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Abstract

Scienti ¢ complementary metal-oxide-semiconductor (CMOS) cameras are increasingly being
adopted as competitive alternatives to Charge-Couple Device (CCD) detectors for astrophysical ob-
servations. CMOS sensors o er signi cantly faster readout speeds while achieving performance
characteristics comparable to high-quality CCD cameras. In this thesis, a CMOS camera is investi-
gated through extensive laboratory and on-sky characterisation following the EMVA 1288 standard.

Chapter 2 presents the baseline characterisation of the Marana CMOS camera. The results show
that the Marana performs comparably to CCD detectors while o ering substantially faster readout
speeds, however it shows high dark current which displays a noticeable ampli er glow pattern.

Chapter 3 provides an extended characterisation of the camera, focusing on the high dynamic
range (HDR) imaging mode, which is produced by two independent gain channels. These channels
are analysed separately to study their individual performance, and the camera voltages are tuned to
optimise detector performance. Additional investigations include image lag measurements and the
impact of temperature and illumination wavelength.

In Chapter 4, the Marana CMOS camera is tested on-sky using the Next Generation Transit
Survey (NGTS) telescope and compared with the existing iKon-L CCD detector under identical
observing conditions, telescope con guration, and data reduction pipeline. The Marana CMOS
achieves similar photometric precision to the CCD, reaching 500 ppm on 30-minute timescales for
a T = 10 mag star. Despite the CCD's relatively higher quantum e ciency in the NGTS lter, the
CMOS camera's faster readout allows it to collect about 20 % more photons per unit time, giving
slightly better performance in the photon-limited regime. Overall, the Marana CMOS is shown to
be well suited for astronomical time-series photometry.

Chapter 5 presents the characterisation of the Andor Toran-26B CMOS camera through laboratory
and on-sky observations. Laboratory measurements show low dark current and read noise and
no detectable ampli er glow. The camera was installed on the TWIST telescope to evaluate its
photometric performance. In low noise (LN) mode, the detector is free from signi cant systematic
noise and is primarily limited by sky background and target photon noise. In high well capacity
(HWC) mode, the performance for faint targets becomes limited by read noise.

Finally, Chapter 6 presents the discovery and characterisation of NGTS-39b (TIC 453147896 b),
a warm Jupiter-size exoplanet transiting a Sun-like star with an orbital period of 58.2 days and with
eccentric orbit (4 = 0386 0019). The target was rst identi ed by Transiting Exoplanet Survey
Satellite (TESS) and later con rmed with NGTS. Follow-up spectroscopic measurements where
conducted with HARPS and CORALIE instruments. The planet has a radius of 1088 03012 R
and a mass of 1467 04081 M Its equilibrium temperature is 5@9 K, placing it between short-
period hot Jupiters and colder Jupiter-like gas giants. The radial velocity data show a linear trend of
W = 17.75m$ yr 1, which indicates the presence of an outer companion.
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Chapter 1

Introduction

He who must be a creator in good and evil truly,
he must rst be a destroyer and break values. Thus
the highest evil belongs to the highest goodness:
but this is the creative goodness."

“Thus Spoke Zarathustra®, Friedrich Nietzsche,
1883

The development of astronomical detectors has been fundamental to the progress of modern
astrophysics, transforming the ability of astronomers to observe, measure, and interpret the Universe.
From the earliest use of the human eye, to photographic plates, and later to advanced electronic
detectors such as Charge-Coupled Device (CCD) and Complementary Metal-Oxide Semiconductor
(CMOS) sensors, each technological step has enabled increasingly precise and sensitive observations.
The importance of CCD technology was recognised by the 2009 Nobel Prize in Physics, which was
awarded in part for the invention of the CCD sensor (Boyle & Smith, 1970). These innovations have
not only expanded humanity's view of the cosmos but have also driven many of the most signi cant
discoveries in astronomy. Astronomical digital detectors were key to the observations that led to
many Nobel Prizes in Physics, including the discovery of the accelerating Universe via monitoring
Type-la supernova (Riess et al., 1998; Perlmutter et al., 1998), the discovery of exoplanets (Mayor
& Queloz, 1995), and the discovery of the super massive black hole at the centre of the Milky Way
(Genzel et al., 2010). Indeed, many landmark achievements in modern astronomy have been made
possible by advances in detector technology, underscoring the critical role that instrumentation plays
in shaping scienti ¢ understanding of the Universe.

1.1 Early astronomical detectors

This section refers to the employment of the rst photon detectors in astronomy, starting with
the human eye, the earliest instrument used to observe and record the night sky, followed by the
introduction of photographic plates, which enabled the permanent capture and guantitative analysis
of celestial objects. It then proceeds to the development of photomultiplier tubes, marking a
major technological leap by allowing highly sensitive and electronic detection. Together, these



Figure 1.1: Cross-section of the human eye. Image adapted from (lwert & Delabre, 2010).

advancements illustrate the transition from purely visual observations to increasingly sophisticated,
guantitative technigues that laid the foundation for modern astronomical instrumentation.

1.1.1 The Human eye

The rst astronomical detector was not invented but is inherent to humans: the eye. It served as the
earliest instrument for observing the night sky, enabling astronomers such as Hipparchus to classify
stellar brightness on a scale from rst to sixth magnitude, with rst magnitude corresponding to the
brightest stars. The human eye operates as a photon detector, where incoming light is focused by
the cornea and lens onto the retina, and converted into electrical signals by photoreceptor cells (rods
and cones). Rods are responsible for low-light vision and dominate under dark-adapted conditions,
while cones enable colour vision under brighter conditions (Birney et al., 2006). The eye has an
e ective quantum e ciency (QE) of approximately 10 % (Rose & Weimer, 1989) and it is sensitive

in the optical spectral range in the range of 380-750 nm (Schnapf et al., 1987; Cao, 2012) with higher
re ectance towards the red wavelengths (Van Norren & Tiemeijer, 1986). An example diagram of
the human eye is demonstrated in Figure 1.1.

Its performance is limited by factors such as non-linear response, sensitivity only in the optical
regime, low dynamic range, and the inability to integrate or store incoming signals over long periods
(Schnapfetal., 1987; Rose & Weimer, 1989; Cao, 2012). Despite these constraints, astronomersin the
renaissance and modern era, such as Galileo Galilei, Tycho Brahe, and William and Caroline Herschel
relied entirely on visual observations to record the positions, brightness, and motions of celestial
objects. The reliance of the human eye on instantaneous perception ultimately highlighted the need
for permanent and quantitative recording methods, motivating the development of photographic
plates and, later, electronic detectors.

1.1.2 The Photographic plates

Since the human eye could not store information from astronomical observations, and paper-based
methods proved di cult and ine cient, the need for a more reliable detector became evident. In the
second half of the 19th century, photographic plates were introduced as a solution to this problem,
initially as part of the wider search for improved photography (Norman, 1938). The earliest versions



Figure 1.2: Orion Nebula, captured with a 36-inch telescope, taken by Andrew Ainslie Common
with 1 h exposure on February 26th 1883.

used glass plates coated with light-sensitive silver halide emulsions suspended in collodion (Ranyard,
1874; Gill, 1887; Stokley Jr, 1923). However, these wet plates had to be prepared and developed
immediately and could only be used while still wet, which limited exposure times and made them
impractical for astronomical observations (Lankford, 1984). A major breakthrough came in 1871,
when collodion was replaced with gelatin as the binding medium for silver halide crystals (Maddox,
1871). This gelatin dry plate process could be prepared in advance and stored until exposure, which
made it highly suitable for long astronomical exposures. An example of animage with a photographic
plate with long exposures is shown in Figure 1.2. By the late 19th and early 20th centuries, dry gelatin
plates had become the standard material for astronomical imaging Lankford (1984); Staubermann
(2004).

Photographic plates o ered greater sensitivity than the human eye and enabled wide- eld imaging
and long exposures, leading to major astronomical discoveries such as Phoebe (Pickering, 1899),
Pluto (Tombaugh, 1946), the establishment of galaxy classi cation (Hubble, 1926), the accurate
modelling of point-spread functions (Mo at, 1969), and the 1919 solar-eclipse observations that
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Figure 1.3: An example of a photomultiplier tube. An incoming photon (yellow) strikes the cathode
(dark grey), releasing an electron (blue). This electron is successively multiplied as it interacts with
the dynodes (red), before ultimately being collected at the anode (light grey). The voltage potential
between the dynodes is indicated with values in the lower black rectangles and it is for reference
only. The dark dashed lines indicate the label of each element of the photomultiplier.

con rmed Einstein's prediction of the gravitational de ection of light by the Sun (Dyson et al.,
1920) However, each exposure required a new plate, making observations time-consuming, and
their overall sensitivity was limited by very low QE, which is the which is the ratio of incoming to
detected photons, typically ranging from 0.5 % to 1.5 % (Marchant & Millikan, 1965). In addition,
the nite depth of the photographic emulsion introduced further complications, as bright stars or
stars embedded in bright backgrounds were not always recorded linearly, making precise photometry
more di cult (Mo at, 1969).

1.1.3 The Photomultiplier tubes

The need of higher QE and a wider sensitivities across the visible spectrum led engineers to produce
Photomultiplier tubes (PMTSs) for imaging (lams & Salzberg, 1935; Zworykin et al., 1936). PMTs
became widely used in astronomy during the mid-twentieth century, particularly for photoelectric
photometry. Unlike photographic plates, PMTs did not produce images, but provided highly sensitive
measurements of stellar brightness (Kitchin, 2020). PMTs were found to be very e cient for photon
counting while they have extremely fast response with a sensitivity in the UV and Optical region
(Kapusta et al., 2007). The PMT is vacuum shielded. On the one end it has a window to admit
photos, and the cathode, while on the other end is the anode along with some electrical pins to
supply with voltage. An example of a PMT is shown in Figure 1.3. The cathode is typically a at
metal surface made alkali-based semiconductor that converts the photon into an electron via the
photoelectric e ect (Einstein, 1905). The electron moves to a positive potential and interacts with
an electrode known as dynode. This process continues as a chain process. Every time the electron
hits the dynode more electrons are produced and so on. Dynodes are acting as electron multipliers
are also made of alkali-based semiconductor and typically they have a potential di erence between
each other in order to accelerate the generated electrons (Kapusta et al., 2007). The electrons nally
end up in the anode. This is the last electrode that collects all the electrons (Chromey, 2010).

Compared to photographic plates, PMTs o er a faster temporal response, on the order of nanosec-
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onds, along with much higher sensitivity, with typical QEs in the range of 25 % to 40 % (Kapusta
etal., 2007; Ko & Lee, 2015). They can detect faint signals, down to the single-photon level, and their
electronic output allows direct digital readout and processing. These measurements, however, come
at the cost of spatial information. A PMT is essentially a single-pixel detector, meaning it cannot
capture two-dimensional images without mechanical scanning or the use of arrays. Furthermore,
PMTs operate at high voltages, which can increase dark current and thereby limit their detectability.

Today, the use of PMTs has become more limited, as most modern astronomical instruments rely
primarily on CCD sensors. Nevertheless, PMTs remain essential in specialised applications, such
as neutrino detection at the IceCube Neutrino Observatory (IceCube Collaboration, 2013) and the
TRoplcal DEep-sea Neutrino Telescope (TRIDENT) experiment (Zhang et al., 2024). They are also
employed in gamma-ray astronomy by instruments such as the Major Atmospheric Gamma Imaging
Cherenkov Telescope (MAGIC), which uses PMTs to detect very high-energy gamma rays and to
search for potential dark matter signals (Bigongiari, 2005; Hahn et al., 2023).

In these observatories, the relevant signal is often a brief ash of light produced when a high
energy particle, or the secondary particle shower that it generates, passes through the atmosphere
(Bigongiari, 2005; Han & Brandt, 2023), ice (IceCube Collaboration, 2013), or water (Zhang et al.,
2024) faster than light can propagate through that medium. This emission, known as Cherenkov
radiation (Cerenkov et al., 1934; Frank & Tamm, 1991), can contain only a small number of photons
and occurs on nanosecond timescales. Detectors therefore require high internal gain, low noise,
single-photon counting, and fast timing response. PMTs are especially valuable in these photon-
limited applications because the arrival time and intensity of individual photons can be used to
reconstruct the direction, energy, and possible origin of the primary particle.

1.2 Semiconductor digital detectors

Semiconductor physics provide the foundation for modern astronomical detectors. From the photo-
electric e ect, concepts such as band theory and p n junctions enable the creation of photodiodes
and transistors, which amplify and process these signals Howell (2000). Together, these advances
allow the digitisation of astronomical information, forming the basis of CCD and CMOS detectors
used in contemporary astronomy.

1.2.1 Band theory

Based on their electronic band structure and electrical conductivity, solid materials are commonly
classi ed as conductors, semiconductors and insulators (Huebener, 2019). Each case represents how
feasible it is for the material to generate, sustain, and transport electric current upon the application
of an external voltage or exposure to electromagnetic radiation. As show in Figure 1.4, the di erence
of energy states the electrons can take is presented as the valence and the conduction band. The
Fermi level represents the energy of the electrons at absolute zero temperature (T=0K) and it is
de ned as the lowest energy the electrons can take in the material.

In metals, the energy bands overlap enabling a large number of free-moving electrons within
the structure, which is the primary reason for their high electrical conductivity. Additionally, since
these electrons are not bound to speci ¢ energy states, they cannot be e ectively separated based on
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Figure 1.4: Band scheme for Solids. On the left is the valance and conductive band for metals, on
the middle for insulators and on the right for semiconductor materials. The Fermi level is marked
with the green-dashed line.

charge. Instead, they move freely throughout the material, leading to increased kinetic energy and
consequently heat dissipation (Ashcroft & Mermin, 1976; Kittel, 2004).

In contrast, insulators have energy bands that are separated by a wide band gap, representing an
energy range where no electrons can exist, the forbidden regions (Kittel, 2004). Electrons can only
transition to the conduction band if they receive su cient external energy to overcome this gap,
making insulators poor conductors under normal conditions.

Semiconductors exhibit properties intermediate between metals and insulators, depending on the
application. The valence band is lled with electrons that maintain the lattice structure, while the
conduction band remains unoccupied. If the band gap is su ciently small, an external energy source
such as incident light, can excite electrons into the conduction band, allowing them to ow and
enabling semiconductors to act as conductors. This energy is known as excitation erRgras(
indicated for the semiconductor case in Figure 1.4.

Silicon materials have been widely used in astronomy as image sensors thanks to their semicon-
ductive properties. Unlike with the insulators, the band gap is shorter, requiring less energy. This is
feasible with heat or with incident light. The excited electrons, known as carriers and therefore free
to move, will shift to the conduction band while the empty and unoccupied space left on the valence
band known as holes.

For semiconductor detectors, photon energies are commonly expressed in electron-volts (eV),
since photo-detection occurs through the generation of electron-hole pairs. In silicon, a photon
with energy greater than or equal to the band-gap energy can promote an electron from the valence
band to the conduction band. At 300K, silicon has a band-gap energy of approximately 1.12 eV,
corresponding to a long-wavelength cut-o ofy = 2¢ ¢ ' 1107 nm (Strehlow & Cook, 1973;

Sze et al., 2021; Stefanov, 2022). For optical photons, a single absorbed photon typically generates
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Figure 1.5: Absorption length of incident photons in silicon as a function of wavelength, shown by
the black solid line. Visible wavelengths are colour-coded according to their wavelength. The data
were adapted from Green (2008).

one electron-hole pair, with any excess energy above the band gap dissipated through thermalisation
processes (Scholze et al., 2000; McLean, 2008; Stefanov, 2022). At much higher photon energies,
such as in the extreme-ultraviolet or X-ray regimes, a single photon can generate multiple electron-
hole pairs, resulting in a non-linear relation between photon number and collected charge. In the
optical regime, however, the interaction of photons with silicon is strongly wavelength dependent.
Shorter wavelength photons are absorbed close to the silicon surface, while longer wavelength
photons penetrate deeper into the detector before being absorbed. This behaviour is described by
the absorption length, which represents the characteristic depth over which incident photons are
absorbed in silicon. As shown in Figure 1.5, the spectral response of silicon makes it highly sensitive
across the visible and near-infrared (NIR) regions, making it well suited for optical astronomical
observations.

1.2.2 Device Fabrication

The electrical properties of silicon detectors are further controlled through doping, in which impurity
atoms are introduced into the silicon lattice (Pearson & Bardeen, 1949). These impure elements
possess either one fewer (trivalent) or one additional (pentavalent) electron in their valence band
than silicon does (Streetman & Banerjee, 2015; Sze et al., 2021).

A trivalent dopant has three valence electrons. Examples include boron, aluminium, gallium, and
indium. When a trivalent atom replaces a silicon atom in the lattice, it can form only three complete
covalent bonds. This leaves one bond e ectively short of an electron, creating a hole. These dopants
are called acceptors, because they can accept an electron from the lattice. This produces p-type
silicon. A pentavalent dopant has ve valence electrons. Examples include phosphorus, arsenic,
and antimony. When a pentavalent atom replaces a silicon atom, four of its electrons form covalent
bonds with neighbouring silicon atoms, while the fth is only weakly bound. This extra electron can



be easily released into the conduction band. These dopants are called donors, because they donate
electrons. This produces n-type silicon (Streetman & Banerjee, 2015; Sze et al., 2021).

The choice of dopant depends on the application. This modi cation alters the electrical properties
of silicon. When free electrons dominate, the material becomes n-type silicon, whereas an abundance
of holes results in p-type silicon. In contrast with Figure 1.4, for n-type the Fermi level is close to
the conduction band while for p-type the Fermi level is close to the valence band.

The fabrication of n-type and p-type silicon requires advanced semiconductor processing tech-
niques to manufacture integrated circuit devices. This process begins with thermal oxidation, where
a layer of silicon dioxide (Sig) is grown on the silicon surface to act as an insulator. During
this process, the lattice structure is deformed leading to imperfections and defects in the &§i SiO
interface. These defects can trap and de-trap electrons leading to signi cant increase of dark current
and noise contribution.

Next, lithography is applied to de ne the desired circuit pattern. This involves coating the wafer,

a thin slice of semiconductor material typically made of silicon, with a photoresist material that
selectively masks speci c regions of the silicon surface (Jaeger, 1987).Following lithography, etching
is performed. This technique directs ionised particles onto the silicon substrate with controlled
momentum, facilitating a chemical interaction that removes atoms in a precisely de ned pattern
(Henry et al., 2010). Through etching, speci ¢ layers of silicon are stripped away to prepare the
surface for doping.

Finally, the electrical properties of the silicon are modi ed by controlled doping, which may be
achieved through di usion or ion implantation (Sequeda, 1985). lon implantation (also backside pro-
cessing, see section 1.3) can introduce lattice damage or non-uniformities, and the wafer is therefore
annealed to repairimplantation-induced damage and electrically activate the dopants (Sequeda, 1985;
Boyd & Wilson, 1980; Poate, 2012). In some thinned, back-illuminated CCDs, non-uniformities as-
sociated with the backside laser-annealing process can produce a spatially structured photo-response
pattern. This e ect is most apparent at blue and near-UV wavelengths, where photons are absorbed
close to the detector surface (see Figure 1.5), making the measured response particularly sensitive to
surface and backside-processing variations. Such blue-wavelength photo-response non-uniformities,
often appearing as diamond- or brick-wall-like patterns in at- eld images, have been reported for
astronomical CCDs (Stern et al., 1989). A similar pattern is visible in the left panel of Figure 1.6,
which shows a blue at- eld image obtained with the blue-sensitive CCD camera on the Warwick
1 m telescopk

1.2.3 The ?-=junction

In an n-type semiconductor, the Fermi level shifts closer to the conduction band, increasing the
number of available electron energy states. Since the valence band contains numerous electrons, these
energy levels facilitate the excitation of electrons into the conduction band when an external energy
source is applied, thereby enabling electrical conductivity. Conversely, in a p-type semiconductor,
the Fermi level moves closer to the valence band. This results in an abundance of holes, allowing
electrons to move between them, which in turn enables the material to conduct electricity.

Limage provided by Morgan Mitchell, private communication.
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Figure 1.6: A stacked and normalized at eld image captured with an iKon-L CCD blue and red
cameras during evening with the Warwick 1 Meter telescope. Images have been binned on-chip by
afactor of 2 2. On the left at image with the blue Iter and on the right at image with the red

Iter. O -focus circles due to dust particles on the optics are also evident on both images.

When n-type and p-type materials are brought into contact, they form a p-n junction. Electrons
from the n-type region di use into the p-type region, where they recombine with holes. Similarly,
holes di use from the p-type region into the n-type region and recombine with electrons. This
di usion leaves behind xed ionised donor atoms on the n-type side and xed ionised acceptor
atoms on the p-type side. As a result, the region near the junction becomes depleted of mobile
charge carriers and is known as the depletion region, as shown in grey shaded area in Figure 1.7.
The exposed ions create an internal electric eld, which opposes further di usion of charge carriers
and establishes equilibrium across the junction.

The formation of the depletion region is also associated with band bending. At equilibrium, the
Fermi level becomes constant across the junction, while the conduction and valence bands bend due
to the built-in electric potential. If an electron-hole pair is generated within or near the depletion
region, the internal electric eld separates the carriers: electrons are swept toward the n-type region
and holes toward the p-type region. This charge separation is the basic operating principle behind
photodiodes and semiconductor imaging detectors (Janesick et al., 1987; Streetman & Banerjee,
2015; Sze et al., 2021).

Since the depletion region is free of charge, any electron captured after the silicon wafer is exposed
to light originates (but not solely) from the incident photons and can be accurately collected (Kittel,
2004). The electric eld will be generated and can be managed and controlled by applying a voltage.
For the purpose of charge collection the additional generated holes will be ignored since the collection
time is much slower than electrons (Sze et al., 2021; Stefanov, 2022).

1.2.4 The Photodiode and Field E ect Transistors

To detect photoelectrons, a semiconductor device requires a photosensitive region, known as the
photodiode, where the generated charge is initially collected. The structure consists of an electrode
(an electrical conductor, also known as gate) positioned above the Bifle the substrate houses

the p-n junction. The built-in electric eld directs electrons toward the electrode for collection, while
holes migrate deeper into the silicon, where they eventually recombine.
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Figure 1.7: A visualisation of a p-n junction when bringing n-type with p-type semiconductors in
contact. The diagram on the top shows the p-type that has excess of holes while the n-type excess
of electrons. The depletion region is created in the middle where only positive and negative ions are
in presence. The same diagram but with energy levels shown in the bottom with the presence of a
photon (yellow) producing an electron-hole pair. The Fermi level shown with the green dashed line.
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Figure 1.8: Semiconductor channel devices. On the left the surface channel device and on the
middle is the buried channel device, with the deep depletion area coloured with grey. On the right
is the buried channel but reverse bias The energy band structure is shown with purple. The yellow
curly arrow indicates a photon.

Early channel devices collected electrons near the Si Si@erface. By applying a positive
voltage to the electrode, a temporary n-type inversion layer was formed, allowing electron accumula-
tion. However, due to signi cant interface defects, many electrons became trapped and subsequently
re-emitted, resulting in increased dark current (Aberle et al., 1992).

To mitigate this issue, the buried channel device was introduced by Boyle & Smith (1970),
incorporating an n-type layer beneath the silicon oxide layer. This innovation enabled the formation
of a p-n junction (see subsection 1.2.3), allowing photoelectrons to be e ciently detected and
collected (Weckler, 1965, 1967). The n-type is connected to a positive voltage in order to attract the
electrons. Since electrons will be moved to the positive voltage in the p-n junction, the n-type is
acting as a charge storage capacitor as shown in Figure 1.7.

By applying a zero/negative voltage to the electrode, electrons are repelled from the surface,
preventing them (but not eliminating the e ect completely) from interacting with defect states Walden
et al. (1972) due to the potential well created as shown in the right diagram of Figure 1.8 (Emonts &
van Dort, 1993). This method also widens the depletion region and creates a potential well beneath
the surface. The applied voltage establishes a reverse bias. On the opposite side, if positive voltage
is connected to the p-type then the condition is forward bias. Practically, the condition is reversed
biased until the n-type and p-type is completely depleted. This buried channel architecture was
foundational to the development of the rst CCDs, revolutionizing various applications, including
astronomical imaging (Boyle & Smith, 1970; Janesick et al., 1987).

Beside the signi cant contribution to astronomical imaging with CCDs sensors, the buried chan-
nel had limitations. For instance, charge was remaining within the photodiode resulting in an
incomplete charge transfer (Dyck & Jack, 1974). The e ect is known as image lag (see details in
section 3.5). In addition, short-wavelength (blue) photons have a small absorption length in the
silicon (see Figure 1.5), meaning they are absorbed very close to the surface. In these shallow
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Figure 1.9: Basic con guration of a pinned photodiode, also showing as a single pixel structure.
The installation of the p+ is below the surface of the photodiode. The circuit diagram represents the
transistor structure (see in Figure 3.1 for details). The schematic is taken from Theuwissen et al.
(2006).

regions, the generated electron hole pairs may recombine before being collected, reducing the QE at
blue wavelengths (Fossum & Hondongwa, 2014). Additionally, defects on theifi€dface were
impacting the charge transfer process by introducing extra electrons that were de-trapped from the
defects contributing as dark current.

The solution that was proposed was an installation of a heavy dopped p+ layer (Teranishi et al.,
1982) below the Si SiQ layer, decreasing drastically the image lag and trapping of the charge
carriers and the generation and recombination of electrons under the Shockley-Read-Hall (SRH)
process was minimized (Shockley & Read, 1952; Aberle et al., 1992; Teranishi, 2016). This new
structure, as shown in Figure 1.9, is called pinned photodiode (PPD; Burkey et al., 1984). Since
its a p-type layer, another p-n junction is created between the p+ and n- layers resulting in higher
capacitance (Teranishi et al., 1982). Today, most of the astronomical image sensors are using PPDs
as the photosensitive surface in order to detect and capture photons.

1.3 CCD image sensors

In a Charge-Coupled Device (CCD), generating photoelectrons in the photodiode is only the rst
step. The accumulated charge must be transported across the pixel array to a readout ampli er. This
charge transfer is accomplished using clocked metal oxide semiconductor eld-e ect transistor
(MOSFET) structures fabricated directly in the silicon. A MOSFET consists of two n-type regions
(the source and drain) embedded in p-type silicon. When a voltage is applied to the gate electrode,
an electric eld induces an inversion layer beneath the oxide, creating a conductive channel. In a
CCD, several such gates are arranged in sequence to form a series of potential wells. By clocking the
gate voltages in a controlled sequence, these potential wells shift laterally, allowing packets of charge
to be passed from one pixel to the next, in a serial fashion, until they reach the output ampli er.
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An example of the CCD architecture is shown in Figure 1.10. Once the charge reaches the readout
node, it is converted into a voltage signal proportional to the number of electrons collected in each
pixel. Since the voltage ampli er is not integrated within the pixel, CCDs are consider passive pixel
sensors. This analog voltage is then digitized by an analog-to-digital converter (ADC), producing a
discrete digital value for each pixel that can be stored, processed, and analysed. The precision of the
ADC, typically de ned by its bit depth, sets the dynamic range and quantization noise of the nal
digital image. For a typical astronomical image this is usually 16-bit depth (Howell, 2000; Chromey,
2010).

With these notable adjustments and the potential for using these devices as solid-state imaging
systems, NASAs Jet Propulsion Laboratory (JPL) commissioned a large program to develop CCDs
for astronomical applications (Janesick et al., 1987). In 1970's, ground-based observatories started
to utilise CCDs as image sensors (Smith, 1976). An example of a modern CCD (model CCD270
(Verhoeve et al., 2016) for the upcoming PLATO mission (Rauer et al., 2025) detector is shown in
Figure 1.11.

While a CCD pixel is often depicted as a simple square, it is actually a complex structure
consisting of the photodiode, multiple polysilicon gates, clocking electrodes, insulating oxides, and
metal interconnects. Only the photodiode area is truly photosensitive; the ratio of this area to the total
pixel area is called the Il factor. Detectors where most of the electronics are located on the surface
exposed to light are known as front-side illuminated (FSI) detectors. These sensors were initially
used in astronomical applications, but their architecture limits the Il factor and, consequently, the
QE. Incoming photons must pass through the network of electrodes and metal wiring before reaching
the silicon, and some photons may be absorbed or re ected by the electronics and never generate
signal electrons. This e ect, together with the limited Il factor, constrains the sensitivity of FSI
sensors. Over the years, CCD technology has undergone signi cantimprovements to enhance photon
collection and overall QE. One of the rst major innovations was the integration of microlenses over
each pixel, which focus incoming light onto the photodiode while minimizing re ection from the
metal wiring (such as the gates), boosting QE to around 70 % (Holst & Lomheim, 2011; Stefanov,
2022; Durnez et al., 2023).

To further increase the sensitivity, CCDs evolved to back-side illuminated (BSI) architectures,
in which the silicon substrate is thinned and illuminated from the rear. This design eliminates
obstructions from front-side electronics, signi cantly increasing the Il factor and improving QE.

The production of a BSI sensor requires that the back surface of the CCD be exposed to light.
This is achieved by ipping the sensor so that the bulk silicon faces the incident light, while the
electronic structures remain on the opposite side and are not exposed. The bulk silicon is then
thinned through chemical etching (see details in subsection 1.2.2), progressively removing material
until only the depletion region remains. Backside illumination was not common in the earliest
CCDs because it required reliable wafer thinning and backside surface passivation, both of which
were technically challenging (Hoenk et al., 2009; Fernandez-Moroni et al., Z2020is is the
active region where incoming photons generate electrons (Holland et al., 2007). By eliminating the
front-side obstructions, BSI sensors achieve e ective Il factors approaching 100 %, allowing light

2Early CCDs were therefore typically front illuminated, despite losses from the gate structures, while backside
illuminated devices became practical only after fabrication processes improved
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Figure 1.10: Schematic representation of the CCD pixels. Each panel illustrates a di erent clocking
phase applied to the same group of pixels. The electrodes, labellétVand V3, are arranged in

a repeating three-phase pattern across the CCD columns. During the initial clock cycle (top panel),
the photo-generated charge is con ned within potential wells beneath one set of electrodes. In the
subsequent phase, the applied voltages are changed so that a new potential well is formed under the
adjacent electrode (e.g.1VWeld high while \4 is driven low), causing the charge packet to shift to

the neighbouring pixel. By sequentially modulating the electrode potentials, the charge is transferred
in a controlled, parallel manner toward the serial register for readout. Image from Walker (1987).
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Figure 1.11: An example of a back-side illuminated CCD detector. The model CCD 270-84-2-F15
manufactured from Teledyne e2v, for the upcoming PLATO mission (Rauer et al., 2025). The sensor
features a 4510 4510 pixels with pixel rate of 4 MHz and with Y28 electrons read noise. The
sensor has 95 % QE at 650 nm.

to interact directly with the silicon. The architectural di erences between front-side illuminated
(FSI) and back-side illuminated sensors are illustrated in Figure 1.12.

In BSI CCDs, the silicon substrate is thinned and illuminated from the reverse side, allowing
incident photons to reach the photosensitive region without obstruction from front-side wiring and
gate structures. This con guration signi cantly enhances the QE, particularly at shorter wavelengths
where absorption occurs close to the surface. The thickness of the silicon substrate also plays a crucial
role in determining spectral response: while thinner devices improve blue sensitivity, increasing the
substrate thickness allows photons with longer wavelengths to be absorbed more e ciently, thereby
extending sensitivity into the near-infrared and broadening the operational spectral range (Peckerar
et al., 1979, 1981, Tsoi et al., 1985; Gimeno et al., 2016). An example is presented in Figure 1.13,
which compares the QE curves of a BSI illuminated and a FSI illuminated CMOS detector. The
BSI sensor exhibits an increase in QE of approximately 50 % relative to the FSI device. Both
cameras employ thinned silicon layers, resulting in high sensitivity in the blue green spectral region.
However, atlonger (redder) wavelengths, photons may traverse the thinned silicon without being fully
absorbed, leading to a decline in QE toward the near-infrared, which is also evident in Figure 1.13.

The development of CCDs in the early 1970s, and their rst successful application to astronomy in
the mid-1970s at Mount Lemmon's 154-cm telescope, marked a major turning point in observational
astrophysics (Smith, 1976; Janesick et al., 1987; Gunn et al., 1987; Oke et al., 1988). Compared to
photographic plates and photomultiplier tubes, CCDs o ered signi cant advantages. Their pixelated
architecture forms a two-dimensional array, enabling direct imaging with precise spatial information.
Furthermore, CCDs produce digitised data with a high dynamic range, allowing both faint and
bright sources to be recorded simultaneously within the same exposure. Continued technological
improvements have also broadened their QE, making CCDs highly sensitive across much of the
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Figure 1.12: Schematic illustration of a CCD device sliced perpendicular. On the left panel is the
front side illuminated CCD, and on the right panel is a back-side illuminated CCD. The incoming
light is marked with the yellow curved arrow. This demonstration also shows light that interacts
directly with the silicon, re ected from the wirings (i.e. electrodes) or not interacting at all.

Figure 1.13: Comparison of QE curves for two di erent sensor architectures. The QE measured
at 0 C of an FSI sensor (blue circles), installed in the Balor camera from Andor Technology, is
shown alongside the QE of a BSI sensor (red squares), integrated in the Sona camera from Andor

Technology.
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optical wavelength range and establishing them as the dominant detectors in modern astronomy.

1.4 CMOS image sensors

Alongside CCD technology, Complementary Metal-Oxide-Semiconductor (CMOS) detectors were
also developed. CMOS devices share many similarities with CCDs, as both are fabricated using
silicon substrates with doped regions and rely on the same fundamental physical principle, namely
the photoelectric e ect. Many optimisation techniques originally developed for CCDs over the years
have also been successfully implemented in CMOS sensors (i.e. microlenses and BSI architecture,
see section 1.3).

The fundamental architecture of a CMOS camera is based on the concept of the active pixel sensor
(APS). In contrast to CCDs, where charge is transferred across the chip to a common output node,
CMOS sensors integrate most of the readout electronics directly within each pixel. Speci cally, every
pixel contains a photodiode and a set of transistors, including an in-pixel ampli er that converts the
collected charge into a voltage signal locally (see also chapter 2 and chapter 3 for details).

In their early stages, however, CMOS sensors were characterised by relatively large read noise,
signi cant pixel-to-pixel non-uniformities, and crosstalk e ects (Tian et al., 1999). As a result,
they were initially adopted primarily in the consumer market, driven largely by the rapid expansion
of smartphone production over the past decades. Nevertheless, CMOS technology o ered impor-
tant advantages, including low manufacturing cost and reduced power consumption. Subsequent
architectural innovations substantially reduced read noise, in some cases to levels below those of
typical CCDs (Hynecek, 1997; Teranishi & Mutoh, 1986). Furthermore, the implementation of dual
readout channels (Inoue, 1999; Yonemoto et al., 2000; Fossum & Hondongwa, 2014) enabled an
extended dynamic range comparable to that of CCD detectors (see also introduction in chapter 2.
These performance improvements led to the development of what are now commonly referred to as
Scienti c CMOS (sCMOS) sensors.

The parallel readout architecture of CMOS sensors is enabled by column-level circuitry. Af-
ter in-pixel charge-to-voltage conversion, the signal is routed to column-parallel analog-to-digital
converters (ADCs) integrated on the sensor. Because ampli cation occurs within each pixel and digi-
tisation is performed in parallel along the columns, the overall readout process is signi cantly faster
than in CCDs (Inoue, 1999; Yonemoto et al., 2000; Fossum & Hondongwa, 2014). An illustration
of a CMOS array is presented in Figure 1.14.

The high readout speed is one of the principal advantages of CMOS cameras over CCDs. This
architecture also consumes signi cantly less power than CCD technology, as it employs multiple
ampli ers-typically one per column-allowing signals to be read out in parallel. This eliminates the
need to transfer charge sequentially across the entire array, as required in CCDs, thereby reducing
power consumption and increasing e ciency (Stefanov, 2022). Modern CMOS sensors achieve very
low read noise levels without compromising readout speed, unlike CCDs where lower noise is often
obtained at the expense of slower readout. This enhances their sensitivity and makes them well
suited for the detection of faint astronomical sources.

Additionally, the integration of transistors within each pixel (see chapter 3) allows exible readout

3In this thesis, the term CMOS refers to Scienti c CMOS unless otherwise speci ed.
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Figure 1.14: Artist's illustration of a CMOS pixel (left) and a CMOS pixel array (right). Each pixel
contains a photodiode (active area), an in-pixel ampli er, a capacitor, and the associated transistors
responsible for charge transfer and readout. The CMOS architecture enables parallel signal transfer,
where pixel signals are routed column-wise to integrated ADCs converters before being fully digitized
and transmitted to the computer. Note that this illustration represents a FSI CMOS sensor. Image
adopted by Axiom Optics.

schemes, including rolling or global shutter operation, eliminating the need for a mechanical shutter
in many applications. In a rolling shutter con guration, the sensor is read out sequentially, typically
on a row-by-row basis, such that di erent parts of the image are exposed at slightly di erent times.
In contrast, a global shutter exposes all pixels simultaneously and then reads out the entire frame,
ensuring that the image corresponds to a single instant in time (Lauxtermann et al., 2007).

Currently, CMOS devices are available in both FSI and BSI architectures. In both cases, the
depletion region is typically fabricated to be relatively thin, resulting in enhanced sensitivity in the
blue-green spectral range. In recent years, e orts have focused on increasing the thickness of the
depletion region to improve absorption at longer wavelengths. This development aims to produce
CMOS sensors with enhanced red and near-infrared sensitivity, and such deep-depletion CMOS
technologies are currently under active development (Rhodes et al., 2009; Lahav et al., 2020; Vici
et al., 2020).

1.5 Characteristics of CMOS and CCD devices

To evaluate whether a camera is suitable for scienti ¢ applications, particularly in astronomy;, it

is essential to de ne the key parameters that in uence the quality of the data acquired through a
telescope. Both CCD and CMOS detectors are characterised by fundamental instrumental properties
that determine their overall performance. For both types of sensors, these fundamental parameters
are largely the same, allowing for a direct and meaningful comparison between di erent camera
systems.
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1.5.1 Read Noise

Since the collected chargeis rstampli ed, converted into a voltage signal, and subsequently digitized
into digital units, the readout process inevitably introduces uctuations originating from the electronic
circuitry. These uctuations arise primarily from the output ampli er, column ampli ers (in CMOS
sensors), and the ADC converter (Howell, 2000). This noise contribution is known as read noise,
and it is an intrinsic component of the readout process in all solid-state detectors. Read noise sets
the minimum detectable signal of the sensor and therefore de nes the noise oor of the system.

1.5.2 Dark Current

During the integration time, thermal energy within the silicon lattice can generate electrons even in
the absence of incident photons (Shockley & Read, 1952; Aberle et al., 1992; Stefanov, 2022). This
thermally generated signal is referred to as dark current. Dark current accumulates linearly with
exposure time and increases strongly with temperature. For this reason, astronomical detectors are
typically cooled to reduce thermal electron generation.

1.5.3 Non-uniformities

No detector is perfectly uniform across its pixel array. Variations in fabrication and pixel electronics
introduce pixel-to-pixel non-uniformities (Stefanov, 2022). Such non-uniformities introduce xed-
pattern noise, which can be mitigated through calibration procedures such as at- eld and dark-frame
corrections (Howell, 2000).

1.5.4 Saturation

Each pixel can store only a nite number of electrons before saturation occurs. This limitis known as
the full well capacity (Howell, 2000). Once the pixel reaches this capacity, additional charge cannot
be properly stored, leading to saturation and possible blooming. Full well capacity directly impacts
the detector's dynamic range. The dynamic range is the ratio of the full well capacity to the read
noise.

1.5.5 Linearity

Linearity describes how accurately the detector response is proportional to the number of incident
photons. An ideal detector exhibits a linear response over its full operating range (Howell, 2000;
Chromey, 2010; Stefanov, 2022). However, near saturation or at very low signal levels, deviations
from linearity may occur due to ampli er limitations, charge transfer ine ciencies and image lag
(Teranishi et al., 1982; Teranishi, 2016; Stefanov, 2022).

1.6 Planets and Exoplanets

Following the discovery and space exploration of the Solar System, the question naturally arose as
to whether planetary systems exist around other stars. The search for such systems has transformed
modern astrophysics, leading to the discovery of thousands of exoplanets and revealing a remarkable
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diversity in their physical and orbital properties. In this section, | rst provide a brief historical
overview of the planets in the Solar System. | then discuss the emergence of exoplanet discoveries,
with particular emphasis on Jupiter-like exoplanets, and the principal detection techniques currently
employed to identify and characterise planets beyond the Solar System.

1.6.1 The Solar System

When observing the night sky under dark conditions, the planets of the Solar System can be readily
distinguished from the background stars due to their steady brightness and apparent motion. This
was already recognised by ancient Babylonian astronomers, who carefully recorded the movements
of these "wandering stars" (Sachs, 1974). Later, ancient Greek scholars identi ed the planetary

nature of Mercury, Venus, Mars, Jupiter, and Saturn, distinguishing them from the xeti stars

The establishment of the heliocentric model by Nicolaus Copernicus in the 16th century provided
a revolutionary framework that placed the Sun at the centre of the Solar System, with the planets
orbiting around R®. This model resolved many inconsistencies of the earlier geocentric system and
laid the foundation for modern planetary astronomy.

In 1781, William Herschel discovered Uranus using a refracting telescope, marking the identi -
cation of the seventh planet in the Solar System (Pasacho & Olson, 2011). The nal major addition
came in 1846, when the mathematical calculations of Urbain Le Verrier predicted the existence of
another planet in uencing Uranus's orbit. This prediction led to the observational con rmation of
Neptune by Johann Galle in 1846 (Galle, 1846). Subsequently, in 1930, Pluto was discovered (later
reclassi ed as a dwarf planet; Soter 2006). Although this discovery was initially considered a con r-
mation of Percival Lowell's hypothesis of a trans-Neptunian planet (Lowell, 1915), Pluto was later
found to be too low in mass to account for the predicted perturbations. Lowell had interpreted these
apparent perturbations as evidence for an unknown planet beyond Neptune, but later work showed
that they were mainly due to inaccurate observational data and an incorrect estimate of Neptune's
mass rather than Pluto’s gravitational in uence (Standish, 1993).

1.6.2 Exoplanets

Planets that exist outside the Solar System are referred to as exoplanets. According to the International
Astronomical Union (IAU), an exoplanet is de ned as a body with a true upper mass limit of
13 M;y, corresponding to the threshold for deuterium thermonuclear fusion (Lecavelier des Etangs &
Lissauer, 2022). Such an object may orbit a star, a brown dwarf, or a stellar remnant. Regardless of
its formation mechanism, any object meeting this criterion is classi ed as an exoplanet (Lecavelier
des Etangs & Lissauer, 2022).

It was obvious that since the Solar system contains planets, therefore any other star in space may
also accommodate exoplanets. It was not until the end of 20th century where the rst exoplanet
was detected, orbiting a pulsar star (Wolszczan & Frail, 1992). Pulsars are characterised by the

4The Babylonians already recognised and recorded the ve naked-eye planets. The Greeks developed the terminology
and theoretical interpretation.

5Although a heliocentric model had already been proposed by Aristarchus of Samos in the 3rd century BCE, it did
not gain traction in the ancient world because it con icted with the prevailing Aristotelian physics, lacked observable
evidence for the expected annual stellar parallax, and did not provide the mathematical predictive power of the established
geocentric models.
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Figure 1.15: Phase-folded radial velocities measurements for the system 51 Pegasi. Figure from
(Mayor & Queloz, 1995).

periodic pulses emitted and captured via radio telescope. The exoplanet was detected by measuring
the small variations in the periodic arrival times of the pulses indicating the gravitational in uence

of two orbiting planets. Subsequently, the rst exoplanet orbiting a Solar-type star, 51 Pegasi b, was
discovered (Mayor & Queloz, 1995). The planet was detected using the Doppler technique, through
precise radial velocity measurements (see details in subsection 1.6.4). 51 Pegasi b is a gas giant with
an orbital period of 4.23 days and a minimum mass of 0.4.7 ¥he corresponding radial velocity

curve of the host star is shown in Figure 1.15.

Today, more than 30 years after the rst detection, thousands of exoplanetary systems have been
discovered, revealing a remarkable diversity of planetary architectures. Advances in optical instru-
mentation, covering a wide spectral range, have enabled the detection and detailed characterisation
of these planets. To date, over 6000 con rmed exoplénedse been identi ed, and this number
continues to grow rapidly, as illustrated in the upper panel of Figure 1.16.

This population is illustrated in the lower panel of Figure 1.16, which shows the distribution
of con rmed exoplanets in the mass orbital period plane, including both measured and minimum
masses. It is evident that the majority of these exoplanets occupy regions of parameter space
that are very di erent from the planets of the Solar System. This highlights both the diversity of
exoplanetary systems and the importance of continuing to explore these largely uncharted regions,
which di er signi cantly from the architecture of the Solar System. In addition, observational biases-
arising from the limitations of current optical instruments and detection methods-also in uence the

6Based on the NASA Exoplanet Archive, https://exoplanetarchive.ipac.caltech.edu/, accessed 2026/02/12
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(a) Cumulative histogram of exoplanet detections.

(b) Planetary mass as a function of orbital period for con rmed exoplanets.

Figure 1.16: The population of known exoplanets (or minimum mass) from the updated NASA
exoplanet archive (2026-02-12) colour-coded by their detection method (Akeson et al., 2013). The
highlighted points indicate the planets of the Solar system.
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observed distribution (see details in subsection 1.6.3 and section 1.7).

1.6.3 Transits via photometry

The most widely used method for detecting exoplanets is the transit technique, which is based on
the same geometric principle observed in the Solar System during transits of Mercury or Venus. A
transit occurs when a planet passes in front of its host star, causing a temporary dip in the star's
observed brightness for the duration of the passage.

The rst exoplanet detected to transit was HD 209458 b (Charbonneau et al., 2000). To measure
these variations in stellar brightness, astronomers use photometry (see details in chapter 4), which
guanti es the ux received from a star. In an image, the star appears as a point source, and its
light is distributed across pixels on the detector. When performed as a time-series, photometric
measurements produce a light curve that reveals the characteristic dips caused by transiting planets
(Howell, 2000).

This technique became widely adopted in the early 2000s with the development of ground-based
facilities designed to observe wide elds and collect stellar light curves. These observatories made
signi cant contributions to exoplanet discovery, including WASP (Pollacco et al., 2006), KELT
(Pepper et al., 2018), HATnet (Bakos et al., 2004) HATSouth (Bakos et al., 2013), and later NGTS
(Wheatley et al., 2018). Space-based missions were developed to achieve the same goal with higher
photometric precision, free from atmospheric e ects. Notable examples include Kepler (Borucki
et al., 2010), K2 (Howell et al., 2014), CoRoT (Auvergne et al., 2009), TESS (Ricker et al., 2015)
and the upcoming PLATO mission (Rauer et al., 2025).

However, not all exoplanets produce observable transits. This method depends strongly on the
system's geometry; the planet's orbit must be aligned such that it passes along the line of sight from
Earth. In particular, the orbital inclination must be close to 90 deg (edge-on) so that the planet crosses
in front of its host star and blocks a detectable fraction of the starlight. Additionally, the planet must
be su ciently large relative to the star for the resulting dip in brightness to be measurable (this also
depends on the precision of the instrument).

Detecting exoplanets via the transit method does not provide a direct measurement of the planet's
mass, which is essential for con rming its planetary nature. For this reason, transit photometry is
typically combined with other techniques, such as the radial velocity method (see subsection 1.6.4),
in order to determine the planet's mass and hence its bulk density.

Despite not yielding the mass, transit observations provide a wealth of valuable information.
When the planet begins to cross the stellar disk, the moment at which the stellar brightness rst starts
to decrease is known as ingress ( rst contact). Similarly, when the planet nishes crossing the star
and the stellar brightness returns to its original level, this stage is called egress (last contact). These
phases, along with the rest of the transit geometry, are illustrated schematically in Figure 1.17.

The transit duration is de ned as the total time the planet spends passing in front of the star,
beginning at ingress and ending at egress. The decrease in stellar ux during the transit, , is
measured relative to the out-of-transit uxg. The ratio is de ned as the transit depth, which is
directly related to the ratio of the planetary radius to the stellar radius, according to:
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Figure 1.17: Schematic illustration of an exoplanet transiting a host star. The diagram shows the
depth X, impact parameter 1, total transit duration between the rst contact point of the ingress and
the last contact point of the egressg,Tand the full transit duration between the second and third
contact, B3. Adapted from Winn (2010).

— = — e (11)

Assuming that the stellar parameters are well determined-typically derived from spectral energy
distribution (SED) tting and isochrone modelling-it is then possible to estimate the planetary radius
(" ») from the measured transit depth and the known stellar radiys ('

Another important parameter that can be derived from transit observations is the impact parameter
1, which describes the transit geometry. In particular, it quanti es how centrally the planet crosses
the stellar disk, and therefore depends on the orbital inclination (cos 8° of the system. Following the
equation described in Winn (2010), the impact parameter is de ned as:

- 0cos8 1 472

‘ 1, 4sinl (1.2)

where the semi-major axis (0) represents the distance between the planet and the host star, 4 is the
orbital eccentricity, and | is the longitude of periastron. The exact transit condition depends on the
ratio of the planetary to stellar radius{*' ¢). For 1 = 0, the transit occurs across the centre of the
stellar disk, while for 1 1, the transit occurs near the stellar limb. Only when 1 j l:L% does the
planet completely miss the stellar disk and no transit is observed.

For a transit event that repeats periodically, meaning the exoplanet completes a full orbit around
its host star between successive events, the orbital period % can be directly determined from the
light curve. By measuring the time interval between consecutive mid-transit timgfle obtains
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a precise estimate of the planet's orbital period. If multiple transits are observed over a long time
baseline, tting a linear ephemeris as describe in Winn (2010),

)2'=° =)o, =%~ (1.3)

where Tp represents the time of inferior conjunction, typically corresponding to the mid-time of
the rst observed transit event. The transit light curve also provides valuable information about
the duration of the event. In particular, the full transit duration refers to the time during which the
planet is entirely in front of the stellar disk, producing the maximum decrease in stellar brightness
and excluding the ingress and egress phases. In contrast, the total transit duration measures the
entire event from the rst contact, when the planet begins to obscure the star, to the fourth contact,
when the planet completely exits the stellar disk. These durations yields the geometric and physical
information about the system, allowing constraints on parameters such as the scaled semi-major
axis (0«' ), the impact parameter, the orbital inclination, and, through Kepler's Third Law, even
the mean stellar density. Analytic expressions for these relationships are described in Winn (2010),
particularly the following

_ p__
i1 Pxe 1) 23) 1411, X®

2 _

r= 1 1) 230) 142 14
' c )124 ) 223 1 4sinl

= e (1.5)
0 X %0 1 42

While transit photometry alone provides detailed information about the planet, the star's geom-
etry generally o ers only limited direct constraints on the orbital eccentricity 4. In principle, the
combination of the total transit duration4), the full transit duration (73), the orbital period % and
the stellar radius ' can provide some information about 4 and the argument of periastron | through
the scaling factor 11, 4sinl°» 1 4 2 that appears in the expression for0. However, because
the transit shape depends on multiple parameters simultaneously (including the impact parameter
b and the radius ratio ;¢' ), it is generally di cult to disentangle eccentricity from transit pho-
tometry alone without additional constraints. To further constrain the eccentricity complementary
observations required, particularly radial velocity measurements.

When an exoplanet transits its host star, the observed stellar brightness decreases because the
planet blocks a fraction of the star's light. If the stellar surface were perfectly uniform in brightness,
the transit would produce a at-bottomed light curve while the planet fully covers part of the stellar
disk. However, observed transits typically show a curved, rather than at, bottom.

This curvature arises from limb darkening, the phenomenon whereby the outer regions (the limb)
of a star appear fainter than its centre. Limb darkening occurs because the e ective optical depth
depends on the viewing angle. At the centre of the stellar disk, the line of sight probes deeper,
hotter, and therefore brighter layers of the stellar atmosphere. In contrast, toward the stellar limb, it
intersects higher, cooler, and less dense atmospheric layers, resulting in reduced emergent intensity
and a gradual decline in brightness, as illustrated in Figure 1.18.

Moreover, limb darkening is wavelength dependent. At shorter (bluer) wavelengths, the opacity is
generally higher than at longer (redder) wavelengths. Consequently, blue light emerges from higher
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Figure 1.18: A schematic illustration of limb darkening. The radial distance, normalized to unity
and labelled L, represents the stellar disk. Photons emerging from point A, located near the centre of
the disk (O), originate from deeper, hotter layers of the stellar atmosphere (high temperagure, T

In contrast, photons emerging from point B, closer to the stellar limb, arise from higher, cooler layers
(low temperature, |Io).

and cooler layers of the atmosphere compared to red light. Because these layers are cooler and emit
less intensely, limb darkening is typically more pronounced at shorter wavelengths (Hestro er &
Magnan, 1998).

To accurately model the shape of an exoplanet transit light curve, limb darkening must be included
through parameterised limb-darkening coe cients based on the characteristics of the host star
(Claret & Bloemen, 2011; Parviainen & Aigrain, 2015). These coe cients depend strongly on the
wavelength (transit shape is atter towards red wavelengths) of observation (Hestro er & Magnan,
1998) and the physical properties of the stellar atmosphere.

1.6.4 Radial velocity

Another widely used technique for detecting exoplanets is the radial velocity (RV) method (Wright,
2018). This method measures variations in the line-of-sight velocity of a star caused by the gravita-
tional in uence of an orbiting companion. As the planet and star orbit their common centre of mass,
the star exhibits a periodic "wobble" that can be detected as shifts in its spectral lines.

RV measurements are frequently used as complementary observations to photometric transit
surveys. While transits provide the planetary radius, RV follow-up enables the determination of the
planet's mass. In the absence of inclination information, however, only the minimum mesis 8
can be derived. A landmark example is the rst con rmed exoplanet around a Sun-like star, 51
Pegasi b, discovered using RVs (Mayor & Queloz, 1995).
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RVs are measured using high-resolution spectrographs, typically mounted on ground-based tele-
scopes, such as CORALIE (Queloz et al., 2001) and HARPS (Pepe et al., 2002) (see further in
section 1.8). These instruments disperse the starlight into its constituent wavelengths, producing a
spectrum. If the star is moving toward or away from the observer due to the gravitational pull of a
planet, its spectral lines experience a Doppler shift. This shift in wavelength is directly related to the
star's RV (Sasselov et al., 2020) and forms the basis of the RV detection method. This is expressed
as:

= =2 (1.6)

where the Doppler shift _, the rest wavelength _ and 2 the speed of light. From this, one
can infer other parameters, particularly the periodic modulation of the radial velocity, as well as
the semi-amplitude of the radial velocity as shown in Figure 1.19. Those relation are described in
Cumming et al. (1999):

S (1.7)

where % is the period, is the gravitational constant, 4 is the orbital eccentricifyatid " is
the mass of the planet and the star respectively.

Depending on the measured semi-amplitude, RV signals can sometimes correspond to stellar
mass companions rather than planetary ones, leading to potential false positives. Large velocity
amplitudes are often indicative of binary star systems rather than true exoplanets. However, when
RV measurements are combined with photometric transit data, the full set of planetary parameters
including mass, radius, and bulk density, can be determined.

1.6.5 Other detection methods

A variety of additional techniques have been developed to detect and characterise exoplanets. In the
following section, | brie y describe these additional detection methods.

Astrometry

A method closely related to RV method is astrometry, which measures the orbital motion of a star
on the plane of the sky. If the star has a companion, both objects orbit their common centre of mass
due to mutual gravitational attraction (Black & Scargle, 1982; Quirrenbach, 2010). Unlike the RV
method, which probes motion along the observer's line of sight via the Doppler e ect and can be
limited by inclination ambiguity, astrometry directly measures the star's positional wobble across the
sky, making it a complementary technique. This angular displacement of the star can be expressed
as (Sasselov et al., 2020):

_O ¢
U=z +— - (1.8)

where 0 is the orbital semi-major axis of the planet, 3 is the distance to the systeiis, the
planet's mass, and " is the stellar mass. Astrometry is particularly sensitive to massive planets
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Figure 1.19: A schematic illustration of the periodic RV signal of a star induced by an orbiting
planet, shown as a function of time in (a). The sinusoidal variation re ects the orbital period (%) of
the planet and the is the semi-amplitude. Panel (b) presents an illustration of the orbital inclination
angle (8). Image adopted from (Sasselov et al., 2020).
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on wide orbits around nearby stars, as these produce larger stellar displacements. A key advantage
of this method is that, unlike radial velocity, it allows determination of the planet's true mass and
orbital inclination, rather than just a lower limit (5 sin 8).

Achieving the precise measurement of a star's angular displacement requires instruments with
extremely high astrometric precision. To minimise the e ects of atmospheric turbulence and other
noise sources, the most e ective approach is to use space-based telescopes. As of 3 March 2026,
only a small number of systems have been con rmed and detected via astrometry, currently just
six systems, namely DENISP J082303.1-491201 b (Sahimann et al., 2013) that is a sub-stellar
companion, GJ 896 Ab (Curiel et al., 2022) that is a Saturn-like exoplanet, HIP 66074 b (Sozzetti
etal., 2023) that is a Jupiter-like exoplanet, HD 128717 b (Pinamonti et al., 2026) that is a sub-stellar
companion, Gaia-4 b (Stefansson et al., 2025) that is a Jupiter-like exoplanet, Gaia-5b (Stefansson
et al., 2025) that is a sub-stellar companion. This small humber underscores the observational
challenges of astrometry.

This limited detection rate primarily re ects the fact that Europeans Space Agency's Gaia mission
(Gaia Collaboration et al., 2016) is the only space instrument capable of delivering astrometric mea-
surements with the precision needed to detect planetary stellar wbbblespite these limitations,

Gaia's survey is expected to signi cantly expand the catalog of astrometrically detected exoplan-
ets, approximately 21000 6000 candidates within a distance of 500 parsec (Perryman et al., 2014;
Lammers & Winn, 2026).

Direct imaging

To study the solar corona, Bernard Lyot invented the coronagraph in late 1930s (Lyot, 1939). A
coronagraph is an optical instrument designed to block the direct light of the Sun, thereby creating
an arti cial solar eclipse within a telescope. By suppressing the overwhelming brightness of the
solar disk, the much fainter corona becomes observable from the ground.

The same principle, which is suppressing the light of a very bright object to reveal nearby faint
sources, was later adapted for exoplanet detection. In direct imaging, a coronagraph is used to
block the starlight so that faint planetary companions can be detected in its immediate surroundings
(Macintosh et al., 2014; Bowler, 2016).

For this technique to be successful, the planet must typically be located at a relatively wide orbital
separation from its host star. Planets that orbit too close to the star are di cult to resolve due to the
small angular separation and the extreme contrast in brightness. Direct imaging is therefore most
sensitive to young, massive exoplanets in wide orbits, which are still warm and luminous from their
formation and emit detectable infrared radiation. One of the rst successful detections using this
method was a giant planet orbiting the brown dwarf 2MASSW J1207334-393254 (Chauvin et al.,
2004). As of 5 March 2026, 94 exoplanets have been con rmed using the direct imaging technique.
An example of a direct imaging of the HR 8799 system (Marois et al., 2010) is shown in Figure 1.20.

In addition to coronagraphy, several other developments have improved the e ectiveness of the
direct imaging technique. Observations at longer wavelengths are often preferred, as they enhance
the contrast between the host star and the planet (Toomey & Ftaclas, 2003; Macintosh et al., 2014).
Furthermore, atmospheric distortions a ecting ground-based observations caused by turbulence in

"Gaia completed observations on 15 January 2025.
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Figure 1.20: Directimaging of the HR 8799 system. The intense light from the host star is suppressed
using a coronagraph, allowing the four orbiting exoplanets to be detected, labelled with b, c, d, e.
The observations were obtained in the Ks and L infrared bands. Image from (Marois et al., 2010).
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the Earth's atmosphere, can be corrected using adaptive optics systems. These systems employ
deformable mirrors that dynamically adjust their shape to compensate for distortions in the incoming
wavefronts from the star, thereby improving the spatial resolution and image quality (Lenzen et al.,
2003; Rousset et al., 2003; Chauvin et al., 2004).

Gravitational microlensing

Gravitational microlensing is a method for detecting exoplanets based on the e ect predicted by
the Theory of General Relativity (Einstein, 1916), that mass bends spacetime and therefore de ects
light. When a relatively close star (the lens) passes very close to the line of sight between Earth and
a more distant background star (the source), the gravitational eld of the close star bends the light
from the background star. This e ect acts like a natural gravitational lens and temporarily magni es
the brightness of the background star (Einstein, 1936; Gaudi & Gould, 1997; Gaudi, 2012).

If the alignment between the foreground lens star and the distant background source star is
su ciently close, the background source star temporarily appears brighter, producing a characteristic
symmetric lightcurve. If the lens star hosts a planet, the planet's gravitational eld slightly perturbs
the lensing con guration, resulting in a small deviation from the otherwise smooth microlensing
light curve. An example of the characteristic symmetric curve with the small deviation from the
exoplanet is shown in Figure 1.21.

The microlensing method is capable of detecting exoplanets with masses down to that of Earth,
as well as planets orbiting very distant stars. However, such events are relatively rare, since they
require a precise and temporary geometric alignment between the observer, the lens system, and the
background source. In addition, microlensing events are generally non-repeatable once the alignment
is lost. As of 5 March 2026, 270 exoplanets have been con rmed using this technique, with the
rst discovery associated with the microlensing event OGLE-2003-BLG-235/MOA-2003-BLG-53
microlensing event (Bond et al., 2004) using data the Optical Gravitational Lensing Experiment
(Udalski et al., 1992, OGLE) and Microlensing Observations in Astrophysics (Bond et al., 2001,
MOA) surveys.

1.7 Photometric transit surveys

Photometric transit surveys have been conducted and commissioned across the world with the aim
of discovering exoplanets and expanding the parameter space of planetary systems. Several ground-
based wide- eld surveys have been particularly successful in identifying transiting exoplanets. These
surveys typically employ arrays of small-aperture cost-e ective telescopes with wide elds of view
that continuously monitor thousands to millions of stars. Candidate transit signals identi ed by
these surveys are subsequently followed up with higher-precision photometric and spectroscopic
observations to con rm the planetary nature of the detected signals.

The Wide Angle Search for Planets (Pollacco et al., 2006, WASP) was one of the rst large-scale
sky surveys speci cally designed to discover transiting exoplanets. WASP consisted of two facilities
to provide nearly full-sky coverage: SuperWASP North, located at the Roque de los Muchachos
Observatory on La Palma, Spain, and SuperWASP South, located at the South African Astronomical
Observatory (SAAQ) in Sutherland, South Africa. Each facility used a single robotic mount equipped
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