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Abstract
Radiometry deals with the measurement of electromagnetic radiation, its power and spectral
and spatial distributions. Radiometric measurement techniques ﬁnd use in many practical
applications, including the measurement of visible light and its colour in photometry,
measurement of temperature in pyrometry, chemical composition and physical properties in
spectroscopy. The two main focus areas in this thesis are the non-contact measurement of
temperature of a microscopic object and the practical application of mesopic photometry.
The subject in the study of the non-contact temperature measurement was a silicon
microbridge emitter. The temperature of the microbridge was determined from its radiance
spectrum in the visible and near-infrared regions. In contrast to previous studies, a grey body
assumption was not used, and the determination of temperature was done by modelling
spectral emissivity of the multi-layered structure of the microbridge. To accurately model the
emissivity, the optical properties of the silicon at high temperatures were studied, which was
not previously done for silicon with high doping concentrations. The extinction coefﬁcient was
determined from the radiance of a test sample placed in a furnace.
Mesopic photometry is a relatively new technique for measuring light, which takes into
account the change of visual response in the overlapping region between the so-called day and
night visions in the human eye. In this thesis, a novel dual channel photometer developed and
characterised for the measurements in the mesopic luminance range is presented. The
recommended system for mesopic photometry was published by the International Commission
on Illumination (CIE) in 2010, and it provides mathematical tools for calculating mesopic
quantities. The CIE mesopic system was studied in detail for this thesis and its applicability
was analysed for all possible conditions in the mesopic range. Two problem areas were
discovered at the edges of the mesopic range, where the mathematical model either did not
converge or exhibited discontinuity. As a practical solution, a set of parameterised equations is
presented that provides closed-form solutions and continuous transitions, with minimal
deviation from the CIE system.
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Tiivistelmä
Radiometria käsittelee sähkömagneettisen säteilyn mittaamista, sen tehoa ja spektrisiä ja
spatiaalisia jakaumia. Radiometrisiä mittausmenetelmiä tarvitaan monessa käytännön
sovelluksessa, mukaan lukien näkyvän valon ja värin mittaus fotometriassa, lämpötilan mittaus
pyrometriassa, sekä kemiallisen koostumuksen ja fysikaalisten ominaisuuksien mittaus
spektroskopiassa. Kaksi painopistealuetta tässä väitöskirjassa ovat mikroskooppisten
kohteiden lämpötilan mittaus ilman kosketusta ja mesooppisen fotometrian käytännön
toteutus.
Lämpötilan mittauksen kohteena oli piistä valmistettu mikrosilta-säteily-lähde. Mikrosillan
lämpötila määritettiin sen radianssispektristä näkyvällä ja lähi-infrapuna-alueella. Toisin kuin
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tehtiin mikrosillan monikerrosrakenteen emissiivisyyttä mallintamalla. Tarkkaa mallinnusta
varten tutkittiin piin optisia ominaisuuksia korkeissa lämpötiloissa, mitä ei ole aikaisemmin
tehty raskaasti seostetulle piille. Piin ekstinktiokerroin määritettiin uunissa lämmitetyn
piinäytteen radianssista.
Mesooppinen fotometria on suhteellisen uusi menetelmä valon mittaamiseen. Se ottaa
huomioon ihmissilmän herkkyyden muutokset kirkkausalueella, jossa ns. yönäkeminen
muuttuu päivänäkemiseksi. Tässä väitöskirjassa esitellään uusi kaksikanavainen fotometri,
joka on kehitetty ja karakterisoitu mittauksiin mesooppisella luminanssialueella.
Kansainvälinen valaistuskomissio (CIE) on julkaissut suosituksen mesooppiselle
järjestelmälle vuonna 2010. Järjestelmä antaa matemaattiset työkalut mesooppisten suureiden
laskemiseen. CIE:n mesooppista järjestelmää tutkittiin yksityiskohtaisesti tässä väitöskirjassa
mukaan lukien sen soveltuvuus kaikille mahdollisille valaistusolosuhteille mesooppisella
alueella. Kaksi ongelmakohtaa löydettiin mesooppisen alueen äärirajoilla, joissa
matemaattinen malli ei konvergoinut tai oli epäjatkuva. Käytännön ratkaisuehdotuksena
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minimoida poikkeamat CIE:n järjestelmästä.
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1. Introduction

1.1

Background

The content of this thesis touches the ﬁelds of radiometry, pyrometry and
photometry. While these ﬁelds are traditionally separated by their application, the underlying science and measurement techniques have much in
common. In simple terms, they all measure electromagnetic radiation by
optical means. In radiometry the concern is the determination of absolute
power of radiation, pyrometry measures the temperature of an object by
detecting the radiation emitted by it, and photometry is used to measure
the visible part of electromagnetic spectrum in a way that correlates with
the human vision.
Non-contact temperature measurement is typically associated with measuring the radiation in the infrared spectral range. Sir William Herschel
discovered the heating effect of infrared radiation in 1800 by dispersing
sunlight with a prism. Over the next 100 years, the works of Stefan,
Boltzmann, Wien, Kirchhoff and Planck lead to precise deﬁnition of thermal radiation. Thermal radiation is not limited to an infrared region, but
is comprising a wide spectrum of photon energies, generated by random
kinetic movement of atoms in the matter at temperatures above absolute
zero. This electromagnetic spectrum has a distribution that depends on
the temperature of the emitting body, and it is described by the Planck’s
radiation law [1]. Pyrometry, or radiation thermometry, uses this relationship to determine temperature from measurements of spectral radiance.
Radiation thermometry has certain advantages over the contact temperature measurement methods. It can be used when the object is inaccessible due to being remote or contact-sensitive. For example, pyrometry is
used to monitor temperature of semiconductor wafers during growth [2].
Another advantage is a very fast response, which allows measurement
of rapidly changing phenomena [3], or measurement of fast moving ob-
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jects [4]. At higher temperatures, radiation thermometry is the most accurate method for measurement of temperature. When realizing thermodynamic temperature scale at the level of national metrology institutes
(NMI), the radiation thermometry is used to interpolate the temperature
between silver and copper freezing points (1234.93–1357.77 K), and to
extrapolate it above the copper freezing point [5–11]. Although pyrometry provides many beneﬁts over the contact measurement, it is highly
sensitive to the optical properties and the surface quality of the object
being measured. Applying pyrometry to thin microscale structures introduces additional effects of optical interference, as the measured dimensions start to approach the wavelengths of the detected radiation.
Photometry is the ﬁeld of science concerned with measuring light as it
is perceived by a human eye. Its relation to the radiometry is through the
spectral weighting functions that describe the sensitivity of the eye, as
deﬁned by the International Commission on Illumination (CIE) [12, 13].
Photometric measurements are normally performed with photometers,
which are instruments that apply the spectral weighting, either by mathematically weighting the measured spectrum, or by ﬁltering the light incident on the detector. The realization of the photometric quantities in
many NMIs around the world is made with ﬁltered detectors [14–18].
Because the goal in photometry is to obtain measurement results that
correlate with the human vision, it has a necessary relation to physiology. Human eye uses cone cells for the day vision, rod cells for the night
vision, and both types of cells simultaneously in dusk conditions. These
vision regimes are called photopic, scotopic and mesopic, respectively. The
growing importance of the mesopic vision in lighting design is related
to the increased desire to optimise the use of energy [19]. The mesopic
regime leads to many challenges in photometric measurements. Traditional single-channel instruments can only be used in combination with
good knowledge about the spectral distribution of the light source. Without this knowledge, accurate measurements either require several instruments, or a new type of instrument designed speciﬁcally for mesopic measurements [20]. An additional challenge is the need to determine the state
of the visual adaptation of the eye, which has a non-trivial dependence on
the intensity and spectral quality of the incident light.
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1.2

Thesis outline

Chapter 2 of this thesis presents the non-contact temperature measurement of microstructures. This includes measurement of optical parameters of doped silicon at high temperatures (publication I), modelling of
spectral emissivity, and determination of the temperature of micro-emitters
from their radiance spectra (publication II).
In chapter 3, the CIE mesopic photometry system is presented and mesopic
measurement techniques are discussed. An instrument constructed for
measurements in the mesopic range is presented (publication III). The
CIE mesopic photometry system is also analysed from the mathematical
point of view, identifying the areas of potential problems and suggesting
solutions (publication IV). The thesis is summarised in chapter 4.

1.3

Scientiﬁc contribution

The thesis contains the following novel scientiﬁc results:
Publication I. Indirect measurement of optical properties of highly doped
silicon at high temperatures was carried out by analysing the radiance
spectrum emitted from a multi-layer structure of a silicon wafer. No data
were available in literature for optical properties of doped silicon at high
temperature at the time of publication. The authors are also not aware
of any prior use of this method to determine the optical properties of a
material.
Publication II. A method for non-contact measurement of temperature
of a microscopic multi-layered structure was developed, and the measurement results were compared with contact temperature measurement. The
method relies on ﬁtting the modelled spectral emissivity to a measured
radiance spectrum. The non-contact method was used to validate contact temperature measurement results and to provide connection between
electrical properties and temperature. Prior attempts to optically measure temperature of micro-emitters did not take into account the effects
of interference in the layers of the microstructure, which are now shown
to be signiﬁcant.
Publication III. A dual-channel instrument for simultaneous measurement of photopic and scotopic luminance was constructed. This is the ﬁrst
instrument that is capable of accurate measurements of luminance covering the whole mesopic range. The instrument is characterised in detail,

3

Introduction

and paves a way for future development of practical mesopic instruments.
Publication IV. The extent of possible lighting conditions comprising the
mesopic range is identiﬁed, and the CIE mesopic photometry system is
analysed for all possible input values. Two problem areas are identiﬁed
when the system is implemented according to CIE recommendation, related to sources with either very high or very low scotopic-photopic ratios. A set of closed-form equations is presented that parameterises the
mesopic range. These results show the extent in which the CIE mesopic
system can be practically applied and how to avoid problems with the CIE
algorithm.

4

2. Temperature measurements on
micrometre scale

2.1

Non-contact measurement of temperature

Traditional measurement of temperature involves conductive heat transfer between the measured object and the measurement instrument. To
minimise the effect of thermal load, the thermal mass of the sensor in respect to the measured object is kept small. This becomes more challenging
with the decreasing sizes of the object. In addition to the thermal load,
making a physical contact with the object may inﬂict mechanical stress.
Alternatively, the temperature can be determined by measuring the radiation emitted by the object, which does not require a physical contact.
All matter at non-zero temperature emits electromagnetic radiation.
The spectral radiance of a perfect radiator, a so called black body, in a
thermal equilibrium at a speciﬁc temperature is described by the Planck’s
law [1]
I(λ, T ) =

1
2hc2
,
hc
λ5 exp( λkT
)−1

(2.1)

where λ is the wavelength, h is the Planck constant, c is the speed of light,
k is the Boltzmann constant and T is the temperature of the radiative
surface. Figure 2.1 illustrates the change of intensity and the shift of peak
wavelength of the black body radiation with the change of its temperature.
Physical objects emit less energy than a black body, and the ratio between
the two is emissivity
ε(λ, T ) =

I(λ, T )
,
IBB (λ, T )

(2.2)

where I refers to the spectral radiance of an actual object, and IBB to
the radiance of a black body at the same temperature. Emissivity is a
property of the surface of the object, and usually varies with respect to
the wavelength and temperature.
The non-contact measurement of temperature is typically a measurement of radiance, i.e. optical power emitted by a unit surface into a solid
angle in certain direction. Determination of the temperature of real ob-
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jects with equations 2.1 and 2.2 requires knowledge about the emissivity
of the surface, and that poses one of the largest challenges in pyrometry.
To minimize the uncertainty associated with emissivity, the radiation can
be measured at two or more spectral bands, this is called multi-colour
pyrometry [21, 22]. When variations of emissivity with wavelength in the
spectral range of interest are very small, the surface is said to be behaving
like a grey body. By making a grey body assumption, the temperature can
be derived by applying multi-colour pyrometry, and by ﬁtting the shape
of the radiance spectrum to equation 2.1, even if the absolute value of
emissivity is unknown.
For semi-transparent objects, knowledge of emissivity of the bulk material may not be sufﬁcient, and the effective emissivity will depend on the
geometry of the object. For microscale structures in particular, there is a
possibility of interference due to inter-reﬂections from parallel surfaces,
which may cause highly variable patterns in the spectral emissivity.

2.2

Microbridge-emitters

Microbridges are suspended miniature silicon structures, also known as
microglows, micro-ﬁlaments, microheaters or thermal actuators [23]. A
microbridge can be heated by passing an electrical current through it.
Due to the low thermal mass and good heat conduction to the substrate
through the anchor points, the temperature can be rapidly brought up
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to the melting point of silicon and back down to the room temperature.
At high temperatures, microbridges act as miniature incandescent light
sources, and they have found use in some spectroscopic applications [24–
27]. At elevated temperatures, the microbridge also tends to form an arc
due to thermal expansion. This motion can be utilised as a cantilever for
MEMS applications [28].
It is desirable to establish a relationship between the electrical power
and the temperature of the microbridge. For this purpose a non-contact
temperature measurement set-up was built, as presented in publication
II. The measurement set-up consisted of a spectroradiometer coupled to a
microscope objective, focused on the microbridge. The objective was collecting light from an area of approximately 25 μm in diameter, and the
detected spectral range was 250–2500 nm. The measurement system was
calibrated for spectral responsivity using a radiance source based on an
integrating sphere [29]. An integrating sphere was used to uniformly ﬁll
the large light acceptance angle of the microscope objective.
The microbridges used in this study were approximately 400 μm long,
25 μm wide and 4 μm thick. An image of the microbridge is shown in
ﬁgure 2.2. The microbridges were made of heavily boron-doped silicon
(Si++), with a 200 nm thick silicon dioxide (SiO2 ) layer coating on all surfaces. This creates a 3-layer cross-section with a Si++ layer sandwiched
between two SiO2 layers. Due to the high transmittance of SiO2 , and the
semi-transparency of Si++ at certain wavelengths and temperatures, the
structure produces high amount of oscillations in the emitted spectrum,
caused by the interference in the layers. Determination of the temperature from this spectrum requires an accurate model for the effective spectral emissivity.
Other studies have been published, where the temperature of various
similar micro-emitters was determined by optical means. Yuasa et al. [30]
used a wideband detector for measurement of radiated power. In the
works of Mastrangelo et al. [31] and Tu et al. [27] radiance was measured at several wavelength using bandpass ﬁlters. Fürjes et al. [32] used
an array spectroradiometer to measure spectral radiance in the visible
and the near-infrared range, and their results show oscillations in the
measured spectrum, similar to our results. In all these studies, effects
of interference on the emissivity of the ﬁlament were not considered, and
temperatures were calculated using a grey-body assumption.
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Figure 2.2. Scanning electron microscope image of a microbridge.

2.3

Optical properties of multi-layer structures

The emissivity of an object can be obtained directly by measuring its emitted spectrum when heated to a known temperature, and by comparing it
to the calculated black body spectrum at the same temperature. Another
method of obtaining the emissivity is through other optical properties of
the material. For objects in thermal equilibrium, there is a relationship
between absorptance, transmittance and reﬂectance due to the principle
of conservation of energy. In the absence of any non-linear effects, this
relationship is
αΩ,λ + τ̂Ω,λ + ρ̂Ω,λ = 1,

(2.3)

where αΩ,λ is the spectral directional absorptance, τ̂Ω,λ is the spectral
directional hemispherical transmittance and ρ̂Ω,λ is the spectral directional hemispherical reﬂectance of an object. The directional hemispherical quantities refer to a directional incidence and total hemispherical collection of light. In the case of objects with purely specular transmittance
and reﬂectance, the spectral directional hemispherical quantities can be
replaced by specular spectral directional quantities τΩ,λ and ρΩ,λ . According to the Kirchhoff’s law, the thermal equilibrium can only be sustained
if spectral directional absorptance is equal to emissivity, thus
αΩ,λ = εΩ,λ ,

(2.4)

where εΩ,λ is the spectral directional emissivity.
Specular reﬂectance and transmittance at an interface between two media can be calculated using Fresnel equations [33, 34]. This requires complex refractive indices of both media, the angle of incidence, and the polar-
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ization of incoming light. When dealing with the perpendicular angle of
incidence only, the polarization state has no effect on the reﬂectance and
transmittance. Simpliﬁed Fresnel equations for a single interface with
perpendicular angle of incidence are
t̄12 =

2n̄1
,
n̄1 + n̄2

(2.5)

r̄12 =

n̄1 − n̄2
,
n̄1 + n̄2

(2.6)

and

where n̄1 and n̄2 are the complex refractive indices for the two media:
n̄ = n + ik. Parameter n is the real part of the refractive index, and parameter k is the imaginary part, also known as the extinction coefﬁcient.
Values obtained from equations 2.5 and 2.6 are the complex amplitude
transmission (t̄) and reﬂection (r̄) coefﬁcients. To obtain intensity coefﬁcients, the squares of absolute values are taken as
T = |t̄|2 ,

(2.7)

R = |r̄|2 .

(2.8)

In multi-layered structures, inter-reﬂections occur between the layers,
causing the amplitudes of the propagating waves to sum, as long as the
thicknesses of the layers are smaller than the coherence length (temporal
coherence) of the light [33]. Summing of amplitudes leads to constructive
or destructive interference, depending on the phase difference of two wave
fronts. The difference in phase is dependent on the difference in lengths
of optical paths travelled by two interfering waves, which varies with
wavelength. This leads to oscillations in spectral distribution of emitted
radiation. For thicker layers no interference occurs, and intensities are
summed instead of amplitudes. The total reﬂectance and transmittance
of a stack of layered materials can be calculated using a transfer matrix
method [33], or for simple systems, by calculating the sum of the geometric series of inter-reﬂections in the layers [35]. The thicknesses of the
layers have a direct effect on interference, the change of thickness equal
to just half of the wavelength means a 180◦ phase shift, thus it needs to
be known accurately to successfully model the system.
The emissivity of a multi-layered object is calculated with equations 2.3
and 2.4 from the overall transmittance and reﬂectance of the object. In the
case of objects where transmittance or reﬂectance are not purely specular,
these values can not be calculated directly from the refractive indices, and
the method requires measurements of the hemispherical quantities.
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2.4

Emissivity and temperature of microbridge

Direct emissivity measurement of a microscopic structure at high temperatures is difﬁcult, because accurate knowledge of the temperature of
the object is needed. Therefore, the emissivity of the microbridge was
modelled using the optical properties of materials. Because the microbridge is a layered structure, consisting of two SiO2 layers with a Si++
layer in between, Fresnel equations were used to calculate the transmittance and the reﬂectance, and in turn the emissivity in accordance with
equations 2.3 and 2.4. The real part of the refractive index of SiO2 was
taken from literature [36], and the extinction coefﬁcient was estimated to
be negligible. For the real part of the refractive index for doped silicon,
a combination of data from several sources was used [37, 38], but for the
extinction coefﬁcient, no data extending to high temperatures and high
doping concentration were found. The extinction coefﬁcient depends on
the absorptive properties of the material [37–40] which are directly inﬂuenced by the doping concentration. Absorption is also heavily dependent
on temperature [37–39], which would make the extrapolation of the existing data unreliable.
To determine the extinction coefﬁcient of Si++, a piece of silicon-on-insulator (SOI) wafer was placed in a furnace, and its radiance was measured
with a spectroradiometer focused on its surface. A SOI wafer consisted of
a thick silicon substrate, a thin buried oxide layer (SiO2 ), a silicon device
layer with high level of doping (Si++) and a thermally grown top oxide
layer (SiO2 ). The heating provided by the furnace was uniform, and the
temperature of the wafer was measured with a thermocouple. The emissivity was determined from the measured spectral radiance and temperature with Planck’s equation 2.1. The measurement set-up and the analysis method are presented in publication I. The structure of SOI is similar
to that of a microbridge, the cross-sections of both are shown in ﬁgure 2.3.
The level of the boron-doping in the middle silicon layer was the same
as in the studied microbridge, and equalled approximately 5 × 1018 cm−3 .
The substrate layer was un-doped silicon. By modelling the emissivity of
the SOI wafer, the missing optical parameters were determined by ﬁtting
the model to the emissivity obtained from measurements. In addition to
the extinction coefﬁcient of Si++, the thicknesses of the layers had to be
ﬁtted.
The diffuse reﬂectance component of the SOI-wafer was measured to
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SOI wafer

Microbridge
Air

Top oxide layer

0.2–0.5 μm

SiO2

0.2–0.5 μm

4 μm

Si++

4 μm

0.2 μm

SiO2

0.2–0.5 μm

Device layer
Buried oxide layer

Air 15 μm

Substrate

380 μm

Si

365 μm

Figure 2.3. Cross-sections of the studied SOI wafer and the microbridge. The original thicknesses of the SiO2 layers were 200 nm, but when operated at elevated temperatures, the thicknesses of the layers exposed to air may have
increased.

be about 0.02 % at room temperature and at the wavelength of 633 nm.
This was considered indicative of a smooth surface quality, and the diffuse
components were not taken into account in further calculations. As the
microbridge itself was manufactured from the same SOI-wafer, the same
surface quality assumptions were applicable.
Measurements were performed in the 400–2500 nm spectral range and
at the temperatures of 719 ◦ C, 914 ◦ C and 1109 ◦ C. Figure 2.4 shows the
spectral emissivity calculated from the measurement of radiance of a SOIwafer at a temperature of 1109 ◦ C, as well as the ﬁtted emissivity model.
1

Emissivity

0.8
0.6
0.4

Measured
Modelled

0.2
500

1000
1500
2000
Wavelength (nm)

2500

Figure 2.4. Spectral emissivity measured for a SOI wafer at 1109 ◦ C.

It was determined experimentally from the emissivity model, that the
fast oscillation in the near-infrared spectrum are mainly governed by the
parameters of the Si++ layer, its thickness and complex refractive index.
The amplitude of these oscillations is related to the extinction coefﬁcient
in this layer. Slower oscillations in the spectrum are caused by inter-
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reﬂections in the top SiO2 layer. The extinction coefﬁcients of Si++ is
obtained by ﬁtting the parameters of emissivity models, and are shown in
ﬁgure 2.5 for the 3 temperatures used. The obtained values of extinction
coefﬁcient are generally higher than those found in literature for lower
temperatures and lower doping concentrations [37, 39, 41–43].

Extinction coefﬁcient

101

100

719 ◦ C
914 ◦ C
1109 ◦ C

10−1

10−2

27 ◦ C [42]

800 ◦ C [39, 41]
Si++, 450 ◦ C [37]

450 ◦ C [43]

10−3

500

1000

1500

2000

2500

Wavelength (nm)
Figure 2.5. Obtained spectral extinction coefﬁcient of highly doped silicon for 3 temperatures (solid lines), and comparison data from literature (dashed lines).

The measurement of the temperature of the microbridge was then performed using the emissivity model with the determined optical parameters. This was achieved by ﬁtting the measured radiance spectrum to
the product of modelled emissivity spectrum and the black body radiation
spectrum, by varying the temperature parameter. However, the thicknesses of the layers in the microbridge were known only approximately,
and remained as ﬁtted parameters alongside the temperature. Figure 2.6
presents the radiance spectrum measured for the microbridge, with the
best obtainable ﬁt of the radiance model. The temperature obtained for
this graph was 940 ◦ C. These results are presented in more detail in publication II.

2.5

Comparison of pyrometry and contact thermometry

Non-contact temperature measurements were compared with contact measurements in publication II. In both cases, the temperature was measured
as a function of the heating power. Also the electrical resistance of the
operating microbridge was determined from the applied voltage and the
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Radiance (a. u.)

Measured
Modelled

400

900
1400
Wavelength (nm)

1800

Figure 2.6. Normalised radiance spectra of the microbridge at 940 ◦ C, measured curve
shown with dashed line, modelled curve with solid line.

current readings.
Comparing normalised resistance values as a function of heating power
for optical and contact measurements, there appeared to be an offset of
approximately 22 mW, as shown in ﬁgure 2.7a. The overall resistance
reading includes the resistance caused by the probe contacts and the resistance of the microbridge itself. The change of resistance in the microbridge with temperature can be explained by the change of resistivity of
the semiconductor layer, and by the change of geometry of the microbridge
due to a thermal expansion. The peak resistance should therefore always
occur at the same temperature for a given microbridge. The apparent offset in supplied power of the contact measurement can be due to the heat
loss through the thermocouple, due to the electrical losses in the probe
contacts or due to the variations in the microbridge samples.
The results for temperature reading as a function of heating power are
shown in ﬁgure 2.7b. The rate of change is very similar between the two
curves up to 1000 ◦ C, but there is an offset in either the temperature
or the power values. Contact temperature data shifted by the 22 mW,
that was obtained by comparing normalised peak resistances, is shown
with the dashed line, and it has a very good agreement with the optical
measurement data.
For temperatures below 600 ◦ C, the optical method is likely less accurate
due to low signal levels, and at temperatures above 1000 ◦ C, the contact
method is likely underestimating the temperature readings due to the
increased thermal losses in the contact heat transfer.
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Figure 2.7. Comparison of the non-contact and contact temperature measurements. (a)
Normalised resistance as a function of input power. (b) Temperature as
a function of input power, including a contact measurement data offset by
22 mW (dashed line).
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3. Mesopic photometry

3.1

Human vision system and photometry

A human eye is a complicated instrument, particularly in the way it adapts
to different lighting conditions, changing its spectral and spatial sensitivity. The two extreme ends of adaptation are the so-called day vision, where
only cone cells are active, and the night vision, where only the rod cells
are active. These are referred to as photopic and scotopic vision regimes,
respectively. The intermediate region, where both types of cells are active
simultaneously is called the mesopic region [12]. Figure 3.1 shows lighting conditions under which the three types of vision are prevalent, as well
as approximate luminance levels.
Scotopic
regime

Mesopic
regime

Photopic
regime
cone cell vision

rod cell vision

Starlight

10−6

10−4

Moonlight

Twilight

Ofﬁce

10−2
1
102
−2
Luminance (cd·m )

Daylight

104

106

Figure 3.1. Lighting conditions and vision regimes.

There are 3 types of cone cells with differing spectral sensitivities, which
gives the eye its ability to perceive colour in the photopic vision regime.
The highest concentration of the cone cells is in the central part of the
retina, called a fovea. The rod cells are more sensitive to light, but do not
distinguish colour. Also, the rod cells are mostly found outside the fovea,
meaning that most of the scotopic vision comes from the periphery.
The adaptation of the eye depends on the level of signal on both types of
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photoreceptors. At low light levels, the high sensitivity of rod cells dominates the response. As the rod cells saturate, the high light levels are
detected only by the cone cells. Due to the differences in spectral sensitivities, the adaptation depends on the spectral quality of the incident light.
It has also been shown that adaptation happens at different rates when
light levels are increasing or decreasing, and that adaptation happens
both locally and globally on the surface of the retina [44].
The CIE is an international authority and standardisation body on photometry, and it provides guidelines for performing photometric measurements. Although the performance of the human visual system varies between individuals, a harmonised system of performing measurements is
necessary. To address this, CIE deﬁnes a "Standard Observer", which
performs in a way that correlates with average human vision. For the day
and night vision regimes, CIE deﬁnes photopic and scotopic spectral luminous efﬁciency functions [12]. These functions are often denoted by V (λ)
and V  (λ), respectively. Until recently, there has been no agreed deﬁnition
for a mesopic luminous efﬁciency function or for the level of adaptation.

3.2

CIE mesopic photometry system

For the mesopic region there is no single spectral luminous efﬁciency function. The spectral responsivity is dependent on the state of adaptation.
Several studies have been conducted in attempt to provide a continuous bridge between the scotopic and the photopic regions, using either
the apparent brightness or the visual performance as the adaptation criterion [45–47]. As the physiological process of visual adaptation is extremely complex [48], it is necessary to have a certain degree of simpliﬁcation. CIE has recently published a recommendation on a performancebased system of mesopic photometry (CIE191) [49]. According to this recommendation, the mesopic luminous efﬁciency function is a linear combination of the photopic and the scotopic luminous efﬁciency functions
Vmes (λ) =

1
[mV (λ) + (1 − m)V  (λ)],
M (m)

(3.1)

where m is the adaptation ratio, and M is a normalisation factor, which
ensures that the peak value of Vmes (λ) is 1. When m = 0, the vision is
purely scotopic, and Vmes (λ) = V  (λ). When m = 1, the vision is purely
photopic, and Vmes (λ) = V (λ). Figure 3.2 shows the dependence of the
luminous efﬁciency function on the adaptation ratio.
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Figure 3.2. Mesopic luminous efﬁciency functions for various adaptation levels.

To calculate photometric quantities, the measured spectral power distribution is integrated with the luminous efﬁciency weighting, and scaled
by the luminous efﬁcacy at the wavelength of the peak sensitivity. For the
case of mesopic luminance
Lmes =

Kcd
Vmes (λ0 )


Vmes (λ)Le (λ)dλ,

(3.2)

where Le (λ) is the spectral radiance, λ0 ≈ 555.016 nm is the wavelength
in standard air at which the SI unit of candela is deﬁned [12], and Kcd =
683 lm/W is the luminous efﬁcacy of monochromatic radiation at λ0 [50].
Alternatively, mesopic luminance can be expressed as a function of the
photopic and scotopic luminances Lp and Ls as
Lmes =

mLp + (1 − m)Ls V  (λ0 )
,
m + (1 − m)V  (λ0 )

(3.3)

where V  (λ0 ) is the value of the scotopic luminous efﬁciency function at
λ0 [13]. Detailed derivation of the equation 3.3 is shown in the appendix
of publication IV.
There is a characteristic ratio between the scotopic and the photopic
quantities measured for a given light source, called the S/P-ratio, or Rsp .
Knowing the S/P-ratio allows calculation of the mesopic quantity from
either the scotopic or the photopic quantity. It should be noted that for
a typical luminance measurement, the measured light is reﬂected from a
surface, which will alter the spectral distribution and hence the S/P-ratio,
increasing the uncertainty of measurement that relies on just photopic or
scotopic measurement to calculate mesopic value.
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Adaptation ratio m depends on lighting conditions of the surrounding
scene. For a static condition, where the scene is uniform, and the eye is
fully adapted, CIE191 gives a formula for the relation between the adaptation level m and the mesopic luminance Lmes of the scene as
m = a + b log10 (Lmes /L0 ),

for

0 ≤ m ≤ 1,

(3.4)

where L0 = 1 cd·m−2 , and the values for parameters a and b are approximately a = 0.7670 and b = 0.3334. It also sets limits for the mesopic range,
stating that for the values of the mesopic luminance Lmes ≥ 5.0 cd·m−2 ,
the adaptation level is m = 1 and the vision is purely photopic. For the
values of Lmes ≤ 0.005 cd·m−2 , the adaptation level is m = 0 and the vision is purely scotopic. Since equations 3.3 and 3.4 are functions of each
other, the proposed solution algorithm is an iterative calculation of these
two functions with a starting value of m = 0.5, which is repeated until a
convergence is achieved.
In practice, the luminance distribution of the scene is usually not uniform, and the state of adaptation is determined by luminance in a certain
ﬁeld of view, with a speciﬁc weighting. This is referred to as an adaptation
ﬁeld. At the moment of writing, the work on deﬁnition of the adaptation
ﬁeld is still ongoing in the technical committees of the CIE.

3.3

Instruments for mesopic measurements

The measurements of photometric quantities are analogous to radiometric measurements, with the addition of spectral weighting that matches
one of the luminous efﬁciency functions. This weighting can be applied
in the form of a band pass ﬁlter, or as numerical integration of a spectral
measurement.
The area in which mesopic photometry has the most potential impact is
street lighting optimisation. Instruments commonly used in this application are luminance meters. These instruments typically employ focusing
optics and a ﬁltering element to match the spectral responsivity to the
luminous efﬁciency function. The detection is done either with a single element detector and a deﬁned ﬁeld of view, or with a matrix detector, such
that the distribution of the whole scene can be imaged at once. Spectral
instruments can be used as well, although the need to disperse the light
means they are usually slower and can not image a whole scene at once.
For the measurement of mesopic luminance, a single-channel instru-
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ment is generally not enough. The dependence of the mesopic spectral
luminous efﬁciency on the level of adaptation means that at least two
spectrally separated channels are needed to estimate the mesopic luminance. Only in the case where the spectral composition of measured light
is known, the mesopic luminance can be calculated from a single channel
measurement by performing a spectral mismatch correction, analogously
to the spectral mismatch correction used in the realisation of the candela
with V (λ)-ﬁltered photometers [18]. In the street lighting applications,
normally all measured light is reﬂected from surfaces that signiﬁcantly
alter the spectrum, for example the reﬂectance of asphalt can distort the
spectral shape of source light by up to 20 % [51]. This has a large effect on
the uncertainty of spectral mismatch correction. The error depending on
the light source can be between 5–10 %, which reduces to under 1 % with
the use of two detection channels, as shown in publication III.
For simultaneous measurement of photopic and scotopic luminance in
the mesopic range, a novel, dual-channel spot luminance meter was constructed. The incoming light is separated in the instrument into two
detection channels with a beamsplitter. One channel has an optical ﬁlter matching the photopic spectral responsivity, and the other channel
has a ﬁlter matching the scotopic spectral responsivity. Signals from the
silicon photodetectors are measured with a switched-integration ampliﬁer [52]. The detection part of the instrument is shown in ﬁgure 3.3. By
combining the signals from the two channels, a mesopic luminance of any
adaptation level can be obtained, as is evident from equation 3.3. The
instrument is capable of fast measurements in the whole mesopic range:
0.005 cd·m−2 ≤ Lmes ≤ 5 cd·m−2 . At the lowest end of the range, a 0.5 %
standard deviation of mean of the measured signal is attainable with < 1
second of integration time.
The instrument was thoroughly characterised for absolute spectral responsivities of both channels, linearity, stray light sensitivity and polarization dependence; also the effect of temperature variations was estimated. The expanded measurement uncertainty at the lowest end of the
mesopic range is 2.2 % with 95 % level of conﬁdence, traceable to the
luminance and spectral radiance scales of the Metrology Research Institute [18, 29].
The uncertainty budget of the photopic-scotopic luminance meter is presented in detail in publication III. We also suggest that the dual-channel
ﬁltered instrument is the optimal way of implementing a reliable mesopic
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Figure 3.3. Detection part of the photopic-scotopic dual channel luminance meter (covers
removed).

luminance measurement. This prototype luminance meter serves as a
study platform for the design of future mesopic instruments, identifying
the issues speciﬁc to the ﬁltered, dual-channel design. One of these issues
is sensitivity to polarization due to the need to use a beamsplitter, the
other is temperature sensitivity of absorptive optical ﬁlters. Future instruments will also need to employ the measurement of adaptation level,
which also requires a dual-channel or a spectral measurement.
At the moment, there is no agreed deﬁnition of the adaptation ﬁeld. Because the adaptation level m depends on the luminance in the adaptation
ﬁeld, it is not possible to perform independent measurements of mesopic
luminance without making assumptions about the adaptation ratio.

3.4

Mathematical analysis of CIE mesopic photometry system

According to the CIE 191 mesopic system [49], adaptation level m depends
on the mesopic luminance Lmes in the adaptation ﬁeld, as shown in equation 3.4. The mesopic luminance itself is calculated using the adaptation
level m and the photopic and scotopic luminances Lp and Ls , as shown
in equation 3.3. To solve this pair of interdependent equations, CIE 191
presents an iterative algorithm, where m0 is given an initial value of 0.5,
and it is used to calculate Lmes,1 , after which a new value m1 is calculated,
and so on. This process is repeated until the value mn converges to an
unambiguous value of m.
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The mesopic luminance Lmes is obtained from the photopic and scotopic
luminances Lp and Ls with equations 3.3 and 3.4. It can thus be presented as a 3D graph Lmes (Lp , Ls ). Because of the monotonic relationship
between Lmes and m, the adaptation level can also be presented in 3D
graph as m(Lp , Ls ). The ratio of the scotopic luminance to the photopic
luminance measured from the same scene is the S/P-ratio, or Rsp , and
so the mesopic luminance and the adaptation ﬁeld can also be shown as
functions of the photopic luminance and the S/P-ratio as Lmes (Lp , Rsp ) and
m(Lp , Rsp ). These relationships give a convenient way of visualising and
analysing the entire mesopic range.
By examining equations 3.3 and 3.4 that lead to the function m(Lp , Ls ),
it is evident that the limits set by 0 < m < 1 restrict the set of input
parameters that produce adaptation levels within the mesopic range. At
the high end, where Lp ≥ 5 cd·m−2 , m can only achieve the value of 1.
But at the low end, both Lp and Ls can individually be arbitrarily small or
even zero, and can still lead to m > 0, making the input parameter space
inﬁnitely large. However, the range of possible values of Rsp is limited to
approximately 0.01–73, as shown in publication IV, which in turn limits
the practically achievable mesopic space as presented in ﬁgure 3.4. Using
the S/P-ratio as the second input parameter reshapes the allowed input
parameter space into a rectangle, which is useful in subsequent analyses.
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Figure 3.4. (a) Adaptation level as a function of photopic and scotopic luminance and (b)
as photopic luminance and S/P-ratio. Shaded area shows all possible mesopic
values.

Having deﬁned the limits of the allowed input values, we analysed the
iterative algorithm for all possible conditions, and identiﬁed the main
problem areas. For very high S/P-ratios, the iterative algorithm may be
unable to converge to a single solution. This can happen only for S/Pratios over 17, as shown in ﬁgure 3.5. The solution can nevertheless be
found by other means, for example by solving the pair of equations 3.3 and
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3.4 numerically. A vast majority of light sources, however, do not approach
such high S/P-ratios, which is only possible with fairly narrowband, short
wavelength sources. For example, a cool white LED has Rsp ≈ 2.3, and a
deep blue (450 nm) LED has Rsp ≈ 28. The extreme values of S/P-ratio
can potentially be found in some unintended lighting conditions, such as
light from indication lamps, advertisement boards or the light from cinema screens.
1
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0.8

Lp (cd·m−2 )

1

0.6

m
0.1

0.4
0.2

0.005
0.01

0
1

17

73

Rsp
Figure 3.5. Adaptation level m as a function of Lp and Rsp . In the non-shaded area the
iterative model does not converge.

Another, considerably more difﬁcult issue is the discontinuity at the low
edge of the mesopic range. The discontinuity exists at Rsp < 1, when
transitioning from the scotopic into the mesopic range. This transition is
illustrated in ﬁgure 3.6 as mesopic luminance as a function of photopic luminance for several S/P-ratio values, in both linear and logarithmic scales.
The main cause of the discontinuity is the lower limit set by the deﬁnition
to the mesopic luminance, where the adaptation level is forced to be zero
for all values of Lmes ≤ 0.005 cd·m−2 , meaning that Lmes = Ls = Lp Rsp .
This leads to situations, where on the high side of discontinuity m > 0
and Lmes > 0.005 cd·m−2 , but on the low side of discontinuity m = 0, and
Lmes < 0.005 cd·m−2 . The discontinuity gap becomes larger with smaller
S/P-ratios. This issue is not caused by the solution algorithm, but it is
instead a direct consequence of the deﬁnition of the mesopic luminance.
In an effort to obtain a continuous and closed-form solution for the mesopic
range, a set of formulae was constructed for m(Lp , Rsp ), that approximate
the CIE mesopic model. To avoid discontinuities, the requirement for the
adaptation level to be zero for all values of Lmes < 0.005 cd·m−2 had to
be dropped. The new requirements are such that m = 0, when both
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Figure 3.6. Discontinuity at the low end of the mesopic range, shown as Lmes (Lp ) for
several values of Rsp . (a) Shown in linear scales, for 0.1 ≤ Rsp ≤ 2 with a
step of 0.1, and also for Rsp = 0.01. (b) Shown in logarithmic scales for 14
logarithmically distributed values of 0.01 ≤ Rsp ≤ 4. Bold line on both graphs
indicates Rsp = 1, and dotted lines connect discontinuous points.

Lp < 0.005 cd·m−2 and Ls < 0.005 cd·m−2 . The whole luminance range
is divided here into 4 possible conditions, where L1 = 0.005 cd·m−2 and
L2 = 5 cd·m−2 :
1. When Lp ≤ L1 and Rsp ≤ 1, the value of m is always 0.
2. When Lp ≥ L2 , the value of m is always 1.
3. When L1 < Lp < L2 and Rsp ≤ 1, the value of m is given by an explicit
equation in publication IV, involving Lp and Rsp .
4. When Lp < L2 and Rsp > 1, the value of m is given by another explicit
equation in publication IV, involving Lp and Rsp .
The intent was to make the parameterisation with minimal deviations
from the CIE mesopic model, but for condition 3, there is an unavoidable
deviation due to the discontinuity in the CIE mesopic model, as shown in
ﬁgure 3.7. Outside the problem areas, the difference in m between the
CIE model and parameterisation is below 0.005. Its effect on the mesopic
luminance value Lmes is then below 0.5 %. For very high S/P-ratios (Rsp >
40), the difference in m is below 0.013, and its effect on Lmes is under 10 %.
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4. Summary

In this thesis, a method for temperature measurement of a microscopic
multi-layered structure was developed. The structure studied was a microemitter fabricated in silicon. The temperature measurement method consists of ﬁtting Planck’s equation to the measured relative spectral radiance, by adjusting the parameters of the modelled emissivity. The relative
spectral radiance was measured by capturing the light with a microscope
objective and guiding it into a spectroradiometer. The measurement system was calibrated for the spectral responsivity with a source based on
an integrating sphere. The model for the emissivity is based on dimensions of the layers in the structure and the optical properties of the materials. To obtain the optical properties needed, an indirect measurement
method was employed, where the extinction coefﬁcient of highly doped silicon was determined from the radiance of a layered structure at a known
temperature. The temperature obtained with the non-contact method was
compared with a contact measurement, and the comparison showed good
agreement at temperatures up to 1000 ◦ C, with an apparent offset in the
input power of approximately 22 mW in the 0–200 mW range, which is
equivalent to approximately 100 ◦ C difference in temperature. This difference can be explained by electrical losses in the power supply probes
or by the loss of heat through the thermocouple probe. There can also be
variations in the resistance of different microbridge samples that would
manifest in the similar way. At temperatures above 1000 ◦ C, the contact
method gives signiﬁcantly lower readings, which is likely due to increased
thermal losses via the thermocouple.
The ﬁeld of mesopic photometry has seen major developments in the
recent years. Most importantly the CIE has published a recommended
system for mesopic photometry. In this thesis, one of the ﬁrst studies
in implementing the mesopic photometry was carried out. A novel type
of dual-channel instrument was constructed and characterised. The instrument is able to measure photopic and scotopic luminances simultaneously. The instrument provides a study platform for future realisations of
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mesopic photometry. It shows the beneﬁts of the dual-channel conﬁguration as well as potential problem areas. At the moment of writing, there is
no published deﬁnition for the adaptation ﬁeld, which prevents from performing true, independent mesopic measurements without assumptions
about the level of adaptation. The work is undergoing in CIE to produce a
recommendation for the adaptation ﬁeld in the near future. The outcome
of CIE’s recommendation will affect the type of instruments that will be
practical for mesopic measurements. If the adaptation ﬁeld will be ﬁxed
to a speciﬁc shape, a ﬁxed ﬁeld-of-view instrument, like the one presented
here, will be sufﬁcient to perform the measurements. It will also have certain advantages over a camera-based instrument, such as typically higher
sensitivity, higher accuracy and lower cost. If the adaptation ﬁeld will instead have a dynamic, task-dependent shape, a camera-based instrument
will be necessary, but it will nevertheless beneﬁt from a dual-channel conﬁguration that is presented here.
With the publication of the new system for mesopic photometry, CIE
has provided tools to perform measurements that better approximate the
human vision under low lighting conditions. The new system employs
an iterative calculation method to obtain the level of adaptation, which
is the measure deﬁning the mesopic spectral sensitivity for a particular
condition. Due to the nature of the iterative method, the relationship between the luminance of the adaptation ﬁeld and the level of adaptation
is non-trivial, and can not be solved analytically. In this thesis, the CIE
mesopic system was analysed mathematically. The mesopic conditions
were identiﬁed, and the adaptation level was calculated for all possible
values. Two problem areas were identiﬁed, in one of which the iterative
method does not converge, and the other where the mesopic luminance
exhibits discontinuity. The ﬁrst problem can be addressed without redeﬁning the mesopic system, while the second problem is shown to be
caused by the deﬁnition itself. A set of closed-form equations were constructed that closely approximate the CIE mesopic system. These equations allow calculating the adaptation level without the use of the iterative algorithm. Also, the discontinuity region is smoothed out to provide
a continuous mesopic luminance.
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Erratum

Publication IV
In ﬁgures 2, 3, 4, 5, 6 and 7: the units of luminance in the axis labels
should read cd·m−2 , instead of cd·m−1 .
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