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Abstract

Measurements of CO2 and CH4 in industrial applications and processes have a wide
variety of needs where the Vaisala CARBOCAP technology can be used. CARBOCAP
is a nondispersive infrared gas measurement technology, where the excellent long-term
stability of the measurement is based on the long lifetime of the microglow thermal
emitter and the use of the Fabry–Perot interferometer to measure both the absorption
and reference wavelength bands with single source and detector components. This
thesis reviewed both theoretically and experimentally the use of modern photon
detectors in place of the current thermopile detectors in the CARBOCAP context.
The theory and recent development of photon detectors narrowed the choices
down to InAs and InAsSb based detectors. Due to the increasing global sales, the
new offering of the mid-infrared III–V semiconductor detectors offer a more affordable
and ecological alternative to the HgCdTe detectors. Compared to the thermopiles,
a signal-to-noise ratio improvement by a factor of approximately 2 was obtained
with the best photon detector samples, and a rather low reading uncertainty was
achieved in the demonstration measurement of ambient room air CO2 concentration.
However, there is evidence that the system performance was limited by the noise of
the microglow, which must be overcome by further optimizing the microglow source
control electronics and software to achieve the full potential of photon detectors.
The experiments also showed that photon detectors are highly temperaturedependent and the low shunt resistance can be critical, which highlights the importance of electronics optimization. In terms of shunt resistance and dark current, a
small physical detector size is optimal, whereas a large optical area is wanted to allow
collecting as much as possible of the optical signal. Concentrating immersion lenses
were noticed to be an efficient way to face this tradeoff, but also further development
of smaller emitter-area microglows is suggested.
Keywords Nondispersive gas sensor, Fabry–Perot interferometer, Mid-infrared

photon detector, III–V semiconductor, Signal-to-noise ratio
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Tiivistelmä

Teollisissa sovelluksissa ja prosesseissa on monia tarpeita hiilidioksidi- ja metaanikaasujen mittauksille, joissa voidaan hyödyntää Vaisalan CARBOCAP-teknologiaa.
CARBOCAP on ei-dispersiivinen infrapuna-anturiteknologia, jonka erinomainen pitkän ajan stabiilisuus perustuu termisen mikrohehku-lähteen pitkään elinikään sekä
Fabry–Perot interferometrin mahdollistamaan absorptio- ja referenssikaistojen mittaukseen samalla infrapunalähde–ilmaisinparilla. Tässä työssä tutkittiin teoreettisesti
ja kokeellisesti nykyisten termopatsaiden korvaamista moderneilla fotodetektoreilla.
Teorian ja viimeaikaisen ilmaisimien kehityksen valossa optimaalisten fotodetektorien valinta kaventui InAs- ja InAsSb-pohjaisiin ilmaisimiin. Kasvaneiden myyntimäärien myötä nämä uudet keski-infrapuna-alueen fotodetektorit tarjoavat nykyään
edullisen ja ekologisen vaihtoehdon HgCdTe-pohjaisille ilmaisimille. Verrattuna termopatsaisiin, parhaiden fotodetektorinäytteiden havaittiin antavan noin kaksinkertaisen
parannuksen käytetyn mittausjärjestelmän signaali-kohinasuhteeseen, ja huoneilman
CO2 -mittauksen demonstroinnissa saavutettiin pieni epävarmuus. On kuitenkin ilmeistä, että järjestelmän suorituskykyä rajoitti mikrohehkun kohina. Ennen kuin
fotodetektorien täysi potentiaali voidaan saavuttaa, mikrohehkun ohjauselektroniikka
ja ohjelmisto tulee optimoida.
Kokeet osoittivat myös, että fotodetektorit ovat erittäin lämpötilaherkkiä ja niiden
matala rinnakkaisresistanssi voi olla kriittinen, mikä korostaa elektroniikan optimoinnin merkitystä. Rinnakkaisresistanssin sekä pimeävirran kannalta pieni aktiivialue
on optimaalinen, kun taas suuri pinta-ala mahdollistaa optisen signaalin tehokkaan
keräämisen. Keskittävien immersiolinssien havaittiin olevan tehokas ratkaisu, mutta
myös pienempien mikrohehkujen emitterien jatkokehitystä suositellaan.
Avainsanat Ei-dispersiivinen kaasuanturi, Fabry–Perot interferometri,

Keski-infrapuna-alueen fotodetektori, III–V puolijohde,
Signaali-kohinasuhde
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Symbols and abbreviations
Symbols
α
αr
ε
η
λ
λc
µe
µh
ν
τ
τe
τh
Φabs
ΦB
Φinc
A
Aa
Ao
A, B, C
a0 , a′0
b
Cf
Cj
c
D
D∗
∗
DBLIP
Ec
Ef
Eg
Ep
Ev
∆f
h
I
I0
Id
In
′
Iop , Iop
Iph
Jd

Absorption coefficient [cm−1 ]
Seebeck constant [µV/K]
Molar absorptivity [l/(mol cm)]
Quantum efficiency (arbitrary units)
Photon or light wavelength [m]
Cutoff wavelength [m]
electron mobility [cm2 /(V s)]
hole mobility [cm2 /(V s)]
Electromagnetic radiation frequency [Hz]
Minority carrier lifetime [s]
Carrier lifetime of electron [s]
Carrier lifetime of hole [s]
Absorbed radiant power [W]
Total background photon flux density [photons/(s cm2 )]
Incident radiant power [W]
Absorbance (arbitrary units)
Active area; [cm2 ] in equations and [mm] (diameter or side length)
in other descriptions
Optical area; [cm2 ] in equations and [mm] (diameter or side length)
in other descriptions
Steinhart–Hart coefficients [K−1 ]
Material-dependent constants [cm−1 ]
Optical path length [cm]
Feedback capacitance [F]
Junction capacitance [F]
Speed of light [m/s]; molar concentration [mol/l]
Detectivity [W−1√]
Detectivity [cm Hz/W]
√
Background-limited photon detector limit [cm Hz/W]
Energy level of the bottom of the conduction band [eV]
Fermi energy level [eV]
Energy bandgap (= Ec − Ev )
Photon energy [eV]
Energy level of the top of the valence band [eV]
Frequency bandwidth [Hz]
Planck constant (≈ 6.626 · 10−34 Js)
Output light intensity [W/m2 ]
Input light intensity [W/m2 ]
Dark current [A]
Noise current [A]
Operational amplifier input bias, offset and noise currents [A]
Photocurrent [A]
Dark current density [A/cm2 ]
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k
k′
kB
Le
Lh
N
N EP
N EP ∗
n
q
Ri
Rf
Rs
Rsh
Rv
T
t
∆T
Vf
Vn
Vop
Vout
Vref
Vs

Absorptivity coefficient (= ε log(e))
Detector coefficient dependent on recombination and backside reflection
(arbitrary units)
Boltzmann constant (≈ 1.381 · 10−23 J/K)
Electron diffusion length [cm]
Hole diffusion length [cm]
Minority carrier density in equilibrium [cm−3 ]; number of
thermocouples (arbitrary units)
Noise equivalent power [W]
√
Specific noise equivalent power [W/ Hz]
Refractive index (arbitrary units)
Elementary charge (≈ 1.602 · 10−19 C)
Current responsivity [A/W]
Feedback resistance [Ω]
Series resistance [Ω]
Shunt resistance [Ω]
Voltage responsivity [V/W]
Temperature [K]
Active area thickness [cm]
Temperature difference [K]
Feedback resistor Johnson-Nyquist noise [V]
Noise voltage [V]
Operational amplifier offset voltage and input voltage noise [V]
Output voltage [V]
Reference voltage noise [V]
Signal voltage [V]

Operators
log(x)
ln(x)
∫ x2
x1 f (x)dx
a×a
◦d

Logarithm to base 10 of x
Natural logarithm of x
Integral of function f (x) over a closed interval [x1 , x2 ]
Square active area with side length of a
Round active area with diameter of d

Abbreviations
A/D
AR
BLIP
CARBOCAP
DGA
CH4
CO2

Analog-to-digital
Anti-reflection
Background-limited performance
Vaisala’s optical gas sensing technology (®)
Dissolved gas analysis
Methane
Carbon dioxide
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FFT
FOV
FPA
FPI
FTIR
FWHM
GM10
GMP252

Fast fourier transform
Field-of-view
Focal plane array
Fabry–Perot interferometer
Fourier transform infrared
Full width half maximum
A Vaisala-made carbon dioxide measurement module
A Vaisala-made carbon dioxide measurement probe for ppm-level
measurements
HOT
Hot operating temperature
HVAC
Heating, ventilation and air conditioning
IP66
International Protection Marking for dust tight and protection
to powerful water jets.
IR
Infrared
LED
Light emitting diode
LOD
Limit of detection, the lowest detectable gas concentration
LPE
Liquid phase epitaxy
LWIR
Long-wavelength infrared (8–14 µm)
MATLAB Numerical computing software developed by MathWorks
MBE
Molecular beam epitaxy
MEMS
Microelectromechanical system
MOCVD Metal-organic chemical vapor deposition
MWIR
Middle-wavelength infrared (3–8 µm)
NDIR
Nondispersive infrared
Op-amp
Operational amplifier
OPT100
A Vaisala-made dissolved gas analysis monitor for transformer oil
PCB
Printed circuit board
PECVD
Plasma-enhanced chemical vapor deposition
PI
Proportional-integral; a control loop feedback mechanism
PID
Proportional-integral-derivative; a control loop feedback mechanism
ppb
Parts per billion, unit of gas volume concentration
ppm
Parts per million, unit of gas volume concentration
ppt
Parts per trillion, unit of gas volume concentration
RC
Resistor-capacitor
RMS
Root mean square
RoHS
Restriction of Hazardous Substances directive
S–R
Shockley–Reed
SLS
Strained-layer superlattice
SWIR
Short-wavelength infrared (0.7–3 µm)
T2SL
Type II superlattice
TCR
Temperature coefficient of resistance
TDLAS
Tunable diode laser absorption spectroscopy
TE
Thermoelectric
TJT
Teledyne Judson Technologies
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1

Introduction

There is a wide variety of needs for gas measurements. For example, carbon dioxide
(CO2 ) and methane (CH4 ) are gases that can be critical for different industrial
applications and processes.
In heating, ventilation and air conditioning (HVAC), CO2 measurements have
several roles. The built environment indoor air quality measurements are important
because we spend most of our time indoors. Exposure to CO2 and volatile organic
compounds found in conventional office buildings lowers cognitive capabilities and
well-being. Increasing the supply of outdoor air lowers the exposures to CO2 , volatile
organic compounds and other contaminants, which provides benefits in health and
productivity. [1] Demand-controlled ventilation means adjusting the ventilation
intensity according to the corresponding need. Because the occupancy in built environments, such as schools, conference centers, auditoriums, hospitals, workplaces and
residential buildings can vary, the need for ventilation is time-dependent. Integrating
a CO2 measurement in the ventilation control system allows adjusting the ventilation
for the current need, which can lead to significant savings in the energy consumption,
while optimizing the indoor air quality for the need. [2]
Measurements of CO2 also play a critical role in several food industry applications.
For example, CO2 is added to soft drinks during bottling to produce the fizz [3], and
on-line CO2 monitoring can be used in breweries to control the fermentation process
[4]. Because CO2 is a colorless and odorless gas that can pose a risk for human health
in high concentrations, CO2 measurements are also needed to ensure that potentially
dangerous concentrations do not accumulate around the bottle fillers in soft drink
production or the fermentation tanks in wineries and breweries [5].
CO2 and CH4 are both greenhouse gases and contributors in global warming
[6]. The CH4 global warming potential is multiple times that of CO2 , and most
methane emissions to the atmosphere are associated to human activities [7]. For
example, the emissions of natural gas wells can be qualified by direct on-site CH4
measurements [7, 8], and in animal production, direct CH4 measurement from grazing
and feedlot cattle provides information that helps optimizing the feeding and reducing
gas emissions. [9] Using agricultural material, such as slurry, manure and animal
waste to produce biogas through anaerobic digestion has a high greenhouse gas
emission saving potential and advantages in heat and power production [6, 10]. To
allow the use of biogas in the natural gas grid or as vehicle fuel, carbon dioxide must
be removed to increase the methane volume concentration to above 96 % [10], and
this process requires both CO2 and CH4 measurement.
Power transformers use oil for cooling and insulation purposes, where various
malfunctions can produce gases. These gases include CO2 and CH4 . The formation of
gases can potentially lead to a breakdown of the transformer, interrupting the power
transmission and causing expenses. The gas formation in oil can be measured to get
an early warning on the fault types in the transformer, which allows a controlled
shutdown and repairs as an alternative to the breakdown. [11, 12]
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CO2 and CH4 can be measured with infrared (IR) absorption spectroscopy. It
is a technique used to identify and study chemicals, based on molecules interaction
with electromagnetic radiation. A nondispersive infrared (NDIR) gas sensor is a
fast, robust, relatively cheap and convenient way of measuring gases on-site in many
industrial applications. The NDIR sensors utilize IR absorption spectroscopy by
measuring the IR light attenuation at the absorption wavelength band of the sample
gas. Beer–Lambert law allows calculating the sample gas concentration from the
measured light attenuation [13].
The IR intensity measurement is done with an optical system consisting of an IR
light source, an optical path and an IR detector. Many factors, such as temperature,
chemicals and ageing affect the IR components emission and detection properties.
Thus, the IR intensity of the sample gas absorption band is compared to a reference
band, where no gas absorption occurs. The reference-based measurement allows
determining the gas absorbance more accurately. The absorption and reference
wavelength bands are typically confined with fixed spectral filters, and in order to
measure both bands, an additional reference IR source or detector is often needed.
However, the properties and stability of the two sources or detectors can differ, which
causes error in the gas measurement.
CARBOCAP technology developed at Vaisala is a silicon-based NDIR gas sensor
that is based on the use of a voltage-tunable filter called Fabry–Perot interferometer
(FPI). FPI allows measuring both the absorption and reference bands with single
IR source and detector components. This so-called single-beam dual-wavelength
measurement allows better compensation of the drifting occurring in the IR component
properties, and thus it provides better long-term stability compared to the NDIR
devices with a separate reference detector or source. [14]
The IR sources used in CARBOCAP NDIR gas sensors are thermal emitters
called microglows, and the used IR detectors are thermopiles. The three key components, microglow, FPI and thermopile, are silicon-based, and manufactured using
microfabrication processes. [14] Vaisala has a long experience in developing the
optimal lifetime, optical properties and packaging of these components. As a result,
the components are relatively cheap, manufacturable and robust.
The CARBOCAP technology is utilized in different applications that have different
performance and price requirements. For example, the GM10 Carbon Dioxide Module
is a device used in wall transmitters to monitor CO2 in room air. Due to the relatively
stable environment in the HVAC application, the device does not need to tolerate
for example high temperatures or chemicals. Due to the relatively low robustness
requirements, the module is a more price-critical product. The OPT100 dissolved gas
analysis (DGA) monitor is another example of a CARBOCAP product. It is meant
for online monitoring of transformer oil, where the device is required to measure
precisely multiple gases and tolerate outdoor environment for several years. Due to
the more challenging requirements, more sophisticated and expensive solutions are
used in the product. For instance, the interior temperature of the protected enclosing
is controlled to stabilize the gas measurement and avoid water condensation.
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Signal-to-noise ratio (SNR) is the key attribute of the NDIR sensor that determines
the lowest detectable gas concentration. An improved SNR would have three potential
dimensions of improving the gas sensor performance: (1) gaining more accurate
measurements with the same optical length, (2) less power-on time due to the lowered
need for averaging of measurement points to gain the same uncertainty level for
the gas concentration reading or (3) gaining the same accuracy with a minituarized
detector with a shorter optical length. Thus, an improved SNR could enable new
applications or improve the performance of current CARBOCAP products.
Although the thermopiles used in the CARBOCAP sensors are robust, their
detectivity properties lack behind the state-of-the-art detectors. The thermopile
detectivity is believed to limit the SNR of the system. Recently, there has been
much development in photon detectors, particularly in III–V semiconductor based
middle-wavelength infrared (MWIR) region [15, 16, 17]. The literature suggests that
detectivity properties of photon detectors are superior to that of the thermopiles,
and rather good results have been achieved by combining MWIR photon detectors
with light emitting diodes (LED) [18, 19]. However, little emphasis has been put
on studying the applicability of MWIR photon detectors with thermal emitter in
single-beam dual-wavelength systems. The requirements for the detector components
are rather different compared to an LED-based system: thermal emitters have limited
response speed, and the detector must have relatively flat and stable response over
both the absorption and reference wavelength bands. Moreover, there is a bifurcation
in the literature around the subject. The research on photon detectors is focused
on the photon detection physics, manufacturing processes and material science
[15, 16, 20], whereas the studies of NDIR systems [18, 19] and documents on photon
detectors from the electronics point-of-view [21, 22, 23] are vague in providing the
necessary information for integrating and optimizing the novel photon detectors into
NDIR systems.
This thesis answers to the crucial need for reviewing the use of photon detectors
for the single-beam dual-wavelength gas measurement based on voltage-tunable filters.
Three research questions were chosen, which are: (1) which kind of a photon detector
would be optimal for use with voltage-tunable filters in the gas sensing applications
of CH4 and CO2 , (2) which kind of applications would best benefit from the use of
photon detectors in place of thermopiles and (3) which things in a possible product
design would require attention or need further development.
These questions are approached through semiconductor physics and material
science, which provides the ground for understanding the essential photon detector
properties, but also through experimentally studying a selection of novel MWIR
photon detectors. Through combining theory and practice, a comprehensive outlook
is provided of the various detector properties and characteristics (semiconductor material, spectral detectivity, active area size, cooling and temperature dependence) and
their effect on the CARBOCAP technology. Addedly, the practical experimentation
provided insight on which kind of electrical, mechanical and optical requirements the
use of photon detector would set for a future product.
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This thesis is organized as follows: Chapter 2 introduces the infrared absorption
spectroscopy physics and the operating principle of the Vaisala CARBOCAP NDIR
gas measurement. Chapter 3 introduces the theory of photon and thermal detectors.
Particular focus is in the recent development of III–V semiconductor photon detectors
and the properties of novel commercially available MWIR detectors. Also, the latest
relevant advancements in thermal detectors are covered. Chapter 4 introduces the
detector samples chosen on the experimental part of this thesis, as well as the used
test setup, the detector amplifier design and its optimization. The selection of
detectors was limited to wavelength bands suitable for CH4 and CO2 measurement,
and the electronics design was approached with discrete components, excluding the
consideration of application-specific integrated circuits. Chapter 5 presents the results
from the measurements performed in dark, and with an optical signal produced
with a microglow. Also, gas measurement of the room air CO2 concentration was
demonstrated with a photon detector. The experimental results are compared to
the current thermopile technology and reflected with the theory. Lastly, chapter 6
draws conclusions on the effects of the various photon detector characteristics to the
gas sensor performance and evaluates, where replacing the thermopile with a photon
detector would or would not be feasible.
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2

Nondispersive infrared gas sensor

This chapter introduces the basics of infrared absorption spectroscopy and how it
can be utilized in optical gas sensing. Various optical gas sensing approaches are
covered, including the Vaisala CARBOCAP technology that is based on the use of
voltage-tunable filters. Lastly, the chapter grounds the need for reviewing the status
of relevant recent development of detectors, and evaluating the potential of photon
detectors in the CARBOCAP technology.

2.1

Infrared absorption spectroscopy

Gas sensing with absorption spectroscopy is based on the interaction between
molecules and electromagnetic radiation on a specific narrow wavelength band,
typically in the IR region of the electromagnetic spectrum. When IR energy is
allowed to pass through a gas sample, some of the photons excite the electrons in the
sample molecules to higher energy levels. As the photons give their energy to the
system, an attenuation in the output IR energy can be observed at the absorption
wavelength.

Energy

Higher electron level
Vibrational
levels

2

0

1

2
01

3
3

2
1

3
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alower

0

01

3
2

3

1

2

3

Lower electron level

Rotational
levels

2
1

ahigher

Distance between atom nuclei

Figure 1: Illustration of the relationships between molecular rotational and vibrational
levels for two electron energy levels alower and ahigher . For clarity, energy levels are
drawn separately and thus are not to a proper scale. Adapted from [24, p. 434].
Molecules can store energy in their atoms’ rotational and vibrational motions.
In general, changes in the electron energy states require more energy (> 1 eV) than
molecular vibrational transitions (> 0.1 eV) and molecular rotational transitions
(< 0.1 eV). Figure 1 illustrates these relationships. The vibrational and rotational
energies of molecules are restricted to only certain discrete values, which depend on
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the number of atoms, their respective positions and strengths of the intermolecular
bonds. [24, p. 428–434]
Photon absorption in the molecule is most probable at the discrete vibrational
and rotational energy values. Photon energy Ep in eV is related to the frequency ν
in Hz and wavelength λ in m via the relation
Ep = hν =

hc
,
λ

(2.1)

where h is the Planck constant (≈ 4.136 · 10−15 eV s) and c is the speed of light
in m/s [24, p. 8–9]. Thus, many molecules have spectral "fingerprints" that allow
identification of gases and their concentrations by means of rotational-vibrational
spectroscopy [24, p. 428–434]. Figures 2a and 2b show such "fingerprints" of carbon
dioxide and methane, respectively, where each absorption line in the spectrum
corresponds to the rotational and vibrational energy levels. Symmetric molecules,
such as hydrogen and nitrogen, however, lack electric dipole moment and thus do not
have absorption spectra due to the vibration-rotation transitions. [24, p. 428–434]
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(a) Carbon dioxide
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Figure 2: Absorbances of 1000 ppm volume concentrations of carbon dioxide and
methane with 10 cm absorption length in 1013.25 hPa and 300 K. Adapted from [25].
The quantity called absorbance stems from the Beer–Lambert law, and describes
attenuation of light due to absorption in material, through which the light is travelling.
According to the Beer–Lambert law, the absorbance of the material A is determined
by the path length b in cm, the concentration c in mol/l and the molar absorptivity
of the absorbing material ε(λ) in l/(mol cm) via the equation
[

]

I0 (λ)
A = log
= bcε(λ),
I(λ)

(2.2)

where I0 and I are the input intensity and the attenuated output intensity of light
in W/m2 . [26, p. 62–65] Because the absorbance is directly proportional to the
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concentration, with a constant optical path one can determine the gas quantity
by observing the absorbance at the absorption wavelengths. However, the molar
absorptivity of materials changes with temperature and pressure, which needs to be
taken into account in some applications.
Equation 2.2 can alternatively be expressed in the form
I(λ) = I0 (λ)e−bck(λ) ,

(2.3)

where the coefficient k comes from the molar absorptivity k(λ) = ε(λ) log(e). Furthermore, the equation can be integrated over a wavelength band from λ1 to λ2 :
I=

∫ λ2
λ1

I0 (λ)e−bck(λ) dλ.

(2.4)

Equation 2.4 illustrates the Beer–Lambert law from the measurement point-of-view.
Ultimately, absorption spectroscopy measures the infrared intensity over a specific
wavelength band, determined by the light source, detector and optical filters in the
path. Equation 2.4 also demonstrates how the optical path length b affects the
intensity measurement. With a longer absorption length, the attenuation of light is
stronger. Figure 3 illustrates how a longer optical path allows better sensitivity over
low concentrations, whereas a shorter path is preferred when high concentrations
have to be measured. [13]
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Figure 3: Output intensity in different concentrations of an arbitrary gas with 10
and 1 cm optical path lengths. Adapted from [13].

2.2

Optical gas sensing approaches

A sensor that is to measure gas concentration according to the Beer–Lambert law must
produce the infrared beam with an infrared source, lead it through the gas sample cell
with optics, and detect the intensity by an infrared detector. Figure 4 illustrates the
basic structure of such a sensor, also known as the nondispersive infrared (NDIR) gas
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sensor. Nondispersive means that light is passed through the (typically atmospheric)
gas cell without dispersion. There are widely available NDIR optical gas sensors on
the market, and the method has several benefits over electrochemical and catalytical
methods: for instance operation at high speed, selectivity and long-term stability in
harsh conditions [18].

Figure 4: Block diagram of an NDIR gas sensor. Adapted from [18].
Light source and detector properties can drift by temperature, humidity, chemicals
or aging and therefore often a reference measurement is required to provide an
improved stability for the lifetime of the device. When the attenuated intensity I is
compared to a measured reference intensity I0 , the dirt accumulation, degrading light
source intensity and other drifting in the infrared components can be compensated
in the gas measurement. The reference can be a measurement of an alternative
wavelength band where no gas absorptions exist. This can be implemented with, for
instance, two separate light sources or detectors. However, the reference measurement
does not compensate effects that occur on only either the I or I0 (different drifting of
the reference detector, for example). Alternatively, the reference can be implemented
by filling the gas cell with non-absorptive gas (at the selected wavelengths) or vacuum,
which requires pumping equipment.
Since gas sensing has a wide range of different applications, the requirements
for the measurement instruments vary. The selection of the optical path length
and the infrared wavelengths must be done according to which gases and how
high concentrations are to be measured. Low concentrations and weakly absorbing
gases require a longer optical path length. If gases with fully or partly overlapping
absorptions are present, the disturbance in the measurement might have to be
eliminated or compensated. If the instrument is to measure the desired gases in-situ,
meaning that the gas cell is located at the target process or location, the instrument
must withstand the measurement environment. On the other hand, if placing the
measurement instrument in the target process is not convenient, a gas sampling of
some sort is needed.
This thesis focuses on the most essential applications from the viewpoint of Vaisala
Industrial Measurements business. Such applications include heating, ventilation and
air conditioning (HVAC), transformer oil analysis and various industrial processes
that require online gas measurement. The business aims for more convenient in-situ
measurement instruments with lower cost and smaller size, compared to sample
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measurements with laboratory analyzers, such as gas chromatographs or mass spectrometers. Figure 5 presents three Vaisala products for three example applications.
The GM10 is a measurement module for wall transmitters. This simple HVAC
product measures CO2 in room air, so that relatively simple optics and protection
solutions could be used. In this price-critical application, the product price is set
to below 200 €. The GMP252 is a more robust carbon dioxide measurement probe
from the price range of slightly above 500 €. It has sturdier hardware protecting
the infrared components and optics, making it suitable for more harsh and humid
in-situ measurements for various industrial processes. The OPT100 is a dissolved
gas analysis (DGA) monitor for transformer oil that utilizes more sophisticated
and expensive technical solutions. Because NDIR measurement directly from the
transformer oil is not convenient, the device has an automated sampling equipment
to extract gases from the oil. OPT100 performs a challenging NDIR measurement of
several, partly overlapping gas absorbances by multiple infrared bands. The device
is operated outdoors and is promised to have a 15-year maintenance-free lifetime,
which makes the stability requirements for the product very high. Thus, it has
an IP66-rated (International Protection Marking for dust and powerful water jets
protected) enclosing and temperature-controlled interior to stabilize the NDIR measurement module and avoid water condensation. Due to the complex implementation,
the OPT100 is in the high-end price range of the Vaisala Industrial Measurements
offering. [27]

(a) GM10

(b) GMP252

(c) OPT100

Figure 5: Three Vaisala products based on the CARBOCAP technology. Adapted
from [27].
The Vaisala optical gas measurement products are based on CARBOCAP technology. CARBOCAP is a silicon-based NDIR absorption sensor based on the use of
a voltage-tunable filter called Fabry–Perot interferometer (FPI). Tuning the optical
pass-band of the FPI allows the measurement of both the absorption (for example,
4.26 µm for CO2 , see figure 2a) and the reference wavelength bands, where no absorption occurs (for example 3.9 µm for CO2 ), with the same infrared source and detector.
The method is called single-beam dual-wavelength measurement, and it provides a
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better long-term stability over the NDIR measurements that have separate reference
detector or light source. Similar technology is used in more expensive analyzers,
but the micromachined FPI allows integrating the advanced technology into smaller
modules, probes and transmitters. [14] Simplified structure of a CARBOCAP sensor
is presented in Figure 6.

Mirror
Gas cell

Protective window
Microglow source
Fabry Perot interferometer
Thermopile detector

Figure 6: CARBOCAP sensor. A protective window is added to protect the IR
source and detector components from a harsh environment in the gas cell. Adapted
from [14].
The IR sources in the CARBOCAP sensors are thermal emitters called microglows,
which provide a broad blackbody emission spectrum, from which the absorption and
reference bands of one or multiple gases can be filtered using the FPI. The detectors
used in the sensors are thermopiles. Vaisala has a long experience in developing the
manufacturing processes, lifetime and optical properties of the three key components.
Therefore, the microglow, FPI and thermopile have excellent long-term stability and
the production costs are relatively low, making the CARBOCAP technology suitable
for rather low price-range products. However, a low measurement frequency of 2.5 Hz
has to be used, limited by the thermal operating principle of the microglow and
thermopile. Moreover importantly, the signal-to-noise ratio (SNR) of the microglow–
thermopile system confines the gas sensor limit of detection (LOD). An improved
SNR would have three directions of improving the gas sensor performance:
1. Gaining more accurate measurements (lowered LOD) with the same optical
length (for precision applications),
2. requiring less power-on time, due to the lowered need for averaging measurement
points to achieve the same uncertainty level for gas concentration reading (for
low power applications), and
3. achieving the same accuracy (LOD) with a shorter optical length, allowing a
smaller device size (for minituarized applications).
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As an alternative, fourier transform infrared (FTIR) spectroscopy could be used
for a high-performance optical gas sensing application. The FTIR allows collecting
high spectral-resolution data over a wide spectral range and thus is advantageous in
detecting absorbances of several gases [28]. However, the technology requires complex
optics and IR components as well as moving parts, making the FTIR spectrometers
larger, more complex, and expensive compared to the CARBOCAP technology.
Tunable diode laser absorption spectroscopy (TDLAS) is another alternative
for an optical gas measurement. TDLAS allows ultrahigh sensitivity of 1 ppb, or
even 1 ppt in volume with highly absorptive species. The use of the tunable diode
lasers as light sources allows very high resolution spectroscopic measurements of
the single absorption lines (seen as narrow spikes in figure 2), basically eliminating
cross-sensitivity for disturbing gases. However, due to the complex and sometimes
unreproducible behavior of the laser components, the TDLAS is mostly suited to be
operated by experts in, for example, trace gas analysis and atmostpheric chemistry
applications. [29] Despite the potential for precision applications, the inferior stability
and the high price of the IR laser components, neither the TDLAS is a suitable
alternative for the Vaisala CARBOCAP.
Sotnikova et al. [18] presented an analytical model, through which comparison
of the effects of various IR source and detector components on the SNR and LOD
properties of a CO2 NDIR gas sensor was made. In the model, the measurement
time interval was 1 s and the IR source power was 1 mW. The comparison suggests
that light emitting diodes (LED) used with photodiodes
would provide the lowest
√
−3
normalized LOD of 0.5 · 10 (ppm cm)/(mW s). [18] LEDs and photon detectors
are acknowledged components for NDIR gas sensors in the literature [19], and used
in commercial gas sensors [30]. However, the emission of IR LEDs is temperaturedependent and the emission spectrum band is significantly narrower, compared to
thermal emitters [31, 32]. Reliably measuring the reference band with the FPI with
such a narrow and potentially unstable emission spectrum would be challenging.
Therefore, despite the excellent SNR in LED–photodiode systems, the use of thermal
emitters together with the FPI-based reference measurement is more reasonable for
applications that require a long-term stable measurement accuracy.
Interestingly, the model by Sotnikova et al. [18] suggested that thermal
sources
√
with photodiodes would still provide a lower LOD of 0.7 (ppm cm)/(mW s) compared
√
to the thermal source–thermopile system with the LOD of 160 (ppm cm)/(mW s).
By replacing the thermopile detector with a photodiode, the stability benefits of the
microglow and FPI-based reference measurement could still be utilized.
However, these results by Sotnikova et al. [18] are analytical and somewhat
outdated. During the recent few decades, there has been promising development of
III–V semiconductor IR detectors [15], and emerging offering of commercial models
with different options (thermoelectric cooling and immersion lenses) at price range that
could potentially be utilized in some CARBOCAP products [33, 15]. This generates
a crucial need for this thesis to review the status of the relevant recent development
of detectors and evaluating the potential of photodiodes, or more generally, photon
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detectors, from the viewpoint of the FPI-based CARBOCAP technology.
By approaching the subject from both the semiconductor physics and material science world, and from a practical point-of-view, considering the electronics, mechanics
and applications, this thesis provides useful insight for product developers that are
not specialized in photon detectors. The theoretical part covers emerging relevant
technologies also for longer wavelength detection, but for the sake of conciseness, the
practical study of photon detectors is limited to the wavelength bands of approximately 3–3.5 µm for the CH4 and 4–4.5 µm for the CO2 absorption (figures 2b and
2a) and reference bands measurement with the FPI. The preconditions for potential
detectors are that they must be commercially available at a price and packaging
that are convenient for the CARBOCAP products. Thus, for example, cryogenically
cooled detectors are excluded. The most important aspect studied in this thesis is the
effect of photon detectors on the SNR of the system, but temperature-dependence is
also evaluated, since it can be a critical aspect in some applications.
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3

Infrared detector theory

This chapter studies infrared detector theory and covers the most essential infrared
detector technologies from the CARBOCAP technology point-of-view. Particular
focus is in the recent development of the III–V semiconductor infrared detectors and
the novel commercially available detector products. Section 3.1 will cover general
qualities and define the figures of merit for IR detectors. Optical detectors can be
classified into two categories, photon detectors and thermal detectors, which are
introduced in sections 3.2 and 3.3. Section 3.4 reflects the IR detector theory and
the current status of different aspects of photon and thermal detectors from the
CARBOCAP gas sensing point-of-view.

3.1

General detector properties

Infrared detector is a component that converts incident radiant power to an output
voltage or current. This occurs at an active area of the detector. Voltage responsivity
Rv of a detector describes the output voltage signal Vs in V caused by the incident
radiant power Φinc (λ) in W on the active area as following:
Rv (λ) =

Vs
.
Φinc (λ)

(3.1)

Similarly, current responsivity can be defined by replacing the voltage signal with
a current signal. Units of voltage and current responsivities are V/W and A/W,
respectively. [34, p. 103]
Noise equivalent power, N EP , is the incident radiant power that generates signal
equal to the root mean square (RMS) noise output, or in other words, provides the
SNR of 1. It is defined as
In
Vn
= ,
(3.2)
N EP =
Rv
Ri
where Vn and In are the noise voltage and current in V and A. The unit of N EP
is W. Furthermore, NEP can be considered over a reference bandwidth,
√ often 1 Hz.
∗
This specific N EP (sometimes referred as N EP ) has the unit W/ Hz. [34, p.
113–114]
Detectivity D in W−1 is defined as reciprocal of N EP ,
1
.
(3.3)
N EP
Often N EP is proportional to the square root of the detector active area. Thus,
normalizing the detectivity by the active area provides the specific detectivity D∗ ,
√
√
Aa
D∗ = D Aa ∆f =
,
(3.4)
N EP ∗
D=

2
where Aa is the active area in cm
The
√ and ∆f the frequency bandwidth in Hz.
∗
unit typically used with D is cm Hz/W. Unlike responsivity and N EP , D∗ is not
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dependent on the active area of the detector, and thus it is the most commonly used
detector figure of merit when comparing detectors of different technologies and sizes.
[15, 35] Figure 7 compares various commercially available infrared detectors.

Figure 7: Comparison of the spectral detectivities of various commercial detectors
of different materials and operating temperatures. Chopping frequency is 1 kHz,
except with thermal detectors, where it is 10 Hz. PV and PC indicate of photovoltaic
and photoconductive detectors, respectively. All curves are considered to have a 2π
steradians field-of-view (FOV) 300 K thermal radiation background noise. Adapted
from [36].
Equation 3.4 considers optical area Ao to be equal to the physical active area Aa .
In other words, all incident optical power on the active area arrive as a collimated beam
with equal cross-sectional area. Generally, detector active area can be considered to
be a sheet of homogeneous absorbator (thermal detectors) or semiconductor material
(photon detectors) where incident optical power is transferred into an output signal.
Thus, typically the optical area and active area are indeed of similar sizes. However,
an optical concentrator, shown in figure 8, can be used to collect more optical power
into the active area. Increasing
the effective optical area size will increase the spectral
√
detectivity by a factor of Ao /Aa . [15] Generally, a physically small active area is
desired to reduce noise, but a large optical area is wanted to allow collecting as much
as possible radiant power.
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Figure 8: Reducing the physical size of a detector with the thickness t by concentrating
the radiation (hν) from an optical area Ao into a smaller active area Aa . Adapted
from [37].
Particularly with photon detectors, information about the operating temperature
is often included with the spectral detectivity. This comes from the fact that photon
detectors’ detectivity performance is dependent on temperature [15]. D∗ is often
measured in optimal laboratory conditions and therefore it represents the optimal
detectivity performance, but it lacks information about the detector sensitivity to
temperature. Temperature dependence is an important attribute of IR detectors,
because temperature and its changes can shift the detector D∗ curve in vertical
and horizontal directions. Because the quality of the sensed signal and the type
of environmental temperature changes are application-specific, there is no general
figure of merit for temperature dependence. Temperature effects can be reduced by
thermally stabilizing the detector component.
Long-term stability is another important detector attribute. Stability means
that the detector detectivity performance at a specific temperature remains at the
same level over time. Elevated temperatures, humidity and various chemicals can
lower the detectivity performance. The detector can be protected from harmful
chemicals and moisture by passivation of the detector [15, 126–129] and packaging
the detector chips [38]. By hermetically sealing the detector in an inert gas, the
effects of chemicals and moisture can virtually be eliminated [38].
Detector response speed describes the speed of the detector, i.e. how quickly
the detector can respond to a change in the incoming optical radiation intensity. In
many optical systems, the radiation intensity is modulated on and off (for instance
by optical chopper or blinking of a light source) at some frequency, which allows distinguishing the desired signal from the background radiation and noise. The response
speed determines, how high chopping frequencies can be used for that particular
detector. The detector response speed can be a critical parameter particularly in
telecommunication and thermal imaging applications, where fast data transmissions
and refresh rates are desired. [35, 16]
We have learned that the D∗ is the key figure of merit to compare various detectors
of different technologies and sizes. In literature, detector performance often refers to

26
spectral detectivity [15, 20, 16]. However, when selecting a detector for a particular
application, several other attributes such as selection of active and optical areas,
temperature dependence, long-term stability and response speed must be considered
as well.

3.2

Photon detectors

This section first presents the photon detection mechanism and the photodiode
model, which are essential in understanding different photon detector characteristics.
Then, the detector materials and architectural choices that are used in the modern
high-performance photon detectors are covered. The focus is in the recent research
and commercial offering of the high-operating temperature (HOT) detectors, which
are the most pivotal from the viewpoint of this thesis.
3.2.1

Photon detection mechanism

Photon detection is based on converting an incident photon into an electron. In
order to cause an electron in the valence band to be released to the conduction band,
the incident photon must have an energy hc/λ equal or greater than the energy gap
Eg (in eV) of the detector material,
hc
≥ Eg ,
λ

(3.5)

where h is the Planck constant (≈ 4.136 · 10−15 eV s), c is the speed of light in m/s
and λ is the wavelength in m. [35, p. 87–98] Excitation of an electron from the
valence to the conduction band leaves a hole in the valence band, as shown in figure
9. This process is called generation, and the opposite process is called recombination.
In generation, both the generated electron and the hole can act as charge carriers in
the substrate.

Ef

Ec

Ev

Figure 9: Electron-hole pair generation in a direct-bandgap n-type semiconductor.
Ec , Ev and Ef are the conduction, valence band and Fermi energy levels, respectively.
Adapted from [16, p. 5].
Cutoff wavelength means the longest detectable wavelength for the detector. It is
determined by the photon energy that just equals the detector material bandgap Eg .
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The cutoff wavelength λc in m is
λc =

hc
.
Eg

(3.6)

Photons with longer wavelengths than λc have too low energy to excite the
electrons to the conduction band. [35, p. 87–98] The long-wavelength limit is
fundamentally determined by the bandgap of the used semiconductor, whereas the
short wavelength response can be limited by, for example, an optical filter, a package
window or absorption of the substrate. [15] Photon detectors are often referred to
and classified according to their cutoff wavelengths. For example, "a 5-µm detector"
refers to a detector that can detect wavelengths up to approximately 5 µm. For
classification of detectors, this thesis uses the terms short-wavelength infrared (SWIR)
for 0.7–3 µm, middle-wavelength infrared (MWIR) for 3–8 µm and long-wavelength
infrared (LWIR) for 8–14 µm spectral bands. The bands are similar to what Kinch
[16] and Rogalski [20, 15] use.
Photons can be detected with majority and minority carrier devices. The majority
carrier devices use only one type of carriers (electrons or holes) in a semiconductor,
whereas the minority carrier devices utilize both types. Extrinsic photon detectors
are majority carrier devices that were the earliest form of IR detection. The material
of choice back then was Ge:Hg. In photon absorption, the electron does not cross the
whole bandgap, but instead is excited from the Ge valence band to an Hg impurityinduced acceptor level located in the bandgap. The IR detectivity performance of
majority carrier devices is limited by, inter alia, extremely low operating temperatures
(40 K) and upper limits in doping concentrations. Thus, the minority carrier devices
have dominated the IR photon detectors field for decades. [16, 36]
Incident
radiation
Front contact
p-type
Depletion region
n-type
Back contact

Ec
Ev Ef

Figure 10: Cross-section and energy band diagram with the valence (Ev ) and conduction bands (Ec ), and the Fermi level (Ef ) of a p–n junction photodiode. Adapted
from [20].
A simple example of a minority carrier photon detector is the p–n junction
fabricated in a semiconductor, shown in figure 10. The component is known as
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photodiode. The incident photons generate electron-hole pairs in the material.
The electron-hole pairs that are generated within a certain diffusion length from
the p–n junction will reach the depletion region. The strong electric field at the
depletion region spatially separates the electron and the hole from each other, which
allows collecting the charge carriers at the contacts. This generates the so-called
photocurrent. The electron-hole pairs generated too far from the junction will
recombine before reaching the depletion region, and thus will not contribute to the
photocurrent. Diffusion lengths Le and Lh in cm for electrons and holes, respectively,
are
√
kB T µe τe
,
(3.7)
Le =
q
√

Lh =

kB T µh τh
,
q

(3.8)

where kB is the Boltzmann constant (≈ 1.381 · 10−23 J/K), T is the temperature in
K, q is the elementary charge (≈ 1.602 · 10−19 C), µe and µh are the mobilities of
electrons and holes in cm2 /(V s) and τe and τh are the carrier lifetimes of electrons
and holes in s, respectively. [20, 35]
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Figure 11: Absorption coefficients of various semiconductor materials at 300 K as a
function of the vacuum wavelength of light. Adapted from [39].
To allow the photons to enter the detector material, the front surface reflectance
must be low. Also, the material must be thick enough to make the absorption
possible. The absorption coefficient α determines how far the light can penetrate in
the material before it is absorbed. For photons with higher energy than the bandgap
(hc/λ > Eg ), the absorption coefficient α in cm−1 is
√

α = a0

hc
′
− Eg + a0
λ

(3.9)
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and for photons with energy less than the bandgap (hν < Eg )
′

α = a0 e

hc −E
g
λ
kB T

(3.10)

,

′

where a0 and a0 are material-dependent constants in units cm−1 . [35, p. 87–98]
Figure 11 presents absorption coefficients of various semiconductor materials. To
allow absorption, the detector should be thicker than reciprocal of the absorption
coefficient (1/α) of the material. [16, p. 37]
The photodiode equivalent circuit and the current-voltage characteristics in figures
12a and 12b cover the most essential features of photodiodes from the electronics
point-of-view [22, 23]. Apart from the photocurrent, excitation of electrons into
the conduction band can also occur through diffusion [35, 20]. The diffusion energy
for the electron excitation comes from temperature [15, p. 5–10]. These diffusion
mechanisms can be divided into two categories: (1) the mechanisms that come from
the inherent material properties, such as diffusion current due to Auger and radiative
recombination, and (2) the mechanisms related to the defects in the depletion
region or within a diffusion length of it, such as S–R recombination [20]. The total
current generated by the different diffusions mechanisms is called dark current. Dark
current provides a disturbing noise current beside the photocurrent, which limits the
detectivity performance. Therefore, dark current is an unwanted feature in photon
detectors. Generally, the narrower the semiconductor bandgap, the larger the dark
current, because electron excitation requires less energy. [35, 15]
Current

Non-illuminated
Dark current

Voltage
Illuminated

Photocurrent

(a) Photodiode equivalent circuit

(b) Current-voltage characteristics

Figure 12: Equivalent circuit and current-voltage characteristics of a photodiode.
Iph is the photocurrent, Id is the dark current, Cj is the junction capacitance, Rsh is
the shunt resistance and Rs is the series resistance. Adapted from [21, 23].
The dark current density Jd in A/cm2 for a minority carrier detector is determined
by the equation
Jd = qN t/τ,
(3.11)
where q is the elementary charge (≈ 1.602 · 10−19 C), N is the minority carrier density
in equilibrium in cm−3 , t is the active area thickness in cm, and τ is the minority
carrier lifetime in s. The minority carrier density N is directly related to the bandgap
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of the material and therefore is not much affected by the choice of material (of similar
bandgap) or technology. In principle, the designer can choose an optimal value for
the thickness t, which is less than minority carrier diffusion length (see equations 3.7
and 3.8) and greater than the reciprocal of the absorption coefficient. This leaves
the minority carrier lifetime τ to be the most critical factor in limiting the dark
current. Practically, the minority carrier lifetime is limited by the three mentioned
recombination processes in the semiconductor: Shockley–Reed, radiative and Auger
recombination. [16, p. 37–47]
Shockley–Reed (S–R) recombination is a recombination process occurring via
energy levels introduced into the bandgap by impurities or lattice defects. The energy
levels within the bandgap, also known as S–R traps, provide a "hopping stone" for
thermal transitions. Generally, selecting the detector material with the lowest S–R
recombination rate is critical in the photodiode architecture, as it determines the
highest usable operating temperature for the detector, and the degree of 1/f noise.
Reduction of the S–R recombination through purer processes and higher-quality
materials (less S–R traps) is in need of considerable research efforts. [15, p. 52–57]
Radiative recombination is a process where the annihilation of an electron and
a hole emits a photon. For long, it was considered to be the fundamental limit of
detectivity performance, but the phenomenon has been critically re-examined in
the literature. It has been indicated that most of the photons emitted in photon
detectors are immediately reabsorbed. Due to the essentially noiseless reabsorption,
internal radiative processes do not necessarily limit the photon detection performance. However, the emitted photons escaping the active area is a noise-producing
process. This can be limited with reflective layers (mirrors) and the geometry of the
semiconductor. [15, p. 52–57]
Auger recombination involves interaction of three carriers and is dependent on
the doping level and the lattice geometry. There are three Auger recombination
mechanisms, namely Auger 1, Auger 7 and Auger S. [15, p. 52–57] Generally,
Auger 1 recombination is dominant in n-type semiconductors and Auger 7 in p-type
semiconductors [16, p. 37–47]. The Auger S recombination rate is negligibly low
in, for example, HgCdTe and InSb, but can be significant in InAs and InAs-rich
InAsSb-compositions [15, p. 52–57]. Auger S is weakly dependent on temperature,
whereas the Auger 1 and Auger 7 mechanisms strongly increase with temperature
[20]. The Auger recombination mechanisms dominate in limiting the detectivity
performance, particularly in narrow gap semiconductors (LWIR) at near room
temperature. [37, 36, 15]
Shunt resistance is another important characteristics of a photodiode. It represents
the resistance of the zero-biased photodiode junction. Low shunt resistance electrically
disturbs sensing the photocurrent. Therefore, ideally the shunt resistance would be
infinite. However, actual values range from some Ω up to orders of 10 MΩ [21]. The
shunt resistance decreases with increasing temperature [40].
Junction capacitance comes from the fact that the p–n junction effectively forms a
capacitor: the depletion region works as an insulator, and the p and n layers form the
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capacitor plates. The resistor-capacitor (RC) constant of the photodiode-circuit is
formed by the sum of the series and load resistances and the sum of the junction and
stray capacitances. Through the RC constant, the junction capacitance contributes
to the response speed of the photodiode. A typical capacitance at zero bias is few
tens of pF/mm2 . Reverse bias extends the depletion region, which typically reduces
the capacitance down to few pF/mm2 . [23]
As figure 12b shows, the photocurrent Iph shifts the current-voltage curve towards
the negative direction. In principle, the photodiode can be operated at any voltage [20].
Operating the photodiode at reverse or zero bias voltage are called photoconductive
and photovoltaic modes, respectively [23]. Through reducing the charge collection
time and reducing the junction capacitance by thickening the depletion region, reverse
bias provides a faster response for the photon detection [20]. Thus, photoconductive
mode is often used in telecommunications and focal plane array (FPA) sensors of IR
cameras [16, 15]. However, the reverse bias in the photoconductive mode increases
the dark current and the current through shunt resistance, compared to the zero
bias. Thus, the photovoltaic mode provides better detectivity performance, and is
generally preferred in low-frequency applications (up to 350 kHz) [23].

Quantum efficiency

Quantum efficiency η is the probability that a photon generates an electron-hole
pair and can be defined as
Φabs
η=
,
(3.12)
Φinc
where Φinc and Φabs are the incident and absorbed radiant powers in W, respectively
[15, p. 15–17]. Figure 13 shows quantum efficiencies of two commercial photon
detectors. Due to front surface reflectance, absorption coefficients, scattering and
electron recombination, not all photons enter the detector material nor excite electrons
across the bandgap. Thus, quantum efficiency can never exceed one (0 ≤ η ≤ 1).
Because reflectance and absorption coefficient are related to the wavelength, also the
quantum efficiency is a function of wavelength. [35, p. 87–98]
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Figure 13: Quantum efficiencies of two commercial Princeton Instruments linear
array InGaAs SWIR photodiodes at +25 ◦ C. Adapted from [41].
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All practical visible and IR detection mechanisms follow the Poisson statistics,
which comes from the discrete nature of photons. For example, it can be calculated
that a 300 K blackbody light source will excite 1018 photons/(s cm2 ) in average, but
the photon excitance will have a variance due to the random nature of photon
emission. This phenomenon is called the photon noise. [35, p. 152–166]
In an ideal situation, the photon noise is dominant in the noise contribution,
i.e. the noise effects from the detector and the amplifier are low. The photon noise
fundamentally arises not from any imperfections in the detector or electronics, but
from the fact that the optical radiation on the detector is a combination of radiation
from the wanted target and from the background, which both produce photon noise.
In the ideal situation, the signal-dependent photon noise creates the operating limit
for the infrared detector. This limit is called background-limited infrared photon
detector (BLIP) limit. [35, 15]
√
For a photovoltaic detector, the theoretical BLIP limit in cm Hz/W is
√

λ
η(λ, T )
∗
(λ, T ) = k ′
DBLIP
,
hc
2ΦB

(3.13)

where λ is the wavelength in m, h is the Planck constant (≈ 6.626 · 10−34 Js), c is the
speed of light in m/s, 1 ≤ k ′ ≤ 2 is a coefficient dependent on the contribution of
recombination and backside reflection, η is the quantum efficiency and ΦB is the total
background photon flux density reaching the detector in photons/(s cm2 ). Quantum
efficiency is a function of the wavelength and the detector operating temperature,
and ΦB is a function of the detector field of view and the background temperature.
For photoconductive detectors,
the BLIP limit is that of the photovoltaic detector
√
divided by a factor of 2. [15, p. 17–21] The ideal photovoltaic and photoconductor
dashed lines in figure 7 represent these BLIP limits.
Both the dark current and the shunt resistance are dependent on temperature
and the volume of the detector. In a small volume, less dark current is produced
through diffusion, and larger shunt resistances can be obtained, resulting in a spectral
detectivity closer to the BLIP limit. The small volume can be obtained by reducing
the area of the detector, but it can also reduce the amount of collected radiant
incident power. Selection of an optimal active area size is application-specific – a
"smallest possible" area should to be selected to maximize the signal and minimize
the errors. [20]
As we have learned, the photon detector must be thick enough to allow absorption,
but on the other hand, the volume of the detector should be reduced. In other words,
high quantum efficiency should be obtained with a thin device. By implementing a
reflector in the back of the detector, the IR radiation can double-pass the detector,
reducing the need for thickness. [15, 20] For a double-pass detector, an optimized
thickness is 0.63/α [42].
After selecting the desired active area and choosing the optimized thickness for
a double-pass detector, the architecture remains as an attribute determining the
detector performance. Detector architecture includes a wide variety of design and
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manufacturing process choices, such as detector structure, used materials, layer thicknesses and doping profiles. As the novel detectors include more complex structures
than the simple photodiode with one p–n junction, in this thesis the more general
term photon detector is preferred over photodiode. The operating principle for
photon detectors, however, remains similar to that of photodiode.
3.2.2

HgCdTe detectors

InSb was one of the earliest materials to be utilized in IR detection in the 1950s, but
it was limited to only MWIR region and low operating temperatures (around 80 K),
which was the reason for the development of alternative narrow-bandgap ternary
alloy systems from II–VI and IV–VI semiconductors. That led to introduction of the
various compositions of the II–VI ternary alloy Hg1−x Cdx Te that has the capability
of operating at temperatures much above 80 K and allows the tuning of the bandgap
with the composition x from the semi-metal HgCd (−0.3 eV) to semiconductor CdTe
(1.5 eV). Thus, the HgCdTe detectors can cover the entire IR spectrum by having a
cutoff wavelength from 0.9 µm to above 20 µm. [16]
Significant advances in understanding the HgCdTe surface science were made
during the 1980s. The main driver for the IR technology development has been FPA
sensors for military use. As a result of these efforts, the two vapor-phase growth
technologies, molecular beam epitaxy (MBE) and metal-organic chemical vapor
deposition (MOCVD) were developed. The HgCdTe technology came to dominate
the IR market for the next two decades, and is still widely used. [16, 15]
HgCdTe, however, has its drawbacks. Due to the rather ionic nature of the bonds
in the crystal structure, the material is fragile [15, p. 42–51]. Because of the low
tolerance for strain, the HgCdTe coefficient of thermal expansion (CTE) mismatches
with other materials (Si substrates and readout circuits, packaging epoxies) become
critical [16, 15], which limits the allowed temperature range for the component.
It is difficult to achieve good uniformity and reproducability in HgCdTe crystals
fabrication with the vapor-phase growth technologies [37], which makes especially
large FPA chips manufacturing challenging and expensive [37, 16]. What’s more,
mercury and cadmium are hazardous materials for health and environment [43]. The
ecological aspects motivate to limit the manufacturing of HgCdTe material.
Still, there is no material that meets the excellent performance of HgCdTe. Due
to the direct bandgap structure, the strong band-to-band absorption leads to a high
quantum efficiency. Moreover, compared to its III–V semiconductor alternatives, the
HgCdTe has significantly less S–R traps, allowing longer minority carrier lifetimes.
At narrower bandgap compositions (LWIR), the increasing Auger recombination
starts to dominate the lifetime. At the LWIR area, new materials such as InAsSb,
InTlSb and InSbBi have been promisingly demonstrated to have competitive uncooled
performance, but no practical devices based on these technologies are yet available.
Thus, HgCdTe remains as the leading meaterial due to the flexibility of the tunable
bandgap that allows optimized detection at any region of the IR spectrum. Currently,
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it is the only suitable material for LWIR high frequency IR imaging applications.
[37, 42] Because of the uniqueness of HgCdTe in IR detection, the Restriction of
Hazardous Substances (RoHS) directive has an exception on the use of cadmium and
mercury in IR detectors [43].
The present photovoltaic HgCdTe detectors are usually based on three-layer or
more complex heterostructures. Generally, these stacked multi-heterojunction photon
detectors provide a high shunt resistance and a good quantum efficiency. Figure 14
shows an example of such a device. The heavily doped N + and P + layers are used to
provide low ohmic contacts, typically within few Ω. The doped regions are covered
with metallization for indium bump contacts for a carrier substrate. The bottom
metallization also works as a reflector to allow the incoming rays to double-pass the
active area. The geometry and doping of the semiconductor material at the active
area is optimized for the photon detection. Various multi-heterojunction, resonant
optical cavity and optical immersion structures can be implemented to increase the
performance of the detector. [37]

(a) Enlarged view

(b) Complete structure

Figure 14: Cross-sections of a HgCdTe photon detector. Adapted from [37].
As discussed earlier, the performance of a detector can be increased by increasing
the apparent optical area from the physical size of the detector with a concentrator.
In practice, this can be implemented in various different ways, for example using
lenses and optical fibres. For the scope of this thesis, a small lens immersed on the
detector is the most efficient and convenient way for concentrating the radiation on
the detector. This can be done hemispherically or hyperhemispherically as shown
in figure 15. [42] It can be shown that for hemispherical lenses, apparent optical
linear size of the detector is larger than the physical active area by the square of
the lens material refractive index n2 [15, p. 203–206]. For example, a detector with
an active area of 100 × 100 µm2 can have an effective optical area of approximately
1.16 × 1.16 mm2 with a GaAs (n = 3.4) hemispherical lens. Hyperhemispherical
lenses can provide notably higher optical gain (linear optical size increase of n4 ) than
hemispherical ones, due to the aplanatic lens result [42, 15].
Concentrator lenses have some drawbacks, though. The lens limits the acceptance
angle, meaning that rays with too steep angle will not refract towards the active
area of the detector. This could be an issue in some applications. [42] Moreover,
the lenses needs strict manufacturing tolerances. Attachment of the lens must be
done accurately, and using materials that are optically compatible and mechanically
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robust. The coupling of the detector, lens and glue materials must be done carefully
to avoid transmission and reflection losses. [42] Anti-reflection (AR) coatings are
often used to reduce reflection losses on the perimeter of the lens.

Ao

Ao

Aa
Aa
(a) Hemispherical lens

(b) Hyperhemispherical lens

Figure 15: Operation of hemispherical and hyperhemispherical lenses with the physical
active areas Aa and the apparent optical areas Ao of the detector shown. Adapted
from [42].
Vigo System has developed and commercialized a monolithic immersion lens
technology. The detector structures are fabricated on a GaAs substrate, and after
dicing, the substrate is grinded and polished in the form of a hemispherical or
hyperhemispherical lens. As the concentrator is directly on the detector chip, as
in figure 14b, the optical coupling will be of much higher quality compared to, for
example, a glued lens. [42, 33] Piotrowski [33] approximates that a GaAs optical
immersion lens can lead to an increase of the signal-to-noise ratio by a factor of 10.

(a) TO-39

(b) TO-66

Figure 16: Packaging options for HgCdTe uncooled (a) and cooled (b) photon
detectors. Adapted from [37].
Figure 16 presents various packaging options for the detectors. The small TO-39
package can be used for uncooled detectors, whereas a thermoelectrically (TE) cooled
detector requires a larger package. Figure 17 shows a cross-section of a detector on
a 4-stage TE cooler. When electrical current is fed through the TE cooler, heat is
being transferred from the cold side to the hot side. This is called the Peltier effect.
Alongside the photon detector, cold side is equipped with a thermistor to allow the
stabilization of the temperature through a control loop. The hot side needs to be
thermally connected to a heat sink. In principle, more current allows cooling the
detector more, but at some point the heat production of resistive losses start to
dominate, limiting the lowest achievable temperature. By stacking multiple stages of
TE cooler elements, the TE stack can reach lower temperatures.
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Figure 17: Detector on a 4-stage TE cooler. The hot side must be in good thermal
contact with the heat sink to allow the TE cooler to efficiently remove heat from the
cold side. Adapted from [44].
Vigo System and Teledyne Judson Technologies provide commercial HgCdTe
detectors for various applications. Both offer detectors with different active areas
and have several packaging and cooling options [45, 46]. Figure 18 shows spectral
detectivities of detector models designed for different cutoff wavelengths, with and
without TE cooling and immersion lenses. The most advanced HgCdTe MWIR
photon detectors with immersion lenses, operated at temperatures achievable with
TE coolers, are within one order of magnitude from the BLIP limit [37].
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Figure 18: Spectral detectivities of various commercial HgCdTe detector models by
Vigo System. PV stands for photovoltaic detector, I for the monolithic immersion
lens. Each detector has a designed cutoff wavelength that is indicated with a number.
Acquired from [45] using WebPlotDigitizer.
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3.2.3

III–V semiconductor detectors

Figure 19 presents the bandgaps of various semiconductors with respect to the lattice
constant at a low temperature. In addition to the Hg1−x Cdx Te compounds, InSb
possesses a direct and narrow energy gap that is suitable for a MWIR detector. A
room temperature InSb detector with the bandgap of 0.18 eV would have a cutoff
wavelength at 7 µm. The gap will increase when cooled: at below 80 K the energy
gap of 0.23 eV would provide a cutoff at 5.5 µm. The performance in the best InSb
detectors are generation-recombination limited, which was also the case for HgCdTe.
Imperfections in the semiconductor crystal lattice provide S–R traps in the energy
gap for the S–R recombination. [15]

Figure 19: Low-temperature energy gaps of various semiconductor materials with
respect to their lattice constants. The cutoff wavelength corresponding to the energy
gap is shown on the right. The most central III–V semiconductors for MWIR
detection are highlighted as red, and the HgCdTe compounds as blue. Adapted from
[47].
In the standard InSb photon detector architecture, p–n junctions are created
by diffusion process or ion implanting Zn or Cd into an n-type substrate. A new
approach is to avoid the ion implantation by growing the p–n structures with MBE.
The high quality epitaxial layer homojunctions in the InSb substrate will provide
much less S–R traps. For a modern MBE-grown detector, the dark current at 95 K
equals to that of a traditionally manufactured InAs detector at 80 K. [15, p. 90–91]
Still, the operating temperatures of the InSb detectors remain low.
InAs is the next semiconductor with a narrow bandgap in figure 19. With its
room temperature bandgap of 0.35 eV, InAs can reach the 3.5-µm cutoff wavelength.
The InAs cutoff wavelength decreases to 3.4 µm when cooled to –30 ◦ C. Also the InAs
detectors have typically been fabricated by diffusion or ion implantation processes,
but the epitaxial techniques, such as MBE and MOCVD, have been utilized in the
recent high-performance InAs detectors. [15, p. 92–94]
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In addition to the binary materials, also the ternary and quaternary III–V
compounds are suitable for optoelectronics. A wide variety of configurations has
been emerging especially from the InAsSb compounds. A major step in matching
the InAs (6.1 Å) and InSb (6.5 Å) lattices was done in 1980 when InAs1−x Sbx with
0.09 ≤ x ≤ 0.15 compositions were grown on GaSb substrate. Figure 20 is an
example of an InAs0.86 Sb0.14 structure, where the lattice mismatch is 0.25 %. The
structure is backside-illuminated: photons enter the p–n junction through the GaSb
substrate. The substrate determines the short wavelength cutoff of the spectral
response to approximately 1.7 µm. The p–n homojunctions were fabricated with
liquid phase epitaxy (LPE) and the p-type layer was Zn-doped. [15, p. 97–103]
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Figure 20: Structure and quantum efficiency without AR coating at 77 K of an
InAs0.86 Sb0.14 photon detector grown on a GaSb substrate. Adapted from [15, p. 99].

Various P–i–N heterostructure devices have been developed for lower dark current
and improved detectivity. Figure 21 shows such structure. The active InAsSb layer
is sandwiched between P and N layers of larger-bandgap materials, which have lower
minority carrier concentrations. This leads to a lower diffusion dark current and a
higher shunt resistance and detectivity. Different materials for the cladding layers can
be used, such as InAs, GaSb, InAsSbP, AlGaAsSb, InAlAsSb and AlInSb. Depending
on whether front- or backside-illumination is needed, GaSb and InAs are possible
substrates. [15, p. 97–103]

Figure 21: An example of the P–i–N double-heterostructure Sb-based III–V photon
detector. Adapted from [15, p. 100].
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From the LWIR point-of-view, the InAs0.35 Sb0.65 composition has the longest
cutoff of 12 µm, operated at 77 K. However, due to the lattice mismatches, greatest
challenges in the LWIR InAsSb photon detectors are in growing single crystals and
epitaxial layers. There is no ideal substrate for the longest-wavelength epitaxial
InAsSb-layers. Several research groups have been studying the Ga1−x Inx Sb substrates,
which would allow a tunable lattice between 6.095 Å (GaSb) and 6.479 Å (InSb). Of
the compositions, Ga0.38 In0.62 Sb is particularly interesting. It has shown to have
promisingly low residual strain results with the bandgap-minimum InAs0.35 Sb0.65
composition. [15, p. 103–107]
Despite the promising results of the III–V materials, the HgCdTe remains as the
leading IR material in terms of spectral detectivity. The main reason is in the S–R
recombination rates, which are higher in the bulk III–V semiconductors compared
to the HgCdTe. This is believed to relate to the stronger ionic bond of the II–VI
alloy that leads to less deviations in the crystalline perfection of the HgCdTe. [15, p.
103–107]
Currently, several manufacturers produce commercial HOT InAs and InAsSb
detectors, including Hamamatsu Photonics, LED Microsensor LT, Asahi Kasei, Teledyne Judson Technologies and Vigo System. During the last few years, Hamamatsu
has been the pioneer in commercializing the LWIR InAsSb detectors, as the model
P13894 provides a detectivity up to 11 µm [48].
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Figure 22: Spectral detectivities of novel III–V detector models by Vigo System. PV
stands for photovoltaic detector, I for the monolithic immersion lens. Each detector
has a designed cutoff wavelength that is indicated with a number. Acquired from
[49] using WebPlotDigitizer.
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The InAs and InAsSb detector series launched by Vigo System in 2018 [49]
are particularly interesting, as they utilize the monolithic optical immersion lens
technology developed originally for the HgCdTe detectors. The spectral detectivities
of the detectors are shown in figure 22. The immersion lenses provide the detectors
better a spectral detectivity compared to competitors with similar materials and
cooling options. The Vigo-made low-cost detectors are available with various cooling
options and are promised to have improved reliability compared to HgCdTe [49].
Generally, the III–V MWIR detectors have become more affordable, as some of the
detectors now cost below 300 €. Due to increases in global sales and competition,
the prices are believed to decrease even more. [33]
3.2.4

Superlattice detectors

After the high-performance detector market had been dominated by HgCdTe, the
investigations for sophisticated physics with the antimonide-based bandgap engineering started at the beginning of 1990s in academic and national laboratories. Novel
technologies such as barriers in photoconductor structures, strained-layer superlattices and mechanisms to reduce recombination mechanisms have been emerging from
the antimonide-based detector development. [15] The bandgap-engineered photon
detectors mainly respond to the different requirements of fiber-optics communication
applications and infrared detectors in the LWIR band for better spectral response
performance at higher operating temperatures [35, 15].
Bandgap engineering is the term for creating "own" seimconductor materials that
have desirable electrical and optical properties. This is made possible by the MBE and
MOCVD processes that allow growing atomic layers one at a time, with controllable
thicknesses less than 1 nm. With controllable spatial composition and doping profiles
low enough, the continuous energy levels found in bulk material become discrete
energy levels within the thin layers. Bandgap-engineered semiconductor materials
can be classified into two types: multiple quantum wells and superlattices. [35, 15]
Multiple quantum wells are typically very thin narrow-bandgap material layers
sandwiched between thick layers of wide-bandgap materials called barriers. The
barrier layers create a quantum well in the narrow-bandgap material, which means
that the energy states of an electron in the physically very thin narrow-bandgap
layer become quantized. The quantity of the discrete energy states in the well is
determined by the thickness of the narrow-bandgap layer and the energy gap of the
barrier material. In the multiple quantum well structure, the barrier layers are so
thick that the wavefunctions of the electrons do not overlap with the electrons in the
adjacent quantum wells. The photon absorption in the structure occurs across the
discrete energy states and not across the energy gap as with the bulk semiconductor
detectors. Due to the limited selection of the energy-band transitions, quantum well
detectors typically have relatively narrow spectral response bands and low quantum
efficiency. [35, 15] Thus, multiple quantum well structures are not desired in high
performance IR detection.
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Superlattices are similar periodic structures of thin alternating layers of two or
more semiconductors, creating effectively a new semiconductor material with the
electrical and optical properties controlled by the layer thicknesses, spacing and
composition. Unlike in quantum well structures, the barrier layers in superlattices
are so thin that the probability of tunneling from a potential well to another is
substantial. As the overlapping wavefunctions of the adjacent wells add increasing
amounts of discrete energy levels, minibands are generated within the well. [35,
p. 454–460] Figure 23 clarifies this difference between multiple quantum wells and
superlattices.
Multiple quantum wells

Ebarrier

Ewell

Discrete energy levels

Superlattice

Minibands

Figure 23: Difference of the electron (top) and hole (bottom) energy states in the
multiple quantum well (barriers > 40 Å) and the superlattice (barriers < 40 Å)
structures. Adapted from [50].
Superlattices are classified into types I, II and III according to the energy band
discontinuities, as shown in figure 24. Type-I consists of alternating thin widebandgap layers (such as AlGaAs) and narrow-bandgap layers (such as GaAs). The
type-I systems are typically used in injection lasers. In IR detection, the type-I
AlGaAs/GaAs systems suffer from high dark current, low operating temperatures
and low quantum efficiency. Type-III superlattices consist of a semiconductor with
a positive bandgap (typically CdTe or ZnTe) and another semiconductor with a
negative bandgap (typically HgTe). The type-III superlattice structures have been
studied as an alternative to the bulk HgCdTe, but have faced challenges in processing,
such as unsuccessful surface passivations and layer interdiffusion occurring at typical
processing temperatures. The type-I and type-III systems have not been commonly
utilized in IR detection. [15]
The type-II superlattices (T2SL) are the corner stone of the recent superlattice IR
detector research. Essentially, the T2SLs are minority-carrier intrinsic semiconductor
materials whose absorption coefficients to IR radiation are similar to bulk directbandgap alloys with similar bandgaps. The T2SL includes two subgroups: staggered
and misaligned. The staggered T2SL can be realized with various ternary and
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Figure 24: Different superlattice types and example materials representing them.
The rectangle height represents the semiconductor bandgap size and relative position
in energy. Adapted from [15, p. 64].
quaternary III–V semiconductors, where the valence band top and conduction band
bottom of one material (such as InAs) are below the corresponding levels of the
other material (InAsSb). The misaligned T2SL is an extension of that, where the
conduction band of one material (InAs) overlap with the valence band of the other
(GaSb). The photon detection in T2SL utilizes the conduction band of one layer and
the valence band of the adjacent layer. The absorption occurs at the interface, where
the wave functions of electrons and holes overlap. Because the electron and hole
energy levels are separated in space, the electron-hole pairs are spatially separated.
For example, in the InAs/GaSb system the photon-generated electrons are confined
in the InAs and holes in the GaSb layers. The spatial separation provides the T2SL
superlattices a significantly lower Auger recombination rate, compared to a HgCdTe
of similar bandgap. [15]
The lattices of GaSb, AlSb and InAs are close to 6.1 Å (as can be noted from figure
19), allowing an easy epitaxial growth of heterostructures of these materials. Of this
so-called "6.1-Å family", the misaligned T2SL InAs/GaSb heterojunction structure is
the most studied one. In addition to the superior Auger recombination rate, this
structure has several benefits related to tunnelling-assisted radiative recombination
and charge carrier mobility properties, improving its detectivity performance. [15]
The staggered T2SL InAs/InAsSb is an alternative to the InAs/GaSb. Because
of the larger lattice constant of the InSb, the epitaxial layers in InAs/InAsSb do not
fit. Thus, the InAs/InAsSb system is grown as a so-called strained-layer superlattice
(SLS), which means that the thin layers are alternatively in compression and tension
so that the in-plane lattice constants of InAs and InAsSb are equal. If the layers
are below a certain critical thickness, the entire lattice mismatch is accommodated
by layer strains and no misfit dislocations are created, resulting in high crystalline
quality. Also the InAs/InAsSb could potentially reach lower lifetimes compared to
HgCdTe, due to the suppressed Auger recombination. InAs/InAsSb SLS growth
provides better controllability compared to InAs/GaSb, because of only one tunable
element in the structure, antimony. [15]
In 2017, Teledyne Judson Technologies introduced a MWIR InAsSb SLS detector
series J24 [51], which are the first commercial HOT MWIR photon detectors utilizing
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the strained-layer superlattice technology. The detector design is shown in figure
25. In √
2018, Kim et al. reported these detectors to have a peak detectivity of
1.44 cm Hz/W at 4.24 µm with a −0.3 V bias voltage at 295 K operating temperature
and 10 kHz measurement frequency [17]. This performance approaches that of the
conventional MWIR HgCdTe photon detectors, but the authors admit a large dark
current for the design, which could be reduced by design and fabrication processes
optimization [17].
Top contact
n-InAs/InAsSb T2SL

Barrier
Absorber
InAs/InAsSb T2SL

Bottom contact
n-InAs/InAsSb T2SL
GaSb substrate

(a) Cross-section schematic diagram

(b) Top view photograph

Figure 25: Teledyne Judson Technologies InAs/InAs0.6 Sb0.4 T2SL MWIR detector
design. Sidewall passivation of the wet-etched mesas was done with low-temperature
plasma-enhanced chemical vapor deposition (PECVD) of silicon dioxide. Adapted
from [17].
In general, the T2SL system has easy tunability of the bandgap, high uniformity
of the material growth, suppressed band-to-band tunnelling and reduced Auger
recombination rate, which make it a potential technology for the next generation IR
detection, particularly in LWIR area and high operating temperatures [52, 15]. The
Teledyne Judson Technologies J24 series is just the beginning of the commercialization
of the HOT superlattice detectors, and in the years to come, more affordable detectors
with the tunable bandgaps for the LWIR region are expected in the market. However,
before replacing the HgCdTe, significant research efforts are still needed to overcome
the T2SL technology challenges in high S–R recombination rates, sidewalls etching
and surface passivation [15, 52, 17].

3.3

Thermal detectors

This section presents the thermal detection mechanism and the three most central
thermal detector types: thermopile detectors, in which the current CARBOCAP
detectors belong, as well as pyroelectric detectors and bolometers. The most essential characteristics of the detector types, and highlights from the relevant recent
development are disclosed.
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3.3.1

Thermal detection mechanism

Thermal detectors are based on an incident optical radiation absorption on an active
area, causing a change in temperature. The temperature change is measurable
from some physical parameter such as resistance, capacitance or voltage. Thermal
detectors have essentially two components: an absorber and a temperature sensor.
[35, p. 100–115]
The absorber experiences the changes in temperature according to the incident
optical radiant power. Thus, response speed of the thermal detectors is determined
by the thermal mass and the thermal conductance in the detector structures. To
maximize the temperature change for the given incident radiant power, the absorber
should be of a small thermal mass and isolated. However, isolation minimizes heat
dissipation from the active area and therefore decreases the response speed. Hence,
responsivity and response speed of thermal detectors are a tradeoff. Comparing to
the photon detectors, where light interacts directly with the material lattice, the
response speed of thermal detectors is slower. [35, p. 100–115]
The active area absorbance determines the spectral response of the thermal
detectors, whereas photon detectors’ spectral response originates from the energy
band structure of the material. Thermal detectors can typically have much broader
wavelength responses from visible light up to very long wavelength 40-µm infrared
region. [35, p. 100–115]
The theoretical BLIP limit for thermal detectors comes from temperature fluctuation noise, which is a result of radiant power exchange between the detector active
area and the radiating background [53, 54]. For a thermal detector operated at
room temperature
√ and viewing a background at room temperature, the BLIP limit
10
is 1.98 · 10 cm Hz/W. However, the detection performance of practical detectors
are typically inferior to the theoretical limit. [54] Still, as the thermal detection is
essentially wavelength-independent, thermal detectors can generally be competitive
to photon detectors in the LWIR area [53].
3.3.2

Thermopile detectors

Thermopile detectors are based on the Seebeck effect, also known as the thermoelectric
effect. Thomas Johann Seebeck discovered in the 1820s that keeping junctions of two
dissimilar metallic conductors at different temperatures creates a low electric current
in the circuit. Consequently, a low voltage forms between two dissimilar metallic
conductor ends if they have a junction at a different temperature, as can be seen in
figure 26. Such a component is called a thermocouple and the junctions are often
called as hot and cold junctions according to their temperatures. [55]
The thermocouple output voltage Vout in V is
Vout = αr ∆T,

(3.14)

where αr is the Seebeck constant in V/K, and ∆T is the temperature difference
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between the lead ends in K. Because the thermocouple voltage is typically very low
(with metals typically some µV/K), several thermocouples are often connected in
series to increase the voltage output
Vout = N αr ∆T,

(3.15)

where N is the number of thermocouples. The component with N > 1 thermocouples
is called a thermopile. [55, 35]

Figure 26: A thermocouple of two conducting leads. Adapted from [55].
In a thermopile infrared detector, the hot junctions receive radiant power and
the cold junctions are be held in as stable as possible temperature. Thus, the cold
junctions are thermally connected to a heat sink that is typically at the temperature
of the environment. As the temperature changes in the environment are slow, the
cold junctions act as a reference for the temperature difference measurement. The
active area that absorbs radiant power is of a high-absorptivity material at the desired
wavelengths to maximize the temperature changes in the hot junctions. [35, p. 104]
Small size of detectors is desired in portable measuring devices and system
integrated sensors [56]. Figures 27 and 28 present microelectromechanical (MEMS)
thermopile sensors that can be manufactured utilizing the microfabrication processes
[55, 56]. The absorber structure is thermally isolated from the substrate with a thin
film membrane, and the substrate rim works as a mechanically supporting structure
and as the heat sink for the cold junctions [55]. To maximize the absorptivity at
the desired wavelength range, the optical thickness of the absorber structure can be
adjusted with, for example, aluminum oxide and amorphous Mo-Si-N films using the
atomic layer deposition and reactive sputtering techniques [56]. The thermocouples
can be formed of lithographically patterned doped silicon and metal leads [57].
Convection and heat conduction through the thermocouple leads are the main
mechanisms transferring heat from the absorber [55]. Due to the manufacturability,
convenient size as well as mechanical and electrical robustness, thermopiles are the
detector choice in the Vaisala CARBOCAP technology [57].
The absorber area should be matched to the IR source active area to maximize
the performance of the gas sensor [57]. In addition to reducing the absorber thermal
mass, the sensitivity of the thermopile detectors can be increased by hermetically
sealing the detectors in a gas-fill to minimize [38] or vacuum to eliminate [58] thermal
conduction by convection. Noble gases of large molecules, such as Xe and Kr, have
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Thermocouple leads
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Figure 27: Cross-section of a MEMS thermopile with its main components. Adapted
from [55].

Figure 28: Microscope image of a MEMS thermopile detector. Adapted from [56].
less convection and thus provide a higher sensitivity compared to thermopile detectors
in air or nitrogen [59]. However, reducing convection also reduces response speed [59].
Generally, chopping frequencies less than 25 Hz are used with thermopile detectors
[35, p. 104], and measuring frequencies less than 10 Hz are used in CARBOCAP gas
sensors [57].
The main performance limitations for the thermopile detectors come from the
Johnson-Nyquist noise of the relatively high resistance (in excess of 100 kΩ) thermocouple leads, and the thermal bridging between the active area and substrate through
the leads, particularly when several thermocouples are
√ used [58, 57]. Thermopile
7
8
spectral detectivities can vary between 10 and 10 cm Hz/W [58, 18].
In 2017, Varpula et al. [60] demonstrated ultra-thin (40 nm) heavily doped silicon
based nano-thermocouple
√ structures that were able to measure thermal changes
with N EP ∗ of 13 pW/ Hz, and the authors suggest scaling the thickness down to
7 nm for even better performance. By equipping such structure with an absorber,
the structure could potentially result in a thermocouple detector with detectivity
performance very close to the BLIP limit. [60] However, commercializing such thin
structures in an infrared detector would require more research and development
efforts.
3.3.3

Pyroelectric detectors

Pyroelectric detectors are based on the pyroelectric effect, which means electrical
polarization change with change of temperature. Pyroelectric materials have a high
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degree of crystalline asymmetry that produces a spontaneous dipole moment without
an applied electric field. For example, lithium tantale, triglycerine sulphate, strontium
barium niobate, polyvinyl fluoride and polyvinylidene fluoride are materials used
in pyroelectric detectors. Temperature changes in the material change this internal
dipole moment and produce an observable surface charge density change. Greeks
discovered this already over 2000 years ago: tourmaline placed in hot ashes would
produce a surface charge change that would attract ashes, and would repel ashes
when cooled. [35, p. 104–108]
Also in the pyroelectric detectors, the change of temperature occurs at an active
area where radiation is absorbed. Because electrical polarization change is related to
the change in the surface charge with respect to time, electrical current is generated
in pyroelectric detectors when experiencing temperature rises and falls. In contrast
to the thermoelectric effect that produces a constant voltage in thermopiles at a
constant active area temperature, the pyroelectric detectors produce no current at
fixed temperatures. [35, p. 104–108] Pyroelectric detectors require light chopping of
typically 25–60 Hz. [61] The electrical polarization itself is a very fast phenomenon,
but again, the thermal properties of the detector active area limit the response speed.
Still, at relatively high frequencies, higher detectivities have been observed with
pyroelectric detectors, compared to other thermal detector types. [35, p. 104–108]
Several manufacturers, such as Infratec and Heimann Sensor, have commercially
available lithium tantale based pyroelectric
detectors that are promised to have
√
9
spectral detectivities up to 10 cm W Hz [62, 63]. Pyroelectric detectors can have
widely uniform spectral characteristics over whole infrared region [18] and, in fact,
in uncooled detection at above 6 µm, they start to be competitive against photon
detectors [58]. However, their lack of response speed is a drawback [18].
3.3.4

Bolometers

Bolometers are most commonly based on semiconductor materials whose temperature coefficient of resistance (TCR) is high. Such bolometers are called thermistor
bolometers or thermally sensitive resistors. Synthetic diamond, germanium, sintered
oxides of manganese, cobalt and nickel are typical semiconductor materials used in
the thermistor bolometers. When hit by radiation, the active area experiences an
increase in temperature, which can be seen from the changed resistance. Again, a
small thermal mass and isolation are desired with the active area to maximize the
response for radiation, but the active area must have some thermal contact to allow
the detector to return the temperature of the heat sink. For higher performance,
hemispherical or hyperhemispherical immersion lenses are used to increase the incident radiant power on the active area. The bolometer signal-to-noise ratio can be
improved typically by a factor of 3.5–16 with an immersion lens. [35, p. 101–104]
TCR for metallic bolometers is around 0.4 % K−1 , whereas it is about 2–4 % K−1
for state-of-the-art semiconductor materials. Graphene is an interesting novel material
for optoelectronic applications. As such, it has a lower TCR than both metallic and
semiconductor bolometers. However Sassi et al. [64] demonstrated graphene-based

48
pyroelectric bolometer, presented in figure 29. It is a pyroelectric detector in the sense
that infrared radiation polarizes the pyroelectric substrate. The electrical charges
generated by the polarization are collected on a floating metal (Au) gate, from
which the charges can not escape. Single-layer graphene in the structure acts as a
transducer that delivers a bolometric response, which minimizes parasitic capacitances
from the structure that otherwise would remove the pyroelectric charge. Externally,
the structure is a two-terminal device whose resistance changes proportionally to
temperature, and thus an "effective" TCR can be measured. The authors reported a
TCR up to 900 % K−1 with the active area of 300 × 300 µm2 , which is two orders of
magnitude larger than with state-of-the-art semiconductor bolometers. [64] Although
it is currently at the research phase, the graphene-based pyroelectric bolometer could
potentially result in a highly competitive IR detectors in the future.

Figure 29: Schematic of a graphene-based pyroelectric bolometer. Adapted from [64].

3.4

Optimal detector for gas sensing applications

Although there are several gases with absorptions in the LWIR region that are
interesting from the CARBOCAP technology point-of-view, the commercial LWIR
HgCdTe photon detectors are not seen potential replacements for the thermopiles,
because of the decreasing performance with higher cutoff wavelength, pricing and
ecological issues. As discussed in section 3.3, the pyroelectric detectors can beat the
photon detectors in above 6-µm uncooled detection already now [58], and the promising thermal detector development, particularly in the ultra-thin nano-thermocouple
structures and graphene-based pyroelectric bolometers, could provide useful technologies for gas sensing in the future. Furthermore, the research efforts in superlattice
detectors discussed in section 3.2.4 could provide competitive LWIR detectors in the
years to come.
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Figure 30: Comparison of selected commercially available detectors. Solid line
represents uncooled operation, dashed line for cooled operation, and the dot-dashed
line for cooled operation with the immersion lens. Teledyne Judson Technologies is
abbreviated as TJT. Acquired from [49, 45, 65, 66, 51] using WebPlotDigitizer.
However, the commercially available photon detectors in the MWIR region are
rather competitive, as can be seen in figure 30. Unfortunately, the Vaisala thermopile
spectral detectivity could not be determined due to lack of the necessary
√ equipment,
7
8
but it is assumed to be at the typical range between 10 and 10 cm Hz/W. Based
on the spectral detectivity information, it can be estimated that an SNR improvement
of more than an order of magnitude could be possible for the CARBOCAP gas sensor
by replacing the thermopile with a regular uncooled MWIR photon detector, and even
more with cooled detectors and detectors with immersion lens. Particularly interesting
is the increasing production and global sales of the InAs and InAsSb photon detectors,
which has reduced the price range significantly [33]. Compared to HgCdTe, the III–V
semiconductor detectors offer a more robust, affordable and ecological alternative
with a small decrease in detectivity performance. In most CARBOCAP applications,
the uncooled operation is preferred, but also the increase in performance provided
by TE cooling is of interest for less price-critical applications. Also, the immersion
lens technology developed by Vigo System should be acknowledged, because the
detectivity performance can be improved without additional power consumption or
requirements for the electrical and the mechanical design.
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The applicability of the photon detectors to the microglow and FPI based measurement is in crucial need for further research. Due to the notable detectivity
potential of the novel MWIR photon detectors and the wide variety of applications
for CO2 and CH4 measurement, commercially available detectors for wavelength
bands 3–3.5 µm and 4–4.5 µm were selected to be experimentally studied. These
wavelength bands are suitable for the CH4 and CO2 absorptions (figures 2b and 2a)
the reference bands measurement with the FPI.
Literature often concentrates on spectral detectivity comparisons [20, 15, 16, 35],
but the practical effect of photon detectors to the SNR of an NDIR system can not
be evaluated theoretically. Stable laboratory conditions and relatively high chopping
frequencies (1 kHz) are used when determining the spectral detectivity [35, p. 204–
229], but the detectivity performance could be different in a harsh environment with
the microglow-based very low 2.5-Hz measurement frequency. Optimal active area
selection is application-specific, as a larger area allows collecting more light, but has
the tradeoff with the higher dark current and the lower shunt resistance. Furthermore,
the chosen electronics and optics play a part in the SNR of the system, and a TE
cooled detector would set additional mechanical and electrical requirements (heat
sink, temperature control) for a product. The experimental tests examine how these
aspects affect the CARBOCAP performance in practice.
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4

Research material and methods

This chapter introduces the detector samples that were selected to be experimentally
studied in this thesis. Also, the test setup, including its optics and electronics design,
their optimization are covered, as well as the limitations related to the test setup.

4.1

Detector samples

Photon detectors from two manufacturers, namely Vigo System and Hamamatsu
were studied experimentally in this thesis. The selected samples are shown in table
1. The selection was based on discussions with the manufacturers, the datasheet
specifications, the availability of different configurations (TE cooling, package, active
area) and prices. The more environmentally friendly and novel III–V photon detectors
were preferred, rather than Pb-based and HgCdTe-based detectors. For easier handling
in laboratory use, TO-packaged versions were preferred instead of chips or surface
mount devices. Two samples of each product were acquired, which will not yet
provide a statistical result, but is believed to be sufficient as part-to-part variation
within the commercial detector products is assumed to be low. Moreover, if any
samples had been broken due to careless handling or electrostatic discharges, having
a second sample would still have allowed to gain results from that detector type.
Table 1: Photon detector samples used in the experiments. Data for Hamamatsu
detectors was acquired from the datasheets [65, 67], and for Vigo System detectors
from the test reports delivered with the products. Each model was given an abbreviation, and each sample a letter from A to C, separated with a dash. ◦ indicates for a
round optical area.

Producer
Hamamatsu
Hamamatsu
Hamamatsu
Vigo System
Vigo System
Vigo System
Vigo System
Vigo System
Vaisala

Model,
material
P10090
InAs
P13243
InAsSb
P13243
InAsSb
PV-3.3
InAs
PV-5
InAsSb
PV-5
InAsSb
PVI-5
InAsSb
PVI-5
HgCdTe
Thermopile
Si-based

Abbreviation,
sample

Ao
[mm]

Rsh at
20 ◦ C [Ω]

H1-A/B

◦1

60

H2-A/B

2×2

H3-A/B

0.7 × 0.7

V1-A/B

0.1 × 0.1

V2-A/B

0.1 × 0.1

V3-A/B

1×1

V4-A/B

1×1

V5-A/B

1×1

TP-A/B/C

◦ 1.8

8 000
280 000
903
864
62
55
3.0
2.5
94
85
309
339
–

Cooling
2-stage
TE
2-stage
TE
2-stage
TE
–
–
–
–
–
–

Package,
window
TO-8
sapphire
TO-8
sapphire
TO-8
sapphire
TO-39
none
TO-39
none
TO-39
none
TO-39
none
TO-39
none
TO-5
AR-Si

Imm.
lens
–
–
–
–
–
–
yes
yes
–
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From the Hamamatsu offering of III–V detectors, the P10090 (InAs) and P13243
(InAsSb) were chosen. The detectors were selected with a 2-stage TE cooler, packaged
in TO-8, to allow comparison of the same individual detector as cooled (to various
temperatures) and uncooled. The 2-stage TE cooler would allow cooling down to
–30 ◦ C, but also allows demonstrating the performance at –10 ◦ C, reachable with a
1-stage TE cooler. The samples with TE cooler also provided understanding on the
necessary heat sink hardware. The P10090 has a rather high detectivity, but also a
cutoff wavelength at approximately 3.3 µm, which near to the CH4 absorption (figure
2b). The response curve shifting with temperature needs to be studied in further
detail. The P13243 spectral band (figure 30) includes both the CH4 and the CO2
absorption (figures 2b and 2a) and is thus an interesting choice. The P13243 was
acquired with two different active area sizes (0.7 × 0.7 mm2 and 2 × 2 mm2 ) to allow
comparison of the active area effects to the SNR in practice. In principle, the larger
area is expected to be more noisy due to the effects from dark current and shunt
resistance, but it can collect light from a larger area. However, it is important to
consider also the size of the light source used in the tests.
Five different types of detectors were acquired from Vigo System. In the model
names, "PV" stands for photovoltaic detector, "I" for an immersion lens (shown in
figure 15) and the number for the cutoff wavelength. This thesis focuses mostly on
evaluating their new III–V detectors, launched in 2018. The 5-µm InAsSb detectors
were obtained with a small 0.1 × 0.1 mm2 and a larger 1 × 1 mm2 active area to allow
comparison of the same material and architecture in different sizes. The 0.1×0.1 mm2
area is expected to be too small for gathering sufficient signal from the microglow
sources, and therefore was mainly included in the study for investigation of its
characteristics in dark. As we learned from section 3.2 (particularly the figure 30),
the immersion lens providing optical gain is one of the most efficient ways to improve
SNR, and therefore the InAsSb model with the hyperhemispherical immersion lenses
were included. In these detectors, a small active area has an effective optical area of
1 × 1 mm2 . By comparing the PVI-5 (InAsSb) shunt resistances to the other InAsSb
samples, we can anticipate that the PVI-5 (InAsSb) physical active area size is close
to, or slightly smaller than 0.1 × 0.1 mm2 .
For comparison with the PVI-5 InAsSb, a HgCdTe 5-µm detector equipped with
the hyperhemispherical immersion lens was included to represent the best available
room-temperature performance. The InAs detectors with the small 0.1 × 0.1 mm2
active area were included in the study to allow comparison between the properties of
the InAs and InAsSb detectors of same active area size.
Vigo System offers detectors assembled with the TE cooling, but because the
effects of cooling could already be studied with the Hamamatsu samples, the Vigo
System samples were obtained in uncooled TO-39 packages. Unfortunately, including
the novel Teledyne Judson Technologies J24 series HOT MWIR SLS detectors,
discussed in section 3.2.4, in the experiments of this thesis was not possible due to
practical reasons.
Three Vaisala thermopiles were used as a reference of the current CARBOCAP
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performance. The thermopiles had round 1.8-mm absorbers and AR-coated Si
windows, which both were optimized for 3.3-µm detection of CH4 . For the sake
of simplicity, the models are hereafter referred to by their abbreviations and the
individual samples by the letters A to C according to the table 1.

4.2

Test setup
Temperature
controller

Digital
multimeter

PC

Oscilloscope

Detector
Readout
electronics

Power supply

Sensor
electronics

Mirror

Microglow
(FPI)

Figure 31: Block diagram of the used test setup. The temperature controller, digital
multimeter and oscilloscope were only connected when necessary.
The block diagram in figure 31 illustrates the whole test setup. All measurements
were performed inside a dark box built on an optical breadboard, shown in figure 32
and illustrated in the block diagram with the gray dashed line. The box was standing
on a laboratory table with an antistatic table mat, both of which were connected to
the grounding terminal of a laboratory power supply.

Figure 32: The dark box in which measurements were done.
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The Vaisala detector and source assemblies structure is shown in figure 33.
Similarly, all the photon detectors were in TO-packages without windows or with
windows that did not essentially limit the spectral response at the used wavelength
region. The source assembly typically consists of the microglow and FPI stack and an
optical bandpass filter. However, the detector sample SNR comparison was done with
a source assembly without the FPI and equipped a fixed 3374-nm narrow-bandpass
filter with a full width at half maximum (FWHM) of 49 nm. Compared to the use of
the FPI, the use of a narrow-bandpass filter simplifies the system, but still confines
the broad emission spectrum of the microglow to a narrow band as the system with
the FPI would. The selected 3374 nm wavelength band allows comparing all the
detector samples, as can be seen in figure 34. In the CO2 measurement demonstration,
a source assembly with a fixed broad-bandpass filter (approximately 3.5–5 µm) was
used together with the FPI with a tunable narrow pass-band over the wavelength
range of approximately 3.9–4.9 µm.

Figure 33: Schematic of Vaisala source and detector assembly configurations used
in this thesis, enclosed in nitrogen-filled TO-5 packages. The used wavelengths
are confined at the source assembly with the bandpass filter and the Fabry–Perot
interferometer (FPI). The anti-reflection-coated (AR) silicon window in the detector
assembly is optimized for the used wavelengths.
The optics system used for the TO-39 packaged uncooled Vigo System photon
detectors and the TO-5 packaged Vaisala thermopile detectors (see table 1) is shown
in figure 35. It consists of a mirror holder with a gold-plated mirror having a focal
length of 22.5 mm, and a sample holder with a sensor electronics board, where the
detector and source assemblies were attached to gold-plated socket contacts. The
source and the detector are located at the center of curvature of the mirror, and
when focused, a 1:1 image of the microglow is formed at the detector plane.
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Figure 34: Spectral detectivities of the samples selected for the experiments of this
thesis. Unfortunately no published spectral detectivity data was found for the Vigo
System PV-5 InAsSb samples, and thus PV-5.5 is shown instead. Acquired from
[49, 45, 65, 66] using WebPlotDigitizer. An FTIR transmission measurement of the
optical narrow-bandpass filter on microglow source is added on the secondary axis.

Figure 35: Optics system used for the Vigo System and Vaisala detectors.
Due to replacing of samples during the tests, the setup had to be focused by hand
before each measurement. The mirror had vertical and horizontal tilt and distance
micrometer adjustments, and the sensor electronics had vertical and horizontal
position micrometer adjustments. The hand adjustment means finding the optical
signal maximum by adjusting the different micrometers in four steps:
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1. Sensor electronics vertical and horizontal position
2. Mirror vertical and horizontal tilt
3. Distance
4. Mirror vertical and horizontal tilt again
The steps 1 and 2 allow finding the same location as the previously tested samples
for the source-detector pair, and more importantly, locating them at the optical axis
of the mirror. The step 3 ensures that distance between the source–detector pair
and the mirror equals to the mirror radius of curvature, and the fine-tuning step 4
compensates for possible small errors in the focus caused by the distance adjustment.
The selected method has been providing good results earlier. However, during the
initial repeatability tests of this thesis, it was noted that the placing of the detector
and source assemblies to the gold-plated sockets was not precise. Consequently,
a 3D-printed alignment piece, shown in figure 36, was implemented to force the
source and detector packages to the same angle and position better. A considerable
improvement in the repeatability was noticed.

Figure 36: Transparent 3D-printed plastic piece that improved the repeatability of
the source and detector assemblies’ alignment.
The larger TO-8 packages of the Hamamatsu detectors, and the heat sink implementation would not fit in the same optics system used for Vigo System and
thermopile detectors. Thus, a separate optical system with one mirror with a focal
length of 75 mm was implemented in a 3D-printed plastic cuvette. The Hamamatsu
setup is shown in figure 37. The chosen 3D-printing technique is known to function
with more complicated optical systems, and thus it is believed to be sufficiently
rigorous for this purpose. The component locations were precisely dimensioned so
that the source and the detector would be at the mirror’s center of curvature and in
focus. The source and detector packages were fastened with attachment screws. The
mirror attachment was first tested by tape, but it was noticed to provide insufficient
repeatability in the optical signal. The repeatability was improved by attaching the
mirror with an epoxy-based adhesive.

57

Figure 37: Hamamatsu optical system implemented in a 3D-printed cuvette.
Figure 38 shows the assembly of the Hamamatsu detectors and the heat sink in
the setup. The heat sink (figure 38c) was constructed of a 5-mm-thick aluminum
panel, which was thermally connected to the detector TO-8 package bottom through
a thermally conductive pad, shown in figure 38b, and tightened with two attachment
screws. Whereas the grounding of Vigo System detectors and thermopiles occurred
through a pin from the case, the Hamamatsu TO-8 package lacks such a pin.
Therefore, the Hamamatsu TO-8 grounding to the sensor electronics was implemented
through copper tape, shown in figure 38a, and the attachment screws, shown in figure
38c. The electrical isolation of the TO-8 package pins was done with red plastic
insulators, shown in figure 38a, and a transparent 3D-printed pin aligner, shown in
figure 38c. The source assembly attachment was done with a 3D-printed tightening
piece and one attachment screw.

(a) Detector placement.

(b) Thermally conductive pad.

(c) Heat sink placement.

Figure 38: Detector and heat sink assembly in the cuvette, allowing the thermal
contact to the heat sink and the grounding of the TO-8 package.
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Hamamatsu detectors’ temperature control was done using a TED 200 Benchtop
Temperature Controller, which has an analog proportional-integral-derivative (PID)
controller with a thermistor resistance input and TE cooler current output. Using
the proportional, integral and derivative control settings as shown in figure 39, the
thermistor resistance readings were noticed to remain stable with the shown four digits
of the TED 200 screen. The derivative setting was set to zero to avoid overshoot and
oscillation in the control loop. The setpoint resistance values for wanted temperatures
were obtained from Hamamatsu thermoelectric cooler document. The TE cooler
element reached –30 ◦ C at approximately 0.6 A, as was promised in the datasheet
[65], and the 3 × 15 cm2 aluminum heat sink was noticed to be sufficient to remove
the necessary heat.

Figure 39: TED 200 Benchtop Temperature Controller with the used PID settings.
The sensor electronics has the 1st stage amplifier for the detector and provides
electrical connections for the microglow and FPI in the source assembly. The same
1st stage amplifier schematic was used for both Vigo System and Hamamatsu samples,
but different layouts had to be designed due to the mechanical differences of the
TO-39 and TO-8 detector assemblies and the two setups. The sensor electronics was
electrically to a readout electronics board.
An already-designed readout electronics and its firmware were utilized in this
work. The readout electronics provides a stable, linearly-regulated 7.3-V voltage
supply for the 1st stage amplifier in the sensor electronics. For the 1st stage amplifier
voltage output, the readout electronics has a signal chain that consists of an active
2.5-Hz bandpass filter, a buffer and a precision analog-to-digital (A/D) converter. The
readout electronics also controls microglow frequency and temperature (amplitude),
using a simple proportional-integral (PI) control loop with the emitter temperature
as input and power fed to the emitter as the output. Both the power and the
temperature are calculated through a measured voltage and current at the emitter,
and a known resistance-to-temperature relation (TCR). [69] The used setpoint for
the microglow emitter temperature was 450 ◦ C. The readout electronics had a serial
connection to a PC, and was powered from a Mastech HY3005D-3 Power Supply.
Controlling the settings and logging data from the readout electronics was done
through a PC terminal program.
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In the signal processing, the voltage signal of one microglow modulation period is
converted into the frequency domain using an operation assimilating the fast fourier
transform (FFT). The spectrum has a peak at 2.5 Hz due to the optical signal.
Averaging of four peak intensities was applied to enhance SNR. The averaged 2.5-Hz
peak is the quantity that indicates the light intensity at the selected wavelength
band, and therefore it is hereafter referred to as the optical signal. In a FPI-based gas
measurement, the ratio of optical signals at reference and absorption bands allows
determining the gas concentration.
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4.3

Amplifier design and electronics optimization

Three different printed circuit boards (PCB) were used as the sensor electronics,
namely, Thermopile, Vigo and Hamamatsu PCBs. The designs were chosen to be
executable with discrete components. For the thermopile amplifier, an existing design
was used, which represents the current performance of the thermopile detectors.
Essentially, the circuit is an inverting operational amplifier (op-amp), with a feedback
capacitor creating a low-pass filter at 23 Hz. To rise the input of the single-supply
op-amp from ground to the dynamic range, a 2.5-V reference voltage was provided
with a Texas Instruments REF2025.
The photon detector amplifiers in the Vigo and Hamamatsu PCBs were designed
specifically for this thesis. The zero-bias photovoltaic-mode amplifier circuit was
chosen according to what is generally suggested in the literature [23, 21] and what
the manufacturers recommend for the selected detectors [68, 65, 66]. Ideally, the
photovoltaic amplifier, shown in figure 40, converts the photocurrent Iph into a
measurable output voltage Vout through the gain provided by the feedback resistor
Rf . The feedback capacitor provides a low-pass filter that reduces high frequency
noise. The feedback capacitor can also play a role in stabilizing the op-amp from the
effects of input and output capacitances [70]. The feedback capacitances were chosen
to provide a cutoff frequency at 23 Hz together with the feedback resistors. As the
capacitance values are relatively large (up to tens of nF), stability did not become an
issue in the op-amps. Moreover, as the 2.5-Hz signal frequency is very low, the effect
of junction capacitance can be neglected. Similarly, as in the thermopile amplifier,
the signal was risen with the 2.5-V reference voltage, using the REF2025.

Figure 40: Ideal photovoltaic-mode amplifier, where the input is lifted with a 2.5-V
reference voltage to allow the use of a single-supply op-amp. Rf and Cf are the
feedback resistance and capacitance, respectively, and Iph is the photocurrent.
As we learned from the theory in chapter 3.2, no photon detector is ideal. This is
also the case with amplifiers. To examine the signal-to-noise performance, both the
photodiode model and the op-amp model must be observed with their non-idealities,
as shown in figure 41. If the series resistance is neglected, we can derive the equation
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for the output voltage Vout in V,
(

Vout = Rf Iph + 2.5 V + Vref

)

Rf
Vop + Rf Iop + Vf ,
+ Rf Idark + 1 +
Rsh

(4.1)

where Rf is the feedback resistance in Ω, Iph is the photogenerated current in A, Vref
represents the AC noise and DC error components caused by the reference voltage
regulator in V, Idark is the dark current in A, Rsh is the shunt resistance in Ω, Vop
comprises of the input voltage noise (AC) and input offset voltage (DC) components
of the op-amp in V, Iop comprises of the input current noise (AC) and the input
bias and the offset bias current components (DC) of the op-amp in A, and Vf is the
Johnson-Nyquist noise of the feedback resistor in V.

Figure 41: Photovoltaic-mode amplifier with the error components added. The
photodiode model error components are the dark current Id , the shunt resistance Rsh ,
′
the junction capacitance Cj and the series resistance Rs . Iop and Iop
comprise of all
the op-amp error currents, and Vop of the voltage errors. Vf is the Johnson-Nyquist
noise of the feedback resistor and Vref includes all reference voltage errors.
The first terms, Rf Iph and 2.5 V, are wanted, whereas the rest of the terms are
considered as errors. Of the errors, the reference voltage noise is low, typically 30 µV
peak-to-peak [71], and can thus be deglected. If also the offset voltage Vop term
as such is neglected, the magnitude of the error terms is directly proportional to
the feedback resistance, as is the photocurrent signal. Therefore, SNR is virtually
independent of gain, but depends on the magnitude of the different error sources,
with respect to the photocurrent. The current errors Iop can be minimized by an
optimal op-amp selection. The dark current Id is a detector property, which can be
decreased with the detector active area size, architecture, but also by cooling. Dark
current and the term combining Rsh (detector feature) and Vop (op-amp feature)
are the most critical. In a zero bias situation, no current would flow through the
shunt resistance, but in the practical situation, the circuit works as an amplifier for
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the offset voltage and input voltage noise, which always are present in the op-amp
input. Typically with Si photon detectors, where the shunt resistance values range
from tens to thousands of MΩs, this can be neglected. However, many literature
sources on photovoltaic-mode detector amplifiers [21, 22, 23] lack focus on what
happens with very low shunt resistances together with non-ideal op-amps. The
MWIR-photon-detector shunt resistances at room temperature vary from hundreds
of kΩ [66] down to tens of Ω [65] or even below 10 Ω [72]. Thus, even a low voltage
noise can have an effective gain of tens of thousands, and become significant. With
low shunt resistances, in the range between Ωs to kΩs, the low-frequency noise and
the offset voltage, and particularly its low drift with temperature, become critical
features of the op-amp.
In this thesis, the LT1028, LT6013, LTC2057 and ADA4522-1 op-amps were
selected to be tested, based on their excellent noise and DC error performance. Table 2
summarizes the most essential properties of the selected precision op-amps. Although
LT1028 provides the least low-frequency voltage noise, it was not chosen due to too
low specified minimum supply voltage (8 V) for the 7.3 V provided in the setup. The
chopper-stabilized amplifiers LTC2057 and ADA4522-1 provide extremely low offset
voltages, and also low 1/f noise. Although offset voltage is a DC component that
virtually does not harm the 2.5-Hz measurement, combined with a large gain (MΩs)
and low shunt resistance, it was noticed to significantly reduce the usable op-amp
dynamic range. Thus, low offset voltage is desired. More importantly, the LTC2057
and ADA4522-1 provide significantly lower offset voltage drift. The low offset voltage
and offset voltage drift, as well as rather competitive noise characteristics led to
the conclusion that the chopper-stabilized ADA4522-1 and TLC2057 are the most
suitable choices for the photovoltaic amplifier. Of these two, the ADA4522-1 was
selected due to a slightly lower voltage noise and reportedly low current noise at low
frequencies.
Table 2: Comparison of the op-amp components tested in this thesis. Typical and
max values were selected at room temperature 5-V operation of the supply voltage
Vs , the offset voltage Vos , the offset voltage drift, the input bias and offset currents
Ib and Ios , as well as the voltage and current noise Vn and In as peak-to-peak at
0.1–10 Hz from the datasheets [73, 74, 75, 76].

Component

Vs
[V]

LT1028

8–44

LT6013

2.7–36

LTC2057

4.75–36

ADA4522-1

4.5–55

V os
[µV]

V os drift
[nV/◦ C]

Ib
[pA]

I os
[pA]

Vn
[nVp−p ]

In
[pAp−p ]

10 (typ)
40 (max)
10 (typ)
35 (max)
0.5 (typ)
4 (max)
0.7 (typ)
5 (max)

100
800
200
800

25 (typ)
90 (max)
100 (typ)
250 (max)
30 (typ)
200 (max)
50 (typ)
150 (max)

12 (typ)
50 (max)
100 (typ)
250 (max)
60 (typ)
400 (max)
80 (typ)
250 (max)

35 (typ)
75 (max)

–

200 (typ)

7 (typ)

200 (typ)

–

117 (typ)

16 (typ)

(typ)
(max)
(typ)
(max)

15 (max)
2.5 (typ)
15 (max)
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4.4

Test setup limitations

The SNR comparison at the selected 3374 nm is not optimal for all the detectors,
which can be seen from figure 34. This is particularly true with the 5-µm detectors.
It should also be noted that the magnitude of the absorbance varies with the gas
species, optical path and concentration. Thus, the SNR comparison provides an
overview of the detectors, but for a specific application, the LOD must be determined
separately with an optimized device, and in gas concentrations and environment that
represent the application.
Another challenge with SNR comparison is the varying active areas of the detector
samples. In an optimal situation, a large microglow emitter with a high-intensity
optical signal should be focused into a small detector active area with minimal
negative effects due to dark current and shunt resistance. However, the one-mirror
optics approach does a 1:1 projection of the IR source to the detector plane. Because
the microglow components are developed for the thermopiles, we are limited in
comparing the detectors with a 1.8-mm-emitter microglow components. Thus, only
a fraction of the emitter beam will hit the active area with detectors with smaller
optical area.
The emitter radiance is known to be flat across the whole emitter area, which
means that the optical signal increases linearly with area [69]. This allows the
estimation of the SNR of a full microglow area signal by multiplying the optical
signal by the ratio of microglow active area and detector optical area. However, this
estimation is directional-only, because it is made based on an assumption that all
the radiant power from source would be losslessly focused on the active area of the
detector. In principle, focusing of the beam would be possible. In practice, however,
additional optics of IR lenses would not be lossless, would substantially increase
product costs and would require significant product development efforts in the optics
design. Thus, increasing the detector optical area with a larger hemispherical or
hyperhemispherical lens could be a more potential option for further development.
Another option could be developing matching smaller-active-area microglow sources
that could potentially be more robust. The mechanisms related to lifetime, however,
are not straightforward and therefore also this direction would require further research.
[77]
Regarding the microglow control algorithm discussed in section 4.2, the voltage
and current measurements of the microglow emitter are known to be noisy, causing
unwanted ripple in the optical signal amplitude. Moreover, the PI-controller was
not tuned for the laboratory environment, but for a specific CARBOCAP product.
Alternatively, the microglow could be driven with a constant power amplitude at
2.5 Hz, resulting in significantly lower noise in the room environment. However, the
constant power would result in amplitude changes of the thermopile in a changing
temperature environment. The microglow control algorithm is needed in CARBOCAP
products doing in-situ measurements, and therefore it was used also in the tests of
this thesis.
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5

Results

This chapter presents the results from the experiments with the selected samples
from table 1, using the selected ADA4522-1 op-amp and optics test setups with the
repeatability improvements discussed in the previous chapter. Section 5.1 studies
the detector signals in dark with the microglow turned off, providing results of the
dark voltage signal DC error and noise. The following sections study the detectors
with the microglow signal frequency of 2.5 Hz and emission signal temperature of
450 ◦ C. Section 5.2 studies the photon detectors’ temperature dependence, disclosing
the microglow heating effect on the detector and the InAs spectral detectivity shift
by cooling. Having revealed the main noise and error components in the dark signal
and acknowledging the temperature dependence, section 5.3 evaluates the effects of
the detector samples to the SNR of the system, which is the ultimate performance
comparison between the photon detectors and thermopiles. Lastly, the use of a
photon detector in an FPI-based CO2 measurement is demonstrated in section 5.4.

5.1

Signal characteristics in dark

The detector signal in dark with the microglow turned off provides the sum of the
Rf -amplified photocurrent resulting from the background radiation of the dark box
and the error terms in equation 4.1, namely, the reference voltage AC and DC errors,
the op-amp input voltage noise and the input offset voltage being amplified with the
factor (1 + Rsh /Rf ), the op-amp bias (offset) current and the input current noise
being amplified with the feedback resistance Rf , and the Johnson-Nyquist noise of
the feedback resistor.
The measurements were done with three different feedback resistance values,
680 kΩ, 1 MΩ and 6.8 MΩ, which were found to be in the range to provide reasonable
signal levels on the different detector samples with the 450 ◦ C microglow signal. With
each resistance value, the feedback capacitor was chosen accordingly to provide a
23-Hz low-pass filter with the feedback resistor at the sensor electronics. 30-second
sequences with 250-Hz sampling frequency were logged, using the Keysight 34465A
6 ½ Digit Digital Multimeter.
All the detector samples were measured uncooled. The Hamamatsu detector
samples were also measured with the detector element stabilized at –10 ◦ C and –30 ◦ C,
which represent the appropriate operating temperatures for 1- and 2-stage TE coolers,
respectively [65, 66]. After the detectors were placed and the temperature of the
cooled detectors was stabilized to the cooling setpoint, there was a 5-minute wait
for thermal stabilization in the dark box. Then, the 30-second sequence was logged.
Thermopile dark signal was not measured, because the gain levels for the Seebeck
voltage signal would not be comparable to the photocurrent signals. The performance
comparison between thermopiles and photon detectors was done based on the SNR
with the optical signal.
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5.1.1

DC error

Figure 42: Five recorded signals of the dark signal repeatability measurements from
the V1-A with a 6.8-MΩ feedback resistor.
The V1-A sample with the largest 6.8-MΩ gain was chosen to determine the
repeatability of the dark signal characteristics. The assembly of the detector to the
setup, the 5-minute thermal stabilization time and the 30-second sequence logging
were repeated five times. Figure 42 shows the recorded signals of the repeatability
measurements, from which DC errors were calculated as the difference of the signal
mean to the 2.5-V reference voltage. DC errors of the repeatability measurements,
shown in figure 43, had a standard deviation of 8.0 %, which is used as the measure of
uncertainty in the following results. The main factors contributing to the uncertainty
are believed to be the temperature differences between the repeats, affecting the
detector, op-amp and background radiation properties, as well as the feedback
resistance tolerance (1 %).
0.19

DC error [V]

0.18
0.17
0.16
0.15
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5

Figure 43: Repeatability of the V1-A dark signal DC error with a 6.8-MΩ feedback
resistor.
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DC error comparison of all the photon detector samples is shown in figure 44.
The Hamamatsu and Vigo PCBs with no detector assembled provided relatively
small errors, which means that the offset voltage as such, bias currents and reference
voltage DC errors can be neglected, and the DC errors in the rest of the tests are
mainly detector-related. Moreover, op-amp offset voltage being multiplied by the
Rf /Rsh ratio and the dark current are likely to be the dominating factors in the DC
errors.

1.5

DC error [V]

1.0

0.5

0.0

-0.5

680 kΩ, uncooled
680 kΩ, at −10°C
680 kΩ, at −30°C

1 MΩ, uncooled
1 MΩ, at −10°C
1 MΩ, at −30°C

6.8 MΩ, uncooled
6.8 MΩ, at −10°C
6.8 MΩ, at −30°C

Figure 44: DC error of all detector samples with three different gain values. The
excessively large V3 values were cropped to allow better comparison of the rest of
the results.
The effect of the shunt resistance can be seen with several samples. Of the Vigo
System detectors, the V1-A and B had the highest shunt resistances (903 and 864 Ω,
respectively) and therefore the least DC error. These are followed by the V5-A and
B (309 and 339 Ω), the V4-A and B (94 and 85 Ω) and the V2-A and B (62 and
55 Ω) with the DC error values approximately following the shunt resistance values.
Negative sign of the V5 samples’ DC errors can be explained with the fact that the
op-amp offset voltage can be in either direction.
Particularly, the large DC errors in the V3-A and B (approx. 2.4 V with the
1-MΩ gain and reaching the op-amp top rail with the 6.8-MΩ gain) are likely to be a
result of the very low shunt resistances (3 and 2.5 Ω). It can be estimated that a 3-Ω
shunt resistance, 680-kΩ feedback resistance and a 5-µV offset voltage would provide
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a DC error of 1.13 V, which is close to the measured 1.45 V of the V3-A sample. It
can be stated that the V3 (InAsSb 1 × 1 mm2 ) samples shunt resistance starts to be
so low that the electronics optimization and the selection of the reasonable feedback
resistance becomes challenging with traditional discrete components and without
temperature stabilization.
The V5 samples have shunt resistances (62 and 55 Ω) similar to those of the
H1 (60 Ω, typical), and the DC errors at room temperature are within a factor of
2. The higher DC error values of the H1 could be explained with a higher dark
current, but also with the fact that Hamamatsu and Vigo System samples were
tested with different sensor electronics, where the offset voltage properties of the
individual AD4522-1 op-amp components in Hamamatsu and Vigo PCBs could vary.
Nevertheless, based on the results from the V5 and H1, we can draw a conclusion
that the shunt resistances well below 1 kΩ seem to dominate the DC error.
Shunt resistance, however, does not explain the comparison between the H2 and
H3 samples, and the V5 samples. The Hamamatsu P13243 (InAsSb) samples that
have relatively high shunt resistances (typically 8 and 280 kΩ for the H2 and H3,
respectively), and logically, the H3 samples with the higher shunt resistance provide
a negligibly small room temperature DC error, which is in the vicinity of the errors
from the Hamamatsu and Vigo PCBs without a detector. Yet, the H2 samples with
the 8-kΩ shunt resistance provide a larger room temperature DC error compared to
the V5 samples with shunt resistances only above 300 Ω. The probable explanation
for the differences is the dark current. As the InAsSb-based H2 and H3 have much
larger active area, the semiconductor volume and therefore the dark current are
higher. Moreover, the HgCdTe-based V5 is expected to have lower dark current
density than the InAsSb-based detectors due to the lower S–R recombination rates,
as discussed in section 3.2.
Cooling provided unexpected results in all of the Hamamatsu samples. Cooling
should undoubtedly decrease dark current and increase shunt resistance, which both
would result in a smaller DC error. Yet, it was not the case. It is unlikely that the
increase in the cooled H2 and H3 samples’ DC errors could be a result of the increased
spectral detectivity seeing the background thermal radiation better. Particularly
the H1 DC error, which increases towards the negative direction when cooling, is
not possible to originate from the background thermal radiation. The effects of
possible leakage currents in the PCB from the TED 200 Temperature Controller
were disqualified by observing the dark signal with an oscilloscope when turning the
cooling on. DC error was not step-like, but increased from small to large at the same
pace at which the detector temperature was changing towards the setpoint. The
increasing DC error effect in H1 (and possibly also the H2, H3 and other photon
detectors) is evidently a result of some thermal process, but despite the efforts in
studying the effect, the root cause remains unclear.
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5.1.2

Dark noise

Although reducing the usable dynamic range from the op-amp, the DC error does not
necessarily affect the system SNR. From the CARBOCAP measurement point-ofview, the noise characteristics around 2.5 Hz are of more interest. To simulate what
the readout electronics does analogically to the sensor electronics output voltage
signal before the A/D conversion, a 0.25–25 Hz 2nd order Butterworth bandpass-filter
was digitally applied to the logged 30-second voltage signal data. Dark noise means
the standard deviation of this Butterworth-filtered dark signal, which represents
the noise characteristics around the 2.5 Hz. Figure 45 shows the dark noise of the
five V1-A repeatability signals. The dark noise values of the five repeats showed
excellently low 0.0020 % standard deviation.
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Figure 45: Repeatability of the dark signal noise from V1-A with a 6.8-MΩ feedback
resistor.
Figure 46 presents the noise results from all the samples. Similarly to the DC
error results, the shunt resistance seemed to dominate. However, now that we are
observing the AC properties, the op-amp input voltage noise is being amplified with
the term (1 + Rf /Rsh ) instead of the offset voltage. For example, of the Vigo System
samples, the V1 with the highest shunt resistance provided the least dark noise,
followed by the V5, the V4, and the V2. As the shunt resistance values would predict,
the V3 samples provided the highest values (approximately 6.4 · 10−3 V and 7 · 10−3 V
with 680 kΩ and 1 MΩ gains, respectively). The V3 dark noise with the 6.8 MΩ gain
appears low, because the signal was clipping at top rail of the op-amp output. Also,
similarly to the DC error results, the H1 room temperature dark noise levels are in
the vicinity with the V2 samples with similar shunt resistance values.
Generally, the H2 and H3 samples with the high shunt resistances appeared to
provide less noise in room temperature than, for example, the V5. Cooling did
not seem to have a large effect on the H2 and H3 samples dark noise. Possible
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Figure 46: Dark noise of all detector samples with three different gain values. The
excessively large V3 values were cropped to allow better comparison of the rest of
the results.
explanation is that the noise produced by dark current and the amplified op-amp
voltage noise decrease due to the cooling, but simultaneously detectivity for the
background radiation increases, roughly cancelling the effect. The H2-A provided
unexpected results with the 1-MΩ and 6.8-MΩ gains (noise did not increase linearly
with the gain), which could not be explained.
The cooled H1 samples provided somewhat contradictory dark noise results,
which are likely to be a result of several mechanisms. Temperature changes in
the sensor electronics might play a role, as both the op-amp and the feedback
resistor have temperature-dependent noise characteristics. Also, it is possible that
there are temperature fluctuations that are faster than what the TED 200 PID
controller can react to, or smaller than what the resistance measurement of the
device can see. Therefore, the noise at the 0.25–25 Hz bandwidth could be a result
of temperature fluctuations changing the detector dark current, shunt resistance and
spectral detectivity properties.
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5.2

Temperature dependence

In this section, the source assembly with the microglow and the fixed 3374-nm optical
filter was being used as the light source to investigate effects of temperature in the
detector samples. First, in section 5.2.1 it is discovered that the detectors are highly
temperature-dependent, which was noted from the heating effect of the microglow.
Then, section 5.2.2 highlights the observations on the P10090 samples, where cutoff
wavelength was noticed to be lower than expected. It should be noted that the
optical signal in the following measurement results means the averaged 2.5-Hz peak,
as was discussed in section 4.2.
5.2.1

Microglow heating effect

It was observed with all photon detectors samples that the optical signal settling
took considerably long time. The effect was noted in all optical signal tests with the
microglow on. The temperature of the detector element was further studied with
the Hamamatsu samples, where the TE cooler stack cold side was equipped with a
thermistor, as can be seen in figure 47.

(a) H1-A

(b) H2-A

(c) H3-A

Figure 47: Microscope images of the Hamamatsu samples. The thermistor is located
near to the detector on the TE cooler cold side.
Resistance of the thermistor was measured with the Keysight 34465A 6 ½ Digit
Digital Multimeter using a 500-ms logging interval. The thermistor resistance could
be converted into temperature using the Steinhart–Hart equation,
[
]3
1
= A + B ln(R) + C ln(R) ,
T

(5.1)

where T is the temperature in K, R is the resistance in Ω, and A, B and C are
coefficients derived from experimental measurements [78]. Typical resistance values
provided by Hamamatsu (10.9 kΩ for 20 ◦ C, 9.00 kΩ for 25 ◦ C and 7.51 kΩ for 30 ◦ C)
were used to determine the values for the Steinhart–Hart coefficients:
A = −4.33649 · 10−4
B = 4.72858 · 10−4
C = −6.85863 · 10−7
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The Steinhart–Hart equation is known to provide a good approximation for a
thermistor temperature (even down to ± 0.01 ◦ C between 0 to +100 ◦ C) [78], but
the uncertainty of the typical resistance values is unknown. Thus, the values are
indicative with emphasis in the changing of the temperatures rather than the absolute
values.
The thermistor resistance was logged simultaneously with the detector signal from
the H1-A (InAs) and H2-A (InAsSb) samples with the selected feedback resistances
of 680 kΩ and 6.8 MΩ, respectively. The logging was started at the moment when the
microglow amplitude had reached the 450 ◦ C setpoint. The results in figures 48 and
49 show that the optical signal follows a trend reverse to the element temperature. In
the two-hour H1-A measurement, the temperature change of approximately 1.2 ◦ C,
caused a signal decrease of 3.4 %. During the one-hour measurement with the H2A, the temperature increased 0.44 ◦ C, lowering the signal by 3.0 %. These results
suggest that when the microglow starts producing heat, an increase in the detector
temperature is followed, reducing the spectral detectivity.

Figure 48: Optical signal of the H1-A with a 680-kΩ gain and the thermistor
temperature from two hours after the 2.5-Hz microglow had reached the 450 ◦ C
amplitude.
The hypothesis of microglow heat production is supported by observations made
with an FLIR thermal camera, shown in figure 50. Although the small temperature
differences in the detector cannot be seen with the thermal camera, it could be estimated that the temperature near the source assembly had risen approximately 15 ◦ C
from room temperature due to the heat production of the microglow. Conduction
through the 3D printed structure and the component packages is the probable reason
for the detector temperature increases seen in figures 48 and 49.
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Figure 49: Optical signal of the H2-A with a 6.8-MΩ gain and the thermistor
temperature from one hour after the 2.5-Hz microglow had reached the 450 ◦ C
amplitude.

Figure 50: Thermal and ordinary camera images of the Hamamatsu setup with the
microglow having been on for 30 minutes. Exceptionally in this test the dark box lid
was open to allow photographing.
5.2.2

Hamamatsu P10090 spectral detectivity shift

It was noted that the optical signal in the H1 (Hamamatsu P10090) samples decreases
significantly when cooled. Figure 51 shows test results from the H1-A sample, where
the uncooled and cooled operating temperature signal levels were compared. By
cooling from room temperature to +10 ◦ C, the signal increased due to the rise in
the response curve. However, contrary to the expectations, the signal decreased at
–10 ◦ C operating temperature, compared to the room temperature signal. Even larger
decrease was noted at –30 ◦ C.
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Figure 51: Optical signal of the H1-A with a 680-kΩ gain as uncooled in room
temperature, and as cooled to three different temperatures.
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Figure 52: Hamamatsu P10090 (H1) datasheet spectral detectivity curves with
respect to the FTIR measured transmission of the 3374-nm narrowband-filter on the
source assembly.
Figure 52 compares the spectral detectivity data from the datasheet to the
measured transmission spectrum of the source assembly narrow-band filter. At
this narrow wavelength band, the –10◦ C and –30◦ C curves would indicate a higher
spectral detectivity, compared to the room temperature. The test results shown in
51 designated that the cutoff wavelength with the H1-A was at a lower wavelength.
Similar result was seen with the sample H1-B. This indicates that the P10090 cutoff
wavelength is close to 3374 nm, and therefore the detector is suitable for sensing the
CH4 absorption (figure 2b) only in applications, where the temperatures will not
drop significantly from room temperature, or in applications where the temperature
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of the NDIR unit is stabilized at a high enough level. Generally, in selection of
photon detectors for gas measurement applications, a sufficient safe margin between
the gas absorption and the cutoff wavelength must be ensured.
The cutoff wavelength shifts in wavelength are possible, as the InAs bandgap
is dependent on temperature as well as on doping [79], which as a manufacturing
process has variations. Therefore, a possible explanation for the lower-than-expected
cutoff wavelengths in the H1 samples is the variation in the doping levels. Moreover,
uncertainty in the thermistor resistance-to-temperature dependence could lead to
colder realized temperatures than the –10 ◦ C and –30 ◦ C setpoints.

5.3

Signal-to-noise ratio tests

This section provides the SNR comparison of the detector samples with the thermopile,
which is the baseline in defining the photon detector performance in the CARBOCAP
technology. A proper gain was selected for each detector type, based on the observed
signal levels with the 450 ◦ C microglow. The chosen feedback resistor values are
shown in table 3. A maximum of 2-V peak-to-peak output voltage signal at the
sensor PCB was allowed. This, after being DC-biased to 2.5 V and amplified by a
factor 2 at the readout PCB active bandpass circuit, would still reliably stay within
the dynamic range (min. 0.15–4.8 V) of the readout electronics. However, no larger
than 6.8-MΩ resistances were seen reasonable in cases where the photocurrent was
very low. The V3 samples were an exception, as the gain was limited not by the
allowed peak-to-peak range, but the excessively high DC errors approaching the
sensor PCB op-amp top rail.
Table 3: Selected feedback resistor gain values for the SNR comparison tests. For
the thermopile samples, the values indicate the feedback and input resistances,
respectively, of an inverting op-amp circuit forming a voltage gain of 3 400.

Sample
H1-A & B
H2-A & B
H3-A & B
V1-A & B
V2-A & B
V3-A & B
V4-A & B
V5-A & B
TP-A, B & C

Ao [mm] Gain [kΩ]
◦1
2×2
0.7 × 0.7
0.1 × 0.1
0.1 × 0.1
1×1
1×1
1×1
◦ 1.8

680
6 800
6 800
6 800
6 800
680
200
200
680 / 0.2
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5.3.1

Repeatability

Acknowledging the temperature dependence and the thermal conduction from the
source assembly to the detector, discussed in the section 5.2, the wait for the
temperature stabilization had to be taken in account. For the sake of practicality,
instead of waiting several hours, the optical signal was logged for 30 minutes with
photon detectors and 15 minutes with thermopiles. Figures 53a, 53b and 53c show the
repeatability of the optical signals measured with the H1-A, the V5-A and the TP-A,
respectively. These samples represent the focus repeatability in the two different
optics systems, and the used Hamamatsu, Vigo and thermopile PCBs described
in section 4.2. The zero time was the moment when the dark box lid was closed,
preceded by the microglow reaching the 450 ◦ C amplitude, and in case of Vigo and
thermopile samples, after having focused the mirror.
All signals have descending trend due to the microglow heating effect discussed
in section 5.2.1. The thermal trend is more steep with the Hamamatsu detectors
(figure 53a) compared to the Vigo detectors (figure 53b), which is likely to be a result
of temperatures stabilizing during the mirror focusing procedure in the Vigo optics
setup. Also, the thermal time constant between the two setups might be different
due to the heat sink and other mechanical differences. The thermopiles appeared to
be less temperature-dependent, and thus the 15-minute sequences were sufficient.
In addition to the thermal trend, the photon detector optical signals had step-like
errors, highlighted in figures 53a and 53b, for which no clear root cause was found.
One test with the temperature-control algorithm turned off and the microglow being
driven with a constant power provided an optical signal without step-like changes.
Furthermore, the detector voltage signal has imperfections, such as the incompleteness of the square wave due to microglow thermal properties, and electromagnetic
interferences from the 50-Hz electric grid. It was speculated that due to the way the
FFT algorithm is implemented, these imperfections in the voltage signal, could cause
unpredictable performance in the 2.5-Hz peak measurement [80]. The step errors
are likely to be associated with the microglow control algorithm, electronics or with
the signal processing, rather than the photon detector samples. Further research
is needed to confirm the hypotheses, but thoroughly studying the behaviour of the
microglow control and signal processing algorithms and the readout electronics was
outside the scope of this thesis.
SNR was defined as the mean divided by the standard deviation of a 5-minute
sequences. To minimize errors from the thermal trend, the sequence was selected
from the end of the recorded signal, and before calculating the standard deviation,
a linear regression was removed from the selected sequence using the MATLAB
detrend function. Addedly, since the step-like errors are likely to be setup-related,
the 5-minute sequences were selected from regions without the step-like changes in
the optical signal. These regions are indicated in figures 53a, 53b and 53c with red
vertical lines. Figure 54 presents the SNR values calculated from the optical signals
in the aforementioned way. The SNR of the three repeats of the H1-A, the V5-A
and the TP-A had standard deviations of 3.55 %, 6.08 % and 4.53 %, respectively.
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Figure 53: Three repeated optical signals from three different detector samples.
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Figure 54: Repeatability of the SNR values, calculated from the selected 5-minute
sequence mean divided by the detrended standard deviation.
5.3.2

Detector samples comparison

The SNR comparison of all detector samples is shown in figure 55. SNR was calculated
as was described in the previous section. It was shown that the Vigo InAsSb detectors
V2 and V3 without the immersion lens did not provide a competitive SNR, compared
to the current CARBOCAP thermopile technology. In the 1 × 1 mm2 optical area
samples V3, the very low shunt resistance and the high noise (see dark noise results
in figure 46) are believed to be the main factors in limiting the SNR. With the
0.1 × 0.1 mm2 samples V2 it is estimated that a too small proportion (approximately
0.10 %) of the microglow emitter beam hits the active area, providing too low a
photocurrent.
However, the improvement provided by the immersion lens is substantial. The
V4 samples resulted in SNR values that are among the highest. It is evident, that
the concentrating optics utilizes the best properties of both the small physical size
(less dark current and larger shunt resistance) and the large optical area (collecting
more radiation).
The Hamamatsu InAsSb-based samples highlight the importance of detector
optical area and collecting the whole IR source beam. The H3 samples with the
0.7 × 0.7 mm2 optical area provide an SNR below those of the thermopiles, which is
believed to be due to the small optical area being only able to collect the beam from
approximately 19 % of the ◦ 1.8 mm emitter area. On the other hand, the H2 with
the 2 × 2 mm2 optical area seemed to be able to collect the emitter beam completely,
thus providing a better SNR, also compared to the thermopiles.
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Figure 55: SNR comparison of all samples.
Surprisingly, the V1 provided a significantly higher SNR compared to the thermopiles, despite their very small 0.1 × 0.1 mm2 optical area. The SNR values are
not yet high enough to justify using the more expensive and temperature-dependent
components in place of the thermopiles as such. However, this result motivates
further studying concentrating optics options for increasing the optical area of the
physically small active area InAs detectors, or developing microglow components
with significantly smaller emitter area.
Also the H1 samples provided an SNR that was among the best measured.
However, these values are significantly lower than what we would expect, based on
the V1 result. Figure 34 showed that the spectral detectivities of the H1 (P10090)
and the V1 (PV-3.3 InAs) detectors at the measured narrowband-filter region are
close. Still, despite the over 300 times larger active area, the H1 SNR readings were
not significantly higher than the V1. This suggests that the SNR readings of H1
samples are limited not by the detector properties, but by other factors related to
the system. Furthermore, it is believed that the microglow source control electronics
and algorithm discussed in section 4.4 are a critical performance-limiting factor here.
Clearly, although cooling appeared to increase signal levels, it did not generally
improve SNR. With most of the samples, a small improvement was noticed, but it
was not as high as the response curves (figure 34) would predict. Moreover, the SNR
in H1-A and H2-A appeared to decrease due to cooling. The ultimate reason why
cooling did not improve the performance as expected could not be found. However,
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it is believed to relate to the TED 200 Temperature Controller performance, as well
as to the microglow control algorithm, as the heat production at the hot side of the
TE cooler could disturb the microglow algorithm PI-controller.
Figure 56 shows the area-compenssated SNR results, where the SNR values of the
detectors with optical areas smaller than ◦ 1.8 mm have been multiplied by a factor
of the emitter area divided by the detector optical area. As discussed in section 4.4,
this provides further insight in the potential of the photon detectors in the situation
where the large microglow beam would be fully focused on the active area of the
detector. However, we should keep in mind that the estimation is indicative, because
losslessly collecting the ◦ 1.8 mm emitter beam into each sample’s active area is not
realistic.
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Figure 56: Area-compensated SNR comparison of all samples.
Logically, the area compensation seemed to set the H2 and H3 samples SNR to
the same vicinity in figure 56. The H3 samples with the smaller 0.7 × 0.7 mm2 active
area have relatively large SNR values, due to the fact that the larger 2 × 2 mm2
active area in H2 suffers from a lower shunt resistance and a larger dark current.
Moreover, the area-compensated result suggests that the Hamamatsu P13243 model
in general could provide a substantial SNR improvement to the thermopiles if the
microglow area was matched with the detector.
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The excessively high results (>200 000 for V2, and >2 500 000 for V1) of the small
optical area SNR are not believed to be realistic due to the large multiplication factor
of approximately 1 000. Still, the result motivates further studying the alternatives to
focus a large beam into a small optical area. Hemispherically or hyperhemispherically
increasing the detector’s apparent optical area is indeed one option, as the samples
where this had been done with immersion lens (V4 and V5) were among the best
performing photon detectors. Additionally, an alternative optical design with of
mirrors or lenses could allow further focusing the beam, and the development of
microglows with smaller emitters could provide performance benefits.
Lastly, having compensated the area effects between the round ◦ 1 mm optical area
H1 (InAs) and the square 1 × 1 mm2 optical area V5 (HgCdTe with the immersion
lens) samples, we notice that the readings are not in the order as we would expect
from the spectral detectivities (figure 34). The V5 should provide approximately 7.5
times higher SNR compared to H1. This, again, supports the hypothesis that the
SNR values are system-limited.

5.4

Carbon dioxide measurement demonstration

The V5-A sample reached the highest uncooled SNR, so it was used to demonstrate
the measurement of room air CO2 . Here, the source assembly included an FPI and a
fixed broad-bandpass filter, which allow filtering a narrow tunable pass-band between
approximately 3.9 and 4.9 µm from the microglow emission spectrum. Figure 57
shows a scan signal, where each datapoint is the optical signal at a specific FPI
control voltage level. The signal was recorded from midnight onwards, at which time
the ambient CO2 concentration was assumed to be stable.
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Figure 57: Optical signal at 100 FPI control voltages between 0 and 26.4 V, which
correspond approximately pass-bands at 4.9 µm and 3.9 µm, respectively.
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Instrument-level calibration could not be done in the optics table setup, and
therefore we could not determine the exact wavelengths corresponding the FPI
control voltages nor the surrounding CO2 concentration. However, using an optical
4245-nm narrow-bandpass (90-nm FWHM) filter, from the signal maximum it could
be determined that a 23.28-V control voltage approximately corresponds to the
wavelength of 4.25 µm, which was used as the CO2 absorption band (figure 2a). From
the FPI characteristics, we could estimate that a 26.40-V control voltage corresponds
to the wavelength of 3.9 µm, which is well below the CO2 absorption, and thus it
was chosen as the control voltage for the reference band. Based on these selections,
the ratio between absorption and reference bands could be determined, which is
the quantity determining the CO2 concentration. Figure 58 shows the results. The
absorption-reference ratio had a peak-to-peak variation of approximately 0.00315.
Based on CO2 measurements at the Vaisala laboratory, we can estimate a rough
value of 460 ppm by volume as the ambient room air CO2 volume concentration.
Through the estimation and the peak-to-peak variation of the absorption-reference
ratio, using the Beer–Lambert law (equation 2.3) we can calculate that the gas
volume concentration reading had an uncertainty of approximately ± 8.5 ppm. By
comparing this value to the Vaisala GMP252 Carbon Dioxide Probe accuracy of
± 40 ppm (including repeatability and non-linearity) over the 0–3000 ppm range at
25 ◦ C and 1013 hPa [81], it is safe to estimate that the use of a photon detector indeed
has potential to improve the accuracy. However, this demonstration was indicative
due to the several assumptions made. Considering the temperature dependence of the
detector, the uncertainty could increase significantly in a more unstable environment.
Therefore, the improvements in the microglow electronics and control are needed to
gain the full potential of the photon detector.
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from midnight.
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6

Conclusions

The use of photon detectors in the single-beam dual-wavelength gas measurement
based on voltage tunable filters was reviewed theoretically and experimentally, combining the material science and fundamentals of photon detectors with the practical
use of photon detectors in an electronics and optics setup that represents the CARBOCAP technology. The research questions were about finding the optimal photon
detector to be used in the CARBOCAP context, finding the applications that would
best benefit from the use of photon detectors in place of the thermopiles, and finding
how the product design should be altered if the photon detector was to be used.
There are several gas absorptions in the LWIR region that are of interest from
the CARBOCAP technology point-of-view, but the literature review showed that the
offering of LWIR photon detectors is HgCdTe-based. Although the HgCdTe detectors
provide the best available detectivity performance and tunable response from SWIR
to LWIR, the material is not considered for use in the CARBOCAP products due
to the fragility of the material and the ecological issues related to mercury and
cadmium. For LWIR detection, the emerging next generation T2SL detectors are
seen as a more potential choice in the future. Moreover, there is promising progress
in thermal detectors, particularly related to the ultra-thin heavily doped silicon-based
nano-thermocouples and the graphene-based pyroelectric bolometers, which challenge
the photon detectors in the LWIR region.
However, there has been significant development in the MWIR region photon
detectors, which is of interest for the CARBOCAP applications for CH4 or CO2
sensing. The spectral detectivities of the commercial bulk III–V semiconductor-based
detectors exceed those of the typical thermopiles by one or more orders of magnitude,
which predicts a substantial improvement in the CARBOCAP SNR. The increasing
global sales and diverging offering of the InAs and InAsSb detectors during the
recent years has decreased prices, and this trend is believed to continue. Moreover,
the options of TE cooling and immersion lenses for the detectors can increase the
detectivity performance even further.
MWIR photon detectors and LED sources have already been utilized in NDIR
applications with good results [18, 19, 30]. However, the approach of this thesis to
combine a photon detector with the slow thermal emitter source and the voltagetunable filter, FPI, was new. Spectral detectivity of photon detectors is often
measured in laboratory conditions using a kHz-chopped optical signal. However,
in a gas measurement application, slow thermal changes can affect the microglowbased 2.5-Hz measurement more than in the kHz range. Still, the excellent lifetime
properties and robustness of the microglow combined to the long-term stability
provided by the FPI motivated using the novel offering of both affordable and good
detectivity performance detectors at the non-optimal low frequency. Also, the benefits
of TE cooling and immersion lenses for the CARBOCAP SNR were experimentally
studied.
The experiments showed that photon detectors are highly temperature-dependent.
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It was shown that in the used setup, the temperature of the photon detectors was
increased due to the heat production from the adjacent microglow. For example,
even a temperature increase of 0.44 ◦ C was noted to decrease optical signal by 3.0 %.
Moreover, as both the shunt resistance and the diffusion processes that cause dark
current are temperature-dependent, the changes in temperature can significantly
affect the SNR. Due to the temperature dependence, photon detectors cannot be
used in applications with large temperature changes. Also, attention should be paid
to the mechanical design to minimize the photon detector thermal fluctuations due
to heat production of the microglow. Now that the criticality of the temperature
fluctuations in photon detectors is identified, there is interest in further studying
higher measurement frequencies, away from the slow thermal effects. Being no
longer hindered by the slow response speed of the thermopiles, the photon detector–
microglow system could allow using somewhat higher measurement frequencies than
2.5 Hz.
Temperature dependence was shown to be particularly critical with the Hamamatsu P10090 (InAs) samples in terms of the CH4 absorption. Cooling the P10090
samples down to –10 ◦ C or –30 ◦ C caused the signal to decrease, which indicates
the cutoff to be at shorter wavelengths than indicated in the datasheet. Thus, the
P10090 (InAs) detectors are only suitable for CH4 measurement applications where
no low temperatures are faced, or the temperature of the NDIR measurement system
is stabilized at a high enough temperature. More generally, the cutoff wavelength
behavior with temperature should be noted in photon detectors, and a sufficient
safe margin must be ensured to allow the measurement of the gas absorbance in all
circumstances (temperatures) of the application.
TE cooling of the Hamamatsu detectors using the TED 200 Temperature Controller provided contradictory results from dark signal DC errors and noise, and the
optical signal SNR measurements. Against the expectations from theory, the DC
errors increased in the detectors when cooled. There was an indication that this was a
result of some thermal effects rather than, for example, current leakages from the TE
cooler control to the signal circuitry. It is plausible that the TED 200 performance
in terms of resistance measurement accuracy or speed was insufficient in the system
that was being disturbed by the temperature fluctuations of the 2.5-Hz microglow
blinking. However, no obvious root cause was found for why the cooled detector
SNR did not improve as the datasheet spectral detectivity data would indicate, and
further research is needed to study the thermal effects of the detectors during cooling
in more detail.
It was noted that the shunt resistance is a critical factor in MWIR photon
detectors, emphasis on which was lacking in many literature sources [21, 22, 23].
Unlike in typical Si-based photodiodes, the MWIR photon detector shunt resistances
can be very low. The low shunt resistance is detrimental, because all the voltage
errors of the op-amp in the photovoltaic amplifier, including the input offset voltage
and the voltage noise, are amplified to the output signal with a factor of 1 + Rf /Rsh .
As large as possible feedback resistance Rf is desired to amplify the optical signal, but
too low a shunt resistance Rsh increases the contribution of the op-amp non-idealities
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in the signal. Moreover, the temperature dependence of the shunt resistance leads to
variations in the SNR by temperature. Therefore, from an optimal photon detector,
as high as possible shunt resistance is desired, but the use of a photon detector
in a product is also a matter of electronics optimization. If a low-shunt-resistance
detector is to be used, particular attention must be paid to the input offset voltage,
input offset voltage drift by temperature, and the input voltage noise near the chosen
measurement frequency.
In all photon detectors, as small as possible physical volume for the detector is
desired to minimize the physical volume producing dark current, and to maximize
the shunt resistance. However, in terms of optical signal, a large area is desired to
allow collecting more signal. Of the samples experimentally tested, the 0.1 × 0.1 mm2
and 0.7 × 0.7 mm2 active areas were noticed to be too small to efficiently collect the
large ◦ 1.8 mm thermal emitter beam. However, the immersion lens appeared to be
an efficient tool in enlarging the effective optical area of a physically small detector.
The hyperhemispherical immersion lenses developed by Vigo are convenient, because
no additional electronics or mechanics is required, as long as the field-of-view of
the incoming beam is considered in the optical design of the product. Furthermore,
in the optimal situation, the microglow emitter area should equal the optical area.
In this study, a relatively large ◦ 1.8 mm microglow was used, but the potential of
photon detectors motivates the development of smaller microglows.
The best detector samples were able to improve the SNR of the system by a factor
of approximately 2, and a measurement of ambient room air CO2 concentration with
a relatively low uncertainty was demonstrated. However, if we compare the SNR
results of thermopiles and photon detectors to the response curves, we would expect
substantially larger SNR increases from the photon detectors. There is evidence
that the system was not limited by the performance of the detector, but by the
noise from the microglow. Therefore, no realistic SNR comparison between the best
performers could have been done. To achieve the full potential of photon detectors
in the CARBOCAP technology, the most critical SNR limitations of the system
must be overcome by further optimizing microglow the source control electronics and
software.
The newest development of photon detectors has now been updated and the use of
photon detectors in the CARBOCAP technology both from theoretical and practical
point-of-view has been reviewed. In the selection of optimal mid-infrared photon
detectors for use with the microglow and FPI-based NDIR system, the detector active
and optical areas, shunt resistance, cutoff wavelength and temperature dependence
are critical characteristics that need to be considered in the context of the selected gas
sensing application. Although there is need for further development, photon detectors
used with the low-frequency microglow source and the voltage-tunable FPI filter do
provide promising possibilities for next level NDIR measurements, particularly in
precision, low power and miniaturized applications.
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