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Abstract

This thesis describes the development of a dual-mode, self-calibrating detec-
tor for measuring optical power. The detector combines the measurement
principles of two primary standards for optical power measurement into one
device; the predictable quantum efficient detector (PQED) and the cryogenic
radiometer.

The PQED consists of photodiodes that convert optical power to pho-
tocurrent. In ideal photodiodes, each photon will give one electron in the
measurement circuit. However, real photodiodes deviate from the ideal case
by having losses, for example caused by reflection from the surface or by elec-
trons recombining with holes before they reach the measurement circuit. To
have photodiodes working as a primary standard, all these loss mechanisms
that make them deviate from ideal photodiodes must either be eliminated or
accounted for.

The cryogenic radiometer is a thermal detector cooled to cryogenic tem-
peratures, converting optical power to a thermal signal. The measured tem-
perature change is related to optical power through electrical substitution,
where the absorber substrate is heated electrically to give an equivalent
change in temperature. For this detection method, equivalence between op-
tical and electrical heating is essential.

In the dual-mode detector, these two measurement concepts are com-
bined into one detector, by utilising a photodiode in combination with ele-
ments that allow it to also function as a thermal detector. By cycling the
detector through two different measurement modes – photocurrent mode and
thermal mode, the internal losses of the photodiode can be extracted using
the thermal mode as a reference. This makes the dual-mode detector a self-
calibrating device, as the internal losses can be determined without the use
of an external reference.

During the course of this work, a dual-mode detector was developed and
studied, through both experimental work and heat transfer computer simu-
lations. This thesis presents the design and measurement procedure of three
prototypes of the detector, from a basic proof-of-principle design, to a more
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advanced design, where several uncertainty contributors were either elimi-
nated or reduced. In addition, it is shown that the dual-mode detector can,
through the relationship between the elementary charge e and the Planck
constant h, create a strong link between radiometric measurements and the
new SI system of units that will be implemented in 2019.

Work remains before the detector can be adopted for practical use by
calibration laboratories. Nevertheless, this work demonstrates that the dual-
mode detector has great potential as a self-calibrating primary standard for
optical power measurement.
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abbreviations

c Speed of light in vacuum
cp Specific heat capacity
e Elementary charge
h Planck constant
iphoto Photocurrent
k Thermal conductivity
kB Boltzmann constant
C Electrical capacitance
D Volumetric mass density
Ec Energy of conduction band edge
Ef Fermi level energy
Ei Intrinsic Fermi level energy
Ev Energy of valence band edge
I Electric current
NA Avogadro constant
PEL Electrical power
Phigh Electrical power, high level
Plow Electrical power, low level
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QG Mirror charge
Qn Inversion layer charge
QSS Surface state charge
R Electrical resistance
R(λ) Spectral response
R0(λ) Ideal response
T Thermodynamic temperature
T1 Absorber temperature
T2 Heat sink temperature
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Thigh Temperature signal during electrical heating, high level
Tlow Temperature signal during electrical heating, low level
TOPT Temperature signal during optical heating
V Voltage
α Thermal diffusivity
δ(λ) Spectrally dependent internal losses
λ Wavelength
ρ(λ) Spectral reflectance
σ Stefan-Boltzmann constant
Φ Optical power
ΦPC Optical power found from photocurrent mode
ΦT Optical power found from thermal mode

Φone cycle
T Optical power from one heating cycle in thermal mode

BIPM The International Bureau of Weights and Measures
CCPR Consultative Committee for Photometry and Radiometry
CIE International Commission on Illumination
CODATA Committee on Data for Science and Technology
CR Cryogenic radiometer
ESR Electrical substitution radiometer
IQD Internal quantum deficiency
NIST National Institute of Standards and Technology, USA
NMI National metrology institute
NPL National Physical Laboratory, UK
ppm Parts per million
PCB Printed circuit board
PLA Polylactic acid
PQED Predictable Quantum Efficient Detector
SI The International System of Units (Système International d’Unités)
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Chapter 1

Introduction

Why do we need to measure light with high accuracy?

It is remarkable how the use of light for different applications is so integrated
in our daily lives, and most of the time we don’t even think about it. We
have lamps, computer screens, optical fibres, laser pointers, warning lights,
traffic lights, and so on. Every now and then we pay attention to the power
level of the light, for instance when we choose a suitable light bulb for our
reading lamp or when we drive in the dark and dim the headlights to avoid
blinding other drivers. Very rarely do we pay attention to the accuracy of
the power level, as it doesn’t make any difference to us if our light bulb is off
by a few watts.

However, in some application areas it is highly important that the power
level is known with high accuracy. New developments of techniques based on
optical radiometry, in areas such as instrumentation, consumer products and
health care, lead to an increasing demand for convenient and cost-effective,
high-accuracy standards. [1]

Another important area where the need for high-accuracy measurements
is high is climatology, where long term radiation measurements are used in
models to monitor climate change. An optical power detector in an earth-
observation satellite must be both highly stable and do measurements with
high accuracy for the data to be useful. It is also important that the mea-
surement instrument is linked to the international system of units (SI), to
ensure that all earth-observation data is comparable. If the instruments are
not linked to a common reference, then unknown systematic effects will stay
unknown, and produce false measurement results.
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How do we do it?

Currently, there are two primary methods for measuring optical power. One
method converts the radiation to an electrical signal. This is the working
principle of a photodiode, where each incoming photon generates an electron-
hole pair, which – unless the electron and hole recombine, can be measured
as a current through an electrical circuit. The responsivity of a photodiode
is expressed with fundamental constants and the radiation wavelength, and
if the losses of the photodiode are well-known, the photodiode can provide
high-accuracy measurement of optical power within seconds.

The second method of measuring optical power converts the radiation to
heat. The absorbed heat causes the temperature of the detector to increase,
and the temperature rise is measured with a temperature sensor. The tem-
perature measurement is usually done relative to some reference temperature,
and thus the temperature sensor requires only short-term stability and high
resolution. Thermal detectors are spectrally flat, meaning that the respon-
sivity does not depend on the wavelength of the incoming light.

What will this thesis tell you?

Chapters 2 through 5 of this thesis present the necessary background and
theory needed for a basic understanding of the work of this project. Chapter
2 describes the physics of photodiodes, and chapter 3 describes thermal de-
tection. Chapter 4 presents an introduction to radiometry and the SI units,
with a brief background of primary standards for optical power measurement.
In chapter 5, the measurement concepts of photo-detection and thermal de-
tection are brought together in one device in the dual-mode detector.

The remaining chapters present the work carried out in this project.
Chapter 6 shows the development of the dual-mode detector, going through
the three prototypes that were developed and tested. Chapter 7 describes the
measurement setup and procedures, chapter 8 presents a discussion on the
sources of error, and in chapter 9 the conclusion and suggestions for future
work are given.
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Chapter 2

Photodiodes

2.1 Basic concepts

A photodiode is a semiconductor device that converts optical radiation to an
electrical signal. It consists commonly of a pn-junction, which is the region
between a p-doped and an n-doped semiconductor. In a doped semiconduc-
tor, each dopant will have one thermally excited free charge carrier, electrons
in n-type and holes in p-type, which is free to move in the substrate.

When joining an n-type and p-type semiconductor, as shown in figure
2.1a, there will be a high concentration gradient of holes and electrons at the
interface, which will lead electrons (majority carriers on the n-side) to diffuse
into the p-side, and holes (majority carriers on the p-side) to diffuse into the
n-side. The amount of ionised donors and acceptors close to the interface
increases as the majority carriers diffuse to the opposite side, and sets up an
electric field. Eventually, this field will be strong enough to counteract the
diffusion, and a state of equilibrium is reached. The drift of carriers in one
direction, caused by the electric field, will then be equal to the diffusion in
the opposite direction, caused by concentration gradients. The region where
the electric field builds up is called the depletion region, since the region is
depleted of free charge carriers. [2]

When a photon with energy greater than the band gap energy of the
semiconductor is absorbed in the photodiode, it will generate an electron-
hole pair. This is illustrated in the energy diagram in figure 2.1b. If the
photon is absorbed in the depletion region of the junction, the electrons and
holes will be swept in opposite directions by the electric field. The charge
carriers can then be collected and measured in a measurement circuit. This
makes the photodiode highly suitable for measuring optical power, as the
measured photocurrent is, ideally, directly proportional to the optical power
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Figure 2.1: (a) The pn-junction with (b) corresponding energy diagram.
An absorbed photon will generate an electron-hole pair. If the photon is
absorbed in the depletion region, the electron (black dot) and hole (circle)
will be swept in opposite directions due to the electric field. Ec, Ef and Ev

are the energy levels of the conduction band edge, Fermi level and valence
band edge, respectively.

of the absorbed light. The measured photocurrent iphoto is given by:

iphoto = R(λ) · Φ(λ), (2.1)

where R(λ) is the spectrally dependent responsivity of the photodiode and
Φ(λ) is the optical power of the incoming light. In an ideal photodiode, each
incoming photon generates one electron in the measurement circuit, and the
ideal responsivity is expressed as:

R0(λ) =
eλ

hc
, (2.2)

where e is the elementary charge, λ is the vacuum wavelength of the incoming
radiation, h is the Planck constant, and c is the speed of light in vacuum.
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A real photodiode will have losses that introduce a deviation from the
ideal responsivity. Some photons will be reflected off the photodiode, while
others might be absorbed or scattered by dust particles on the surface. Of
the photons that are absorbed in the silicon substrate, some will be absorbed
outside the depletion region, where there is no electric field to separate the
generated electron-hole pairs, and hence they will have a high probability of
recombining. All of these losses must be included in the responsivity of the
photodiode, which for a real photodiode takes the form:

R(λ) = R0(λ)(1− ρ(λ))(1− δ(λ)). (2.3)

Here ρ(λ) is the reflectance loss, representing all photons that are never
absorbed, and δ(λ) is the internal quantum deficiency (IQD), representing
all photons that are absorbed but never measured.

The IQD can be divided into surface recombination and bulk recombi-
nation. Surface recombination is dominated by defects at or close to the
interface between the semiconductor and the oxide that is usually grown on
top of the substrate. These irregularities are a result of the difference in
the atomic structure between the two materials. Bulk recombination occurs
primarily when radiation is absorbed outside the depletion region. The bulk
recombination can be significantly reduced by extending the depletion region
of the junction. This is achieved by applying a reverse bias voltage to the
photodiode. The reverse bias causes additional majority carriers to diffuse
away from the pn-junction, resulting in more ionised dopants, and thus an
increased width of the depletion region. By setting a high enough reverse
bias, typically around 5 V - 10 V depending on the power level, the bulk re-
combination can be reduced to a level where it is negligible compared to
surface recombination.

On the other hand, if a forward bias is applied to the photodiode, the
depletion region will shrink and the field strength will be reduced. With a
sufficiently small field, the applied voltage will produce a forward current
through the photodiode. Due to the electrical resistance of the silicon, this
current will generate Joule heating. In the dual-mode detector, this effect
is used to heat the substrate during electrical substitution in thermal mode.
Electrical substitution is explained in more detail in chapter 3.2.

While the ideal responsivity of a photodiode is expressed with fundamen-
tal constants and the wavelength of the incoming radiation, ρ(λ) and δ(λ)
are device specific parameters, which change over time and with varying
conditions, such as temperature, wavelength and power level. The determi-
nation of the losses is therefore an ongoing and challenging task that must
be performed for each device.
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2.2 Induced-junction photodiodes

Silicon (Si) photodiodes are usually covered by an insulator, such as silicon
dioxide (SiO2), which shields the bulk from contamination and reduces re-
flection. The process of thermally growing this oxide on a silicon substrate
is known to introduce fixed positive charges in the oxide [3]. In ordinary
diffused pn-junctions based on p-type substrate, these charges cause prob-
lems, as they counteract the electric field needed to separate photogenerated
electron-hole pairs [4].

With the induced-junction photodiode, the oxide charges were turned
into an advantage. The junction was made by thermally oxidising a lightly
p-doped silicon substrate [5]. In this simple structure, shown schematically in
figure 2.2, the inherent oxide charges repel positive majority carriers (holes)
from the surface, while also attracting negative minority carriers (electrons).
The result is an induced n-layer right beneath the oxide, and thus a pn-
junction is formed.

The charge distribution at the Si/SiO2 interface of the induced-junction
photodiode is shown in figure 2.2a. The positive charge QSS represents the
fixed oxide charge, Qn is the charge of electrons attracted to the interface
by the oxide charge, QB is the charge of acceptors as a result of holes being
repelled from the interface, and QG is a mirror charge, which is induced on
the outer surface of the oxide to maintain overall charge neutrality. Figure
2.2b shows a schematic of the charge distribution, and figure 2.2c shows the
corresponding energy diagram. When a photon with energy greater than the
band gap energy is absorbed in the depletion region and creates an electron-
hole pair, the electron will be swept towards the surface, while the hole will
be swept into the bulk.

In photodiodes that are diffused or implanted, the doping concentration
is usually higher close to the Si/SiO2 interface and decreases with depth in
the substrate. The high concentration of majority carriers causes a higher
probability of recombination in that area. Also, the electric field does not
extend far into the doped layer, due to the high doping concentration. How-
ever, in the induced-junction photodiode, which is formed without diffusion
or implantation, neither of these effects occur. The induced-junction n-layer
is shallow compared to diffused or implanted emitter layers, giving a shallow
layer of high concentration of majority carriers. Also, the electric field gra-
dient of the depletion region starts at the interface. This makes the induced-
junction photodiode highly suitable for detection of shorter wavelengths, as
these have short penetration depths and hence are absorbed closer to the
surface than longer wavelengths.
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Figure 2.2: (a) Charge Q as a function of distance x of an induced-junction
photodiode at the Si/SiO2 interface. QSS is the fixed oxide charge, Qn is
the charge of minority carriers at the interface, QB is the fixed charge of the
depletion region and QG is a mirror charge. (b) Schematic of an induced-
junction photodiode and (c) corresponding energy diagram. Ec, Ei, Ef and
Ev are the energy levels of the conduction band edge, the intrinsic Fermi
level, the actual Fermi level and valence band edge, respectively. As with a
regular pn-junction, the electron and hole in a photogenerated electron-hole
pair will be swept in opposite directions.
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Chapter 3

Thermal detection

3.1 Concept

Thermal detection of radiation involves converting incoming radiation to
heat, and sensing the temperature change with a transducer. Common
thermal radiation detectors include thermopiles, pyroelectric detectors and
bolometers [6]. In a thermopile, which consists of several thermocouples con-
nected in series, the absorbed heat produces a voltage signal. The voltage
is directly proportional to the temperature rise at the absorbing end of the
device, and is a result of the thermoelectric effect, which causes charge carri-
ers to diffuse due to the temperature gradient. In a pyroelectric detector the
heat is also converted to a voltage, through the pyroelectrical effect. This
effect is present in materials that have a natural and temperature-dependent
electrical polarisation, and makes it possible to detect temperature changes
as a temporary voltage change.

A bolometer is based on the change of electrical resistance with tempera-
ture. It consists of an absorber, a weak heat link, and a heat sink maintained
at a constant temperature. The temperature of the heat sink can be either
actively maintained, by a control loop, or passively, through its thermal
mass [7]. The temperature rise of the absorber is measured, either by a resis-
tance change in the absorber itself, or by a temperature sensor attached to
the absorber. The temperature is measured relative to the heat sink temper-
ature, to account for temperature changes in the environment. This requires
a temperature sensor on the heat sink also.

Figure 3.1 shows a schematic of the working principle of a bolometer. Op-
tical radiation is absorbed and converted to heat, which gives a temperature
rise in the absorber. Heat dissipates along the weak heat link to the heat
sink, creating a temperature gradient.
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Figure 3.1: The principle of a thermal detector (left), also shown for the dual-
mode detector (right). Radiation is absorbed, resulting in a temperature rise
in the absorber.

When designing the heat link, the thermal properties of the material must
be carefully considered. These include the thermal conductivity k, which is
the material’s ability to conduct heat, and the specific heat capacity cp, which
is the amount of heat needed to give a specific temperature change of the
material. The thermal diffusivity α is given by α = k/(Dcp), where D is the
volumetric mass density of the material, and α gives the rate of transfer of
heat through the material. While thermal conductivity is a material property,
the thermal conductance is the property of a specific object, such as the heat
link, taking the geometry of the object into account. Having a weak heat link,
meaning a low thermal conductance, will give high sensitivity, but will also
increase the time constant. Thus there is a trade-off between time constant
and sensitivity, which can be tuned by changing the geometrical and thermal
properties of the heat link.

When the heat lost through the heat link to the heat sink equals the heat
generated by the absorbed radiation, the system is in thermal equilibrium
and the temperature saturates. The difference in temperature between the
absorber and the heat sink, T1 − T2, will depend on the absorbed radiation.
The relationship between radiant power and heat is not necessarily linear,
and can be a complex function. This, however, is not an issue in electri-
cal substitution, where the radiant power is directly compared to an equal
amount of electrical power.
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3.2 Electrical substitution

In electrical substitution, the absorbed radiant power is substituted with an
equal amount of electrical power, to get the same temperature rise. The elec-
trical heating is typically achieved by running a current through an external
heater mounted on the absorber. In the case of our dual-mode detector, the
electrical heating is performed by running a forward current through the pho-
todiode itself, heating the photodiode resistively from the inside. When the
electrical heating gives the same temperature rise at the temperature sensor
as the optical heating, the optical power will, under the right conditions, be
equal to the applied electrical power.

The electrical power can be tuned until the temperature matches the
optical temperature. However, this procedure can be challenging and time
consuming, and another method is to use two levels for the electrical power,
one slightly below and one slightly above the optical power level. The two
levels must be sufficiently close in terms of power to assume linearity in the
range between them. The optical power can then be found from a linear fit
based on the two levels in the following way:

ΦT =
(TOPT − Tlow)

(Thigh − Tlow)
(Phigh − Plow) + Plow. (3.1)

Here, TOPT is the temperature signal during optical heating, and Tlow, Thigh,
Plow and Phigh are the temperature signals and electrical power levels of the
low and high electrical heating levels, respectively.

Certain requirements must be fulfilled during electrical substitution, to
ensure equivalence between optical and electrical heating. These require-
ments are listed in chapter 8 on sources of error, followed by a discussion on
how each requirement is implemented in this work.
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Chapter 4

Metrology and the SI units

4.1 The system of units and primary

standards

The International System of Units, or SI for short, is the basis for all physical
measurement, and is adopted by those countries who are members of the
Metre Convention [8]. It is the responsibility of national metrology institutes
(NMIs), such as Justervesenet, to establish the realisation of the definition
of a unit.

The International Bureau of Weights and Measures (BIPM, The Bureau
International des Poids et Mesures) in Paris, France, is responsible for main-
taining the SI, which consists of seven base units and 22 derived units. What
is now known as the SI, originates back to the French revolution. The metric
system was introduced in France in 1799, when the first platinum standards
for the metre and kilogram were created. These were later replaced by more
robust standards, additional units were included, and the system of units
has since its beginning continuously evolved to accommodate technological
developments.

In recent years, technological advances have moved the SI towards unit
definitions that are independent of physical artefacts. Only one physical item
remains – the international prototype of the kilogram, which is kept in a glass
jar in Paris. The other unit definitions are based on physical constants or
physical phenomena. Soon, the kilogram will also be obsolete, as the planned
revision of the SI in 2018 [9, 10], with implementation in 2019, will redefine
the kilogram in terms of the Planck constant.

The BIPM will continue to have a leading role in metrology, even when
all artefact definitions are gone. One of their tasks is to provide guides on
how to realise the units, in what are called mises en pratique. To make use
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of the abstract definitions in our measurements, we need a way to link the
unit to something of practical use. The mise en pratique for a specific unit
gives recommendations on various primary standards that can be used for
realising the unit. A primary standard is a measurement method, source or
detector that is solely dependent on physical constants or phenomena, and
does not require an external reference. Primary standards sit on top of the
measurement hierarchy, and serve as the link between the abstract definition
and the practical use of the unit. From the primary standards down to in-
struments used on a day-to-day basis, the traceability chain involves transfer
standards, secondary standards and working standards, and the accuracy of
the instruments decreases with each step down the chain.

The SI unit for the measurement of light is the candela, a measure of
luminous intensity. The candela is a photometric unit, which means it is
related to the way the human eye perceives light. Radiometric units on the
other hand, relate to absolute radiant intensity, which means they include all
wavelengths, not only those perceived by the human eye. The photometric
and radiometric units are related through the definition of the candela, and
through a set of spectral weighting functions, defined by the International
Commission on Illumination (CIE).

The work in this thesis concerns the measurement of radiant power, and
the focus will therefore be on radiometric rather than photometric units.
The mise en pratique for the definition of the candela and associated derived
units [11] gives several recommendations for primary methods to realise the
radiometric units. Some of the primary standards are source-based, such
as the Planckian radiator. The emitted radiance from a Planckian radiator
is determined based on its thermodynamic temperature, through Planck’s
radiation law. The traceability of the Planckian radiator is therefore to
the SI unit kelvin. Another source-based primary method is synchrotron
radiation. It has several advantages, such as a broad dynamic range covering
12 decades, and the ultra-high vacuum operation makes it highly stable and
reproducible. However, it requires the use of a synchrotron, which makes it
inaccessible for most NMIs. The synchrotron radiation is linked to the SI
through electrical and length units.

4.2 A brief historical review of detector-based

primary standards

In addition to source-based primary standards, we also have detector-based
primary standards. These are highly relevant to the work in this project,
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and are therefore granted more attention. The first records of detectors of
radiative power date back to the end of the 19th century, when Ångström
[12] and Kurlbaum [13], independently of each other, invented the absolute
radiometer [14,15]. Both instruments were based on the principle of electrical
substitution, where radiative heating is replaced with an equivalent amount
of electrical heating.

The electrical substitution radiometer (ESR) introduced a new way of
measuring radiant power with increased accuracy. However, the definition of
the candela was based on sources rather than detectors, which limited the
measurement accuracy to that of the source realisation. From 1948, the can-
dela was defined by the luminance from a black-body source at the freezing
point of platinum. This definition was not straight forward to implement [16],
and with the improvements in detector-based radiometry, the candela was
redefined in 1979 to the following [11,16]:

The candela is the luminous intensity, in a given direction, of a source
that emits monochromatic radiation of frequency 540 · 1012 hertz and
that has a radiant intensity in that direction of 1/683 watt per steradian.

From being defined through the broadband radiation from a black-body ra-
diator, the new definition was given in terms of monochromatic radiation.
This meant that the definition was no longer limited to a specified light
source, but opened up to both radiometric and photometric realisations of
the unit [17,18]. The development of accurate, detector-based primary stan-
dards suddenly became highly relevant.

In the 1970s, photodiodes were commonly used as transfer standards for
radiometric scales around the world. Transfer standards are right below the
primary standard in the traceability chain, and are used to transfer the scale
to other instruments. These photodiodes were calibrated against room tem-
perature ESRs or black-body radiators, and thus were limited by the accuracy
of these standards, which had at best an accuracy of 0.1 % - 0.3 % [14,15]. Sci-
entists were interested in using the well-known physics of the photodiodes to
avoid the limitation of accuracy set by the thermal references. If all losses
of the photodiode could be determined by the physics of the photodiode it-
self, the calibration would be independent of any external reference and the
photodiodes would be self-calibrated.

Geist was the first to propose photodiodes as an absolute primary stan-
dard for radiometric measurements [19]. He suggested in 1979 a method to do
this by using theoretical models in combination with relative measurements
to determine the internal losses of photodiodes. Shortly after, Zalewski and
Geist [4] presented a self-calibration procedure where the internal losses were
reduced rather than estimated. This was done by applying a bias voltage to
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the oxide layer of the photodiode, to counteract the inherent positive charges
in the oxide [3], and also applying a reverse bias voltage to the photodiode,
to increase the depletion region of the pn-junction and hence reduce bulk
recombination [2]. Other methods to counteract the oxide charge were also
being tested, such as corona charging [20, 21], with varying success. In ad-
dition to reducing the losses, work was done to estimate the internal losses
of the photodiode, by fitting measurement data to various theoretical mod-
els [22–25].

Around the same time as the first work on self-calibration of photodi-
odes, Hansen presented the induced-junction photodiode [5]. It was different
to the normal pn-junction photodiodes in that the junction consisted only
of a lightly p-doped substrate with an oxide layer on top. In this type of
photodiode, the inherent oxide charges were used as an advantage, to create
an n-type layer in the lightly p-doped substrate. This formed a pn-junction
without using a diffusion process.

The induced-junction photodiode by Hansen was soon combined with
the self-calibration procedure of Zalewski and Geist. Zalewski and Duda
[26] presented a detector with four induced-junction photodiodes in a trap-
configuration, giving an external quantum efficiency of 0.999± 0.2 %, which
was rounded up to 100 % in the title of their paper. Booker and Geist [27] did
similar work, but with single photodiodes. With a simple and inexpensive
measurement setup, they were able to get a less than 2 % disagreement with
an ESR reference.

The work on estimating the internal losses of the photodiodes continued
into the 1990s, for both pn-junction photodiodes [28] and induced-junction
photodiodes [28–31]. However, the work on self-calibration came to a stop
towards the end of the 80s. The main reason for this was the development of
the cryogenic radiometer (CR) at the National Physical Laboratory (NPL) in
the UK in the mid 80s. The CR introduced uncertainties smaller than what
was achievable with self-calibrated photodiodes at the time. This caused
the photodiodes to be used as transfer standards calibrated against the CR,
rather than independent primary standards. The CR is today one of the
two detector-based primary standard listed in the mise en pratique for the
definition of the candela [11].

The room temperature ESR had been around for nearly a century, yet no
one had attempted to cool the radiometer to cryogenic temperatures. This
changed in 1984, when Quinn and Martin [32,33] presented a cryogenic ESR,
the QM radiometer. It was designed to detect black-body radiation between
0.8 µm and 500 µm [34], with the aim of determining the Stefan-Boltzmann
constant. The total radiant power from a black-body source at thermody-
namic temperature T is given by σT 4, where σ is the Stefan-Boltzmann
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constant. This means that with knowledge of the geometry of the detector
system and the temperature of the source, σ can be determined by measur-
ing the power of the black-body radiation. By cooling the radiometer below
liquid helium temperature (4 K), Quinn and Martin improved the sensitivity
and accuracy by two orders of magnitude. This gave an experimental deter-
mination of the Stefan-Boltzmann constant with by far the highest accuracy
to that date.

Geist was also involved in this work on black-body radiation detection,
and together with Quinn and Blevin, he suggested that the same cooling
technique could be used to improve the accuracy of room temperature ESRs
used for optical power measurement [17, 34]. This idea led to the develop-
ment of a modified cryogenic radiometer, specifically designed for detection of
monochromatic radiation: the primary standard (PS) radiometer. It would
be used for calibration of transfer standard detectors at NPL [35]. The re-
ported uncertainty of the PS radiometer was stated to be less than 50 parts
per million (ppm), and the cryogenic radiometer was soon accepted as the
most accurate instrument for measuring radiative power. Since then, other
versions of the cryogenic radiometer have been made, e.g. by Varpula et
al. [36] in Finland, by Hoyt and Foukal [37] in USA, and by Morozova et
al. [38] in Russia.

The QM and PS radiometers at NPL were developed for two different
purposes. While the QM radiometer used the measurement of black-body
radiation to determine the Stefan-Boltzmann constant, the PS radiometer
was developed as a primary standard for optical power measurement. In
1990, Fox and Martin [34] presented a comparison of these two different
radiometers. Even though they were confident in the performance of the PS
radiometer, the comparison gave an independent verification, by linking the
radiometric measurement to fundamental constants. This link confirmed the
PS radiometer as an absolute radiometric detector with an uncertainty below
200 ppm.

The idea of comparing the QM and PS radiometers was brought forward
in the Absolute Radiation Detector (ARD) project at NPL. The ARD was an
instrument that combined the QM and PS radiometers into one, by measur-
ing both black-body radiation and laser radiation with high accuracy. The
instrument design and construction was presented by Martin and Haycocks in
1998 [39]. As stated in their paper, the ARD would tie source- and detector-
based optical units to an invariant physical quantity, and thus ensure their
long-term stability. It was later reported that the project was never fully
completed, although successful in its aims [18].

After the work on self-calibration of photodiodes came to an end in the
late 80s, it took more than a decade before someone started working on
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it again. In 2004, Gran and Sudbø presented a method to estimate the
internal losses of photodiodes by combining a physical model with relative
measurements to a spectrally invariant detector. This procedure was then
improved with the reverse bias technique [40] that was originally used by
Zalewski and Geist for reducing bulk recombination [4]. This new, hybrid
self-calibration method, combining relative measurements and the reverse
bias method, has since then been successfully used for calibration of trap-
detectors at Justervesenet [41].

As technology developed through the 90s and 00s, the demand for increas-
ing measurement accuracy rose, and it became clear that what was thought of
as 100 % efficiency in the early 80s was not precise enough two decades later.
With new methods, improved technologies and advances in the manufactur-
ing of silicon detectors, it was now believed that self-calibrated photodiodes
could be made with uncertainties comparable to the CR. In 2003, Geist et
al. [42] presented a thorough analysis of all the contributions to the quantum
deficiency of photodiodes, and suggested that induced-junction photodiodes
could be made to have an uncertainty in responsivity of around 1 ppm at
cryogenic temperatures. Their paper laid the foundation for the European
qu-Candela project [43] from 2008-2011, which developed what is now the
second detector-based primary standards for optical power measurement: the
predictable quantum efficient detector (PQED).

The work on developing the PQED continued in the European Newstar
project [44] from 2013-2016, where material properties were further tailored
to reduce the internal losses. The project resulted in an n-type PQED pho-
todiode, which was presented recently as an alternative to the p-type photo-
diode [45]. The n-type photodiode requires a negative oxide charge to create
an induced junction, which was achieved by using aluminum oxide (Al2O3)
deposited using atomic layer deposition. The results presented by Dönsberg
et al. [45] show that the n-type photodiode performs at an equal level to the
p-type, and that the n-type photodiode is linear up to 4 mW, one order of
magnitude higher than the p-type. The better availability of n-type silicon
wafers compared to p-type makes it a promising alternative to the original
p-type.

4.3 The Predictable Quantum Efficient

Detector

The PQED is based on induced-junction photodiodes, and is specifically de-
signed to have low and predictable internal losses [46, 47]. The reflectance
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loss is reduced to a minimum by mounting two photodiodes in a trap config-
uration [48], as shown in figure 4.1a, while the internal losses are reduced by
applying a reverse bias voltage to the photodiode.

(a) (b)

Figure 4.1: (a) Two PQED photodiodes in a trap configuration. (b)
Schematic showing the detailed structure of the PQED photodiode. Sur-
face state charges in the oxide induce an n-type layer in the p-substrate, and
a pn-junction is formed. Source for both figures: [46]

Figure 4.1b shows a schematic of the internal structure of the induced-
junction photodiode of the PQED. The simple structure makes it highly
suitable for simulations, and the internal losses can be determined with high
accuracy by charge carrier modelling [49, 50]. The photodiode is linear over
at least seven orders of magnitude, from sub nanowatts up to at least 400
microwatts. The IQD can be determined with an uncertainty below 140 ppm
at visible wavelengths at room temperature, and at 78 K the uncertainty can,
for a limited wavelength range, reach below 2 ppm [47]. The p-type PQED
has shown agreement within the 95 % confidence interval between measured
IQD and predicted IQD using one-dimensional computer modelling. The
PQED was adopted by the mise en pratique for the definition of the candela
as a recommended primary standard in the 2015 edition [11].

4.4 The Cryogenic Radiometer

The CR is an ESR cooled to cryogenic temperatures. Operation at low
temperature introduces several advantages, and some of them are listed below
[7,17]:

� The thermal diffusivity of metals generally increases with lower temper-
atures. This allows larger absorbing cavities than at room temperature,
while still maintaining a reasonable time constant.
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� The use of superconducting leads eliminates loss of electrical power
through the wires during electrical heating.

� Vacuum operation reduces heat loss by convection.

� Radiative loss is several orders of magnitude less than at room temper-
ature.

� With suitable shielding, background radiation is reduced and stable at
low temperature.

All of these factors contribute to the high accuracy achievable at cryogenic
temperatures. CRs typically have an uncertainty around 50 ppm, dominated
by window transmittance. The dynamic range usually span from microwatts
up to a few milliwatts, and the spectral range is typically from around 200 nm
to 4 µm - 20 µm [36,51,52].

Cryogenic radiometers are widely used at NMIs as primary standards.
The CR can be directly linked to fundamental constants through the Joseph-
son voltage, making it an absolute measurement. This link is highly impor-
tant, as the instrument’s responsivity can change over time. International
comparisons can increase the confidence in the instruments, but they can
not detect instruments drifting at the same rate or identify potential com-
mon unexpected systematic errors [17]. Comparison measurements, although
being helpful, do not provide a sufficiently constant anchoring point for the
measurements. This is why a link between radiometric measurements and
fundamental constants is highly valuable. Without a common anchoring
point, one can never have absolute knowledge about drift and systematic
errors.

4.5 The planned revision of the SI

In the new SI, the seven base quantities will change, and the base units will be
replaced by a set of defining constants, from which the units will be derived.
These constants, along with the unit definitions, are listed in table 4.1.

Of the seven fundamental constants, four of them – h, e, kB and NA, have
currently an uncertainty associated with their numerical value. This was also
the case with c, the speed of light in vacuum, until the redefinition of the
metre in 1983. The new definition of the metre was obtained by assigning
an exact numerical value to the speed of light. By fixing the fundamental
constant, the definition of the unit follows. The same will be done for h, e,
kB and NA in the new SI.
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Table 4.1: Base quantities, defining constants and definitions of the new
SI. [9] The X in the numerical values represents digits yet to be determined
before the redefinition.

Base quantity Defining Definition
constant

Frequency ∆ν(133Cs)hfs The unperturbed ground-state hyperfine
splitting frequency of the cesium-133 atom
∆ν is exactly 9 192 631 770 hertz.

Length c The speed of light in vacuum c is exactly
299 792 458 metre per second.

Action h The Planck constant h is exactly
6.626X · 10−34 joule second.

Electric charge e The elementary charge e is exactly
1.602X · 10−19 coulomb.

Heat capacity kB The Boltzmann constant kB is exactly
1.380X · 10−23 joule per kelvin.

Amount of NA The Avogadro constant NA is exactly
substance 6.022X · 1023 reciprocal mole.
Luminous Kcd The luminous efficacy Kcd of
intensity monochromatic radiation of frequency

540 · 1012 hertz is exactly 683 lumen
per watt.
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Intuitively, the fixation of a fundamental constant sounds like a violation
of the laws of physics, and this calls for a clarification. All values representing
a quantity are the product of a number and a unit. With the speed of light
in vacuum, the value c is the product of the numerical value {c} = 299 792
458 and the unit [c] = m/s:

c = {c}[c] = 299 792 458 m/s. (4.1)

By choosing a different unit, such as miles per hour, the numerical value
changes accordingly:

c = {c′}[c′] = 670 616 629 mi/h. (4.2)

Even though the numerical value and unit have changed, the product of the
two, which is the fundamental value of the speed of light, c, is unchanged.
Since this product must remain constant, a fixation of the numerical value
will determine the unit, and this can be used to define a unit. Since the second
was already defined through the caesium hyperfine splitting frequency, the
fixation of the numerical value of c gave a new definition of the metre.

This way of defining the units, by anchoring the units to fundamental
physical phenomena instead of an artefact or a specific measurement setup,
will be applied to all of the seven base quantities in the new SI. This will
give a system of units that in principle can be realised anywhere, by anyone
and at any time.

4.6 New technologies and the NMI-on-a-chip

Emerging technologies require gradually higher accuracies, and also a broader
range of power levels, going beyond what traditional CRs can accomplish.
The National Institute of Standards and Technology (NIST) in USA is at the
forefront of new developments in radiometry. In recent years, they have devel-
oped new types of CRs that can measure power levels as low as nanowatts [53]
and even picowatts [54]. At the other end of the power scale, they have ex-
tended the range up to tens of kilowatts, with the novel technique of mea-
suring radiation pressure [55,56].

In addition to extending the capabilities of in-house measurement ser-
vices, innovations in radiometry, and metrology in general, attempt to make
high-accuracy measurement devices smaller, cheaper and easier to use. With
their NIST-on-a-chip program, NIST seeks to revolutionise the world of
metrology by bringing measurement services out of the lab and directly to the
user [57]. The redefinition of the SI opens up for linking measurement devices
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directly to SI units through fundamental constants and quantum phenom-
ena, instead of taking the route via external references. This new approach
will shorten the traceability chain and introduce unprecedented accuracies
directly at the user level.

With its self-calibration procedure and the direct link to the fundamental
relationship e/h, the dual-mode detector presented in this thesis finds itself
among the pioneering activities towards the realisation of the NMI-on-a-chip
in radiometry.
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Chapter 5

The dual-mode detector

5.1 Concept

The dual-mode detector, first presented by White et al. [58], combines the
principles of the two detector-based primary standards for optical power mea-
surement, the PQED and the CR, into one device. An induced-junction pho-
todiode is used as the absorber both during photocurrent measurement and
thermal detection. Thermal detection is enabled by including a temperature
sensor, a weak heat link and a heat sink to the photodiode.

The combination of these two primary methods in one device makes it
possible to compare the methods directly, with an accuracy unattainable with
two separate detectors. By using the same absorbing element in both modes,
the optical conditions, such as reflectance and absorptance, are exactly equal
during photo-detection and thermal detection. Also, there is no need for
moving parts in the system, which is a source of uncertainty when compar-
ing two separate detectors. Instead of using an external heater, which is
usually the case in electrical substitution, the electrical heating during ther-
mal mode is carried out by forward biasing the photodiode. This allows
the same instruments and circuitry to be used to measure current in both
modes, and thus the uncertainty contribution from the instruments is re-
duced. As a result, the dual-mode detector provides an ultimate comparison
of two primary standard methods, and in doing so, it provides a direct link
between radiometric measurements and the fundamental relationship e/h, as
discussed in section 5.2.

In addition to the high accuracy that can be achieved in the dual-mode
comparison measurement, the combination of the two methods introduces
new advantages and possibilities. By using the thermal mode as a reference,
the dual-mode detector can be used to determine the internal losses of the
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photodiode. This makes it a self-calibrating device, as the responsivity can
be determined without the use of an external reference. This self-calibration
procedure is explained further in section 5.3.

5.2 Linking radiometric measurements to

the SI

If the internal losses δ(λ) of the photodiode have been extracted by indepen-
dent methods, for instance by a simulation model fitted to IV measurements,
as discussed in Paper V and in section 6.3.3, the dual-mode detector can be
used to extract the relationship between the elementary charge e and the
Planck constant h. By combining equations (2.1)-(2.3), disregarding reflec-
tion losses ρ(λ), and inserting the optical power from thermal mode, ΦT, we
get:

e

h
=

iphoto

(1− δ(λ))ΦT

c

λ
. (5.1)

Does this mean that the dual-mode detector provides a true measurement of
e/h? If so, then the dual-mode detector presents a new method of doing this,
and if we were able to reduce the measurement uncertainty to a level compa-
rable to the listed uncertainty for e/h of 6 ·10−9, the dual-mode measurement
could have been included in the CODATA determination of e/h.

For simplicity, let us assume that we have tuned the voltage during elec-
trical substitution, such that ΦT = IV , instead of using two electrical levels
and a linear fit as in equation 3.1, to determine ΦT. To get the highest pos-
sible accuracy in our measurement, we would need to measure the voltage
using a Josephson voltage standard. The voltage would then be expressed as
V = nhf/2e, where n is an integer and f is the frequency of the microwave
radiation used to drive the Josephson junction. This introduces e/h also on
the right side of equation 5.1, and shows that the dual-mode measurement
is not a true measurement of e/h, as it cancels out from the calculation.

Even if the dual-mode measurement does not present a true measure of
e/h, the extraction of the value is still highly valuable, and an important
feature of the detector. With the revision of the SI, e and h will be ex-
actly defined in the same way as c is today. We can then extract e/h from
the measurement, compare the measured value to the exactly known value,
and use the comparison as a validation of the two independent measurement
methods. This means that not only does the dual-mode detector allow an
ultimate comparison between two primary methods for optical power mea-
surements, by doing so it creates a link from both primary methods directly

23



to the new SI. This strengthens the integrity of the radiometric SI scales,
and contributes to an even more coherent SI.

5.3 Self-calibration

Before a photodiode can be used for high-accuracy measurements of optical
power, its internal losses must be determined. For photodiodes used as trans-
fer standards, the responsivity, and hence the internal loss, is determined by
comparison to other standards, such as a CR. In the PQED, the internal
losses of the photodiodes are predicted using computer simulations. Since
this is done without involving an external reference, the PQED is defined as
a primary standard.

With the dual-mode detector, the internal losses can, as with the PQED,
be determined entirely without reference to an external standard. This is
done by using the thermal mode of the detector as the reference. By rear-
ranging equation 5.1, we get the internal losses from:

δ(λ) = 1− iphoto

ΦT

· hc
eλ

= 1−R(λ)/R0(λ). (5.2)

This corresponds to the relative difference between the experimental and
ideal responsivity.

For many applications, calibration at one wavelength within the linear
region of the photodiode is sufficient. In this case, the dual-mode detector
can be self-calibrated by doing one single dual-mode measurement. For other
applications, where a broader spectral and dynamic range is required, the
measurement can be combined with a simulation model, as is done for the
PQED. With this model, the internal losses can be extrapolated to the entire
spectral and dynamic range of the detector. This is discussed in more detail
in section 6.3.3.
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Chapter 6

The development of the
dual-mode detector

This chapter gives an overview of the development of the three prototypes
of the dual-mode detector. Details about the measurement procedure, data
analysis and experimental setup are presented in chapter 7.

6.1 Prototype 1 – proof of principle

(a) (b) (c)

Figure 6.1: Photos showing protoype 1 of the dual-mode detector. (a) Front
view showing photodiode and wirebond connection pads on the printed cir-
cuit board. (b) Rear side of detector, showing reference temperature sensor.
(c) Detector mounted in a copper housing serving as the heat sink.

The first prototype in this project of the dual-mode detector was made as a
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proof of principle, to show that the photocurrent mode and thermal mode
could be combined in one detector, using the same absorber for both modes.
As a control, the fundamental relationship e/h was extracted from the mea-
surement, as described in section 5.2. Based on theoretical predictions of the
thermal properties of the detector at cryogenic temperatures, which predict
an increase in thermal conductivity when cooled, the initial measurements
were performed at 77 K. The low temperature is believed to give a reduc-
tion of the internal losses compared to room temperature. Due to this, and
operation in the linear region of the photodiode, the internal losses δ(λ)
were at this stage assumed to be negligible compared to the measurement
uncertainty.

Figure 6.1 shows photos of prototype 1. The photodiode was mounted on
a printed circuit board (PCB), where wirebonds from the photodiode were
connected to the external wiring, as shown in figure 6.1a. A circular hole
in the PCB (not visible in the photos) made room for a Cernox 1080-SD
temperature sensor, mounted directly on the back of the photodiode. The
PCB served as the weak heat link, and was attached to a piece of copper,
where a second Cernox temperature sensor was mounted. This is shown in
the rear side photo in figure 6.1b. The copper piece was attached to a copper
housing with a screw, as shown in figure 6.1c, and the copper housing was
attached to the cold finger of the cryostat.

Paper I describes the measurement procedure and gives the results of the
extraction of e/h using prototype 1 when cooled to 78 K. Since this was solely
a proof-of-principle experiment, no complete uncertainty budget was made.
Only a few measurements were performed, which means there is no data to
show the repeatability of the measurement. Based on later experience, it
was learnt that a major contributor to the uncertainty at this stage would
have been inequivalence in heat path between optical and electrical heating,
as discussed in section 6.2.1. The electronics were also not optimised, which
meant the circuitry and instrumentation could give rise to both systematic
and random errors. In addition, scattering inside the copper chamber and
temperature drift were sources of error not yet taken into account. Neverthe-
less, this initial, unoptimised design showed a sensitivity of approximately 1.1
K/mW at 78 K, and successfully demonstrated the dual-mode measurement
principle.
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6.2 Prototype 2 – towards an NMI-on-a-chip

(a) (b) (c)

Figure 6.2: Photos showing prototype 2 of the dual-mode detector. (a)
Photodiode with heat link and heat sink. (b) Rear side of photodiode and
PCB, showing the thermistor glued to the photodiode in the hole of the
PCB. (c) Detector mounted in its metal housing, with a second, unconnected
photodiode at an angle, acting as a mirror to reduce reflective scatter.

For prototype 2, the focus was shifted, from a pure proof-of-principle to-
wards usability and application purposes. In line with the NMI-on-a-chip
mentality, the aim was to develop a user-friendly, self-calibrated detector
that could easily be implemented directly into existing applications. Op-
eration at cryogenic temperatures improves the measurement accuracy by
orders of magnitude. However, for many practical applications, the ease of
use is more important than high accuracy, and due to the focus on usability
prototype 2 was operated at room temperature. In addition, prototype 2
was modular, to allow parts to be easily replaced as the development moved
forward.

The self-calibration procedure, as introduced in section 5.3, makes use
of the thermal mode as a reference to determine the internal losses of the
photodiode. The thermal mode is more time consuming and complicated to
carry out than the photocurrent mode, and it is undoubtedly more practical
to use photocurrent mode for optical power measurements. We show in Paper
II that one thermal mode measurement is sufficient to determine the IQD
of the photodiode within the linear range of the detector. When this self-
calibration is completed, the detector can be run in photocurrent mode and
perform optical power measurements in the time span of a few seconds.

Figure 6.2 shows photos of prototype 2 of the dual-mode detector. In
addition to the PCB on which the photodiode was mounted, the heat link
included a custom made 3D printed piece of polylactic acid (PLA). The PLA
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geometry could be modified, which was convenient as the geometrical prop-
erties of the heat link affects the time constant and sensor signal. As figure
6.2a shows, six wires were connected to the photodiode, two to each of the
connection rings. This made it possible to do four-point measurements di-
rectly on the photodiode, which avoided measuring the resistance of the wires
running through the cryostat to the measurement instruments. The Cernox
temperature sensors from the first prototype were replaced with germanium
thermistors from Adsem [59], which were smaller in size and more sensitive
at room temperature. The nominal resistance of the thermistors at room
temperature was around 1 kΩ. The thermistor was placed in the centre on
the back of the photodiode, as shown in figure 6.2b.

The PLA consisted of a base plate with thickness of 1 mm, with four
vertical legs of height and diameter of 1 mm, supporting the PCB around the
circular hole. The PLA was mounted on a second PCB, which allowed for a
second connection point for the wiring, contributing to the modularity of the
detector. The second PCB was mounted on a piece of brass, which served as
the heat sink, and the photodiode with heat link and heat sink was mounted
in a 5 cm× 5 cm× 2 cm metal housing, shown in figure 6.2c. The reference
thermistor was mounted on the brass heat sink. A 100 nF capacitor was
placed between the thermistor leads on each of the two thermistors, working
as a filter to reduce noise, with a time constant in the order of milliseconds.
As shown in figure 6.2c, a second photodiode, functioning as a mirror, was
placed at an angle to the absorbing photodiode. This mirror photodiode was
unconnected, and its only purpose was to reduce reflected and scattered light
inside the metal housing.

The result of one dual-mode measurement is shown in figure 6.3. The val-
ues of the optical power for each cycle, Φone cycle

T , are plotted as blue asterisks
and with error bars corresponding to the standard deviation in each cycle.
The optical power from thermal mode, ΦT, was calculated as the average of
the nine cycles, and is shown as a blue solid line. The dashed lines show the
standard deviation for the nine points. The figure shows a variability of the
results for each cycle. This can be a result of background temperature drift
during the measurement. The calculation algorithm for Φone cycle

T was later
improved to reduce the sensitivity to background drift, and this is further
described in section 7.2.

For photocurrent mode, the optical power, ΦPC, is calculated from the
average of two photocurrent measurements, one before and one after the
thermal measurements, using equation 2.2. ΦPC is not an absolute measure of
the absorbed optical power, since the IQD is not accounted for. ΦPC is shown
in figure 6.3 as a green solid line with standard deviation shown by green
dashed lines. These are not clearly visible since the standard deviation is
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Figure 6.3: Results from one complete dual-mode measurement. Optical
power for nine heating cycles during thermal mode, Φone cycle

T , is shown as
blue asterisks, and the average of these, giving the optical power from thermal
mode, ΦT, is shown as a blue solid line. The optical power from photocurrent
mode, ΦPC, is shown by the green solid line. The standard deviation is
indicated by dashed lines. Dashed lines are not clearly visible for ΦPC since
the standard deviation is small compared to the linewidth of the plot.

small compared to the linewidth of the plot. The deviation between thermal
mode and photocurrent mode in figure 6.3 would ideally give a measure of
the IQD. However, the deviation of ∼3 % is large compared to an expected
IQD of 0.01 %, based on previous work with the same type of photodiode
under similar conditions [47]. The deviation between the modes is therefore
assumed to be caused by other effects.

As discussed in Paper II, an important aspect of thermal mode is heat
transfer equivalence during electrical substitution. In the dual-mode detec-
tor, the heating profiles during optical and electrical heating are very dif-
ferent, as shown by the illustrations in figure 6.4. During optical heating,
the heat is dissipated where the laser beam is absorbed, usually close to the
centre of the photodiode. During electrical heating however, the heat is dis-
sipated between the connection rings around the edges of the photodiode.
The different heating profiles produce different heat paths, which makes the
detected temperature highly dependent on the placement of the temperature
sensor. This inequivalence was studied using heat transfer simulations in
Comsol Multiphysics.
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(a) Optical heating (b) Electrical heating

Figure 6.4: Illustration of heating profiles during optical and electrical heat-
ing. During optical heating (a) the heat is dissipated where the laser beam
hits the photodiode. During electrical heating (b) the heat is dissipated
between the connection rings around the edges of the photodiode.

6.2.1 Heat transfer modelling

“All models are wrong but some
are useful.”

— George Box

Heat transfer simulations in Comsol Multiphysics were used to study the
optical and electrical heating during thermal mode. To be able to directly
compare the unknown optical power to the applied electrical power during
electrical substitution, it is important that equal applied power gives equal
temperature rise during optical and electrical heating. Simulations were used
to investigate if this was the case, and to improve this equivalence and opti-
mise the thermal design.

Comsol Multiphysics is a finite-element simulation platform for modelling
and simulating physical problems. The heat transfer module in Comsol Mul-
tiphysics allows studies involving heat transfer through the mechanisms of
conduction, convection and radiation. In these studies, the main mechanism
for heat transfer was heat conduction. All simulations were performed using
vacuum conditions, with zero convection loss. Radiation loss could be con-
tributing to inequivalence due to the different heating profiles, however this
effect was assumed to be less significant than the inequivalence in conduction,
and was therefore assumed negligible.

To study the thermal inequivalence between optical and electrical heating,
we were only interested in the amount of light that would produce heat at
the position of the thermistor. Hence, there was no need to include the
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entire beam path or details of the resistive electrical heating in the simulation
model. Instead, a heat flux was defined on the surface of the photodiode, with
heating profiles as shown in figure 6.4. The total heat flux was normalised to
give the same amount of absorbed power for optical and electrical heating.

In the first and second prototype of the dual-mode detector, the thermal
design was not well studied before testing. As presented in Paper II and
figure 6.3, prototype 2 showed an unexpectedly high deviation between pho-
tocurrent mode and thermal mode measurements, which ideally should be
a measure of the IQD. It was unlikely that this deviation, which was ∼3 %,
was caused solely by internal losses of the photodiode, and it was believed
that part of the deviation was caused by thermal inequivalence between the
heating modes during the electrical substitution.

The model of prototype 2 that was used in the simulations is shown in
figure 6.5a. The heat transfer simulations performed with this model revealed
an inequivalence between optical and electrical heating of approximately 2 %
in the position of the temperature sensor, as shown in figure 6.5b. In addition,
the thermal simulations showed there was a considerable amount of heat loss
through the electrical wires connected to the photodiode, illustrated by the
red arrows in figure 6.5a. With this knowledge, an improved thermal design
was developed, which lead to prototype 3.
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(a)

(b)

Figure 6.5: (a) Schematic showing cross-section of the simulation model of
prototype 2. The red arrows illustrate heat transfer. (b) Inequivalence of
prototype 2 of the dual-mode detector, highlighted as the relative difference
between temperature during optical and electrical heating, in percent.
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6.3 Prototype 3 – improved thermal design

(a) (b)

Figure 6.6: Photos of prototype 3. (a) Photodiode with heat link and cop-
per heat sink. (b) Detector mounted in its metal housing, with a second,
unconnected photodiode at an angle, acting as a mirror to reduce reflective
scatter.

Based on the findings from the simulations of prototype 2, heat transfer
simulations were used as a tool for developing a new thermal design. This
improvement of the thermal design, leading to prototype 3, is the topic of
Paper III. Figure 6.6 shows photos of prototype 3.

Dimensions and material properties were varied in the simulations, with
the aim of reducing the inequivalence between optical and electrical heat-
ing. The heat loss through the wires could not be avoided, especially while
operating at room temperature. This was solved by including the wires in
the heat link in a controlled fashion. Since the bonding wires were attached
to one side of the photodiode, this suggested an asymmetrical design of the
heat link.

The improved thermal design is shown in figure 6.7a. The majority of
the heat link mass was placed to the side of the photodiode where the bond-
ing wires were connected. On the opposite side, a pair of PLA legs was
included to support the photodiode. The asymmetrical design improved the
equivalence, yet not to a level that agreed with our desired measurement
uncertainty, below 0.1 %. To further improve the equivalence, a piece of
copper, having high heat diffusivity, was added to the heat link to serve as a
thermal diffuser. The idea was that the copper would even out the difference
between the heat paths, giving equal temperature of the copper in optical
and electrical heating. The thermistor was placed underneath the copper
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(a)

(b)

Figure 6.7: (a) Schematic showing cross-section of the improved design of
prototype 3, based on heat transfer simulations. The red arrows illustrate
heat transfer. (b) Simulated room-temperature inequivalence of prototype 3
in ppm. The thermistor is shown in the inset, highlighted in purple.

instead of on the back of the photodiode. This gave a lower temperature
signal, but a major improvement in the inequivalence.

For the experimental part, the four-point measurement was done close
to the position of the thermistor, right next to the copper piece. The resis-
tive heating from the wires going around the copper piece to the photodiode
contributes to the temperature rise seen by the thermistor. By placing the
four-point measurement in this position, the contributing resistive heat was

34



correctly included in the calculation of the applied electrical power. The sec-
ond PCB from prototype 2, between the PLA and heat sink, was removed,
and the brass heat sink was replaced with a copper heat sink. Since copper
has higher thermal conductivity than brass, the thermal contact to the cryo-
stat was increased, and thus the effective mass of the heat sink was increased,
and the heat sink stability improved. As with prototype 2, an unconnected
mirror photodiode was placed at an angle to the absorbing photodiode, as
shown in figure 6.6b, to reduce reflected and scattered light inside the detec-
tor housing.

The inequivalence between optical and electrical heating for prototype 3
is shown in figure 6.7b. As can be seen from the figure, the inequivalence
has been reduced significantly compared to prototype 2. The inset shows
the thermistor, highlighted in purple, with an inequivalence below 50 ppm,
for a beam spot positioned in the centre of the photodiode, and in room
temperature environment. Studies of different beam spot positions showed
an increase in inequivalence as the beam moved towards the edges, although
it remained below 200 ppm for all positions.

Inequivalence in thermal mode can, as discussed above, be caused by
different heat paths in optical and electrical heating. Another reason for
inequivalence between optical and electrical heating is unintentional heating
of the mirror diode included to reduce stray light inside the detector housing.

Figure 6.8 illustrates propagation of the beam between the absorber pho-
todiode and the mirror in prototype 3. To investigate the effect of optical
heating of the mirror, simulations were performed with and without mirror
heating. The photodiode reflectance depends on various parameters, such
as wavelength, polarisation, oxide thickness and angle of incidence, and for
simplicity, the reflectance was in these simulations set to be 30 % for both
the detecting photodiode and the mirror photodiode. With a total of five
reflections, as illustrated in figure 6.8, the total radiation absorbed by the
main photodiode will be ∼77 % of the incident radiation, while for the mirror
photodiode it will be ∼23 %. Approximately 0.2 % will be lost by the fifth
reflection.

The simulations showed that optical heating of the mirror, with an inci-
dent power level of 0.65 mW, gave an additional temperature rise of up to
0.05 mK at the thermistor. The total temperature rise of the absorber was
120 mK. Consequently, the mirror heating results in a relative error of up to
0.04 %. The relative error remained unchanged when varying the power level,
indicating a linear effect. This error will propagate to the estimated optical
power ΦT, and hence to the IQD. However, these simulations corresponded
to a worst-case scenario, and the effect of the mirror heating is likely less
than this.
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Figure 6.8: Illustration of the incident beam, with reflections propagating
between the absorber photodiode (bottom) and mirror (top). The figure is
intended for illustration purposes only, and is not an accurate reproduction
of the actual beam propagation in the measurements or simulations.

6.3.1 Experimental comparison of the thermal design
of prototypes 2 and 3

In Paper IV, we present measurement results with the improved thermal
design of prototype 3. Figure 6.9 shows results for the dual-mode measure-
ments, in terms of relative deviation between optical power measured by
photocurrent mode and thermal mode, before and after the improvements
on the thermal design. Since part of the deviation is caused by the thermal
inequivalence, and not solely by the IQD, the vertical axis is labelled devia-
tion between measurement modes rather than IQD. The error bars represent
the propagated type A uncertainty, k = 1.

The red square shows the result for prototype 2, where the simulations
predicted a thermal inequivalence between optical and electrical heating of
2 %. The blue circles and green triangles show results for prototype 3, with
the improved thermal design. Measurements 2 through 5 were performed
without the mirror photodiode, which is shown in figure 6.6b, and at atmo-
spheric pressure. For measurements 6 and 7, the mirror photodiode was in
place, and the measurements were performed in vacuum.

Stray light from reflections and scatter, absorbed near the thermistor
but outside the active area of the photodiode, will produce a temperature
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signal but not a photocurrent, and hence give a larger deviation between
the two modes. The reduced deviation between the measurement modes for
measurements 6 and 7, indicates that stray light was reduced by including
the mirror photodiode.

Figure 6.9: Deviation between optical power measured in photocurrent mode
and thermal mode before (red square) and after (blue circles and green trian-
gles) improvements in the thermal design. All measurements were performed
with 488 nm wavelength at 0.5 mW power level, in room temperature envi-
ronment.

6.3.2 Linearity measurements

In addition to demonstrating the improvement in the thermal design, Paper
IV presents linearity measurements with prototype 3 at power levels from
150µW to 1.5 mW, for wavelengths of 488 nm and 633 nm. These results
are shown in figure 6.10. The deviation between photocurrent mode and
thermal mode, corresponding to the vertical axes in the plot, is interpreted
as the IQD, since the thermal inequivalence is assumed to be negligible in
prototype 3. The error bars represent the type A measurement uncertainty,
k = 1.
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Figure 6.10: Estimated IQD based on the self-calibration measurement and
equation 5.2, as a function of absorbed optical power for (a) 488 nm and (b)
633 nm, also showing simulations using typical parameters.
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Figure 6.10 also shows computer simulations of the IQD carried out with
Cogenda Genius TCAD. Some of the important simulation parameters are
listed in table 6.1.

Table 6.1: Simulation parameters used in the simulations in figure 6.10.

Simulation parameter Value
Substrate doping 7.6·1011 cm−3

Surface recombination velocity 3.2·104 cm s−1

Bulk life time 2.2 ms
Fixed charge density 5.8·1011 cm−2

The experimental results show agreement with simulations in terms of
the increase in IQD for high power levels. However, the experimental results
show an overall higher IQD than the simulations, especially for 488 nm.
Parts of this disagreement could be caused by a non-negligible inequivalence
in thermal mode or by inaccurate estimates of the simulation parameters.
Another source of error, which could be different for the two wavelengths,
is improper beam alignment. Since the two laser beams originate from two
different sources, their alignment and beam size can be very different. The
two beams could therefore have a difference in the amount of light being
absorbed outside the active area of the photodiode, which produce heat but
not a photocurrent. The active area of the photodiode is highlighted in blue
in figure 6.11, and comprises approximately 90 % of the total surface area.
The difference between the disagreement for the two wavelengths suggests
that part of the vertical shift is caused by improper beam alignment, and
more so for 488 nm than for 633 nm.

A uniformity measurement, where the photocurrent is measured while the
laser beam is scanned across the photodiode surface, would give information
on the position of the beam spot. This would confirm whether improper beam
alignment was causing the large deviations in figure 6.10, and a uniformity
measurement would also reveal the optimum beam spot position. However,
due to the limited capability of the measurement setup, this measurement
was not carried out within the time frame of this work.

Another possible reason for the deviations seen in figure 6.10 could be
polarisation of the incoming light. A difference in polarisation between the
two beams would lead to a difference in the amount of light being reflected
from the photodiode. This would give a difference in the amount of light
being absorbed outside the active area, which produces a thermal signal
but not a photocurrent. A study of the reflections from a 7-reflection trap
by Sildoja et al. [60] indicates that the reflectance of p-polarised light is
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less affected when changing the wavelength than other polarisations. Since
both laser were p-polarised, it is therefore unlikely that polarisation plays a
dominant part in the deviation in figure 6.10. However, based on the results
in [60], a proper trap configuration and a thorough alignment would with
high certainty reduce the effect of polarisation to a negligible level.

Figure 6.11: Top view of the absorber photodiode, with the active area
highlighted in blue. The red area along the edges shows the surface that is
not part of the active area of the photodiode, and includes the area on and
outside the connection rings.

6.3.3 IQD prediction

The simulation results for the IQD shown in figure 6.10 were based on typical
parameters for an induced-junction photodiode, i.e. the simulation model did
not represent the actual diode used in the experiments. If some parameters
are unknown, the model parameters can be tuned in an iterative process
of fitting the model to the experimental data. In this case, these typical
parameters can be used as initial settings. This method for determining the
model parameters is a new approach to extract the spectral responsivity of
the PQED photodiode, from measurement at one wavelength only.

With higher confidence in the precision of the experimental data in fig-
ure 6.10, fitting the model to the data would be the next step in our self-
calibration procedure. However, the large measurement uncertainty and the
possibly large systematic errors caused by alignment issues, as discussed in
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section 6.3.2 and in Paper IV, would lead to an inaccurate simulation model
if parameter tuning was attempted. When an accurate model of the photodi-
ode is obtained, simulations can be used to extrapolate the IQD over a wide
spectral and dynamic range, including the non-linear region of the photodi-
ode. One single dual-mode measurement will then be sufficient to determine
the IQD over the entire spectral and dynamic range of the detector.

The model which is used to extrapolate the IQD, must be validated to
ensure that systematic effects, such as improper beam alignment, have not
affected the experimental results. This validation can be done by a simple
current-voltage (IV) measurement, where photocurrent is measured under a
varying reverse voltage bias. The IV measurement will give a characteristic
curve, which is highly dependent on several important simulation parame-
ters. This, and other effects on the IQD when varying different simulation
parameters, is discussed in detail in Paper V.

Figure 6.12 from Paper V shows experimental and simulated IV curves
for power levels from 150 µW to 1.2 mW, and for wavelengths of 488 nm and
633 nm, respectively. The solid lines show the simulation results for the same
power levels, with the same simulation parameters as for the simulations in
figure 6.10.

The same detector and simulation parameters were used for both wave-
lengths. However, the results at 488 nm show better agreement between the
simulation model and the experimental results than at 633 nm. The reason
for this difference could be caused by different beam spot sizes. The beam
spots were not measured, but since two different lasers were used it is likely
that the beam spots were different in size. A smaller beam will give a higher
concentration of photogenerated electron-hole pairs where the beam is ab-
sorbed. This compensates the built-in electric field and the applied voltage,
resulting in reduction or complete removal of the depletion region locally.
The effect will be higher for higher power levels, and this agrees well with
observations from figure 6.12b, where the simulation fits better for low power
levels. Experience from the work in paper V indicates that the iterative pro-
cess of tuning the model parameters gives a unique solution.

It is worth noting that the disagreement between experimental and sim-
ulated IQD in figure 6.10 is likely caused by alignment issues in thermal
mode. Radiation absorbed outside the active area of the photodiode, but
close enough to the thermistor to give a temperature rise, will give an over-
estimation of the IQD. The difference in agreement between 488 nm and
633 nm is therefore likely a result of different beam alignment of the two
lasers, causing the over-estimation of the IQD for 488 nm to be higher than
for 633 nm. In figure 6.12 however, only photocurrent, and no thermal signal,
was measured. Here, the disagreement between experimental and simulated
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IQD in figure 6.12 is believed to be caused by differences in beam intensity,
and not from beam alignment.

Figure 6.13 shows the results at 1.2 mW for 488 nm, from figure 6.12a.
In addition to the simulation results for the total IQD, the figure also shows
the different components that make up the total simulated internal loss; the
surface recombination and bulk recombination, including rear side recom-
bination. As can be seen from the figure, the rear side recombination is
dominating at low reverse bias, while the surface recombination dominates
for reverse bias voltages above 2 V. For reverse bias voltages higher than 6 V -
7 V, the photocurrent is saturated and the losses are minimised. Decreasing
the voltage will decrease the width of the depletion region, and this leads to
an increase in bulk and rear side recombination. The sharp rise in rear side
recombination at around 2 V reverse bias indicates that the minority carrier
diffusion reaches the rear side of the photodiode. The increase in surface
recombination for decreasing reverse bias is due to lower field strengths at
the surface, the field that assists the drift of excess holes.
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Figure 6.12: IQD as a function of reverse bias voltage for a) 488 nm and b)
633 nm, showing experimental results and simulation for power levels from
150µW to 1.2 mW.
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Figure 6.13: IQD for 1202 µW from figure 6.12a as a function of reverse
bias voltage, showing experimental and simulation results for 488 nm, with
decomposition of the simulated loss. The solid line shows total recombina-
tion, the red dashed line shows surface recombination, the yellow dashed line
shows bulk recombination excluding the rear side and the black dashed line
shows recombination at the rear side of the photodiode.
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Chapter 7

Measurement setup

7.1 Measurement procedure

Figure 7.1: Optical layout of the dual-mode experiment.

Figure 7.1 shows the optical layout of the experiment. A movable mirror al-
lowed switching between two lasers, with wavelength of 488 nm and 633 nm.
Both laser beams were power stabilised and p-polarised. For the room tem-
perature measurements, the cryostat was used only as a vacuum chamber.

A full dual-mode measurement included both photocurrent measurement
and thermal measurement. The photocurrent measurement was performed in
the same way for all three prototypes, with one measurement before and one
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after the thermal measurement. It was carried out in three steps, with the
laser beam turned off, on and off, using a programmable shutter. The dark
current was subtracted from the light current, to get the true photocurrent.

For prototype 1, the thermal measurement was performed by logging the
temperature of the photodiode sensor and heat sink sensor. The detector
was cycled through low electrical heating, optical heating and high electrical
heating. Each of these steps included two repetitions for each heating, with
cooling to the initial system temperature between each heating, as shown
in figure 7.2a. The temperature signal from the reference thermistor on the
copper carrier is shown in 7.2b. This signal was used in post-processing to
account for drift of the system temperature.

Figure 7.2: (a) Temperature signal during optical heating, low electrical
heating and high electrical heating for prototype 1. (b) Temperature signal
from the reference thermistor.

In this first measurement procedure, there was no automation involved,
meaning that all changes, such as data processing, operating the laser shutter
and changing voltage level, was done manually. The system temperature was
monitored, however it was difficult to use the background signal to account for
system temperature variations, as the reference temperature was also affected
by the heating. The measurement procedure was sufficient for a simple proof-
of-principle experiment, but needed improvement for further development of
the detector. The experiences gained from prototype 1 provided us with
valuable knowledge in the further development of the detector design and
measurement procedure.
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7.1.1 Improvements on software and measurement
procedure

Several changes were made to the measurement procedure and experimental
setup for prototype 2. The measurement procedure was simplified by dis-
carding the cooling phase between each step, and instead switching directly
between optical heating and electrical heating. This reduced the measure-
ment time by one half. The software was improved to automate the process,
such that a complete dual-mode measurement with photocurrent mode and
thermal mode could be carried out without user interaction. The same soft-
ware and measurement procedure was used for prototype 3.

Figure 7.3: The dual-mode measurement procedure used for prototype 2
and 3. A photocurrent measurement, including dark current measurement,
is followed by ten successive heating cycles, stepping through low electrical,
optical, high electrical and a second optical heating. The measurement is
finished after a second photocurrent measurement.

Figure 7.3 shows an illustration of the measurement procedure of the
dual-mode measurement, as it was performed for prototypes 2 and 3. The
photocurrent measurement was carried out before and after thermal mode.
After the first photocurrent measurement, the system was left to temper-
ature stabilise for 20 minutes before thermal mode was started. Thermal
mode consisted of ten successive heating cycles, going through low electrical
heating, optical heating, high electrical heating and a second optical heating.
The duration of each heating step was usually set to 15 minutes, which gave
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a total measurement time of 10 hours for thermal mode. The duration of
photocurrent mode was 40 seconds.

The measurement procedure was automated by improvement of the soft-
ware and implementation of an Arduino micro-controller connected to a volt-
age divider with relays. This allowed us to automatically switch between dif-
ferent voltage settings needed for a complete dual-mode measurement, and
thus the measurement could be carried out without user interaction. An
alternative to this method would be to program the voltage supply directly.
However, using a micro-controller for switching is advantageous, as a volt-
age supply is more stable during a constant DC output. Also, in terms of
user friendliness, the micro-controller eliminates the need of a programmable
voltage source.

Figure 7.4 shows a schematic of the Arduino-controlled voltage divider. A
Datron 4700 calibrator provided the input voltage Vin, and Vout was applied
to the photodiode. The voltage divider had the option of switching to open
circuit (switch D1), changing polarity on the input voltage Vin (switch D2),
outputting only a fraction of the input voltage, determined by the size of
resistors R1 and R2 (switch D3), and stepping the voltage through three
different steps, set by the size of resistors R3 (switch D4 and D5). This
allowed us to switch to a reverse bias during photocurrent measurements,
change between different forward bias levels during electrical heating, and
set to open circuit during optical heating.

7.1.2 Resistance bridge

Another improvement to the measurement procedure of prototype 2, was the
inclusion of a measurement bridge in the measurement circuit. This bridge
gave the difference in temperature between the two temperature sensors di-
rectly. A circuit diagram of the measurement bridge is shown in figure 7.5.

The input voltage Vin was set to 2.24 V, based on previous studies. Tref

was the resistance of the reference thermistor placed on the heat sink, and
T was the resistance of the thermistor, which for prototype 2 was placed on
the photodiode and for prototype 3 was placed on the copper diffuser. R1

and R2 were 1 kΩ resistors, approximately matching the room temperature
resistance of the thermistors. Rpot was a tunable potentiometer, allowing
the bridge to be reset to zero output voltage. A capacitor C of 10 mF was
included in parallel with the output signal for noise reduction. The output
signal Vout was given as a voltage, and used directly in the calculations.
Since the dual-mode measurement requires only relative measurements of
temperature, there was no need to convert the signal to temperature.
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Figure 7.4: Circuit diagram for the Arduino-controlled voltage divider used in
the dual-mode measurement. The voltage divider allowed automatic switch-
ing between reverse bias, different levels of forward bias and open circuit.

After several measurement series and analyses, it was clear that this
method did not work as intended, since we still had a problem with drift
and noise level. By replacing the reference thermistor with an invariable
resistor, R3 in figure 7.5, the noise level was slightly reduced. We found
that drift could be accounted for in the signal processing, by modifying the
calculation algorithm.

7.2 Data analysis

In the measurements performed in this project, there was no active tem-
perature stabilisation. The system temperature was passively stabilised by
the heat sink block, having a large thermal mass compared to the absorber
element. However, temperature drift was still present in the measurement,
which is evident from figure 7.3, where a typical temperature signal from a
complete thermal mode measurement is shown. For most of the time, the
drift could be considered linear within two heating cycles. This indicated
that the drift could be accounted for by using a suitable calculation algo-
rithm to determine the input variables to equation (3.1), which is repeated
here for convenience:

ΦT =
(TOPT − Tlow)

(Thigh − Tlow)
(Phigh − Plow) + Plow.
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Figure 7.5: Circuit diagram showing the measurement bridge used for tem-
perature reading with prototypes 2 and 3.

The different algorithms that were used for conversion from temperature sig-
nal to optical power are illustrated in figure 7.6 and described below:

(a) Step up: The first optical heating was compared to the preceding low
electrical heating and the following high electrical heating, by stepping
up from low heating (cold) to high heating (warm) via optical heating,
as shown in figure 7.6a.

(b) Step down: The second optical heating was compared to the preceding
high electrical heating and the following low electrical heating, by step-
ping down from high heating (warm) to low heating (cold) via optical
heating, as shown in figure 7.6b.

(c) Average A: An average of two optical heating levels was compared to
an average of the low electrical heating levels (cold) before and after
the optical heating levels, with the high electrical heating level (warm)
interposed between them, as shown in figure 7.6c.

(d) Average B: An average of two optical heating levels was compared to
an average of the high electrical heating levels (warm) before and after
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Figure 7.6: Illustrations of the four different averaging methods. The chosen
method was an average of (c) and (d).

the optical heating levels, with the low electrical heating level (cold)
interposed between them, as shown in figure 7.6d.

(e) Average A&B: Both average A and B were calculated, and an average of
both methods was used to determine the optical power.

Table 7.1 lists the input parameters to equation (3.1) for each method. Since
the duration of each heating step was identical, all measurement points were
equally spaced in time, meaning there was no need to adjust for time dif-
ferences in the averaging. Deviation from linear drift within the relevant
time span was reflected in the measurement uncertainty. After analysing the
different methods, it was found that the optimal algorithm, based on the
standard measurement uncertainty and sensitivity to drift, was given by an
average of average A and B.
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Table 7.1: Input parameters to equation (3.1) for the three methods of aver-
aging that were tested.

Method Tlow Thigh TOPT

Step up TEL1 TEL2 TOPT1

Step down TEL3 TEL2 TOPT2

Average A 1
2
(TEL1 + TEL3) TEL2

1
2
(TOPT1 + TOPT2)

Average B TEL3
1
2
(TEL2 + TEL4) 1

2
(TOPT2 + TOPT3

Method Plow Phigh

Step up PEL1 PEL2

Step down PEL3 PEL2

Average A 1
2
(PEL1 + PEL3) PEL2

Average B PEL3
1
2
(PEL2 + PEL4)
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Chapter 8

Sources of error

8.1 Photocurrent mode

The type A measurement uncertainty of the optical power ΦPC from pho-
tocurrent mode varied between 50 ppm and 500 ppm, covering laser stabil-
ity and current measurement uncertainty. The type A uncertainty in the
wavelength measurement was below 1 ppm. The dominating uncertainty in
photocurrent mode is undoubtedly in the determination of the IQD. Since
the IQD is determined by thermal mode, the accuracy of photocurrent mode
is limited to the accuracy of the thermal mode.

8.2 Thermal mode

The type A measurement uncertainty of the estimated optical power ΦT from
thermal mode was found to be 0.4µW - 1µW across the studied range from
150 µW to 1.2 mW. Heat transfer simulations of prototype 2 demonstrated
that inequivalence during thermal mode can introduce large offsets in the
estimated absorbed power, and consequently in the estimated IQD. Even
though simulations and experimental results indicate that the thermal design
of prototype 3 is improved, we do not have a technique for determining
the inequivalence with an independent method. In traditional ESRs, the
equivalence is validated through international comparison measurements.

In reference [7], chapter 2.3.1, a set of requirements for electrical substi-
tution measurement is listed, which must be fulfilled to achieve equivalence
between optical and electrical power. These are repeated here, with a note
on how the requirement is handled in this work.

1. The radiometer/detector should have a high absorptance to ensure that
all incident radiant flux is absorbed and contributes to a rise in tem-
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perature of the radiometer detector.

In this work, we have studied comparison measurements using the dual-
mode detector, which means our measurements did not require high
absorptance. However, when doing absolute measurements this must
be taken into account. The reflectance losses can then be reduced to
a negligible level by using a trap configuration [46, 48]. For the dual-
mode detector it is also essential that all radiation generating heat also
generates a photocurrent, as discussed in Paper IV. To ensure this, all
radiation must be absorbed in the active area of the photodiode. The
results from prototype 3 indicate that this requirement was not fulfilled
during our measurements, probably due to scattered light in the detec-
tor housing. Also shown in Paper IV, inclusion of a mirror reduced the
scatter and resulted in a lower estimated IQD than without the mirror.

2. All supplied (measured) optical power should be dissipated as heat in the
detector, no energy should be dissipated in the connecting leads, and the
amount of heat conducted away via the connecting leads should be min-
imised.

This requirement was not fulfilled with prototype 2, as the heat transfer
simulations revealed significant heat loss through the wires (see section
6.2.1). In the improved thermal design of prototype 3, the wires were
included in the heat link, to ensure that all heat was transported along
the same path. Also, the voltage and current measurement for the
applied electrical power was performed with a four-wire measurement
at the detector, to ensure that resistive heating of the wires was not
included. The four-wire measurement point was positioned next to
the thermistor. In this way, the wires between the thermistor and the
photodiode, which produced resistive heating that would be seen by
the thermistor, would correctly contribute to the measured electrical
power.

3. The heat flow path from the detector to the reference temperature heat
sink should be identical for electrical and radiant heating, and should
not be influenced by any difference in temperature gradients in the de-
tector created by the two separate heating modes.

The heat flow path during optical and electrical heating will inevitably
be different due to the different heating profiles, as described in section
6.2.1. Between prototypes 2 and 3, the inequivalence was reduced from
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2 % to below 50 ppm, by carefully designing the heat link to minimise
the difference in heat paths.

4. The thermometer which senses the temperature rise of the detector
should have a small thermal capacity and be in thermal equilibrium
with the detector; it should also have adequate resolution, sensitivity
and short-term stability.

The thermistors used in prototypes 2 and 3 were germanium resistance
thermometers with dimensions of 0.25 mm× 0.25 mm× 0.7 mm. They
are specifically designed for temperatures between 77 K and 400 K.
Other temperature sensors might be more suitable, however this type
has for this project shown satisfying properties regarding sensitivity,
resolution and short-term stability. For temperatures lower than 77 K,
other temperature sensors must be considered.

5. The temperature of the reference heat sink should remain constant dur-
ing the period of measurement.

The measurements were performed in unstabilised room temperature
environment in an evacuated cryostat, with no active stabilisation of
the heat sink. To begin with, temperature drift was accounted for by a
second thermistor, placed on the heat sink, which allowed us to mon-
itor the difference between the heat sink and detector temperature to
account for system variations. The two thermistors were subsequently
placed in a Wheatstone bridge, as described in section 7.1.2. However,
the voltage output from the bridge had a high noise level, and further,
the method did not entirely remove the background drift from the out-
put signal. We then chose to use only one thermistor, and to handle
the background drift by an advanced averaging method, described in
section 7.2.

6. The detector should be shielded so that its operation is not influenced
by any other sources of radiation, or heat generation source, and simi-
larly its field of view limited to reduce scattered radiation falling on the
detector.

During this project the detector was kept inside its metal housing in-
side the cryostat. Efforts were made to reduce scatter, by inserting
a mirror photodiode at an angle right above the absorbing photodi-
ode. However, the results indicate that more work remains before this
requirement is completely fulfilled.
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Heat loss by radiation and convection was assumed negligible in this work.
For convection, this is a valid assumption when operating in vacuum. How-
ever, the difference in heating profiles might give differences in the level of
radiation loss, especially when the density of applied heat is different.

Heat loss through the wires was a considerable source of error in proto-
type 2. This was improved in prototype 3, where the wires were included in
the heat link and thermally anchored to the copper thermal diffuser. Care
was taken to place the four-point measurement such that resistive heating,
contributing to a temperature signal in the temperature sensor, was included,
while the rest of the wires, running up the cryostat and to the instruments,
were excluded. Simulations where the exact position of the four-point mea-
surement was varied, showed that as long as the four-point connection was
between the thermistor and the edge of the heat link, the error was in the
ppm range.

As discussed in section 6.3.2, some of the incident radiation was absorbed
in the unconnected diode functioning as a mirror, producing additional heat
to the system. The effect of the mirror heating on the temperature signal
was investigated using simulations, and it was found to produce an error of
up to 0.04 % in the estimated IQD. This was a worst-case scenario, and the
effect is likely less than this. Nevertheless, when performing high accuracy
measurements the error is significant, and must therefore be accounted for in
future detector designs. One solution could be to decrease the thermal link
between the mirror and the thermistor. However, the mirror was included
as a temporary solution to reduce stray light, and the detector will in future
versions most likely consist of two photodiodes in a trap configuration. The
problem will then be eliminated, as both photodiodes will be operated as
dual-mode detectors, and the temperature rise of both will be closely mon-
itored. Another solution would be to replace the mirror photodiode with a
100 % reflection mirror. Since the reflectance of mirrors is wavelength de-
pendent, this solution should preferably be used for applications where one
wavelength or a limited wavelength range is used. An example where one
wavelength is sufficient is a high-accuracy comparison of the two measure-
ment methods through the extraction of e/h.

8.3 Impurities and alignment

In Paper III, we discuss the effect of dust and other impurities on the photo-
diode surface. Impurities will either absorb or scatter the incoming radiation.
Radiation absorbed by impurities will produce a thermal signal, but not a
photocurrent. Scattered radiation will be absorbed somewhere inside the de-
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tector housing, and if this happens on the heat sink or on the housing walls,
it will only affect absolute measurements. However, if scattered radiation is
absorbed outside the active area of the photodiode, on the connection pads
next to the photodiode or on the weak heat link, it will contribute to the
thermal signal but not the photocurrent. Absorption outside the active area
can also be caused by improper beam alignment, as discussed in Paper IV.
All of these effects, where radiation produces a thermal signal but not a
photocurrent, will give an over-estimation of the IQD.

8.4 Computer modelling

The use of computer modelling to extrapolate the IQD over a wider spec-
tral and dynamic range, discussed in section 6.3.3, introduces several chal-
lenges to the uncertainty evaluation of the self-calibration procedure. The
uncertainty of the simulation model will depend on how well we know the
simulation parameters. By using confidence intervals for the uncertainties
of each parameter, the extreme values of the intervals can be used to find
a best and worst case scenario for the predicted IQD. The error associated
with the simulation itself will increase with increasing IQD, which means the
model will be more accurate for low values of the IQD. A way to improve
the accuracy of the computer model, and hence reduce the uncertainty of the
predicted IQD, is to include more measurement points, i.e. by determining
the IQD experimentally at several wavelengths and/or power levels using the
self-calibration procedure. This means that the uncertainty can be adjusted
to fit the purpose, by including more or less measurement points when fitting
the model.
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8.5 Uncertainty budget

Tables 8.1 and 8.2 show uncertainty budgets for optical power measured with
thermal mode, ΦT, and photocurrent mode, ΦPC, respectively, for 488 nm
wavelength at 0.5 mW power level. Data in the tables correspond to mea-
surement point 7 in figure 6.9. The optical power is calculated from a mean
of nine measurement cycles, where the power level for each cycle, ΦTi

, is
calculated from equation 3.1. The measurand in table 8.1, the optical power
from thermal mode, is given by:

ΦT = (
1

N

∑

i

ΦTi
)(1 + dineq + dinequ + dmirror + dstray + dsim) + damp, (8.1)

where dineq is the thermal inequivalence between optical and electrical heat-
ing, dinequ is the uniformity of the thermal inequivalence across the detector
surface, dmirror is heating of the mirror diode, dstray is stray light which pro-
duce a thermal signal but not photocurrent, dsim is the error associated with
the thermal simulations, and damp is caused by a measured offset in the am-
plifier used for current measurements.

The measurand in table 8.2, the optical power from photocurrent mode,
is given by:

ΦPC = (I − dampi
)
hc

eλ
(1− du), (8.2)

where dampi
is the measured offset in the amplifier used for current measure-

ments and du is the uniformity of the detector in photocurrent mode.
Table 8.3 shows the uncertainty budget for the deviation between thermal

and photocurrent mode, which represents the apparent IQD.
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Chapter 9

Conclusion and future work

Even though this PhD project has come to an end, the development of
the dual-mode detector has not. The work with the detector will continue
at Justervesenet, to improve their measurement standards and capabilities.
This thesis demonstrates that the dual-mode detector has the potential of
becoming a room temperature primary standard for optical power measure-
ment, through the self-calibration where the internal losses of the photodiode
are determined by using the thermal mode as a reference. The photocurrent
mode can then be used to perform fast and accurate optical power measure-
ments.

However, before the dual-mode detector can reach its full potential, sev-
eral challenging, yet not insurmountable, problems must be solved. One
of these is the reflection losses. These can be eliminated with the same
method as for the PQED, by placing two photodiodes in a trap configura-
tion. However, for the dual-mode detector a trap-configuration will require a
more complicated design, to ensure equivalence between optical and electri-
cal heating in thermal mode. A proper trap design should also ensure that
all radiation is absorbed in the active area of the photodiode. Any radiation
absorbed outside the active area will contribute to the thermal signal but
not the photocurrent, and give an over-estimation of the IQD.

As part of the development of the thermal design, a thorough sensitivity
study of the beam placement, spot size and intensity should be carried out, to
ensure robustness of the thermal equivalence. An experimental validation of
this can easily be carried out by measuring the responsivity while varying the
parameters one at a time. When a thermal design is obtained that satisfies
the above requirements, the absolute thermal equivalence must be validated.
This validation must be done by comparison to an external reference, for ex-
ample a CR, and is vital to ensure that the dual-mode measurement outputs
the actual IQD, and not systematic effects.
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By combining the self-calibration procedure with improved 3D models,
the IQD can be predicted with higher accuracy, over a broad dynamic and
spectral range. A continuation of the work on 3D simulations, including
improvements to the model accuracy and usability, will therefore be an im-
portant part of the future work. Also, the knowledge acquired through 3D
simulations, in combination with material research, can potentially lead to
new PQED photodiodes with improved performance.

Operation of the dual-mode detector at cryogenic temperatures intro-
duces an orders of magnitude improvement in accuracy. This will be a great
advantage when the detector is used to make a high-accuracy comparison
of the two primary methods for optical power measurement, through the
extraction of e/h. To achieve the highest possible accuracy at cryogenic
temperatures, the packaging design must be optimised for the desired tem-
perature range. This will include finding suitable temperature sensors and
optimising the thermal design using heat transfer simulations, for minimal in-
equivalence between optical and electrical heating for the specific operational
temperature.
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Abstract: We demonstrate the use of a dual-mode detector for determining the internal quan-
tum deficiency of a silicon photodiode without the use of an external reference. This is achieved
by combining two different principles for measuring optical power in one device, where the
photodiode is used as absorber for both thermal and photon detection. Thermal detection is ob-
tained by the same principle as for an electrical substitution radiometer (ESR), with a type A
measurement uncertainty of 0.34 % in unstabilized room temperature. The optical power meas-
ured in thermal mode was around 3 % ± 0.5 % higher than what was measured in photocurrent
mode. Heat transfer simulations revealed a difference of up to 2.2 % between optical and elec-
trical heating, and based on these simulations we give recommendations for improvements of
the detector thermal design.
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1. Introduction

There are currently two detector-based primary standard methods for measuring optical power
[1, 2]. Of these two, the most established standard method is the cryogenic radiometer (CR),
which has been used as a primary standard since 1985 [3]. The CR is an electrical substitution
radiometer (ESR) operated at cryogenic temperatures, and the working principle is to heat a
black absorber with radiative power and then match the temperature rise with electrical heating.
The second primary standard detector is the Predictable Quantum Efficient Detector (PQED),
which is based on induced junction photodiodes [4–7] and is designed and operated with the
aim of minimizing the internal and external losses. Simulations by Gran et al. [7] show that
the internal losses of the PQED photodiode for the visible range are expected to be less than
100 ppm (parts per million) at room temperature, matching the uncertainty of the CR. These
simulations were verified experimentally by Müller et al. [6].

The CR and PQED are based on two different areas of physics, and hence they provide
different advantages in terms of spectral range, dynamic range, functionality and cost. On one
hand, the silicon-based PQED can be operated at optical powers from 100 pW to 400 μW [6]
and is predictable for wavelengths between 400 nm and 900 nm. One complete measurement
is performed in a few seconds. On the other hand, the CR is normally operated from 100 μW
to the milliwatt range, and has a spectral range determined by the absorbing material. One
complete measurement requires minutes to hours, and the measurement uncertainties are highly
affected by temperature stability. With the proper implementation of these two measurement
methods into one device, as demonstrated by White et al. [8], the final device can benefit from
the measurement capability of both methods. Ultimately, this results in a device with expanded
spectral and dynamic range, and with the properties of a primary standard. Such a detector can
be operated in two different modes using the measurement principles from the PQED and the
CR (hereby called photocurrent and thermal mode, respectively), thus a dual-mode detector.

In the dual-mode detector, there is an overlapping range where both the photocurrent mode
and the thermal mode operates ideally. This important range can be exploited for comparing the
two primary standards. Furthermore, in the range where the photocurrent mode is operating non-
ideally, for instance at room temperature and/or at power levels in the mW range, the thermal
mode can be used to perform a self-calibration.

When performing a comparison measurement of the photocurrent mode and thermal mode,
all losses due to diffuse and specular reflection will be identical in both modes, and can therefore
be disregarded. Also, the uncertainty contribution from the instruments is reduced by using the
same ammeter for current measurements in both modes. Another advantage is that the source-
specific responsivity in A/W can be measured directly using the dual-mode detector, given by
the ratio between the photocurrent and the optical power measured in thermal mode. This re-
sponsivity is wavelength dependent, yet it will be constant for a constant spectral distribution.
This means that the detector is not only limited to monochromatic sources, but can also be used
to measure broadband sources such as LEDs.

The PQED photodiode has approximately the same cost and functionality as many standard
silicon photodiodes used in a wide range of applications today, and this opens up for implement-
ing the dual-mode primary standard detector directly into current applications. This would be of
great benefit; not only would it introduce an unprecedented accuracy, but it would also eliminate
a long traceability chain. However, to make use of a primary standard installed directly in appli-
cations, we need a reliable technique for monitoring drift, without sacrificing traceability. The
combination of the two primary standards for optical power in the dual-mode detector presents
one solution to this challenge, with its self-calibration procedure.

By performing an optical power measurement using the thermal mode of the detector, and
then comparing the result from photocurrent mode, the internal quantum deficiency (IQD) of
the photodiode can be determined for that specific wavelength and power level. For the PQED
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photodiode, the IQD limits the accuracy of the optical power measurement for power levels
above the microwatt range and for measurements performed in room temperature. However,
when using the thermal mode as a reference, the IQD of the dual-mode detector can be de-
termined with high accuracy even under conditions where the IQD previously would limit the
measurement accuracy. Hence, the dual-mode detector can be used in photocurrent mode for
wavelengths down to 200 nm, and at power levels limited only by the thermal design of the
detector, stretching beyond the limits of the linear range of the photodiode.

The first realization of the dual-mode detector was done by White et al. [8]. Their main goal
was to demonstrate the principle of an ultimate comparison between two primary standards.
They used a PQED photodiode working both as a thermal detector and photocurrent detector,
and measured the optical power from an LED source with both modes. Their experiment was
performed at 50 K, and they reported a deviation of 1.5 % between the optical power obtained
from the two methods. They attributed this difference to the limited knowledge about the ra-
diation wavelength during cooling, and suggest using a stabilized laser source for increased
accuracy. Furthermore, due to the large thermal conductivity of Si at 50 K compared to room
temperature, they assume negligible non-equivalence between electrical and optical heating.

In this work, we use a stabilized 488 nm laser to demonstrate the ability to use the dual-mode
detector in unstabilized room temperature, with the aim of predicting the IQD of the photodiode.
The absorbed optical power from the laser beam is measured using both photocurrent mode and
thermal mode, and the two results are compared. Due to the much lower thermal conductivity of
Si at room temperature compared to 50 K, we use computer simulations in Comsol Multiphysics
to study the heat transfer in the detector. We also use simulations in Cogenda Genius TCAD to
study the IQD in photocurrent mode.

2. Theory

For an ideal photodiode, the responsivity is given by the ratio between the elementary charge e
and the photon energy, hc/λ, since each photon will contribute with one electron in the measure-
ment circuit. Here h is Planck’s constant, c is the speed of light in vacuum and λ is the wave-
length of the incoming radiation. However, in most cases a photodiode is not ideal, and the
responsivity deviates from the ideal case through loss correction factors in the following way:

R(λ) =
eλ
hc

(1 − δ(λ))(1 − ρ(λ)). (1)

Here δ(λ) is the IQD and ρ(λ) represents all losses that prevents photons from being absorbed
in the substrate, such as reflectance and dust particles on the surface. The measured optical
power of the incoming radiation is given by the photocurrent divided by the responsivity,

PPC = iphoto/R(λ). (2)

White et al. [8] demonstrated that a silicon photodiode can work as an ESR and that the
detector thereby can be operated in dual-mode. This is achieved by implementing a temperature
sensor to the photodiode, along with a heat sink, a heat link, and a way of heating the absorber
electrically. The electrical heating can be done by applying a forward bias voltage across the
photodiode, which will cause the resistivity of the silicon to dissipate heat inside the detector.

Since the dual-mode detector uses the same absorbing element in both measurement modes,
the reflectance will be equal in both modes, and hence it can be disregarded. This is valid as
long as the measurement is a pure comparison measurement and the reflectance has negligible
time variations. For an absolute optical power measurement however, the reflectance must be
taken into account. In that case, the reflectance can be reduced to a few tens of ppm by using
two or more detectors in a trap configuration, as shown in [5, 9–11].
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An essential requirement for optimal ESR functionality is equivalence between heat trans-
fer in optical and electrical heating. This means that equal optical and electrical power will
give equal temperature rise in the position of the temperature sensor. When this requirement is
fulfilled, the optical power in thermal mode will be given by PT = U · I (U). Here U is the ap-
plied voltage across the photodiode needed to achieve the same temperature rise as with optical
heating, and I (U) is the corresponding current through the photodiode.

When all other error sources have been eliminated or accounted for, the IQD of the photodi-
ode can be found from the heating and photocurrent power measurements by

δ(λ) = 1 − PPC

PT

. (3)

The self-calibration procedure is therefore a true measurement of the IQD of photodiodes - a
quantity that has up to now been difficult to measure.

3. Experiment

The photodiode used in this experiment was a test sample of an induced junction PQED photo-
diode developed in the EMRP project Qu-Candela [1,5,6]. The sample had an active area of 11
x 11 mm2, with an oxide thickness of 300 nm. A more detailed description of the photodiode
can be found in reference [5]. Figure 1(a) shows the photodiode with heat link and heat sink,
while Fig. 1(b) shows a cross-sectional schematic of the photodiode and dedicated heat link.
The photodiode was mounted on a printed circuit board (PCB), serving both as a chip carrier

Fig. 1. (a) Photodiode with carrier. (b) Schematic showing a cross-section of the photodiode
and PLA/PCB heat link.

and heat link. A 7 mm hole in the PCB allowed for a Ge thermistor to be mounted on the back
of the photodiode. The PCB heat link was extended by a polylactic acid (PLA) stage, mounted
on a second PCB. The photodiode with heat link was placed on top of a brass block serving
as a heat sink. A second Ge thermistor was mounted on the brass block, so that system vari-
ations in temperature could be monitored and accounted for. The detector with heat link and
heat sink was then placed in a vacuum chamber. Another photodiode, functioning as a mirror,
was placed above the photodiode to increase the amount of light being absorbed by the photodi-
ode. All measurements were performed in unstabilized room temperature, and the light source
was a 488 nm power stabilized laser with a beam size of approximately 1.9 mm full width of
half maximum (FWHM). Since the aim was to demonstrate that the IQD can be determined
with the self-calibration procedure, we were not limited to operate within the linear range of
the photodiode. A power level of 0.5 mW was chosen, close to the linear range of a typical Si
photodiode.

The detector was run through three operational steps – first photocurrent mode, and then
thermal mode with optical heating followed by electrical substitution:
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Fig. 2. The two modes for measuring optical power with the dual-mode detector. (a) Pho-
tocurrent mode. Incoming light is converted to a photocurrent, iphoto . (b) Thermal mode.
Incoming light is converted to heat, followed by electrical substitution to relate heat to
optical power.

• In photocurrent mode, Fig. 2(a), the laser beam was directed onto the detector surface,
and the resulting photocurrent, iphoto , was measured. Dark current was also measured
and subtracted. A reverse bias of VRB = -19 V was applied to the photodiode to increase
the width of the depletion region, and hence reduce electron-hole recombination in the
substrate.

• In thermal mode, Fig. 2(b), the photodiode was heated both optically and electrically.
When heated optically, the photodiode was set in open circuit, so no current could flow.
The absorbed optical power was then transformed to heat instead of a photocurrent. Hav-
ing the same absorbing substrate in both modes of operation ensures that the field of
view of the sensor, as well as the size and power of the beam, is the same in both cases.
When the heat lost through the heat link equals the heat produced from the incoming light,
the temperature will saturate. The difference between this saturation temperature and the
initial temperature, ΔTOPT , was measured.

• Our next step was to relate the measured temperature rise to the optical power, through
electrical substitution. A forward voltage bias was used to heat the photodiode electrically.
Two different power levels were applied, and the optical power was found from a linear
fit based on these levels. Both power levels ensured close proximity to optical power,
and because of this it was sufficient to assume system linearity over a narrow dynamic
range around the nominal optical power. When measuring the actual voltage across the
diode, we performed a four-terminal measurement directly on the aluminum contacts on
the photodiode, to avoid measuring the voltage drop along the electrical wires.

The complete measurement series started with a photocurrent measurement, followed by nine
succeeding cycles of electrical and optical heating (thermal mode), and finished with a second
photocurrent measurement.

The photocurrent measurements consisted of three succeeding measurements, where the laser
shutter was closed, opened and closed, respectively. Each of these three measurements had a du-
ration of six seconds. A six second measurement time is sufficient for a reliable photocurrent
measurement and ensures that the temperature increase during illumination is limited. In this
way the temperature increase can be assumed negligible with regards to the temperature de-
pendence of the IQD. The average current signal with the shutter closed was subtracted from
the current signal with the shutter open to find the photocurrent signal. The photocurrent of the
complete measurement series was then found from the average of the two photocurrent measure-
ments, one performed before and one after the thermal mode measurement. The optical power
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from photocurrent mode, PPC , was determined by inserting the photocurrent iphoto into Eq. (2)
together with the ideal responsivity, R(λ). By using the ideal responsivity, PPC represents the
amount of optical power that is directly measured by the circuit.

Before starting the thermal mode measurements, we allowed 20 minutes of temperature sta-
bilization of the system, to reduce the effects from heating during photocurrent mode below the
detection limit. There was no temperature stabilization between thermal mode and the second
photocurrent measurement, since the temperature change during the thermal measurements was
well below 1 K, and hence was assumed to give negligible variations in the IQD.

In thermal mode, each heating step had a duration of ten minutes, including five minutes for
stabilization between each heating step. A weighted mean of the last five minutes was found for
each heating, and a value for the optical power was determined for each of the nine steps. An
average of these nine gave the final value for the optical power, PT , from thermal mode.

When using the principle of electrical substitution, there are several requirements that need
to be fulfilled to obtain equivalence between optical and electrical heating [12]. One of these
requirements is that the heat flow path from the detector to the reference temperature should be
identical for optical and electrical heating. This means that equal applied optical and electrical
power should give an equal temperature signal from the temperature sensor. In our dual-mode
detector, a difference in heat transfer is expected, since heat is dissipated from different areas of
the photodiode in the two cases. During optical heating, the heat is generated where the beam is
absorbed in the substrate, as illustrated in Fig. 3(a), whereas during electrical heating, the heat
is dissipated along the edges of the photodiode and spreads towards the center, as illustrated in
Fig. 3(b). To investigate the effect of this difference in heating profiles, we performed computer
simulations of the heat transport through the detector using Comsol Multiphysics. In addition,
we studied the IQD of the photodiode in photocurrent mode using simulations in Cogenda
Genius TCAD. Simulation details can be found in the appendix, section 6.

(a) (b)

Fig. 3. Top view of photodiode, illustrating heating profiles for (a) optical heating and (b)
electrical heating. During optical heating, the heat is generated where the beam is absorbed
in the substrate, whereas during electrical heating, the heat is dissipated along the edges of
the photodiode and spreads towards the center.

4. Results and discussion

Figure 4 shows the temperature signal for two cycles of a thermal mode measurement as a
function of time, alternating between electrical and optical heating. The low and high electrical
power levels were 482 μW and 512 μW, respectively.

The optical power for each of the nine succeeding heating cycles are shown in Fig. 5. The
arithmetic mean of these nine, giving PT , and the optical power from photocurrent mode, PPC ,
are shown as solid lines in the figure. The numerical values of the measured optical power in
the two modes are listed in Table 1. All uncertainties are given by standard deviation of the

                                                                                                      Vol. 25, No. 8 | 17 Apr 2017 | OPTICS EXPRESS 8464 



0 20 40 60 80

Time (min)

0

1

2

3

4

T
em

pe
ra

tu
re

 (
ar

b.
 u

ni
ts

)

Opt. Opt. Opt. Opt.

El.
low

El.
high El.

low

El.
high

Fig. 4. Two cycles of the thermal mode measurement, with optical heating and electrical
heating of two different power values.
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Fig. 5. Optical power from thermal mode, PT , for nine cycles (blue asterisk), and the av-
erage over these nine cycles (blue solid line). The same result, when adjusted for the non-
equivalence between optical and electrical heating, is shown as a gray dashed-dotted line.
The optical power from photocurrent mode, PPC , is shown by the green solid line. The
standard deviation of the mean (k = 1) is indicated by dashed lines.

Table 1. Measured absorbed optical power in photocurrent mode and thermal mode
Power Rel. uncertainty
(μW) (%)

Photocurrent mode PPC 508.06 ± 0.05 0.001
Thermal mode PT 526.3 ± 1.8 0.34

mean, k = 1. Even with a relatively high noise level in the temperature reading, as seen in Fig.
4, the standard deviation of the mean of the optical power in thermal mode at ∼0.5 mW in
unstabilized room temperature was found to be 0.34 %. As can be seen in Table 1 and Fig. 5,
there is a deviation between the results from the two modes which is much larger than the type A
relative measurement uncertainty. The estimated optical power in thermal mode is actually 3.5
% higher than what is measured in photocurrent mode. This deviation is higher than expected
and requires further examination.

The low temperature rise during heating combined with the high sensitivity of the temperature
sensor makes measurements in unstabilized room temperature challenging. In Fig. 5 there seems
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to be a trend that the individual points with higher values have higher uncertainty than those
with lower values. This could be a result of temperature drift in the system, in combination with
the signal processing procedure and the method used for calculating the values. The estimated
power value for thermal mode, PT , was calculated using the arithmetic mean of each of the
individual points. We also tested the outcome when making a weighted mean of the points,
where each point was weighted by the inverse of the standard deviation of that point. This
procedure shifted the estimated value for PT closer to the photocurrent mode estimation and
resulted in a deviation of 2.5 % between the two modes. By using two different methods of
calculating the thermal mode optical power we got a deviation of 2.5 % and 3.5 % compared
to the photocurrent mode. This suggests that the optimized algorithm of estimating the thermal
mode optical power has not yet been found.

The unexpectedly large deviation between the two operational modes lead us to investigate
the heating profiles during optical and electrical heating. We developed a model of the system in
Comsol Multiphysics and performed an analysis of the heat transfer during optical and electrical
heating using two different simulation models. Initially, we used a simulation model with the
dedicated PLA/PCB heat link between the photodiode and heat sink. This gave a time constant
of ∼7 minutes (1/e), which was not consistent with the experimental time constant that we found
to be approximately one minute. In the second simulation model, we included the bonding wires
that were connected to the photodiode. Results from these simulations are shown in Fig. 6, with
temperature response as a function of time for optical and electrical heating. For comparison,
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Fig. 6. Simulation results from Comsol Multiphysics for temperature rise for optical heating
(red solid line) and electrical heating (blue dashed line), as well as an experimental result
from electrical heating (green dotted line, right axis). The inset shows the temperature
profile along the center of the back of the photodiode at t = 10 min. The temperature sensor
position is at x = 0, and the bonding wires are connected to the top surface of the photodiode
close to x = 5 mm.

an experimental result from electrical heating is also shown. As seen from the figure, the time
constant when including the bonding wires agrees well with the experimental data, with a value
of approximately 65 s. The vertical axis for the experimental data (right) is given in arbitrary
units, since our thermistor was not calibrated, due to the fact that we only measured tempera-
ture differences and not absolute values. However, the agreement between the experiment and
simulation time constants suggests a thermal sensitivity of approximately 0.16 K/mW.

The fact that it is necessary to include the wiring to get a time constant matching the exper-
iment indicates that it is the electrical wires that functions as the main route for heat transport
between the photodiode and heat sink. This is supported by the inset in Fig. 6, which shows
the temperature profile after 10 minutes of heating, along the center of the back of the photodi-
ode. The bonding wires are connected to aluminum rings on the photodiode close to x = 5 mm.
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From the figure it is evident that there is a heat loss through these bonding wires, resulting in
a lower temperature close to the bonding wires. The heat transport route along the wires was
not accounted for in our design of the experiment. As a result, we have an undefined coupling
between the photodiode (absorber) and the brass block (heat sink). This can explain the unex-
pectedly high noise level in the temperature measurements, as can be seen in Fig. 4, and it is
therefore likely that the noise level can be reduced by improving the heat link design.

Even though the simulations have given us new insight to the heat link of the system, our
intention with the simulations was to compare the heat transfer in the two thermal modes to
reveal any non-equivalence. The simulation results in Fig. 6 show that a difference in tempera-
ture response exists between optical and electrical heating. The estimated difference is 1.83 mK,
which leads to an over-estimation of up to 2.2 % in PT , depending on the exact position of the
temperature sensor. By accounting for this non-equivalence in heating, the optical power from
thermal mode will be shifted downwards, as shown by the gray dash-dotted line in Fig. 5. How-
ever, the detail level of the simulation model was limited to the purpose of studying the heat
transfer through the detector. Using the simulation results in a quantitative way should be done
with caution, but nevertheless they give an indication about the level of non-equivalence be-
tween optical and electrical heating. The consequence when correcting for the non-equivalence
is that the remaining deviation between the thermal mode and photocurrent mode will be 0.3-1.3
%, depending on the algorithm for calculating PT .

To study the internal losses in more detail, we performed computer simulations of the internal
losses in Cogenda Genius, with an incoming radiation of 500 μW and a reverse bias of -19 V, as
in the experiment. The simulation procedure was similar to the one described by Tang et al. [13].
In general, the internal losses can be separated into surface and bulk recombination. The reverse
bias ensures that bulk recombination is reduced to a minimum, meaning that the internal losses
are attributed mainly to surface recombination. This was evident from the Cogenda Genius sim-
ulations, where the total recombination was practically equal to the surface recombination, and
the bulk recombination was found to be below 1 ppm. The simulations showed that in order to
attribute the remaining deviation of 0.3-1.3 % to surface recombination loss, the surface recom-
bination velocity for holes and electrons needs to be in the range of 107-108 cm/s. These high
values are unlikely, indicating that the deviation between the photocurrent mode and thermal
mode is caused by other effects.

Another possible explanation for the deviation between PPC and PT is associated with dust
and other impurities on the detector surface. Impurities will be heated by absorbing some of
the incoming radiation, while also shielding the substrate from that radiation. This means that
radiation captured by an impurity will, through heat, contribute to the measured optical power
in thermal mode, but will not produce a signal in photocurrent mode. However, this is highly
dependent on the thermal coupling efficiency between the impurity and the oxide surface, and
the effect is expected to be small. If, however, the impurities introduce negative charges on
the surface, the effect can be more prominent. A build-up of negative charges at the surface
will counteract the positive charges in the oxide, reducing the effective charge of the oxide.
The Cogenda Genius simulations revealed that the linearity of the photodiode is sensitive to
the fixed oxide charge. Any negatively charged impurities on the surface, resulting from long-
lasting use of the photodiode in a harsh lab environment, would therefore result in an increase
of the internal losses.

The thermal simulations have revealed that the non-equivalence between optical and electri-
cal heating is far from ideal. The findings of the thermal simulations suggest that a new design
must be developed to improve the equivalence between optical and electrical heating. Further-
more, an improved design is expected to reduce the thermal noise in the measurement as the
heat will flow in a controlled path as compared to the design presented here. After an optimized
thermal design is developed and realized, an independent measurement of the non-equivalence

                                                                                                      Vol. 25, No. 8 | 17 Apr 2017 | OPTICS EXPRESS 8467 



could be carried out experimentally. This could be done by moving a localized spot at different
positions over the surface of the diode and measuring the absorbed optical power using thermal
mode in each spot. By also monitoring the reflectance at the different locations, we would be
able to account for reflectance differences due to oxide thickness non-uniformity. If the beam
variations do not result in changes in the measurement, we could reliably conclude that the
non-equivalence is below the detection limit.

Overall, the lack of agreement between photocurrent mode and thermal mode of the detector,
in the order of 2.5-3.5 %, is most likely caused by a combination of the improper thermal design,
low temperature signals, and operation in unstabilized room temperature without an optimized
analysis algorithm. A detailed uncertainty evaluation is not feasible with the current design.
However, this study has shown a proof of concept.

The ultimate goal is to produce a thermal design and a reliable measurement algorithm that
meets most of the high accuracy optical power applications to better than 0.1 %. That would
generate a convenient and easy to use method that matches the uncertainty given by the best
National Metrology Institutes in spectral response intercomparisons [14]. Combined with pho-
tocurrent simulations, a measurement at one wavelength can be used to predict the response
over the full predictable spectral range.

5. Conclusion

We have demonstrated that the self-calibrating dual-mode detector principle works well in un-
stabilized room temperature. Even though this was the first demonstrating experiment, we were
able to measure the absorbed optical power in thermal mode with an estimated type A relative
uncertainty of 0.34 %. Our thermal simulations revealed that the mechanical design of the pho-
todiode and heat link gave a non-equivalence between optical and electrical heating of up to 2.2
%. In future work we will use thermal simulations as a tool to optimize the heat link/heat sink
design, with the aim of eliminating the non-equivalence between electrical and optical heating.
A new design is also expected to improve the uncertainty in the optical power estimation in
thermal mode, by providing a more defined link between the absorber and the heat sink. The
uncertainty in thermal mode can be further reduced by introducing temperature stabilization.

In addition to optimizing the design, an optimal algorithm for estimating the optical power
in thermal mode should be found. Also, the suitability of other types of photodiodes can be
examined. Until now, studies on combining thermal and photocurrent measurements in one
device have looked only at induced photodiodes. Other designs and photodiodes could give
smaller non-equivalence in optical and electrical heating. Future work will also include studies
of the detector response at various temperatures, which should affect the internal losses. In
addition, future work will include a detailed uncertainty evaluation and a thorough examination
over a wider dynamic and spectral range.

6. Appendix

6.1. Comsol Multiphysics simulations

The computer simulations of heat transfer through the detector were performed using the Heat
transfer in solids physics in Comsol Multiphysics. Heating of the surface was introduced by heat
flux through the detector surface. For optical heating, the heat flux was defined as a centered,
gaussian function with 1.9 mm FWHM, as illustrated in Fig. 3(a). This was approximately the
size of the laser beam in the experiment. For electrical heating, the heat flux was confined to
the aluminum connection area along the edges of the photodiode, as illustrated in Fig. 3(b). The
flux was defined such that the total applied power was equal to 500 μW in both cases. The initial
and surrounding temperature was set to 295 K.

Material and thermal properties of the materials used in the model are listed in Table 2. Silicon
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was used in the photodiode, FR4 and PLA was used in the dedicated heat link, gold was used
for bonding wires, and copper was used to simulate leads connected to the bonding wires.

Table 2. Material and thermal properties of the materials used in the model
Material Density Heat capacity at Thermal conductivity

constant pressure
(kg m−3) (J kg−1 K−1) (W m−1 K−1)

Silicon 2329 714 148
Copper 8960 385 400
Aluminium 2700 900 238
Polylactic acid (PLA) 1250 1800 0.13
Gold 19320 911 314
FR4 (Printed circuit board) 1850 1369 0.34

6.2. Cogenda Genius TCAD simulations

Cogenda Genius TCAD was used to perform simulation of charge carrier transport in photocur-
rent mode. The software can solve the Poisson’s equation coupled with the continuity equation
for holes and electrons in both 2D and 3D. Table 3 shows the parameters of the simulation
model. Due to symmetry, only the center quarter of the photodiode was simulated. Optical gen-
eration was applied normal to the diode and as a uniform square. Variation of incident optical
power and surface recombination velocity was performed to investigate their effects on the in-
ternal quantum deficiency (IQD). The IQD was calculated from the ratio of recombined and
photo-generated electron-hole-pairs.

Table 3. Simulation parameters for Cogenda Genius
Size (mm3) 7 x 7 x 0.5
Substrate p-doping concentration (cm−3) 2·1012

Positive fixed charge (cm−2) 6.2·1011

Surface recombination velocity (cm s−1) 106, 107 and 108

Bulk lifetime (ms) 4
Illumination area (mm2) 2 x 2
Illumination wavelength (nm) 488
Absorbed optical power (W) 10−5 – 10−3

Temperature (K) 300

Funding

UNIK - The University Graduate Center at Kjeller, Norway.

Acknowledgments

The authors thank prof. Aasmund Sudbø for useful discussions.

                                                                                                      Vol. 25, No. 8 | 17 Apr 2017 | OPTICS EXPRESS 8469 






	Abstract
	Acknowledgements
	List of symbols and abbreviations
	List of included papers
	Introduction
	Photodiodes
	Basic concepts
	Induced-junction photodiodes

	Thermal detection
	Concept
	Electrical substitution

	Metrology and the SI units
	The system of units and primary standards
	A brief historical review of detector-based primary standards
	The Predictable Quantum Efficient Detector
	The Cryogenic Radiometer
	The planned revision of the SI
	New technologies and the NMI-on-a-chip

	The dual-mode detector
	Concept
	Linking radiometric measurements to the SI
	Self-calibration

	The development of the dual-mode detector
	Prototype 1 – proof of principle
	Prototype 2 – towards an NMI-on-a-chip
	Heat transfer modelling

	Prototype 3 – improved thermal design
	Experimental comparison of the thermal design of prototypes 2 and 3
	Linearity measurements
	IQD prediction


	Measurement setup
	Measurement procedure
	Improvements on software and measurement procedure
	Resistance bridge

	Data analysis

	Sources of error
	Photocurrent mode
	Thermal mode
	Impurities and alignment
	Computer modelling
	Uncertainty budget

	Conclusion and future work
	Bibliography



