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The ability to detect small amount of trace gases is vital in many applications.
The photoacoustic spectroscopy is one of the methods that produce the most
sensitive detection schemes. It is based on detecting a gas specific acoustic wave
generated in the absorption of light. The sensitivity of the traditional membrane
microphones is limited by electrical noise and the nonlinearity of the displacement
of the mechanical sensor at high optical power levels. Membrane microphones
have been therefore replaced with optically measured cantilevers in the most
sensitive systems. Even though a MEMS cantilever has shown the best sensitivity
to date, further work is needed to fully exploit its full potential.

This thesis consists of two parts. The first part gives a review of the photoacoustic
effect and the components used to build a photoacoustic system based on the
literature. In addition, a brief review of the fabrication process of cantilevers
is given. In the second part, a photoacoustic setup assembled at Micronova is
used to compare the theoretical model with the measured signal spectra of the
cantilevers. The cantilever design is like a tight micromachined ”door” in which
the gas leakage through the gap between the moving door and the frame is of
crucial importance. The used model could explain the experimental data very well
when this narrow gap is in a few µm range. For larger gaps, the gas leakage and
dynamics change the overall behaviour so much that the agreement becomes worse.

The sensitivity of the microfabricated cantilevers is mainly limited by a gas
spring. Therefore various shapes for the component were modeled with the
finite element method (FEM) showing that the effective spring constant can be
efficiently altered by perforating the cantilever.
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Spectrosopy, Microfabrication
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Monet sovellukset vaativat erittäin pienten kaasumäärien tunnistamista. Tähän
tarkoitukseen on kehitetty monia tekniikoita, joista fotoakustisella spektroskopi-
alla on saavutettu kaikkein herkimpiä tuloksia. Menetelmä perustuu näytekaasun
synnyttämään akustiseen aaltoon, joka syntyy kaasun absorboidessa valoa.
Kalvomikrofonien herkkyyttä rajoittaa mittaukseen kytkeytyvä elektroninen
kohina, sekä kalvon mekaanisen liikkeen epälineaarisuus suuria optisia tehoja
käytettäessä. Tästä syystä herkimpiä mittauksia varten kalvomikrofonit on kor-
vattu optisesti mitattavalla, oven tavoin toimivalla, palkilla. Palkki on erotettu
kehyksestä kolmelta sivulta kapealla raolla. Vaikka mikromekaanisilla palkeilla
onkin saavutettu pienimmät mitatut herkkyydet, vaatii niiden vahvuuksien
täydellinen hyödyntäminen vielä lisää tutkimusta.

Tämä työ muodustuu kahdesta osasta. Ensimmäisessä osassa tehdään kirjal-
lisuuskatsaus fotoakustiseen ilmiöön ja sitä hyödyntävän laitteiston vaatimiin
osiin. Lisäksi esitellään piipalkkien valmistukseen käytetty prosessi. Toisessa
osassa Micronovaan kootulla järjestelmällä mitattuja signaalispektrejä verrataan
teoreettiseen malliin. Vaikka mallin antamat tulokset vastaavatkin mitattuja
arvoja käytettäessä kapeita rakoja, huomattiin mallin ja kokeellisten tulosten
välillä suuria poikkeamia sekä signaali- että kohinaspektrissä, kun raon leveyttä
kasvatettiin.

Piipalkkien herkkyyttä rajoittaa pääasiassa näytekaasun aiheuttama kaasu-
jousi. Kaasujousen vaikutuksen vähentämiseksi työssä mallinnetaan element-
timenetelmällä (FEM) eri muotoisia antureita. Mallien perusteella palkin
perforointi pienentää efektiivistä jousivakiota tehokkaasti.

Avainsanat: Piipalkki, Fotoakustiikka,
Spektroskopia, Mikrovalmistus
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1 Introduction

1.1 Applications and methods of trace gas detection

At present, the ability to detect small amounts of trace gases plays an important
role in many real world applications. A lot of scientific research is focused on en-
vironmental issues, for example greenhouse effect, global warming, acid rains, the
destruction of ozone layer and air pollution. Photoacoustic spectroscopy (PAS) is a
method that can be used to measure stack gases from the power plants, air pollu-
tants from the car exhausts and nitrification of soil. The applications of the trace
gas detection include plant physiology in biology, the nitrogen detection of biological
systems in microbiology and noninvasive breath analysis in the medicine [1].

Photoacoustic spectroscopy is also used in military, security and industrial ap-
plications to identify and detect the presence of explosive ordnances, the weapons of
mass destruction and chemical warfare agents from a very small amount of trace gas
species they release [2]. Typical requirements for all the applications of the photoa-
coustic spectroscopy are selectivity, sensitivity or good signal-to-noise ratio (SNR),
long-term stability, a low limit of detection, a large dynamic range, a low number
of false alarms, ability to measure multiple components with the same equipment,
fast response time and good time resolution and easy calibration [3, 4]. Additional
properties desired include usually portability and a low price.

Trace gases can be detected with various methods, which can be divided into
spectroscopic and nonspectroscopic techniques. Most of the spectroscopic techniques
are based on the detection of the absorption spectrum of the molecules in infrared
(IR) region. Two of the most used nonspectroscopic techniques are chemilumines-
cence and gas chromatography. The chemiluminescence is based on the emission of
electromagnetic radiation as a result of the relaxation of energy excited by chemical
reactions. This requires modifying the composition of the sample gas, which is not
possible in some applications. Gas chromatography can be used to detect several
components almost simultaneously, but it requires preparation and extraction of the
sample gas making the measuring slow. [5]

Photoacoustic spectroscopy can be used to detect very low concentrations rela-
tively quickly. The total size of the system can be made small making it possible
to have portable systems capable to in-situ measurements. The photoacoustic sys-
tem is immune to the background signal in the absence of the sample gas since it
measures absorbed energy. A photoacoustic system is usually used with a tunable
source making it possible to measure multiple components from the sample with a
single system. Since the signal is measured with a microphone, the photoacoustic
system can be used with a wide range of wavelengths. Other optical spectroscopic
techniques such as Raman spectroscopy, fluorescence, optical reflection and trans-
mission, luminescence and laser induced breakdown spectroscopy require an optical
detector, whose response can depend strongly on from the wavelength. A photoa-
coustic system can also be combined with several techniques, for example Fourier
transform infrared (FTIR). Photoacoustic systems also have a very wide dynamic
range, which reduces the need for calibrations. [5]
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1.2 History of photoacoustic spectroscopy

Photoacoustic effect was documented for the first time in 1880 when Bell invented
by accident a process, where a rotating disc modulated sunlight focused on a sam-
ple disc, which absorbed photons and generated an acoustic signal. In his later
experiments, a sample cell containing absorbing material in the focal point of a
lens was connected to a listening tube, which formed an audible acoustical wave
at the modulating frequency. This work was continued by Tyndall and Röntgen,
who made several experiments with solid, liquid and gaseous samples. These works
stirred some interest in the photoacoustic spectroscopy but the use of the method
was limited by the lack of high powered infrared sources and the insensitivity of mi-
crophones. The first significant improvement in the photoacoustic spectroscopy was
made in 1938 when Viengerov used a blackbody radiator and an electrostatic mi-
crophone to measure gas concentrations. Development was continued by Luft, who
invented differential design using two photoacoustic cells and broadband infrared
source gaining major improvements in selectivity and sensitivity. [1, 6]

The invention of the laser made high powered infrared sources available. In
1968, Kerr and Atwood demonstrated a laser illuminated absorption spectrophone.
With the help of enhanced lock-in amplifiers, they managed to improve the photoa-
coustic signal and measure very low concentrations of air pollutants. Three years
later, Kreuzer made experiments with intensity modulated infrared HeNe-laser. He
used photoacoustic spectroscopy to measure 10−8 parts of methane in nitrogen with
photoacoustic spectroscopy. [1]

Even though Röntgen and Tyndall had made experiments with photoacoustic
effect in solid materials nearly a century earlier, it had not gained as much attention
as the gas spectroscopy. The interest in solids was revived by Parker in 1970’s. His
work was continued by Rosencwaig and Gersho who explained the theory of photoa-
coustic in solids. By the end of the 1970’s, the mechanisms behind the photoacoustic
effect in solids were well understood. [7]

1.3 Principle of photoacoustic spectroscopy

The photoacoustic system is based on the excitation of molecules in a sample gas
from the ground state to excited states by infrared light. The number of the excited
molecules depends on the intensity and spectrum of the incoming light as well as
the absorption spectrum and the absorption cross section of the molecules. The
non-radiative decay of excited molecules generates heat variations, which leads to
pressure variations by thermal expansion as depicted in Fig. 1. [3]

A typical photoacoustic spectroscopy system is shown in Fig. 2. An optical
source, which is usually a laser or a ceramic blackbody radiator, emits IR radiation.
The IR beam is chopped with an electrical or a mechanical chopper and directed
to the sample cell. Commonly used modulating frequencies for the photoacoustic
system vary from 10 Hz to several dozens of kHz depending on the detector. When
a blackbody radiator is used, one or more optical filters are required in order to
separate different gases. Absorption of IR radiation increases pressure in a closed
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INFRARED
SOURCE ABSORPTION HEATING MICROPHONEPRESSURE

MODULATED
BEAM EXCITATION THERMAL

EXPANSION ACOUSTIC WAVE

Figure 1: Signal generation from the laser to the microphone.

sample cell. The modulation of the IR beam forces pressure in the sample cell to
vibrate with the same frequency. Sound waves created by the variations of the
pressure are converted into an electric signal with an acoustic detector, for example
a condenser microphone. The signal can be seen in the measured spectrum as a
peak at the modulation frequency. [3]

MIRROR IR-SOURCE MODULATOR OPTICAL
FILTER PHOTOACOUSTIC CELLWINDOW

MICROPHONE

SIGNAL PROCESSING

SAMPLE GAS

Figure 2: A photoacoustic spectroscopy system.

The selectivity of a photoacoustic spectroscopic system can be achieved by using
a tunable laser. Each molecule has unique absorption spectrum, i.e. they absorb
radiation only at certain narrow wavelengths. In the simplest case, the absorption
peaks of different components do not overlap and the selectivity is achieved simply by
tuning the source wavelength and comparing the results with a component library.
In reality, the absorption peaks overlap with each other and algorithms must be used
in order to differentiate multiple components. Another way to get good selectivity
is to use a differential system, which can be used to separate different molecules. [4]

The sensitivity of the PAS system can be increased by increasing the signal or
by decreasing the noise. The most direct way to increase the signal is to use higher
powered infrared source but it can also be improved with a proper design of the
sample cell. The noise is decreased with active or passive dampeners but the sample
cell design is also used to reduce noise. Chapter 2 presents various sources, sample
cell designs and acoustic detectors used to improve the photoacoustic system.
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1.4 Microfabricated cantilever

The sensitivity of the photoacoustic spectroscopy system can be further increased
over hundredfold times by replacing the condenser microphone with a microfabri-
cated cantilever. The microfabricated cantilever is a rectangular, mm2 sized piece of
silicon that is connected to a frame from a single side shown in Fig. 3. A small, few
µm wide gap is surrounding the cantilever from three sides. The pressure variations
can bend the free end of the cantilever and the displacement can then be measured
optically or electrically.

Figure 3: A microfabricated cantilever. Courtesy of Päivi Sievilä.

A cantilever enhanced photoacoustic spectroscopy system can be used to de-
tect sample gas concentrations down to few parts per billion by volume. While a
cantilever based microphone with an interferometric detection system has superior
sensitivity compared with an electric microphone, it is also less robust and bulkier
solution. Due to the optical measurement, the cantilever does not act as a heat
source and cause extra noise in the measurement based on the heating of the sample
gas.

Unlike electric microphones, these microfabricated cantilevers are not available
off-the-shelf. The cantilevers analyzed in this work are made in the cleanroom at the
Micronova, which makes it possible to modify them substantially. Cantilevers for
photoacoustic spectroscopy have not been studied very widely and further research
might enhance their properties significantly.

1.5 Goals of this thesis

The main theme of this work is to optimize the cantilevers as a part of a PAS
system. In order to test them in their intended environment, a measurement setup
is assembled at Micronova. The system is based on a photoacoustic cell and control
electronics manufactured by Gasera Ltd. Before the system is acquired, a literature
review of the essential components of the photoacoustic system is made. In order
to understand the weaknesses and strengths of the measurement setup, an insight
of the development and structure of the PAS system are needed.
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Since the cantilevers are relatively new type of optical microphones for photoa-
coustic spectroscopy, their properties are not completely known. The cantilevers
cannot be developed without a solid knowledge of the physics behind the signal gen-
eration in the photoacoustic system and thus Chapter 3 concentrates on the signal
and noise generation in the photoacoustic systems. Work has been done in order to
predict the noise components in the total system response but there are still unknown
factors in noise properties. The noise spectrum is mostly dominated by 1/f noise
and Brownian noise, which are also the main interest of the noise measurements.

In order to develop the cantilevers, their shape and dimensions need to be op-
timized. Since the fabrication process requires time and effort, the new shapes are
modeled before they will be made. Chapter 4 presents the fabrication process used
to make the micromachined cantilevers, since it limits the possible structures. Sec-
ond part of the chapter presents alternative materials and shapes for the cantilevers.
Chapter 5 gives a detailed account of the measurement setup and the measured can-
tilevers. The measured sample gases are carbon dioxide in the air and pure nitrous
oxide. The results of these measurements and their future prospects and challenges
will be discussed in Chapters 6 and 7.
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2 Photoacoustic spectroscopy

Photoacoustic spectroscopy is based on the ability to measure pressure variations
caused by the absorption of the infrared radiation. The signal is directly related to
the power of the source and the selectivity to the bandwidth of the IR radiation.
While the invention of the lasers was a cornerstone for a PAS system, ceramic
blackbody radiators are still used because of their wide spectral range even though
tunable laser types are becoming more common. In addition to the infrared source, a
modulator is needed. Mechanical choppers are usually used with blackbody radiators
even though they can be replaced with electronically controlled resistor networks.
The amplitude or the frequency of the lasers are usually modulated electrically,
which generates lower noise than a mechanical chopper.

The sample cell is used to couple the infrared radiation to the sample gas. The
design of the sample cell is usually a compromise between a small sample volume
and a long absorption length. The sample cell diameter is limited by the beam size
since the absorption of the walls would lead to increased noise. The signal-to-noise
ratio can be enhanced by various ways even if the volume is kept constant. Methods
in use are for example multipass cells, low loss windows or acoustic resonators.

The membrane microphones have limited dynamic range due to their structure
and therefore they limit the sensitivity of the photoacoustic system. The first mi-
crofabricated cantilever microphone was built by Lee, Ried and White in 1996. This
novel microphone structure was free from the residual stress caused by the clamped-
clamped structure used in the earlier microphones. In 2003, an optically measured
cantilever was used to replace the traditional membrane microphone in a PAS system
by Wilcken and Kauppinen resulting in significant improvement in the sensitivity.
[8]

2.1 Infrared sources

Sources of periodic radiation used to excite electrons are blackbody radiators, lasers
and LEDs. The infrared source must emit radiation at wavelengths matching the
absorption spectrum of the sample gas. In addition to overlapping the absorption
peak, the linedwidth of the source should not overlap with the absorption peak of
other gases. For example, water vapor has 364 absorption lines, carbon dioxide 2511
lines and carbon monoxide 31 lines within the optical telecommunication C band
covering 1530...1565 nm [9]. When suitable radiation is available, the radiation will
be absorbed in the sample cell accordingly to the Beer-Lambert law. The absorbed
energy will then be transformed to heat inside the sample cell.

2.1.1 Source types

A blackbody radiator with one or more optical filters can have wide tunability over
IR-region according to the Planck’s radiation law. A considerable number of the
most important trace gases have strong absorption bands in the mid-infrared region
that can be covered with a radiator heated to 200...500 ◦C, even though Planckian



7

sources suit even a wider range of temperatures. The wide bandwidth of blackbody
radiators makes it possible to measure multiple components at the same time but
in order to distinguish them from each other optical filtering is needed. For good
selectivity, multiple optical filters are usually needed. [10]

Since the intensity of a blackbody source is lower than the intensity of a laser,
a large sized high temperature radiator with collimating optics is required for high
signal levels. A large ceramic blackbody radiator warms up relatively slowly (1...10
min) and must therefore be modulated with a mechanical chopper that can cause
unwanted noise and reduce the mechanical reliability of the system. The ceramic
source can be replaced with a network of tiny resistors that can be directly modulated
up to 50 Hz. Even large radiator networks have simpler structure than the lasers
making them more robust sources. [10]

When a high powered source is needed, lasers are used. In the simplest from, a
laser is a cavity filled with amplifying medium ended with two mirrors. When energy
is fed to the amplifying medium, electrons are excited to higher states. When a
photon, which energy corresponds to the difference between two energy states in the
medium, travels through the medium, additional photons with the same phase can
be emitted through the relaxation of the electrons. Thus a beam reflecting between
the mirrors becomes stronger. If one of the mirrors is partially transmitting, a high
intensity beam with a narrow linewidth can be acquired.

Tunable gas laser sources such as CO and CO2 lasers had significant part in the
advancement of photoacoustic spectroscopy in the 1970s and 1980s. Lasers could
achieve several watts of optical power tuned in the fundamental absorption band of
the gas. The narrow bandwidth of the laser took the sensitivity of photoacoustic
systems to a new level. Even though tunable gas lasers tended to be complex and
bulky, their advantages compensated their faults. Advancement of lasers reduced
their size and complexity making laser sources even a more attractive choice for a
compact PAS system. [11]

Diode lasers offer a smaller, cheaper and more reliable alternative for gas lasers.
A near infrared region diode laser operated at the room temperature cannot compete
with COx lasers in optical power, but they made up this lack of power with longer
lifetime and easier electrical amplitude and wavelength modulation. Limited tuning
range can be extended with external cavity diode lasers (ECDL) up to 60...100 nm
[12]. The power of diode lasers can be increased with optical fiber amplifiers more
typically used in telecommunication systems. A high powered pump laser is coupled
with an IR laser into a rare-earth ion doped fiber. Energy is transferred from the
pump laser to the signal laser through the excitation of ions and stimulated emission
of radiation. Erbium doped fiber amplifiers (EDFA) can amplify the optical power
of a diode laser from a typical value of 10 mW to several watts. Increased power
makes it possible to achieve high sensitivity even with a low powered diode laser.
[11, 13]

Standard distributed feedback (DFB) lasers used in optical telecommunication
systems are also widely used in compact PAS systems in the near infrared region.
Their frequency and amplitude can be easily tuned by modulating the injection
current, they have high reliability and they are easy to couple into optical fibers.
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The wavelength of a DFB laser can easily be tuned a few nanometers, which is
enough for the detection of multiple gases even though the range is much lower than
what is achieved with external cavities. In addition DFB lasers are compatible with
optical fibers making the coupling and the alignment much easier. Even a relatively
low powered DFB laser used in this thesis produced an infrared beam strong enough
to measure the absorption peaks of carbon dioxide in air. [13, 14]

Development of a continuous wave optical parametric oscillator (OPO) systems
opened up possibility for a compact laser source with a large continuous tuning range
and a relatively high optical power. OPO system with a temperature controlled,
periodically poled LiNbO3 crystal can be tuned from 1400 to 2000 nm. OPO systems
can produce over 100 mW optical power. An optical parameter oscillator is based
on power transfer from a pump laser to a signal and an idler beams in a nonlinear
crystal. The output beam bandwidth can be limited down to 0.1 nm with properly
selected etalons or gratings. [15]

Novel promising laser sources are quantum cascade (QC) and interband cascade
lasers. Thermo-electrically cooled InGaAs/InAlAs heterostructure QC lasers can
operate at several hundred mW within a very narrow bandwidth. A temperature
controlled QC laser chip with DFB structure can have a tuning range of a few
hundred nanometers. Structures using bound-to-continuum transitions and hetero-
geneous structure can be tuned over 3 µm around 10 µm. With the help of an
external cavity, the QC laser resolution can be better than 10 pm, which is similar
to the linewidth of the absorption peaks of the most common trace gases. [9, 16]

2.1.2 Modulation schemes

Photoacoustic spectroscopy is considered as a first order system where should be
no signal if suitable molecules are not present. Still, the amplitude modulation
(AM) can excite a coherent background noise with the signal due to the thermal
absorption of the window and the nonselective absorption of the sample gas. In the
amplitude modulation, the intensity of the signal is modulated either electrically or
with a mechanical chopper. The mechanical chopper offers a simpler structure, but
it is prone to cause noise. Several methods have been developed for the electrical
chopping. The easiest way is to modulate the current or the voltage connected to
the laser. This method is very simple to realize and it has a sufficient speed for the
relatively low modulation frequencies used with the photoacoustic spectroscopy.

The absorption signal from the windows has been solved in several acoustic cells
with buffer volumes and tunable air columns [17]. Unfortunately, the nonselective
absorption cannot be removed from an amplitude modulated system since it has
the same frequency and the same point of origin as the real signal. If the ampli-
tude modulation is changed to a wavelength modulated system (WMS), both noise
components can be suppressed. Due to their wide absorption peaks, the amplitude
of the noise signals remains nearly a constant when the wavelength of the laser is
changed. The signal from the narrow absorption peak of the sample gas will drop
quickly when the wavelength changes, which makes it possible to calculate the trace
gas concentration from the derivative of the signal. [18]
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Typical WMS is made with a sinusoidal scanning over the absorption peak, i.e.
the wavelength λ of the laser as a function of time t can be written as

λ(t) = λ(0) +B sin(ωt), (1)

where the λ(0) is the wavelength of the absorption peak, B the maximum change in
the wavelength and ω the modulation frequency. The photoacoustic signal measured
from WMS system is twice the modulation frequency since the wavelength of the
laser overlaps the absorption peak twice in each period.

In the ideal, case wide spectrum noise should be almost completely compensated.
In reality, the instability of the laser frequency and change of the optical path due
the thermal expansion will produce fringe signals. The use of different modulat-
ing waveforms can increase signal-to-noise ratio further. Measurements of carbon
dioxide (CO2) sample gas with a triangular, an absorption profile shaped and a
symmetrical quasi-square modulation waveform are depicted in Fig. 4 gave an in-
crease of 12 %, 42 % and 57 % respectively in the SNR in comparison to sinusoidal
modulation. [18]

Figure 4: PA signal spectra with a (a) quasi-square (b) shaped (c) triangular and
(d) sinusoidal modulating wave. [18]

2.1.3 Absorption of heat energy

When the infrared radiation is absorbed by the sample gas, heat is generated in the
sample cell. At each moment, the amount of released heat energy in the system
equals δQ(dt). In order to measure the amount of absorbed radiation, the relation
between the optical power and the absorbed heat energy must be known.

The infrared laser is modulated periodically either with amplitude or wavelength
modulation. Consequently, the sample gas absorbs heat energy periodically creating
a modulated heat source inside the sample cell. If the sample cell is closed, i.e. we are
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not measuring flowing gas, the temperature of the sample gas will increase until the
heat conduction through the walls equals the heat energy absorbed by the sample.
Usually, the walls are good heat conductors and thus the heat conduction in the
sample gas limits the temperature of the system. When the size of the sample cell is
decreased significantly, the heat conduction of the walls can also limit the maximum
temperature of the cavity.

The absorbed heat energy can be calculated from the Beer-Lambert law for
absorbance relating the absorption of the infrared radiation to the optical path
length l, the absorption coefficient αx and the partial pressure of the absorbing gas
px. Thus the absorbed heat energy as a function of optical power P0 is

δQ

dt
= αxpxlP0[1− cos(ωt)]−G(T (t)− T0), (2)

where G is the total thermal conductivity of the sample gas, ω the modulation
frequency, T0 the initial temperature of the sample gas and T (t) the temperature
inside the cell at moment t. If the heat conductance of the walls is small, an
additional term describing thermal conduction from the walls to the surrounding air
must to added to the Eq. 2. The first term describes the modulated infrared source.
In real measurements, a part of the incident light can reflect from the cell, in which
case an additional term (1 − R) describing reflectivity R have to be added to the
equation. If the cell is long, the optical power of the beam will decrease notably
while the beam propagates and the absorption coefficient must be changed from the
linear (αxpxl) to exponential (1 − exp(−αxpxl)). Usually, the length of the sample
cell is small when the cantilevers are used and the linear approximation is sufficient.
[19]

Usually, the optical power is low and the shape and dimensions of the walls do
not change notably due to the heat expansion or the pressure inside the cell. Since
the total volume of the cavity remains the same, the heat energy transfer process
can be approximated as an isochoric process. The change of the heat energy δQ
in the Eq. 2 can be replaced with CVdT , where CV is the total heat capacity of
the gas, forming a first order differential equation. Using the steady-sate result, the
transfer function between the optical power and the heat energy can be written as

δQ(t) =
αxpxlP0τ1√
1 + (ωτ1)2

cos(ωt+ φ), (3)

where τ1 = CV/G is the time constant due to the heating of gas and φ the phase
difference between the heating and the modulated optical power. The gas can only
warm up at finite speed which limits the measurements at high frequencies that
would suite better for the membrane microphones and quartz tuning forks presented
in Chapter 2.3. [19]

2.1.4 Relaxation of the excited states

Molecules excited to the higher state by light generate heat when they are relaxed
back to the ground state through non-radiative paths. Mechanisms governing the
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relaxations through each pathway cannot be easily estimated but their effects can
be approximated as a single lowpass filter with transfer function

H(ω) =
1√

1 + (ωτrel)
2
. (4)

The relaxation time τrel is usually fast, less than 1 ms and therefore it will affect
the system response only when the modulation frequencies are greater than 1/τrel.
The modulation frequencies used with microfabricated cantilevers are usually less
than 1 kHz and therefore this effect has only a minor effect on the sensitivity of
the photoacoustic system. On the other hand, the signal is greatly dampened when
condenser microphones and especially quartz tuning forks are used since with the
modulation frequencies of tens of kilohertzs. [19]

2.2 Sample cell design

Typical sample cells in photoacoustic spectroscopy are small cylinders where the
infrared radiation is focused. The radius of the cavity is limited by the size of the
infrared beam since the beam should not hit the walls. The length of the sample
cell is usually wanted to be as small as possible in order to reduce the amount of
sample gas needed, which reduces the size of the whole system. On the other hand,
longer absorption length would lead to a larger signal and better SNR. Various cell
types including acoustically resonant photoacoustic, multipass and intracavity cells
has been developed to fulfill these requirements. The sample cell design also affects
the signal generation by defining the heat conduction out of the cell. Therefore the
first part of this chapter is dedicated to the heat conduction effects in the sample
cell. The second part presents various structures used to enhance the signal.

2.2.1 Gas heating and thermal diffusion

The design of the photoacoustic cell affects the time constant τ1 since it is inversely
proportional to the thermal conductivity from the sample gas to the walls. When a
long cylinder is used, the steady-state time constant τ1 can be approximated as

τ1 ≈
ρgascVr

2

5.78G
, (5)

where ρgas is the density of the gas, r is the radius of the cavity and G is the thermal
conductivity of the gas. This model has been shown to give adequate approximation
for the time constant. [19]

If the heat conduction of the walls is high, acoustic waves are not formed near
the wall surface because the heat energy absorbed by the gas molecules is directly
transported away. As a consequence of this energy loss, the photoacoustic signal is
decreased. The thermal diffusion can be approximated as

W (r) = 1− µ

r

[
1− exp

(
−2r

µ

)]
, (6)
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where µ is the thermal diffusion distance from the surface to a point where (1/e)
part of heat is conducted to the wall given by

µ =

√
2G

ωρcp

, (7)

where cp is the specific heat capacity of the sample gas. [20]

2.2.2 Mode of operation

Resonant and nonresonant mode of operation describe if the modulation frequency is
equal or lower than the lowest resonance frequency of the cavity. In the nonresonant
mode, the cavity is much smaller than the acoustic wavelength and standing wave
patterns cannot be formed. In a closed resonator, the pressure will vibrate with
the modulating frequency whereas in open cell pressure variations will push the gas
out. In the resonant mode of operation, the modulation frequency of the source is
one of the resonant frequencies of the cavity. Amplitude of the pressure wave at the
modulating frequency will be amplified proportional to the quality factor Q, which
is relation between the resonant frequency and its bandwidth. All other resonant
frequencies will be amplified inversely proportional to the difference between the
squared resonant frequency and the squared modulating frequency. With a high
Q value and a large separation between adjacent resonance frequencies, only the
modulating frequency will be amplified. [11]

When a PAS system is used in a resonant mode of operation, relatively high
modulation frequencies are recommended (1... 5 kHz) to suppress the effects of 1/f
dependent noise caused by the intrinsic noise of the microphone, amplifier noise
and external acoustic noise. Higher frequencies have a shorter cavity length, which
means the resonant frequency should be selected as a compromise between a short
cavity length and long absorption length. Usually smaller length is preferred because
smaller volume leads to a shorter response time and more compact size. [21]

2.2.3 Resonant cavities

Acoustically resonant photoacoustic system is made by fitting the dimensions of a
photoacoustic cavity according to the acoustic wavelength. Mostly used resonators
are Helmholtz resonators, one dimensional cylindrical resonators and cavity res-
onators. A set of fundamental resonators is displayed in Fig. 5 featuring a simple
pipe, a pipe with buffers and a Helmholtz resonator. Additional buffers connected
to the pipe with different cross-section can prevent noise from coupling to the sys-
tem. The Helmholtz resonator is a combination of two larger cavities and a smaller
neck between them, which works as a mechanical resonator. The gas in the cavity
works as a spring that moves gas mass in the neck. The resonance frequency of
the Helmholtz resonator depends on the speed of sound, the cross-section of the
neck, the volume of the cavity and the length of the neck, whereas amplification
depends on the viscous and thermal losses on the walls and radiation losses through
the opening. Typical amplification for Helmholtz resonator is less than 10. [11]
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Figure 5: (a) A pipe resonator (b) Helmholtz resonator (c) A buffered resonator.

A cavity with short perpendicular dimensions compared with propagating acous-
tic wave forms a one-dimensional resonator. Excited sound waves will form standing
acoustic waves when the propagating wave reflects from the ends of the cavity and
if the phase difference of the waves is a multiple of 2π they will be amplified. The
phase difference depends on not only from the acoustic path length but also from the
reflection at the ends of the pipe. A pressure antinode will be formed at the closed
end such as an air-wall interface since the wall has higher acoustic impedance than
air. At the open end, for example an opening to a cavity with a larger diameter,
the pressure is at node and the reflected acoustic wave will change its phase by π.
If both ends of the pipe are open or closed, the resonance frequency of the pipe can
be calculated from

fn = n
vsound

4lpipe

, (8)

where n is an even integer, vsound the speed of sound and lpipe length of the pipe. For
a pipe with only one end open, the phase shift must be taken into an account and
the n must be an odd integer. According to Eq. 8, a 20 cm long pipe with closed
ends has the resonance frequency of 857.5 Hz.

In reality, a small change in the open end phase shift is seen. This effect is
caused by the cross-section mismatch between the pipe and the cavity. Therefore,
a correction term of ∆l must be added to the length of the open ended pipe. This
term can approximated as ∆l = 0.6r, where r is the radius of the pipe. [11]

The dimensions of cavity resonators are the same order of magnitude as the
acoustic wavelength, which will lead to several distinct standing waves and resonant
frequencies defined by the shape and dimensions of the cell. To match laser beam
symmetry, the most used cell shape is a cylinder. For a small microphone, the de-
tected signal is proportional to the pressure amplitude at its location. Unwanted
resonance from an external (noise) source can be dampened by placing the micro-
phone at the node of this particular wave. The Q factor for a cylindrical cavity can
be made up to 1000 whereas Q factors of 2000...10000 have been realized with a
spherical resonator. [11]
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2.2.4 Multipass and intracavity cells

A multipass cell is used to increase the photoacoustic signal while using low powered
sources. A multipass cell is formed by adding mirrors at both ends of the cavity
perpendicular to the laser beam. The laser beam enters through a small hole in one
of the mirrors. Fixed mirrors are not usually used since the change of temperature,
pressure or measured gas affects the optical path length and thus changes the reso-
nant frequency unless they are compensated by moving the mirrors. One possibility
to make a multipass cell is to place concave mirrors outside the cell and close the cell
with two highly transmitting windows as shown in Fig. 6. The laser beam reflects
between two mirrors until it leaves through the hole or the over edges of the mirrors.
Even though power and absorption length are increased, adding a second window
also increases the background noise and absorption of the beam. [22]

One of the most used configurations is based on an off-axis resonator (Herriott
resonator). It combines a relatively simple construction with a long path length in
a small volume. A Herriott resonator has two spherical mirrors illuminated at a
off-axis point. Depending on the ratio between the focal length and the distance
between the mirrors, a closed path with multiple reflections can be formed. A closed
ray path in a focal length spaced system with five reflections is shown in Fig. 6. The
absorption length can be increased to a point where window losses and interference
fringes equal the signal. The multipass cell can make the whole system smaller
without reducing the SNR, which is important in portable and airborne applications.
If the identical mirrors are replaced with an astigmatic off-axis resonator, i.e. mirrors
having a different radius of curvature, the reflecting beam will fill larger part of the
cell. This method is more vulnerable to manufacturing errors, but they can be
partially compensated by rotating mirrors about their optical axis. [23, 24]

MICROPHONE

LASER
BEAM

PHOTOACOUSTIC CELL

Figure 6: A multipass photoacoustic cell with a Herriott resonator.

Intracavity systems are used to reduce the size and the weight of the system. The
sample cell is placed within the laser cavity removing the need for output power
coupling for anything else but power monitoring. The laser cavity is ended with
two highly reflecting mirrors and the light beam passes the gain material several
times. Due to the high reflectance of the mirrors, the optical power of the light
beam reflecting inside the laser cavity is usually several order of magnitude higher
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than the output power of the laser. The intracavity laser power can be increased up
to 100 W in comparison to the 10 mW output power of a diode laser. The power
is only limited by the saturation of the gain material. The resonant standing wave
amplification enables high frequency operation, which reduces the effects of the 1/f
noise. Depending on the structure of the laser, the beam can be modulated for
example with a mechanical chopper or by modulating the discharge current in gas
lasers. Concentrations of 6 parts per trillion by volume of C2H4 in purified air has
been measured with an intracavity photoacoustic system. [25, 26]

2.3 Acoustic sensors

The acoustically resonant photoacoustic cell and the multipass and intracavity cells
have made it possible to have very high Q values and high intensity radiation in
the sample cell. Modern membrane based electric and condenser microphones have
reached their theoretical limit and more sophisticated methods are needed in order
to measure even lower concentrations and smaller volumes. Quartz tuning forks
and optically measured micromachined cantilevers have shown superior sensitivity
and dynamic range compared with these traditional microphones and have replaced
them in the most sensitive measurements.

2.3.1 Membrane microphones

A typical membrane microphone is based on the change of the capacitance due to
the movement of the flexible metal coated membrane. External pressure variations
move the membrane and the amplitude of the movement determines the sensitivity
of the microphone. The capacitor is formed between a metal coated membrane and
a fixed metal electrode as shown in Fig. 7. The capacitance of the microphone
depends directly on the dielectric constant of the material inside the microphone
and the common area of the electrodes divided by the average distance between
them. The dielectric material in condenser microphones is air and the properties of
a microphone are determined by the dimensions of the electrodes. The polarizable
material in electret microphones has usually larger relative permittivity than air,
which makes them more sensitive than condenser microphones.

Most common membrane microphones are condenser and electret microphones.
A condenser microphone requires an external bias voltage whereas electret micro-
phones have the permanently electrically polarized sheet of materials that produce
the bias voltage. A common property for both membrane microphones is high out-
put impedance at low frequencies. In order to obtain a good signal level, either a
high impedance amplifier or high modulation frequencies must be used. The sen-
sitivity of the first method is limited by the input noise of the amplifier and the
second by relaxation processes and heat transfer through the walls. [19]

The capacitance C of a membrane microphone as a function of permittivity ε,
common area of the electrodes A and distance between the electrodes d is

C = ε
A

d
(9)
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Figure 7: A condenser microphone.

and the change of capacitance ∆C as the distance changes by ∆d

∆C = −ε A
d2

∆d. (10)

In order to increase the sensitivity of the microphone, the common area should
as large as possible and the distance as small as possible. Reducing the distance
is usually a more effective method since the change in capacitance is proportional
to ∆d/d2 and only directly proportional to A. The size of the electrodes is usually
limited by the application. In addition, large electrodes would lead to a large change
in the volume of the microphone. The air inside the microphone must be compressed
or removed through small openings in the structure. The compressing air acts as a
gas spring, which reduces the sensitivity of the membrane microphones. Decreasing
the initial distance between the electrodes would increase the sensitivity, but it
would also increase the spring constant since the relative change of volume will be
larger for the equal displacement of the membrane. [19]

The sensitivity can also be increased with a more flexible membrane. This can be
achieved by making the membrane thinner or by changing its material. In addition
to the sensitivity, this method will increase the nonlinearity of the microphone since
a more flexible membrane is more susceptible to radial stretching. It will also have
to tolerate larger tensions or the membrane can be irreversibly damaged. Usually,
these effects reduce the dynamic range since the maximum applied pressures must
be restricted in order to protect the membrane. [19]

In order to increase the sensitivity of a membrane microphone, the signal is
increased with resonant cavities and noise is decreased with buffer volumes. The
disadvantage of these methods is the large size of the system, since the standing
wave condition of the resonant cell dictates the minimum size of the cavity and
the buffer cells. The response of commercial microphones is spectrally wide and
flat making the system vulnerable to external noise. On the other hand, the same
membrane microphone can be used with various acoustic cavities having different
resonant frequencies and modulating frequencies. The advantages of the membrane
microphones compared with the tuning forks and the cantilever microphones are
their wide availability and easy measurement.
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2.3.2 Quartz tuning forks

Quartz enhanced photoacoustic spectroscopy (QEPAS) is based on the commonly
used quartz tuning forks. QEPAS systems need very small amount of the sample
gas, only a few cubic centimeters, and they are very resistant to the environmental
acoustic noise. The quartz tuning fork (QTF) does not need a large acoustically
resonant cavity for high sensitivity since the tuning fork itself gathers the acoustic
energy. The quality factor Q of a QTF can be over 10,000 at atmospheric pressure,
which would coincide a very good cavity resonator. A suitable QTF microphone for
photoacoustic spectroscopy is a quartz tuning fork with approximately 32.76 kHz
resonance frequency used in electronic clocks. Since the prongs are usually about
1 mm away from each other, the low frequency acoustic noise will bend the prongs
in the same direction and no signal will be detected. [27]

Tuning forks are based on the piezoelectric effect. Deformation of the prongs
generates electric charge that can be detected with a transimpedance amplifier and
a network signal analyzer. To efficiently excite tuning forks, the optical beam must
be directed through the gap between prongs as shown in Fig. 8. Quartz tuning forks
are usually used with the wavelength modulation. As described earlier in Chapter
2.1, WMS can be used to suppress the background signal from wide spectrum sources
such as tuning fork electrodes and gas cell elements. [28]

A QTF detector can be combined with an acoustic microresonator in order to
increase the signal. These approximately centimeter long resonators can be easily
added without a large increase in the size of the system. The microresonator can
be installed outside the tuning fork, which makes it possible to use a larger in-
frared beam and thus larger incident power. The highest reported normalized noise
equivalent absorption coefficient with H2O is 1.9× 10−9 W/

√
Hz. [29]

Figure 8: Excitation of a quartz tuning fork with a laser beam (a) perpendicular to
the TF plane (b) in the TF plane (c) in an acoustic resonator. [27]

The advantages of QTFs are their good Q value, wide availability and high reso-
nant frequency. A high Q value ensures high sensitivity and a very sharp resonance
peak. Since the peak can be only a few Hz wide, the low frequency external noise
cannot couple to the resonator. High resonance frequency ensures that the ambient
noise having 1/f dependence is very low at the operating frequency. External acous-
tic resonators can be used to further increase the Q value. The weakness of QTF
systems is their relatively long response time.
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2.3.3 Micromachined cantilevers

Micromachined cantilever based photoacoustic spectroscopy systems have shown
the highest sensitivity to date. The sensitivity of a micromachined cantilever can
be over two order of magnitudes higher than the sensitivity of the membrane mi-
crophones and one order of magnitude higher than the sensitivity of a QTF system.
The highest reported normalized noise equivalent absorption coefficient (NNEA) at
atmospheric pressure for carbon oxide is 1.7 × 10−10 W/

√
Hz [30]. In addition to

the good sensitivity, cantilevers show a very broad frequency response up to the first
fundamental flexural frequency, which makes it possible to use them in Fourier trans-
form infrared measurements. Multiple sources with different modulating frequencies
can also be used simultaneously due to the flat frequency response. [31]

Micromachined cantilevers are fabricated on a silicon wafer as shown in Fig 9. A
small door-like structure is released from three sides enabling the cantilever to bend
in one dimension due to a pressure difference. The cantilever is connected from one
side to a thick frame and is separated from the other sides with only a few µm wide
gap. The sizes of the cantilevers depend on the particular application. In atomic
force microscopes, the area of the cantilevers can be a few thousand µm2 whereas
in photoacoustic spectroscopy the cantilever area is a few mm2.

Figure 9: Micromachined cantilevers in a silicon wafer. Courtesy of Päivi Sievilä.

Due to the high sensitivity of a microfabricated cantilever, a resonant cavity is
not needed and the size of the photoacoustic system can be kept relatively small.
The disadvantages are the challenges in optical measurement and sensitivity to am-
bient noise. The displacement of the cantilever is usually measured with a Michelson
interferometer in order to avoid dampening and electrical noise disrupting the con-
denser microphones. The cantilevers can be coated with gold in order to increase the
reflectivity even though uncoated cantilevers can also be used. In addition to phase
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change based interferometric techniques, the displacement of the cantilever can be
detected with optical beam deflection techniques. Deflection techniques are based
on the change of the reflected power. The pressure wave stirs a reflecting surface at
the modulation frequency, which varies the power measured with an optical detec-
tor when part of the light is reflected past the detector. Unfortunately, deflection
measurements are not as sensitive as the interferometric measurements. [20]

The Michelson interferometer depicted in Fig. 10 consists of a light source,
a beam splitter oriented 45 degrees to the beam, reference mirror, the cantilever
and one or two detectors. Beam splitter divides light from the source towards the
reference mirror and the cantilever. Beams reflected back combine in the beam
splitter, where half of the power is directed towards the detector and other half
back to the laser and is lost unless a second detector is used. The beam directed
towards the detector produces interference fringes on the detector. Depending on
the path difference between the branches, light and dark stripes will be seen on
the detector. Thus the displacement measurements can be replaced with optical
phase measurements. Resolution of 10 pm has been achieved with special Michelson
interferometer with a 633 nm HeNe-laser. [32]

LASER

MOVING CANTILEVER

BEAM SPLITTER REFERENCE MIRROR

DETECTORS

Figure 10: Michelson interferometer.

The optical phase difference can be also measured without a reference mirror
when the frame of the cantilever is used as the reference. One differential setup is
based on the polarization of the light. A Wollaston prism can be used to separate the
light into two orthogonal components. Due to the difference in the refractive index
of the Wollaston prism for orthogonal polarizations, the transmitted light beams
have a small deviation between them. When one of the beams is aimed at the
cantilever and the other one at the frame, a phase change will be created between
the beams as the cantilever moves. When the optical beams are recombined with
another Wollaston prism, the phase change can be calculated from the measured
interference pattern. [33]
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2.3.4 Optical fiber based microphones

Another way to measure the vibrations of the cantilever is to place two optical
fibers on both sides of a thin cantilever. Optical power coupled to the first fiber is
transmitted in free air over the cantilever to the second fiber that is connected to a
detector. The movement of the cantilever can be detected by the change of power
in the amplifier. This method can be used to build small optical detectors, but the
achieved sensitivity is usually even lower than with the membrane microphones. [34]

Optical fiber can also be used as a Michelson interferometer. The fiber is clued
to an elastic sample cell wall. Pressure waves can move the wall and thus lengthen
the fiber changing the optical path length. This method requires two equally long
optical fibers. The first fiber is used as a reference and the second is wound around
the photoacoustic cell. A laser beam is first split between these two fibers and
after passing the fibers they are again combined to a photodetector. As two beams
interfere, the power measured with the detector varies. Placing the microphone
outside the cell makes the system simpler but the sensitivity is lower compared with
a cantilever microphone. Another problem arises from the optical fibers since even
a small deviation in the length can reduce the sensitivity. [35]

If the optical fiber is wound around the sample cell, a Sagnac interferometer
depicted in Fig. 11 can be formed. Optical fiber is connected to a delay coil outside
the sample cell. A light beam from a laser is directed to both ends of the fiber. After
passing the fiber in the opposite directions, light beams are coupled to a detector.
The modulated infrared light increases the volume of the photoacoustic cell and thus
lengthens the fiber. The light is modulated such way that they experience different
delay due to the photoacoustic effect and thus a changing interference pattern is
formed at the detector. The length of the delay coil must be equal to the distance
light travels in the fiber during a half of the modulation phase. Even though the
theoretical sensitivity of the Sagnac interferometer is lower than the sensitivity of
the Michelson interferometer it has a few advantages. Sagnac interferometer does
not need two equal length fibers and a source of high coherence and it has better
stability enabling longer averaging. [35]

PHOTOACOUSTIC CELL
DELAY COIL

COUPLER

LASER

DETECTOR

IR SOURCE & MODULATOR

Figure 11: Sagnac interferometer.
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2.4 Fourier transform infrared PAS

Fourier transform infrared spectroscopy (FTIR PAS) is used to separate multiple
cross correlating components in one measurement. A wideband source is used with
an interferometer to excite the sample gas. The exciting wavelength is selected
with a setup similar to the Michelson interferometer shown in Fig. 10. Only the
wavelengths, for which the phase change due to the optical path length difference is
a multiple of 2π, will be reflected from the beam splitter. When the detectors are
replaced with a photoacoustic cell, the wavelength exciting the sample gas changes
as one of the mirrors is moved. The microphone forms an interferogram, which is
used to obtain the spectrum of the sample. [20]

Since the photoacoustic spectroscopy is based on the absorption of the IR radia-
tion, the sample does not have to transmit light and the sampling range can be very
wide. The thermal waves created by the absorption of the IR radiation in the sam-
ple decay rapidly when they propagate in the sample. This decay defines the layer
thickness from which the spectrum is obtained. The modulation frequency deter-
mines how far into the sample the thermal waves can propagate. Lower modulation
frequencies will measure the spectrum from deeper parts of the sample but they can
also saturate the strong absorption bands as the absorption length increases. [36]

FTIR spectroscopy offers a wide dynamic range with good selectivity making
it possible to identify components even if the concentrations vary greatly. The
low sensitivity of condenser microphones limited the usability of FTIR PAS until
high sensitivity photoacoustic detectors such as optically measured micromachined
cantilevers were developed. FTIR PAS has a higher response than transmission
spectroscopy, which makes it possible to use small sample volumes. In addition
FTIR PAS is more immune to the baseline distortions and has a constant response
to all frequencies. [20]

The main problem with FTIR PAS is a large decrease in the system response
when compared with direct photoacoustic spectroscopy. FTIR PAS can only be used
to measure narrow bandwidth in resonant mode. In order to have a wider frequency
response, the photoacoustic system must be operated at the nonresonant mode,
which leads to a smaller signal. In addition, the interferometer has low throughput
further limiting the signal. The best reported sensitivity with gaseous sample FTIR
PAS is 0.1 ppm. [8]
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3 Signal and noise in PAS system

The signal generation in a photoacoustic system depends on the properties of the
sample gas, the sample cell and the microphone. The previous chapter presented
how the incident radiation generates a photoacoustic signal in a uniform sample
when a nonresonant mode of operation is used. In this chapter, transfer function
for the photoacoustic signal is derived when a micromachined cantilever is used as
an acoustic detector. This chapter also presents how the sample gas affects the can-
tilever response. This effect can be taken into an account by replacing the mass and
spring constant of the cantilever with effective mass and effective spring constant.
The second part of this chapter concentrates on the noise sources disturbing the
photoacoustic systems and presents various ways which can be used to reduce noise.

3.1 Cantilever response

The frequency response of the micromachined cantilever depends on the amplitude
of the pressure wave generated by heating of the sample gas and the cantilever. The
cantilever can be described as a harmonic oscillator. Naturally, it defines the shape
and material dependent spectrum of mechanical resonances. Even so, the cantilever
is usually used in nonresonant mode due to the better noise performance.

A typical size for the cantilever depicted in Fig. 12 is approximately 10 mm2

where the length lc = 5 mm, the width w = 2 mm and the thickness t = 9.5 µm.
Cantilevers can be approximated as a uniform clamped-free beam for which the
first flexural resonance frequency depends on the beam diameter in the direction of
oscillation, Young’s modulus E and density of silicon ρSi and is given by [37]

f0 = 0.162
t

l2c

√
E

ρSi

. (11)

For these given values, the resonance frequency f0 = 534 Hz and the correspond-
ing wavelength is over 500 m. The modulation frequencies with cantilevers are usu-
ally well below the first resonant frequency, which makes it possible to approximate
the cantilever as a spring with a single point mass. High frequency operation would
require a full three-dimensional structure model, which is omitted from this thesis.
For a harmonic oscillator pressed equally from every point, the spring constant is

k0 =
2

3
Ew

(
t

lc

)3

. (12)

The micromachined cantilevers have a very low spring constant in vacuum due to a
very low t/lc ratio. The resonant frequency ω0 is related to the spring constant k0

through the effective mass, i.e. ω0 =
√
k0/meff . The effective mass for a cantilever

in vacuum is 0.647 times the mass of the cantilever. In real applications, the mass
increases due to the sample gas, though. Motion of the free end of the cantilever
can be described by a linear differential equation

mẍ+Dẋ+ kx = m

(
ẍ+

D

m
ẋ+ ω2

0x

)
= m

Fext(t)

m
, (13)
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Figure 12: Cross-cut view of a cantilever (not in scale). Redrawn from [37]

where m is the mass of the cantilever, D the damping constant, k the effective
spring constant and Fext(t) is the external force affecting the cantilever caused by
the thermal expansion of the sample gas. [19]

This equation can be solved for a sinusoidal external force Fext(t) = F0 cos(ωt),
where F0 and ω are the amplitude and the angular frequency of the force. The
solution for the Eq. 13 is in form of an exponentially decaying transient part and
a vibrating steady state part. We are only interested in the steady state and thus
the solution for the displacement is given as x(t) = A cos(ωt − φ), where A is the
amplitude of the oscillations and φ is the phase difference between the exciting
signal and the movement of the cantilever. We can now solve the amplitude of the
oscillations by estimating

F0

m
cos(ωt) = −ω2A cos(ωt− φ)− D

m
ωA sin(ωt− φ) + ω2

0A cos(ωt− φ)

= A
(
ω2

0 − ω2
)

cos(ωt− φ)− D

m
ωA sin(ωt− φ)

=
(
ω2

0 − ω2
)
A [cos(ωt) cos(φ) + sin(ωt) sin(φ)]−

D

m
ωA [sin(ωt) cos(φ)− cos(ωt) sin(φ)] (14)

When the terms depending on cos(ωt) are grouped on the left side and the terms
depending on sin(ωt) on the right side, we can see that the Eq. 14 is only satisfied
at all times when the coefficients for both functions are zero. The coefficient for the
sinusoidal terms is

A
(
ω2

0 − ω2
)

sin(φ)− AD
m
ω cos(φ) =

(
ω2

0 − ω2
)

tan(φ)− D

m
ω = 0, (15)

from which the phase difference can be solved as

φ = arctan

(
D

m

ω

ω2
0 − ω2

)
. (16)
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The amplitude of the oscillations can be then solved from(
A
(
ω2

0 − ω2
)

cos(φ) +
D

m
ωA sin(φ)− F0

m

)
cos(ωt)

= A

(
ω2

0 − ω2 + ω2D2/m2√
(ω2

0 − ω2) + ω2D2/m2

)
− F0

m
= 0 (17)

as

A(ω) =
F0

m
√

(ω2
0 − ω2)

2
+ ω2D2/m2

(18)

The mechanical vibrations of the cantilever can also be described with a quality
factor Q, which in turn describes the ratio of the stored energy to the energy lost in
each cycle. It can be expressed by

Q =
ω0

∆ω
=

k

ω0D
. (19)

The first term is the ratio between the resonance frequency and the width of the
resonance peak, where ∆ω is the full width at the half maximum of the resonance
peak, i.e. the band where the signal is attenuated less than 3 dB from the maximum
value. The Q factor is also related to the decay time τ = 2Q/ω0, which describes
the time taken to dampen the amplitude of oscillations to 1

e
th part. Increasing the

Q value will increase the amplification and narrow the bandwidth of the resonance
peak, but it will also lengthen the decay time. Typically the Q factor is several
hundred in vacuum, one hundred in atmospheric pressure and only a dozen in a gas
filled chamber, where gas flow dampens the vibrations of the cantilever. [19, 37]

When the modulation frequency is well below the resonance frequency ω � ω0,
the movement of the oscillator has a wide, flat response, which is proportional to
F0/k. If the damping factor D is small, the Q value is large and the resonance
peak is high whereas low Q values lead to a low peak. After the resonance peak,
the oscillator response will start to decrease proportionally to 1/ω2. It must be
noted that the cantilever will interact with the environment and the real frequency
response will have some variations from this model.

3.1.1 Comparison between a cantilever and a membrane

Microfabricated cantilevers were used to replace a membrane microphones due to
their smaller gas spring constant. A moving membrane can also be measured op-
tically, which reduces the spring constant since the gas spring is removed. Thin
diaphragms can be fabricated with the same process as the cantilevers and they
would even require less microfabrication steps since the cantilever has to be pat-
terned. Unfortunately, they are much more rigid structures. The maximum dis-
placement depends on the shape of the membrane. Square membranes have usually
better sensitivity, but the displacement cannot be analytically solved. For a circular
membrane with radius R, the maximum displacement is given by

xmax =
3p(1− ν2)R4

16Et3
, (20)
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where ν is the Poisson ratio relating the strain perpendicular to the load to the
strain parallel to the load and p the pressure bending the membrane [38]. The
Poisson ratio for silicon depends on the crystal direction but it can be approximated
to be 0.3. By setting the radius R = lc/2, we can compare it with similarly sized
cantilever. The displacement x of the uniformly loaded cantilever shown in Fig. 13
at the distance y from the base of the cantilever is

x =
pw (y4 + 6y2l2c − 4y3lc)

24EI
=
p (y4 + 6y2l2c − 4y3lc)

2Et3
, (21)

where I = wt3/12 is the moment of inertia for a square beam [39].

x

lc

y

t

w

Figure 13: Bending of a cantilever.

Dividing Eq. 20 with Eq. 21 will give us the ratio between the maximum
displacements as

(3pl4c) / (2Et3)

(2.73pl4c) / (256Et3)
≈ 140.6. (22)

For equally long sensors, the maximum displacement for a cantilever will be over
140 times higher than for a circular membrane.

3.1.2 Effective spring constant

A small change in the volume of the sample cell can be seen when Fext(t) bends the
cantilever. The pressure caused by the external force is distributed to the whole
area AC of the cantilever. The movement of the cantilever due to this pressure can
be written as

dF = ACdp = k0dx. (23)

A lower spring constant leads to higher displacement of the cantilever and therefore
the sensitivity of the system is increased. In order to calculate the change of vol-
ume dV , we must first solve the average deflection of the cantilever. The average
displacement can be calculated from Eq. 21 as

xavg =
p

2Et3
1

lc

∫ lc

0

(
y4 + 6y2l2c − 4y3lc

)
dy =

3

5

pl4c
Et3

. (24)
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The average deflection xavg can be written in terms of maximum deflection as

xavg =
3pl4c
5Et3

=
2

5

3pl4c
2Et3

=
2

5
xmax. (25)

The bending of the cantilever changes the volume V of the photoacoustic cell by

dV =
2

5
ACdx. (26)

The sample gas in a photoacoustic system can be considered as an ideal gas for
which

pV = n (cp − cV)T, (27)

where n is the number of moles, cp and cV specific heat capacities at constant
pressure and constant volume, respectively. According to the first law of thermo-
dynamics, the heat δQ transferred to the system must equal to the change in the
internal energy dU and work dW done by the system. These changes can be written
as a function of the changes in temperature dT and volume dV as

δQ = dU + dW = cVndT + pdV (28)

The change of temperature dT can be obtained by differentiating Eq. 27

n (cp − cV) dT = d(pV ) = V dp+ pdV. (29)

Inserting dT from Eq. 29 into Eq. 28 will lead to

δQ = pdV +
cVn

n (cp − cV)
(V dp+ pdV ) =

(
cp

cp − cV

pdV

)
+

(
cV

cp − cV

V dp

)
. (30)

Using the relations for dp and dx in Eq. 23 and the relations for dV and dx in Eq.
26 in Eq. 30 will lead to

(γ − 1)δQ

V
= γ

p

V
dV + dp = γ

p

V

2

5
ACdx+

k0

AC

dx. (31)

The differential force can be solved by multiplying Eq. 31 with the area of the
cantilever

dF =

(
k0 + γ

A2
Cp

2.5V

)
dx =

AC(γ − 1)δQ

V
(32)

Comparing Eq. 23 with Eq. 32 will give us an equation for the effective spring
constant

k = k0 + γ
A2

Cp

2.5V
. (33)

The effective spring constant k is formed from the spring constant of the cantilever
and the change of volume caused by the bending of the cantilever. This effect
is similar to the gas spring in membrane microphones but due to the more open
structure, the gas spring constant is smaller in the cantilever enhanced systems.
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Decreasing the area of the cantilever would decrease the gas spring constant quickly,
since the spring constant is proportional to the square of the area. [19]

The gas spring constant is inversely proportional to the volume of the sample
cell, i.e. the smaller the sample cell is, the larger the effect of the spring constant is.
Kauppinen et al. have tested the effect of the sample cell volume on the resonant
frequency of the cantilever and their results are shown in Fig. 14 [40]. [19]

Figure 14: Resonant frequency of a cantilever as a function of the volume of the
photoacoustic cell. [40]

The movement of gas affects the effective spring constant. Larger cavities would
minimize the effect of the gas spring but they would either decrease the pressure
in the measurement system or require more sample gas, which would diminish the
advantages of a cantilever enhanced system. Another advantage of a larger sample
cell is a smaller thermal diffusion to the walls.

3.1.3 Effective mass

Not only the gas affect the spring constant of the cantilever but also the mass. The
effective mass can be calculated from the mass of the cantilever and the mass of the
gas the cantilever is pushing. Analytical form for the mass have been approximated
as

m ≈ 2

3
mC + ρgas

∑
i,j

(0.4AC)2

V 2
j,totAi,j

[
V 2

i,j

3
+ Vi,jVi,j,end + V 2

i,j,end

]
li,j, (34)
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where mC is the mass of the cantilever, Vj,tot the total volume of j side of the
cantilever, Ai,j, Vi,j and li,j area, volume and length of the chamber prior to the
cantilever vibrations moving the gas and Vi,j,end is the volume after the movement.
[19]

Another model for the effective mass has been given in [41]. The effective mass
is approximated as

m = 0.647mC + V ∗ρgas, (35)

where V ∗ is an effective volume depending from the size and shape of the sample
cell and the interferometer cavity.

3.1.4 Gas leakage from the frame gap

Since the cantilever is not used in vacuum, the sample gas will affect the system
response. The cantilever is usually used in nonresonant mode, i.e. the modulating
frequency ω is lower than ω0. Due to the long acoustic waves compared with the
dimensions of the sample cell excited by low modulation frequencies, we can make
a simplifying assumption and evaluate the sample gas as an ideal gas, i.e. pressure
p, density ρgas and temperature T are constant over the whole cell.

A finite gap between the cantilever and the frame makes it possible for the gas
to move freely from the sample cell to the interferometer cell. Leaking gas acts as a
highpass filter and dampens the variations of the pressure. This filtering effect works
through two mechanisms. The pressure difference is equalized by the net particle
flow from the sample cell to the interferometer cavity. Warmer gas molecules have
higher average speed and thus particles will flow to the colder side. When the heat
energy is transferred to the other side, the gas on that side heats up and the pressure
difference decreases.

The damping effect due to the gas and heat flow can be derived using the kinetic-
molecular model. In the ideal case, all the gas molecules in the same cavity have the
same speed that depends from their average translational kinetic energy 3kBT/2.
The damping effect due to the pressure difference caused by a sinusoidal pressure
source can be expressed as a highpass filter

H(ω) =
ωτ2√

1 + (ωτ2)2
, (36)

where Ag is the area of the gap and the time constant τ2 is

1

τ2

=
Ag

2Veff

vavg, (37)

where 1/Veff = 1/V + 1/V0 is the effective volume and vavg is the average speed of
the molecules. The effective volume depends on the sample cell volume V and the
interferometer cavity volume V0. For a high signal, this volume should be as large
as possible since the relative change in the number of molecules is small when large
cavities are used. Another way to increase the signal would be to decrease the area
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of the gap, but this is usually limited by the fabrication process. The average speed
can be calculated from

vavg =

√
3kBT

2

2

mmol

, (38)

where kB is the Boltzmann constant and mmol mass of a gas molecule. [19]
Damping caused by the temperature leakage through the gap can be also derived

from the kinetic-molecular model. This effect can be approximated with a highpass
filter

H(ω) =
ωτ3√

1 + (ωτ3)2
, (39)

where the time constant τ3 is

1

τ3

=
Ag

4
√

3Veff

√
3kBT

m
=

Ag

4
√

3Veff

vavg, (40)

which is similar to Eq. 36. In fact, both mechanisms can be combined as a serial
process, which give us effective time constant as a function of speed of sound vsound

1

τ23

=
1

τ2

+
1

τ3

=
3

2

Ag

4
√

3Veff

=
3Ag

4
√
γVeff

vsound. (41)

Eq. 41 is only valid when the gas flow between the cells is low enough. Speed
of sound vsound sets the upper limit for the flow and the flow ceases to depend on
pressure and temperature as soon as the limit is reached. [19]

Fortunately, the size of the gap is limiting the sensitivity only at low modulation
frequencies. The modeled attenuation of the cantilever displacement due to the
gas leakage with varying gap width is shown in Fig. 15. The modeled cantilever
was 5 mm long, 1.2 mm wide and 10 µm thick with the effective volume of the
photoacoustic and interferometric cells Veff = 1.5 cm3.

Figure 15: Loss of the signal due to gas leakage with varying width of the gap.
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The gas leakage attenuates the displacement of the cantilever at very low fre-
quencies. The attenuation decreases very quickly for narrow gaps, for example one
micrometer wide gap attenuates the signal less than 10−4 at 20 Hz while the atten-
uation with 20 µm wide gap is still over 10−3 at 100 Hz.

3.1.5 Total system response

We can now combine the gas heating in Eq. 3, the relaxation time in Eq. 4, thermal
diffusion through the wall in Eq. 6 with the frequency responses of the cantilever in
Eq. 17 and filter due to gas leakage between the cantilever and the frame in Eqs.
36 and 39 for a total system response of

A(ω) =
AC(γ − 1)

V

αxpxlP0

m
√

(ω2
0 − ω2)

2
+ (ωD/m)2

W (r, ω)

τ1√
1 + (ωτ1)2

ωτ23√
1 + (ωτ23)2

1√
1 + (ωτrel)

2
. (42)

The total system response is shown in Fig. 16 with all the different components
affecting it. At low frequencies, thermal diffusion to the cell walls reduces the pres-
sure wave generated inside the cell and the gas leakage through the gap between
the frame and the cantilever reduce the pressure difference bending the cantilever.
The sensitivity increases with the modulation frequency until the heating of the
sample gas and the relaxation mechanisms do not enough time to follow the modu-
lation. Maximum sensitivity is usually achieved around 10 Hz. Frequency response
decreases until the resonant frequency of the cantilever, where small local maximum
is seen. At higher frequencies than resonant frequency, the total system response
plunges with relaxation mechanisms and the cantilever responses.

Figure 16: Components affecting the total system response.
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3.2 Noise in the photoacoustic system

Even though a PAS system can be used to measure very small concentrations, the
sensitivity is always limited by noise. Since the photoacoustic system interacts with
the environment and the components of the photoacoustic cell are not ideal, several
noise sources will appear in the measurements. A high response from the system can
originate either from a real signal or noise so that the source cannot be identified.
Therefore reliable measurements require good SNR in addition to good sensitivity.
The photoacoustic spectroscopy systems have four main noise components, acceler-
ation, Brownian, acoustic and electrical noise. The infrared source can also excite
molecules in the windows and in the sample cell walls, which creates an additional
noise component. Only the electrical noise is frequency independent, which means
SNR cannot be increased by operating the system at the resonance frequency since
noise increases with the signal. Several structures have been developed in order to
reduce noise, from which balance chamber, ”windowless” structures, acoustic baffles
and differential cells are introduced.

3.2.1 Acceleration, acoustical, electrical and background noise

Acceleration noise is caused by coupling of external disturbances to the measurement
system. Main sources for acceleration noise is building vibrations and vibrations
caused by other machines, for example fans. In the worst case, disturbances have
components perpendicular to the cantilever surface, which will bend the cantilever
due to inertia and cause unwanted signals. External movement will also affect gas
inside the cells, which can be used to compensate acceleration noise. The compen-
sation is made by adding a balance cell shown in Fig. 17 to the sample cell. When
the distance of the center of masses is

DCM =
ρSi

ρgas

t, (43)

where ρSi is the density of a silicon cantilever, ρgas the density of the sample gas and
t thickness of the cantilever, the pressure caused by the acceleration of the sample
gas will be equal to the pressure caused by the movement of the cantilever. [20]

When a balancing chamber is used for compensating acceleration noise, the vol-
ume of the photoacoustic cell must be replaced with the effective volume Veff where
all three cavities (sample cell, interferometer cavity and balance cell) are taken into
an account. Another advantage of the balance chamber is the reduction of the
effective spring constant due to the reduced gas spring effect.

Acceleration noise can also be compensated by using differential setup where the
same noise is coupled to another cantilever. The photoacoustic effect affects only one
of the cantilevers, which leads to noise suppression when two signals are subtracted.
The use of mechanical dampeners such as gas springs or gel pads can lead to a
significant reduction in the acceleration noise for higher frequencies. Nevertheless,
the acceleration noise is usually the dominant noise component below 25 Hz. [20]

The amplitude of the acceleration noise can be evaluated from the known external
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Figure 17: Acceleration noise compensation with a balance chamber. Redrawn from
[20]

forces. External vibrations will bend the cantilever with a force

∆Fext = mC∆a = ρCACt∆a = k∆x, (44)

where ∆a is the amplitude of the acceleration and ∆x the corresponding movement
of the cantilever.

Acoustical noise forms when ambient acoustical waves penetrate into the sample
cell through gaps in the measurement setup. The sources for the acoustical noise can
vary from the speech and humming of fans to creaky hinges. Acoustical noise can
be minimized by a careful construction and selection of materials. High frequency
mechanical vibrations can generate acoustical waves if some flexible seals, which
can vibrate under pressure, are connected to the sample cell. Typical sources for
acoustical noise are tubes and valves connected to the sample cell. [20]

Amplitude of acoustical noise can be written as a function of the amplitude of
the acoustical noise pressure ∆p as

∆F = AC∆p = k∆x. (45)

Electrical noise develops from the laser of the interferometer, operational ampli-
fiers and photodetectors. The main sources of disturbance are the shot noise of the
laser, the dark current of the photodetectors and the input noise of the amplifiers.
Input noise can be reduced by using low noise operational amplifiers. Even though
every device has its own frequency characteristics, electrical noise is usually trivial in
comparison with the other noise sources outside power network frequencies. Even if
the measurement setup itself it nearly immune to the electrical noise, badly designed
cabling can couple electrical noise to the measurements. Therefore shielded cables
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should be used when possible, especially if low signal measurements are made or if
high current cables are nearby. [41]

Background noise is produced on the sample cell walls and window and by dust
particles. The heating of the walls and the window by the absorption of infrared
radiation generates temperature variations in the gas close to the surfaces creating
an acoustic wave in the gas. Background noise from the walls can be minimized by
making them very reflective by coating the walls with gold and polishing. Adding
dust filters in the gas inlets decreases the number of dust particles efficiently. [20]

3.2.2 Brownian noise

Brownian noise is an intrinsic limit for the noise amplitude. When all the other
external noise sources have been minimized, collisions between molecules and the
cantilever produce thermal fluctuations, which act as a force on the cantilever. Brow-
nian motion can be described as fluctuations caused by microscopic thermal force
with Langevin equation

mẍ+Dẋ+ kx = Fext + Fth(t), (46)

where Fth(t) is random force due to thermal fluctuations. Due to the randomness
of the impacts, these forces do not correlate. From the power spectral density of a
harmonic oscillator, a value for the amplitude of the displacement of the cantilever
can be derived as shown in [19]. If ω � kBT

~ , where ~ = h/2π is Planck’s constant,
the potential energy of the cantilever is equal to the thermal energy

〈1
2
kx2(t)〉 =

1

2
kBT. (47)

Using the transfer function of a harmonic oscillator derived in Eq. 17 and defining
the power density of Fth(t) as Sth(ω), the spectral power density for the displacement
x(t) due to the thermal fluctuations is

S(ω) =
Sth(ω)

(k −mω2)2 +D2ω2
. (48)

With the help of Eqs. 47 and 48, the expectation value for the potential energy in
the frequency domain can be calculated from

1

2
k〈x2(t)〉 =

1

2
kBT =

1

2
k

1

2π

∫ ∞
−∞

S(ω)dω. (49)

Assuming the force Fth(ω) acting on the cantilever is white noise with a constant
spectral density σ2 and that the damping is small, we can integrate Eq. 49 by
forming a residue integral

I =

∫ ∞
−∞

dx

(x2 + a2)(x2 + b2)
, (50)
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where (
x4 +

(
a2 + b2

)
x2 + a2b2

)
= m2

(
ω4 +

D2 − 2mk

m2
ω2 +

k2

m2

)
. (51)

From this equation, we can see that

a2 + b2 =
D2 − 2mk

m2
∧ a2b2 =

k2

m2
(52)

and

(a+ b)2 = a2 + 2ab+ b2 =
D2 − 2mk

m2
+

2k

m
=
D2

m2
. (53)

The integral in Eq. 50 is analytical in upper half-plane except at the two poles at
z = ia and z = ib and it will vanish stronger than 1/z2, which makes it possible to
take the real axis and a infinitely large semicircle in the upper plane as a contour
of integration. According to the residue theorem the integral over the semicircle
vanishes and the

I =

∫ ∞
−∞

dz

(z2 + a2)(z2 + b2)
= 2πi

∑
residues. (54)

The residues at the poles are

f(z) =
1

(z − ia)(z + ia)(z − ib)(z + ib)
(55)

Resz=iaf(z) =
1

2iai2(a2 − b2)
=

i

2a(a2 − b2)
(56)

Resz=ibf(z) =
1

2ibi2(b2 − a2)
=

−i
2b(a2 − b2)

(57)

⇒ I = 2πi

(
i

2a(a2 − b2)
− i

2b(a2 − b2)

)
=

π

ab(a+ b)
. (58)

The integral in Eq. 47 can be solved with the help of previous equations as∫ ∞
−∞

dω

(k −mω2)2 +D2ω2
= m2I =

π

kD
. (59)

Using the results of the residue intergral, the spectral density σ2 can be solved from

1

2
kBT =

kσ2

4π

π

mDω2
. (60)

Inserting σ2 from Eq. 60 into Eq. 48 we get power spectral density

S(ω) =
2kBTD

(k −mω2)2 +D2ω2
. (61)

Root-mean-square displacement ∆xrms of the cantilever tip due the thermal noise
below resonant frequency ω0 with measurement time τm is

∆xrms =
√
S(ω)/τm =

√
2kBTD

k2τm

=

√
2kBT

mω3
0Qτm

. (62)
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3.2.3 Signal-to-noise ratio

Signal-to-noise ratio is defined as

SNR(ω) =
A(ω)

Noise amplitude
. (63)

where A(ω) is the total system response from Eq. 42. Solving amplitude ∆x from
Eq. 63 and omitting the effects of the high- and lowpass filters, signal-to-noise ratio
for acceleration noise can be written as

SNRacc(ω) =
(γ − 1)αxpxlP0

ω(m/k)
√

(ω2
0 − ω2)

2
+ (ωD/m)2V ρCt∆a

. (64)

If the modulating frequency ω is well below the resonance frequency ω0 and the
absorption in the gas is low, the equation for the SNR will simplify to

SNRacc(ω) ≈ (γ − 1)αxpxlP0

ωV ρCt∆a
. (65)

The SNR for acceleration noise can be improved by decreasing the volume of the
sample cell. Since the signal is proportional to the absorption length, this decrease
can only be done by decreasing the radius of the cell. The volume can be decreased
to a limit where other factors such as the fast cooling of the sample gas and short
absorption length start to limit the signal. The increase in the SNR is due to a larger
relative pressure change, since the same amount of heat is released in a smaller space.

Using the same conditions as with acceleration noise, SNR for acoustical noise
SNRacoust can be written as

SNRacoust(ω) ≈ (γ − 1)αxpxlP0

ωV∆p
. (66)

Since the external acoustic waves bend the cantilever through the same mechanism
as the photoacoustic signal, the only way to increase the SNR is to reduce the
radius of the sample cell. Therefore it is important to prevent acoustic waves from
forming in the cell by proper design.

Signal-to-noise ratio in terms of Brownian noise can be written as

SNRB(ω) =
AC(γ − 1)αxpxlP0

ωV k
√

2kBT/(mω3
0Qτm)

=
AC(γ − 1)αxpxlP0

ωV
√

2kBTk/(ω0Qτm)
. (67)

Again SNR of the photoacoustic cantilever system can be increased by making the
sample cell smaller. It can also be enhanced by increasing quality factor Q and
thus reducing the width of the resonance peak. A sharp resonance peak reduces the
total Brownian noise that has equal noise amplitude for all frequencies, by limiting
noise accumulated outside the resonance peak. A few techniques have been proposed
to increase the Q factor by making the damping factor D smaller. Some of these
techniques are discussed in Chapter 4.3.
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3.2.4 Noise reduction methods

”Windowless” PAS is used to minimize power lost in the reflections and the ab-
sorption of the radiation in the window. The heating of the window will also form
acoustic waves that increase system noise. Reflections can be minimized by using
multilayer antireflecting coating or by placing the window at the Brewster angle.
According to the Fresnel formulae, the reflectivity for a light polarized in the plane
of incidence drops to zero when the angle between the reflected and transmitted
beams is 90◦. The use of Brewster angle works well with tunable sources since
there is only a small deviation due to change in wavelength for most typically used
transparent materials. [25, 42]

Acoustic baffles or buffers are used between the sample cell and the end mirrors of
a multipass cavity to suppress external noises. A sharp change in the cross sections
between the sample cell and a larger buffer cell can be optimized to suppress the noise
signal from the windows and from the gas flow in open ended resonators. Typical
multipass setup includes two or more identical buffer volumes depicted in Fig. 5 (c)
but also asymmetrical volumes have been used to suppress window noise. On the
other hand, openings in the acoustic cell induce radiation losses, which decreases
the acoustic signal. In addition, the mixing of gas between the buffer cell and the
acoustic cell will increase the rise time of the photoacoustic signal. [11]

The acoustic buffers offer the best attenuation when destructive interference
occurs, i.e. their length is one quarter of acoustic wavelength. At this path length,
the phase of the acoustic wave changes 180◦ every time it passes the buffer. When
a new wave is formed at the same point, the sum of these waves is nearly a zero.
Coupling between the acoustic cavity and the buffer volume can be decreased by
increasing the buffer cavity dimensions. Larger dimensions also offer a better ratio
between the acoustic volume and the surface area, which decreases the coupling
of the signal to the walls. Window noise can be further suppressed if tunable air
columns are placed near the windows as band stop filters. The ideal length for the
tunable air columns is λ/4. Properly placed tunable air column can decrease the
window noise down to 1/50th part. [17]

In a differential setup, two identical sample cells and microphones measure the
same sample but only one of the cells is illuminated with IR radiation [11]. In the
ideal case, the same external noise will be measured with both microphones whereas
only one of the microphones will measure the photoacoustic signal. In reality, the
noise components can couple differently to both sample cells and the window noise
remains uncompensated. Since only one of the cells is illuminated, the acoustic noise
due to window and wall heating cannot be measured in a reference cell. Due to the
randomness of Brownian noise, it cannot be decreased with a differential system.

Another way is to use a single microphone system shown in Fig. 18. Modulated
light is directed through two parallel cells, a reference cell containing only non-
absorbing reference gas and a sample cell containing small amount of unknown gas.
Both cells are connected to a u-shaped photoacoustic cell filled with unknown gas.
Difference in the power of incident light creates pressure difference between the upper
and lower cells that is detected with the microphone. A variable attenuator can be
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used to compensate the spatial variations of optical power. A differential system
combines the good sensitivity of a photoacoustic system with increased sensitivity
due to the spectral correlation schemes. [43]

MODULATOR REFERENCE CELL

SAMPLE CELL

IR SOURCE

PHOTOACOUSTIC CELL

MICROPHONE

ATTENUATOR

Figure 18: PAS system with a differential cell.

In addition to external noises, the differential cell system using only a single
photoacoustic cell is nearly immune to the instabilities of the radiation source such
as power fluctuations. Since both parts of the cell are illuminated, the window noise
will be nearly equal in both parts if the absorption of the radiation in the sample cell
is small. A differential photoacoustic cell system can measure flowing gas samples
since the acoustic noise from the gas flow should affect both sides similarly if the
positions of the connectors are selected properly. [20]

A combination of long absorption length due to the multipass structure and
the good selectivity of differential photoacoustic spectroscopy has been tested with
ceramic blackbody radiator, a mechanical chopper and an optical microphone. With
100 cm absorption length in the sample cell and 20 cm path length within the
photoacoustic cell, the detection limit for methane was 13 ppb with 0.37 second
measurement time. Using the same setup with 100 second measurement time, the
concentration of 0.2 ppb of methane was measured. [4, 40]

In the differential mode excitation (DME), two light beams are modulated with
the same modulator and then focused on the photoacoustic cell. The cell is split in
three parts. Each part has different length and diameter and thus different resonance
frequency. The first beam can only propagate in the first part whereas the second
part can propagate through the whole structure. The first beam will mostly excite
the resonant mode of the first cavity whereas the second beam will excite all of the
resonance frequencies. An experimental DME-PAS system is shown in Fig. 19. [44]

MIRROR IR-SOURCE MODULATOR OPTICAL
FILTER PHOTOACOUSTIC CELL

MICROPHONE

SIGNAL PROCESSING

SAMPLE CELL

LENS

Figure 19: Photoacoustic spectroscopy system based on differential mode excitation.
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A sample cell is placed in front of the first beam, which decreases the intensity
as the beam propagates into the photoacoustic cell. The sample gas concentration
defines the attenuation of the first beam, which can then be measured from the ratio
of excited modes in the photoacoustic cell. DME uses optical correlation techniques
where the sample gas acts as an optical filter. The change in the ratio of the excited
acoustic modes depends only on the absorption of infrared radiation in the sample
gas. This way a blackbody source can be used effectively without several spectral
bandpass filters needed for adequate selectivity. Unfortunately, DME cannot be
used to distinguish several components in the sample gas from each other. [44]

Since the signal depends only on the ratio of the amplitude of the acoustic
modes, the DME-PAS is immune to the intensity fluctuations of the source and the
microphone drifts and it has reduced frequency drift due to flowing gas thanks to
the external sample cell. Since the measurements are made with a Planckian source,
a large wavelength range can be used but the sensitivity is lowered. [44]

3.2.5 Summary of noise in PAS

The proper design of the photoacoustic cantilever enhanced spectroscopy system can
effectively eliminate acceleration and acoustic noise and proper choosing of electrical
components can minimize electrical noise compared with other sources. Brownian
noise is typically dominant noise source in addition to 1/f like component presum-
ably caused by the gas flow in the gap between the cantilever and the frame. The
measured noise spectrum in a Brownian noise dominant system is depicted in Fig.
20.

Figure 20: Measured noise in a Brownian noise dominant system.

The total noise in a photoacoustic system can be modeled as a combination
of Brownian noise with noise spectrum S1 and 1/f noise with noise spectrum S2.
The square of the noise spectrums is set to be identical to the thermal energy of a
molecule

(S1 + S2)2 =
1

2
kBT. (68)

No analytical solution for the equation has been found, especially since the exact
mechanics behind the 1/f noise in the cantilever remains unknown.
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4 Fabrication of the micromachined cantilevers

Microfabricated cantilevers and cantilever arrays can be found in a various kinds
of applications. A micromachined cantilever coated with functionalized molecules
can be used for example as a chemical or a biological sensor. With an appropriate
coating, a cantilever can be used to detect almost anything from bacteria to even
pH values. Even more established applications include the topography imaging force
sensors in atomic and scanning force microscopes. The most significant benefits of
the cantilevers are their small size, fast response time and high sensitivity in the
wide range of pressures or damping materials. [45].

The first part of this chapter presents the process used in Micronova for the
fabrication of silicon cantilevers. The dimensions of the cantilever affect the noise
components and the mechanical strength of the cantilever and they must be selected
carefully in order to achieve the best SNR. Chapter 4.2 concentrates on the design
of the cantilevers. The last part of this chapter presents alternative methods used
by other laboratories for the cantilever microfabrication.

4.1 Microfabrication process

Silicon is the most used material in microfabrication. Silicon wafers are readily
available in various sizes. Silicon has good mechanical strength and elasticity, which
makes it a very good material for cantilevers even though the strength of silicon is
usually hampered by its brittleness. Silicon fractures easily when the yield point is
reached whereas most metals deform elastically before fracturing.

Microfabricated cantilevers are made from silicon wafers by etching away the
excess silicon around the components. The structures can be protected with an
oxide layer when selective etching is used to remove the rest of the wafer. The
selective etching is based on the varying etching speed between different materials.
In certain materials, the etching speed depends also on the properties of different
crystal planes.

The crystal structure of silicon is shown in Fig. 21(a). The diamond lattice
consists of 18 atoms. This structure is the smallest periodically repeating pattern
in the crystal lattice. The planes in the cell can be described with Miller indices
shown in Fig. 21(b–d). The properties of silicon depend on the plane, for example
the Young’s modulus E is approximately 150 GPa in (100) plane and 190 GPa in
(111) plane. [46]

a) b) c) d)

(100) (110) (111)

Figure 21: (a) Crystal structure of silicon (b) (100) (c) (110) (d) (111) plane.
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4.1.1 Cleaning and oxidation

The fabrication process of the cantilevers made for photoacoustic spectroscopy used
in Micronova is based on commonly available, boron doped, (100) oriented silicon-
on-insulator (SOI) wafers. The used SOI wafers have a three layer structure, where
a 1 µm thick silicon dioxide layer is buried between 10 and 380 µm thick silicon
layers. The upper layer is called the device layer and it defines the thickness of the
cantilever while the lower, handle layer determines the thickness of the frame. [37]

At the beginning of the fabrication process, the SOI wafers are wet cleaned to
prevent unwanted contamination in processes and to prepare the surface of the wafers
to a known condition. Wet cleaning is performed by sinking the wafers in cleaning
baths. Because of the wide variety of impurities, multiple cleaning solutions must be
used. The used cleaning solutions are RCA-1 (NH4OH : H2O2 : H2O, 1:1:5), RCA-
2 (HCl : H2O2 : H2O, 1:1:6) and DHF (dilute hydrofluoric acid, HF : H2O, 1:50),
where the first two RCA cleans are also known as the standard clean. Cleaned
wafers are coated with 95 nm thick silicon dioxide film in thermal wet oxidation as
shown in Fig. 22(a). The oxidation takes approximately 10 min at 1000 ◦C. [46]

a)

b)

Si SiO2
Photomask UV radiation Resist

c)

d)

Figure 22: (a) Oxidized SOI wafer (b) Illumination of the resist (c) Oxide etch (d)
Si etch. Courtesy of Päivi Sievilä.

Certain etches such as tetramethylammonium hydroxide (TMAH) and ethylene-
diamine pyrocatechol (EDP) etch silicon fast but oxide very slowly whereas buffered
hydrofluoric acid (BHF) is used to etch silicon dioxide. This effect can be used to
selectively etch silicon by forming an oxide layer on top of the wafer. Due to the
oxygen in air, a thin film (approximately 1 nm) of native silicon dioxide is formed
when silicon is exposed to air. Micrometer thick layers can be grown with thermal
oxidation. In thermal oxidation, silicon wafers are exposed to oxygen or water vapor
at high temperatures, typically 800–1200◦C. The water vapour forms silicon dioxide
faster, but the formed layer is also more prone to defects. [46]
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4.1.2 Optical lithography

Silicon dioxide forms a uniform layer on top of the wafer. In order to only protect
selected parts, an additional layer is needed to define holes in the SiO2 layer. This
can be done with a photoresist and optical lithography. Solubility of the photoresist
changes when it is exposed to ultraviolet (UV) radiation. Therefore a partially
transparent photomask placed between the wafer and the UV source can be used
to define patterns in the resist. Usually, the adhesion of the photosensitive resist is
increased for example by growing a monomolecular layer of hexamethyl disilazane
(HDMS) on the surface of the wafer. [46]

The wafers are first prepared for the HDMS treatment by heating them at 120 ◦C
for 10 min. This heating is needed in order to remove moisture from the wafers.
After the HDMS is evaporated on the wafer in vacuum, liquid photoresist is spin
coated on the device layer. In spincoating, the wafer is attached to a holder with a
vacuum pump and 3 ml of liquid resist is applied on the wafer. The spinner is then
accelerated to several thousands of rpm spreading the resist very evenly. Excess
solvent is removed from the wafer by soft baking the wafers in an oven at 90 ◦C for
20 minutes.

A simple way to define the patterns on the photoresist is to use a transparent
photomask from which selected areas are covered with opaque films. When the
photomask is used to expose parts of the wafer to UV radiation as is shown in
Fig. 22 (b), the solubility of these parts changes. When the resist is sunk in a
developer, exposed parts of the resist are removed. The photomask can be used
either in proximity or contact lithography. In contact lithography, the wafer and
the photomask are pressed together, whereas in proximity lithography a small gap is
left between the mask and the wafer. A better resolution is achieved with the contact
method but the risk of mask damage is also higher. The proximity lithography is not
as susceptible to damage, but the achieved resolution is worse due to the diffraction
of light in the gap. The current process is implemented using the contact mode,
where the wafer is pressed against the photomask and exposed to UV radiation for
2 seconds. [46, 37]

After the wafer is exposed to the UV light, it is dipped in the developer and
the exposed areas are removed revealing the selected parts of the oxide layer, which
define the shape of the cantilever in the device layer as shown in Fig. 22 (c). The
wafer is then postbaked in an oven at 120 ◦C in order to ensure that the resist will
not be etched with the revealed oxide layer. The bulk side of the wafer is also
protected with the photoresist in order to protect the SiO2 film. When both sides
of the wafer are protected by the photoresist, the wafer is sunk into a silicon dioxide
etch until the device layer is revealed. After the oxide is etched, the photoresist is
stripped with acetone and isopropyl alcohol (IPA) to form the structure shown in
Fig. 22 (d).

4.1.3 Etching

There are two basic methods for etching, wet etching and dry plasma etching. In wet
etching, a solid material reacts with liquid etchant leaving soluble products and in



42

plasma etching, a solid material and a gaseous etchant lead to volatile products. A
typical etch rate for both methods vary from 100 to 1000 nm/min. One of the most
used methods for making microfabricated systems from silicon is anisotropic wet
etching. Different crystal planes in silicon have distinct etching rates, which leads
to typical v-groove and inverted pyramid structures when a (100) oriented silicon
wafer is used. A common anisotropic wet etchant, potassium hydroxide (KOH) can
have a 200 fold difference between the different planes. A wet etching mask must
be designed by taking into account the sloped walls, i.e. the varying etching rate
between planes, which lead to larger gaps on the mask. [46]

TMAH is used in the current process as the anisotropic wet etchant. At first,
the TMAH solution is heated up to 86 ◦C, which increases the etching rate. The
wafers are kept in the etchant until the buried oxide becomes visible. After the
TMAH etching, the wafer is dipped into BHF solution until the silicon dioxide mask
is removed from the wafer.

As an alternative anisotropic plasma etching, also known as reactive ion etching
(RIE) can be utilized. In RIE, the wafer is bombarded with ions in a plasma reactor
making it possible to fabricate almost vertical walls. The size of the structures
follows the exposed photoresist very closely. In the process described, RIE can be
used to etch silicon dioxide. [46]

A special method of RIE can be used to make deep trenches. In cryogenic deep
reactive ion etching (DRIE), the wafer is cooled below −100 ◦C in order to slow down
the isotropic etching. The cold temperature can crack resist films and therefore other
materials are used as the etching mask. Only the lateral surfaces are removed by
the ion bombardment and thus vertical walls can be obtained. Another advantage
of the anisotropy in RIE is the immunity to the undercutting of the corners. [47]

4.1.4 Handle side processing

Freed structure is re-oxidized in order to protect the etched device layer. The wafer
is thermal wet oxidized in 1000 ◦C for 420 minutes in order to form a 100 nm thick
SiO2 layers. The oxide layer thickness must be selected to match the buried oxide
layer thickness after the second wet etching. If the thicknesses match, the shear
stress bending the cantilever will be effectively compensated. The lower side of the
wafer is prepared as earlier for the lithography process used to define rectangular
shape under the cantilever. Exposed areas are etched in the oxide etchant and
afterwards in TMAH until the buried oxide shown in Fig. 22 is reached. Usually, a
slightly larger area is etched below the cantilever. This etching forms a thin frame
around the cantilever, which in turn is connected to the 380 µm thick bulk. This
process will take approximately 11 h for a 380 µm thick wafer. The last step is to
release the cantilever by removing the oxide layers with BHF solution. [37]
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4.2 Cantilever design

We can deduce the relation between the displacement of the cantilever and the
dimensions of the cantilever from Eq. 42 as

A(ω) ∝ AC

m
√

(ω2
0 − ω2)

2
+ (ωD/m)

(
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. (69)

This can be approximated in the low frequency range (ω � ω0) as
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, (70)

if the size of the gap and the damping factor are small. In addition to the maximum
displacement, we are also interested in the minimum detectable force. If a Michelson
interferometer is used to measure the displacement, the sensitivity of the system is
limited by the Brownian noise. Using Eq. 62 with the relations F = kx and
k = mω2, the minimum detectable force is

Fmin =

√
2kkBT

ω0Qτm

=

√√
k

m

2kBT

Qτm

. (71)

From this equation, we can see that the sensitivity of the cantilever can be increased
not only by decreasing the effective spring constant but also by increasing the Q
value and the measurement time τm. Therefore the relation between the quality
factor and the dimensions must be known in order to maximize the sensitivity.

4.2.1 Attenuation due to the gap

The attenuation would decrease quickly if the gap was made narrower, but the width
of the gap is limited by the wet etching process. At the moment, the TMAH etching
can reliable produce gap widths in the range of 3...5 µm. TMAH could in theory
etch infinitely narrow gaps, but in practice the nonuniformity of the wafers, the
resist and the etches limit the minumum achievable width.

The use of DRIE etching could in theory reduce the gap width down to 1 µm,
which is the minimum linewidth of the mask aligner used in Micronova. A thinner
gap could be milled with a focused ion beam, but it would be much slower and the
cantilevers would have to be milled one by one. The only way to reduce the gap
size with the current fabrication process is to reduce the length or the width of the
cantilever. When the measurements are made at 10 Hz, the attenuation due to the
gap is approximately one percent and the effective spring constant has much larger
effect on the sensitivity. Very narrow gaps could jam the cantilever if the walls are
uneven or if the cantilever lengthens due to its movement or heating.

Another factor added to the gap size is the undercutting of the convex corners
shown in Fig. 23 (a) due to the fast and slowly etching planes even though several
corner compensation designs have been developed in order to reduce the rounding
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effect shown. One of these designs is shown in Fig. 23 (b) [46]. At present, the
corner rounding induces very minor effect since it increases the area of the gap only
less than 0.1 %. Additional holes or piles may appear in the cantilever or in the
frame due to faults in the fabrication process.

a) b)

Figure 23: (a) Undercutting of convex corners in (100) Si (b) Structure used for
corner compensation.

Other faults in the fabrication process can also affect the gap size. Uneven
photoresist, dirt in the photolithography step, scratches and inhomogeneous etchants
cause varying surface structures. A thin photoresist may be developed even if it was
not exposed to UV light. A hill will appear when a dust particle blocks UV light
from a spot and the photoresist will not be removed in the developer. Additional
holes in the cantilever could increase the gas movement and thus increase the gap
area and the gas flow due to the temperature and the pressure difference.

4.2.2 Damping factor

The damping factor must be taken into an account if a more accurate model is
wanted. The damping effect is directly proportional to the speed of the cantilever
and it can be described with

D =
k

ω0Q
. (72)

This form will show the relation between the amplitude and the quality factor Q as

A(ω) ∝ AC√
(k − ω2)2 + kω2/Q2

. (73)

One way to increase the quality factor is to use a feedback system presented in
Chapter 4.3.



45

4.2.3 Increasing the sensitivity of the cantilever

The internal spring constant of the cantilever can be reduced notably by decreasing
the thickness of the cantilever. At the moment, the thickness of the cantilever is
defined by the device layer of the SOI wafer. Another factor limiting the thickness
of the cantilever is the damping caused by gases at atmospheric pressures. A very
thin cantilever could break under pressure, which would limit the dynamic range.
Reducing the thickness would also decrease the first flexural resonant frequency. If
the resonance frequency was tuned too low, the 1/f noise would decrease the SNR.

If the gas spring term would be reduced for example by lowering the pressure,
the sensitivity could easily be increased by making the cantilever longer. The length
of the cantilever is mainly limited by the mechanical stress and strain caused by the
manufacturing process. Longer cantilevers would require thicker structure, which
would reduce the sensitivity. The length of the cantilever can also limit the dynamic
range since the beam must reflect back to the interferometer. If the angle between
the cantilever and the frame grows too large, the reflected beam will not illuminate
the detectors and the signal cannot be detected. An increase in the length would also
increase the area of the cantilever, which in turn increases the gas spring constant.

A narrower cantilever would reduce both spring constants, but the width is
currently limited by the interferometer. Narrower cantilevers could be used if an
additional lens was added after the beam splitter, but they would make the whole
system more complicated and less robust. In most applications, the sensitivity of
the system is limited by the Brownian noise. If the sensitivity is kept constant, the
length of the cantilever can be decreased with the thickness with the ratio of t3/l4c .
These shorter cantilevers would have higher resonance frequency and more of them
could be fabricated with each wafer.

4.2.4 Coating of the cantilever

The refractive index of the material determines the fraction of incident light reflect-
ing from the cantilever. When a multilayer structure is used, light will be reflected
from every interface. If the thickness of the layer is smaller than the coherence length
of the laser, interference will occur at these reflections. When the incident laser beam
is perpendicular to the cantilever, the intensity reflectance can be calculated from

R = |r|2 =

∣∣∣∣(m11 −m22) + i (m12 −m21)

(m11 +m22) + i (m12 +m21)

∣∣∣∣2 , (74)

where mij are entries from a matrix M . When a cantilever is coated with gold, a thin
titanium adhesion layer is needed between the silicon surface and the gold coating.
The coatings are usually placed on both sides in order to compensate the residual
stress. This forms a structure of several stacked thin films with different refractive
indices. Each of these films can be represented with a matrix

Mj =

(
cos(δj)

i
nj

sin(δj)

inj sin(δj) cos(δj)

)
, (75)
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where nj is the complex refractive index of the jth layer. δj is the phase change due
to the layer, which can be calculated from

δj =
2π

λ
njtj, (76)

where tj is the thickness of the film. The whole structure can be described with a
product matrix M = M1M2M3...Mn. In real applications, the angle between the
incident beam and the cantilever changes, but this change is usually less than 0.02◦

and it is therefore omitted here. [48]
The complex refractive indices for titanium, gold and silicon at 632.8 nm are

n = 2.15325 − i2.9248, n = 0.19683 − i3.09054 and n = 3.88126 − i0.018938,
respectively [49]. Using 3 nm thickness for the titanium layers between silicon and
gold films, the intensity reflectance for 4.5–5.5 µm and 10 µm thick cantilevers as a
function of the thickness of the gold layer is shown in Fig. 24.

Figure 24: Intensity reflectance of six thin cantilevers.

The reflectance of the pure silicon cantilever without the titanium coating is
approximately 5 % higher than what is shown in Fig. 24. The 10 µm thick cantilevers
can be measured without coating, but to obtain a strong signal, reflectance of 80 % or
higher is wanted. Unfortunately, even a small thickness variation in the 5 µm thick
cantilevers can make optical measurements impossible. Regardless of the thickness
of the wafer, a 50...60 nm thick gold layer on both sides of the cantilever should
provide reflectance high enough for the interferometer.
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4.3 Quality factor of the cantilever

The Q factor can be expressed as a relation between stored energy and energy
lost in each cycle of vibration. Even a perfect crystal dissipates mechanical en-
ergy. The related fundamental processes are thermoelastic dissipation (TED) and
phonon-phonon interactions. Thermoelastic dissipation is caused by continuous vol-
ume changes in a vibrating structure. These variations of volume transfer locally
into thermal energy, which is then lost. Phonons are vibrations of the crystal lat-
tice. A sound wave can create local changes in the phonon distribution function,
i.e. increase the number of phonons in one part and decrease it in other. The
phonon-phonon interaction restores thermal equilibrium in a system where phonon
distribution function is perturbed away from equilibrium by a sound wave. [50]

Part of the mechanical energy is coupled to the frame and some of it is lost
in the movement of the defects. For a thick cantilever, most of the internal losses
occur due the bulk effects. Making the cantilever thinner will increase the surface
to volume ratio. The surface effects will thus begin to dominate when the cantilever
is thinned down to sub-micron dimensions. The Q value can be written as a sum

1

Q
=

1

Qclamping

+
1

QTED

+
1

Qvolume

+
1

Qsurface

+
1

Qother

. (77)

For an infinitively large frame, the Qclamping can be approximated as 2.17 (l/t)3. [51]
A typical photoacoustic cantilever has a l/t ratio of 500 leading to Qclamping >

2.7 × 108. The flexural vibrations warm the compressing side and cool down the
expanding side of the cantilever. Thermoelastic Q value can be expressed as a
product of the material dependencies of the TED and the ratio of the cantilever
frequency to the rate of heat flow across the cantilever thickness. If the coefficient
of the thermal expansion is α, the quality value can be written as

QTED =
(πG)2 + (2fpcpt

2)
2

2fα2TEGt2
, (78)

where G is the thermal conductivity of the cantilever, p the pressure, cp specific
heat capacity and t the thickness of the cantilever. For a 10 µm thick cantilever at
f = 600 Hz, QTED = 107 and even higher at lower frequencies. [51]

The Q factor due to the volume effects is defined by the ratio of real and imag-
inary part of the Young’s modulus. These values are constants depending on the
material but usually the real part is much larger and therefore the Q value is not
limited by the volume effects. The Q value due to the surface effects can be approx-
imated as

Qsurface =
wt

2δ(3w + t)

E1

ES
2

, (79)

where E1 is the real part of the Young’s modulus, ES
2 the dissipative effects (surface

contamination, disruption of atomic lattice at interface) of the surface and δ the
thickness of the surface layer. Again, E1 is usually much larger than ES

2 and therefore
Qsurface is very large. Since the Q values for the cantilever even in the relatively
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low pressure of 0.1 mbar are approximately 1000, we can see that Q factor of the
microfabricated cantilevers is limited by other factors, which in turn are dominated
by the gas damping. The Q factor depends also on the doping of the silicon wafer.
High purity single crystal silicon can have over an hundredfold times higher Q factor
than heavily boron-doped structures [52]. [51]

Several attempts have been made in order to increase the quality factor with
feedback systems. In the parametric amplification, the thermal noise is limited by
periodically modulating the spring constant. This modulation can be done for ex-
ample by electrically or magnetically affecting coils or electrodes on the cantilever
since the spring constant of some materials show temperature dependence. The
maximum increase in the spring constant should be applied when the displacement
of the oscillator is the largest. Since the energy stored in an oscillator depends from
the spring constant, the parametric amplification can increase the energy. Unfor-
tunately, this method induces thermal noise to the system and cannot therefore be
used to increase the Q value of a Brownian noise limited system. [53]

Another approach is to use external force to dissipate thermal energy. Addi-
tional external force Fext = −D′ẋ in Eq. 46 can act as an external dissipative
force, which will reduce the total thermal energy of the cantilever by a factor of
1 +D′/D. Dissipative force Fext will always reduce the true amplitude of the ther-
mal vibrations. Therefore it cannot be used to separately suppress Brownian noise
without decreasing the acoustic signal. This method has been shown to decrease the
thermal movement of an atomic force microscopy (AFM) cantilever. Unfortunately,
this method can be only applied to static measurements and thus it cannot either
increase the sensitivity of a PAS system. [54]

4.4 Other possible materials and structures

The current fabrication process has produced very sensitive cantilevers and further
refining of the dimensions can make these cantilevers smaller and even more sensi-
tive. The downside of the fabrication process is its complexity. Silicon dioxide and
silicon nitride cantilevers could be grown on a bulk silicon wafer and they could be
etched selectively. Thus SOI wafers would not be needed, since SiO2 and Si3N4 thin
films can be grown with almost arbitrary thicknesses. An alternative method for
fabricating silicon cantilevers from a bulk wafer is also presented. At the end of this
chapter, alternative shapes for future cantilevers are presented.

4.4.1 Silicon dioxide cantilevers

Even though the strength of silicon makes it an appropriate material for microma-
chined cantilevers, the high Young’s modulus of silicon limits the sensitivity since
the spring constant is directly proportional to E. Young’s modulus for silicon diox-
ide is less than half of the modulus of silicon (70 GPa vs. 169 GPa), which means
a smaller spring constant for a similarly sized cantilever. SiO2 is commonly used to
fabricate nanometer sized cantilevers but since it is more fragile than silicon it is
not very suitable for millimeter sized PAS cantilevers. Another disadvantage of SiO2
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cantilevers is their need for coating since the silicon dioxide has a lower refractive
index than silicon making it almost transparent.

SiO2 cantilevers have been fabricated for example at the Technical University
of Denmark by growing a 850 nm thick thermal oxide layer on the top of a silicon
wafer. The cantilever was patterned with UV lithography and released with reactive
ion etching. Their largest cantilever was only 209 µm long and 10 µm wide but even
larger ones can be made. The cantilevers were coated with gold and the Q factor
of uncoated and coated cantilevers were measured in vacuum and at atmospheric
pressure. The 100 nm coating reduced the Q value of a 850 nm thick SiO2 cantilever
to half in vacuum but at atmospheric pressure the coating increased the Q value
slightly. Even though the gold coating increased the thermoelastic damping, it also
increased the mass, which in turn increased the total vibrational energy. The gold
coating should be as thin as possible since in a PAS system the increased mass would
lead to a decrease in sensitivity. [55]

4.4.2 Silicon nitride cantilever

Another material for a micromachined cantilever is silicon nitride (Si3N4) used for ex-
ample by Lee and White. Depending on the deposition methods of (Si3N4), Young’s
modulus is roughly the same for silicon and silicon nitride. The density of silicon
nitride is higher, which would mean an increase in the spring constant unless this is
compensated with a thinner layer of material.

At the beginning of the fabrication process shown in Fig. 25, the cleaned silicon
wafer is coated with 200 nm thick thermal oxide layer. A 500 nm thick silicon
nitride layer is grown by low pressure chemical vapor deposition (LPCVD). The
silicon nitride layer is released from below by anisotropic wet etching. In order
to control the residual stress, another 500 nm thick silicon nitride layer is grown
on both sides of the membrane. When both nitride layers bend the cantilever in
opposite directions with larger stress than the initial layer, the relative stress on one
side is reduced and the cantilever does not bend during the process. [56]

A piezoelectric ZnO layer is grown on top of the structure with two polysilicon
electrodes used for electrical measurements. The layers are insulated from each other
with two low temperature deposited silicon dioxide (LTO) layers. The electrodes
were covered with a sputtered 500 nm thick Al contacts as shown in Figs. 25 (c)
and (d).

A 500 nm thick sputter deposited Al layer is grown on the back side in order to
support the cantilever during the etching processes. The cantilever is released from
the front side with silicon dioxide and silicon nitride etches and from the back side
with Al etch as shown in Fig. 25 (e) and (f). [56]

4.4.3 Alternative method for fabricating silicon cantilevers

An alternative method for fabricating the silicon cantilevers was tested at the In-
stitute of Semiconductor Technology of the Technical University at Brunswick [34].
The same fabrication process based on a bulk silicon wafers have been also tested
at Micronova. In the fabrication process silicon dioxide layers are grown on both
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Silicon Thermal oxide Silicon nitride Polysilicon AluminiumLPCVD oxide

a)

b)

c)

d)

e)

f )

Zinc oxide

Figure 25: Fabrication process flow for silicon nitride cantilevers: (a) Bulk etched
Si/Si3N4 (b) Second Si3N4 layer (c) Polysilicon electrodes (d) Al support (e) Front
side etch (f) Al etch.

sides of the wafer in order to protect the wafer during the etching. The cantilever
is patterned with optical lithography and V-grooves (due to the anisotropic etching
of different crystal planes) determining the thickness of the cantilever were etched
with TMAH. After the etching, the wafer was re-oxidized and the handle side of the
wafer were etched until the v-grooves on both sides combined and the cantilever was
released from the back side. [37]

In theory, the gap width could be made very small, but due to the problems
described in Chapter 4.2.1, the minimum widths of the gap were considerable larger
than what have been achieved with the current process. Maybe the largest disadvan-
tage of this fabrication process is the stress between the silicon and silicon dioxide
layers, which can deform or even break the cantilever. With a proper doping, the
etching could be stopped at the interface of the doped layer. Due to the exponential
doping profile, this method is not very accurate and the dopants itself may change
the vibrational properties of the cantilever. [37]

4.4.4 Piezoelectric measurements

The piezoelectric effect used in Chapter 4.4.2 is based on material with acentric
crystal symmetry and ionic bonding. When the material is strained, the center of
gravity for negative and positive charges differs and an electric dipole is formed.
The electric charge can be measured as such with a charge amplifier or by growing
the piezoelectric layer on top of the gate oxide of a metal-oxide-semiconductor field-
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effect transistor. When the piezoelectric layer is stressed, the electric dipole affects
the drain current, which can be measured with increased accuracy. Even though
optically measured cantilevers have better sensitivity, piezoelectric materials can
be used more easily to integrate the whole gas detection system on a single chip.
Cantilevers with 2x2 mm2 area and 5...10 µm thickness coated with 1 µm thick
layer of piezoelectric material measured with a charge amplifier has been used to
detect nitrogen concentrations down to 330 parts per million [57]. The disadvantage
of piezoelectric systems is their need for power, which will heat the cantilever and
cause additional noise to the measurements. [38]

4.4.5 Alternatively shaped cantilevers

A Swiss team has showed that additional holes in the cantilever can reduce the spring
constant. The team used rectangular cantilevers which were 464 µm long, 74 µm
wide and 4.97 µm thick. The spring constant of the cantilever was reduced by 74 %
when the thickness of the cantilever was locally thinned near the support down to
1 µm. An additional 4.2 µm wide and 40 µm long hole in the cantilever reduced the
spring constant by 25 %. These holes are relative simple to make since they can be
altered at the same time as the rest of the device layer defining the cantilever shape.
Unfortunately, the stress near the holes increases much faster than the sensitivity
and therefore the treated cantilevers can break easily. [58]

The movement of the cantilever limits the possible shapes of the cantilevers if
the gap between the cantilever and the frame is kept small. A rectangular shape
is the most used since it is easy to etch and it will not stuck easily to the frame.
Even though triangular cantilevers are used for example as a tip for AFM, they are
not very efficient at the pressure measurements, since only a small part of the force
will affect the tip of the cantilever, which will limit the maximum displacement. In
addition, the beam size of the interferometer laser sets the limit to the minimum
width of the cantilever.
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5 Measurement setup

In this chapter, the measurement setup used in this thesis to measure various can-
tilevers is presented. As presented earlier, in order to measure the sample gas, a
photoacoustic system needs a (tunable) infrared source and a microphone. The sig-
nal from the microphone is usually digitally processed in order to transform it into
a more appropriate form. The last part of this chapter is dedicated to the measured
and modeled cantilevers.

The cantilevers were measured using a photoacoustic setup shown in Fig. 26
manufactured by Gasera Ltd. The cantilevers were placed in a gold coated, 40 mm
long photoacoustic cell with a volume of 2 ml. The photoacoustic cell is connected
to a balance cell with a volume of 8 ml. The sample cell consisted of the sample
cavity, two BaF2 windows for the incoming and transmitted infrared radiation and
two electrically controlled valves for the sample gas exchange. The incident beam
was focused with a lens having a focal length of 8.0 mm and numerical aperture
(NA) of 0.50.

Figure 26: A diode laser connected to the photoacoustic system.
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5.1 Diode laser

The sample gas was excited with a 1566 nm DFB diode laser. The more specific
information for the laser is given in Table 1. The laser was connected to a 14-
pin butterfly mount and was controlled with a Thorlab TEC 2000 thermoelectric
temperature controller and a LDC 500 laser diode controller.

Table 1: Diode laser [14].

Manufacturer Fitel Technologies Inc.
Model FOL15DCWD-A81-19110

Maximum optical output power 40 mW
Maximum laser diode current 350 mA

Maximum thermoelectric element current 1.6 A
Minimum wavelength 1566.0 nm
Maximum wavelength 1571.5 nm

Line width 150 pm

The optical power of a diode laser depends on the diode current. When a semi-
conductor junction is forward biased, electrons and holes can recombine and emit
a photon. When the current is low, the gain of the laser is lower than the losses
and the spontaneous emissions dominate. When the current increases, the gain in-
creases and optical power increases rapidly due to the stimulated emission. The
optical power and the wavelength are shown as a function of diode current at 25◦C
in Fig. 27. The optical power can be tuned almost linearly with the current. Unfor-
tunately, the wavelength changes with the current and the temperature of the laser
must be changed in order to compensate this change in temperature.

According to the band theory, the atomic energy levels expand into energy bands.
At 0 K, the highest band filled with electrons is called a valence band and the lowest
empty band a conduction band. These bands are separated by a bandgap, which
changes as a function of temperature. The bandgap defines the wavelength of the
laser and therefore the wavelength can be changed by warming or cooling the diode
laser.

The temperature of the diode laser is changed with a thermoelectric cooler (TEC)
based on the Peltier effect. The Peltier effect can be seen when current is flowing
through a junction between two different conductors. Depending on the direction of
the current, the junction heats up or cools down. This effect is due to the difference
in the energy of the charge carriers in different materials. Since the current, or the
number of charge carriers, is equal in both materials, the energy (temperature) of
the lattice must change when the energy of the charge carriers changes. [38]

Since the temperature of a diode laser depends from the current flowing through
the diode and the ambient temperature, a thermistor is needed in order to monitor
the temperature. The thermistor is a resistor with a high temperature dependence.
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Figure 27: Wavelength and optical power of a laser diode as a function of current

The resistance of the thermistor can be calculated from

R(T ) = 10kΩ exp (B(1/T − 1/T25)) , (80)

where B = 3900 K is the energy constant and T25 = 25◦C the nominal temperature
[14]. The resistance is continuously measured by the TEC controller and the TEC
current is changed accordingly in order to keep the resistance at the set value. The
temperature dependence of the wavelength of the diode laser is shown in Fig. 28.
The absolute change in the wavelength does not depend much from the diode current
and therefore Fig. 28 can be used directly to tune the wavelength without additional
wavelength measurements unless very accurate value is needed.

Figure 28: Wavelength of a laser diode as a function of temperature.
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5.2 Interferometer

The movement of the cantilevers is detected from the interference pattern of a 633 nm
HeNe-laser. The displacement of the cantilever is measured with the photodetectors
shown in Fig. 29 by adjusting the reference mirror until only one interference fringe
covered both halves with a phase difference of π/2 between them. The other branch
is detected in a similar way while having a phase difference of π with the first branch.

LASER   λ = 633 nm

MOVING CANTILEVER

BEAM SPLITTER

REFERENCE MIRROR

DETECTORS

dp, dTdx

D1

D2

D3 D4

ANALOG 
PREAMPLIFIER

I1
I2
I3
I4

DSP

U1
U2
U3
U4 Signal

Φ U2-U3

U1-U4 ΔΦ

Figure 29: Signal generation in a Michelson interferometer. Redrawn from [20].

If the detector signals are marked as U1, U2, U3 and U4, where the first two
signals come from the detectors in the first branch and the last two from the second
branch, the displacement of the cantilever will be seen as a phase difference

φ = arctan

(
U1 − U4

U2 − U3

)
. (81)

A displacement of λ/2 is seen as a phase difference of 2π. This phase change is
due to the change in the optical path length for the incident and reflected beams.
This method can be used to measure the distances of multiple wavelengths because
when the phase difference exceeds 2π another interference fringe appears in the
detectors and the multiple half wavelengths can be calculated from the number of
the interference fringes. [20]

Signals from the photodiodes are amplified and transferred to a digital signal
processor (DSP). DSP calculates the displacement of the cantilever from the signal.
Every time the signal from a channel goes from +1 V through -1 V to +1 V, the
cantilever moves by 316.5 nm. These signals are combined into a voltage signal
proportional to the displacement that is transmitted to the computer.

The interferometer is first calibrated by moving and tilting the reference mirror
until a clear interference pattern is seen. This pattern is caused by the movement of
the cantilever due to noise or applied vibrations. A slight misalignment between the
detectors or difference in the sensitivity of the photodetectors is compensated with
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tunable amplifiers. This tuning is done by connecting the detectors to an oscilloscope
set in an X-Y-mode. The amplification settings are correct when a round circle is
formed with a 1 V radius. When real gas concentrations are measured, the signal
should first be calibrated with a known reference gas in a known pressure. The
intended use for this setup is only to compare various cantilevers and therefore this
calibration was omitted.

5.3 Signal processing

The calibrated signal is Fourier transformed from the time into the frequency domain
using the Hanning window function with 16384 samples sized blocks. The block size
NFFT determines the frequency resolution ∆f which is inversely proportional to the
measurement time t and directly proportional to the sampling frequency fs and is
given by

∆f =
1

t
=

fs

NFFT

. (82)

The Hanning window function, also known as Hann window, obtains the element yi

from the original sequence element xi by

yi = 0.5xi

[
1− cos

(
2πn

NFFT

)]
, (83)

where the n = 0, 1, 2, ..., NFFT − 1. The Fourier transformed signal is averaged 100
times in order to decrease the Brownian noise amplitude. Since the Brownian noise
can be approximated as a white noise, different samples do not correlate and the
sum of the signals is obtained by

e100 =

√√√√ 100∑
i=1

e2
i . (84)

Since the signals are fully correlated, they can be directly summed and thus new
SNR for high frequencies (since the 1/f noise correlate partly) will be

SNRN =
S1 + S2 + ...+ SN√
e2

1 + e2
2 + ...+ e2

N

=
N · S0√
Ne0

=
√
N · SNR0, (85)

where SNR0 is the signal to noise ratio of each measurement.

5.4 Sample gas

The tunable range of the laser overlaps with 1006 absorption lines of various gases
from which the 100 strongest peaks are shown in Fig. 30. Carbon monoxide (CO)
has the second strongest intensity but due to its dangerous nature, carbon dioxide
(CO2), water vapor (H2O) and nitrous oxide (N2O) offer better choices for the
sample gas. The average width of the absorption peaks of carbon dioxide is 23 pm
and the linewidth of the laser 150 pm. When the distance between the absorption
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peaks is less than 150 pm, they cannot be separated with the laser and thus the
wavelength modulation cannot be used. The same problem arises if small amount of
sample gas is mixed with air if the carbon dioxide concentration is relatively high.
Therefore the chamber must first be flushed for example with nitrogen before other
sample gas are added.

Figure 30: Absorption peaks overlapping with the used diode laser range.

Since the volumes of the sample cell and the balance cell are relatively small (2
ml and 8 ml), small concentration of sample gas cannot be easily added from a high
pressured N2O tank. A pure nitrous oxide sample gas can be added by using high
pressure N2O flow to flush the chamber. The outflow valve is then closed and the
pressure in the chamber is reduced to 1 bar through a safety valve. The inflow valve
connecting the chamber to the gas tank should be closed as soon as the valve ceases
the work in order to prevent the sample from mixing with air.

For low pressure measurements, the sample cell can be connected to a vacuum
pump. The pressure in the system can be monitored between 10−9 and 2 bar with
a Combivac CM 32 pressure sensor connected between the photoacoustic cell and
the pipe. The Vacuumbrand MZ 2D diaphragm based vacuum pump is able to
drop the pressure down to 8 mbar. Special caution must be maintained when the
vacuum pump is used with to the photoacoustic cell since the air flow can break the
cantilever inside the cell if the pressure difference between cavities is too high.

5.5 Measurement series

A series of cantilevers was fabricated and measured in order to obtain signal and
noise spectra for variously sized cantilevers. The different sizes for the cantilevers are
shown in Table 2. The gold coating was deposited on both sides of the cantilevers in
order to increase the reflectance. The gold coating for the 9.5 µm thick cantilevers
were 50 nm thick and for the 5 µm thick cantilevers 56 nm thick. The cantilevers
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with 17.4 and 16.7 µm gap widths were made with DRIE etching and the rest with
TMAH etching. The initial thickness variation of the device layer was 0.5 µm, which
is omitted from the models, though. The cantilevers were measured at 1 bar pressure
and approximately 300 K temperature. The photoacoustic system was fixed on gel
dampeners that were placed on an actively dampened optical table.

Table 2: Measured cantilevers.

Length [mm] Width [mm] Gap width [µm] Thickness [µm] Gold coating
5 1.2 3.3 9.5 X
5 1.2 2.3 9.5
4 1.5 5.1 9.5 X
4 1.5 17.4 9.5 X
6 1.5 3.8 9.5 X
6 1.5 16.7 9.5 X
3 1.5 3.1 9.5
3 1.5 21.2 5 X
3 1.5 25.6 5 X

5.6 FEM models

FEM models of the cantilevers were made with Comsol Multiphysics 3.4. A thin
frame around the cantilever has been shown to affect the resonance frequency of
the cantilever [37]. The relation between the frame width and the spring constant
was tested by modeling cantilevers with a frame width varying from 0 to 1 mm at
0.1 mm steps. The frame width models were done with 5 mm x 1.2 mm x 10 µm
sized cantilevers. Shaped cantilevers shown in Fig. 31 (b) and (c) were modeled
without the frame. A few simplifications were used in the FEM models. The sloped
walls and the rounding of corners were omitted, the gap width was assumed to be
5 µm for all of the cantilevers and the residual stress on the cantilevers was assumed
to be insignificant. The 380 µm thick frame was replaced with an infinitely high
wall, which made calculations faster without any visible changes in the results.

a) b) c)

380 μm thick Si 10 μm thick Si Holes

Figure 31: (a) Wide frame (b) racket shaped cantilever (c) T-shaped cantilever.
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6 Results

In order to make reliable gas concentration measurements, the signal and noise
generation in a photoacoustic system must be known. A theoretical basis for the
signal generation and the noise sources were presented in Chapter 3. The first part
of this chapter is dedicated to the noise analysis showing dominant noise sources
in the measurements. In the second part, the photoacoustic system was tested by
measuring carbon dioxide from the room air as well as pure nitrous oxide. The
measured values were compared against the model. The last part of this chapter
presents various FEM models of shaped cantilevers.

6.1 Noise measurements

Due to the almost constant power spectral density, Brownian noise can be used
to detect the whole frequency response of the cantilevers during one measurement.
Therefore noise was used to excite bare silicon and gold coated cantilevers. The
measured noise spectra of the two 5 mm long cantilevers are shown in Fig. 32. As
predicted in Chapter 3, the sensitivity is limited by Brownian and 1/f noise.

Figure 32: Noise spectrum of a 5 mm long cantilevers.

The noise spectrum corresponding to the 5 mm long cantilevers shows unexpected
changes in the system response when the cantilevers are coated. A 50 nm thick gold
coating on both sides should increase the effective spring constant by 1.6 %. Due to
the gold coating, the noise signal decreased by 11.6 %, which exceeds the expected
value quite much. Since the Young’s modulus of gold (79 GPa) is smaller than
that of silicon, the main reason for this change is probably the residual stress of the
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coating, which effectively makes the cantilever more rigid. The gold coating led to
the decrease of the resonance frequency from 548 Hz to 526 Hz (4.0 %). This change
is somewhat unexpected since the resonance frequency should be proportional to√
k/meff . The effective mass increased by 33.1 %, which is much more than the

mass of gold coating (8 %).

6.2 Low frequency noise

The low frequency noise spectrum was measured from 4 mm long cantilevers at
the university of Turku. The two 4 mm long cantilevers with different gap widths
showed both similar noise spectra at the low frequency range as shown in Fig. 33.
The DRIE processed cantilever with a 17.4 µm wide gap shows larger amplitude
oscillations than the TMAH processed cantilever with a 5.1 µm wide gap. Since the
peaks of the oscillations are at the same frequencies, it is highly probable that they
are caused by the same sources.

Figure 33: Low frequency noise spectra of 4 mm long cantilevers.

The measurements could not be repeated easily since low frequency noise changed
almost constantly. External noise components have usually larger amplitude than
the oscillations shown in Fig. 33. When the noise measurements were repeated
at Micronova, a wide band, varying, low frequency noise component was detected
which prevented the low frequency noise comparison between the cantilevers. The
very low frequency noise (less than 10 Hz) is mainly due to the acceleration noise,
i.e. building vibrations, which can be caused for example by the traffic outside the
building, fans and vibrating machines and people walking by. Higher frequency 1/f
noise in turn is probably caused by acoustical sources and gas flow through the gap.
The measured noise spectra of 6 mm long cantilevers are shown in Fig. 34.
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Figure 34: Noise spectra of two 6 mm long cantilevers.

Unlike in the previous measurements, no similar low frequency components could
be seen in the noise spectra. Still, larger gap seems to spread the 1/f noise to higher
frequencies. This effect could be connected to the increase of the gas flow through
the larger gap area.

6.3 Low pressure noise

Even though Brownian noise is usually the main noise source, other noise compo-
nents can become dominant when the pressure is reduced. A 5 mm long cantilever
was used in the measurements of the noise spectra shown in Fig. 35 at three differ-
ent pressure levels. Regardless of the pressure, the Brownian noise is the dominant
source. Sharp peak at 100 Hz is caused by an electrical interference. The high peak
at 50 Hz at 10 mbar is also probably due to the coupling of voltage from power lines.
Since the 1/f noise is reduced with the pressure, we can assume that it requires gas
molecules, i.e. it is either caused by the gas flow or by an external acoustic source
coupled to the system.

When the pressure is reduced to 160 mbar, a slight decrease is seen in the Brow-
nian noise amplitudes. This effect is due to the increase in the quality factor and
the decrease in the spring constant, which partly compensate each other. When the
pressure is further decreased to 10 mbar, the same kind of effect can be seen. Due to
the relatively large increase in the resonance peak, we can see that the quality factor
is indeed limited by the pressure. The Q values derived from the measurements were
24, 30 and 70 when the pressure was 1 bar, 160 mbar and 10 mbar, respectively.
Even though reducing pressure lowers the spring constant and Brownian noise due
to the reduced gas spring and higher Q value respectively, we must take into an
account the partial pressure term in the absorption part of the SNRB in Eq. 67.
If the partial pressure px of the sample gas decreases with the total pressure, the
SNRB is in fact reduced since the noise amplitude decreases less than the signal.



62

Figure 35: Noise spectra of 4 mm long cantilever at reduced pressures.

6.4 Sample gas measurements

The signal generation in the system was tested with various cantilevers using both
carbon dioxide and nitrous oxide as the sample gases. The voltage measured from
the DSP is proportional to the displacement of the cantilever. Since the DSP can
be used in a wide range of displacements, it has a variable amplifier in order to tune
the output voltage. All of the following measurements were made with the same
amplification. The displacement of the cantilever is mostly less than λ = 633 nm.
The first measurements were made with a mixture of 95 % nitrous oxide and 5 % air
using 2.5 mW of optical power. The measured signal with 50 different modulation
frequencies is shown in Fig. 36. The model derived in Chapter 3 can be fitted to
overlap very well with the measured peaks. In order to fit the resonance peaks of
the measurements and the model at the same frequency, the ratio of the effective
spring constant and effective mass of the cantilever had to be divided by 2.36. This
indicates that the effective mass is mostly due to the sample gas. The measured Q
value was 17.

6.4.1 Carbon dioxide measurements

After the initial tests, the sample gas was removed and the measurements were
made in air using 6 mm long cantilevers. The signal spectrum with 50 different
modulation frequencies is shown in Fig. 37. The optical power of the laser was
35 mW at 1569 nm. Again, the model can be fitted very well to the measurements
when the effective mass was multiplied by 2.36. The measured Q value was 16.

The previously measured cantilevers might have been exposed to dust and fiber
particles before the signal measurements. When a contaminated 6 mm long can-
tilever was sunk in an isopropyl alcohol bath and shaken with ultrasound, the Q
value was increased to 21. Unfortunately, the cantilevers break easily in a liquid
and therefore this method cannot be used continuously.
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Figure 36: Signal and noise spectra with the 5 mm long cantilevers.

Figure 37: Signal and noise spectra with the 6 mm long cantilevers.

When two fresh 4 mm long cantilevers were used, a more pronounced resonance
peaks were seen as is shown in Fig. 38. The measured Q value was 23, which is
almost 10 % higher than the Q value of a cleaned cantilever. The calculated effective
mass was only 2.2 times the effective mass of the cantilever.

Even though the two 4 mm long cantilevers were similarly sized except the width
of the gap, large differences in the signal and noise spectra can be seen. The model
predicts higher attenuation due to a larger gap at below 200 Hz. Still, the measured
differences greatly exceed the values predicted by the model (34 % instead of 9 % at
100 Hz). This difference can be due to the change in the carbon dioxide concentration
of air or some defects in the structure of one of the cantilevers. A slight shift in the
resonance frequency (1.2 %) supports the latter one.
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Figure 38: Signal and noise spectra of two 4 mm long cantilever.

Even larger difference can be seen in the noise spectra at frequencies below the
resonance peak. 1/f noise is presumably caused by the gas flow through the gap
between the cantilever and the frame. A larger gap leads to wider 1/f noise, which
could be explained by an increased gas flow. Since the total energy of the vibrations
due to the 1/f and Brownian noise should equal to the thermal energy, both noise
spectra should cover the same area. Still, the area defined by the noise spectrum
of the cantilever with 15 µm wide gap is clearly larger than the area defined by the
other cantilever.

6.4.2 Thin cantilevers

Similar results were obtained with the 10 µm thick and 3 mm long cantilever shown
in Fig. 39. The value for the correction factor for the effective mass was 2.38 and
the measured Q value was 18. The deformation of the resonance peak at 950 Hz
is due to wideband noise components, which can fortunately be ignored with low-
frequency measurements. The 5 µm thick cantilevers had slightly reduced Q values
of 18 and 16 whereas the correction factor for the effective mass was increased to
2.63. This is expected, since only the mass of the cantilever is reduced.

When the 10 µm thick cantilever is compared with the two 5 µm thick can-
tilevers, an unexpected increase in the signal-to-noise ratio is seen. Even though the
Brownian noise should increase as much as the signal, the thinner cantilevers have
much better SNR between 300...800 Hz despite their larger gap as shown in Fig. 40.
This phenomenon can be explained if the SNR of the thicker cantilever is limited by
electrical noise. Since the electrical noise is coupled to the system after the interfer-
ometer, it remains the same despite the movement of the cantilever. When a more
sensitive cantilever is used, only the signal and the Brownian noise are amplified.
The noise peak at 470 Hz was due to the acoustical noise of the fan of the laser
current controller.
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Figure 39: Signal and noise spectra with the 3 mm long cantilevers.

Figure 40: Signal-to-noise ratio of 3 mm long cantilevers.

Even though the signal model could easily be fitted to the measurements, a
large difference between the model and the measurements was seen with the thin
cantilevers as is shown in Fig. 41. When the measured value (21.2 µm) was used
for the gap, the model greatly exaggerated the signal at low frequencies. In order
to fit the model to the measurements, the width of the gap had to be increased to
an unrealistic value of 660 µm. The similar effect was seen when the measurements
were repeated with the other thin cantilever. In that case, the width of the gap had
to be increased from 26.5 µm to 1.2 mm.
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Figure 41: Signal and modeled spectra with a 3 mm long cantilever.

6.5 FEM models

With the current cantilevers, almost 60 % of the effective spring constant is due to
the gas spring. Instead of making the cantilever thinner, changing the shape of the
cantilever can have a significant effect on the spring constant. In the first models,
a racket like shape shown in Fig. 31 (b) was used. The width of the handle was
varied from 0.1 mm to 1.2 mm with 0.1 mm steps and these measurements were
repeated with 5 µm, 100 µm, 1 mm and 3.8 mm long handles. The cantilevers were
excited with 1 Pa pressure waves and the maximum displacement was numerically
calculated. The effective spring constant calculated from the displacements is shown
in Fig. 42. Since the gas spring is the main source of the spring constant, the
cantilevers with the smallest surface area show the smallest effective spring constant.

Figure 42: Modeled spring constant of a racket shaped microphones.

Another way to reduce the spring constant is to use hinged structures shown
in Fig. 31 (c). In the hinged structures, the connection between the cantilever
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and the frame is moved from the end of the cantilever to the sides. These hinged
structures were compared with cantilevers connected to a wide, thin frame. The
current cantilevers are connected to an approximately 0.5 mm wide frame shown
in Fig. 31 (a), which acts as a flexible membrane. A small decrease in the spring
constant can be seen due to this membrane as shown in [37]. If the hinged structures
connected would be connected directly to the thick frame only from the ends of the
hinges, smaller spring constants could be achieved as shown in Fig. 43.

Figure 43: Effective spring constant of four modeled cantilevers.

As we can see from Fig. 43, the effective spring constant of the cantilever reduces
only by 10 % when the width of the thin frame changes from 0 to 1 mm. 50 µm
wide hinges could be used to reduce the spring constant by 20 % using the same
space. Unfortunately, these hinges would also be much more fragile than the thin
frame, which in practice makes them useless.
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7 Conclusions

The photoacoustic phenomenon was discovered at the end of the 19th century. The
method remained rather unused until the development of lasers in the 60s made it
possible to use photoacoustics in many new applications. Further advancements in
developing IR sources increased the sensitivity of the photoacoustic systems until
the theoretical limit of the membrane based microphones was reached. This limit
was bypassed when the condenser microphones were replaced with quartz tuning
forks and optically measured cantilevers. The sensitivity was increased over ten
times with tuning forks and over a hundred times with micromachined cantilevers.

In this work, a literature review was made in order to establish a clear picture
of the current state of the photoacoustic spectroscopy. The review presented vari-
ous structures used in a modern photoacoustic setup. In order to further develop
cantilever microphones, a short mathematical review was also given from the signal
generation in the photoacoustic system.

The main properties affecting the sensitivity of the cantilever are the length,
width, thickness and the size of the gap between the cantilever and the frame. The
width, the thickness and the gap size are limited by the available wafers, the spot size
of the laser and the fabrication process, respectively. Only the length and the shape
can be freely changed, which limits the possibilities of developing the cantilevers.

A smaller gap increases the signal at low frequencies, but it also affects the noise
properties. Wide gaps have shown spectrally wider 1/f noise, which limits the signal-
to-noise ratio. Still, even relatively wide gaps (several dozens of micrometers) do not
totally prevent measurements. Even though the modeled gap effect coincided with
the measurements at small gap sizes, a significant difference occurred when the gap
width increased over 20 µm. Due to the small number of cantilevers with a large
gap, more samples are needed before this effect can be verified and modeled.

Two novel 5 µm thick cantilevers were measured and compared against simi-
larly sized 10 µm cantilevers. A remarkable increase in the signal-to-noise ratio was
detected, which cannot be explained with the current model if a Brownian noise
limited system is used. It may be possible that the sensitivity is limited by elec-
trical noise, even though most of the measurements seemed to be Brownian noise
dominated. A higher number of thin cantilevers with different sizes are needed in
the future in order to find out the reason for this phenomenon.

By using low optical power with amplitude modulation, successful measurements
were performed with N2O. The assembled setup can easily be used to measure
carbon dioxide from the air if the optical power is increased to 30 mW. Even though
a clear dependence can be seen between the size of the cantilever and the sensitivity
and the signal-to-noise ratio, the sample gas induces even larger effects. Numerical
values for the sample gas effects can be calculated when the cantilevers are modeled
as harmonic oscillators. For the current cantilevers, the gas spring can form 2/3
of the effective spring constant and almost 3/5 of the effective mass. Two sets of
differently shaped cantilevers were modeled with the finite element method, which
showed that a racket shaped microphone could be used to reduce these effects.
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