5 pm. Although the tuning range is limited by pull-in and also the spectral
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bandwidth is limited, the advantage is the compact system.
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Fig. 2-15. (a) Schematic overview of the tunable Fabry Perot filter
based spectrometer and (b) the system in TO-8 package
(Courtesy of InfraTec GmbH, Dresden, Germany)

2.6 Conclusion

The interaction between /R and target matters has been generally clarified.
Spectrograph acquired from spectrometer can be used to analyze the activity from
a specific target. The reduced volume, weight and cost are favourable for either
the space and consumer application. Therefore, this is a drive to research and
develop on the micro-spectrometer. Excluding the conventional type of
spectrometer, a new type using metamaterial is purposed. The detector is one of
two important parts in a spectrometer. The thermal detectors have some merits in
the mass production albeit the less sensitivity compared with photon detectors.
The thermopile-based detector has potential to be integrated in a complete system
while the process is still CMOS compatible. Lack of completed micro-system has
been shown from the survey of current products on market. Moreover, the design
of a micro-spectrometer will be initiated in the next chapter.
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Design and Analysis of the
Thermo-Electric Detector:
Radiant-to-Thermal Effect

3.1 Introduction

Since the thermal detector array is an essential component in the /R micro-
spectrometer, as is discussed in the previous chapter, optimization approaches
should be provided in order to efficiently design a suitable thermopile detector
array. A thermopile based detector is an optical tandem transducer [3.1]. Radiant
flux is first converted into heat and subsequently into an electrical signal via the
selected thermo-electric effect. This chapter emphasizes particularly the optical to
the thermal conversion. Efficient heating of the absorber requires a high
absorption coefficient in the spectral range of interest. A switchable thin-film
absorber using materials composed of magnesium and titanium to achieve on/off
function is reported[3.2]. However, the materials used in the IC compatible
process, such as polysilicon (PolySi), silicon oxide (Si0,) and silicon nitride
(SiN), have very low absorption in the near IR range. For this reason an absorber
should be implemented for the purpose of improving sensitivity. According to /R
detection and chip technology, the perfect absorber for the thermal detector
should satisfy the requirements as below [3.3]:

* High and constant absorption over a wide spectral range
* Minimum heat capacity
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e High thermal conductivity
¢ High-term stability and reproducibility

Several solutions are available, each with specific advantages and
disadvantages.

Absorbers discussed in this chapter are: 1. Based on a black layer with a
special attention to carbon nanotubes (CNTs). 2. Absorbers realized by
metamaterial as a new type of absorber is proposed. 3.The impedance matching
absorber composed of several thin film layers. The particular advantage of the
third technique is the combination with clean-room processing after the
deposition of absorber.

3.2 Opto-thermal conversion

3.2.1 Metal black absorber

The use of deposits of metallic smokes as an absorber for IR detectors was
first demonstrated in the 1930s [3.4]. The process has remained relatively
unchanged until the 1950s [3.5]. Measurements with a number of metallic smokes
indicated that gold (4u) "black" might have a high ratio of (IR absorption/thermal
mass). This is an important property for /R detectors designed to respond to rapid
variations of incident radiation. The absorbance is high in the spectral range close
to the resonance wavelength where the Au particles cause strong scattering or
absorption, which depends on the size of the Au particles. The absorption can be
more than 90% in the mid IR spectral range.

Generally, the gold black layer is fabricated by evaporation. The quality of
the gold black obtained by evaporating gold in an inert atmosphere relies upon
other issues such as: the gas pressure, the purity of the gas, the distance between
the source and the surface of deposition, the mass of the detector, the rate of gold
evaporation, and the rate of heat conduction from the detector element [3.6]. The
resulting gold black layer is porous and thus fragile and may be crushed or
scratched easily and removed by blowing air. It is also destroyed when wetted and
is difficult to produce at constant quality. Recent progress in the fabrication of
black gold has demonstrated to deposit gold black on a thin, freestanding,
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pyroelectric detector [3.6] and to be patterned by a lift-off technique in an IR focal
plane array [3.7]. Besides the low pressure evaporation process, the high-intensity
femtosecond laser pulses [3.8] has been shown to be a suitable tool for surface
structuring achieving the gold black as shown in the Figure 3-1.

=

N

o e

# e W e,

Fig. 3-1. SEM image of the structural surface of black Au [3.8].

One disadvantage of using porous metals depends on the fact that their
absorption coefficient is in good approximation proportional to their mass per
unit area. This results in a relatively high thickness needed for a high absorption,
thermal mass and conductance on the device [3.9]. Another major shortcoming is
the /C compatibility infringement. The wafer is typically not allowed to re-enter
the clean room after sputtering with black 4w, hence, it cannot be further
processed, for instance for thin-film encapsulation. Nevertheless, gold black has
provided broad and uniform absorptance, relatively low thermal mass represented
as the material density shown in Table 1.

TABLE 1. Comparison of density of materials.

Gold Gold Black Poly Silicon  Silicon Nitrite
[kg/m®]  [3.10] [kg/m’] [kg/m’] [kg/m’]
19300 ; 60 2330 3100

There are alternatives to gold black for /R detector absorber coatings.
Proprietary paints such as 3M black and Catalac black are useful and appropriate
for some applications requiring a very wide spectral response [3.11]. Other metal
blacks such as silver black have been used to enhance the IR sensitivity of
pyroelectric detectors. Silver black is comparable to gold-black; the spectral
response of pyroelectric detectors coated with silver-black reduces by
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approximately 2% as the wavelength decreases from 2.5 to 1 pm. Platinum-black

is deposited using a wet (electrochemical) process and is being used as a coating

for pyroelectric detectors by GEC Marconi'.

3.2.2 Carbon Nanotubes-based absorber

The carbon nanotube (CNT) based absorber can be designed and grown to
feature high absorption efficiency in the terahertz and near IR band, because of
the carbon m band's optical transitions, and is for this reason used in many
conventional black materials, such as carbon black and graphite [3.12]. The
absorptivity is up to 0.85 with moderate reflection at the air-dielectric interface
[3.13]. The absorptivity can be even higher by using nano-structures [3.14].
Optical thin films consisting of nanorods have a lower refractive index and,
consequently, a lower reflectance than dense materials [3.15]. Other advantages
are high thermal conductivity and damage resistance, which make them
promising candidates as coatings for thermal detectors [3.16].

Previous reports on CNT coatings, use either single wall [3.17] or multiwall
[3.18] structures, as an alternative for metal-black coatings. These 2 pm thick
nanotube coatings show a comparable high and spectrally homogeneous
absorption depth ranging from 600 to 1800 nm. However, the deposition
technique requires that the detector is heated up to 1175 °C which exceeds the
Curie temperature of the pyroelectric material used for high performance
detectors, and also makes it incompatible with photolithographic patterning
processes. Moreover the absorption typically has a dip at around 2.5 pm [3.19].

1. GEC Marconi Materials Technology Ltd, Caswell, Towcester, Northants NN12 8EQ,
UK
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Fig. 3-2. Measured spectral absorptance of CNT with different
thickness.

The original contribution projected in this thesis is based on vertically
aligned CNT5, which can be deposited directly on metal catalyst coated substrates
via Chemical vapour deposition (CVD). CVD is a technique used in
semiconductor industry to deposit thin films of highly pure material on a
substrate. This is done by thermal decomposition of gases in a reactor chamber at
a certain pressure and temperature [3.20]. The merit of using metal catalyst by
CVD is to grow the vertically aligned CNT forest as shown in Figure 3-3 and was
grown in DIMES [3.21].

A forest of vertically aligned CNT5 behaves very similarly to a blackbody
[3.22] since it shows a comparable high and spectrally homogeneous absorptance
ranging from 0.2 to 200 pm wavelength. Low reflectance is achieved by having
the refractive index of material between the CNT5 and air satisfy Fresnel’s law. It
is difficult to achieve low reflectance in case of a solid materials, which typically
have an index of relatively higher than 1.4.

A vertically aligned CNTs forest has a low refractive index and can
resemble an aerogel due to low density (high sparseness) and flat top surface.
Therefore, the film porosity provides the adjustment between the refractive index
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of air and the refractive index of substrate [3.23]. It can be used for the fabrication
of graded refractive-index layers with broadband anti-reflective characteristics as
well.

AseNV  SpotMaga -~ Det WD —— 20m
150kV 20 3500x SE 99

Fig. 3-3. (a) SEM images of nanotubes grown on 3 nm Fe at 600 °C
patterned by Lift-off process (b) Growth at 650 °C [3.21].

Table 2 lists the properties of CNTs as compared to conventional black
coatings [3.17]. The table indicates that CNT5 can be a promising candidate as an
absorber for IR applications. Up to date, most reports concentrate on the
characterization of CNT film on bulk substrate. A suspended single-wall CNTs
based bolometer was reported [3.24]. High growing temperature and non-uniform
spectral response are still issues. The vertically aligned CNT5s growth on Lithium
Tantalate, the most popular material for pyroelectric detectors, is also investigated
[3.25]. The 16 pum thick film has a spectrally constant absorptance from the
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visible to the /R wavelength range. The issues are still the high growth
temperature and millimeter dimensions. The thick film and relatively large
dimensions are not compatible with a micro scale detector array. Furthermore the
integration of CNT deposition with a CMOS-MEMS process is still at its infancy.
Another potential advantage of CNT5 presently investigated is the use in energy
scavenging on the condition that the CNT is doped [3.26].

TABLE 2. Comparison of thermal properties of various coatings for
absorber [3.17].

Thermal CNTs 100-1000
conductivity Black Au 0.03
[W/mK]
Black Carbon 0.003
Specific heat CNTs 600
(/K] Black Au 130
Damage CNTs 547
threshold heat Ceramic pyro 250
2
im¥eon] Ni on Cu, Ni on Sapphire 150
Black Au 38

3.2.3 Metamaterials as an absorber

A newly developed narrowband /R absorber using metamaterials is
presented here. The metamaterial is defined as a substance that acquires its
electromagnetic properties from embedded physical structures instead of from its
chemical composition. Methods for tuning the perfect absorber to absorb at
different frequencies will be explored in the following section. The
implementation of the narrowband metamaterial absorber in IR spectroscopy is
discussed at the end of this section.

Metamaterials can be defined as follows: a composite material whose micro
(or nano) structure is artificially designed such that the effective macroscopic
response of the structure to a given excitation is not readily encountered in nature
[3.27]. It is fascinating because the “unusual” electromagnetic characteristic can
be tailored to meet requirements by design. An example is a design with a
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negative index of refraction, which is interesting in a variety of optical
applications such as lenses, beam steerers, couplers, modulators, band-pass filters
and invisible cloaks. Similar to matter which is made up of atoms, the
metamaterial is made up of unit-cells and known as meta-atom [3.28]. By using
artificially designed and fabricated structural units, the concept can be scaled up
similar to conventional continuum materials. A prerequisite in an electromagnetic
metamaterial is that a unit-cell should be much smaller than the driving
wavelength of light. Some reports research further as to propose a rule of thumb
to clearly discriminate metamaterial devices via an effective homogeneity
condition [3.29]:

p<Ail4 3-1)

where p is the average size of a unit cell.

With all the potential applications discussed above, what can we do with
metamaterical on the IR microspectrometer? The answer is to thoroughly utilize
the imperfection of metamaterial and accurately turn out the perfect absorber
implemented on the thermal /R detector. The recent study discloses the trade-off
between bandwidth and loss in the metamaterial. This is a non-essential result for
the conventional application, like a superlens. However, the customed design can
cause a high loss and thus yield a narrow band absorber. This can be used in the
thermal detector in the LVOF based microspectrometer. The requirements and
issues to achieve a good /R metamaterial absorber are discussed in following sub-
sections.

3.2.3.1 Metamaterial & Photonic crystal

What is the difference between metamaterials and photonic crystals, since
both of them can provide negative refraction? In general metamaterials are
realized by metallic structures to provide a negative permittivity and use resonant
structures to supply a negative permeability (hence constitute inductor-capacitor
tank circuits) with a scale much smaller than the wavelength to provide a negative
refraction, while photonic crystals exhibit negative refraction as a consequence of
bandfolding effects [3.30]. Moreover, photonic crystals can be described as
classical diffractive components, whose cellular dimensions are typically integer
multiples of a half-wavelength (p = nxA/2). Consequently, it cannot be equivalent
to a medium with single value refractive index [3.31].
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3.2.3.2 The refractive index

Many laws and equations of electrodynamics and optics apply. The case of
non-magnetic materials with permeability x = 1 is considered here. Therefore, the
well known Snell’s law expresses the refractive index » as:

B (3-2)

where the ¢is the relative permittivity of material.

When the magnetic response of the metamaterial needs to be included, the
refractive index of an electromagnetically sensitive material depends on both the
permittivity and the permeability, through the relation:

n=%\gu (3-3)

The refractive index is negative when both permittivity and the permeability
are smaller than zero. However, how is it related to the absorption of light in the
material? The permittivity and the permeability becomes complex in lossy media
and can be characterized as an effective medium through [3.32]

e=g'vie" u=py +iy" (3-4)

In a metamaterial, the imaginary part of above equation can be manipulated
[3.33]. This enables the creation of loss components of the optical constants (&”
and x”) and draw out much potential for the creation of exotic and useful
materials as an absorber.

3.2.3.3 The impedance matching

The Fresnel equations (or Fresnel conditions) describe the behaviour of
light when moving among media of differing refractive indices. The reflectance R
of a material described by the macroscopic form of Maxwells' equations in case
of an angle of incidence @ from the normal surface, for both transverse electric
(TE) and transverse magnetic (TM) polarizations to vacuum are determined by the
modified conventional Fresnel equations. Since 4 is not equal to one, both £and u
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contribute to R:

J&gu—sin® @ a
u
Jeu—sin’ @

Y7

cosf—

cos @+

2
- —sin* @
g % £¢0s @ —+/eu —sin | (3-6)

£cosf+ ey—sin20|

Therefore, minimum reflectance is achievable at normal incidence if the

absorber material impedance Z =/#/ ¢ is matched to that of vacuum, i.e., when
&£=p. Assume the transmission of the metamaterial is (almost) zero, the
maximum of absorption is reached. Since the thick metal is usually at the bottom
of metallic metamaterial stacks, the zero transmission is valid. Therefore, the two
criteria for a perfect absorber using metamaterial are:

e Maximize the imaginary (lossy) part of refractive index

¢ Impedance matching required, i.e. £ =y

3.2.3.4 The resonance behavior

An engineered metamaterial with simultaneous negative electric
permittivity and negative magnetic permeability can exist without violating any
physical law. Consequently metamaterial resonator acts as an electric-LC
resonator [3.34] supplying electric coupling to the incident electric (E) field
within gaps of the structure. The magnetic coupling is created by the anti-parallel
currents between the upper metallic cell and the bottom metal film response to the
incident Magnetic (H) field.

For appropriately modulating the geometrical parameters (to meet the two
absorbing criteria), the electric and magnetic dipole resonances can be well
overlapped in the given frequency range, providing the ability to almost
completely absorb the electric and magnetic energy. The bandwidth characteristic
of resonator is in general not narrow. However, this behavior can be used to
alleviate some problems, for instance, the out of band signal of LVOF optical
filter.
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Fig. 3-4. Optical behavior of LVOF IR filter combined with Meta-

absorber. The system is illustrated in Figure 4-17 on
page 89.

3.2.3.5 Types of metamaterials

There have been several reports of research demonstrating the feasibility of
metamaterial absorbers in which the loss portions of the optical constants have
been sufficiently exploited rather than the real ones. In the early study phase of
metamaterial the use of split-ring resonators (SRR), which are basically sub-
wavelength sized electromagnets, to effectively generate a negative permeability
was purposed [3.35]. When the incident magnetic field is polarized perpendicular
to the plane of the rings array, resonating currents are induced in the loop which
emulate a magnetic dipole. For the electric field, the negative permittivity is
exhibited by the use of the noble metals at excitation frequencies below their
intrinsic electric plasma frequency ( @p,). The implementation of SRR is reported

and demonstrated with such effects at microwave and terahertz frequencies
[3.33][3.36].

Extending the operating range of metamaterials based on SRR [3.35] to IR
wavelengths necessarily involves complicated fabrication since nanoscale
metallic structures are required to yield resonances. The sub-micron technology
to pattern the nano structures can be realized by electron beam (E beam)
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lithography or focused ion beam milling (FIB) [3.37]. Both techniques suffer
from low throughput, and consequently, the large-area patterning is costly and
time consuming. To date, laboratory demonstrations of metamaterial based
absorbers at optical frequencies have been limited to small structures. Instead of
SRR, the structures based on thin metal-dielectric-metal (MIM) stacks illustrated
in Figure 3-5 with the design parameters optimized for the selected wavelength
has been proven to be a robust methodology for designing complex structures
with customized electromagnetic properties [3.38].

Unit cell

~ Dielectric

Metal

Fig. 3-5. Illustration of metal-dielectric-metal (MIM) stacks meta-
absorber. The result of different shape of unit cell needed to
be further investigated.

3.2.3.6 Angle dependence & Polarization

As discussed before, scaling up in the frequency domain requires scaling
down in the spatial domain. In the nano structure case, the prominent surface
plasmonic response of the metal must also be carefully considered in the design.
This effect can be efficiently excited in noble metals, such as gold, silver, and
copper, due to their free electron like behavior. The requirement for achieving
wide-angle absorption is the sub-wavelength unit cell. Recent numerical
simulations have found that absorption rapidly drops with incident angle when
the unit cell is too large (in the millimeter range) [3.33]. A polarization insensitive
metamaterial absorber is achieved by integrating symmetric electric and magnetic
resonators into the unit cell with nano structures.

Gold has been widely explored as a suitable metamaterial, however, it may
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introduce /C-compatibility issues. A recent report [3.39] has demonstrated the use
of aluminium (4/) metallic stacks to achieve spectral selectivity as well as the
high absorption. Although the reported device reported was fabricated in a non-
CMOS process, the absorption bandwidth of each pixel is large, which makes it a
promising approach. Figure 3-6 lists the central wavelength of the meta-absorber
versus the unit cell size from literatures.

E beam Lithography Microfabrication

= [3.40]
o [3.41]
s [3.42]
¢ [3.38]
< [3.39]
» [3.43] ®
* [3.44] 4y

» [3.45]

-
o
T

4100

Wavelength (um)
(zHL1) Aousnbaiy

0.1 1 10
Unit Cell size (um)

Fig. 3-6. Resonant frequency of the meta-absorber versus unit-cell size.

3.2.4 Microwave absorber

This section introduces a microwave-based absorber with good absorption
in IR range, while the wafer can remain in a CMOS process sequence. The
application of microwave absorbing materials has been extensively implemented
in the electronic industries, in which communication technologies at microwave
frequencies have driven the development and utilization of absorbers and
frequency selective surfaces. The principle can be extended into infrared range.
The idea of the thin-film /R absorber was first calculated in 1956 by solving the
Maxwell equations [3.46]. The best absorption can be realized by matching the
absorber to the air impedance interface, which is equal to 377 Q/sq [3.47]. This
was verified using microwave theory [3.48]. Recently, this type of thin-film
absorber was applied to a bolometer for use in the far-IR spectral range [3.49].
The conditions to achieve the maximum absorption in a spectral range of interest
are introduced. The metal/dielectrics/metal absorbing structures are designed,
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simulated and the results are experimentally validated.

3.2.4.1 Minimized reflection

Microwave absorbers are typically designed for reflectivity minimization
by alternating shape, structure, and the permittivity and permeability of existing
materials to allow the absorption of microwave electromagnetic energy at discrete
or broadband frequencies [3.50]. In an attempt to minimize the reflection from a
surface it is useful to consider the physical equations that represent the reflection
process. Three conditions can minimize the Electromagnetic interference (EMI)
reflection from a surface. When an electromagnetic wave, propagating through a
free space with impedance of Z, is incident upon a semi-infinite dielectric or

magnetic dielectric material boundary of impedance Z,, a partial reflection
occurs according to Fresnel equations. The reflection coefficient at the interface
can be expressed as [3.51]:

p="u""h _ Zy =2,
Me+M  Zy+Z,

(3-7)

where R is the reflection coefficient and 7 the admittance of the propagating
medium. The admittance in the equation can be replaced with the intrinsic
impedance (Z=1/7). The reflection coefficient towards zero when .= 77p,
which means the material is impedance matched to the incident medium. The
intrinsic impedance of free space results as:
E

z, w3770 (3-8)
H &

where E and H are the electric and magnetic field vectors and £yand y are
the permeability and permittivity of free space.

Perfect impedance matching can also be achieved if the relative electric
permittivity and the relative magnetic permeability are equal, which can be
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demonstrated by rewriting Eqn (3-7) as:

Zy = //‘_w Ao
Z, Z, _ _\V&& ’ﬂr (3-9)
Er

&y -
Zu1 % [ [m
Z, & &

It gives the second condition that results in a minimum reflection coefficient
when &,,= u;, which indicates both the real and imaginary parts of the

permittivity and permeability are equal.

The third consideration is the attenuation of the wave while it propagates
through the absorbing medium. The power of the wave decays exponentially with
distance. The attenuation factor 3 of the material and can be expressed as [3.52]:

B =—\1&,0'Na* +b* sin (%tan" (—%D (3-10)

"n »_F

where a=gsu'—e"u", b=c'u"-e"u’, complex form & and x as
expressed in Eqn (3-4). The attenuation factor S should be large in order to get a
large attenuation in thin layer of absorbing material. This means that & and u are
large as well. However, this condition contradicts the first condition Eqn (3-7)
and needs to be compromised because large values of permittivity and
permeability would cause a large reflection coefficient.

To best satisfy these three conditions for perfect absorption with a layer of
minimum thickness, resonant absorbers are formed through tuned or quarter-
wavelength absorbing materials structured to absorb electromagnetic wave
energy at multiple frequencies. Resonant materials generally include Dallenbach
layers, Salisbury screens, and Jaumann layers [3.52]. Since only Salisbury
screens have the potential to be implemented into the detector array in IR range, it
is introduced and discussed step by step.

The Salisbury screen consists of a resistive sheet, an optical distance and a
reflector as illustrated in Figure 3-7. The optical distance is of an odd multiple of
quarter wavelengths (A/4) of incident wave. The resistive sheet is as thin as
possible with a resistance of 377 ), matching that of free space. Thus half of the
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incident wave is absorbed and the other half is transmitted. The transmitted wave
is reflected by the metal, i.e. reflector with the electrical thickness of a quarter
wavelength. Then the phase of the transmitted and reflected wave has 180° or n
phase difference which causes cancellation by destructive interference.

Resistive film Metal/Reflector

Incident wave
Sl

_+" ..+ Reflected wave

N\ Incident wave
Fig. 3-7. Salibury screen and its equivalent circuit.

The Salisbury screen can also be expressed in an equivalent circuit by the
transmission line theory. The infinitesimally thin resistive film is placed on the
surface of dielectric substrate of which thickness is quarter wavelength (4/4) in
front of a perfectly reflecting metal plate. The structure is equivalent to the
parallel circuit composed of sheet resistance of the film (R) and the input
impedance of the dielectric substrate (Z;,) at a distance A/4 in a short circuited

transmission line which is given by Eqn (3-11),
z, =2, /i tanh(lz—;:(i,/y,ar ) (3-11)
E"

where ) is the wavelength in free space and d is the thickness.

At distance \/4, electric field is maximum and magnetic field is zero, which
makes Z;, be infinite as identified in Eqn (3-11). Then the total impedance is

equal to sheet resistance of film R by:
R X Z P e

Z= =
R+Z,

R (3-12)

Hence, the Salisbury screen works as a perfect absorber for normal
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incidence when the spacer thickness is equal to an odd multiple of the quarter
wavelength. Similarly, the Salisbury screen can operate as a perfect reflector for
spacer thicknesses that are multiples of half wavelengths. This effect occurs only
at a single frequency. For this reason, Salisbury screens in their basic form have
found little practical usage [3.52].

Air Metal1 Dielectric Metal2 Air

s
o

0 d| dZ d3 X

Fig. 3-8. Representation of waves travelling in the metal/dielectric/
metal layers in free space [3.46].

3.2.5 Design of the absorber

Commonly, then interferometric thin film absorber includes three stack of
layers: impedance matching thin metallic film, resonance cavity and back
metallic film layer as being reflector. The system is shown in Figure 3-8. The
propagation constants for the thin-films and medium are:

2 2z . 2 2 :
k =k =7, kz=7(nz+zk2), Ic,=7n3, k, =7(n4+1k4) (3-13)

Assuming the electric field E is normal to the plane of incidence, the
equations including the incident and reflected wave in the various region can be
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expressed as below by applying the boundary conditions [3.46]:
E ,+E,=E,;+ Ey
E,-E, =a/(E, - Ep)|_,

ikyd, —ikyd, _ ikyd, —ikyd,
E, e + E,e = E;;e”" + E,e

ikyd, _ a1 d ikyd, —ikyd,
E,e E,e “ia (Esle Ee
2 x=d,

ikyd, —ikyd, ikyd, —ikyd, (3-14)
E,e“" + Eje ™" = E, e + E,e ™"

ikyd, _ —ikyd, _ ikydy _ ikyd,
E,e Eje =| %3 (Esle Ee )

ikyds ~ikedy iksds
E, e + Ege =E;e

ikydsy _ b 1 iksds
E,e Ee =—Ej;e

4 x=d;

where
_k, cosb, _k, cosb, _k, cosé, _k, cosb,

et e B it ¥ e Gy = (3'15)
k cosf, k, cos6, k; cos 6, ks cosb,

The transmission 7, reflection R and absorption 4 coefficient can be
expressed by:

2
T = ESl -
Ell
2 3-16
A (3-16)
Ell
A=1-R-T;

Hence, the normal spectral absorbance A(A) of the layer can be calculated
as [3.53]:

4 || £ (fr +1)

2
T . +£, [sin® O+(f,+f,)cos’ @ (3-17)

A(%)
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where
D{\(f"b”)z(ff 2 +l:lzsin2 a+[—fw+fr +2Too520 (-18)
n n
and
f;;b=1;i)b”’ f =12R(:7r’ 0=_27er (3-19)

Rgp is the electrical sheet resistance of impedance matching thin metallic
film, R, is the sheet resistance of back side metal film, d is the thickness of
resonance cavity dielectric layer and n is the refractive index of dielectric layer.
An alternative method is to use commercially available thin-film optical software
package TFCalc 3.3 [3.54] to simulate and design the interference based
absorbers. It also offers more freedom to simulate the result in the case of

complex structure or stack layers. Therefore, it has been simulated and optimized
by TFCalc.

TABLE 3. Different metallic thin films for absorber [3.55].

Metal Thickness (nm)  Sheet resistance (Q)
Titanium(evap.) 4 430-480
Platinum/Titanium nitride (sputt.) 2/6 190-260
Nickel 3.6 350-377
Titanium nitride (sputt.) 18 298-395

There are some choices to apply the metallic film for impedance matching
thin layer as shown in Table 3. To maintain the CMOS compatibility, metals
which would induce trap levels in silicon are not considered. Although Titanium
(77) could have long term reliability problems because of the oxidation, 7i is
chosen as the metallic layers of the absorber. The optical properties of 7i up to 1.2
pm are measured by using ellipsometry on a test sample. Figure 3-9 shows the
measured refractive index and extinction coefficient of 77 for wavelengths up to
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1.2 pm. The properties are in agreement with the literature [3.56].
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Fig. 3-9. Optical properties of sputtered Ti.

The absorber consists of one dielectric centre layer with thin-film metallic
layers on either side as similar to Salisbury screens. Two sets of absorbers have
been designed and fabricated, one with SiO; and one with silicon carbide (SiC) as
spacing layer. Absorbers based on SiO; have a relatively thick lower 7i layer of
300 nm thickness, whereas the upper layer is much thinner and taken as the
variable in the experiments. The reason for selecting such a thin thickness is to try
to match the impedance of free space. The maximum absorption wavelength can
be well controlled by changing the thickness of the spacing. The thickness
variation of the thick lower layer does not significantly affect the wavelength
response of the absorber since its is performed as a reflector. Designing the center
layer optical thickness at a quarter of the resonance wavelength at 1.2 pm (i.e.
Si0, layer thickness is 200 nm), while using 4 different values for the thin 77 layer

thickness, results in the simulated absorption as shown in Figure 3-10.
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Fig. 3-10. Simulation results of absorption with different values of the
thickness of the Ti free space impedance matching layer.

The above figure indicates that a maximum absorption is achieved with the
6 nm 77 layer at 1.3 pm when using actual optical properties. The shift of
maximum wavelength from 1.2 pm to 1.3 pm with a thicker 7i layer thickness is

due to the phase shift in the thin 77 layer. The maximum absorption wavelength
also differs for other absorbers for the same reason.

Plasma Enhanced Chemical Vapour Deposition (PECVD) SiC has also been
used as the dielectric spacing layer. SiC is preferred because of the high resistance
to HF attack during sacrificial etching. Another advantage of using SiC for the
spacing layer is the decreased process complexity, since it is also used for the

protective coating. Figure 3-11 shows the optical properties of PECVD SiC from
literature [3.57].
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Fig. 3-11. Optical properties of PECVD SiC.

The thickness of the 77 layer, which is the reflector in the absorber stacks, is
limited to 100 nm by practical fabrication considerations. To protect the top thin
Ti layer, another SiC layer is introduced and covers the entire absorber stacks.
Figure 3-12 (a) represents the configuration of the test wafers and (b) shows the
simulated IR absorption in a 4-layered 7i (100 nm)/SiC (200 nm)/7i (10 nm)/SiC
stack. The thickness of the SiC spacing layer has been optimized and the spectral
effect of SiC protective layer has been taken into account as well. Two different
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thicknesses of 100 nm and 200 nm are chosen for the SiC protective layer.

Incident wave l

8
Absorption (%)

50 |
‘\ ! ‘: 100 nm SIC Protection Layer
) et = = 200 nm SIC Protection Layer
30 1 1 1 1 1 1 1
1.00 125 150 175 200 225 250
Wavelength (um)
(@) (b)

Fig. 3-12. Simulation of thin film stacks absorber protected by
additional SiC layer with 100 and 200 nm thickness.

3.2.6 Experimental results

Thin-film 77 absorber layers of the same thickness as used in the simulations
have been deposited by sputtering on different silicon wafers. A PerkinElmer
LAMBDA 950 spectrophotometer has been used for the measurement. The
reflectance from the wafers and transmission through the wafers have been
accurately measured. Transmission through the wafers is measured to be
negligible for all the wafers and the absorption can be easily calculated. Figure 3-
13 shows the absorption calculated from the reflectance measurements on the
wafers with SiO, spacing layer.
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Fig. 3-13. Measured results of absorption on four samples with a SiO,
spacing layer.

Figure 3-14 shows the comparison between the simulation and measured
results. The deviations in the longer wavelength range are due to errors
introduced by the extrapolation of the optical properties of 7i from the
ellipsometric measurements at short-wavelengths. The interference absorber with
the thin 6 nm 7i layer shows almost perfect absorption, but is more spectrally
selective. The absorber with 15 nm 7 layer shows more than 70% absorption in
the 1 pm to 3 pm spectral range with less absorption variation. The choice
depends on the application. It is necessary to consider the wavelength response of
the absorbers while calibrating the fabricated thermopiles.
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Fig. 3-14. Comparison of measured and simulated results with different
thickness of the top Ti layer with SiO, spacing layer.

Figure 3-15 shows a comparison between the reflection measurements and
simulation for the two different values of the thickness as the SiC protective layer.
The deviation at longer wavelength can be explained by the following reason.
Extrapolated data is being practiced in the simulation tool for wavelength above
1.2 pm by using the simple linear fit.
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Fig. 3-15. Comparison between the measured and simulated reflection
of SiC based absorber.

Several samples with the SiC-based absorber have been put in 73% liquid
phase HF for 10 minutes to demonstrate the effectiveness of the SiC protective
layer in protecting the thin 77 layer during the sacrificial etching. The reflectance
from the samples was measured after each etch attack. Figure 3-16 allows a
comparison of the optical properties before (as in Figure 3-15) and after HF
etching for 10 minutes. From the figure it can be concluded that even a 100 nm

thick SiC protective coating is sufficient to effectively protect the 7 layers during
etching.
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Fig. 3-16. Reflection measurements of SiC based absorber, before and
after HF etching.

3.2.7 Conclusion

A layer with high absorption is necessary and essential in order to achieve a
high absorption coefficient in the spectral range of interest in a thermal detector
array. Several solutions are available and the advantages and disadvantages are
analyzed in this chapter. The interference based (microwave) absorber is used for
our thermopile device because it is best to meet the requirement of IC-
compatibility and post-processing demand.

The design and test of the interference filer based absorbers for use a
thermopile array for an /R microspectrometer have been explained. Even though
absorbers based on SiO, have better spectral response, SiC is still preferred owing
to its high resistance to HF etching. The experiments successfully validate the

simulations, which imply that the simulation tools and our material data can be
used.
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Thermo-Electric Effect and
Design of the Detector Array

4.1 Introduction

It is necessary to convert the heat, which is from the absorbed incident light,
as descried in the previous section, into an electrical signal. The electrical signal
encoded the intended information can be efficiently processed using
microelectronic circuits. The conversion from the thermal into the electrical
domain is described by thermoelectricity. The thermoelectricity refers to the
physical effects that is used to convert a temperature difference into an electric
potential or the other way around. Those physical effects are: Seebeck effect,
Peltier effect, and the Thomson effect. The Peltier effect and the Thomson effect
are briefly described in the chapter 2 at page 21, only the Seebeck effect is
elaborated in this chapter. A figure of merit Z is used to characterize the
suitability of the thermoelectric material and can be expressed in terms of
Seebeck coefficient, thermal conductivity and internal resistance. Various
thermoelectric materials are discussed. Polysilicon is selected as the material of
the thermopile, because it is the standard CMOS material and has an acceptable
Seebeck coefficient.

The design and analysis of a single 7E element (pixel) is given and further
extended to an array. The array is designed and intended to use in either grating or
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LVOF-based microspectrometer.

4.2 Thermal parameters

4.2.1 The Seebeck effect

An electrical potential difference V' is generated within any isolated
conduction material that is subjected to a temperature gradient AT. The physical
phenomenon is called the absolute Seebeck effect. The absolute Seebeck
coefficient g, epeck is defined accordingly as the instantaneous rate of change of

¥ with respect to the temperature at a given temperature Tyl4.1]:

av
aSeebeck o E (4- 1 )
Ty

When two different materials are joined together at one point and a
temperature difference is maintained between the joined and non-joined parts of
the materials, an open-circuit voltage develops between the non-joined parts of
this thermocouple as illustrated in Figure 4-1. The resulting voltage AT is
proportional to the temperature difference between hot and cold junctions, and to
the difference in Seebeck coefficient of the thermocouple materials a and b:

AV = AT = (@, sectock ~ X, seebeck JAT (4-2)

. Cold junction

Hot junction

Fig. 4-1. Illlustration of simple thermocouple structure.

The Seebeck coefficient of a material can be approximated for the range of
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interest used in sensors and at room temperature as a function of electrical
resistivity p [4.2]:

e =m-k-1npﬁ-§ @-3)
0

where pj= 5%10 Qm, m = 2.6, q is the elementary charge and & is the
Boltzman constant.

In a semiconductor, the electrical resistivity is inverse proportional to the
doping concentration. Eqn (4-3) indicates that higher doping in the semiconductor
results in a lower Seebeck coefficient. Nevertheless, as compared to metals,
semiconductor materials have the best potential using in a thermocouple or
thermopile and to satisfy the demands of miniaturization and mass production as
stated in below [4.3]:

* Semiconductors offer a higher Seebeck coefficient than metals.

* Strong dependence of the Seebeck coefficient on the concentration of
mobile charge carriers and the charge carrier mobility resulting in the main
characteristics of semiconducting thermopiles can be tuned by doping.

® Micromachining technology used in semiconductor allows the thermal
capacity to be reduced effectively and thus performance is improved.

* Possible integration into a conventional IC process like the CMOS process.

4.2.2 The thermal conductivity

The thermal conductivity A is the property of a material that describes its
ability to conduct heat. It appears primarily in Fourier's Law for the heat
conduction. According to Fourier's law, the heat transfer rate or heat flux ¢

between the bodies is found by the relation:

e (4-4)
L

where A is the thermal conductivity of the material, 4 is the cross sectional
area, L is the distance between bodies and AT is the temperature difference.

It has been shown that the thermal conductivity A is inverse proportional to
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the temperature difference AT in the case of constant heat flux. For a maximum
Seebeck output voltage, the thermal conductivity should be as small as possible.
A low thermal conductivity would produce high figure of merit Z as shown in the
Eqn (4-5). Hence, it is critical to characterize the thermal conductivity A of each
thin film layer in the process for drawing the high performance of thermoelectric
detector array as well as the microspectrometer. /C compatible thin-film materials
include SiN, PolySi and metal layer which is the aluminium in the low
temperature fabrication process. The thermal conductivities of PolySi layers
depend on the deposition process details, including the grain size, shape, the
concentration and type of dopant atoms [4.4].

4.2.3 Figure of merit of a thermoelectric material

The thermoelectric efficiency of a material can be estimated by defining the
figure of merit Z:

2
Z = aSce}'zck (4-5)
P

Materials with a high figure of merit Z have a high Seebeck coefficient, low
thermal conductivity and low internal resistance. Consequently, they effectively
transform heat into an electrical voltage and have simultaneously low noise
power. For an optimal SNR of a thermocouple, the figure Z has to be maximized
[4.5].

A comparison between some thin-films and microelectronics compatible
materials is summarized in Table 1 [4.6]. Polysilion has an acceptable
performance among other materials and is the well-known material in a CMOS
process line. Notwithstanding, as discussed earlier, the Seebeck coefficient and
electrical resistivity parameters used to estimate such comparative value can vary
strongly with the doping type and carrier density.
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TABLE 1. Seebeck coefficient, thermal conductivity, electrical
resistivity and figure of merit of some thin-films and microelectronics
compatible materials [4.6].

Material Seebeck Thermal Electrical Figure of
coefficient conductivity resistivity p ~ merit Z

a(WVK)  A(W(Km)  (10°Qm) (109K)

Big sSb, sTe; 230 1.05 17 2963
@=3%10"m)

Sb,Te, 130 2.8 5 1200
Big g75bg 13(7) -100 3.1 7.1 454
Al 45Gag ssAs -670 10.9 130 317
(7=10"7cm™)

Sb 48.9 24 0.42 237
CuNi -35.1 19.5 0.52 121
PolySi(n=3x10"%cm™3) -121 29.4 8.9 56
Al ;5Gag gsAs -350 16.9 180 40.3
(7=10"em3)

Silicon +100-1000 144 35 40
n-Poly AMS -65 29 8 17.9
GaAs (7=10"cm™) -300 44.1 150 13.6
p-Poly AMS 135 29 55 12.1
Al ' 3.2 238 0.028 1.53
Au 0.1 314 0.023 0.0014

4.3 Design a thermoelectric detector element (pixel)

The design and analysis of single 7E element (pixel) based on both
analytical modeling and numeral method will be given here. Using a
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micromachining technology, the TE element is deposited on a thin film bridge or
cantilever such that the vertically thermal leakage through the substrate is
minimized. The details of the micromachining technology are discussed in detail
in the following chapter. Thus, the performance of a single element is evaluated
precisely according to the thin films structure.

4.3.1 Analytical modeling

4.3.1.1 Thermal modeling of cantilever structure

Two structures are used for the device: the bridge and the cantilever (half
bridge) as illustrated in Figure 4-2. To simplify the process, the thermal sensor
under the consideration in this chapter is a cantilever or half bridge which is the
reduced model from the structure of full bridge due to symmetry. The cantilever
length is denoted by L and its width by . It consists of N thermocouples of n type
PolySi and p type PolySi with widths and thickness of wy, t7, wy, t,, respectively.
The total thickness of the dielectric layers is denoted by #; The thermal
conductivity, the specific heat and the density of each layer are denoted by 4, c,
and p with the corresponding indices (/, 2 and d). The differential equation
describing the static heat balance in the thermally isolated structures, which is
practiced by the micromachining technology, is presented as [4.7]:

2 2 2
- 5_f+a_f_+a_f_ +2 o (4-6)
ox° oy 0oz pe,
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Absorbing area, A

Fig. 4-2. Illustration of the thermopiles on the full bridge (left) or
cantilever (right) forming a single TE element.

The analytical solution, which demonstrates the temperature distribution
along the bridge or cantilever, can be derived from the general heat conduction
equation with some conditions and assumptions:

® It is assumed that the thermal insulation at the side edges of the
microstructures is perfect.

* It is assumed that the temperature variation of thin film stacks can be
ignored because a very thin membrane is utilized to support the
thermopile.

® It is assumed that the temperature of substrate is always considered a
constant value.

* The perfect absorber is assumed such that the inward optical flux is fully
converted into the heat flux.

The first assumption is reasonable when the temperature distribution can be
seen constant along others axis due to the micro-sensing pixel. Both cantilever
structure and bridge structure have the physical geometries at which heat energy
would flow toward the substrate of the device. The temperature difference AT
between the substrate and absorber is in agreement with the third assumption.
Including these assumptions, the three dimensional physical model can be
reduced to one dimensional model, as presented in appendix A. The analytical
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solution is expressed as:

b,
- pI (DA ) sith( 3 (Lyupn =)
B Ly +C°ﬂ1(ﬂ'(l'bem _Lab)) sinh(ﬂ-(me _Lab))

T(x)

+T, @)

where Zl‘ -t, is the summation of the product of the thermal conductivity
and thickness of each thin film layer in the bridge or cantilever structure and S
refers to the heat transfer coefficient as represented in Eqn (A-21) at page 145.
While x = (temperature at the interface of the absorber and the beam), the above
equation can be advanced simplified into:

E

in

T(Lab) = -
(4507;3 + A [:1— +;]]LabW+ W(lets ) Beoth(AL,,,)

1 2

%

(4-3)

4.3.2 Figure of merit of a thermal detector
Sensitivity or Responsivity

The sensitivity (responsivity) of a thermopile element in the IR detector can

be calculated from:
s, =A_V[K} 4-9)
P \W

in

where AV is the Seebeck voltage of the thermopile and P;, is the incident
radiation flux.

Combined the Eqn (4-8) and Eqn (4-9), the sensitivity of a TE element can
be expressed as:
S=A_V=Na&ebedzAT Nt

PR (e () s

1 2

(4-10)
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where N and « are the numbers of thermocouples and the Seebeck
coefficient of pair, respectively.

Specific detectivity D"

The specific detectivity, which allows the comparison of IR detectors with
different absorber areas and sensor technologies, can be determined by:

D' = pJaar = NAY [ o w1 @“-11)

noise

where Af is the measurement frequency bandwidth and Uypise 18 the noise
voltage of the thermopile /R detector. Since Johnson noise dominates the Uppises it

~ VAR A VT | *12)

where k is the Boltzmann constant, R,; is the electrical resistance of the
detector and 7 is the absolute environment temperature.

can be written as:

R, can be expressed as:

R N{p"—+ ]{q @)

where N is the number of thermopiles. Pn and p, are specific electrical
resistivities of the thermopile on either n or p type material. 4, and A, are cross
sectional areas of the thermopile.

Noise Equwalent Power (NEP)

The NEP represents the incident radiation flux at the sensor producing a
signal voltage equal to the total normalized rms noise voltage:

NEP = “S—[WJITz] (4-14)
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4.3.3 Numerical modeling method

The physical model is solved in numerical way by applying the finite
element method (FEM). The physical phenomena can be mathematically modeled
in terms of partial differential equations (PDE). In resolving PDEs, the primary
challenge is to create an equation that approximates the equation to be studied.
The physical problem, in our case, can be mathematically established by
considering the heat conduction differential equation, as presented in Eqn (4-19)
and boundary and initial conditions. The equations under considerations are
generally complicated and finding their solutions in closed form or by purely
analytical means is impractical. The solution approach is based either on
eliminating the time dependence in the differential equation completely, which
leads to a steady state problem, or rendering the PDE into an equivalent ordinary
differential equation, which is then solved using other standard techniques such as
finite differences [4.8].

COMSOL [4.9] is a general-purpose finite element analysis software
package. Finite element method decomposes a complex system into extremely
small pieces that are called elements. The software implements equations that
govern the behaviour of these elements and solves them all. The results can either
be presented in data, or graphical forms. This type of analysis method is typically
used for the optimization in a system which is too complicated to analyze by
hand. Especially, for three-dimensional structures which normally suit with the
reality, it offers more accurate results than the analytical model.

The typical modeling steps as follows:
e Creating the geometry in 2D or 3D structure
e Meshing the geometry
e Defining the physics parameters as initial or boundary conditions
¢ Calculating the well-defined model
e Interpreting the solutions

e Post-processing the solutions in graphs or export for later usage

Yet FEM needs massive computational power which consumes ample time.
It is also important to interpret the numerical results into physical meanings. In
the following sections, the FEM will be used to validate the results from the
analytical model.

72 MEMS-based Linear Thermopile Detector Arrays for IR Microspectrometers




Design the thermoelectric detector array for a grating based microspectrometer

4.4 Design the thermoelectric detector array for a
grating based microspectrometer

4.4.1 The optical system

The structure of the compact planar IR spectrometer is shown in F igure 4-3.
The spectrometer consists of two glass plates aligned parallel to each other. All
spectrometer optical components, including the input slit and the diffraction
grating work in reflection. The incident light is reflected by a metal strip, which is
thus acting as a slit, and is redirected towards the diffraction imaging grating
fabricated on the upper glass plate. The diffracted light is finally projected on a
chip that contains an array of thermoelectric elements.

Non-diffracted light

Glass wafer

Grating j

AAA
X

Incoming Light

y = -
Slit (Metal strip) Infrared detector array
g L |

Silicon wafer

Non-diffracted light

Fig. 4-3. Structure of the planar diffraction imaging grating based IR
microspectrometer.

The diffraction imaging grating is basically composed of a pattern of
concentric circular grooves in a reflective metal with varying pitch. The grating
can be developed to yield maximum spectral resolution at a specified design
wavelength. As a consequence the spectral resolution decreases at wavelengths
away from this design target, which in this design is at 2.25 pm. Perfect imaging
is in principle achieved at this particular wavelength, as is confirmed by the center
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beam incident on the detector array in the figure. The commercial optical design
software ZEMAX [4.10] was used for the diffraction grating design and for
calculation of the spectral resolution at different wavelengths. The result can be
generally presented in the form of a spot diagram as shown in Figure 4-4. When
the input slit of the spectrometer is illuminated by a monochromatic light source,
the spot in this diagram provides an estimation of the full width of the image
formed by the optical system. Since it would be pointless to have a detector pitch
better than this resolution, the information in Figure 4-4 determines the position-
dependent pitch of the elements in the detector array.

Projected light
A\: Wavelength
A=3pm A=225pm A=15pm
z

®: 00
o S

T T . ] - T i T » T . 1 ¥ 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Distance from a light source (um)

Fig. 4-4. ZEMAX simulation result of relative spot size.

The relationship between resolving power R=4/M and geometry of each
sensing element including the absorbing area and distance between elements is
shown in Figure 4-5. The detector pitch indicates the width of projected light spot
on detector and the length of the absorbing area presents the length of projected
light spot. This simulation result is completely by ZEMAX. Furthermore, the
thickness of layers is imposed by fabrication process and is not easily changed.
As a result, the obtainable parameters for the optimization are length and width of
the thermopile.
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Fig. 4-5. Length of the absorbing area and pitch of the array and
spectrometer resolution versus the coordinate along the
detector array. Figures on the graph show the number of the
elements with equal dimensions.

4.4.2 Design of thermopile array

The array design is based on an element composed of a bridge structure
with the thermopile and is divided into five different groups according to optical
requirements of the integrated microspectrometer. For each group a separate
optimization and simulation for the geometry of elements is well executed. S.H.
Kong et al. [4.11] has demonstrated the optimal design of a thermopile device.
Nevertheless, the design should along with the technological constraints so as to
keep a rational yield of the device after fabrication. Accordingly, the strategy of
design here is to optimize the detector under the consideration of the
technological constraints.
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Fig. 4-6. Structure of thermopile on a SiN membrane.

The design begins with the part of highest optical resolution of 68, group I
in the middle of the array. Group 1 has 28 elements and the distance between
elements is 40 pm. The length of absorbing area is defined as 300 pm and results
from the optical imaging. Since the design is executed by using a bridge structure,
the length of the absorbing area should be one half, namely 150 um, in the
cantilever analytical model. The bridge structure is implemented by the
fabrication of a gap between elements on the rectangular membrane. The 4 pm
gap can be achieved by reactive ion etching (RIE). Therefore, the effective width
of bridge is 36 pm. Since the minimum feature size of implantation is described
as 2 um, the width of thermal legs is chosen at 4 um for safety. Referring to
Figure 4-6, the space between legs is determined and fixed at 2 pm.

There is also a 2 pm wide space among the rim of membrane and the first
thermocouple leg and the last one. Considering all required dimensional
constraints, the number of thermocouples in the half-bridge can only be 2.5 (5 for
the full bridge structure). The generated voltage is expected to be low since it is
proportional to the number of thermocouples. There are two additional layers
deposited on the 700 nm thick SiN membrane. One is the 300 nm PolySi that
constitutes the thermocouple and the other one is the 100 nm SiN that insulates
the conduction between metal and PolySi. The thermal parameters used for the
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simulation are orderly listed in Table 1 on page 67 and Table 2. The sensitivity is
calculated using the analytical model as 290 V/W for the device practiced by the
bulk micromachining and 18 V/W by the surface micromachining.

TABLE 2. Thermal properties of material used for the simulation.

Thermal conductivity 4 Specific heat ¢, Density p

[W/(mK)] [J/(kgK)] [kg/m’]
SiN L35 170 2440
PolySi 29 700 2330
Silicon 144 700 2330
500 1.8
400 =175
g £ 1.7
; 300 E 1.65
% 200 % : .:5
= Bis
i I I 145 I l
s 2 Nu;ber osf therr6n0c0u7ples . e 3 liumb:r of thsermoc60uplez ¢ s

Fig. 4-7. Sensitivity (left) and detectivity (right) as a Sfunction of number
of thermocouples of the half-bridge structure.

For other groups, which have lower optical resolution, the design procedure
is almost the same. The number of thermocouples can be increased though, which
makes it possible to. generate bigger voltage and hence augment the sensitivity.
Figure 4-7 compares the relation between number of thermocouples and
Sensitivity for the group 2 of thermopiles realized by the bulk micromachining.
However, with the increased number of thermocouples, the total resistance of

thermopile is also increased. This implies higher noise and thus lower detectivity
as drawn in the Eqn (4-11).

The specific detectivity D" for thermopiles with a variable number of
thermocouples of group 2 type of thermopiles is calculated and the result is
shown in Figure 4-7. The number of thermocouples is chosen to be 4 for group 2,
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which gives a width of 6 pm and specific detectivity of 1.63x10% cmHz"2W!for
the device applied by the bulk micromachining. The simulated performance of a
single TE element realized by bulk micromachining in each group is summarized
in Table 3.

TABLE 3. Simulated performance of 7E elements in the case of device
realized by bulk micromachining.

Group  Pitch Number of Absorber Sensitivity D"
(um)  thermocouples length (pm) (V/W) ( emHz2W1)
(half bridge)

1 40 25 300 290 1.55%108
2 80 4 450 200 1.63x10°
3 150 11 500 260 1.57x108
4 180 13 550 250 1.55x108
5 270 16 750 180 1.4x108

4.4.3 Numerical verification of design

Since the analytical model conducts the approximate performance, FEM is
used for the verification and for finalizing the design parameters. Commercial
FEM software, COMSOL, simulates the temperature gradient along the
thermopile length from the defined three-dimensional model. Figure 4-8
represents the 3D FEM simulation result of the temperature distribution along an
element in group 1 thermopiles. The model can be reduced to half of bridge
structure because of the symmetry. It is 36 m wide and 591 um long (150 pm
length of absorber, 341 pm the effective length of thermopile and 100 pm
substrate).

A power of 0.27 pW is radiated to the surface of absorber. On the other side
of the element, the temperature of the substrate is fixed to 300 K. The figure
indicates a temperature difference between hot and cold junctions of the
thermopile of about 0.126 K, which is equivalent to a sensitivity of 289 V/W for
the device completed by the bulk micromachining. The simulation results show a
reduced sensitivity as compared to the analytical model, which is due to the fact
that the 3D FEM analysis also considers convection and radiation in the complex
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coordinate system.
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Fig. 4-8. FEM simulation result of a group 1 element with a cantilever
(half bridge) structure.

4.4.4 Pressure dependence

The lateral aspect ratio of a 7E element is extraordinarily large, which is
basically the result of the format of the projected image by the grating. This is a
characteristic of the /R microspectrometer design and implies a vast cross-
sectional area among adjacent elements within the array and results in a relatively
large heat exchange among elements in this lateral direction by the thermal
diffusion even in case of the bulk silicon removed, which is referred to as the
thermal cross-talk. Therefore, heat exchange by conduction through the
membrane support should be eliminated, which is achieved by cutting trenches in
between TE elements.

The shape of the resulting 7E element is a bridge (absorption at middle) or a
cantilever (absorption at tip) structure. A maximum optical revolving power
implies a minimum element pitch. Hence, the spacing between two TE elements
should be minimized for the optical performance. Nevertheless, the heat flux
from one element to neighbouring element by the conduction through the
surrounding gas increases with the decreasing gap. Consequently, a proper design
is able to combine the high spectral selectivity of the /R microspectrometer with
low thermal cross-talk between neighbouring 7E elements.

The problem of thermal cross-talk is suitable for the detrimental effect of a
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thermal shunt on sensitivity in conventional single-element thermopile-based
devices [4.12][4.13]. Figure 4-9 shows the simulation results on improved
sensitivity for devices, which have two different thermally isolated cavity
realizing by surface and bulk micromachining respectively, in a low-pressure
environment. The results are simulated using analytical modeling as discussed in
the previous section. The TE elements has a sensitivity of 490 V/W at 0.1m Bar
pressure. The original work presented in thermal cross-talk issue has not been
addressed systematically in literature and is the topic of this section.

600

—— Surface micronmachining
500 —~ — Bulk micronmachining

Sensitivity (V/W)

10* 10°® 10? 10" 10° 10 10°
Pressure (Bar)

Fig. 4-9. Analytical simulation results of sensitivity versus air pressure
of the group 1 TE element with 4 um distance to substrate
(surface micromachining) and 525 um distance to substrate
(bulk micromachining).
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Fig. 4-10. Heat transfer mechanisms in the thermopile bridge-shaped
detector. (a) Two bridges are illustrated and the below
bridge has the absorbed heat flux to transfer. (b) and (c) are
the cross-sectional view.

|

Figure 4-10 illustrates the configuration of the detector. The SiN bridge
structure acts as the support structure for the thermopile, which is formed by the
n-p type PolySi thermocouples. The thermocouples convert the thermal energy
from the projection light of grating via absorber (middle of bridge) into the
voltage with Seebeck effect. Conduction, convection and radiation are the three
mechanisms of loss. The thermal transfer from the these three mechanisms acting
on the 7E element is resented schematically as well in Figure 4-10. All these loss
mechanisms should be considered while analyzing the sensitivity of a single
element. Because of the aspect ratio of an element (small gap as compared to
sidewall area) only heat exchange between adjacent elements by the conduction
and convection is included entirely. The TE array is within an /C-compatible
package. Therefore, the volume around an element is small and the effect of gas
pressure on the performance of detector has to be considered. As is shown in this
analysis, the gas conductivity determines the residual thermal cross-talk and,
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consequently, the lower limit of what can actually be achieved by the optimized
design of the support structure and the structural separation of the elements.

4.4.5 Theory and modeling of thermal cross-talk

4.4.5.1 Thermal conductivity of air

From typical dimensions of packaged MEMS-based detectors, the
expression for the thermal conductivity of air between two plates within an
enclosed cavity as a function of pressure and temperature can be approximated as
[4.14]:

SRR
b 7.6x107°
D
Pr

avg

A,y = Ay

air

(4-15)

where A, is the thermal conductivity of air at room pressure and
temperature, p is the pressure, D is the distance between the plates and 7, is the
average temperature of the plates. When assuming a plate spacing of 10 pm, an
average temperature of 300K and A,=0.0284 Wm 'K, a pressure-dependent
thermal conductivity of air results as shown in the Figure 4-11.
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Fig. 4-11. Air thermal conductivity as a function of pressure.

4.4.5.2 Theoretical considerations

The operation of the infrared thermopile detector is based on the Seebeck
effect. Radiation incident on the detectors heats up the absorption region and
results in temperature gradient, which yields a Seebeck voltage. Analytical
solutions for the heat conduction, which include convection and radiation losses,
have been developed by assuming the direction of heat transfer in only one
direction [4.14][4.15]. There are three paths for the heat flow generated from
radiant energy in the middle of the bridge-shaped thermo-electric detector. The
first path is the heat conduction through the solid materials that comprise the
suspension. The equivalent thickness and equivalent thermal conductivity of
multi-layers bridge can be expressed as:

=2, (4-16)
%=%24ﬂ 4-17)
eq s=1

where the #; and A; denote the thickness of thin film and the thermal
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surface to amb
volume [4.16].

The fin
expressed as:

absorption are

of emission ar

more accurate

where p

complex. The

equation.

Several

conductivity of material respectively.

The second path is heat loss due to convection of heat from the detector

where ois Stefan-Boltzmann constant, 4, is the emission area (equal to the

ambient temperature, &, and & are the emissivities of the upper and lower layers

10) at page 142. In first-order approximation this effect can be disregarded while
taking account of the small value of the temperature increase, but is included in

The dynamic response is governed by the Fourier equations, which is based
on the heat transfer theory and is expressed as [4.7]:

@, is the heat source per volume V. This equation can be applied in finding a

simplified analytical expression of the sensitivity of a single element in a cavity.
Notwithstanding, the device structure of a detector array with cross-talk is more

gap width between elements. This is a 2-dimensional problem with heat flux

between several objects. Therefore, the numerical method, the commercially
available FEM software COMSOL, has been utilized to solve the heat transfer

4.4.5.3 Static response

ient, which can be neglected while considering the sensor package
al loss mechanism is owing to the radiation effect and can be

4(811 +£I)O.Aab]:)3 (T:zb _T;)) (4-18)

a of an element), T}, is the temperature of absorption area, T is

ea respectively. The derivation can be distinctly found in Eqn (A-

calculations.

2 2 2
L e L (4-19)
ot gl oy ey pe,

is the density of (stacked) material, c, is the specific heat capacity,

detector array is designed and fabricated to have fixed value of the

layers are stacked during the fabrication of the meander-shaped
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thermopile deposited on the top of supporting membrane. Accordingly, the
equivalent parameters are calculated using Eqn (4-16) and Eqn (4-17). Symmetry
allows the simplification of the problem into three quarter-sized 7E elements,
which significantly reduces computational time. The 10 pum wide spacing
between elements is modeled as air. The convection and radiation loss factors
described in the previous section are completely included in the boundary
conditions of the bridge surface. One element is given the constant heat flux in
the middle position (the absorption area) of the bridge to create the temperature
difference between the absorber to the bulk silicon where the temperature is
constant. The temperature difference of the thermopile sensing area of the heated
element is taken as the reference, while the temperature difference of two
neighbouring elements indicates the cross-talk as presented in Figure 4-12.

Temperature [K] max: 300.081
300.08
Side pixel 300,081 K
Main pixel oo
Side pixel
300.06

Heated area Heat flow direction

| 1300.05

300.04
Thermopile
300.03

300.02
Substrate
300.01

300
min:300.00

Fig. 4-12. FEM simulation of cross-talk on three TE elements.

Another simulation is made by taking the reference and two successive
neighbouring elements to simulate the across cross-talk. The simulation result of
cross-talk as a function of pressure, while assuming a constant ambient
temperature at 300 K, is shown in Figure 4-13. The thermal parameters used for
simulation are listed in Table 2. The cross-talk of the main pixel to the first side
pixel is crucial and is 5.16% at 1 Bar (room pressure). The cross-talk towards
only one side is calculated and the result should be multiplied by two for both
sides. The figure exactly demonstrates that the effect is significantly reduced
when lowering the air pressure in the chamber in the device package. This is in
agreement with the reduced effect of air-conduction on the sensitivity of a single
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considered.

element. Cross-talk becomes negligible at air pressures below 10 Bar. The
cross-talk toward the next pixel (second in line) is about 0.13% at atmospheric
pressure, which is because of the larger distance to the heated element. Thus, this
effect can be ignored and only the two directly neighbouring elements need to be
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Fig. 4-13. Simulation results of (single side) cross-talk as a function of
pressure on two successive neighbouring elements. The gap

between elements is 10 um.

4.4.5.4 Dynamic response

The dynamic response of a thermal detector array is related to the thermal
time constant of the detector and, thus, depends on the equivalent heat

capacitance of the bridge with materials on the top and should be computed using: ‘

Ceq o Z’l: V.vpscs
s=1

where V, p;, ¢; denotes the volume of the material, density of the material
and the specific heat capacity of the material.

Although the transient simulation on the heat transfer can be completed by

(4-20)
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FEM, the long computational time makes it impractical to use FEM for design
optimization and the detector element has been expressed in terms of quadrupoles
instead. The representation in quadrupoles basically allows a reduction of the
dimension of the problem and the one-dimensional heat transfer equation, as is
shown in the Eqn (4-19) in the Laplace domain, can subsequently be
used[4.17][4.18]. Eqn (4-16), Eqn (4-17), Eqn (4-18) and Eqn (4-20) are used to
calculate the equivalent parameters of bridge and are applied to the matrix
coefficients (4 B C and D shown in Figure 4-14) in such a way that a linear,

passive and isotropic layer result is obtained:

0]

4,)_(4 BY4.)_ m( %Lj ﬁm(\%ﬁ] By o
(%) (C D)(sﬁuj l\/%)%m( \/%L] (mh( %)L] ¢",J

where 6, and 6,,, is the input and output Laplace temperature respectively,
#;n and ¢, the input and output Laplace heat flux respectively, jo is the Laplace
variable, L is the length of bridge, « is the thermal diffusivity and expressed
bY A/ pe,, Across is the cross sectional area of bridge along the length coordinate.

min oout

— —>

ein eout
¢ D |

Fig. 4-14. Thermal quadrupole model of single linear passive and
isotropic layer.

Since the matrix is linear and reversible, it can be considered the
mathematical representation of the transfer function of the network composed of
three thermal impedances in a "7" shaped circuit with: Z 1=23=(4-1)/C,Z3=1/
C. Each bridge and air gap can be illustrated as a single quadrupole model as
shown in the Figure 4-15. Due to symmetry of the configuration, only the part left
or right from the main element needs to be considered.
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The modulus of the thermal cross-talk is expressed in terms of the
temperature increase of the neighbouring element relative to that of the heated
element itself. The dynamic response of cross-talk to the side element (Figure 4-
15) at 9.3 mBar pressure is shown in Figure 4-16.
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Fig. 4-15. Thermal quadrupole models of neighbouring elements with
one gap spacing.
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Fig. 4-16. Thermal modulus plot of the cross-talk at 9.3 mBar pressure.
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4.5 Design a thermoelectric detector array for LVOF
based microspectrometer

The LVOF is basically a continuous array of F abry-Perot optical bandpass
filters, arranged along the length of the LVOF, using a tapered optical resonance
cavity, which results in mapping of the spectrum onto a lateral distribution over
the length of the filter as shown in the Figure 4-17. The thermopile array is used
to measure this optical intensity distribution. The LVOF is fabricated on the top of
a silicon substrate in an /C-compatible fashion using reflow [4.19]. The taper is
the center part of an interference filter and an LVOF results when dielectric
mirrors are deposited on either side. The taper angle results in the wavelength of
the pass-band of the local filter to change along the length of the LVOF.
Consequently, collimated light passing through the LVOF is spectrally filtered
and each pixel in the array measures the intensity of only the spectral component
associated with its position in the array. Therefore, the resolution of an LVOF is
high and the system resolution is determined by the pitch of detector array.

A larger size of the single element of the detector would produce higher
throughput, which is at the expense of the spectral resolution. Hence, the size and
pitch are essentially decided by the specific application. For the first design, the
dimension of the TE element is practically selected as same as group 1 in the
design of the grating-based microspectrometer.

Fig. 4-17. Iilustration of the LVOF based IR micro-spectrometer.
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4.6 Conclusion

The principle of the thermoelectric effect followed by the theoretical
analysis and modeling of the thermopile array for use in a miniaturized infrared
microspectrometer are discussed in this chapter. A high figure of merit Z of the
thermoelectric material is essential for high TE performance. Polysilicon is the
thermoelectric material of choice and applied in the following chapters because of
its acceptable figure Z and CMOS compatibility.

The design of the thermopile detector array is dictated by the optical
properties of the dispersive element of the spectrometer. Two types of dispersive
element are proposed: grating and LVOF. For the grating-based design, the final
device structure is on the basis of an analytical and numerical model and is
planned for the application in the 1.5-3 pm wavelength range. Taking account of
the constraints of a spectral pattern imposed by the microspectrometer diffractive
imaging grating, the main dimension of sensing elements could not be fixed.

After determining the size and number of thermocouples in each
thermopile, the performance can be estimated by the analytical model.
Subsequently, simulations have been performed using COMSOL. The resolving
power is maximum at the centre element of the array R=68 and the calculated

sensitivity is S =289 V W!, when assuming a perfect blackbody absorber in the
case of bulk micromachining. A spacing of 4 pm between elements limits the
cross-talk of adjacent elements to 19% theoretically, whereas a gap spacing of 10
pm results in the thermal cross-talk to 10.3% when operated at atmospheric
pressure. However, both cases are not acceptable in a practical device operation.
A wider trench between elements helps to decrease cross-talk, but not efficiently.
Moreover, the larger element pitch in the array would reduce the spectral
selectivity. A more effective solution is to properly operate the array in a vacuum,
which also contributes to the sensitivity of each thermopile element. The
technology implication of an evacuated device are discussed in the next chapter.
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Micromachining Technology
Jor the Thermo-Electric
Detector

5.1 Introduction

This chapter gives an overview of the basic micromachining techniques
that are used for fabrication of the thermoelectric detector in the IR
microspectrometer. Moreover, this chapter serves on an introduction to the
processing discussed in subsequent chapters. Among semiconductor materials,
the most frequent applicable material is silicon owing to well-known mechanical
and electrical properties and the well-developed technology, which makes silicon
an excellent material for integrated microsystems. Since the micro-technology
has been developed for decades, the final goal is to combine micro-scale sensor
and the readout realized in a CMOS process. In general the planar wafer is
processed into three-dimensional structures by micromachining technologies
after the standard JC fabrication procedures to enable the addition of three-
dimensional structures.

Micromachining involves lithography and the selective removal of a
material by using etching techniques [5.1]. A combination of etchants and
materials is used to make the etching process selective to one region or
orientation. The thermoelectric detector array is fabricated by selecting the proper
micromachining technique depending on the application. Two basic groups of
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micromachining technologies are available: bulk and surface micromachining.
Each has its specific advantages and disadvantages.

5.2 Bulk micromachining

The schematic configuration is shown in Figure 5-1(a). The bulk
micromachining example demonstrates a mechanical support or masking material
layer, taking the silicon nitride for instance, deposited on a flat and polished
silicon substrate which is subsequently removed. This mechanical structure could
be used as a sensor or be placed on an independently processed chip to form an
assembled device. To free-standing the structure, the bulk silicon should be
removed to achieve the thermal insulation in the thermoelectric application. The
etching techniques are categorized as: dry and wet etching.

Bulk silicon substrate

4

Masking Layer

" E—

Sacrificial material

. Undercutting
— — : - /

547° (a) (5)

Fig. 5-1. Schematic of bulk micromachining (a) and surface
micromachining (b).

In dry etching, two distinctly different etch mechanisms are encountered.
During the sputter etch process, ions of inert gases for example argon are
accelerated to the surface such that atoms are knocked off due to momentum
transfer. The etch products are not volatile and the process is not selective. On the
other hand, volatile products are formed and the process is selective in the
chemical etching process. A combination of sputter etch and chemical etch
processes is used in RIE. Inert gases, reactive gases containing fluorine, chlorine,
bromine, or oxygen are applied. Ions are accelerated toward the surface to make
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the surface more reactive. It results in the straight vertical side wall compared to
wet etching [5.2]. Since the MEMS structure is released by wet etching in our
application, techniques that has been implemented are discussed in the following
section.

S.2.1 Wet etching of silicon

Wet etching covers the techniques that remove materials by soaking the
wafer or sample in an etch bath that contains the liquid chemical etchant. These
techniques offer relatively fast etch rates at low cost. The features and targets of
the etching depth can be determined in a number of ways. The process can be
stopped after a predetermined time period if the etching rates are predictable.
Another practical way is to use etch stops which give more precise results. These
depend on the combinations of material used, which necessarily include materials
that are etched much more slowly than the material to be etched. Among
anisotropic  etchants are, for instance, ethylenediamine (EDA) and
Tetramethylammonium hydroxide (TMAH). A popular etchant is potassium
hydroxide (KOH) [5.3]. The benefits are the high etching rate, the good
selectivity, the low toxicity and the low cost. The general etch mask for KOH is
nitride which provides the longer etching periods. Anisotropic etch at different
rates in different crystallographic orientations which give better control over the
resulting shape as shown in Figure 5-1.

3.3 Surface micromachining

The mechanical layers are formed typically on top of sacrificial layers. An
often used sacrificial layer is silicon dioxide that are subsequently removed in the
case of surface micromachining. This procedure allows for fabricating for
example cantilevers as illustrated in the Figure 5-1(b). With surface
micromachining, thin layers are formed as a stack on top of the wafer surface,
whereas bulk micromachining uses the whole depth of the silicon wafer and also
involves removing significant portions of the substrate material.
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5.3.1 Wet etching of oxide

Wet etching covers the techniques that remove materials by soaking the
sample or wafer in a container which comprises the liquid chemical etchant.
These techniques provide the benefits rapidity, simplicity and low cost. Another
advantage results from the rounding of sharp anisotropic corners avoiding stress
concentration considerably lowered the yield. The common sacrificial (unwanted)
materials in CMOS-MEMS are silicon and oxide. Since oxide is used as sacrificial
material in our application, the oxide removing technique is addressed.

A very selective chemical for SiO, is HF. HF is universally used as a

buffered solution in industry application. The consequence is the slower etch rate
but constant and less aggressive action on the oxide. The etch rate at room
temperature can range from 100 to 250 nm/minute depending on the actual
density of the oxide. For instance a compact structure can be thermally grown and
a less compact oxide can be grown by chemical vapour deposition. The slow etch
rate of oxide would result in long time in the case of our thermoelectric array
release. The industry standard is buffered hydrofluoric acid solution (BHF) which
has a relatively low etch rate of oxide, but the advantage is the low etch rate of
metal. However, this metal etch rate cannot be ignored in case of a long sacrificial
releasing time. Another option of releasing structure is using 73% concentration
HF [5.4]. HF at 73% concentration is used as the etchant, because it provides a
relatively slow etch rate of aluminium. The actual etch rate was determined by
initial tests and was found to be 1740 nm per minute. After sacrificial etching, the
wafer or sample should be prepared for the next process step by rinsing and
drying. Moreover, stiction is an issue at that stage.

5.4 Methods to prevent stiction

Surface microstructures have large lateral dimensions compared with the
thickness and distance (gap) from the substrate. The large surface-area-to-volume
ratios of surface and bulk micromachined micro mechanisms enlarge the effect of
surface and interfacial forces [5.5]. Stiction is a term that has been applied to the
unintentional adhesion of compliant microstructure surfaces when restoring
forces are unable to overcome surface tension and interfacial forces such as
capillary, chemical, van der Waals and electrostatic attractions. Figure 5-2 shows
the optical micrograph of MEMS bridge device with/without stiction under the
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optical microscope. The center part of bridge is stuck to the bottom of the silicon
wafer while both ends of the bridge remain standing. As a result, the interference
pattern, also called meniscus, is shown in between the center and end part.
Therefore, the release process plays a crucial role for MEMS devices fabricated
by surface micromachining. The commonly distinguished techniques are:
evaporation drying [5.6], freeze-drying (sublimation) [5.7], super critical CO,
drying [5.8], wet release [5.9], flash release [5.10], and vapour HF release [5.11].
The following sections present the freeze-drying and vapour HF techniques used
for releasing the IR thermoelectric detector array.

®)
Fig. 5-2. MEMS bridges with stiction (a) and free standing (b).

5.4.1 Freeze-drying

An elegant way to solve the stiction problem is based on freeze drying. The
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freeze drying method was developed for MEMS device using chemical
Cyclohexane, which freezes at about 7 °C, as the final rinsing agent [5.7].
Freezing and subsequent sublimation are readily accomplished by placing the
substrate under a nitrogen flow on a regulated Peltier element with a temperature
below the freezing point. The total time for the freeze-sublimation process
depends on the geometry of the sample and is typically 15-30 minutes for the
structures described in this thesis.

73 % HF etching

b

Soak in IPA for 2mins

A
Soak in second IPA
for 15 mins

A
Soak in cyclohexane
for 15 mins

A
Freeze cyclohexane
to-14°C

A

Sublimate cyclohexane

A
Return to room
temperature (a)

Fig. 5-3. Procedure of freeze-drying (a) and Peltier set-up (b).

The procedures are shown in Figure 5-3 and can be explained as follows:
after sacrificial-layer etching in a high concentrated 73% HF solution, a dilution
rinse in Isopropyl alcohol (IPA) is performed to remove the etchant. The samples
should be immersed in the solution while placed from one beaker to another one.
The samples are moved to second beaker with /P4 to keep the hydrophobic wafer
surface wet for 15 minutes using a magnetic spinner. The samples are placed in
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cyclohexane, the final rinsing agent using a magnetic spinner. The /P4 serves as
an intermediate mixing agent. After rinsing the wafer in cyclohexane, it is placed
on a Peltier element that has already been cooled to -14 °C. A nitrogen flow aids
the sublimation process by removing cyclohexane vapours and preventing
condensation of water. The set-up shown in Figure 5-3 is installed in MEMS
laboratory of DIMES. After sublimation is finished, the Peltier element is raised
to room temperature, which completes the fabrication of the free-standing
structures.

The notion of removing the sacrificial layer with vapour phase etching is
very attractive, since it circumvents the whole sequence of etching, rinsing steps,
and elaborate drying procedure. Another advantage is that no meniscus is formed
during the release. Since the sacrificial material is oxide, only the removal of
oxide with vapour etching is addressed. During the etching process, the
condensation of water on the etching surface renders the process not so dry, and
dilutes the HF. The consequence is the increased etch rate of metal used at the
electrical interconnection. The condensation cannot simply be avoided since
water molecules are produced on surface as the result of the chemical reaction for
oxide etching described as [5.12]:

SiO, +6HF — H,SiF, + 2H,0 (5-1)

This problem can be solved by heating the sample during vapour HF
etching and preventing excessive water condensation. The heat can be applied to
the wafer via conduction or radiation. In the radiation approach, the lamp is
placed at some distance to warm the sample [5.13]. Here, the resistive heater is
used to generate the heat to remove the condensation of water. In the MEMS
laboratory of DIMES, the free-standing MEMS structure is released by vapour
etching.

Figure 5-4 schematically illustrates our experimental apparatus. An aqueous
solution of 73% HF is kept in a Teflon beaker and vaporized to induce a chemical
reaction with silicon oxide. A dish made of metal or Teflon is used to cap the HF
vessel to keep the HF vapor inside. A resistive heater is utilized in order to warm
up the sample and to control the temperature during this process. For better
uniformity of etching, the sample is set upside down to the HF vapor. The sample
can be fixed on the dish by photoresist or scotch tape.
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Fig. 5-4. Schematic illustration of the vapour HF set-up.

As mentioned earlier, the purpose of removing the generated water is to
significantly reduce the etch rate of the metal used at the absorbers and the
electrical interconnection. The oxide etching rate is 600 nm per minute at a
temperature of 30 °C. Higher temperatures would decrease the etch rate
dramatically.

5.5 Conclusion

Several standard micromachining techniques are discussed in this chapter
and would be further developed in the following chapters. By using bulk
micromachining the thermoelectric detector can be released by removing the
excess silicon under the device. Since the removed silicon is part of the substrate,
the thermal insulation is superior than the case of device etched by surface
micromachining. Unfortunately, drawbacks of using bulk micromachining are:
long etching time and the stress concentration at the interface between silicon and
the device which could lower the yield of whole process. Moreover, the wafer is
typically not possible to re-enter the clean room to be further processed, for
instance for thin-film encapsulation.

The devices released by surface micromachining can be further processed
under the subject of IC compatibility issues. The comparison of both
micromachining techniques is shown in Table 1. Because of the surface tension
and capillary force, stiction is introduced and should be prevented. Both freeze-
drying and vapour HF etching techniques are applied and results in high yield
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after the process. The comparison of freeze-drying technique and vapour HF is
shown inTable 2.

TABLE 1. Comparison of bulk and surface micromachining for
thermoelectric detector array.

Bulk micromachining Surface micromachining
Integration with :
CMOS electronics B passste
Etching time long short
Post-processing not possible possible
Device
i 1
performance high :

TABLE 2. Comparison of freeze-drying and vapour HF for prevent

stiction.
Freeze-drying Vapour HF using labware
Type liquid phase vapour phase
Etching time short long
Reproducibility good moderate
(3::; };))l:;ci:;s high possibly low
Stiction free yield high high
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TE Detector Array Fabricated
by Bulk Micromachining

6.1 Introduction

This chapter discusses about the fabrication of a TE detector array for
integrated /R microspectrometer based on an imaging diffraction grating in the
1.5-3 pm wavelength range using bulk micromachining. The detector array
design should take technological limitations into account and should be adapted
to the wavelength dependent resolution of the spectral pattern produced by the
diffraction grating. Based on these optical specifications and fabrication
limitations, the geometry and materials of detector array are determined and
further optimized using the analytical model presented in chapter 4.

The structures for the sensing element in the array are cantilever-type and
bridge-type. A nitride membrane structure fabricated by using MEMS
technologies enables an effective thermal insulation, which highly contributes to
the sensitivity of the detector. Optimal parameters have been used in the layout of
a single detector from the results of the analytical model and the FEM. Other
dimensions are dictated by the specified optical resolution. The device is
fabricated using a CMOS process, followed by KOH wet-etching and subsequent
RIE to separate the elements.
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6.2 IC-compatible fabrication of the thermopile array

The fabrication was done in DIMES facility of TUDelft with a standard
CMOS process followed by a backside bulk-micromachining step. Six masks are
used for the front side processing of the wafer and one additional mask for the
micromachining from the backside of the wafer. The process sequence is shown
simplified in Figure 6-1.

Wafer processing started with the deposition of 700 nm of low stress SiN
film formation and then several process steps followed. Firstly, a 300 nm low-
stress PolySi layer was grown by low pressure chemical vapor deposition

(LPCVD). Secondly, Boron was implanted at 40 keV and 5x10'/cm? to realize
p-type PolySi. After the cleaning procedure, n-type PolySi was formed by

Phosphorous doping (40 keV and 7.5%x10'%/cm?). Thirdly, RIE was applied to
remove PolySi from the backside and unwanted PolySi from the front side. In the
next step, 100 nm low-stress SiN was deposited by LPCVD to make the insulation
between metal contacts and PolySi. Aluminium was deposited and patterned on
top to define the connection of thermocouples and bonding pads. Finally, the
wafer was processed with KOH wet etching to make the membranes for the better
thermal insulation.
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1. Nitride deposition (0.7 pm) both sides

2. PolySi deposition (0.3 um)

3/4. Poly implant P+and N+

a— LLLLLLLY R — Ry ﬁ

5. Poly Etch

= —

6. Nitride deposition (0.1 um) / Contact window etch

7/8. Metallization and KOH etch (backside)

Fig. 6-1. Post-CMOS fabrication sequence (cross-sectional view).

RIE was used to realize the gap between thermopiles for limiting thermal
cross-talk. The total stress of wafer is a tensile stress with 2190 Mpa. The yield of
bridges etched-cut of the membrane is strongly affected by this stress level.
Therefore, the fabrication sequence is modified to keep 21 pm silicon underneath
SiN membrane shown in Figure 6-2. The modified fabrication sequence is stated
as followed: After the metalization step, the next is to cut the 10 um wide trench
between elements, which was etched to 21 pm depth. A silicon layer of variable
thickness up to 21 pum was left underneath the bridges and used for experimenting
with the compromise between the improved mechanical strength at larger
thickness versus the loss of sensitivity due to the increased thermal conductivity
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through the bridge suspension. In the final step the wafers were processed with
KOH wet etching to make the membranes for limiting cross-talk. The final
detector array has sandwiched bridge structure which includes 100 nm
passivation SiN, 300 nm thick PolySi-PolySi thermopiles, 700 nm thick nitride
layer and up to 20 pm thick bulk silicon.

1. Nitride deposition (0.7 pm) both sides

2. PolySi deposition (0.3 pm)

3/4. Poly implant P+ and N+ o\
LLLLILLL

ruuu re—— j

5. Poly Etch

6. Nitride deposition (0.1 pm) / Contact window etch

ﬁ

7/8. Metallization and RIE etch
(90°rotated cross-sectional view)

9. KOH etch (backside)

Fig. 6-2. Modified fabrication sequence.

The yield of structures fabricated by using the modified process is
significantly improved. The disadvantage is the reduced sensitivity, since the
thermal conductivity of remaining silicon contributes to the total thermal
conductivity of membrane. Figure 6-3(a) shows the completed scaled thermopile
array and (b) shows the bridges in the middle section of the array with dimension

of 650x36 umz and 10 um wide trenches in between the bridges.
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Fig. 6-3. Optical micrograph of (a) top view of the unequally sized TE
array and (b) view of elements in the middle section of array
with etched membrane for reduced cross-talk.

6.3 Experimental results

6.3.1 Sensitivity

The sensitivity of the device is not actually tested for several reasons.
Firstly, the estimated performance of the device is low, because of the existence
of the excess silicon underneath of SiN thin film membrane. The result is high
thermal leakage (low thermal resistance) from the middle of the bridge to the
substrate. Thermal resistance of material can be presented by thermal
conductivity and dimension of material. In silicon, the thermal conductivity is of
148 Wm''k! while SiN has only 1.6 Wmk’! [6.1]. Since the wet etching is
stopped earlier, the thickness of silicon is at least 20 times higher than SiN.
Therefore, the excess of silicon has much lower thermal resistance and
contributed to the overall thermal resistance of the original design.

The second reason is lack of proper IR light source at that time.
Unfortunately, our instrument set-up has insufficient optical power at this time.
Therefore, the Seebeck output of the thermopile is less than the noise level of the
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system for the proper measurement. As a result, the sensitivity of the device along
spectral wavelength is not clearly examined.

6.3.2 Thermal cross-talk

Thermal cross-talk between two TE elements in the array with 4 and 10 pm
wide trenches has been measured in a vacuum chamber using a 14 pm diameter
He-Ne laser spot (FWHM), which is chopped at a frequency of 2 Hz. The spot is
projected on one element and the resulting Seebeck voltage is measured by using
a HP 34420A nano-voltmeter. Simultaneously, the Seebeck voltage of the
neighbouring element is recorded. The first experimental result is measured by
the bridge with 4 pm wide trenches as shown in the Figure 6-4. The ratio of
voltage within two elements indicates a 9% cross-talk in the experiment in which
the simulation gives the cross-talk of 9,5% theoretically.
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Fig. 6-4. Cross-talk measurement result of two neighbouring bridges
with 4 um trenches.

The experimental results of cross-talk as a function of the air pressure are
presented in the Figure 6-5. The results indicate that cross-talk is determined by
both thermal heat leakage through the gap to the neighbourhood element and on
the optical leakage from the laser spot contributes the cross-talk.
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The optical cross-talk is inherent to the measurement techniques. First, the
scattering light due to the uncompleted absorption of the main pixel is reflected
from the bottom plate of packaging to the side pixels. Secondly, the glass cap of
the vacuum chamber directly on the top of the chip results in some scattering in
the laser light. The optical light leakage is determined by a separate measurement
under the very low air pressure, where the cross-talk caused by the heat transfer is
assumed negligible. The corrected result coincides perfectly with the FEM
simulation result. The deviation at higher pressures is mainly from the
convection.

7
( ——— FEM simulation result
6L @ Measurement result

‘1E-3 0.01 0.1 1
Pressure (Bar)

Fig. 6-5. Cross-talk (on single side) measurement of elements with 10
um trenches under different pressure.

An extension of this measurement technique has made good use of
measuring the dynamic thermal response of a single element and the thermal
cross-talk between elements. The laser spot is frequency modulated for this
purpose. The measurement setup includes He-Ne laser, an optical chopper, a
vacuum chamber, lock-in amplifier SR830 for measuring thermal modulus plot
and a digital oscilloscope for recording the thermal time constant to validate the
AC response. The entire optical measurement set-up is shown in Figure 6-6. The
thermal modulus plot of three elements with the heated (illuminated) pixel in the
middle at 1 mBar is shown in the Figure 6-7(a). The measured thermal cross-talk
(corrected for optical leakage) is 0.4% (single side), which conforms with the
simulation. The cut-off frequency of the main pixel and the side pixel in the
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measurement of the atmosphere pressure is at 240 Hz and 183 Hz respectively.
The cut-off frequency of the side pixel is lower than that of the heated pixel,
because of the higher thermal resistance of the air gap. The cut-off frequencies are
not significantly affected by air pressure, as is demonstrated in Figure 6-7(b).

Vacuum
chamber

He-Ne

Lasew/v/(pm

Fig. 6-6. Optical measurement set-up.
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Fig. 6-7. (a) Thermal modulus plot of three elements at ImBar

pressure. (b) Cut-off frequency of heated element under
different pressure.

6.4 Conclusion

The design and fabrication of a CMOS compatible thermopile array for use
in a miniaturized /R microspectrometer has been presented. The design of the
thermopile detector array is dictated by the optical properties of the imaging
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grating. The ultimate device structure is based on the analytical and numerical
model and is intended for the application in the 1.5-3 pm wavelength range. The
modeling correctly predicts a variable resolution over the array. Consequently, the
dimensions of the sensing elements could not be fixed. The resolving power
reaches the maximum at the central element of the array.

The yield after fabrication is disappointing which is probably due to stress
in the structures. The actual reason to cause the yield problem still needs
advanced investigation in the future. To improve the yield of device, the thickness
of membrane is increased to enhance the mechanical stability by stop KOH wet-
etching a little bit earlier where silicon is not completely etched away. According
to the new overall thickness, the device is tested and matched the modified
simulation result.

The thermal cross-talk in a thermopile array is also presented. A process
flow has been used that allows the fabrication of such an array with a gap spacing
of 4 pm among elements, which limits thermal cross-talk from one element to the
two neighbouring elements to 18% when operated at atmospheric pressure. A
spacing of 10 pm among elements which limits cross-talk between the adjacent
elements is verified experimentally to be about 11.2%. This is not acceptable in
the practical device operation. A wider trench among elements helps to decrease
cross-talk, but is not an acceptable solution while also considering optical
resolving power [6.2]. There is a more effective solution that is to operate the
array under reduced air pressure, which also contributes to the sensitivity of each
thermopile element.

The residual (single-side) thermal cross-talk is measured at 2 mBar to be
0.6%, which corresponds well with the model in chapter 4 and acceptable in the
IR microspectrometer. The bandwidth at the given dimensions was at 240 Hz for
the radiated main element due to its suspension and at 183 Hz for the side element
due to cross-talk. This result is in the nice agreement with the simulations, which
also indicate a pressure independent cut-off frequency. Convection losses have
been observed at pressure levels beyond 100 mBar.

The measurement results do validate the model, while these reveal a
deviation at the higher end of the pressure range, which is due to convection. In
future work the convection effect through gap should be thoroughly included and
carefully analyzed to have more accurate models. The devices of the slightly
different dimensions will be fabricated to advanced study the effects of the
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process variations on the performance. The packaging becomes simpler in case
the air pressure can be kept at a higher level. Therefore, a design optimization for
the operation at e.g. 10 mBar is considered. Furthermore, the hybrid integration of
the optimized grating and the detector part in a package and the on-chip
integration of 7E elements and the detector array readout circuitry to yield a fully-
integrated /R microspectrometer are topics of further researches.
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TE Detector Array Fabricated
by Surface Micromachining

7.1 Introduction

This chapter introduces a thermopile array fabricated in a CMOS process
that is followed by surface-micromachining. An interference filter based absorber
is included to achieve good absorption in IR range. The absorber is used, which is
composed of two metallic layers and one resonance cavity on top of the TE
elements and is intended for use in the near IR range from 1-4 um. The infrared
detector array is composed of 23 thermopiles, each with 5 thermocouples on a

suspended bridge of 650x36 pum? dimensions. The deposition of the thin-film
absorber is CMOS compatible and is followed by surface micromachining.

The design of this absorber has been discussed in chapter 3 on page 47 and
used to simulate the absorptance of thin film stacks on the top of the 7E element
as shown in Figure 7-1. The comparison between different absorbers on top of the
thermopile bridge, as compared to the uncoated bridge, is presented. For the case
of a conventional 3-layer thin film absorber, the top 7i layer should be thin
enough (around 5 nm) to perform the good absorption. However, the thickness of
the top metallic layer is not critical when another thin-film (protective) dielectric
layer is added on top. The relatively high absorption covers from 1.5 um to 4 pm
wavelength range. The wide spectral range would make the microspectrometer
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suitable for mid-IR spectroscopy applications. The detector array is released by
vapor HF. The residual after HF etching has to be removed in a sublimation
process at low pressure. Experimental results and performance of the detector
array are amply explained in the last section.
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Fig. 7-1. Simulation of the absorptance in the IR spectral range.

7.2 Fabrication of the absorber

The fabrication of the thermopile detector array starts with the deposition of
a 4 ym PECVD TEOS layer, which is used as the sacrificial layer. Mechanical
layer with 700 nm of low stress SiN film is formed and then several process steps
followed. Firstly, a 300 nm low-stress PolySi layer was grown by LPCVD.
Secondly, Boron was implanted at 40 keV and 5x10'%/cm? to realize p-type
PolySi. After cleaning procedure, n-type PolySi was formed by Phosphorous
doping (40 keV and 7.5><1015/cm2). Thirdly, RIE was applied to remove PolySi
from the backside and unwanted PolySi from the front side. In the next step, 100
nm low-stress SiN was deposited by LPCVD to make the insulation between
metal contacts and PolySi. Finally, the wafer is proceeded for the fabrication of
absorber.
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Fig. 7-2. Processing steps for the IR thermopile array with absorber
(Dimension not to scale).

The essential steps for realizing the bridge structure and fabrication of
absorber are described using Figure 7-2. The CMOS compatible bridge
fabrication stops at the second SiN layer of 100 nm thickness and is followed by
deposition of the layer stack used for the absorber. The contact hole etching and
metalization are completed prior to the sacrificial etching. There are two types of
the absorber are deposited on the TE detector array. Each of them has different
thickness for reflector and impedance matching metallic layer.

For the first type of absorber 300 nm 4/ is sputtered, followed by a
patterning step to define the thin film in the middle position of the bridge.
Subsequently, SiC with a 200 nm thickness is deposited by the Novellus Concept
One PECVD system using silane with a 0.1 sccm SiH  gas flow and methane with

MEMS-based Linear Thermopile Detector Arrays for IR Microspectrometers 117




TE Detector Array Fabricated by Surface Micromachining

a 4.11 scem CH, gas flow. The pressure is 2.25 Torr and the frequency power set

to 0.5 kW. In these conditions the Si/C ratio is 1. The deposition rate was set to
0.67 nm per minute. The thickness was measured on test samples using a Dektak
profilometer. The temperature of deposition is 400 °C, thus the thermal loading is
CMOS compatible. As shown in the Figure 7-2(b), the size of SiC as the function
of resonating is 2 pm smaller than the bottom layer to procure the better step
coverage of protection layer in the last deposition step. Next, the 50 nm 7i is
sputtered and patterned on the top of SiC layer. The size of Ti is also smaller then
the bottom layer. The second 200 nm SiC is deposited on the top of these layers to
form SiC/Ti/SiC/Al four-layer stacks. The two SiC layers are patterned and etched
in a Trikon Omega inductively coupled plasma (ICP) with: SF 20 sccm and O,
20 scem, under 9.5 Torr at 10 °C, and with an /CP-RF power of 500 W and a RF
platen power of 50 W. RIE is applied to form the bridges in the detector array out
of the membrane.

For the second type of absorber, the reflector was replaced by Ti. The
thickness of Ti as being reflector is 100 nm by sputtering and followed by a
patterning step to distinctly define the thin film in the middle position of the
bridge. Subsequently, a SiC layer of 200 nm thickness is deposited by PECVD.
Next, the 30 nm 77 is sputtered and patterned on the top of SiC layer. The second
200 nm SiC is deposited on the top of these layers to form SiC/Ti/SiC/Ti four-
layer stacks. The two SiC layers are etched and patterned, followed by RIE in a
final step to form the bridges in the detector array out of membrane.
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Fig. 7-3. Photograph of an array of infrared TE detector with the
absorber: (a) SiC/Ti/SiC/Al layers (b) SiC/Ti/SiC/Ti layers.

The fabricated devices with both types of the absorber are shown in
Figure 7-3 before the sacrificial release. The dimension of the detector array are

1.2x0.76 mm?, with an area of each pixel of 650x36 pm? with a 40 pm pitch for
the first type of the absorber and a 46 pm pitch for the second type. The absorber
is deposited in the middle position of bridge with 5 thermocouples at the upper
and lower side of bridge. The SEM photo shows the cross section of the first type
of absorber in Figure 7-4(a). The thickness of aluminium layer is not uniform,
which is due to the fact that annealing is skipped after sputtering of A/. As shown
in Figure 7-4(b), two metallic layers with a 200 nm SiC layer form a sandwich
structure that is used as the IR absorber.
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Fig. 7-4. (a) SEM of the clipped bridge with circle shown in (b) SEM
detail of the cross-section before structural release of the
bridge.

7.3 Sacrificial etching by 73% liquid HF

The sacrificial etching is performed to realize structures with reduced
thermal diffusion in the direction normal to the plane in which the 7E elements
are integrated (i.e. vertical). The width of a bridge is 36 um and the two types of
spacing between bridges: 4 and 10 pm. HF at 73% concentration was used as the
etchant, because it provides a relatively slow etch rate of aluminium. The actual
etch rate was determined by initial tests and was found to be 1740 nm per minute.
The total etching time is set to 10 minutes and 30 seconds by considering the
etching rate and the width of the bridge. After that the die is rinsed in IPA4 for
several times to remove HF. To prepare for freeze drying, the die is immersed in
Cyclohexane solution for 10 minutes. Freeze drying is executed to avoid sticking
of the released structures. The yield of free-standing structures is better than 90%.
Nevertheless, damage due to insufficient coverage by the protection layer, which
is 200 nm SiC, is observed at the sidewall.

The impedance matching thin 7i layer was completely etched due to poor
selectivity to HF. It is verified by testing the absorber with short etching time: 30
and 60 seconds as shown in Figure 7-5. As a result underetching is observed at

120 MEMS-based Linear Thermopile Detector Arrays for IR Microspectrometers




Sacrificial etching by vapour HF

the rim of the absorber, due to the partly removal of the thin 7§ layer. The IR
absorption is not achieved since the impedance matching of absorber is not
obtained.

Fig. 7-5. (a) absorber with size smaller than bridge before etching (b)
Ti is removed at the edge after 30 sec 73% HF. (c) absorber
before etching (b) 80% of Ti is removed after 60 sec in 73%
HF.

7.4 Sacrificial etching by vapour HF

Since the thin metallic layer is attached by the liquid etchant, sacrificial
etching by vapor HF etching was investigated. A sample was placed above the
73% etchant with the distance of 4 c¢m in a closed chamber as illustrated in
Figure 5-4 on page 100. The device was settled on a heater (at the backside) to
evaporate the water during the reaction. It is because the condensation of water
would significantly increase the etch rate of metal used at the absorbers and the
electrical interconnection. The etch rate is 600 nm per minute at a temperature of
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30 °C. The drawback of etching at elevated temperatures is that the etch rate of
the sacrificial layer is diminished. One of advantages to use vapor HF is to
minimize sticking during the structural etching. During the vapor HF etching of

SiN, residues are created according to equation [7.1]:
Si,N, +16HF — 2(NH ), SiF; + SiF, (7-1)

The residue, 2(NH,) ,SiF s, forms a non-transparent film shown in Figure 7-
6 and causes an apparent increase in film thickness, which in extreme cases can
lead to cracking of the structural layer on the top. More testing is required for a
reproducible specification of the etch rate of SiN in vapor HF. The residue
2(NH ) ;SiF 5 can be removed by sublimation using a hotplate at vacuum pressure
[7.2]. The device has been placed into 180 °C hotplate at 1 mBar for 40 minutes.

Fig. 7-6. Residue (non-transparent film) of SiN after etching in vapor
HF.

The final free-standing device with the absorber after removal of the residue
is shown in Figure 7-7. Although the thin film of absorber is still slightly
damaged during etching, most of absorbers are intact on the bridge of TE
elements.
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R

Fig. 7-7. Free-standing TE array after vapor HF.

7.5 Experimental results

The sensitivity of 36 um wide TE elements in the array has been measured
at room temperature and atmospheric pressure using an Exalos 1320 nm LED.
The measurement is focus on the 7E array with the first type of the absorber
explained in the previous section and is deposited with SiC/Ti/SiC/Al four-layer
stacks. The light is coupled into a single mode optical fiber with numerical
aperture (NA) of 0.14. The spot size of IR should not be larger than the width of
the 7E element and is resolved by the distance between the tip of fiber and
absorber, while taking into account the mode field diameter and the NA. The
alignment of optical fiber and element is realized by the optical microscope as
shown in Figure 7-8(a). The spot is projected onto one element and the resulting
Seebeck voltage and cross-talk to a neighbouring element is measured using a HP
34420A nano-voltmeter, as shown in Figure 7-8(b).
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Fig. 7-8. (a) Illustration of measurement set-up. (b) Sensitivity and
cross-talk measurement of TE elements with the optical fiber
on illuminating the device from a 90 um distance. The inset
shows a zoom-in view.

A Thorlab Germanium photo detector has been selected as a reference to
examine the output optical power of fiber. The output of 7E element with
absorber on the top is measured up to 627 pV. The applied optical power is 66
uW. Therefore, the sensitivity is 9.5 V/W. The sensitivity of the 7E element
without absorber is measured to be 3.8 V/W. The enhancement in sensitivity
results as about 2.5. The sensitivity of TE element is low when operating at
atmospheric pressure. This is principal from the fact that conductive heat losses
causes most of the heat flux to flow from the absorber to substrate via the 4 pm
air path instead of through the suspension bridge.

Five different IR LEDs (peak emission at 2.15 pm, 3 pm, 3.4 um, 3.8 pm,
4.2 pm and 4.7 pm wavelength) and different optical power have been used as
light sources. The FWHM of the LEDs is up to 490 nm. The IR-3775 thermopile
reference from Xensor Integration has been used for expressing the measurement
result in terms of optical power. The measurement setup also includes the Agilent
33220A function generator and a custom-made LED driving circuit, a vacuum
chamber with sapphire window and lock-in amplifier SR830 for measuring
optical response of the device as shown in Figure 7-9. The device is evacuated to
a pressure at | mBar. The optical signal is chopped using the LED drive circuit to
reduce sensitivity to stray light. The comparison of the sensitivity of the TE
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element both with the absorber and uncoated element at the vacuum pressure
operation is shown in Figure 7-10. The improved sensitivity of the TE element
with absorber is considerable. Furthermore, the wavelength-dependence of the
response is strongly reduced. This result is in agreement with the simulation result
(Figure 7-1) of the absorber with 7i layer of 20 nm thickness.

Agilent 33220A Function generator

IR LED
Sapphire window
>

I

i 7;4

Vacuum chamber o Device

Fig. 7-9. Schematic of the measurement set-up.

The decreased thickness of 7i during vapor HF etching is probably due to
pinholes in the SiC dielectric film. 77 might be oxidized to form 70, which has a
much higher etch rate in vapor HF etching [7.3]. Variations in the thickness of the
thin titanium film from the fabrication tolerances and after the sacrificial process
are not considered. This issue requires further research.
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Fig. 7-10. Sensitivity of TE element with absorber (squares) and
without absorber (dots) in a vacuum chamber at 1 mBar
pressure in the 2-5 um spectral range.

The high deviation between the simulation and measurement results can be
explained by the following reason. Extrapolated data is being used in the
simulation tool for wavelength above 1.2 um by using simple linear fit and does
not include nitride absorption at 4 pm wavelength range [7.4]. As a result, the
improvement of absorption of device with SiC interference absorber is less
beneficial at this wavelength. Further research is required on this topic.

Figure 7-11 indicates the improved sensitivity for a device with absorber in
a low-pressure environment. The 7E element with an absorber has a sensitivity of
21 V/W at ambient pressure, which is a low value, but compares favorably with
the sensitivity of 7.4 V/W in air for the uncoated device (improvement by a factor
of 2.8). At 1 mBar, however, the sensitivity of the TE element with absorber is
294.7 V/W, while that of the uncoated device is 129.8 V/W (a factor of 2.16). The
sensitivity of the device is improved by almost a factor 20 when operated in
vacuum, as compared to ambient pressure. The effect of the absorber is slightly
reduced in vacuum, which is because of the increased relative effect of heat loss
due to radiation.
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Fig. 7-11. Sensitivity versus air pressure of TE element with absorber
(squares) and without absorber (dots).

The thermal cross-talk between two 7E elements in an array with 10 um
wide trenches has been measured at room temperature and atmospheric pressure
using the same set-up as described in the previous section. The measured Cross-
talk is up to 4.5% for each side and results in 9% overall cross-talk. The result is
comparable to the same element pitch discussed in chapter 6, which however has
a much larger vertical spacing between element and substrate due to the use of
bulk-micromachining for fabrication.

The measurement result indicates that the cross-talk in the case of bulk-
micromachining is one order of magnitude less than atmospheric pressure. In fact
the reduction of cross-talk is from the fact that the vertical heat conduction to the
substrate (spacing 4 pm) is relatively high as compared to the conduction to the
neighbouring element (spacing 10 pum). This is a direct consequence of the
application of surface micromachining in this work. The measured 4.5% Cross-
talk compares favorably to the 5.6% for the bulk-micromachined devices.
Nevertheless, the reduced element-substrate spacing does reduce the sensitivity.
In the case of operating in vacuum the cross-talk between elements is reduced to
only 0.23% at 1 mBar (see chapter 6).
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The time constant of the TE element has been investigated by measuring the
cut-off frequency and the result is shown in Figure 7-12. The measurement setup
includes an IR emitter, an optical chopper, a vacuum chamber with a sapphire
window and a lock-in amplifier for measuring the thermal modulus plot
representing the AC response of the device. The device is evacuated to a pressure
lower than 0.1 Bar for two major reasons. First, the output of the 7E element is
below the detection limit of the instrument with the available power of IR emitter
in case of operating in air. Secondly the system needs to be recalibrated if the
chopper blade is replaced by another one above 300 Hz. Moreover the pressure is
within the range of the thin film encapsulation or wafer level packaging at which
the hermetic sealing is implemented.

The time constant of the TE element with absorber present is measured at 1
mBar and a value of 4.85 msec is derived from the magnitude plot. In case of a TE
element without absorber, the value is about 2.95 msec. The time constant ofaTE
element with absorber present is 1.64 higher than that without absorber, which
demonstrates that the thin film stack does contribute to the time constant.

270 ° [ ]
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@ TE element only
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Fig. 7-12. Cut-off frequency measurement of TE elements versus
pressure.

In a different set-up the time constant of device is measured at ambient
pressure. The optical chopper is replaced by LEDs operated in a pulsed mode.
The time constant with absorber present is measured to a value of 0.537 msec,
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while the TE element only device has a time constant of 0.35 msec. The
advantage of the increased sensitivity, which is introduced in the previous section,
clearly outweighs the disadvantage of a slight increase in time constant. The
performance of TE element with absorber for the LVOF-based microspectrometer

is listed in Table 1.

TABLE 1. Performance of array for LVOF microspectrometer (ambient
pressure and temperature at 25°C)

Parameter Typical value Units Notes
Element number 23
Element dimension 650%36 pm?
Pitch 46 pum
Array dimension 1.2x0.76 mm?2
Number of 5 For single element
thermocouple
Sensitive area 282x36 um? For single element
Thermopile resistance 31 kOhm

Operating in air

Sensitivity S,
NEP

Specific detectivity D*

Time constant

21

1.078
9.346

0.537

VIW
nW
10%cmHz2w!

msec

2.15 pm optical
source

Operating in vacuum (1 mBar)

Sensitivity S,
NEP

Specific detectivity D"

Time constant

294.7

0.0769
131

4.85

VIW
nW
105emHz2w!

msec

2.15 pm optical
source

IR emitter as source
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7.6 Conclusion

The fabrication and experimental validation of the CMOS compatible
interference filter based absorbers for the thermopile detector array using surface
micromachining technology are presented. The dimensions of the detector array

are 1.2x0.76 mm?. The area of each pixel is 650%36 pm? with a 46 um pitch. The
presented device is intended for use in an LVOF-based microspectrometer. The
improvement of IR absorption is proved by measured factor of three higher with
1.3 pm light source. The surface micromachining is more IC compatible and
allows for a narrower pitch, however, it limits the sensitivity of the device as well.
High-performance devices are accomplished by the operation at low pressures.

The integration process includes wafer level packaging with an LVOF and
thin film encapsulation resulting in a complete micro-spectrometer. For this
reason fabrication of TE array with absorber should be CMOS compatible.
PECVD SiC has been applied as both resonance cavity and protection layer
during the sacrificial etch to release the structure. Moreover SiC is used as the
spacing layer in the interference filter based absorber that is composed of Ti, SiC
and Al in a sandwich structure. SiC is relatively resistant to HF attack during the
etching, as compared to SiO,. Nevertheless, the sidewall and pinhole issues had
to be thoroughly taken into account in the design phase. The enhanced absorption,
as compared to the non-coated device, and the resulting increased sensitivity of
device has been demonstrated as well.
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Conclusions

Microspectrometers based on silicon-compatible MEMS technology offer
huge potential in applications where: (1) optimization of mass or volume is
paramount or (2) data pre-processing using integrated CMOS circuits is extremely
beneficial. Space exploration is an example of an application in which
optimization of mass or volume is essential, while consumer and medical
applications (point-of-care diagnostics based on a handheld instrument with
immediate results without the use of a laboratory infrastructure) are candidates
for data pre-processing.

The thermal sensor plays an important role in a microspectrometer. It is
shown that the performance of a thermal sensor is determined by the performance
of its two essential components: the radiant absorber and the thermoelectric
element. .

An excellent absorber is necessary and essential for achieving a high
absorption coefficient in the spectral range of interest in a thermal sensor array.
The use of metal black has been extensively applied in the commercial products
due to its acceptable absorption and wide spectral range. The problems are the
vulnerability and CMOS-process incompatibility. In this thesis, the use of carbon
nanotubes was introduced as an alternative. It has been shown the superior
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performance as compared with the metal black type. However, some main
drawbacks were related to technology constraints because of the high growth
temperature (around 550 degree) of carbon nanotubes. As another alternative,
absorbers based on metamaterials have been discussed. An attractive feature of
these absorbers was that the absorption function and spectral-filtering can be
combined. It has also been shown that the use of metamaterials in the absorbers
will yield a linear relationship between the wavelength of the IR absorption peak
and the unit-cell size. However, in that case, the small feature size of unit cells
required the use of advanced lithography technology. Therefore, the interference-
based (microwave) absorber was selected for our thermopile (thermoelectric)
device because it adequately met the requirement of IC-compatibility.

The design and testing of the interference-filter-based absorbers for use in a
thermopile array for an /R microspectrometer were discussed (chapter 3). It has
been shown that even though absorbers based on SiO; had a better spectral
response, SiC was still preferred because of its high resistance to HF etching. The
experiments successfully validated the simulations, which implied that the
simulation tools and our material database can be used in a subsequent phase.

The principle of the thermoelectric effect and the theoretical analysis of a
single element were discussed. In an addition to that the modeling of the
thermopile array for use in a miniaturized infrared microspectrometer was
presented (chapter 4). Polysilicon has been selected as the thermoelectric
material, despite of its moderate figure Z, because of its excellent CMOS-

compatibility.

The design of the thermopile detector array is dictated by the optical
properties of the dispersive element in the spectrometer. Two types of dispersive
clements were proposed: a grating and an LVOF. The specific spatial pattern
provided by the diffractive imaging grating implied that the dimensions of the
sensing element depend on the position within the array. The resolving power
designed was maximized at the centre element of the array. It has been shown that
a spacing of 4 pm between elements theoretically limits the cross-talk of adjacent
elements to 19%, whereas a gap spacing of 10 pm results in a thermal cross-talk
of 10.3% when operated at atmospheric pressure. However, both cases were not
acceptable in an actual device. A wider trench between elements helped to
decrease cross-talk, but not efficiently. A larger element pitch in the array would
only reduce the spectral selectivity. As a more efficient solution for this problem
it has been proposed to operate the array in a vacuum, which consequently
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contributes to the sensitivity of each thermopile element.

Several micromachining techniques were available for device fabrication
(chapter 5). Removal of excess silicon under the device by bulk micromachining
enabled the release of the thermoelectric detector. Since much more silicon was
removed than sacrificial material in surface micromachining, the thermal
insulation was superior in the bulk micromachined devices. However, the
drawbacks of using bulk micromachining were the longer etching time and the
stress concentration at the interface between the silicon and the device, which can
lower the yield of whole process. The wafer cannot easily re-enter the clean room
for further processing, for instance for deposition of a thin-film for encapsulation.
Therefore, the fabrication of device based on surface micromachining was
preferred. Stiction was introduced during rinse/drying, which was due to surface
tension and capillary force and should be prevented by using both freeze-drying
and vapour HF etching techniques. It has been shown that these results are
presented in a high-yield process.

The thermal cross-talk in a thermopile array has been extensively studied.
For experimental investigations, a test chip has been fabricated with spacing of 10
um between the elements. For the tested array a cross-talk of about 11.2% was
found. Cross-talk in the device was further reduced when placing the device in a
vacuum chamber. The residual thermal cross-talk was measured at 1 mBar to be
0.8%, which corresponds well with the model (chapter 4) and was acceptable in
an /R microspectrometer. The bandwidth at the given dimensions was at 240 Hz
for the main radiated element due to its suspension and at 183 Hz for the side
element due to cross-talk. This result corresponded with the simulations, which
also indicate a pressure-independent cut-off frequency.

The fabrication and experimental validation of the CMOS-compatible
interference filter-based absorbers for the thermopile detector array using surface
micromachining technology were presented (chapter 7). The dimensions of the

detector array are 1.2x0.76 mm?, with the area of each pixel being 650x36 pm2
with a 46 pm pitch. The device presented was intended for the LVOF-based
microspectrometer. Surface micromachined devices were best in terms of IC-
compatibility and narrow pitch. However, the sensitivity of the bulk
micromachined devices was slightly better. It has been shown that high-
performance devices are realized by operation at low pressures.
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8.1 Future work

There are highly interesting topics for further research, which are listed
below.

Integration the optical system and detector array

The CMOS compatibility calls for the on-chip integration of 7E elements,
the detector array and readout circuitry. The hybrid integration of the optimized
grating or the LVOF and the detector part in one package yields a fully integrated
IR microspectrometer.

Advanced thermal cross-talk model

The measurement results do validate the model, while also revealing
deviations at the higher end of the pressure range which are due to convection. In
future work the effect of convection through the gap should be included in the
modeling to improve the accuracy of the prediction.

Advanced packaging technology

The device shows a high performance in an evacuated environment.
Therefore, the new device packaging technologies, e.g. wafer-level packaging
and thin-film encapsulation, are suitable topics for the future research.

Prototype of a metamaterial microspectrometer

The microspectrometer using metamaterials only or combined with LVOF

has the best potential to actually achieve a high-performance and low-cost optical
microsystem, which should be considered in future research.
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Appendix A: Thermal
analytical modeling

A.1 Fundamentals of heat transfer

To optimize the design of the thermal sensor for use in microspectrometer
application, the fundamental physics in the thermal domain should be practically
applied and implemented. Heat transfer theory is used to model the performance
of the detector and the limits should be well exploited. Since the thermal
modeling is strongly dependent on boundary conditions, partially due to the shape
of the detector, it is necessary to determine the best possible detector in terms of
the geometry. This section discuss the chosen shape of the detector followed by
the thermal modeling with the derived analytical solution.

A.1.1 Geometries considerations

According to literature [A.1], the geometry and materials of the thermopile
detectors can be optimized dependently on the application. The different types of
geometries can be practiced in the thermopile infrared sensor. Some possible
structures are described: rectangular membrane, circular membrane, bridge
structure, cantilever structure and hinged cantilever structure. These structures are
presented in Figure A-1. The simplified model for rectangular membrane has
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been reported by some assumptions [A.2][A.3][A.4]. The hinged cantilever can
be analyzed as cantilever since the effect of the small support beams is negligible.
The thermal signal is generated owing to the incident radiant from the optical
element, for example grating. A typical characteristic of a planar imaging
diffraction grating is a linear dimensional projection. As a result of the
rectangular, the circular and the hinged types of the detector are not suitable in the
spectrometer application since the resolving power could be limited. Therefore,
the cantilever structure and bridge structure are analyzed with the corresponding
models which are utilized to estimate the performance of the detectors. The
analysis is focused on the cantilever and extended to bridge due to the
symmetrical structure.
(@)

&(b)
&

/’\ []:Bulk substrate
‘ :Membrane

[ : Absorption area
(e)

Fig. A-1. General configuration of shape of detectors. (a) circular
membrane, (b) cantilever structure, (c) bridge structure, (d)
hinged cantilever structure and (e) rectangular membrane.

A.1.2 Hear transfer mechanism

Three fundamental modes of heat transfer are discussed since these
equations will be used in the thermal modeling.

A.1.2.1 Conduction

The law of heat conduction, also known as Fourier's law, states that the heat
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flux ¢, is equal to the product of the thermal conductivity 4 and the negative
temperature gradient - V7, as expressed by

¢, =—-AVT (A-1)

This equation determines the heat flux for a given temperature profile and
thermal conductivity. The minus sign ensures that heat flows down the
temperature gradient.

A.1.2.2 Convection

Convection is the heat transfer by mass motion of a fluid (such as air or
water) when the heated fluid is caused to move away from the source of heat,
carrying energy with it. There are two major types of heat convection:

* Natural convection: when the fluid motion is caused by buoyancy forces

that result from the density variations due to variations of temperature in
the fluid.

* Forced convection: when the fluid is forced to flow over the surface by
external source, creating an artificially induced convection current.

However, the natural convection from a micro-scale detector to surrounding

still air is negligible, in a small package, and the heat loss is dominated by the
heat conduction and the radiation [A.5].

A.1.2.3 Radiation

The thermal radiation is electromagnetic radiation emitted from a heated
material. As stated in the Stefan-Boltzmann law, the total energy radiated per unit
surface area of a black body in unit time is directly proportional to the fourth
power of the black body's absolute temperature 7. Therefore, the total radiant
power from the general grey body can be written as:

B =e0AT" (A-2)

where the constant ¢ is the emissivity factor, o is the Stefan—Boltzmann
constant which equals to 5.67x 10‘8, and 4 is the radiating surface area.
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A.1.3 Heat Equation

The heat equation is an important partial differential equation which
describes the distribution of heat (or variation in temperature) in a given region
over time. For a function (x,,z¢) of three spatial variables (x,),z) and the time
variable ¢, the heat equation is [A.6]:

oT (GZT *T aZT] ®
=a +

bt 2 E : A-3
a oz o o e

where @, the heat source power per volume V, and A the thermal
conductivity, and thermal diffusivity & which can be expressed as:
A
PC,

a=

(A-4)

in which p is the density, and ¢, is the constant pressure specific heat.

When the temperature is unchanging in time, which means the system in a
steady state, the heat equation is expressed as:

oT (GZT o’T aZT] [0
—=0>a +

ks - =0 (A-5)
ot ot oy oz

pe,

with ] = 0, the heat equation is simplified as:

2 2 2
a_fﬁ_gﬁ_{_ +2: 0 (A-6)
o o o) A

A.2 Modeling

Figure A-2 shows the top view of the sensor schematic. In order to evaluate
the performance of the thermal sensor, the temperature distribution in the x-
direction along the beam should be derived. Assume a uniform temperature
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distribution in the y-direction and a uniform thermal conductivity of the beam.
Symmetry Structure

Fig. A-2. Sensor schematic of thermopile on bridge for modeling.

A.2.1 Heat loss at absorber

First of all, the heat transfer equations relevant to the absorber (0 <x<L ab)
are derived:

Heat loss P44, due to the radiation from the absorber is given by rewriting
Eqn (A-2):

Poiy =€04, (7:2 5 7:)4) (A-7)

where 4, is the radiating absorber area which expressed as A, =W-L,,

Tgp is the temperature of the absorber, and 7} is the ambient temperature (cold
edge).

Heat conduction Pgys from the absorber to the heat sink through the gas path
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in z direction is given by [A.7]:

{ el
Pgm-ab =’1gm [Z+Z]Aub(Tab _]z)) (A-3)

where Ag,, denotes the thermal conductivity of the gas atmosphere, d; is the

distance between the bridge and the bottom of heat sink as shown in Figure A-2
and d, is the distance between the cantilever and package cap.

Since the temperature of the absorber is moderately higher than the
temperature of the heat sink, which means:

- oA >0ana’z%Ti<<1:>%zl (A-9)

0 0

Heat radiation in Eqn (A-7) can be expressed as:
Poyw=€04, (Tat: =Ty ) = EO-A(TaZb +1y )(Tazb ~ Toz)
=¢&04, (Tazb +13 )(Tab +T, )(Tab o To)

P X T (A-10)
=¢e0d,T, ( “"j +1 (L"H](TM—TO)
T, T,

s 4e0 4, T, (T, -Ty)

Therefore, the heat power from the heating absorber to the beam is:

Py=P~(Pus+Pos)

ai

: vl (A-11)
=Pin_ 480-7;) +ﬂ’gus ;"—:1_ (T;lb_YZ))Aab
1 2

First Boundary condition

The heat flux through the interface of the absorber and beam at x = L is
conducted in two ways:
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1. As states in the law of heat conduction, the heat flux expressed in Eqn (A-
1) can be described as:

4 =i dr'(x) (A-12)
q T

in which the thermal conductivity of the beam is expressed as:

o 5y BT ) (A-13)

eq Z tx
with film thickness #,(s=1,2,..) and thermal conductivities of each
film A, (s=1,2...).

2. By the definition, the heat flux is the amount of energy that flows through
a particular surface per unit area per unit time, which is described as:

N 3 1,17

in which the cross section area 4., = W(Zts),

Combine the heat flux Eqn (A-12) and the Eqn (A-14), result in:

g
B, —| 40T} +4 | —+— | (T, -T,
¢ - in [ 0 gm[‘il dz ]]( ab O)A?zb_ /1 d]_,(x), (A-IS)
ex A, S ™
Rearranging the above equation to obtain the first boundary condition:
B 3 |
2 —\4eoTy +A4, | —+— | (T, -T) L
a@)  __w [ i [d 4, JJ( g (A-16)
& | DAt
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A.2.2 Heat loss along beam

Loss mechanisms including radiation and gas to describe the heat equation
along the beam are again specified in the Table 1:

TABLE 1. Heat loss mechanisms along beam.

Heat loss due to gas Heat loss due to radiation

Pk =Am[é+712jAm(T(x)—7[,) P eam = 4604, T (T (%)-T;)

where Ap,qy is the beam area and T(x) is the temperature at point x on the

beam Lab Sx= Lbeam =

Rewriting the heat equation Eqn (A-6) results in:

2
- (_T(X_Z)"T_O)J,&:O (A-17)
ox A

eq

With the volume of beam V' = 4ican ‘Zts , the power of heat source/loss of
the beam per volume V is expressed by:

o +P

(D dad o rad—beam gas—beam

. vV

A-18
[480-72)3 i /%gas [L + L)] Abeam ( )
d_4d,
(T(x)-T)

Aheam Z t.v

From Eqn (A-13), Eqn (A-17) and Eqn (A-18), the second-order differential
equation is derived as:

UL [MG;;G_ %D(T(x)—a)ﬂ b
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The Eqn (A-19) can be further be rewriting into:

PR p(r(-n)=0 a2

where Srefers to the heat transfer coefficient:

/
4eoT +4 | L o 3
0 gas dl d2

P (A1)
p At

eqeq

The general solution of the second-order differential equation Eqn (A-20) is
given as:

T(x)-T,=4-¢” +B-&* (A-22)
where S refers to the heat transfer coefficient.
Second Boundary condition

First, it is assumed that a uniform temperature distribution in x-direction on
the beam. As shown in Figure A-2, the following boundary conditions apply:

e Athot edge:
T(Lpn)=T, (a23)
* Atcold edge:
r (Lab) - (A-24)
Apply the Eqn (A-23) and Eqn (A-24) into Eqn (A-22) to solve 4 and B
respectively:

2B Lyeam
(Tab -1, ) iy
eﬂLhm. (eﬂ(wam_Lah) =B (G ab))

A= (A-25)

=g
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Tab _7;)
Pl ( P leanLet) _ e—ﬂ(tm—La»))

(A-26)

Taking 4 and B back into Eqn (A-22) and rearrange it; the solution of the
second-order differential equation is expressed as:

e (];b_]"o).ezﬂlm,, e P ’ (Tab—TZ))'eﬂx
&P Teom ( P Usean~L) _ e—ﬂ(zm—Luh)) P Licam ( (v ~Luw) _ e—fiu.».,.m—l..,»))

T(x)-T,

oPlsean ( eﬂ(t..m»/-‘,h) _ ¢ Pllsean~Ls)

= = A-27
P Hheom ( P lseamLs) _ e—ﬂu-m,a,—L.m)) (T"” T") ( )

. sinh (B +(Lyeu —¥))
Sinh(ﬂ'(l‘beam _Lab)

)(T::b "7;3)

A.2.3 Temperature distribution along beam

To get the unknown 75, the complete analytical solution can be derived
with the first boundary condition via Eqn (A-16) which is first rewritten by
applying Eqn (A-21):

Pi"
_W—ﬁz(zﬁs 1, (T = Ty) Las (A-28)

x=Lg Z /13 . ts

Eqn (A-27) is differentiated to match the above equation and shown as:

[ sinh (B (Lyeun — %))

d7 (x) _ " (5inh (8 (oo = L))
dx dx

_—peosh(B-(Lywn=%)) 1

~ sinh (B (Lyan — Las)) Tu=)

dT(x)

(Tab —To) (A-29)
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Combine the Eqn (A-28) and Eqn (A-29) , T, is expressed as:

Vi

R YR A ATA
S,

Peosh(-(L,,,—x))
Smh(ﬂ(lmn 'Lab))

(sz “7;))=

(A-30)

Taking Eqn (A-30) into Eqn (A-27), the final analytical solution for the
temperature distribution in x-direction on the beam is expressed as:

et b

T(x)= 'B'W(Z’is 'ts) ] .sinh(,B-(me—x))

B-L,,, +C0th(16(l’bewn _Lab)) JSlnh(IB(Lbeam —Lab))

+T; (A31)

When x = L, (temperature at the interface of the absorber and the beam),
the above equation can be simplified into:

i

in

[45075% (dll+dij]La,,W+W(Z&ts)ﬂ00th(ﬂ%,)

— — T
T(x=L,) +T; o

2
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Abbreviations and Acronyms

The following abbreviations and acronyms are used in this thesis:

AC

Al
CMOS
CNT
CVD
DC
DIMES
FEM
FTIR
FWHM

IC
IR
IPA
KOH

Alternating current

Aluminium

Complementary metal oxide semiconductor
Carbon nanotube

Chemical vapour deposition

Direct current

Delft institute of microsystems and nanoelectronics
Finite element method

Fourier transform infrared spectrometer
Full width at half maximum

Hydrogen fluoride

Integrated circuit

Infrared

Isopropyl alcohol

Potassium hydroxide
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Abbreviations and Acronyms

LED Light emitting diode

LPCVD Low pressure chemical vapour deposition
LVOF Linear variable optical filter

MEMS Microelectromechanical systems

MIR Mid infrared

NA Numerical aperture

NDIR Non-dispersive infrared sensor

PECVD Plasma enhanced chemical vapour deposition
PolySi polysilicon

RIE Reactive ion etching

SEM Scanning electron microscope

SiC Silicon carbide

SiN Silicon nitride

SiO, Silicon dioxide

SNR Signal to noise ratio

TCR Temperature coefficient resistance

TE Thermoelectric

TEOS Tetraethyl orthosilicate

Ti Titanium
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Summary

This thesis discusses research on a thermo-electric detector array, the
thermo-electric elements of which are coated with a custom-designed absorber.
The research is partly driven by the challenges of miniaturizing an optical system
using MEMS technology, but it is also application-driven, since the optical
microspectrometer has huge potential for implementation in applications that
cannot be served with expensive, bulky conventional spectroscopic instruments.
The emphasis of this thesis is on the design and CMOS-compatible fabrication of
an array of thermopiles coated with an optical absorber for use in mid-infrared
(mid-/R) microspectrometers. The measured specifications are listed in a table on
page 129.

Applications

The major applications of the spectrometer are in chemical analyses of gas
and liquids. In spectroscopy the absorption, emission, or scattering of
electromagnetic radiation by materials is measured to study atoms or molecules,
or to observe physical processes. IR absorption spectroscopy is the most
frequently used technique in the industry. The thermal detector is the key
component in such an instrument.

Microspectrometer systems
The general configuration of a microspectrometer is comprised of a light

source, a dispersion element and a detector. The light source supplies a
continuous optical output or a pulsed signal, which facilitates an enhanced SNR.
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The dispersion element is used to split up the broadband light signal into several
narrow spectral bands. In general, two approaches can be used for dispersion:
wavelength selection and wavelength encoding. The optical signals that result
from the dispersion are converted into the electrical signals for further processing.

The available dispersion techniques can be classified into several categories
based on the operating principles: refraction, interference, diffraction, and
application of the newly developed metamaterials. Microspectrometers can be
fabricated with a dispersion function implemented using grating, which is based
on diffraction. Alternatively, a linear variable optical filter (LVOF) based on the
interference (Fabry-Perot) principle can be used to realize the dispersive element.

The detectors can be classified into two groups based on their operating
principle: photon detectors and thermal detectors. The photon detectors combine
a good signal-to-noise performance and a very fast response. However, photon
detectors have a wavelength-dependent response and generally need to be cooled
at the mid-/R wavelength range. The thermal detector is selected and fabricated in
this thesis despite the less favourable detection limit because of the advantages of
un-cooled operation, and the flat and broadband responses.

Thermal detector

Operation of the thermal detector is comprised of two conversion steps: (a)
radiant (optical)-to-thermal and (b) thermo-to-electrical. The absorber is an
essential component in the optical-thermal conversion. Two new types of
absorbers are introduced, both of which are based on carbon nanotubes and use
metamaterials. The interference-based (microwave) absorber is also used for the
thermopile-based detectors described in this thesis, because of the IC-
compatibility of the fabrication in the post-process.

Thermopiles are used for the conversion from the thermal to the electrical
domain. Various thermoelectric materials are discussed in this thesis and
polysilicon is selected as the material used, because of its acceptable Seebeck
coefficient and compatibility with the CMOS process.

Design of the system

The basic TE element is analyzed and the results are used in the design of an
optimum TE element (pixel) to satisfy the application requirements. This
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approach is extended to the optimum design of elements in an array. The array is
intended for wuse in either the grating-based or the LVOF-based
microspectrometer. Analytical and numerical modeling was applied in the design
of the grating for a microspectrometer which was intended for the 1.5-3 pm
wavelength range. The resolving power, R, is greatest at the centre element of the

array (R=68) and the calculated sensitivity S = 289 VW'!, in the case of
fabrication using bulk micromachining and assuming a perfect absorber. A
spacing of 4 pm between elements limits the cross-talk of adjacent elements to
19% theoretically, whereas a gap spacing of 10 pum results in a thermal cross-talk
of 10.3% when operated at atmospheric pressure.

Technology

The micromachining techniques applied during the fabrication of the
thermoelectric detector in the /R microspectrometer are bulk and surface
micromachining. Since the final goal is to combine a micro-scale physics sensor
and the readout realized in a CMOS process, the emphasis is on the fabrication
compatibility. Generally the planar wafer is processed into three-dimensional
structures by micromachining technologies subsequent to the /C fabrication. An
essential aspect of the detector is the removal of silicon under the device. One
approach is to use bulk micromachining, which results in a relatively large gap
and consequently in better thermal insulation as compared to a thermopile that is
fabricated based on surface micromachining. Nevertheless, thermopiles based on
surface micromachining are the most promising because of the superior CMOS
compatibility and potential for further processing, for instance in the deposition of
a thin film for encapsulation.

New concepts, original contributions and their results

The original work presented in this thesis is:

* Fabrication of a detector array with an absorber based on an interference-
filter on the thermopiles.

* Design of a microspectrometer based on an LVOF as the optical dispersion
element, and a metamaterial as the spectral selective absorber, which
eliminates the need for the bandpass filter that is typically mounted on the
top of the housing to limit the operating band.
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e The properties of carbon nanotubes are explored for use as an absorber.
The performance is superior to that of the conventional metal-black
absorber.

e Detector arrays are designed and optimized for use in combination with
different dispersion components (imaging grating and LVOF).

e The physical performance limits of the thermopile detector array are
explored and the sensitivity and cross-talk between elements (pixels) is
specified, including the dependence on air pressure.

Outlook

The overview presented in chapter2 shows that very few mid-/R
microspectrometers are available and also shows the added value of an integrated
microsystem in many applications. Technology research and product
development in this field, therefore, seem to be very relevant. /C-compatible
MEMS technology is the key to obtaining a microsystem with a small size and
weight, without significantly reducing the optical performance and the potential
for integrating the signal pre-processing that is needed to serve those applications.

The techniques for fabrication of optical absorbers, which are presented in
this thesis for use in a microspectrometer, can be used to enhance the performance
of many different optical components or systems, such as solar collectors.
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Samenvatting

In dit proefschrift wordt onderzoek naar een array van thermo-elektrische
detectoren, welke zijn voorzien van een speciaal ontworpen toplaag, beschreven.
Dit onderzoek wordt deels gestuurd door de uitdagingen van de miniaturisatie van
een optisch systeem op basis van MEMS technologie, maar wordt ook gestuurd
door de toepassingen, aangezien de optische microspectrometer een groot
potentieel biedt voor gebruik in toepassingen welke niet bedient kunnen worden
door de gebruikelijke grote en dure spectroscopische instrumenten. De nadruk ligt
in dit proefschrift op het ontwerp en de CMOS-compatibele fabricage van een
array van thermozuilen, welke zijn voorzien van een optisch absorberende
toplaag, voor toepassing in een microspectrometer, welke werkzaam is in het
mid-infrarood (mid-/R). De gemeten specificaties van de detector array zijn
opgelijst in een tabel op blz. 129.

Toepassingen

Het belangrijkste toepassingen van de spectrometer zijn in de chemische
analyse van gassen en vloeistoffen. In de spectroscopie wordt de absorptie,
emissie of verstrooiing van elektro-magnetische straling door materialen gemeten
ten behoeve van de studie aan atomen of moleculen, of voor de waarneming van
fysische processen. IR absorptie spectroscopie is de meest gebruikte techniek in
industrie. De thermische detector is de bepalende component in zo'n instrument.

Microspectrometersystemen

In de algemene opzet is een microspectrometer is samengesteld uit een
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Samenvatting

lichtbron, een dispersief element en een detector. De lichtbron kan zodanig
worden aangestuurd dat een continu optisch uitgangssignaal ontstaat of een
pulserend signaal, welke een verbeterde Signaal-Ruis gedrag mogelijk maakt. Het
dispersieve element wordt gebruikt om het breedbandige optische ingangssignaal
op te splitsen in verschillende smalle spectrale banden. In het algemeen kunnen
twee verschillende methoden worden gebruikt voor dispersie: golflengteselectie
en golflengtecodering. De optische signalen na dispersie worden omgezet in
elektrische signalen voor verdere verwerking.

De beschikbare technieken voor dispersie kunnen worden ingedeeld in
verschillende klassen, gebaseerd op het werkprincipe: refractie, interferentie,
diffractie en de toepassing van de recentelijk ontworpen metamaterialen.
Microspectrometers kunnen worden gefabriceerd met de dispersiefunctie
ingevuld door een tralie, waarvan de werking is gebaseerd op diffractie. Een
lineair variabel optisch filter (LVOF) gebaseerd op interferentie (Fabry-Perot) kan
worden gebruikt als alternatief voor de realisatie van het dispersieve element.

De detectoren kunnen worden ingedeeld in twee groepen op basis van het
werkprincipe: foton detectoren en thermische detectoren. Fotondetectoren
combineren een goed signaal-ruis gedrag met een zeer snelle responsie. Echter,
fotondetectoren vertonen een golflengte-afhankelijke responsie en moeten in het
algemeen worden gekoeld bij gebruik in het mid-/R golflengtegebied. De
thermische detector is in dit proefschrift gekozen en gefabriceerd, ondanks de
mindere detectiegrens, vanwege de voordelen van ongekoeld bedrijf en een
vlakke en breedbandige responsie.

Thermische detectoren

De werking van de thermische detector omvat de omzetting in twee
stappen: (a) straling (optisch) naar thermisch en (b) thermisch naar elektrisch. De
absorber is een essentiéle component in de opto-thermische omzetting. Twee
nieuwe typen van absorbers zijn geintroduceerd: gebaseerd op koolstof
nanobuisjes en gebruik van metamaterialen. De absorber gebaseerd op
interferentie (microgolf) wordt ook gebruikt in de thermozuil gebaseerde
detectoren welke worden beschreven in dit proefschrift, vanwege de IC-
compatibiliteit van de fabricage in een 'post-process'.

Thermozuilen worden gebruikt voor de omzetting vanuit het thermische
naar het elektrische domein. Verschillende materialen worden in dit proefschrift
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beschreven en gekozen is voor polysilicium als het toe te passen materiaal,
vanwege de acceptabele Seebeck coéfficiént en de compatibiliteit met een CMOS
proces.

Ontwerp van het systeem

Het elementaire TE element is onderzocht en de resultaten worden gebruikt
voor het ontwerp van een TE element (pixel), welke optimaal voldoet aan de eisen
van de toepassing. Deze aanpak wordt voortgezet in het optimale ontwerp van een
array. Het array is bedoeld voor gebruik in de tralie-gebaseerde of de LVOF-
gebaseerde microspectrometer. Analytische en numerieke modellering werd
toegepast bij het ontwerp van de tralie voor gebruik in een microspectrometer,
welke was bedoeld voor het golflengtegebied tussen 1.5 en 3 um. Het oplossend
vermogen, R, is maximaal bij het middelste element in het array (R=68) en de

berekende gevoeligheid S =289 VW, in geval van fabricage op basis van 'bulk
micromachining' en indien een perfecte absorber wordt verondersteld. Een
afstand van 4 pum tussen de elementen beperkt de overspraak tussen naburige
kanalen in theorie tot 19%, terwijl bij een afstand van 10 pm een thermische
overspraak van 10.3% volgt, indien bedreven bij atmosferische druk.

Technologie

De microfabricagetechnieken welke zijn toegepast voor de fabricage van de
thermo-elektrische detector in de /R microspectrometer zijn: 'bulk’ and 'surface
micromachining'. Aangezien de combinatie van de micro sensor en de uitlezing in
een CMOS proces het uiteindelijke doel is, ligt de nadruk op de
fabricagecompatibiliteit. In het algemeen worden drie-dimensionele structuren in
een planaire wafer gerealiseerd door middel van 'micromachining' technieken,
welke volgen op de IC fabricage. Een essentieel aspect van de detector is de
verwijdering van silicium onder de thermozuil. Eén benadering is gebaseerd op
het gebruik van 'bulk micromachining', waarbij een relatief groot gat ontstaat en
dus een betere thermische isolatie in vergelijking tot een thermozuil gefabriceerd
door 'surface micromachining'. Desondanks zijn thermozuilen op basis van
'surface micromachining' het meest veelbelovend, vanwege de superieure CMOS
compatibiliteit en de mogelijkheden voor vervolgstappen in de fabricage, bij
voorbeeld aanbrengen van een dunne film voor inkapselen.

Nieuwe concepten, originele contributies and de resultaten
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Samenvatting

Het originele werk gepresenteerd in dit proefschrift is:

e Fabricage van een array van detectoren, waarbij de thermozuilen zijn
voorzien van een absorber gebaseerd op interferentie-filter.

e Ontwerp van een microspectrometer gebaseerd op een LVOF als het
optisch dispersief element en een metamateriaal als de spectraal selectieve
absorber, waardoor het band-doorlatende filter dat normaliter bovenop de
behuizing wordt geplaatst om het werkgebied in te perken, overbodig
wordt.

e De eigenschappen van koolstof nanobuisjes voor gebruik als een absorber
zijn onderzocht. De prestaties blijken superieur aan die van de
conventionele ‘metal-black’ absorber.

e Detector arrays zijn ontworpen en geoptimaliseerd voor gebruik in
combinatie met verschillende dispersieve componenten (beeldvormende
tralie en LVOF).

e The fysieke limieten van de prestaties van een detector gebaseerd op een
array van thermozuilen zijn onderzocht en de gevoeligheid en overspraak
tussen elementen (pixels) was gespecificeerd, inclusief de
luchtdrukgevoeligheid.

Vooruitzicht

Het overzicht gepresenteerd in hoofdstuk 2 toont aan dat zeer weinig mid-
IR microspectrometers beschikbaar zijn en toont ook aan dat een geintegreerd
microsysteem meerwaarde kan bieden in veel toepassingen. Technologisch
onderzoek en product ontwikkeling in dit gebied lijken daarom zeer relevant. /C-
compatible MEMS technologie is de sleutel tot het verkrijgen van een
microsysteem met de benodigde kleine afmetingen en gewicht, zonder dat de
optische prestaties significant behoeven te worden verlaagd. Het potentieel van
silicium MEMS technologie voor de integratie van voorverwerking van signalen
biedt groot potentieel in de genoemde toepassingen.

De technieken voor fabricage van optische absorbers, welke is
gepresenteerd in dit proefschrift voor toepassing in een microspectrometer,
kunnen worden toegepast voor de verbetering van de prestaties van andere
optische componenten of systemen, zoals zonnecellen.
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