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Abstract

This work is a contribution to the development of radiation hard silicon detectors for the application
in high energy physics experiments.
First, a study was carried out to investigate radiation induced effects in Low Gain Avalanche Detectors
(LGADs) and how these effects change with annealing of the devices. For this, two LGADs were
irradiated with 24 GeV/c-protons to a fluence of 1014 neq/cm2. The sensors were then characterized
as a function of annealing time by measurements of the leakage current and the capacitance and by
measurements using the Transient Current Technique (TCT). An initial decrease of gain, as well as a
reduction of the gain layer depletion voltage was observed after irradiation. No further change of gain
with annealing was observed. The decrease of gain with irradiation and the change of the gain layer
depletion voltage was attributed to a deactivation of the gain layer, mainly due to the acceptor removal
effect. A change of the charge collection onset voltage for top-TCTmeasurements with annealing time
was explained by a build-up of charge at the backside, which changes the electric field configuration
in the sensor. This effect vanished after reverse annealing.
In addition, a tabletop TCT-setup, using two-photon absorption (TPA-TCT), was constructed and
commissioned. TPA-TCT is a novel technique for sensor characterization with improved spatial
resolution in 3D. Strong focusing of laser light with sub-bandgap photon energy is used to create free
charge carriers in silicon only at the focal point of the beam. Measurements performed so far were
carried out at dedicated laser laboratories. The setup, developed in the course of this work, serves as a
prototype for other research institutes. All components of the setup, including free-space laser optics,
the electrical and mechanical devices, were acquired and installed. First tests revealed shortcomings
of the laser source, which were addressed by the manufacturer in an upgrade of the source. The setup
is now operational and initial measurements were successful. A description and characterization of
the setup, as well as the results of first measurements are presented.
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1

1. Introduction

Silicon sensors are the backbone of modern day particle tracking detectors due to their high radiation
hardness, good spatial and timing resolution and the possibility to produce them at commercial vendors
in large quantities. Silicon, as a material for the construction of all kinds of electronic devices, is very
well understood. Design and manufacturing processes have been refined over decades. However, in
high energy physics silicon sensors have to withstand an intense radiation environment, which poses
unique challenges for the design and operation of these sensors. The most demanding environment for
particle detectors today is the Large Hadron Collider (LHC). In all LHC-experiments silicon sensors
are used closest to the interaction point for particle track reconstruction and vertex identification. The
total radiation fluence, which current detectors have to withstand in the innermost layers, is as high
as 1015 neq/cm2. The continuous radiation degrades the charge collection properties of the sensors
and leads to a higher leakage current. Up to a certain degree these effects can be mitigated by an
increased bias voltage and sufficient cooling, but eventually the detectors reach their end of life. To
increase the radiation hardness of silicon sensors in these environments, and to develop new detector
technologies with improved resolution and speed, the RD50 collaboration1 was established. The LHC
will undergo an upgrade to the High-Luminosity LHC (HL-LHC) with an increased number of particle
interactions per bunch crossing and, as a result, a much increased radiation fluence. The higher particle
rates also pose higher demands on the resolution of the detector. To successfully disentangle up to
200 primary vertices during a single bunch crossing, timing detectors are becoming more important.
The experiments ATLAS [1], CMS [2] and LHCb [3] are planning to use dedicated timing planes
equipped with Low Gain Avalanche Detectors (LGADs). LGADs feature a highly doped gain layer
to increase their signal charge by avalanche multiplication of the primary electrons. The high signal
at a moderate device thickness leads to a low signal rise time, which makes this type of detector very
suited for timing measurements. Radiation damage changes the gain layer and bulk properties of
LGADs, leading to a reduction in gain and a change in the electric field distribution within the sensor.
The first part of this work is devoted to investigating these effects and the interplay of gain reduction,
a changing space charge region and annealing of the devices. LGADs were tested after irradiation
with 24 GeV/c protons to a fluence of 1× 1014 neq/cm2 and successive annealing, using the Transient
Current Technique (TCT) and IV- and CV-measurements.
The development of novel silicon sensors with higher spatial and timing resolution is not possible
without precise sensor characterization setups. The Transient Current Technique is an important tool
to investigate a multitude of sensor parameters. Laser light in the red or near-infrared is used to
create charge carriers near the surface or throughout the full device thickness, depending on the laser
wavelength. Spatial scans are carried out to investigate the charge collection homogeneity or probe
the electric field as a function of depth inside the detector, by injecting light from the edge of a device.
The drift of electrons and holes can be investigated independently by light injection from the front
or backside. In recent years a new measurement method, Two-Photon Absorption-TCT (TPA-TCT),
was developed. TPA-TCT uses light in the near infrared, but with a photon energy below the silicon
bandgap. Generating charge carriers by light absorption is only possible by two-photon absorption,

1RD50, CERN, https://rd50.web.cern.ch



2 1. Introduction

which requires a high light intensity. By using strong focusing optics, it can be achieved that charges
are only created at the focal point of the beam in a volume of approximately 1 × 1 × 10 `m3. The
focal point of the beam can be moved inside the silicon sensor, allowing for 3D spatial resolution.
The method of TPA-TCT for the characterization of silicon particle detectors was proposed in 2014
and successfully tested at the UPV/EHU laser facility2 [4, 5, 6, 7]. The goal of this thesis work is to
develop the first tabletop TPA-TCT setup to make it possible to use this technique easily on a daily
basis for the characterization of silicon sensors.
This thesis is grouped into two parts. A brief introduction to silicon sensors and radiation damage
is followed by a description of the existing measurement setups and a summary of the findings of
the study of radiation damage in LGADs (chapters 2-4). The second part starts with an introduction
to the principles of TPA-TCT (chapter 5). Some concepts of optics, which are important for the
development and operation of the new setup, are briefly discussed. In the last chapter (chapter 6)
the setup is described and first measurements are presented to show the strengths and weaknesses of
TPA-TCT.

2UPV/EHU Singular Laser Facility Laboratory, Bilbao, Spain, http://www.ehu.eus/en/web/sgiker/laser-tresna-aurkezpena
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2. Silicon Particle Detectors

For high precision particle tracking, solid state detectors are widely used in high energy physics
experiments. Silicon became the prevalent choice as detector material due to its high availability,
comparably small bandgap, leading to a high signal charge, and its high radiation hardness. Silicon
is used widely in the electronics industry, enabling the possibility for synergies in the development
and production of detectors. Silicon sensors can be segmented with high granularity, giving them a
high spatial resolution. In recent years the timing capabilities of detectors became more important.
The increase in luminosity after the upgrade of the LHC to the High-Luminosity LHC leads to an
increase in event pile-up, making it necessary to distinguish different particle events by measuring
their separation in time. New sensor designs, e.g. the Low Gain Avalanche Detector (LGAD), have
been developed for this purpose.
In this chapter, silicon detectors and their functionality are introduced. It follows a brief discussion of
LGADs and the effects of radiation damage on silicon sensors. A more detailed description of silicon
sensors can e.g. be found in [8] or [9]. A comprehensive overview of semiconductor physics can be
found in [10].

2.1. Working Principle

When a charged particle traverses a silicon detector, pairs of weakly bound electrons and holes are
created in ionizing interactions of the particle with the silicon atoms. By applying an external electric
field the electron-hole-pairs can be separated before recombination is possible. The resulting drift of
the charge carriers in the direction of the electrodes can be measured as a signal current.
The two main considerations when choosing a material to build a detector is how much charge can
be generated for a given amount of deposited energy and how this charge can be transformed into a
measurable signal. In principle, a low energy deposition is desirable for tracking detectors to maintain
a low material budget of the detector and reduce multiple scattering. Therefore materials with a low
atomic number are favored (silicon: / = 14). The signal yield, i.e. the amount of charge generated
for a given amount of deposited energy, depends mostly on the ionization energy of the material. The
ionization energy is the average amount of deposited energy needed to create a single electron-hole-pair
(or electron-ion-pair for gases) and is 3.6 eV for silicon. In comparison, germanium has an ionization
energy of 3 eV, diamond about 13 eV and gas detectors have a significantly higher ionization energy of
about 30 eV. Electronic properties, the charge transport and generation of charges in solids are usually
described in an energy band picture. The discrete energy levels of the respective atomic orbitals which
electrons can occupy form energy bands when atoms are bound in a crystal lattice. Conduction in a
material is possible if little energy is required to promote an electron to an unoccupied (anti-bonding)
state. Metals have a high number of available energy states and no energy gap between filled and
unoccupied states. Electrons are therefore loosely bound to single atoms (delocalized) and can move
relatively freely in the lattice. Silicon, a semiconductor, is a type IV material with four valence
electrons which occupy the two 3s- and two of the six available 3p-orbitals. In a silicon crystal lattice
all four valence electrons are contributing to the four covalent bonds to the respective neighboring
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atoms. Therefore the valence band in a silicon crystal is completely filled with no electrons in higher
energy states. The bandgap between the highest filled electronic state and the lowest unoccupied
electronic state (the difference between valence and conduction band) is �6 = 1.12 eV. The value
of the bandgap determines if a material is classified as a semiconductor, like silicon, or insulator. In
insulators the bandgap is large enough to prohibit any thermal excitation of electrons to the conduction
band. In semiconductors the conductivity depends strongly on temperature because electrons can be
promoted to the conduction band by thermal excitation. In solid-state physics the Fermi-level �� is
used to quantize the electronic behavior of a material. It is defined as a hypothetical energy level
which, at thermal equilibrium, has a 50% chance of being filled with an electron. The Fermi-level of
an intrinsic semiconductor lies very close to the middle of the bandgap. The probability of a given
energy state at energy � to be occupied with an electron is described by the Fermi-Dirac distribution
[8]

5 (�) = 1
4 (�−�� )/:) + 1

. (2.1)

In this and the following equations : and ) denote the Boltzmann constant and temperature, respec-
tively. The picture of homogeneous energy bands, which can be filled or not filled is simplified. In
reality, also the density of states in an individual band depends on energy. The difference of the
bandgap and the average ionization energy is due to the fact that silicon is a semiconductor with an
indirect bandgap. Any transition of an electron across the bandgap has to satisfy conservation of
crystal momentum (or wave vector k). This happens by absorbing or emitting phonons to the crystal
lattice. It is for this reason that semiconductors with an indirect bandgap are usually not used for con-
structing LEDs or lasers. The probability of radiative transitions across the bandgap is much lower for
indirect bandgap semiconductors than for direct bandgap semiconductors. In addition, light emission
and absorption in indirect bandgap semiconductors shows a stronger temperature dependence.
In intrinsic silicon the number of electrons and holes is equal. The intrinsic charge carrier density
at 300 K is =8 = 9.65 · 109 cm−3 [11]. The number of free charge carriers due to thermal excitation
and the larger number of impurities in the crystal is too high to measure the comparably small signal
current resulting from ionization by a charged particle. The technique to deplete the detector material
from free charge carriers is to form a pn-junction.

2.1.1. PN-junction

Figure 2.1. – (a) Intrinsic silicon with no additional impurities. (b) N-type silicon with donor (phosphorus)
and free electron. (c) P-type silicon with acceptor (boron) and hole. Image from [10]

The conductivity of silicon can be increased by doping with foreign atoms. In this process a low
number of atoms with a different number of valence electrons is introduced to the crystal lattice. If the
artificially introduced atom has one valence electron more than silicon, this electron will not be used
in bonding to neighboring silicon atoms and only a small amount of energy is needed to excite this
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electron to the conduction band. The energy state that is introduced in this process lies in the bandgap
but very close to the conduction band. Since the dopant introduces a quasi-free electron to the silicon
crystal it is referred to as donor. The silicon, which was intrinsic before, is now of n-type. Commonly
phosphorus is used as a donor atom. Due to the introduction of additional energy states close to the
conduction band the Fermi level is shifted to higher energies in n-type silicon. In the opposite case, if
an atom with one valence electron less than silicon is introduced into the crystal (commonly boron),
one of the crystal bonds remains with a vacant position which can be filled by neighboring valence
electrons or by recombination. Effectively this introduces a hole to the crystal, thus the dopant atom
is referred to as acceptor. In this case the additional energy state is located just above the valence
band and the Fermi level in so-called p-type material is shifted to lower energies. A schematic view
of the bonding of phosphorus and boron dopants in the silicon lattice is shown in fig. 2.1. The density
of introduced donors or acceptors very much depends on the desired behavior of the semiconductor
and can be fine tuned in the production process. Typical dopant densities can range from 1012 cm−3

to 1016 cm−3 and 1018 cm−3 to 1019 cm−3 for strip/pixel and backplane implants. Compared to the
overall density of silicon atoms of about 1022 cm−3 these numbers are comparably small but since
the charge carrier density is low in intrinsic silicon the deliberate introduction of dopants has a very
significant effect on the material’s conductivity.
A pn-junction is formed by combining both p- and n-type doping in a single silicon wafer. Usually this
means introducing a shallow, heavily doped n (or p) -type layer onto a wafer of the opposite type. The
interface between p-type and n-type volumes is called junction. For understanding the basic principle
of operation the junction can be assumed to be abrupt. In reality the doping profile changes gradually.
Due to the difference in carrier concentration on either side of the junction, electrons will diffuse from
the n-side to the p-side and holes will diffuse from the p-side to the n-side. The minority carriers
(electrons in p-type material and holes in n-type material) will then recombine with one of the majority
carriers. This process leads to a diffusion current across the junction. Since both n-type and p-type
silicon is electrically neutral initially, the diffusion of charge carriers leads to the build up of a zone
of negative space charge on the p-side due to the excess electrons and to one of positive space charge
on the n-side of the junction. This causes the build up of an electric field leading to a drift current.
Drift and diffusion currents have opposite directions and balance each other in amplitude when the
pn-junction is in thermal equilibrium. In this condition the Fermi level has to be constant across the
junction. Because the Fermi level is closer to the conduction band on the n-side and closer to the
valence band on the p-side, this leads to a distortion of the band structure across the junction which
manifests itself in a potential difference. This voltage is commonly referred to as build-in voltage [8]

+18 = −
:)

@4
log

#0#3

=2
8

. (2.2)

The build-in voltage depends only on the acceptor and donor densities #0 and #3 . The electron
charge is denoted by @4. The space charge region is depleted of free charge carriers.

PN-junction under external bias

The pn-junction, or diode, is used widely in electronics due to its rectifying properties and is the
fundamental building block of a transistor. In general, if a positive voltage is applied to the p-side
(forward bias) a current can flow through the junction. If a negative voltage is applied to the p-side
(reverse bias) on the other hand, no current will flow, except for a small leakage or dark current.
Fig. 2.2 shows the band structure of a pn-diode in thermal equilibrium and under forward and reverse
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Figure 2.2. – In a pn-junction in thermal equilibrium, without bias voltage, (top image) the Fermi-level
has to be constant across the whole device. The different position of the Fermi-level with respect to the
conduction and valence band edges in n- and p-doped silicon, leads to the build-in potential +18 at the
junction. Application of a forward bias (middle image) lowers the potential difference between p- and
n-doped silicon and facilitates the current flow across the junction. Under reverse bias (bottom image)
the potential difference increases. Free charge carriers are drawn away from the junction, leading to an
enlargement of the depletion zone. [8]

bias. In case of a forward bias, the external voltage counteracts the build-in potential and reduces
the width of the depletion zone. Because of the reduced space charge the electric field opposing the
diffusion of charge carriers across the junction is smaller, allowing a net current to flow across the
junction. Under reverse bias (negative potential on the p-side) the majority carriers are further drawn
away from the junction leading to an enlarged depletion region and a higher electric field across the
junction. The applied external potential thus enlarges the potential barrier between p- and n-side,
effectively prohibiting any current to flow. This process is schematically shown in fig. 2.3. A small
current can be measured even under reverse bias, due to the diffusion of carriers into the depletion
zone.
The diffusion currents across the junction for electrons and holes are [8]

�=/? = @4�=/?
=2
8

#0/3!=/?

(
4@4+ /:) − 1

)
. (2.3)
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The resulting total current is
� = �= + �? = �0

(
4@4+ /:) − 1

)
(2.4)

with
�0 = @4=

2
8

(
�=

#0!=
+

� ?

#3!?

)
. (2.5)

This equation is called Shockley equation and describes the current-voltage characteristic of an ideal
pn-diode under reverse and forward bias. The current under forward bias increases exponentially.
Under reverse bias the exponential term vanishes and the current saturates at −�0. The reverse current
depends on the diffusion constants �=/? and diffusion lengths !=/?. The behavior of a semiconductor
diode according to equation 2.4 is shown in fig. 2.4. The ratio of the electron and hole components
of the total current is given by the ratio of the numbers of donors and acceptors. In reality the reverse
current is much higher than in the ideal case due to additional defects in the bandgap which act as
generation and recombination centers. As the voltage is increased and the depletion zone reaches the
location of the defects, they start to contribute significantly to the current, which therefore exhibits a
strong bias dependence until the whole diode is fully depleted.
By applying a reverse bias to a silicon diode a volume free of charge carriers can be created. Any
charges that are generated in this volume by a traversing particle will drift in the electric field to the
respective electrode.

(a) (b)

Figure 2.3. – (a) Mobile charge carriers (circles) diffuse across the junction and recombine. Thus the
initially neutral donor and acceptor atoms are being ionized and form a space charge region. The space
charge region is further increased when a reverse bias voltage is applied. [8]
(b) The build up of a space charge region leads to an electric field which has its maximum value at the
junction. The space charge region and therefore the field extends further into the lesser doped side (here
p-side). [12]
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Figure 2.4. – Current vs. voltage for an ideal pn-diode. The current grows exponentially under forward
bias and saturates to �0 under reverse bias. [8]

2.1.2. Silicon detectors

By the use of a reverse biased pn-junction a silicon sensor can be depleted of free charge carriers,
making it possible to measure the additional charges created from the energy deposit of a traversing
particle. Material parameters and geometry have a multitude of effects, which have to be taken into
account when designing a detector. Traditionally p-in-n or n-in-n sensors were used because of the
availability of high resistivity n-type material. Studies of the effects of radiation damage led to the
development of p-type detectors [13], which are now the baseline design for future tracking systems.
To obtain spatial resolution the read-out electrodes are either structured into pixels or strips. Fig. 2.5
shows a schematic cross-section of a segmented n-type (a) and p-type (b) silicon detector. The n-type
sensor consists of a high resistivity n-type bulk with p+-implants on the sensor front. In this case,
the electrodes are AC-coupled to aluminum contacts which are connected to the readout electronics.
The front electrodes are connected to high-voltage via bias resistors (not shown). For isolation and
passivation the sensor top is covered with a layer of (8$2. Backside connection is established with
a homogeneous n+-implant and aluminum backside contact. The type of dopants is inverted for the
p-type sensor. P-type sensors have to be equipped with an inter-pixel or -strip isolation in the form
of a p-spray or p-stop implant. This is due to an accumulation of positive charges in the oxide layer,
effectively shortening the region between strips. In the figure, the drift direction of charge carriers to
the respective electrode is also indicated. Since electrons have a higher drift velocity in silicon than
holes, it is favorable to collect electrons at the read-out electrodes. The active area of silicon pad
detectors is usually surrounded by one or more guard rings (not shown in the figure) to avoid a current
flow from the surface or edges of the device into the pad region.

Depletion width

The depletion width of a planar pn-junction with an abrupt doping profile as a function of the applied
reverse bias voltage can be calculated by solving Poisson’s equation. Usually the top electrode is much
stronger doped than the sensor bulk. This leads to an asymmetric growth of the depleted zone, which
mainly extends into the lower depleted sensor bulk, so that the depletion zone inside the collecting
electrode can be neglected. The depletion width F3 of a silicon sensor depends on the applied bias
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Figure 2.5. – Schematic cross-section of a segmented n-type (a) and p-type (b) silicon detector [14].

voltage +180B and the effective doping concentration #4 5 5 [8]:

F3 =

√
2n (+18 ++180B)
@4‖#4 5 5 ‖

, (2.6)

where n and @4 are the electric permittivity and the electron charge, respectively. The built-in voltage
+18 for silicon sensors is usually 0.5 V and is therefore often neglected because of the much higher
bias voltage. The effective doping concentration is the difference in the amount of acceptors and
donors in the space charge region and subject to change by irradiation induced defects. The above
equation can be used to calculate the effective doping concentration from a measurement of the full
depletion voltage and the physical thickness of a device. This assumes a constant distribution of
space charge throughout the sensor, which is not necessarily the case after irradiation. The depletion
voltage itself is often deduced from measurements of the capacitance-voltage (CV) characteristic and
is therefore subject to uncertainty resulting from the dependence on measurement frequency of the
CV-measurement in the case of irradiated detectors [15]. Another commonly used method is to obtain
the depletion width from TCT measurements.

Sensor capacitance

Because no mobile charges are present in the depleted volume, the pn-junction, with surface A, under
reverse bias +180B, has the characteristic of a capacitor with capacitance [8]

� = n
�

F3
= �

√
n@4‖#4 5 5 ‖

2(+18 ++180B)
. (2.7)

The depletion width increases with the square root of the reverse bias voltage until the sensor is fully
depleted. Therefore, a plot of the value of 1/�2 as a function of the applied bias voltage is frequently
used to extract the value of the full depletion voltage. In addition, the slope of the voltage dependent
part of the graph depends on the effective doping concentration. The depletion depth G of the silicon
sensor can be calculated from the measured sensor capacitance � and the active area of the sensor �

G =
n �

�
(2.8)
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The local effective doping concentration is [16]

#4 5 5 (G) = −
�3

n@4�
2

(
3�

3+

)−1
. (2.9)

These equations can be used to obtain the doping profile of the sensor under test.

Leakage current

Under reverse bias, even in absence of particle radiation or any other external excitation of charge
carriers, a current can be measured across the pn-junction. This current originates from different
sources. Most importantly free charge carriers are thermally generated at generation-recombination
centers in the depleted region and separated by the electric field. This contribution is called volume-
or generation current and usually dominates the total leakage current. In addition, free charge carriers
will diffuse from the undepleted into the depleted region of the detector and thus contribute to the
leakage current. The volume current increases significantly after irradiation of the sensor due to the
introduction of mostly acceptor-like defects in the middle of the bandgap, which act as generation-
recombination centers.
For scaling the leakage current to temperature ) the formula

� ()) = � ()0)
(
)

)0

)2
exp

[
−
�4 5 5

2:�
·
(
1
)
− 1
)0

)]
(2.10)

can be used [17]. � ()0) is the measured leakage current at temperature )0, :� is the Boltzmann
constant and �4 5 5 = 1.214 eV.

Signal generation: Ramo theorem

The detector signal is a result of the current induced on the read-out electrodes by the movement of
charge carriers inside the sensor. To be able to calculate the induced current for a given configuration of
electrodes the so called weighting field ®�F was introduced [18, 19]. The weighting field is calculated
for an individual electrode by assuming this electrode to be on unit potential and all other electrodes
on zero potential. Only if a charge carrier moves along this weighting field a signal will be induced.
The weighting field is solely based on the detector geometry and has to be distinguished from the
electric field, which is acting on the charge carriers. The induced current of a charge @, moving with
velocity ®E in the vicinity of an electrode with corresponding weighting field ®�F is

� = @®E · ®�F . (2.11)

While the original theorem was introduced for the design of vacuum tubes, it was later shown that
it also holds in the case of semiconductors with charges moving in a space-charge region [20, 21].
Later extensions include the calculation of signals in detectors that contain non-linear materials and
readout-electrodes connected by an arbitrary impedance network by time-dependent weighting fields
[22].
It is important to note that, in the case of a silicon detector, electrons and holes have a different mobility,
so that the drift velocity is different. The induced current at a given time after charge generation is the
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sum of the contributions from the drifting electrons and holes

� = #4ℎ@4 (®E4 + ®Eℎ) · ®�F , (2.12)

with the elementary charge @4 and the number of generated electron-hole pairs #4ℎ. For a pad detector
with thickness 3, the weighting field is parallel to the electric field and has the constant magnitude
1/3. For segmented sensors the weighting field has a more complex shape. The weighting field peaks
strongly at the segmented read-out electrodes, which leads to an unequal contribution of the different
carriers to the overall signal, depending on their respective drift direction.

2.2. Low Gain Avalanche Detectors

For high luminosity environments, sensors for timing applications become more and more important:
Due to the higher number of particle interactions, disentangling primary vertices purely by spatial track
measurements becomes increasingly challenging. Resolving different particle interactions also in time
will help to reconstruct tracks and assign them to the correct primary vertex. Plans to include silicon
detectors designed for timing applications exist for example for the ATLAS High Granularity Timing
Detector [1], the CMS MIP Timing Detector [2], the CMS/TOTEM Precision Proton Spectrometer
[23] or the LHCb detector [3].

2.2.1. Charge multiplication in silicon detectors

Charge multiplication occurs when electrons and eventually holes are accelerated in a strong E-field
so that they acquire enough energy to themselves create an electron-hole pair from an interaction with
a valence electron. As soon as holes start to contribute significantly to the multiplication process,
the device will undergo breakdown. Charge multiplication is widely used in gaseous detectors. In
the field of silicon detectors the phenomenon is studied since the 1950s. More recently, charge
multiplication was observed in highly irradiated detectors [24] and is today used to build silicon
detectors with internal amplification (Avalanche Photo Diodes, Low Gain Avalanche Detectors) for
increased radiation hardness and timing resolution.
The dependence of the multiplication process on the electric field strength and on temperature is up
to date best described by empirical models. Most parametrizations use the so called Chynoweth-law
[25, 26], which is used for gaseous detectors but was found to be well in agreement with experimental
data from silicon devices. Multiplication is described in terms of the ionization rate, which is the
number of electron-hole pairs generated by a carrier per unit distance traveled and, in this model, only
depends on the local electric field and temperature

U=,? (�) = 0∞=,? exp
(
−
1=,? ())
�

)
. (2.13)

Coefficients 0 and 1, which differ for electrons and holes, are determined experimentally. An abun-
dance of different parameter sets, valid for different ranges of electric field strength, can be found
in literature (e.g. [27, 28]). A parametrization of the temperature dependence of the multiplication
process can, for example, be found in [29]. The multiplication process depends on the distance a
charge carrier can travel to reach the required threshold energy for ionization. Therefore a lower
temperature (longer mean free path) leads to a higher rate of ionization. The temperature dependence
is more significant for lower field strengths because the carriers can travel several mean free paths
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before a collision, whereas in high field regions, the energy loss per unit distance is more significant
compared to the mean free path. A description of the implementation of this formalism into device
simulation tools can be found in [30, 31]. Avalanche multiplication is distinct from the so called
Zener-effect or Zener-tunneling. The Zener-effect is a breakdown mechanism under reverse bias of a
semiconductor, in which a high electric field enables tunneling of electrons from the valence to the
conduction band, suddenly increasing the leakage current.

2.2.2. Timing measurements

The measurement of the arrival time of a particle is usually done by recording the time at which
the sensor signal crosses a given threshold. The signal shape is affected by both physical effects in
the detector and electronics, leading to fluctuations of the measured time of incidence. The time
resolution that can be achieved by a detector system is limited by several distinct factors. These are
most importantly the effect of Landau noise, time walk, jitter and signal distortions [32]. The energy
deposition of a charged particle in silicon varies from event to event and, in addition, the amount
of charge deposited along the track of the particle is not homogeneous. These are the so called
Landau fluctuations. Landau fluctuations affect the time measurement in two ways: (1) Variations in
the overall amount of deposited charge lead to variations of the signal amplitude. Two signals with
different amplitudes but otherwise identical shape will cross a given threshold at different times with
respect to the arrival of the particle. This effect is called time walk. To reduce time walk the signal
rise time should be as low as possible. In addition time walk can be reduced by using constant fraction
discrimination (CFD) instead of a fixed threshold. (2) Even for the same amount of overall deposited
charge, the charge deposit varies along the track. Even for a constant weighting field and saturated
drift velocities throughout the whole sensor, depending on where most of the charge is deposited,
the relative hole and electron contribution to the signal changes. This variation changes the signal
shape and therefore leads to fluctuations in the threshold crossing time. This effect is called Landau
noise. Landau noise can not be avoided and ultimately limits the time resolution that can possibly
be achieved. Jitter is a result of additional noise on the signal, which originates mainly from the
electronic read-out. For a given noise level # , a fast rise time CA of the signal will reduce the time
variation due to noise fluctuations and thus lead to a decrease in timing jitter [32]:

f98CC4A =
#

3+
3C

���
+)

≈ CA

(/# . (2.14)

Setting the trigger threshold +) to the point of maximal signal slope ( 3+
3C

) will therefore improve time
resolution. For the development of fast silicon detectors, increasing the signal rise time while main-
taining or improving the signal-to-noise ratio is the key goal [33]. Under the term signal distortions
all additional effects that change the signal shape from one event to another are summarized. Since
silicon sensors for timing are likely to be segmented for spatial resolution the weighting field will
not be constant throughout the sensor. Depending on where charge is deposited with respect to the
electrodes the signal shape will vary. A dependence of the signal shape on the position of charge
deposition is also given if the drift velocity is not constant (saturated) throughout the device.
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2.2.3. Working principle of LGADs

Following from the previous section it is clear that a sensor featuring a high signal to noise ratio with a
short rise time (high slew rate) is desirable for timing measurements. The current signals of standard
silicon sensors (without internal gain) have a fixed amplitude which is limited by the saturation of the
drift velocity and the maximum value of the weighting field [32]. The number of charge carriers can
indeed be increased by using a thicker sensor but since the weighting field is inversely proportional to
the sensor thickness, this has no effect on the amplitude of the current signal. The choice of the sensor
thickness best suited for timing measurements depends on many factors. E.g. if a charge sensitive
amplifier is used, the lower noise and higher charge signal can improve the time resolution. A detailed
comparison of different approaches can be found in [34]. Internal gain by multiplication of charge
carriers can increase the signal amplitude so that the time resolution improves. Employing an external
amplifier to increase the signal does not increase the time resolution, since it affects the noise in the
same way. In fact, internal gain increases the sensor noise more than the signal because the leakage
current is also multiplied and the stochastic nature of charge multiplication (excess noise factor) leads
to additional noise. However, since the total noise is usually dominated by electronics, a better signal
to noise ratio (SNR) can be achieved by implementing gain in the sensor design. If the gain is too
high the additional noise becomes dominant and can lead to a reduction of the SNR. In addition, the
sensor operation can be negatively affected if the gain is too high: Very high electric fields can lead to
breakdown and the range of possible operation voltage is reduced, which can render the sensor useless
after irradiation. Avalanche photodiodes (APDs) [35] or silicon photomultipliers (SiPM) with high
gain values are mostly operated in an avalanche regime where the effects of a very high gain, described
above, are not of great concern. To maintain a good signal-to-noise ratio and to decrease the signal rise
time, thin sensors with comparably low gain have been developed [36, 37, 38, 39], which are designed
for increased temperature and voltage stability, lower fluctuations in signal amplitude and to allow
for finer segmented sensors [36]. The increase of signal charge is obtained by exploiting the effect
of avalanche multiplication of drifting charge carriers in a high electric field. Low Gain Avalanche
Detectors (LGADs, [40]) are based on the technology of avalanche photo diodes. LGADs have an
n-doped read-out electrode and a thin (several µm) p-doped multiplication layer directly beneath it.
The electric field at the junction is high enough for charge multiplication to occur. Read-out and
multiplication layers are implanted in a p-type bulk. The gain of the device is defined by the doping
profile and doping concentration of the multiplication layer. A schematic drawing is shown in fig.
2.6. The Junction Termination Extension (JTE) is used to obtain a more homogeneous electric field
profile along the edge of the multiplication implant, to increase gain homogeneity and high voltage
stability. The amplitude of the signal current is defined by the sensor gain. But, in contrast to sensors
without gain, the signal rise time depends on the sensor thickness. This is because the current signal
continues to increase until all charges have undergone multiplication. Therefore the signal rise time
is given by the maximum drift time of an initial charge carrier. For this reason a thin sensor will have
the same signal amplitude but a faster rise time compared to a thick sensor with the same amount of
gain. Since the thermally generated charge carriers, comprising the leakage current, are amplified in
the same manner as the signal charge, the increase of leakage current due to irradiation can lead to
a significant increase in noise with respect to the signal, also since the latter is reduced by trapping
[41]. The intrinsic gain is temperature dependent. Increased vibrations of the silicon lattice at higher
temperatures lead to an increased loss of energy of moving electrons to the lattice. This reduces the
energy available for impact ionization and the amount of charge multiplication is reduced [28].
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Figure 2.6. – Schematic cross-section of the LGAD pad design with a JTE structure protecting the junction
edge termination. [40]

2.3. Radiation Damage

Particles with high energy are produced in interactions in hadron colliders in large quantities. All
detector components, mechanics and electronics that are placed close to the interaction points have
to withstand this flux of potentially damaging particles to ensure the functionality over the full
operation time. The innermost detectors currently installed at the LHC have to withstand a fluence of
approximately 2 × 1015 neq/cm2 until they will be replaced. For the upgrade of the LHC to the High-
Luminosity LHC (HL-LHC, [42]) the total integrated luminosity and with this also the total particle
fluence will be larger by a factor of about ten. For the innermost pixel layers, radiation doses will be as
high as 1.5× 1016 neq/cm2. Foreseen radiation levels at the FCC are as high as 8× 1017 neq/cm2 [43].
Current sensor technologies could not withstand such high radiation fluence, so that further research
and development of novel techniques is needed.

2.3.1. Damage mechanisms

When a particle collides with a silicon atom a minimum amount of energy needs to be transferred
to dislodge the silicon atom from its lattice position. To remove a silicon atom from its position in
the crystal lattice with a probability of more than 50 %, an energy of at least 25 eV is necessary [44,
45]. A neutron with an energy of about 175 eV or an electron with an energy of at least 260 keV is
necessary to form such point defects. Below this threshold, the transferred energy is dissipated in the
form of phonons, which does not lead to any damage. In case the silicon atom was removed from
its position, it can occupy an intermediate position in the lattice, called an Interstitial (I). The now
unoccupied original lattice position is called Vacancy (V). The resulting V and I defects can interact
with other V/I states or with other defects and foreign atoms. A combination of a vacancy and an
atom on an interstitial position is called Frenkel pair. If the energy transfer was high enough, the
primary knock on atom (PKA) has enough energy to remove further silicon atoms from their lattice
position and produce a cascade of radiation defects [46]. This can lead to the development of defect
clusters, which usually have a spatial spread of about 10 nm × 200 nm along the direction of impact
and form at the end of the PKA track [12]. To form clusters, neutrons and electrons have to have an
energy of about 35 keV and 8 MeV, respectively [47]. The amount and distribution of defects depend
on the type and energy of the incident particle. Neutrons tend to produce isolated clusters of defects
with few point defects. Protons with different energies produce clusters and in addition more or less
point defects, as can be seen in fig. 2.7. The image shows a simulated distribution of vacancies in



15

silicon after different types of irradiation. In this context it is important to note that, depending on

Figure 2.7. – Comparison of initial vacancy distribution in a 1 `m3 volume after irradiation with 10 MeV
protons (left), 24 GeV protons (middle) and 1 MeV neutrons (right) to a fluence of 1014 cm−2. [46]

their position inside an experiment, detector components can be exposed to different types of particles.
The component of charged hadrons (mostly charged pions) is larger for the pixel sensors, whereas the
outer detector layers are mostly exposed to neutrons [14].

2.3.2. NIEL - Scaling of radiation damage

In a particle physics experiment a complex radiation field of amultitude of different particles at different
energies is present. In addition, different irradiation facilities use different particles for irradiation
of detectors. A scaling procedure based on the amount of Non-Ionizing-Energy-Loss (NIEL) was
developed to scale a particle fluence to a corresponding reference fluence to be able to compare and
predict radiation damage by different particles at different energies. The NIEL scaling hypothesis
assumes that the radiation damage induced changes of electrical properties of silicon detectors scale
linearly with NIEL. The success of NIEL scaling is primarily based on the good agreement with the
experimentally observed increase of leakage current, but it is not obvious howwell NIEL scaling works
on a microscopic level [46]. For example, point-defects (mainly created by low energy electrons and
gammas) and clusters (mainly neutrons) have a different impact on the effective-space-charge [14].
The total fluence is given by

Φ =

∫ �<0G

�<8=

d� q(�), (2.15)

with the energy spectrum q(�) in the range of �<8= to �<0G . For several particles and energies the
displacement damage cross section � (�) has been calculated for silicon. The hardness factor ^ is

^ =

∫ �<0G
�<8=

d� q(�)� (�)
�# (1 MeV) · Φ , (2.16)

where �# (1 MeV) = 95 MeV mb corresponds to the damage cross section for irradiation with 1 MeV
neutrons.
The fluence, scaled to an irradiation with 1 MeV neutrons thus is Φ4@ = ^ ·Φ,

[
Φ4@

]
= neq/cm2. It is

useful to keep in mind that the uncertainty on the total fluence can be as high as 15%, depending on
the irradiation facility.
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2.3.3. Effects of radiation on the detector performance

Leakage current

The increase of the leakage current after irradiation is a limiting factor in many aspects. With an
increasing current, more power will be dissipated inside the sensor in form of heat. Due to the strong
temperature dependence of the leakage current, this can lead to a thermal runaway, if no sufficient
cooling is possible. In addition, the leakage current is one main contributor to the overall sensor noise.
The leakage current is mostly produced by defect levels close to the middle of the bandgap, so called
generation centers and can be calculated from Shockley-Read-Hall (SRH) theory [14, 48]. It follows
the NIEL scaling hypothesis very well and is well predictable, leading to the application of leakage
current measurements for dosimetry. In contrast to the effective space charge, the change of leakage
current is not much influenced by defect engineering approaches. The leakage current increase due
to irradiation is proportional to the particle fluence. The current related damage rate U is the change
in leakage current after irradiation Δ�, normalized by the neutron equivalent fluence and the active
sensor volume V:

U =
Δ�

Φ4@ ×+
. (2.17)

The current related damage rate was found to be independent of the specific type of sensor material and
type of irradiation over a large range of particle fluences, as can be seen in figure 2.8 (a). A continuous

(a) (b)

Figure 2.8. – (a) Leakage current increase as a function of particle fluence for different detector types and
process technologies. The currents were measured after 80 minutes of annealing at 60◦C and normalized
to 20◦C. [14] (b) Current related damage rate as a function of annealing time at several different annealing
temperatures. [49]

decrease of the leakage current is observed with annealing. The change of U with annealing time C
can be parameterized by the equation [50]

U(C) = U1 · exp
(
−C
g1

)
+ U0 − U2 · ln

(
C

C0

)
. (2.18)

A detailed description of the parameters and interpretation of this equation can be found in [51, 49].
Fig. 2.8 (b) shows the evolution of the current related damage rate with annealing time. The annealing
was performed at different temperatures as indicated in the figure.
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Charge collection efficiency

Whereas the leakage current is predominantly produced by defect levels near themiddle of the bandgap,
levels which have an associated energy closer to the valence or conduction band, can act as charge traps.
While free electrons and holes drift in the depleted region they can occupy these additional trap levels
for a short amount of time until they are released. Each trap can be characterized by a trapping rate
1/g4/ℎ. The trapping time g4/ℎ depends on the capture cross-section for the respective charge carriers,
the number of defects and their occupation with electrons. For highly irradiated detectors, trapping
becomes the main limiting factor for detector operation. The signal can be delayed such that it does
not fall anymore into the read-out time of the detector and is lost. Fig. 2.9 shows a comparison of the
charge collection efficiency as a function of equivalent fluence for n- and p-type sensors. Segmented
p-type sensors show a higher amount of collected charge after high particle fluence than n-type sensors.
The effect of trapping can be reduced by using p-type detectors (collection of electrons with a higher
mobility). Also, as can be seen from the figure, the decrease of charge collection efficiency can be
mitigated partly by applying a higher reverse bias voltage. Ultimately the voltage supply is limited
by the maximum allowable power dissipation, due to the limited cooling capacity. The probability
for trapping of charge carriers depends on both the irradiation fluence and the temperature of the
device. The trapping rate increases linearly with fluence and decreases with increasing temperature
[52]. Annealing affects the effective trapping rate differently for electrons and holes. Less trapping is
observed for electrons after annealing, while on the other hand, the trapping rate increases for holes
[14]. In low- or unirradiated sensors the signal strength is proportional to the detector thickness: The

Figure 2.9. – Charge collection efficiency as a function of equivalent fluence for n-type and p-type sensors.
The sensors are 300 `m-strip detectors, which were irradiated with 23-GeV protons, 26-MeV protons, and
reactor neutrons. [14]

more material a charged particle traverses, the more charge is generated, which contributes to the drift
current. In heavily irradiated detectors this is not true anymore. Rather the signal depends on the
shape and strength of the electric field inside the device. A higher electric field reduces the collection
time, but at fluences exceeding 1 × 1015 neq/cm2 even at high bias voltages (≈ 1000 V) the region,
in which the electric field is high enough to guarantee reasonably short collection times, is often
smaller than the typical sensor thickness of 300 `m. For this reason, thinner detectors, which have a
higher electric field at the same bias voltage, perform better at high fluences of radiation. Also one
observes that the onset of charge multiplication takes place at lower bias voltages for thinner devices.
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After the observation of charge multiplication by impact ionization in regions with high electric fields
near the pn-junction, the idea was developed to make use of this effect to compensate the effect of
lower charge collection after irradiation [53, 54] and ultimately to develop sensors with intrinsic gain,
already before irradiation, to enhance the timing capabilities of the devices [55].

Change of effective doping concentration

The space charge of an unirradiated detector is determined by the doping of the silicon substrate,
which is high enough to neglect other defect states in the silicon. Therefore, the space charge is
usually homogeneously distributed over the full thickness of the device, leading to a linear electric
field, which has its highest value at the pn-junction. This picture changes after irradiation. Different
defects contribute as acceptors or donors to the effective space charge and can lead to a distorted
charge distribution and a change in the shape of the electric field. The charge carrier density plays
an important role in this context, since, due to the drift direction, predominantly holes or electrons
are captured near the p+ and the n+-electrode, respectively. These changes can lead to sensors being
operated underdepleted or exhibiting the double junction effect (see sec. 2.3.3, p. 20). The doping
concentration of irradiated sensors is usually described as an effective doping concentration, which
is the difference of all donor-like and acceptor-like states. Since, depending on the type of material,
it can be positive or negative, in equations usually the absolute value |#4 5 5 | is used. The effective
doping concentration and the resulting space charge in the depleted region can be calculated from the
respective number of defect states and their occupancy by electrons 5C [51, 14]:

#4 5 5 =
∑

3>=>AB

(1 − 5C )#C −
∑

0224?C>AB

5C#C . (2.19)

Values of 5C can be calculated from SRH theory. The effective doping concentration can be determined
from the full depletion voltage, which in turn is often deduced from a measurement of the sensor
capacitance (eq. 2.7). In contrast to the leakage current, the effects of irradiation on the effective
space charge depend strongly on the specific material (e.g. oxygen content) and the type and energy
of the incident particle, causing the damage.
A radiation induced change of the effective doping concentration has severe effects, especially for
n-type sensors. In the general case, negative space charge is produced due to irradiation. For n-type
sensors this has the effect, that the initial positive space charge is reduced up to a point where the
effective space charge is close to the intrinsic value. Further increasing the irradiation adds more
negative space charge and the detector becomes effectively p-type. This leads to a transition of the
position of the junction to the n+-side of the detector while the p+-side loses sensitivity, when not fully
depleted. This process is called ’type inversion’ or ’space charge sign inversion’ [56] and is shown
in fig. 2.10. The space charge sign inversion has severe effects for segmented n-type detectors. The
region around the segmented read out electrodes on the top of the device is left undepleted if no full
depletion can be achieved anymore. Due to the shape of the weighting field, the spatial resolution
of the sensor is reduced. This is one of the reasons, why for future upgrades of experiments p-type
silicon detectors are preferred. The evolution of the effective doping concentration with fluence Φ
and annealing time C is described by [14]

#4 5 5 (C) = #4 5 5 ,Φ=0 − Δ#4 5 5 = #4 5 5 ,Φ=0 − #�(C) − #� − #. (C). (2.20)

#4 5 5 ,Φ=0 is the effective doping concentration before irradiation and Δ#4 5 5 the radiation induced
change of space charge. #�(C) and #. (C) are the contributions from beneficial and reverse annealing,
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Figure 2.10. – Depletion voltage and effective doping concentration as a function of equivalent fluence.
[51, 57]

respectively. #� is the stable damage component, which is not affected by annealing. The three
damage contributions are described by

#�(C) = 60Φ4@ exp (−C/g0) (2.21)
#� = #�,0 [1 − exp (−2Φ4@)] + 62Φ4@ (2.22)

#. (C) = 6HΦ4@ [1 − exp (−C/gH)], (2.23)

where 2 is the removal coefficient and 60, 62 and 6H are called introduction rates. The dependence
on annealing time is described by the time constants g0 for beneficial annealing and gH for reverse
annealing. Fig. 2.11 shows Δ#4 5 5 as a function of annealing time. The three different contributions
to the change in space charge are indicated in the figure. The rate by which the effective doping

Figure 2.11. – Change of effective doping concentration as a function of annealing time at 60◦C for a
sample irradiated with a fluence of 1.4 · 1013 cm−2.[51]

concentration is altered by irradiation can be influenced by the addition of different types of co-
dopants to the sensor material during production. For example, it was found that in n-type silicon a
high oxygen concentration reduces the effect of donor removal, which leads to an increased radiation
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hardness of these devices in HEP experiments [58, 46, 13]. Current CMS and ATLAS pixel detectors
have been produced from oxygen enriched material.

Donor and acceptor removal

Donor and Acceptor removal describe the effect of a deactivation of the shallow dopants by a formation
of a complex defect state with other defects. The electrical properties of the dopant are altered and it
does not contribute anymore to the overall space charge. Donor removal has been studied for n- and
p-type silicon [59]. The effect of acceptor removal is becoming increasingly more important due to
the shift to p-type detectors and the development of detectors with intrinsic gain.
The current understanding is that the main cause for acceptor removal in p-doped silicon is the
formation of the BiOi (boron interstitial - oxygen interstitial) defect. A silicon interstitial, which was
produced by the incident radiation, interacts with a boron substitutional, which is removed from its
lattice site (Watkins replacement mechanism), and subsequently forms the BiOi defect with an oxygen
atom [60, 61]. In this process the boron dopant is deactivated, in the sense that it does not act as
a shallow p-dopant anymore. Instead, the BiOi defect contributes with positive space charge, thus
changing the overall charge state by a factor of two. The change of effective doping concentration is
parameterized by [61]

#4 5 5 (Φ4@) = #�,0 exp (−2�Φ4@) + 6Φ4@ . (2.24)

The first term describes the inactivation of boron atoms, with the acceptor removal coefficient 2�. The
second term describes the formation of acceptor like defects with the introduction rate 6. Fig. 2.12 (a)
shows the change of effective doping concentration with particle fluence after proton irradiation for
p-type sensors with different initial doping concentration. The initial decrease of #4 5 5 is explained
by acceptor removal and the subsequent increase at higher fluences by the formation of additional
acceptor-like defects (eq. 2.24). Fig. 2.12 (b) shows a plot of the acceptor removal coefficient as a
function of the initial doping concentration for various devices and types of irradiation. Following
from eq. 2.24, the acceptor removal coefficient 2� is the inverse of a characteristic fluenceΦ0 = 1/2�
after which the boron content is reduced to 1/4 of its initial value. A lower value of 2� is therefore an
indication of a higher radiation hardness of the device. Acceptor removal is especially problematic for
LGADs because the multiplication mechanism in the gain layer relies on a high boron concentration.
It was shown recently that the co-doping of carbon into the gain layer can partly mitigate the effect
of acceptor removal [62, 63]. In sensor and defect studies, using the TSC-technique (Thermally
Stimulated Currents), it was found that acceptor removal is stronger after irradiation with charged
hadrons than with neutrons and that thermal annealing of the irradiated devices does not change the
BiOi concentration [65, 61].

Double junction

The formation of a double junction can be explained by increased positive space charge, i.e. increased
occupancy of defects with holes, at the backside of the device, eventually leading to a positive space
charge region in the bulk of an irradiated p-type sensor [66, 67]. The effect of a double junction
is primarily observed with sensors, irradiated with protons. The cause of this effect is the different
distribution of hole and electron components to the generation current. While the total current density
is constant throughout the detector bulk, electron 9= and hole 9? contributions have a linear dependence
on the depth inside the detector, with 9= being highest at the n+-contact and 9? being highest at the
p+-contact. Assuming a constant distribution of defect levels (deep traps) throughout the bulkmaterial,
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(a) (b)

Figure 2.12. – (a) Effective doping concentration as a function of 1-MeVneutron equivalent fluence (proton
irradiation) for different initial doping concentrations. (b) Acceptor removal coefficient as a function of
initial doping concentration for different devices and types of particles used for irradiation. [64, 61]

a varying distribution of free charge carriers leads to a non-uniform distribution of trapped charges.
More positive charge will be accumulated at the p+-contact and more negative charge at the n+-contact.
This change in effective doping concentration changes the shape of the electric field in a way that two
peaks appear close to the two contacts. This effect is depicted in fig. 2.13. The double junction effect
is one example, where a deduction of the effective space charge from the full depletion voltage by CV
measurements fails. The effect can be measured with edge-TCT measurements, where the shape of
the electric field can be inferred from a measurement of the drift velocity [68]. Due to the temperature
dependence of trapping times, the double junction effect is reduced for higher temperatures.

Figure 2.13. – Schematic to explain the origin of a double peak electric field. (a) Generation current
densities in the silicon bulk; (b) Charge carrier densities; (c) Space charge resulting from predominantly
trapping holes or electrons near the respective electrodes; (d) Double peak electric field due to the space
charge formed by trapped charges. [66, 14]
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Radiation effects on LGADs

Tests of LGADs revealed that the gain of the device is heavily degraded after irradiation beyond a
fluence of about 1015 neq/cm2, which is detrimental for operation in HEP experiments [69, 41]. It
is known that the gain is more heavily reduced after irradiation with charged hadrons compared to
neutrons [70]. A prominent way of explaining the reduction of gain after irradiation is the effect of
acceptor removal [14, 61, 59] (see sec. 2.3.3, p. 20). By this process the effective doping concentration
of the multiplication layer is reduced. This leads to a lower electric field at the junction and reduces
the amount of multiplied charge. On the other hand, device simulations of radiation damage after
proton irradiation on LGADs, even without implementation of the acceptor removal process, show
a decrease in electric field strength, and therefore a reduction of gain, at the multiplication implant
[71]. The radiation effects are explained by solely modelling two effective (donor/acceptor) trap levels
and the predominant trapping of holes produced in the multiplication process. The reduction of the
electric field at the multiplication implant is accompanied by the build up of an electric field region
at the backside of the sensor (double junction) and a reduced electric field in the middle of the device
and directly below the multiplication implant. The effective space charge is affected both in the multi-
plication implant and the sensor bulk, which becomes effectively n-type. In a similar approach, taking
acceptor removal into account, the agreement with experimental data can be improved [72]. Likely
both effects, acceptor removal and the compensation of space charge by trapping, are contributing to
the overall reduction of gain after irradiation.
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3. Experimental Methods

3.1. IV/CV Measurements

For measurements of the leakage current and capacitance, two different setups were used for the
measurements presented in this work. Before sensors are glued onto a printed circuit board (PCB)
for measurements in the TCT setups, IV and CV measurements can be carried out on the IV/CV
probe station shown in fig. 3.1. The electrical setup is schematically shown in fig. 3.2. The sensors
are placed on a temperature-controlled chuck, where they can be fixated with vacuum. Micro-meter
needles and the chuck itself are used to establish the electrical connection. The chuck and needles are
enclosed with a removable lid during the measuremets to prevent light from entering the sensor. If the
sensor is cooled, the enclosure is flushed with dry air to avoid condensation. Bias voltage to the sensor
is provided with a Keithley 2410 power supply. The pad current is measured with a Keithley 6487
picoammeter. For measurements of the capacitance, a Keysight E4980A LCR-meter is used. A CV/IV
switch is used to change the setup configuration between IV and CV modes. When the capacitance is
measured the bias voltage is modulated by a small amplitude (usually 0.5 V) with variable frequency
(usually 10 kHz). The LCR meter measures the impedance. An equivalent RC-circuit in parallel (p)
or series (s) has to be chosen to obtain the respective capacitance �?/B. In general, the parallel mode
is selected for CV measurements.
After sensors are mounted on a PCB, they can not be measured with the IV/CV-probe station because
cooling and mechanical fixation with vacuum is not possible anymore. In this case IV and CV
measurements are carried out inside a Binder MKT115 climate chamber, which is usually used for
beta source measurements. The electrical setup is similar to the probe station described above.

Figure 3.1. – IV/CV probestation. Photograph from [73].
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Figure 3.2. – Electrical setup of the IV/CV probestation.

3.2. Transient Current Technique

The Transient Current Technique (TCT) is a standard tool for the characterization of unirradiated and
irradiated silicon particle detectors [74, 75]. It is based on the analysis of the transient current pulse,
originating from the drift of charge carriers in the electric field inside a biased sensor. The signals
are therefore directly recorded by an oscilloscope, which is connected to the sensor with a bias-T,
or after amplification by a current sensitive amplifier. Charge injection is possible with the use of
a radioactive source or pulsed laser sources. In this work, TCT refers to charge injection with laser
light. Commonly used are laser wavelengths in the red (this work: 660 nm) or infrared (this work:
1064 nm) for SPA-TCT. Red light has a short penetration length in silicon and is absorbed in the
first micrometers of the sensor. Red top and bottom light injection is therefore used to investigate
the drift of electrons and holes separately in the bulk of the device. Infrared (IR) light at the stated
wavelength is close to the bandgap energy of silicon and is therefore less absorbed and penetrates the
whole sensor, creating charges all along the beam axis. This behavior is used to emulate the charge
deposition by minimum ionizing particles (MIPs), although the charge deposition by a laser beam
is broader and does not show Landau-fluctuations. IR light can also be injected from the edge of a
sensor (edge-TCT, [76]) to probe the sensor as a function of the depth inside the bulk. For example,
with edge-TCT it is possible to measure the width of the depleted region or the shape of the electric
field. The measurement principles of red top TCT and edge-TCT are shown schematically in fig. 3.3
together with a corresponding current pulse. The signal was recorded with an unirradiated p-type
PIN sensor. The red-top TCT waveform peaks directly after charge injection and decreases linearly,
because the drifting holes are moving along a decreasing electric-field. Electrons are directly absorbed
and are not visible in the signal. The edge-TCT measurement shows contributions from both electron
and hole drift. The electron contribution has a larger amplitude and shorter duration because of the
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electron’s higher mobility. Notably, the electron and hole contributions have a positive and negative
slope, respectively, again due to the linear decrease of the electric field strength towards the rear
electrode of the sensor.
In general, for the analysis of TCT waveforms, the signals are baseline corrected. The baseline is
calculated as the mean value of the first approximately 10 ns of the recorded waveform, before the
laser pulse arrives. The baseline-corrected waveform is then divided by the the maximum amplitude
of the baseline-corrected reference signal to correct for fluctuations in the laser power. The reference
sensor is a commercial detector, which is sensitive to the respective laser wavelength, in the case of
SPA-TCT. For TPA-TCT a silicon reference sensor is used, in which charge is created by TPA, similar
to the DUT. Normalization of the waveform might be omitted, if the absolute value of the respective
measurement is important. In the following, most often the charge, drift velocity and collection time
(or time over threshold) are shown as a result of TCT measurements. The charge is calculated as the
integral of the waveform, starting at the injection time of the pulse. The integration time is chosen
such that the integration window contains the full waveform, depending on the thickness and bias
voltage of the DUT. The time over threshold is simply the time, during which the transient signal stays
over a predefined threshold. The selected threshold can depend on the noise level and the respective
goal of the measurement. The calculation of the drift velocity is described in the next paragraph.

Prompt current method

In sec. 2.1.2 it was mentioned how the signal current depends on the drift velocity of the respective
charge carriers. This relation is used in the prompt current method [76] to obtain information about
the shape of the electric field inside a silicon sensor by e-TCT or TPA-TCT measurements. In the first
hundreds of picoseconds the injected charge carriers have not moved significantly from their initial
position. The transient current during this time is thus related to the initial drift velocity of the carriers
at the point where they are generated by eq. 2.12. If a pad detector is used, such that the weighting
field is constant, the initial current is proportional to the sum of the drift velocities of electrons and
holes. Under the assumption of a constant mobility, the sum of the electron and hole drift velocities
®E4 + ®Eℎ = `4 ( ®�) ®� + `ℎ ( ®�) ®� can be related to the electric field at this point, as long as the drift
velocity has not yet saturated. In this work the drift velocity is usually calculated as the integral over
the first 500 ps of the pulse.

3.2.1. TCT+ setup

TCT and edge-TCTmeasurements were carried out on the TCT+ setup of the SSD laboratory at CERN
[77]. For TCT measurements the samples are glued to PCBs with conductive silver glue. An example
is shown in fig. 3.4. Images of the setup are shown in figs. 3.5 and 3.6. The sensors used in this work
are mostly small test diodes and not full size sensors. The PCBs are equipped with SMA connectors
for the bias voltage supply, read-out and optional guard-ring connection. To facilitate measurements
from the backside or the edge, the PCBs feature holes and cut-outs for the laser. Next to the sample
a PT1000 temperature sensor is glued. The PCB is mounted on a copper plate which is cooled by a
thermo electric element (Peltier element). The heat from the warm side of the Peltier is removed by a
Huber CC505 chiller. The cooling is regulated using a Laird PR-59 proportional–integral–derivative
(PID) controller. The sample can be moved using a Newport three-axis linear stage system. The stages
have a stepping resolution of 300 nm in x and y and 100 nm in the z direction. Stage system and
laser optics are contained in a Faraday-cage for electro-magnetic isolation. To avoid condensation,
the whole cage is flushed with dry air. For light generation, two PicoQuant lasers with a pulse length
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Figure 3.3. – Schematic drawing of red top-TCT (top part of image) and IR edge-TCT (bottom part) and
corresponding measured signals. Schematic drawings from [73].

of 200 ps are used. The light is guided to the objectives using optical fibers. The signal from the
device under test (DUT) is amplified by a Cividec 2 GHz/40 dB current amplifier and displayed on
an Agilent Technologies DSO9254A digital oscilloscope. To monitor the power of the laser, part of
the beam is directed onto a reference diode. Its signal is recorded with the DUT data and used in the
analysis to normalize the signal to account for fluctuations in the laser output.
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Figure 3.4. – Sensor mounted on a PCB for TCT and edge-TCT measurements. The direction of light
injection from the edge is indicated by a red arrow. The PCB features connectors for the pad and guard
ring, as well as for the backside of the sensor. A PT1000 sensor is used for temperature monitoring.

Figure 3.5. – The TCT+ setup with DAQ, electronics rack, optical table and Faraday cage.
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Figure 3.6. – View inside the TCT+ Faraday cage with the sample holder, translation stages and different
focusing optics.
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4. Irradiation and Annealing Study of
Low Gain Avalanche Detectors

Low Gain Avalanche Detectors (LGADs) are a promising sensor concept for tracking and timing
measurements in high energy physics experiments, as described in sec. 2.2, p. 11. One of the
main limitations at the current state of development is the radiation hardness of the gain layer. It
has been found that after irradiation the gain of the sensors is reduced. The main reason for this is
the deactivation of the boron doping in the gain layer by radiation-induced defects [14, 61, 59]. In
addition, the formation of charged defects in the space charge region of the device can lead to a change
in the distribution of the electric field, reducing the electric field strength in the gain layer and therefore
the gain [71]. The reduced effective doping concentration in the gain layer after irradiation leads to
a reduced depletion voltage of the gain layer [41]. In contradiction to this, it had been observed that
proton irradiated LGADs can show a higher depletion voltage of the gain layer [73]. The motivation
for the study, presented in the following, was to resolve the question around the gain layer depletion
voltage and to investigate the annealing behavior of the radiation damage. One important question
in this regard was, whether or not the gain could be recovered by annealing. The measurements and
results, presented here, were previously published in [78].

4.1. Description of Samples

The measurements presented in the following sections were performed on proton irradiated LGADs
and PIN diodes, manufactured by CNM1 in run 8622. The sensors from wafer 5 (W5) have a thickness
of 277 `m, as stated by the manufacturer. The width of the n+-implant is 3.2× 3.2 mm2 and the width
of the gain layer implant of the LGADs is 3 × 3 mm2. All sensors feature a Junction Termination
Extension (JTE). A list of the sensors is given in table 4.1. The only difference between the PIN
diodes and the LGADs is that the PIN diode does not feature a gain layer and thus can be used as a
reference sensor, e.g. to calculate the gain from charge collection measurements. Proton irradiation
of the samples was carried out at the CERN IRRAD2 facility. The 1 MeV neutron equivalent fluence
was calculated with a hardness factor of ^ = 0.62.
The samples were subjected to an annealing study. IV, CV and TCT measurements were carried out
after accumulated annealing times of 80, 240, 560, 1200, 2480 and 5040 minutes at 60 ◦C.
In addition to the results presented here, in the appendix (A.2, p. 121) the results of the electrical
characterization of additional unirradiated LGADs from W2 and W5 from the same run are shown.

1Centre Nacional de Microelectrònica, IMB-CNM-CSIC, Barcelona, Spain
2PS IRRAD Proton Facility, CERN, https://ps-irrad.web.cern.ch/
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Sensorname Type Gain layer doping Irradiation Particle
[atm/cm2] [neq/cm2]

W5_E3_1 LGAD 1.9 · 1013 1 × 1014 24 GeV/c proton
W5_I3_1 LGAD 1.9 · 1013 1 × 1014 24 GeV/c proton
W5_E3_4 PIN - 1 × 1014 24 GeV/c proton

Table 4.1. – Sample properties

4.2. Leakage Current and Capacitance Measurements

Before irradiation the depletion voltage, obtained from CV measurements, was 70 V for the LGADs
W5_E3_1 and W5_I3_1 and 40 V for the PIN sensor W5_E3_4. The current at full depletion ranged
from 60 to 90 nA for the LGADs and was 30 nA for the PIN.
The sensors were used for an annealing study and thus had to be mounted on a PCB to be able
to perform TCT measurements after each annealing step. Since the IV/CV probe station does not
support PCB-mounted sensors, current and capacitance measurements for these samples were carried
out in the climate chamber, as described in sec. 3.1. The guard ring was left floating during these
measurements for technical reasons.
Measurements of the leakage current were carried out at −20◦C which are shown in figure 4.1 for
LGAD W5_I3_1. The measurements of the second LGAD give similar results and are shown in the
appendix (fig. A.1, p. 117). The current was measured to up to 400 V. Since the region around the

(a) Full plot range (b) Limited plot range

Figure 4.1. – Leakage current measurements of LGAD W5_I3_1 as a function of bias voltage after
irradiation. Accumulated annealing times at 60 ◦C are indicated in the figure legend. The data is shown
with a full and limited plot range. [78]

depletion voltage of the gain layer is of special interest, the data is shown separately with a limited
voltage range. The measurements show an exponential trend below a reverse bias voltage of 26 V. At
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this point a steep increase in current occurs, which reaches a plateau at higher voltages. This trend is
observed for both LGADs and is independent of annealing time.
To compare the leakage current measurements after irradiation and annealing to expectation, the
current related damage rate U was calculated, using the equation

U =
Δ�

Φ4@ ×+
. (4.1)

Δ�, in principle, is the difference in current, measured before and after irradiation. Since the cur-
rent before irradiation is by orders of magnitude smaller, it can usually be neglected. Φ4@ is the
1 MeV-neutron equivalent fluence. The active sensor volume + was calculated from the geometrical
specifications of the sensor: + = 3.2 × 3.2 mm2 × 277 `m. The change of the current related damage
rate with annealing time is parameterized by the equation (see also sec. 2.3.3, eq. 2.18)

U(C) = U1 · exp
(
−C
g1

)
+ U0 − U2 · ln

(
C

C0

)
. (4.2)

In leakage current measurements of irradiated detectors a dependence on the bias voltage above full
depletion is observed, which is not described by this equation. On the other hand, the volume + is not
known below full depletion. For those reasons, current measurements were selected for the calculation
with a 10 − 20% margin above the full depletion voltage, ranging from 150 V for 80 min annealing
to 400 V for 5040 min annealing. The bias voltages used are the same across the three devices. The
choice of the voltages affects the calculated values, which leads to some uncertainty. During the
measurements, the guard ring was not connected for technical reasons: The sensors were mounted on
a PCB for TCT measurements so that current and capacitance measurements had to be carried out in
the climate chamber, which is usually used for beta-source measurements. This setup did not have the
possibility to measure the pad and guard ring currents separately. To estimate the pad current from
measurements of the total current without connecting the guard ring, leakage current measurements
after irradiation and 80 min of annealing, during which the pad and total current were measured
separately before mounting the respective sensor on the PCB for TCT measurements, were used. The
ratio of total current to pad current for both LGADs was measured to be 1.41 and independent of
the applied bias voltage. For the PIN sensor a voltage dependence was measured, ranging from 2.06
(150 V) to 2.28 (400 V). To obtain the value of U resulting from the pad current generated in the
volume+ , the current measurements after annealing were scaled by these ratios. The calculated values
for the proton irradiated PIN and LGADs are shown in fig. 4.2. Measurements are shown by markers,
connecting lines are included to guide the eye. The measurement of the PIN after an annealing time
of 560 min was excluded from the figure due an unexpectedly high leakage current, which is likely to
be caused by an insufficient settling time of the sensor temperature before starting the measurement.
Continuous lines indicate the predicted value, given by eq. 4.2, using the parameters C0 = 1 min,
g1 = 94 min, U0 = 1.26 · 10−17 A/cm, U1 = 4.87 · 10−17 A/cm and U2 = 3.16 · 10−17 A/cm [49].
The theory prediction was scaled to the measurement temperature of −20◦C, using eq. 2.10. A fit
was performed to adjust the calculated values to the measurements. The only free parameter was a
constant factor  , with which eq. 4.2 was multiplied. The resulting value is indicated in the legend of
the figure for the three sets of measurements. The PIN is in rather good agreement with the expected
values. The difference of 3% can be originating from the choice of the bias voltage and the the fact
that the guard ring was not connected. The factor for the LGADs (≈ 3.3) is in good agreement with the
measured gain of the devices (fig. 4.8), as expected. Measurements of the sensor capacitance of the
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Figure 4.2. – Current related damage rate U as a function of annealing time. The samples were irradiated
with protons to a fluence of 1 × 1014 neq/cm2. The leakage current measurements were scaled to 20◦C.
The data was fitted with eq. 2.18 [78]

irradiated LGAD W5_I3_1 at −20◦C are shown in fig. 4.3. Measurements of the other LGAD show
a similar behavior. As for the leakage current measurements, the capacitance measurements had to
be carried out in the beta-setup without connecting the guard ring. Initially the measured capacitance
decreases with increasing bias voltage until at 26 V a sudden increase of the capacitance is observed.
This bias voltage coincides with the point, at which the leakage current rises abruptly (fig. 4.1). After
this, the capacitance decreases to a stable value at high bias voltages. The increase at around 26 V is
only observed in measurements of the LGADs and therefore has to be attributed to the multiplication
layer. The bias voltage, at which the increase occurs is independent of annealing time but the effect
changes in amplitude. The effect is visible already after 80 minutes of annealing but more pronounced
for longer annealing times. The end capacitance at high bias voltages, after full depletion, agrees
across different annealing times, as is expected. Before full depletion, the capacitance at a given bias
voltage is higher for longer annealing times. The full depletion voltage was obtained for both proton
irradiated LGADs from a fit to the rising slope of the values of 1/�2 as a function of bias voltage.
Only values above a bias voltage of 30 V were included in the fit to avoid the aforementioned increase
of capacitance at low voltages. The full depletion voltage is then the value at which the rising edge
intersects a horizontal line through the highest measured capacitance. The obtained values for the
full depletion voltage are shown in fig. 4.4. The determination of the full depletion voltage from
capacitance measurements after irradiation has the limitation that the measurements usually do not
show a clear transition from undepleted (decreasing capacitance) to full depletion (stable capacitance)
which leads to some uncertainty in the values obtained. Especially for high irradiation the concept of a
clear separation of depleted and undepleted volumes in the sensor for a given voltage is not applicable.
The capacitance measurement of sensor W5_E3_1 after 80 minutes of annealing failed, which was
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(a) Full plot range (b) Limited plot range

Figure 4.3. – Capacitance measurements of LGADW5_I3_1 as a function of bias voltage after irradiation.
Accumulated annealing times at 60 ◦C are indicated in the figure legend. The data is shown with a full
and limited plot range. [78]

only realized after performing the next annealing step. Therefore one point is missing in the graph.
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Figure 4.4. – Full depletion voltage of the proton irradiated LGADs as a function of annealing time.
Values were obtained from capacitance measurements. [78]

4.3. TCT Measurements

Measurements with the transient current technique were carried out with the TCT+ setup (sec. 3.2.1).
TCT measurements with light injection from the front of the sensor with red light (RF-TCT) and from
the edge of the sensor with infrared light (e-TCT) were performed. The measurements were repeated
for temperatures of −20◦C and +20◦C. The bias voltage was varied from 0 to 400 V, in steps of
2 V, for RF-TCT measurements. For e-TCT measurements the maximum voltage was 300 V with
an incremental increase of 5 V. In addition, during e-TCT measurements the z-position of the laser
beam was varied in steps of 2 to 3 `m. A single waveform consists of an average of 256 individual
measurements. The sensor was biased from the backside with the front electrode on ground potential,
while the guard ring was connected to ground via a 50 Ω resistor. The laser power was kept constant
across all measurements and all recorded signals were normalized, using a reference diode.
Fig. 4.5 shows the integrated signal current (collected charge) within 25 ns from the start of the signal
as a function of bias voltage for LGADs W5_I3_1 (red) and W5_E3_1 (black) at a measurement
temperature of −20◦C. The measurements were repeated after each successive annealing step. The
measurements before irradiation reach a plateau at a value of 6000 in arbitrary units and then increase
to a value of around 7000 at 400 V. For clarity these values are not included in the range of the figure.
The different measurements after irradiation reach a similar amount of collected charge above 300 V.
Below 300 V the collected charge is lower for longer annealing times at a given bias voltage. TCT
measurements with red light injection from the front of an LGAD show a distinct behavior: Nearly
zero charge is collected up to a certain bias voltage, at which the charge suddenly increases. This
behavior is sometimes related to the depletion of the gain layer. The figure with a plot range limited to
small bias voltages shows that the voltage at which the charge increases (TCT onset voltage) changes
with irradiation and with annealing. But, as can be seen in the following, the measured onset voltage
does not always directly correspond to the gain layer depletion voltage. From the measurements the
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(a) Full plot range (b) Limited plot range

Figure 4.5. – Collected charge as a function of bias voltage of LGADs W5_I3_1 and W5_E3_1 after
charge injection by a red laser from the front side. Accumulated annealing times at 60 ◦C are indicated in
the figure legend. The data is shown with a full and limited plot range. [78]

value of the onset voltage is determined with a fit to the collected charge with

&25=B ∝
{√
+180B −+>=B4C for +180B ≥ +>=B4C

0 for +180B < +>=B4C
. (4.3)

Fit results for−20 ◦C can be found in the appendix (fig. A.2, p. 118). The values obtained for the onset
voltage are shown in fig. 4.6 for the two irradiated LGADs for measurement temperatures of −20◦C
and +20◦C. The onset voltage before irradiation is about 32 V. With irradiation this value increases
to around 45 to 50 V. With increasing annealing time the onset voltage successively decreases to
a value of approximately 26 V, which is the same value that was observed already in IV and CV
measurements. No systematic dependence on temperature can be observed. Notably, the collected
charge before reaching the onset voltage during measurements at higher annealing times is not exactly
zero, as can be seen in fig. 4.7. Two distinct steps can be observed at different voltages: A slight
increase which occurs always at around 26 V and the onset voltage described above at a slightly higher
bias voltage. This plateau between 26 and 40 to 45 V is not described by eq. 4.3.
From measurements of the collected charge the gain of the LGADs can be calculated by comparison
to a PIN diode. The PIN sensorW5_E3_4 has the same design as the LGADsW5_E3_4 andW5_I3_1,
except for the fact that it does not feature a gain layer. All sensors were irradiated with protons to
the same fluence of 1014 neq/cm2 and annealed for the same time at the same temperature. After
each annealing step the gain as a function of bias voltage is calculated as the ratio of collected charge
measured with the LGADs and the charge measured with the PIN diode

�08=(+) =
&!���25=B (+)
&%� #25=B (+)

. (4.4)
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Figure 4.6. – TCT onset voltage as a function of annealing time for proton irradiated LGADs. The onset
voltage before irradiation is indicated by a horizontal line. [78]

The current signal was integrated over 25 ns. Fig. 4.8 shows the measured gain at a bias voltage
of 400 V for both LGADs at measurement temperatures of −20◦C and +20◦C as a function of
annealing time. Corresponding measurements before irradiation are indicated as horizontal lines.
Before irradiation the gain is around 4.75 and 6 for measurements at +20◦C and −20◦C, respectively.
The different values at different temperatures are expected because of the temperature dependence of
the impact ionization coefficient. The relative decrease in gain of about 20-25% with an increase in
temperature of 40◦C is comparable to observed and simulated values in literature [79, 80]. The sensor
W5_E3_1 is in principal identical to W5_I3_1 but shows a slightly lower gain in all measurements.
After irradiation, the gain is reduced to values ranging from 2.5 to 3.5. The relative decrease in gain
is therefore about 40 to 45 %. This reduction of gain can be compared to other studies, where the gain
almost completely vanished after charged hadron irradiation of LGADs to a fluence of 5×1014 neq/cm2

[41]. No change of gain can be observed with annealing.
Edge-TCT measurements have been carried out to better understand the effects of irradiation and

annealing at different bias voltages. From the relation between the signal current, drift velocity and
electric field and under the assumption of a constant charge carrier mobility `, it is possible to estimate
the shape of the electric field [81]

� (C ≈ 0) ∝ E3A8 5 C ∝ `(�)� (I). (4.5)

Results of the measurements of sensor W5_I3_1 are shown in fig. 4.9. Again, the other LGAD
W5_E3_1 showed a similar behavior (appendix, fig. A.7, p. 120). Fig. A.4 (appendix, p. 119) shows
the full voltage range for 80 and 2480 minutes of annealing. During e-TCT measurements the sensor
is illuminated from the side, with the laser beam passing through the sensor bulk, parallel to the front
and rear electrodes. The z-axis, along which the beam position is varied, is oriented perpendicular to
the front and rear surfaces of the sensor. The drift velocity, which is a measure of the electric field
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Figure 4.7. – Collected charge as a function of bias voltage of LGADs W5_I3_1 and W5_E3_1 after
charge injection by a red laser from the front side. Same measurements as fig. 4.5 with different plot range.
[78]

strength, can therefore be measured as a function of depth from the sensor top towards the backside of
the sensor. Low values of z, on the left hand side of the respective figure, correspond to the front side
of the sensor, which is the location of the gain layer. In the left figure (a) the drift velocity is shown
after irradiation and 80 minutes of annealing for bias voltages ranging from 5 to 55 V. The figure on
the right (b) shows the drift velocity at a bias voltage of 55 V for different annealing times. Because
the graphs at different annealing times correspond to measurements on different days, the alignment
of the z-axis changes slightly from one measurement to another. Therefore, the graphs have been
aligned on the rising edge on the left hand side. Two important features can be identified in the electric
field distribution as a function of bias voltage in fig. 4.9 (a). First, the electric field does not decrease
linearly towards the backside of the detector, as would be expected in the case of homogeneous space
charge, like in an unirradiated detector. Instead the field rises towards the backside, which is referred
to as a double junction (sec. 2.3.3). The effect is explained by the trapping of mostly holes due to
the higher concentration of holes towards the backside. The sign of the space charge in the p-bulk is
therefore changed from negative to positive, leading to an electric field near the back contact of the
sensor after irradiation. Second, one can see that after increasing the bias voltage from 25 to 30 V
the electric field is prevalent across the whole device, instead of following the field distribution which
is observed at lower voltages. The latter effect, the change of the field distribution moving from 25
to 30 V, is observed to be independent of annealing time and always occurs at the same voltages.
Measurements before irradiation show a significant increase in signal only at higher voltages of about
35 V to 40 V. The electric field at the backside of the sensor, which can be clearly seen after irradiation
and 80 minutes of annealing, appears to be reduced after longer annealing times. This can be seen in
the right hand side (fig. 4.9 (b)). With increased annealing of the sensor, the overall field at the given
bias voltage is reduced and the field at the backside vanishes. The sharp peak at about I = 0.27 mm
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Figure 4.8. – Charge gain at 400 V as a function of annealing time at 60◦C. The gain is calculated
using RF-TCT measurements, comparing the PIN diode and the LGADs in the same annealing state.
Measurements before irradiation are shown as horizontal lines. [78]

is an effect of the rear ohmic contact, which can often be observed in edge-TCT measurements and is
not related to the rear electric field, discussed here. For reference, a measurement of the unirradiated
device is shown as a black dotted line. In contrast to the measurements after irradiation, the field
decreases linearly until reaching the backside of the sensor. This measurement shows some non-zero
signal outside of the physical volume of the sensor (I > 0.3 mm) which is an artifact resulting from
light being reflected into the sensor from the PCB or backside contact at a beam position at which no
light should enter the sensor anymore. In addition, in both figures, the sharp peak of electric field
which is expected at the position of gain layer, is not visible. This is attributed to the limited spatial
resolution of the experimental method used.
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(a) (b)

Figure 4.9. – Drift velocity as a function of position of the laser beam inside the silicon bulk. (a) LGAD
W5_I3_1 after irradiation and 80 minutes of annealing for different bias voltages. (b) LGAD W5_I3_1 at
a bias voltage of 55 V for different annealing times. The left hand side of the figures, at low values of z,
corresponds to the front side of the detector, where the gain layer is located. [78]

4.4. Discussion

The shape of the measurements of the leakage current, showing a sharp increase at a bias voltage
of 26 V, can be explained by the sequential depletion of the gain layer and the sensor bulk, due to
the difference in doping concentration. Due to the distinct shape of the doping profile of LGADs,
before the gain layer is depleted the field strength increases exclusively in the gain layer when the
bias voltage is increased. This leads to multiplication of the leakage current, which is expected to
follow an exponential trend due to the dependence of impact ionization on the electric field strength.
The prevalence of multiplication before the depletion of the gain layer can also be seen in current
measurements with injection of continuous LED light. A dependence of the current, which is fully
dominated by the charge carrier injection, on the gain layer doping concentration can be observed
before the gain layer is depleted (fig. A.11, p. 124). As soon as the gain layer is depleted, the
additionally applied voltage leads to the depletion of the bulk, leading to a sudden increase in current.
As the voltage is further increased the field increases across the whole device, leading to a slower
increase in leakage current than before depletion of the gain layer. The measurements of the leakage
current indicate that the gain layer depletes always at 26 V after irradiation, independent of annealing
time. Edge-TCT measurements after irradiation and low annealing show a double junction, the
prevalence of an electric field at the backside of the detector, with a lower electric field strength in the
middle of the detector. This effect is linked to the shift of the onset voltage measured with red light
injection from the front of the device to higher voltages. On the other hand, edge-TCT measurements
show as well that a non-zero drift velocity can be observed after irradiation for all annealing steps
always between 25 to 30 V, which supports the observation in IV and CV measurements that the gain
layer depletes always at 26 V. This bulk-field is observed at a bias voltage of 35 V to 40 V before
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irradiation, in agreement with the onset voltage measured with red front TCT. Concluding, the gain
layer seems to always deplete at 26 V after irradiation. Before irradiation the gain layer depletion is
around 32 to 33 V. TCT measurements with red light injection from the front of the sensor show
a higher onset voltage which is linked to the effect of a double junction. The double junction effect
decreases with annealing time and leads to a convergence of the TCT onset voltage towards the value
of 26 V, which is expected from the gain layer depletion. The calculation of the current related damage
rate shows that the PIN sensor follows the common parametrization in literature. One can further see
that the current related damage rate of the LGADs differs by a factor (≈ 3.3), which is in agreement
with the gain of the LGADs measured with TCT after irradiation. Besides this, the reduction of
leakage current with increasing annealing time follows the same trend as the PIN. This shows that the
reduction of gain after irradiation is equally observed in charge injection and current measurements
and that no recovery nor degradation of gain can be observed with annealing of the sensors both in
IV and TCT measurements. As explained in sec. 2.3.3 the reduction of gain is mostly explained
by the effect of acceptor removal and by a redistribution of the electric field due to charged defects.
One of the main reasons for acceptor removal is the formation of BiOi defect complexes, effectively
deactivating the implanted boron. These defect levels were shown to be unaffected by annealing by
using thermally stimulated currents (TSC) measurements [65].
The capacitance measurements of the sensors behave as expected, except for the abrupt increase of
capacitance, which is observed in measurements of the LGADs at a bias voltage of 26 V. This effect
is related to the multiplication layer and the voltage at which it occurs notably coincides with the
depletion of the gain layer as observed in measurements of the leakage current. The origin of this
behavior is not fully understood. A sudden increase in multiplied charge carriers as soon as the gain
layer is depleted can lead to a reduced depleted region around the junction, effectively increasing
the measured capacitance. A similar effect had been observed before [82] and was explained by the
behavior of a Shockley diode (pnpn): If the sensor bulk behaves like an n-type bulk due to acceptor
removal and trapping of charge carriers, the junction between the multiplication layer and the sensor
bulk has the opposite polarity compared to the junction between n+-implant and multiplication layer
and the junction between sensor bulk and backside contact. In this configuration it is forward biased
and can dominate the overall capacitance of the device.
The increase in depletion voltage indicates that the sensors are undergoing reverse annealing, which
leads to an increase of negative space charge. This effect causes the suppression of the double junction
effect at higher annealing times. In turn, the onset voltage, measured with TCT and red light injection
from the top, is reduced to lower values than before irradiation, caused by the reduced depletion
voltage of the gain layer.
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5. Introduction to the Two-Photon Absorption -
Transient Current Technique

Lasers are a very convenient way to inject charge in semiconductor devices for testing purposes. The
beam properties can be adjusted to match the desired use-case and, given the high confinement of a
laser pulse in space and time, very precise measurements can be performed. Charge injection with
lasers is therefore widely used in the IC-industry and development of light and particle detectors. In
the specific case of two-photon absorption, very high light intensities are required to create a detectable
amount of charge. For this, lasers with a short pulse duration are used, which have a moderate average
output power but a very high energy per pulse. Mainly short pulse lasers in the femtosecond-regime,
that are used in industry, support pulse energies of about 1 nJ at high frequencies in the order of
100 MHz. For TPA-TCT the pulse energy should be between one and ten nanojoule, to ensure that
enough charge is created. At too high energies a plasma can be created inside the silicon, which
would alter the signal shape and distort the measurement result [83, 84]. Furthermore, to avoid an
impact on the material properties, a lower repetition frequency of about 200 Hz is desired for TPA-TCT
measurements. A compact laser system with these properties was not available on the market at the
start of the project. Therefore, a laser fulfilling these requirements was developed specifically for
TPA-TCT by the company Fyla1. The general introduction to optics in this chapter is based on [85]
and [86]. A detailed description of non-linear optical effects and the generation and manipulation of
ultra-short laser pulses can be found in [87] and [88]. Some examples in this chapter are calculated
for a laser pulse duration of g = 300 fs, which was the nominal pulse duration of the upgraded Fyla
laser (see sec. 6.1). The actual pulse duration is closer to g = 430 fs.

5.1. Spatial and Temporal Description of Laser Pulses

From the Maxwell equations, the wave equation

∇2 ®� − `n m
2 ®�
mC2

= 0 (5.1)

can be deduced (analogous for ®�). An instructive, but physically unrealistic, solution is a plane wave
in the form of

®� (®A, C) = ®�0(®A, C)e8q ( ®A ,C) , (5.2)

with phase
q(®A, C) = ®: · ®A − lC (5.3)

and amplitude ®�0(®A, C). The phase describes the evolution of the wave in space and time with the
wave vector ®: and circular frequency l. In TPA-TCT, short laser pulses are used together with strong
focusing optics to generate charge in silicon. Therefore, some important aspects of beam propagation

1Fyla, Valencia, Spain, https://www.fyla.com
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and light pulses are described in the following.

5.1.1. Gaussian beam propagation

In contrast to a plane wave, laser light has a high degree of directionality. The field amplitude drops
quickly in the plane transverse to the propagation direction but remains constant over long distances
otherwise (slowly varying envelope approximation, SVEA). Around the direction of propagation,
the beam exhibits cylindrical symmetry. In addition, laser light is the closest approximation to a
monochromatic wave that can be produced experimentally.
With these requirements a solution to the wave equation, describing a beam of light propagating in
z-direction, in the form of

� (®A, C) = � F0

F(I) exp
[
−A2

F2(I)

]
exp

[
i:A2

2'(I)

]
exp [i(:I − lC − q(I))], (5.4)

with '(I) = I +
I20
I

and F(I) = F0

√
1 +

(
I

I0

)2
(5.5)

can be found. The third exponential term describes the spatial and temporal oscillation of the electric
field with frequency l and constant phase q. The second exponential term describes the curvature
of the wavefront: At I = 0 the beam resembles a plane wave. At some distance away from the focal
point, the surfaces of equal phase are curved, with curvature 1/' and are nearly spherical for very
large I.
The amplitude of the beam-like solution is

�0(®A) = �
F0

F(I) exp
[
−A2

F2(I)

]
, (5.6)

which is a function of G, H and I, with A2 = G2 + H2. At I = 0 the wave resembles a plane wave but
at larger z the amplitude is reduced and the planes of constant phase approach a spherical form. For
not too large z, the amplitude diverges much slower than the one for a spherical wave. For a constant
value of z, the amplitude profile takes a Gaussian shape. At a distance from the center of the beam
of A = F(I) the field amplitude has dropped to 1/e of its maximum value. Note that, since the pulse
irradiance � ∝ �2, the beam radius F(I) corresponds to 1/42 (or 2f) of the irradiance at this point.
The parameter F0 is the beam waist at its narrowest point (I = 0). At the Rayleigh length I0 the beam
waist has increased, such that F(I0) =

√
2F0. Beam waist and Rayleigh length are related through

F2
0 =

2I0
:
=
I0_

c=
, (5.7)

with the laser wavelength in vacuum _ and refractive index = of the material. The asymptotically
defined beam divergence is

tan \ = lim
I→∞

3F(I)
3I

=
F0

I0
. (5.8)

The different parameters, describing the spatial profile of a laser beam are visualized in figure 5.1. A
microscope objective is used in TPA-TCT to focus the laser beam onto the sample. The numerical
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Figure 5.1. – Variation of the transverse profile of a beam propagating in z-direction. Divergence \, beam
waist F0 and Rayleigh length I0 are indicated. [85]

aperture (NA) of a microscope objective is defined by the half opening angle \ of the beam:

#� = = sin \ ≈ _/cF0. (5.9)

The angle \, as well as the Rayleigh length change with the refraction index. The numerical aperture
and the beam radius at the waist F0 remain constant on the other hand. Using equations 5.5, 5.7 and
5.9, the beam radius can be written as a function of #�, = and _:

F(I) =

√(
_

c #�

)2
+

(
I #�

=

)2
. (5.10)

Equation 5.10 is plotted in fig. 5.2 for different focusing optics (#� = 0.7, #� = 0.5 and #� = 0.14)
in silicon (= = 3.4757, black) and air (red). The focal point is located at the origin of the plot. The
minimum beam radius is 0.7 `m for #� = 0.7, 1 `m for #� = 0.5 and about 3.5 `m for #� = 0.14.
The beam diverges less in silicon, resulting in a longer Rayleigh length. The large opening angle of
the beam has important experimental consequences. Usually spatial scans in depth (along the beam
axis) are carried out, either from the top or the edge of a device. In this case, it needs to be considered
that all of the beam should enter the sample at a given depth of the focal point. For example, as can be
seen in the figure, at a depth of the focal point of 300 `m, the point where the beam enters the sample
on the surface should have a distance to any obstacle (surface metallization, sensor edge) of at least
40 `m, for an objective with #� = 0.5. This fact is the main limitation for performing edge-TPA-TCT
measurements. The opening angle \, the beam radius at the waist F0 and the Rayleigh length I0 of an
ideal Gaussian beam are also shown in table 5.1 for three different values of the numerical aperture.

5.1.2. Pulse duration and bandwidth

A plane wave, with its spectrum containing only a single wavelength, has an infinite duration. A
laser pulse, which has a limited duration, always consists of a multitude of frequencies, defined by
the spectral bandwidth. Starting from a plane wave a light pulse can be obtained mathematically by a
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#� = 0.7 #� = 0.5 #� = 0.14
Silicon \ 11.6◦ 8.3◦ 2.3◦

F0 [`<] 0.705 0.987 3.524
I0 [`<] 3.501 6.863 87.5

Air \ 44.4◦ 30◦ 8◦

F0 [`<] 0.705 0.987 3.524
I0 [`<] 1.007 1.974 25.170

Table 5.1. – Beam opening angle, radius at the beam waist and Rayleigh length for different focusing
optics in silicon and air. A wavelength of _ = 1.55 `m and a refractive index of silicon of = = 3.4757 was
used for the calculation.

multiplication with a Gaussian function and then has the form [88]

� (C) = Re
[
exp [−il0C − ΓC2]

]
. (5.11)

Γ is the shape form of the Gaussian field envelope and is related to the full width at half maximum
(FWHM) of the intensity profile by Γ = 2 ln 2/g2. Fig. 5.3 shows the time evolution (eq. 5.11) of the
electric field of a laser pulse at a wavelength of _ = 1.55 `m. The central wavelength of _ = 1.55 `m
corresponds to a frequency of 5 = l/2c = 194 THz. One optical cycle is ) = 2c/l = _/2 = 5 fs.
The intensity is proportional to the square of the electric field and is shown in fig. 5.4. The FWHM of
the intensity profile in these examples is g = 300 fs. The spectral content of a light pulse is obtained
by calculating the Fourier transform of the time evolution function:

� (l) =
∫ ∞

−∞
exp [−il0C − ΓC2] exp [ilC]3C =

√
c

Γ
· exp

[
− (l − l0)2

4Γ

]
. (5.12)

The spectral content of a Gaussian pulse with a width of g = 300 fs and a central wavelength of
_0 = 1.55 `m, calculated from eq. 5.12 with l = 2c2/_, is shown in fig. 5.5. The FWHM
bandwidth, resulting from the pulse duration given, is 11.7 nm, corresponding to Δ 5 = 1.471 THz.
The variance of the squared electric field in the time and frequency domain can be calculated from
eq. 5.11 and 5.12, resulting in

f2
l =

∫ ∞
−∞(l − l0)2 |� (l) |23l∫ ∞

−∞ |� (l) |23l
= Γ (5.13)

f2
C =

∫ ∞
−∞ C

2 |� (C) |23C∫ ∞
−∞ |� (C) |23C

=
1

4Γ
, (5.14)

which leads to
fCfl ≥

1
2
. (5.15)

Often the FWHM is more accessible experimentally, thus the latter inequality can be expressed as

g Δ 5 ≥ 0.441, (5.16)
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Figure 5.2. – Beam radius F as function of position along the beam axis for different #�, in air and
silicon.

with g = 2
√

2 ln 2 fC and Δ 5 = 2
√

2 ln 2 fl/2c. With the example given above, equality is reached
in eq. 5.15 (and eq. 5.16). Expressing the product of bandwidth and pulse duration as an inequality,
accounts for the fact that the pulse duration can be larger for a given bandwidth, if a non-linear term
is present in the temporal phase of the pulse. Conversely, a pulse with a larger bandwidth could
potentially be further compressed to a shorter duration. When equality in eq. 5.16 is reached, the
pulse is said to be Fourier-transform-limited, which means that it can not be shorter for the given
bandwidth. To produce shorter light pulses, the spectral bandwidth would have to be increased. This
example was calculated for a Gaussian shaped pulse. For a non-Gaussian shaped pulse a similar
inequality applies, but with a constant larger than 0.441, depending on the shape of the envelope
function.

5.1.3. Beam irradiance

The beam irradiance is the energy received by a surface per unit area and time and can be calculated
as the magnitude of the time averaged Poynting vector

� = 〈(〉 ∝ |� |2. (5.17)

With the expression for the amplitude of the electric field of a Gaussian beam (eq. 5.6) and with the
exponential term to describe a laser pulse in time (eq. 5.11) the beam irradiance (compare e.g. [86])
can be formulated as
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Figure 5.3. – Time evolution of the electric field
of a Gaussian-shaped pulse. The pulse is con-
structed by multiplicatian of the plane wave equa-
tion and a Gaussian function.

Figure 5.4. – Intensity profile of a Gaussian pulse
with FWHM g = 300 fs.

� (A, I, C) =
�?

g

4
√

ln 2

c
3
2F2(I)

exp
[
− 2A2

F2(I)

]
exp

[
−4 ln 2

C2

g2

]
. (5.18)

The FWHM of the beam temporal profile is denoted as g. The beam radius F(I) is the two-sigma
radius of the beam intensity profile and is related to the FWHM of the beam by F(I) = 2f(I) =
�,�" (I)/

√
2 ln 2. The beam radius at the waist (I = 0) isF0 ≈ _/c#�, with the numerical aperture

#� = = sin \. = is the refractive index of the material in which the beam propagates and \ is the
opening angle of the beam with respect to the beam axis. A light wave propagating in a material has a
reduced wavelength but the frequency, and thus the photon’s energy ℏl = 2cℏ2/_, remain unchanged.
The Rayleigh length of a Gaussian beam is I0 = cF2

0=/_. At one Rayleigh length away from the
focal point, the beam radius has increased to F(I0) =

√
2F0. Due to the square dependence of the

two-photon absorption process on the beam irradiance, strong focusing and the shape of the focal point
are of high importance for TPA-TCT experiments. Theoretically, in silicon with a laser wavelength
of _ = 1550 nm and focusing optics with #� = 0.5, values of F0 = 1 `m and I0 = 6.9 `m can be
achieved (see tab. 5.1). The measured values are usually slightly larger than the calculated ones (sec.
6.2.7). The beam irradiance is normalized such that an integral over time and spatial coordinates
returns the pulse energy

�? =

∫ ∞

−∞

∫ 2c

0

∫ ∞

0
� (A, I, C) A3A 3q 3C, (5.19)

which can be readily measured experimentally as an average over many individual pulses, using a
power-meter.



47

Figure 5.5. – Squared Fourier-transform of the time evolution of the electric field.

5.2. Light Interaction with Material

In this section some concepts from linear and non-linear optics, that are of relevance for TPA-TCT,
are introduced.
In the regime of linear optics the superposition-principle can be applied to electromagnetic waves
and the properties of matter do not depend on the light intensity [88]. This regime is relevant for
low intensity light sources. Contrary, nonlinear optics is defined by the intensity dependence of the
material response to light.
A displacement of bound charges in a material by an incident external electric field leads to a net dipole
moment. The material is then said to be polarized. The macroscopic polarization can be expanded
into a power series:

%8 = n0

[
j
(1)
8 9
� 9 + j (2)8 9:� 9�: + j

(3)
8 9:;

� 9�:�; + ...
]
, (5.20)

with the electric field constant n0. ®% and ®� are related through the electric displacement field
®� = n0 ®� + ®%. � 9 , �: and �; are the components of the electric field contributing to the ith component
of the polarization ®%. The coefficients j (=) are called electric susceptibility tensors and depend on
the intrinsic material properties. In the regime of linear optics it is enough to consider the first order
susceptibility of a material, so that

®%(®A, C) = n0j (1) ®� (A, C). (5.21)

The forced oscillation of the bound electrons, in the field of the light wave, leads to the emission of
secondary waves with the same frequency, or different frequencies in the case of non-linear optics.
The emitted wave is delayed (is shifted in phase) with respect to the excitation wave. The speed of
propagation (E?ℎ, phase velocity) of a light wave in a transparent medium is therefore different from
its value in vacuum:

E?ℎ (_) =
2

=(_) . (5.22)
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The refractive index =, as well as the phase velocity, are wavelength dependent, leading to the effect
of dispersion. From Maxwell’s macroscopic electromagnetic theory follows that = = √n `, with
` ≈ 1 in the optical spectral range, which can not explain the effect of dispersion. To explain the
experimentally observed frequency dependence of the refractive index of a material, the electron
theory of light dispersion (Lorentz) was developed [89]. From the definition of the dielectric constant,
it follows that

=2 = 1 + j = 1 + %

n0�
, (5.23)

with the (first order) dielectric susceptibility j and the momentary value of the polarization %. The
displaced electrons can be treated as harmonic oscillators with eigenfrequency l0, driven by the
electric field of the light wave. The solution of the corresponding equation of motion (a solution
for the polarization %) leads to a frequency dependent refractive index. Usually the refractive index
increases with frequency (normal dispersion). Only around a resonance frequency the refractive index
decreases with frequency (anomalous dispersion).
Interactions of light waves with matter are grouped into parametric and non-parametric interactions.
Parametric interactions leave the quantum state of the medium unchanged and thus do not lead to any
energy exchange between the light and the medium. All processes in which energy or momentum are
exchanged with the medium are called non-parametric. As such, especially all absorption processes
fall in this category. Parametric processes are described by the real part of the refractive index.
Non-parametric interactions interact also with the imaginary part of n. The complex refractive index
is expressed as

= = = + 8^, (5.24)

where = is the commonly used (real) refractive index and ^ is the extinction coefficient. The extinction
coefficient and absorption coefficient are related with U = 4c^/_. A positive imaginary part of
the refractive index implies that the wave is absorbed as it propagates through the medium. The
imaginary part of the refractive index is only non-zero in a region around the resonant frequency l0
where anomalous dispersion takes place. The decrease in intensity of a light wave due to absorption
in a medium is expressed by Lambert-Beer’s law [89]

� (G) = �0 exp[−UG], (5.25)

in which �0 is the initial intensity of the light wave and � (G) is the intensity after traversing a length of
G in the material. The absorption coefficient U does not depend on the intensity of the light, therefore
this expression is only valid for linear absorption. The real (n) and imaginary (^) part of the complex
refractive index of silicon at room temperature are shown in fig. 5.6 (a) as a function of wavelength.
The refractive index rises quickly in the UV range up to a peak of 6.87 at _ = 373 nm (= 3.3 eV)
and decreases with higher wavelength. Fig. 5.6 (b) shows the extinction coefficient as a function of
photon energy on a logarithmic scale. At a photon energy of about 1.1 eV (1100 nm wavelength),
corresponding to the bandgap of silicon, the curve rises to a low value of about 10−2 due to phonon
assisted absorption of light across the bandgap. After a steep increase at around 3 eV a first plateau
is reached at 3.4 eV (365 nm), corresponding to the direct transition from the silicon valence to the
conduction band [90, 91]. The dependence of the refractive index of silicon on temperature is shown
in fig. 5.7. At a wavelength of 1550 nm the temperature variation of the refractive index ranges
from 3.4681 at 250 K over 3.4757 at 293 K to 3.4865 at 350 K [92]. The refractive index of silicon
depends on the amount of doping and changes also with irradiation [94]. This can have a strong effect
on heavily doped devices like multiplication implants of LGADs. In these cases also the free carrier
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(a) (b)

Figure 5.6. – (a) Refractive index and extinction coefficient of silicon at room temperature as a function
of the wavelength. (b) Extinction coefficient as a function of photon energy. Data from [92, 93]

absorption might not be negligible.

5.2.1. Non-linear optical effects

Dealing with non-linear optical phenomena, the higher order terms in eq. 5.20 are important. For
example, second-harmonic generation (SHG) is a process, originating from the second-order term in
the above equation. Only non-centrosymmetric crystals can exhibit second-order non-linear effects.
Two-photon absorption, on the other hand, is a non-parametric process which depends on the third-
order susceptibility tensor. Since silicon has a centrosymmetric crystal structure, third order optical
interactions are the lowest possible order of nonlinear response.

Second order non-linear interactions

Incident radiation with high enough intensity can lead to a non-linear polarization of the material.
The resulting atomic dipole moments can oscillate at frequencies which are the sum (or difference) of
the frequencies of the original waves. Under the right conditions, if the emitted radiation can interfere
constructively, a beam of light can be obtained. As an example, in fig. 5.8 two processes are shown
schematically: Sum frequency generation (SFG) is possible with two beams at different frequencies,
which results in a third beam with frequency l3 = l1 + l2 and the requirement of :3 = :1 + :2. As
a special case of sum-frequency generation, in SHG a beam with twice the frequency of the incident
beam is created. To ensure efficient SFG (or SHG), phase matching has to be achieved. Chromatic
dispersion leads to a phase mismatch between the incident radiation field and the second-harmonic.
Different methods exist to overcome this limitation. A common example is the use of a beta barium
borate (BBO) crystal for SHG and a single, focused laser beam. BBO is a birefringent material, which
means that the crystal has one specific axis along which the refractive index is different (extraordinary
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Figure 5.7. – Refractive index of silicon as a function of temperature for a wavelength of 1.55 `m. Data
from [92]

Figure 5.8. – a) Sum frequency generation as a consequence of incident fields with frequencies l1 and
l2 in a j (2) -material. b) Second-harmonic generation with a single incident beam.

refractive index =4) than along the other directions (=>, ordinary). BBO is a crystal with negative
birefringence (=4 < =>). The crystal is oriented in such a way that the incident beam is polarized
perpendicular to the extraordinary crystal axis and thus always experiences the ordinary refractive
index. By changing the angular orientation (’critical phase matching’) of the crystal, the refractive
index of the second-harmonic can be adjusted such that the phase mismatch vanishes. This procedure
is schematically shown in fig. 5.9. The efficency of SHG generation is maximized when the focusing
is such that the Rayleigh length of the focal point is comparable to the crystal length. Parametric
second order processes are commonly used in laser physics for the up or down conversion of laser
beams or e.g. in optical parametric oscillators. They can be of interest for an application in TPA-TCT,
in which SHG can be used to create a reference signal for the correction of laser power fluctuations,
since both TPA and SHG depend on the square of the beam intensity (see sec. 6.1.2).
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Figure 5.9. – Phase matching in a birefringent material. The first harmonic wave is polarized such
that it experiences the ordinary refractive index (=>, red circle in the figure on the right). Depending on
the orientation of the crystal (angle \), the refractive index of the second harmonic (blue ellipse) can be
matched to that of the first harmonic.

Third order non-linear interactions

Third order non-linear interactions are possible in both centrosymmetric and non-centrosymmetric
materials. For many centrosymmetric materials like liquids, gases, amorphous solids and also silicon,
these interactions are the lowest possible order effects. As an example, fig. 5.10 schematically shows
a four wave mixing process. In general, the four interacting waves need not have the same frequency.
As for second order effects, phase matching is necessary to ensure that the wavenumbers add up to
zero. Third-harmonic generation is a special case of sum frequency generation (analogous to SHG). In

Figure 5.10. – Parametric four-wave mixing and two-photon absorption as a result of a j (3) -interaction.

the degenerate case (l1 = l2 = l3 = l4) this class of interactions is the cause of the so called optical
Kerr effect, which describes a change of the material’s refractive index by the incident radiation itself.
As a parametric process, the Kerr effect is described by the real part of the third order susceptibility
tensor. Typical examples are self focusing of an intense laser beam or self-phase modulation (SPM).
These effects can be described by an intensity dependent refractive index

= = =0 + =2� . (5.26)
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Since the intensity of a laser beam � (®A, C) is a function of position and time, also the non-linear refractive
index exhibits this dependency = = =(®A, C). The spatial dependence is a cause of Kerr lensing, while
the temporal dependence can lead to SPM, which modifies the spectral characteristics of the pulse.
Two-photon absorption (TPA) is a third order non-linear interaction which depends on the imaginary
part of the third order susceptibility tensor. In analogy to single photon absorption, it can also be
expressed by the imaginary part of the non-linear refractive index. In the case of negligible linear
absorption, the relation between the non-linear refractive index, the non-linear absorption coefficient
V and the real and imaginary part of the third order susceptibility is [95]

j
(3)
'
= (4/3)=2

0n02=2 (5.27)

j
(3)
�
= (=2

0n02_/3c)V. (5.28)

Corresponding expressions can be derived for the case of absorbing materials [95]. Two-photon
absorption is a process, in which two photons are absorbed simultaneously from a laser beam, which
results in the transition of an atom or molecule from the ground state to a real, excited state. For TPA
in silicon this means that an electron is moved to the conduction band, consequently this results in the
generation of one electron-hole pair per two absorbed photons. One finds that the cross section f of
this process increases linearly with the intensity f = f (2) �, so that the transition rate becomes [87]

' =
f�

ℏl
=
f (2) �2

ℏl
. (5.29)

The first theoretical description of TPA can be found in [96]. The first experimental confirmation of
the process [97, 98] was only possible, after the invention of the laser. Two-photon absorption has
a large variety of applications in many research fields and has already been used to simulate single
event upsets in electronic devices (see e.g. [99, 100]).

5.2.2. Chromatic dispersion

Chromatic dispersion is caused by the frequency dependence of the refractive index. Each frequency
component of a light pulse experiences a slightly different refractive index and thus propagates with
a different phase velocity than the other components. As a first consequence, the group velocity,
the velocity with which the pulse travels in a medium, is generally lower than the phase velocity. A
second consequence is the broadening of the pulse. In a broadened (chirped) pulse the low frequency
components are more shifted towards the leading part of the pulse and the high frequency components
are moved towards the trailing part of the pulse (positive chirp). As a consequence of this, the pulse
appears to be longer, without any change to the pulse spectrum. This means that the product of the
pulse duration and the bandwidth is larger than that of a transform-limited pulse (eq. 5.16). After
propagation through a medium the spectral phase of a pulse is modified by a propagation factor [88,
101]

� (l, G) = �0(l) exp[−i: (l)G] (5.30)

The wavenumber k describes the phase shift per unit length during propagation:

: (l) = =(l)l
2

(5.31)
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To study the different effects of dispersion, it can be expanded into a power series

: (l) = : (l0) +
m:

ml
(l − l0) +

1
2
m2:

ml2 (l − l0)2 +
1
6
m3:

ml3 (l − l0)3 + ... (5.32)

The first term of this expansion contains the phase velocity, with which phase fronts at a given optical
frequency l0 propagate in a medium

E?ℎ (l0) =
l0

: (l0)
. (5.33)

This term causes a constant shift in phase for all spectral components after propagation through the
medium and does therefore not have any observable effects, which are important in the context of this
work. The second term contains the group velocity

E6 (l0) =
(
3:

3l

)−1

l0

, (5.34)

and results in a linear term in the spectral phase, causing the pulse envelope to propagate at a lower
velocity (the group velocity) than the individual spectral components. The third term, with(

32:

3l2

)
l0
=

3

3l

(
1

E6 (l)

)
l0
, (5.35)

is called group velocity dispersion. It leads to a quadratic time dependence of the phase and causes a
shift of the instantaneous frequency to the red side of the spectrum for the leading part of the pulse
and to the blue side of the spectrum for the trailing part of the pulse. This causes a longer duration of
the pulse, the pulse is then said to be ’chirped’.

5.2.3. Pulse broadening as a result of chromatic dispersion

Due to their larger bandwidth, chromatic dispersion affects short pulses more than longer ones. For the
design of the TPA-TCT laser system, it was important to avoid any pulse broadening when the pulses
travel through the device under test. Silicon sensors are usually not thicker than 300 `m and thus the
optimal pulse width was identified to be the shortest pulse at which no significant pulse broadening
is expected after passing through 300 `m of silicon. Shorter pulses would lead to a pulse broadening
and, since the TPA process depends on the pulse width, the amount of generated charge would depend
on the position of the focal point in the sensor. The effect of dispersion on the pulse width can be
calculated with [102]

g>DC = g8=

√
1 + 16(ln 2)2���2

g4
8=

. (5.36)

��� is the group delay dispersion, which is calculated for a material with thickness ! according to
��� = �+� · !. The group velocity dispersion �+� (eq. 5.35 expressed in terms of _ and =) can
be calculated with

�+� =
_3

2c22

(
m2=

m_2

)
, (5.37)



54 5. Introduction to the Two-Photon Absorption - Transient Current Technique

where the value for m2=/m_2 can be obtained using the Sellmeier equation

=(_) =

√√√
1 +

3∑
8=1

�8_
2

_2 − �2
8

. (5.38)

The parameters �8 and �8 for silicon at room temperature, taken from [103], result in a value of
�+� = 1119.4 fs2/mm for a wavelength of 1.55 `m. The pulse width g>DC after traveling through
300 `m of silicon is shown as a function of the initial pulse width (solid line) in fig. 5.11. The values
are calculated according to eqs. 5.36 - 5.38. Pulses that are shorter than ≈ 60 fs undergo a significant
amount of dispersion, while traveling through the silicon sample.

Figure 5.11. – Pulse length g>DC (1550 nm) after passing through 300 `m of silicon as a function of the
initial pulse length g8=. [104]

5.2.4. Impact of refraction on a focused laser beam

The refraction of light on the interface of two materials with different refractive indices is described
by Snell’s law

=1 sin \1 = =2 sin \2, (5.39)

where =1/2 are the refractive indices and \1/2 are the angles of a ray of light to the normal of the
material’s interface. The change of direction of propagation of light changes the shape of a Gaussian
laser beam and needs to be considered when moving the interface of the materials with respect to the
laser beam’s focal point. Of interest here is the case in which a Gaussian beam crosses the boundary
between air and a silicon sensor. The opening angle of the beam \, always measured with respect to
the beam axis, becomes smaller. Therefore, while the beam radius remains unchanged, the Rayleigh
length of the beam becomes larger. This is depicted in fig. 5.12: A focused beam, depicted by two
converging rays, enters the silicon (refractive index =) under the angle \. With = = 1 the focal point
would be at position I from the sensor surface. Since = > 1 the opening angle changes to \ ′ and
the focal point lies at position I′. The relation of the beam opening angle and the Rayleigh length in
silicon is

tan \ ′ = F0/I0 (5.40)
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Figure 5.12. – Elongation of a laser beam, when entering from air into a material with refractive index
=. A movement of the sensor surface by ΔI results in a shift of the focal point in the opposite direction
leading to a total displacement of ΔI′. [104]

with
I0 = c=F

2
0/_. (5.41)

From these equations and using Snell’s law one obtains an expression for the new position of the focal
point

I′ = I

√
I0 c=3

I0c= − _=2 + _
. (5.42)

Equivalently this expression can be expressed in terms of the numerical aperture #�,

I′ = I

√
=2 − #�2

1 − #�2 . (5.43)

Again, _ is the vacuum wavelength. With TPA-TCT also spatial scans along the beam axis are carried
out. Usualy this is done by moving the silicon sensor with respect to the focal point of the beam,
using a translation stage. In this context it is important to keep in mind that a translation of the
silicon sensor by an amount ΔI results in a change of the position of the focal point with respect to
the sensor surface by Δ� in the opposite direction. The total change is thus ΔI′ = ΔI + Δ�. The
factor derived above, relating length measurements I and I′ is equally valid: ΔI′/ΔI = I′/I. The
ratio I′/I as a function of the Rayleigh length in silicon is shown in fig. 5.13. For low focusing
(long Rayleigh length) the elongation factor converges to the material’s refractive index. For strong
focusing, with a Rayleigh length in the range of 10-20µm, the deviation becomes significant and
has to be considered. For example, for silicon at room temperature (= = 3.4757 for ) = 293 K
[92]), _ = 1.55 `m and a microscope objective with #� = 0.5 the elongation factor is I′/I = 3.97
(#� = 0.7: I′/I = 4.77). The Rayleigh length is used here as a parameter which can be easily
obtained from z-scan measurements. The horizontal axis of fig. 5.13 could as well be given in terms
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Figure 5.13. – Elongation factor I′/I as a function of the Rayleigh length of a focused laser beam in
silicon.

of the numerical aperture NA for the given beam parameters using equations 5.9 and 5.41.
In addition to the effect of refraction, discussed above, spherical aberrations, e.g. discussed in [105,
106], can be caused by refraction on the air-si interface. Spherical aberrations result in an elongated
and distorted focal point, depending on the depth of the focal point inside the DUT. The effect was
not usually considered to be relevant, but measurements with a high numerical aperture objective on
thick detectors suggest that it might be important (sec. 6.3.6).
In addition, chromatic aberrations are certainly present, but are neglected, due to the comparably small
bandwidth of the laser.

5.2.5. Interferometric autocorrelation

A standard technique to analyze the temporal shape of short laser pulses is the Interferometric
Autocorrelation (IAC or FRAC, fringe resolved autocorrelation) [107]. The basic principle of a FRAC
measurement is, to split a laser pulse and introduce a variable delay to one of the two replicas. The
separate pulses are combined again to allow them to interfere. The combined pulse is then directed
onto a crystal, in which SHG is possible (schematically shown in fig. 5.14). The resulting second-
harmonic signal is picked up by a detector. The recorded signal amplitude ( depends on the optical
delay ΔC, that was introduced to one of the two pulse replicas

((ΔC) =
∫ +∞

−∞
| (� (C) + � (C − ΔC))2 |2 3C. (5.44)

Scanning through a range of optical delay and recording the second-harmonic signal yields an inter-
ference pattern, whose shape allows to deduce properties of the original pulse, like the pulse duration
and chirp. For optical delays that are much larger than the pulse duration ΔC � g, the pulses enter the
non-linear crystal without interfering, so that the recorded signal is the sum of the individual squared
intensities. This signal level is referred to as the baseline of the autocorrelation (AC) trace. From
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eq. 5.44 one can see that the maximum signal amplitude over baseline is ((ΔC = 0)/((ΔC � g) = 8.
For a small delay, equivalent to a phase shift of c of one of the pulses, perfect destructive interfer-
ence occurs and the signal amplitude drops to zero. For a full pulse analysis the spectral intensity
of the first and second-harmonic has to be recorded as well, to be able to reconstruct the spectral
phase, which is for example possible with the FROG [108] and SPIDER [109] techniques. Interfer-
ometric autocorrelation allows to obtain limited phase information. The pulse duration of a pulse
near the Fourier transform limit can be estimated from the measured width of the FRAC trace by
�,�"?D;B4 = �,�"�'��/

√
2. The factor of 1/

√
2 is specific for a Gaussian pulse, for a sech2

pulse this factor is 1/1.543. In case of a chirped pulse, the pulse duration, estimated from the FWHM
of the FRAC trace, will be underestimated, because the interference fringes of a chirped pulse dis-
appear earlier than those of a bandwidth limited pulse of the same duration. The reason for this
is that the instantaneous frequency of a chirped pulse is time dependent. Due to the wavelength
mismatch between the leading and trailing edges of the pulse, a chirped pulse will show a narrower
interference pattern. In this case, if a fit to the full trace is not a solution, the fringes can be removed
by binning or calculation of the running average of the FRAC trace. The obtained curve resembles
a conventional intensity autocorrelation scan (fringe averaged autocorrelation) with a corresponding
signal level of 3:1 over baseline and no interference pattern. The pulse duration can then be calculated
from the FWHM of this intensity AC trace, in the same way as described above for an interferometric
measurement. As mentioned in sec. 5.2.2 a non-linear time dependence in the phase means that the

Figure 5.14. – Experimental layout for the fringe-resolved autocorrelation (FRAC). [110]

pulse is chirped. Therefore eq. 5.11 was modified, by introducing a quadratic time dependence with
chirp parameter �:

� (C) = exp [−il0C − ΓC2 − i�C2] . (5.45)

Eq. 5.44 can then be used to calculate the shape of an FRAC trace for different pulse duration and
chirp parameters. Fig. 5.15 shows two calculated FRAC traces. Both pulses, used in the calculation,
have a width of g = 300fs, but the chirp parameter was varied. The FRAC trace, shown on the left
(a), is a result of a transform limited pulse (� = 0 fs−2), while on the right (b) the pulse is chirped
(� = 5×10−5 fs−2). From the obtained FRAC trace (black) the fringe averaged intensity autocorrelation
trace (red) was calculated as the running average of the FRAC trace. The FWHM of the intensity
autocorrelation is stated in the figure. The pulse duration is then calculated as g = �,�"/

√
2. For

the reason described above, the FRAC trace of the chirped pulse shows a narrower fringe pattern,
although the chirped and transform limited pulse have the same duration. Furthermore, it is evident
that the intensity autocorrelation traces in both figures look exactly the same. A measurement of
the intensity autocorrelation trace alone would not have revealed the non-linear temporal phase of
one of the two pulses. The pulse duration can be obtained from the intensity autocorrelation trace
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(a) Transform limited (b) Chirped

Figure 5.15. – Calculated interferometric autocorrelation traces of a Fourier limited pulse (a) and a chirped
pulse (b). The IAC trace was calculated from a pulse width of g = 300 fs

in both cases, which gives the expected result of g ≈ 300 fs. The small deviation is the result of
limited computational accuracy. Note that for the Fourier limited pulse (a) the FWHM of the FRAC
trace is equal to the FWHM of the intensity AC trace. Usually an interferometric autocorrelation
measurement consists of an average of many individual pulses per step in delay. This leads to an
ambiguity in the interpretation of the obtained trace, since a given measurement can be understood as
being the autocorrelation trace of equally chirped pulses of the same frequency or of bandwidth-limited
pulses with a pulse-to-pulse variation in frequency. Therefore it is important to verify that the pulses
are constant in energy, frequency and duration [111]. Also, since an autocorrelation trace is always
symmetric, the measurement is insensitive to asymmetric pulse shapes. In the regime of ultrashort
pulses special care has to be taken to build a symmetric, well aligned autocorrelator for FRAC
measurements. At zero delay the FRAC trace should exhibit a maximum with a peak-to-background
ratio of 8:1. If e.g. an asymmetric beamsplitter is used the measurement can result in a phase shifted
trace with a lower peak-to-background ratio. It was shown that the envelope can still be used to obtain
the pulse width, as long as the pulses are longer than several optical cycles. The asymmetry of a
dielectric or metallic beamsplitter can be compensated by using a setup described in [112] or by using
a cube beamsplitter. The latter, although facilitating the experimental setup, leads to an increase in
material that the pulses pass through and therefore might lead to additional dispersion. In the case
of TPA-TCT it is possible to perform interferometric autocorrelation measurements by placing an
interferometer into the optical path. In this case both the SHG crystal and detector, described above,
are replaced by a silicon detector. In silicon a signal is generated by two-photon absorption, which is
a second order process and therefore can be used to obtain an autocorrelation trace.
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5.3. Charge Carrier Generation in Silicon by Two-Photon Absorption

Two-photon absorption is a nonlinear optical effect due to the third order susceptibility term in the
expansion of the polarization of a material. In this section the charge carrier generation due to TPA
and the resulting profile of the charge carrier density in a silicon sensor are discussed. Light traveling
through silicon can be absorbed by valence electrons leading to free carriers in the conduction band. Of
relevance in the present work are the absorption of one (SPA) and two photons (TPA). The respective
absorption coefficients are wavelength dependent and reflect the band structure of silicon. As can
be seen in fig. 5.16 (see also fig. 5.6) the linear absorption coefficient of silicon tends towards zero
as the photon energy becomes smaller than the bandgap (�W (1.1 `m) = ℎ2/_ ≈ 1.12 eV) but, for
high enough intensities, two-photon absorption is possible. As photons are absorbed by silicon, the

Figure 5.16. – Room temperature absorption spectrum of silicon in the visible and near-infrared region.
Data from [113].

irradiance of an incident laser pulse changes as a function of the penetration depth. The change of
pulse irradiance � and phase Φ along the propagation direction I are described by

3� (A, I, C)
3I

= −U� (A, I, C) − V2�
2(A, I, C) − f4G#� (A, I, C) (5.46)

3Φ(A, I, C)
3I

= V1� (A, I, C) − W1# (A, I, C), (5.47)

with A being the distance to the beam axis [100]. U and V2 are the linear (SPA) and non-linear (TPA)
absorption coefficients. V1 and V2 are proportional to the real and imaginary part of the absorbing
material’s third order susceptibility j (3) . f4G and # are the cross section for free-carrier-absorption
and the number of free charge carriers. The second term in eq. 5.47 describes the refraction due to
free carriers.
For light with sufficiently long wavelength the first term on the right hand side in eq. 5.46, describing
SPA, is zero. Also the absorption by free carriers can be neglected for sufficiently short pulses
[114] and silicon samples with high resistivity. The remaining second term in eq. 5.46 describes
the depletion of the laser beam due to the two-photon absorption process we are interested in. The
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solution to this differential equation, only considering the z- dependence, is

� (I) = �0

1 + V2�0I
, (5.48)

which describes the depletion of the beam due to two-photon absorption after traversing the distance
z in the material with respect to the incidence irradiance �0. For a correct treatment, the depletion
of the beam had to be solved taking into account the radial dependence of the beam irradiance. It
turns out that, under the given experimental conditions, the number of absorbed photons is small
enough, so that beam depletion due to two-photon absorption along the beam axis can be neglected
to first approximation. The spatial dependence of the beam irradiance and thus the density of created
carriers is mostly dominated by the beam shape at the focal point of the focusing optics. The one- and
two-photon absorption by valence electrons, described by the first two terms in eq. 5.46, leads to the
creation of free charge carriers in the conduction band according to [100]

3=(A, I, C)
3C

=
U� (A, I, C)
ℏl

+ V2�
2(A, I, C)
2ℏl

. (5.49)

The factor of 2 in the second term is a result from the fact that two photons need to be absorbed for
TPA. The absorption of light by free carriers does not lead to additional carriers and is therefore an
undesired effect. An integration over time of the above terms, together with eq. 5.18, yields the charge
carrier density resulting from one and two-photon absorption respectively

=B?0 (A, I) =
2�? U

ℏl cF2(I)
exp

[
− 2A2

F2(I)

]
(5.50)

=C ?0 (A, I) =
�2
? V2 4 ln 2

g ℏl c
5
2F4(I)

√
ln 4

exp
[
− 4A2

F2(I)

]
. (5.51)

The calculated charge carrier density from two-photon absorption =C ?0 is shown in fig. 5.17 as a
function of the radial distance to the beam axis r and the longitudinal distance from the focal point z for
two different values of the numerical aperture. The parameters, which were used for the calculation,
are shown in the figure. Different values of the two-photon absorption coefficient V2 can be found in
literature [115]. Here a value of V2 = 1.5 cm/GW [116] was used. It is evident from the figure that
charge carriers are only created in close vicinity to the focal point. A higher numerical aperture results
in a more confined charge carrier distribution, due to the smaller Rayleigh length and beam waist,
which is beneficial for the measurement resolution. The higher charge carrier density at the focal
point, on the other hand, leads to an earlier onset of plasma generation. Note that the beam radius F is
the two-sigma radius of the beam irradiance, therefore 95% of the pulse energy are transmitted through
a circle with radius F, but 99.5% of the charge are created in the same area since F =

√
8f=C ?0. As

already suggested from the calculation of F0 and I0, the resolution of the TPA-TCT method is best
perpendicular to the beam axis. It is possible to use TPA-TCT in a configuration in which the light
is injected from the edge of the detector, similar to edge-TCT [76], to study the device under test as
a function of the depth inside the sensor. In this case it has to be taken into account, that the strong
focusing limits the penetration depth of the light. For too large depths, the beam can be clipped on
the top or bottom edge of the detector. For example, as follows from eq. 5.5 with the given beam
parameters, the beam width is as large as 2F = 87 `m for a penetration depth of I = 300`m. Since
both red and infrared light are equally reflected from metallic surfaces, the sensor needs to be free of
metallization, where the light is entering the device. A feature sometimes observed in conventional
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(a) #� = 0.5 (b) #� = 0.7

Figure 5.17. – Density of charge carriers created by TPA in silicon, calculated with eq. 5.51, for numerical
apertures of #� = 0.5 (a) and #� = 0.7 (b). The vertical axis is parallel to the beam propagation direction
with (I = 0) at the position of the focal point. A value of V2 = 1.5 cm/GW [116] was used for the
calculation.

TCTmeasurements are artifacts resulting from scattering or reflection of the beam back into the active
area of the detector, e.g. on metallic surfaces on the backplane. While this is still possible in TPA-TCT
it is less problematic because only focused light will lead to additional charge carriers. If the focal
point is positioned inside the active area and the beam is reflected back into the device on a metallic
backplane, this stray light will not be absorbed and not lead to a transient signal. If, on the other hand,
the focal point lies behind the detector, a metallic surface or the silicon-air interface will reflect the
focal point back into the active volume, which will lead to a signal. In this way, mirror images of the
active volume can be observed in some measurements.
The total number of created charge carriers is obtained from integrating the charge carrier density
over the full volume:

#C ?0 =

∫
+

=C ?0 (A, I) 3+ =
�2
?=V2
√

ln 4
4ℏ2g
√
c

. (5.52)

Inserting values of �? = 350 pJ, g = 430 fs and V2 = 1.5 cm/GW [116] yields a value of #C ?0 =
78 · 106. In a volume of approximately + = 4

3cF
2
0I0 ≈ 30 `m3, this corresponds to an average charge

carrier density of about =4ℎ = 2.6 · 1018 cm−3.
For irradiated detectors, the contribution to the signal from single photon absorption due to defects in
the bandgap, can not be neglected anymore. The ratio of the TPA (∝ �2) to the SPA (∝ �) signal can
be improved by increasing the beam irradiance. Experimentally this can be achieved by increasing
the pulse energy or reducing the pulse duration. The pulse energy is eventually limited by the creation
of an electron hole plasma [83, 84]. To achieve the best possible resolution ultra-short laser pulses
should be used. The lower limit of the pulse duration is given by dispersion, as explained in sec. 5.2.3.
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Beam and ground state depletion

To achieve stable conditions for TPA measurements two additional conditions have to be met: Deple-
tion of the beam should be negligible and depletion of the ground state has to be avoided [117].
The number of available photons can be calculated from the pulse energy as

#W =
�?

ℏl
, (5.53)

which yields a value of #W = 2.7 · 109, for a pulse energy of �? = 350 pJ. The ratio of absorbed
photons (TPA) to available photons is

2 · #C ?0
#W

=
�?=V2l

√
ln 4

22g
√
c

. (5.54)

For �? = 350 pJ at a wavelength of 1.55 `m, V2 = 1.5 cm/GW and a pulse duration of 430 fs, this
ratio is about 5.7%. This value is small enough to not have an immediate impact on the measurements
but might be taken into account for a thorough analysis.
As can be seen from fig. 5.17, the peak charge carrier density due to two-photon absorption, for the
strongest focusing, is in the order of =C ?0 = 1.8 · 1019 cm−3, which can be compared to the density
of silicon atoms of =B8 = 5 · 1022 cm−3, to see that ground state depletion does not play any role for
TPA-TCT.

Free carrier absorption

Electrons that have been exited by TPA can absorb an additional photon. The further excited electron
will still contribute to the TCT signal but the additional photon is lost from the beam. This effect
is called Free Carrier Absorption (FCA) (or more general Excited State Absorption, ESA) and is
discussed in more detail, for several experimental configurations, in [117]. FCA is important for direct
measurements of TPA by measuring the light intensity transmitted through a sample as a function
of the focal point position (z-scan technique). It is not expected that FCA is directly observable in
TCT measurements. The FCA process is efficient if the relaxation time from the exited state to the
ground state is comparable to or larger than the pulse duration, or if the photon flux is very large.
Different values for the free carrier absorption cross section of silicon can be found in literature. E.g. a
measurement of f4G = 1.69 ·10−17 cm2 in high purity silicon wafers at a probe wavelength of 1510 nm
is reported in [118]. The FCA cross section in silicon nanocrystals embedded in a thin SiO2 film at
1540 nm, measured with a collinear pump–probe method was reported to be f4G = 3.6 · 10−17 cm2

[119]. The process of free carrier absorption is described by the third term in eq. 5.46. Since
TPA is the dominant absorption mechanism, the number of free carriers # depends on the square of
the irradiance. Therefore the term f4G#� effectively depends on the third power of the irradiance,
which makes this effect a fifth order contribution to the optical response of the material. Even if the
number of excited states is always small compared to the number of levels in the ground state and
the number of absorbed photons is small against the number of available photons, FCA can still be of
similar magnitude, or larger, than the TPA process. The relative contribution from FCA to TPA can
be approximated by [117]

(dq/q)���
(dq/q)) %�

≈ 1
2
f4Gqg. (5.55)
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Inserting values of f4G = 1.69 · 10−17 cm2, q = �0/ℏl = 1.9 · 1029 1/cm2s and g = 430 fs yields a
value of FCA/TPA = 0.7. The peak irradiance �0 was calculated from eq. 5.18 with A = I = C = 0,
�? = 350 pJ, g = 430 fs and F0 = 1.4 `m. This shows that the magnitude of FCA can be comparable
to the magnitude of TPA. The light absorption depends on the amount of free carriers, due to the
doping concentration [120, 121], but the amount of free carriers resulting from the doping of silicon
is not considered here. Therefore, this calculation should be understood as an estimate of FCA by
TPA induced free carriers.

Other optical effects

Some other optical effects are described qualitatively in the following. These effects were not studied
in depth and are usually considered to be negligible, but at very high powers or strong focusing they
might become important. The description is primarily based on [121], in which non-linear light
propagation and absorption phenomena are investigated in silicon at a laser wavelength of 1300 nm
and a laser power of 30 nJ, using an objective with #� = 0.5. The laser power used in the quoted
paper is much higher, than the available power of the laser used in this work.

• Kerr lensing and plasma defocusing
Asmentioned in sec. 5.2.1, Kerr lensing, like TPA, is an effect of the non-linear refractive index.
It was reported that Kerr lensing, or a combination of Kerr lensing with plasma defocusing, can
have an impact on the position and shape of the charge generation volume. It was observed that
after long distances of propagation (≈ 1 mm), non- linear propagation effects can accumulate,
such that the position of the charge generation volume appears shifted with respect to the
expected position of the focal point. In addition the generation volume appeared to be stretched
in the direction of the beam axis, leading to a lower charge carrier density and a longer Rayleigh
length. The first effect, if it would be present in TPA-TCT, would affect the accuracy, with
which the position of the focal point, and therefore the thickness of the DUT or the width of the
depletion zone, could be measured. This effect would have to be taken into account in addition
to the common effect of refraction on the sensor surface. The second effect, the distortion of
the focal point, affects the volume in which carriers are generated and thus affects the resolution
of the scanning technique.

• Avalanche ionization
Avalanche ionization (see also [122]) is a process, in which a free charge is accelerated in
the light electric field and creates an additional carrier through impact ionization. In contrast
to FCA, this process would be directly observable in TPA-TCT, because an additional charge
carrier is excited to the conduction band, without TPA. Therefore a deviation from a purely
quadratic dependence of the signal charge on the pulse energy would be expected.

• Free carrier heating
Heating of free carriers describes the presence of additional kinetic energy of conduction band
electrons, due to light absorption. FCA can lead to this process, but also the fact that the energy
of two photons is higher than the silicon bandgap contributes. Free carrier heating could change
the optical properties of the material and affect light propagation and absorption. Usually this
process is relevant for much higher pulse energies, in a regime in which ablation becomes
important [123, 124].
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6. Development of a Compact TPA-TCT Setup

6.1. Description of the Setup

The TPA-TCT setup which was constructed at the Solid-State-Detectors laboratories at CERN is the
first tabletop TCT-setup that uses two-photon absorption to characterize silicon detectors. As such,
the experimental setup was continuously revised and improved during the development phase and,
at the time of writing, is still undergoing changes. A first description of the setup together with a
presentation of first measurement results was published in [104]. The laser source was developed
specifically for this setup. After an initial development time of 1.5 years by the supplier, the laser
was delivered to CERN. Initial testing revealed several points that needed improvement, especially the
stability of the laser source. The laser was returned to the supplier to address the necessary changes.
The final version of the laser was delivered to CERN in January 2021.
In the following the TPA-TCT setup will be discussed. A schematic drawing with the most important
components is shown in fig. 6.1. The main difference to a conventional TCT setup is the use of a
free-space infrared laser with a pulse duration of about 430 fs. The free-space output of the source
made it necessary to develop an optical setup, routing the beam with mirrors to the DUT instead
of using optical fibers. The short pulses require care in the choice of optical components to reduce
the amount of dispersion. Fluctuations in the laser power and temporal shape made it necessary to
generate a reference signal using two-photon absorption to ensure good correlation with the signal
of the DUT. Because of the anticipated increase in spatial resolution, the positioning system of the
DUT was required to match the precision of the beam focusing. For high-precision alignment a
six-axis hexapod is used, which not only allows to position the DUT with nanometer precision in the
three spatial coordinates but also allows for the correction of a tilt of the DUT. For precise sample
positioning an IR-camera system was implemented, which allows to create an image of the DUT, to
see structures on the DUT as well as the position of the laser beam spot. Fast read-out electronics are
used to record the TCT-signal, in analogy to existing TCT setups. Finally, to test irradiated detectors
at sub-zero temperatures a cooling system was set up, using a thermo-electric module and a liquid
chiller.

6.1.1. Fyla laser

The laser source LFC1500Xwas custom developed by the company Fyla1 for the application in a TPA-
TCT setup. The laser has a central wavelength of 1.55 `mand a pulse duration of approximately 430 fs.
The laser comes in two different modules: the laser source and the pulse management module (LPM
module). The laser module contains the oscillator and amplifier, based on chirped pulse amplification
(CPA). The output of the laser module is in free space with an average output power of about 200 mW
and a pulse rate of 8.1 MHz. The output of the laser module is directed into the LPM, which is
shown schematically in fig. 6.2. The LPM features an acousto-optic modulator (AOM) for selecting
the pulse frequency from the fundamental 8.1 MHz down to single shot. Usually TCT measurements

1Fyla, Valencia, Spain, https://www.fyla.com
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Figure 6.1. – TPA-TCT free-space laser setup.

are performed at a pulse rate of 200 Hz (corresponding to a time between pulses of 5 ms) to ensure
full recovery of the DUT. The selected pulses are passing the first of two 99:1 beamsplitter. The 1%
fraction of the pulse is directed onto an InGaAs detector, whose output is used as a trigger signal for
the DAQ. The remainder of the pulse passes through a motorized, variable neutral density filter (NDF).
The NDF angle defines the pulse energy. In the range from 0◦ to 70◦ the NDF is fully transmissive.
For larger angles the pulse energy is reduced. A second beamsplitter directs a small part of the beam
onto another InGaAs reference sensor, which is used to monitor the average pulse energy. It is referred
to as ’energy monitor’ or ’SPA reference’. A manual NDF is mounted in front of the energy monitor
to adjust the dynamic range of the sensor. Special care has to be taken to leave this NDF unchanged,
when a calibration of the energy monitor/SPA reference against the pulse energy is carried out. The
remaining beam is passing a remotely controlled optical shutter when exiting the module. In addition
to the laser source and the LPM, the laser comes with a pulse stretcher module. This pulse stretcher
can be placed after the LPM. It adds dispersion to the beam by moving glass wedges into the beam
to allow for a variation of the pulse duration from the optimum of 430 fs up to about 1.6 ps. This
feature can be interesting to study two-photon absorption as a function of the laser pulse length but the
optimum TPA/SPA ratio in case of an irradiated detector is obtained with the shortest possible pulse.
Therefore, the stretcher module was not installed for the measurements presented in this work. Fig.
6.3 shows a measurement of the stability of the output power of the laser, carried out with a thermopile
detector by Fyla. Due to the nature of this measurement, the resulting signal is an average of many
pulses, so pulse to pulse fluctuations will be averaged, but the laser shows no drift in the power over
several hours. Fig. 6.4 shows the spectrum of the laser source and fig. 6.5 shows an autocorrelation
trace, both measured by Fyla. The spectrum is centered at 1550 nm and has a width of 33.7 nm. The
autocorrelation measurement results in a measured pulse duration of 434 fs. The width of the AC trace
was converted to the pulse duration according to pulsewidth = �,�"�� · 0.648 · 31. The factor of
31 is specific for the used autocorrelator. The factor of 0.648 is for the conversion of the width of the
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Figure 6.2. – Pulse management module (LPM) of FYLA LFC1500X laser source. Only optical
components are shown.

autocorrelation trace to the pulse width, assuming a sech2 pulse.

6.1.2. Mechanics and optical setup

For mechanical isolation the whole optical setup is mounted on a 2.5 m × 1 m Nexus passive isolation
optical table. From the output of the laser source to the focusing optics the beam is routed with Low
Group Delay Dispersion (GDD) mirrors (Thorlabs UM10-45C). These mirrors are used to limit the
effect of dispersion. The manufacturer states a group delay dispersion (GDD) of��� < 30 fs2 at the
used laser wavelength and a reflectance of ' > 99% under an angle of incidence of 45◦. The mirrors
are only reflective in a wavelength range of about 1400 to 1700 nm and can thus not be used to route
light in the visible range. On the other hand, this makes it possible to use these mirrors as a dichroic
beamsplitter although the transmitted intensity in the visible range is low. Wherever maintaining the
pulse temporal shape is not crucial, protected aluminum mirrors (Thorlabs PF10-03-G01) are used.
From the output of the laser source the beam is routed into a Faraday cage (ETS-Lindgren) in which
the DUT is positioned for electro-magnetic isolation. Fig. 6.6 shows the inside of the Faraday cage
and a schematic drawing of the optical setup. The laser beam is focused onto the DUT with a 100x
NIR Mitutoyo microscope objective (M Plan Apo NIR 100x, NA = 0.5). The setup is such that the
beam enters the DUT in the vertical direction. This configuration was chosen to avoid fluctuations in
the beam due to convection of air resulting from the temperature difference between a cooled silicon
sensor and the surrounding air. This effect could be amplified in a horizontal orientation, but it was
not systematically studied how large the effect is. The requirement of a vertical focusing of the beam
and small distance between the objective and camera setup together with the limited load capacity of
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Figure 6.3. – Laser average power at final output. 48.8 mW that corresponds with 12.0 nJ pulse energy.
From: LFC1500X Factory Acceptance Test.

the hexapod implied that the optical components had to be mounted in a vertical orientation. For this
an aluminum breadboard is mounted vertically using L-brackets.
To improve the collimation of the beam as it enters the objective, a single lens with a focal length
of 500 mm is mounted at a distance of approximately 30 mm from the objective. This increases
the amount of light entering the objective but is not beneficial for the quality of the focusing (see
sec. 6.2.7). As an alternative to a single lens an additional telescope setup could be implemented
at this position, consisting of a combination of a convex and a concave lens (e.g. 5 = 100 mm and
5 = −50 mm) to improve the beam collimation. The only other option to change the beam width is to
adjust a single lens which is mounted after the LPM (as a part of the laser system).
Half of the beam intensity is used to generate a TPA-reference signal. A 50:50 IR beamsplitter
(Thorlabs BSW23) is used to direct part of the beam to the reference sensor and also to guide the
reflected light from the DUT onto an IR camera. The beamsplitter is mounted on a flip-mount, which
makes it possible to easily remove it from the optical setup without losing the alignment. Removing
the beamsplitter doubles the light intensity on the DUT, which leads to a fourfold increase in TPA
generated charge, but it is not anymore possible to use the reference sensor for corrections of power
fluctuations nor the IR-camera. For an easy positioning of the DUT under the microscope objective
an alignment laser is used, which emits visible red light. An iris and a neutral density filter are used
to reduce the intensity and beam size. The red laser beam is made parallel with the main IR-beam by
placing a mirror behind the last Low-GDD mirror above the objective.

IR-camera system

A camera system was installed to facilitate positioning of the DUT and to know, where the TPA-laser
spot is located on the DUT. For imaging the DUT, the same optics as for focusing the beam are used.
At an early stage of the development a camera setup in the visible range, with a CMOS camera and
a conventional LED was used. The visible light for sample illumination as well as the reflected light
are combined with/separated from the laser beam by means of placing an aluminum mirror behind
the first Low-GDD mirror, which is located above the microscope objective. The laser beam would
be reflected of the Low-GDD mirror, which would transmit the visible light. Later on, this setup
was replaced by an IR-camera setup to be able to image through silicon to make the backside of the
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Figure 6.4. – Optical spectrum measured with OSA YOKOGAWA AQ-6375 (1200-2400 nm), at
LFC1500X collimated output, 1 nm resolution. From: LFC1500X Factory Acceptance Test.

detector visible. The model name of the IR-camera isWiDy SenS 640G-STE from the company NIT2.
The camera sensor consists of a 640x512 InGaAs pixel array with a pitch of 15 `m. The camera is
mounted on a manual linear micro-meter stage for adjustments of the focal distance. A 200 mm lens
is used for focusing the light onto the camera. For illumination of the DUT an IR-LED (Thorlabs
M1550L3 + LEDD1B) is used. The LED is equipped with a 5 = 16 mm aspheric condenser lens
(Thorlabs ACL25416U), which is used together with an additional 400 mm lens to focus the light on
the input aperture of the microscope objective. The optical paths to the camera and the IR-LED are
combined using an additional 50:50 IR beamsplitter (Thorlabs BSW23). This setup, although with
reduced complexity, follows the principle of Köhler-illumination in reflected light microscopy (see
e.g. [125]).

TPA/SHG - Reference signal

The power monitoring sensor that is included in the Fyla power management module is based on
single photon absorption and thus scales linearly with the laser power. To correct fluctuations in the
DUT-signal, which is generated by two-photon absorption, it is necessary to use a reference signal,
which is generated by a non-linear process as well. Two methods were tested: 1) Using a silicon
reference sensor and generating charge by two-photon absorption, 2) generating the second harmonic
(SHG) in a beta barium borate (BBO) crystal and measuring the obtained light intensity by single
photon absorption in a silicon sensor. Both methods resulted in similar amplitudes of the reference
signal. Finally the method of a TPA-reference was chosen because it uses the same physical process as
the primary signal. SHG is sensitive to temperature changes which could again lead to a sub-optimal
correlation with the DUT-signal. In addition the TPA-reference is easier to set up, because it is less

2New Imaging Technologies, https://new-imaging-technologies.com/
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Figure 6.5. – Autocorrelator trace at laser output. Pulse Width 434fs, 10fs resolution. From: LFC1500X
Factory Acceptance Test.

sensitive to changes in the focal point position and no phase matching is required. The sensor used for
the TPA-reference is a silicon diode (Thorlabs DET36A2). The laser beam is focused with a 60 mm
lens, which is mounted on a manual linear micro-meter stage. The sensor is connected to a Cividec
amplifier and the resulting signal is displayed together with the DUT-signal on the oscilloscope. Since
the reference sensor is as well in focus of the IR camera and equally illuminated through the 50:50
beamsplitter, it is mounted with a slight tilt to avoid back reflections of the IR-light and the laser beam
onto the camera. In the setup described here, 50% of the beam is used to generate the reference signal.
This loss in beam intensity could in principle be avoided with an SHG reference: Two lenses with
equal focal length (e.g. 50 mm) separated by a distance of twice the focal length can be placed in
the main laser beam to focus and recollimate the beam to the original size. The BBO crystal can be
placed in the center between the two lenses to generate the second harmonic. The fundamental and
second harmonic can then be separated by a dichroic beamsplitter. This method could as well be used
with TPA charge generation, if the reference sensor can transmit the remainder of the beam, meaning
it can not have any housing and has to feature an opening in the front- and backside metallization.

6.1.3. DUT positioning

To position the DUT under the objective and to perform spatial scans, two Newport large travel linear
stages and a Newport hexapod (HXP50HA-MECA with HXP50-ELEC controller) are used. The
linear stages are mounted on top of each other with a 90◦ angle to provide coarse movement in the
x-y-plane. The hexapod is mounted on top of the linear stages. The sample holder is mounted on
the carriage of the hexapod. The linear stages are usually only used for coarse alignment and to
facilitate changing the DUT. All spatial scans during running measurements are carried out with the
hexapod, while the linear stages are not moved. The most important specifications are listed in table
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(a) (b)

Figure 6.6. – Optical setup inside the Faraday cage. (a) Schematic drawing. (b) Photograph, showing the
TPA laser in solid red, the red alignment laser in dotted red and the IR-microscope light path in shaded
red.

6.1 for reference. The hexapod satisfies two main requirements: The resolution of the TPA-TCT setup
perpendicular to the beam direction is in the order of 1 `m. Therefore, to take several measurements
on the rising edge of the signal, a positioning system with a sub-micrometer precision is necessary. In
addition, it had to be possible to rotate the DUT to correct for an eventual misalignment caused by the
mechanical fixation of the DUT. Since the Faraday cage can not be opened when the cooling system is
active, it was required that the positioning system could be controlled remotely. The hexapod proved
to be more compact, easier to install and more cost effective, than a combination of six individual
motorized stages.
The DUTs are glued to printed circuit boards (PCBs), which are equipped with SMA-connectors.
Electrical connection is established with wire-bonds from the PCB to the sensor front side and
conductive silver glue to the backside. The PCBs can be equipped with a PT1000 temperature
sensor. The PCBs can be mounted to the cooling block horizontally for top-TPA-TCT measurements
or vertically for edge-TPA-TCT measurements. Photographs of the two different configurations are
shown in fig. 6.7.
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HXP50HA-MECA
Travel range x,y,z [mm] 17, 15, 7
Travel range u,v,w [deg] 9, 8.5, 18
Minimum incremental motion x,y,z [nm] 100, 100, 50
Minimum incremental motion u,v,w [mdeg] 0.05, 0.05, 0.10
Uni-directional repeatability x,y,z [nm] 100, 100, 50
Uni-directional repeatability u,v,w [mdeg] 0.05, 0.05, 0.10
Accuracy x,y,z [µm] 5.0, 5.0, 2.5
Centered load capacity [N] 50

Table 6.1. – Specifications of Newport HXP50HA-MECA

6.1.4. Autocorrelation

For a characterization of the pulse temporal structure two auto-correlators, a commercial auto-
correlator (Femtochrome3 FR-103TPM) and a custom Michelson interferometer, are used.
Initially pulse compression and analysis should have been carried out with the so-called d-scan tech-
nique, which was included in the laser design. The setup consisted of a fixed prism compressor at the
output of the laser with an additional variable, motorized stretcher (similar to the stretcher module
described above). By measuring the spectral intensity of the first and second harmonic of the beam
as a function of dispersion it should have been possible to fully characterize the beam. During this
initial stage, to test the functionality of the d-scan technique, a Michelson interferometer was set up
to obtain information about the temporal shape of the pulse independently. It was confirmed that the
d-scan technique did not work with our setup, as the pulse shape was not sufficiently changed by the
added dispersion. The plan to use the d-scan pulse characterization tool was discarded and in the
latest version of the laser the autocorrelator FR-103TPM is used instead. The FR-103TPM consists
of an ultra-thin (< 1 `m) pellicle beamsplitter and a rotating mirror assembly, which introduces the
delay to one of the pulse replicas [126]. The two collinear beams are then focused onto a photosensor,
where the signal is produced by two-photon absorption. The integration time of the photosensor and
the rotation speed of the mirror assembly can be adjusted. The FR-103TPM allows for interferometric
measurements with a resolution of ≈ 1 fs and a scan range of > 50 ps. The signal of the autocorrelator
is displayed on the oscilloscope screen and has to be converted to the correct time units with a factor
that depends on the rotation frequency of the mirror assembly. In the current setup, the FR-103TPM
is mounted close to the output of the laser source. The laser beam can be directed either to the
autocorrelator or the rest of the setup by using a flip-mounted mirror.
The self-build interferometer (fig. 6.8) is mounted on an aluminum breadboard, which can be moved
in and out of the beam. After the interferometer is moved into the beam, little fine adjustment is
necessary to realign the beam with respect to the original optical path. The pulses are split with a
50:50 beamsplitter cube (Thorlabs BS012), which is made from NBK-7 glass and has a side length
of 10mm. A variable delay is introduced to one of the pulse replicas with a linear stage (Newport
M-423) with a motorized actuator (Newport TRA25PPD). The actuator has a minimum incremental
motion of 100 nm, corresponding to an optical delay of 0.67 fs (6.67128 fs/`m). The combined
beam follows the same optical path that the beam follows in the normal measurement configuration
(without the interferometer). The non-linear signal, used for the autocorrelation measurement, is the
TPA signal in the DUT or the TPA-reference sensor. In this way no additional sensors or electronic

3Femtochrome Research, http://www.femtochrome.com
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(a) Top-TCT configuration (b) Edge-TCT configuration

Figure 6.7. – Mounting options of the DUT on the sample holder. The copper block can be cooled by a
Peltier element.

components are needed. In addition, this setup has the advantage that the pulse duration is measured
at the DUT position. Some uncertainty stems from the fact that coated aluminum-mirrors (Thorlabs
PF10-03-G01) are used at the end of the interferometer arms. The GDD of these mirrors is not
specified, but it is not expected to have a significant effect on a 300 to 400 fs pulse. The reason for
using these mirrors is that they have good reflectivity under 90◦ angle of incidence, in contrast to
the low-GDD mirrors. It was not tested whether or not enough signal can be achieved by replacing
the metallic mirrors with low-GDD mirrors. Another source of uncertainty is the beamsplitter: Each
pulse passes through 20 mm of NBK-7 glass. The amount of dispersion can be calculated using the
Sellmeier equation (as discussed for silicon in sec. 5.2.3) and the Sellmeier coefficients stated on the
suppliers webpage [127]. The result is close to zero and it is assumed that the beamsplitter has a
negligible impact on any pulse longer than ≈ 10 fs.

6.1.5. Electronics and readout

The DUT signal is amplified by a Cividec 2 GHz/40 dB amplifier and displayed on an Agilent
Technologies DSO9254A digital oscilloscope. The bias voltage for the DUT is supplied by a Keithley
2410 1100V source-meter. The high voltage is either connected via the bias-T, which is included
in the amplifier, or directly to the sensor, in which case the signal is read-out, with the oscilloscope
providing connection to ground.
A Cividec Cx-L charge amplifier was used, when measuring the collected charge in absolute terms.
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Figure 6.8. – Michelson interferometer for autocorrelation measurements.

6.1.6. Cooling

Cooling is provided by a two-stage system: The sensor itself is cooled using a thermoelectric module
(Laird Thermal SystemsDL-060-12-00-00-00). The current supply for the Peltier element is controlled
with a Laird PR-59 temperature controller (PID). The PT1000, which is mounted on the sensor PCB,
is connected to the PID regulator to provide a temperature measurement. The warm side of the Peltier
element is cooled with a liquid chiller (Huber CC505 + CC3). To avoid condensation on the cold
parts, the Faraday cage is continuously flushed with dry air, when the cooling system is active.

6.2. Commissioning

6.2.1. Pulse energy

Measurement of the pulse energy at the laser output

For measurements of the laser power a S401C thermal power sensor head from Thorlabs is used
together with the PM100D console. The S401C is sensitive to wavelengths from 190 nm to 20 `m and
powers from 10 `W to 1 W. Resolution and measurement uncertainty, as stated by the manufacturer,
are 1 `W and ±5%. The power of the laser was measured at the output of the LPM by placing the
thermal sensor head into the beam and varying the motorized ND-filter from 150◦ (low power) to 0◦
(high power). At the same time the signal of the energy monitor (SPA reference) was recorded with
an oscilloscope. The laser was pulsed at 4.051 MHz. In fig. 6.9 (a) the recorded power divided by
the pulse frequency is shown as a function of the filter angle inside the power management module,
which is used to adjust the laser power. The highest pulse energy is 11 nJ in a range from 0 to about
70◦. In this range the neutral density filter has a fully transmissive window. For this reason, in the
following, angles are only shown up to an angle of 70◦. Fig. 6.9 (b) shows the signal amplitude of
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the energy monitor as a function of the power, measured with the thermal power sensor. Uncertainties
on both measurements are estimated from the fluctuation of the respective displayed values. The
SPA reference shows a good linearity over a wide power range. The amplitude of the SPA reference
depends on the setting of a neutral density filter, which can be adjusted by hand inside the power
management module of the laser.

(a) Power-meter S401C normalized by pulse frequency (b) Energy monitor against power-meter

Figure 6.9. – Measurements of the laser power with a thermal power sensor S401C (power meter) and
the internal energy-monitor in the LPM. Measurements with the power meter are taken at the output of the
LPM.

Measurement of the pulse energy at the DUT position

The laser power was measured at the position of the DUT, below the microscope objective. The
measurements were again performed with the S401C+PM100D powermeter at room temperature. As
outlined above, a 50:50 beamsplitter is mounted in the optical path on a flip mount. The beamsplitter
can be easily removed to double the power that reaches theDUT, inwhich case the TPA reference sensor
can not be used for power monitoring and the IR-camera setup can not be used. The measurement
of the laser power was repeated with both settings at a laser frequency of 4.051 MHz. For each
recorded power measurement, the signal of the SPA reference sensor was recorded as well. The
SPA reference sensor is mounted upstream with respect to the beamsplitter. Fig. 6.10 shows the
result of the measurement: (a) The pulse energy is shown as a function of the angle of the filter with
(black) and without (red) the beamsplitter. Uncertainties are again estimated from the fluctuations
observed on the digital display of the power meter. It is not known how exact the NDF setting is.
Repeated measurements, also after several days with different measurements in between, showed good
agreement. Nonetheless, for an exact calibration of the setup the SPA or TPA reference sensors should
be used. (b) The pulse energy is shown as a function of the SPA reference sensor. Linear fits to the
data are used to calibrate the SPA reference signal. The maximum pulse energy, which is about 10 nJ
at the laser output, is reduced to about 0.8 nJ with the 50:50 beamsplitter in the optical path and to
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about 1.6 nJ without beamsplitter.
The amount of charge, that is generated inside a silicon sensor, was measured as a function of the

(a) Pulse energy as a function of the NDF angle (b) Pulse energy as a function of the SPA reference

Figure 6.10. – Pulse energy as a function of the NDF setting and the SPA reference signal. The laser
power was recorded below the objective (DUT position) with a thermal sesor head. The laser was pulsed
at 4.051 MHz.

laser power with a p-type PIN sensor (7859-WL-A63-PIN4) with a thickness of 285 `m. The sensor
is biased to 100 V, which is well above full depletion and was connected to a charge sensitive amplifier
(Cividec CxL0058, Diamond Spectroscopic Amplifier, Gain = 12.5 mV/fC), with which it is possible
to directly calculate the amount of charge in fC from the voltage output. The averaging option of
the oscilloscope was set to 256 averages. For each setting of the laser power the focal point was
moved across the full sensor (z-scan). The shown values of the charge correspond to the focal point
position at the center of the DUT. The SPA reference signal was recorded with the data and was used
to calculate the pulse energy in nJ from the calibration above. The beamsplitter was in the optical
path and the measurement was only performed up to energies slightly below the maximum power to
avoid saturation of the amplifier. The laser was pulsed at 200 Hz. The result of the measurement in
shown in fig. 6.11. The data points were fitted with a quadratic function &(%) =  · %2, resulting in a
fit parameter of  = 331.2 ± 1.1 fC/nJ2. Fit and data show very good agreement except for the point
at highest laser power. It is to date not clear what causes the discrepancy. Repeated measurements
preferably at higher energies are needed to resolve this question. The observed quadratic behavior
is in agreement with the expectation of a signal, purely generated by two-photon absorption (second
term in eq. 5.49). Uncertainties on the pulse energy are calculated from the uncertainties on the
calibration parameters (as shown in fig. 6.10) and the fluctuation of the SPA reference amplitude
during a full z-scan. The SPA reference fluctuations are comparably low, in the order of 0.5%, due
to the averaging of the oscilloscope. The uncertainty on the measurement of the charge is estimated
from the fluctuations of signals in a region of ±10 `m around the center of the detector, which range
from 5% to 0.5%, for lowest and highest power, respectively.
A comparison with the theoretically expected amount of charge, reported in sec. 5.3 reveals a large
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discrepancy. From eq. 5.52 a total number of charge carriers of #C ?0 = 78 · 106 was calculated
for a pulse energy of �? = 350 pJ. For a comparison with fig. 6.11 reflection has to be taken into
account. An injected energy of 350 pJ corresponds to a measured pulse energy below the objective of
500 pJ, assuming an energy loss, due to reflection at the silicon surface of 30%. At this pulse energy
80 fC were measured, which corresponds to a number of 0.5 · 106 electrons. The origin of this large
difference to the calculated number of carriers remains unclear. Further measurements are needed
for clarification. One possible explanation is the pulse temporal and spatial structure. For eq. 5.52 a
perfectly Gaussian shaped beam, both in space and time, is assumed. If a large part of the pulse energy
is transmitted in the observed picosecond pedestal (see sec. 6.2.3), this energy would be measured by
the power meter, but would not contribute to TPA accordingly. It is also clear that the spatial shape of
the beam is not entirely Gaussian (see sec. 6.2.2).

Figure 6.11. – Charge as a function of pulse energy. The measurement was performed with a p-type
silicon sensor, connected to a charge sensitive amplifier. The pulse energy is inferred from a calibrated
SPA reference measurement. The pulse energy is the energy below the objective, reflection on the silicon
surface is not taken into account. A quadratic function was fitted to the data points.

Generation of e/h-plasma

If the charge carrier density, due to a high amount of absorption, becomes too high, an e/h-plasma
can be created. In this case the cloud of charge carriers shields itself, for a certain amount of time,
against the external electric field [83, 84]. The main observable to determine, whether or not a plasma
is created, is the duration of the transient current pulses. In the case of plasma, the cloud of charge
carriers is not immediately responding to the external electric field, which leads to an increased charge
collection time. A measurement was carried out with different laser powers, using the same DUT as
above (7859-WL-A63-PIN4 at 100V, 20°C). The DUT was connected to a current sensitive amplifier
(Cividec C2-131) and the beamsplitter was in the optical path. The pulse energy was varied from 0.07



78 6. Development of a Compact TPA-TCT Setup

to 0.8 nJ, corresponding to NDF angles between 140◦ and 0◦. In fig. 6.12 (a) the recorded signals
are shown normalized by amplitude. The signals at higher laser power are significantly broader than
the pulses at lower laser power. The pulses start to broaden at an energy of 0.32 nJ. The time during
which the signal is higher than 10% of the maximum amplitude (time over threshold, TOT) is shown
in fig. 6.12 (b) as a function of the pulse energy. For energies below about 0.3nJ the measured values
of TOT(10%) form a plateau at around 10 ns. This time is expected for charge collection in a 300 `m
thick detector. At higher energies the measured time rises to above 14 ns. At energies smaller than
0.2 nJ the measured time fluctuates because of a low signal to noise ratio. The same measurement
was also carried out in the high energy range of up to 1.5 nJ pulse energy without the use of a signal
amplifier for the DUT, to avoid saturation. Collection times of up to 30 ns were observed at the highest
pulse energies. Fig. 6.13 shows the same set of measurements. This time, the charge is plotted as a

(a) Recorded signals at different pulse energies (b) Time over threshold as a function of pulse energy

Figure 6.12. – Waveforms for different laser pulse energies (a) and the corresponding time over threshold
at 10% of the signal amplitude as a function of pulse energy (b). High powers show longer pulses, due to
the creation of e/h-plasma.

function of the pulse energy. A fit to the data points is performed with a purely quadratic function,
with the fit range limited to energies below 0.3 nJ. Below this value no plasma is expected, as can be
seen from the pulse width (fig. 6.12), and the data points follow the expected behavior, as indicated
by the fit. For higher pulse energies, in a regime in which plasma is present, the charge increases
faster, than what would be expected from the increase of laser power. In the measurement, which was
carried out with the charge sensitive amplifier (see fig. 6.11), only the point at the highest pulse energy
of 0.6 nJ does not follow the expected square dependence on the pulse energy. The measurements
with the current and charge sensitive amplifier were carried out on two consecutive days under the
same experimental conditions (same focusing, same DUT and bias voltage). Therefore, it can be
expected that the onset of plasma happens around the same pulse energy in both measurements. It
is not obvious, why the charge should increase, if plasma is present. Under the assumption that the
amount of carriers, which are initially created, behaves as expected, a delayed drift of the charges
would not lead to a larger charge signal. If some charge carriers can recombine before being separated
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by the electric field, one would even expect a decrease in charge. A possible explanation of a stronger
increase in charge at higher energies than expected, could be the onset of avalanche ionization. The
onset of plasma, and the effects it has on the charge collection, need further investigations.

Figure 6.13. – Charge as a function of pulse energy. A quadratic function was fitted to the data points
with the fit range limited to a pulse energy below 0.3 nJ.

6.2.2. Stability and reference signal

The reason to use a TPA reference sensor, in addition to the SPA reference, which is included in the
pulse management module, was described in sec. 6.1.2. An examplary comparison of the reference
signals, obtained by SPA and TPA, is shown in fig. 6.14. In both measurements the focal point
of the beam was located at a constant position inside the DUT (FZ200P_05_DiodeL_9), which is a
200 `m thick, FZ p-type diode, while a given number of measurements is recorded with unchanged
conditions. The DAQ software only allowed for two recorded signals at a time, therefore independent
measurements were carried out with the SPA and TPA reference. Shown is the respective signal
amplitude, normalized by the corresponding mean value, as a function of the event number. Between
the events a waiting time of 1 s was programmed, so that each measurement corresponds to roughly
one hour of data taking. The SPA reference signal (a) is very stable and shows a good signal to noise
ratio. But it is clear, that the DUT signal shows a drift in the signal amplitude, which is not reflected in
the SPA reference signal. The measurement with the TPA reference (b), on the other hand, shows an
excellent correlation between the DUT and reference signal. This also confirms that the drift in signal
amplitude, which is observed for the DUT, is not related to any thermal effect in the sensor or the
focusing of the beam, but is an intrinsic fluctuation of the laser source. It is not exactly known what
causes these variations. Since only the TPA (and SHG) signals are affected, while the SPA signal stays
constant, it is assumed that instabilities in the laser spectrum lead to fluctuations in the pulse duration.
The TPA reference signal shown here (b) has a very low signal to noise ratio, which is problematic
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especially for low laser powers. Connecting the sensor to an amplifier helped to increase the signal.
At the time of writing, tests are ongoing to replace the commercial, mounted silicon sensor against a
silicon detector comparable to the DUTs.
Many effects contribute to the overall stability of the setup. Variations in the laser output can lead to

(a) SPA reference (b) TPA reference

Figure 6.14. – Relative signal amplitude as a function of event number for two measurements with the
SPA and TPA reference sensors. Each measurement corresponds to about one hour of data taking.

pulse-to-pulse fluctuations of the signal, and to the observed drift over longer time scales. In addition, a
small randommovement of the laser beam at the laser output was observed, which can lead to pointing
instabilities. Thermal instabilities have an effect on the laser and also change the absorption coefficient
of the sensor material, therefore measurements should be carried out with active temperature control.
The main contribution to random signal fluctuations is electronic noise. On short time scales (1000
events with 100 ms wait time) the signal in the DUT fluctuates with a standard deviation of about 7%
of the mean value without any averaging in the oscilloscope. This value depends on the laser power,
which was set to 110◦/0.2 nJ. The standard measurement configuration is to record the signals with
averaging by the oscilloscope enabled. This increases the measurement time but effectively suppresses
statistical fluctuations in the signal. Typical settings range from 64 to 1024 averages per waveform.
E.g. at 128 averages the signal fluctuation is already reduced to 0.7%. The SPA reference signal
shows a fluctuation of about 2% without averaging and 0.2% with 128 averages. The TPA reference
signal fluctuates significantly more due to the low signal amplitude but, as mentioned, this will be
improved by replacing the reference sensor.

Beam shape and pointing stability

The beam shape and pointing stability was evaluated with an IR-camera of type Chameleon CMLN-
13S2M. The image sensor is a Sony ICX445 CCD sensor with a 1,296 x 964 pixel array with a pixel
pitch of 3.75 `m. This sensor is in principle not sensitive to IR-light. This camera model uses a
phosphor sensor coating, which absorbs in the IR-range and emits in the visible range, to achieve some
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IR sensitivity. This setup makes it possible to use this camera for simple beam monitoring. Images
were taken directly at the laser output without any focusing. One image of the beam is shown in fig.
6.15. The image axis give the corresponding pixel number of the image sensor. The red dot marks the

Figure 6.15. – Beam shape at the laser output, measured with an IR-camera. The red dot shows the
position of the mean value of the intensity. Axis units are in number of pixel of the image sensor. The
pixel pitch is 3.75 `m.

center of the beam, which is obtained as the mean of the intensity distribution in x and y. The beam is
slightly asymmetric in x- and y-directions and shows some variation of the intensity. It was confirmed
that this intensity pattern is in fact a feature of the laser beam and not the image sensor by moving
the position of the beam on the sensor. In addition a rapid wiggling of the beam was observed. To
quantify this effect, the position of the beam center was recorded for consecutive images. Histograms
of the recorded coordinates for the x- and y-direction are shown in fig. 6.16. The standard deviation
of the histogram in x-direction is 6 pixel, corresponding to 22.5 `m. In y-direction the beam position
changes by 2 pixel or 7.5 `m. This movement is quite significant, considering that a spatial resolution
at the plane of the DUT of better than 1 `m is expected. On the other hand, no movement of the beam
under the objective was observed using the same method. A likely reason is, that the input aperture
of the objective is overfilled due to the divergence of the beam from the source to the objective. The
movement of the beam did not cause any negative impact on the measurements so far, but this should
be reevaluated in due time.

6.2.3. Pulse duration

To investigate the temporal structure of the laser pulses, interferometric autocorrelation measurements
(FRAC, fringe resolved autocorrelation) have been carried out. A description of the measurement
method can be found in sec. 5.2.5. One measurement is shown in fig. 6.17. The measurement
was performed with the sensor 7859-WL-A63-PIN4, biased at 100 V. The sensor was not corrected
for tilt after mounting, but since the focal point position of the beam is not changed during a FRAC
measurement, this is not expected to have any impact on the result. Data was taken with an NDF angle
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(a) Beam movement in x (b) Beam movement in y

Figure 6.16. – Position of the beam center for 283 consecutive images with an IR-camera. Axis units are
in number of pixel of the image sensor. The pixel pitch is 3.75 `m.

of 70◦ and a pulse rate of 200 Hz. The filter angle can not be translated into the pulse energy in nJ,
from the calibrations shown before, because a significant amount of energy is lost in the interferometer,
due to the metallic mirrors and the cube beamsplitter. The scan was taken with a stepping resolution
of the micrometer stage of 100 nm. The micrometer stage movement is converted to the amount of
optical delay with the factor 2/2 = 6.67128 fs/`m. 2 is the speed of light and the factor of 2 accounts
for the change in optical path length. The signal, shown here on the y-axis, is the integrated signal
(charge) of the respective pulse. The amplitude of the signal can be used as well, which leads to
the same result. Also a comparison of the DUT signal and the TPA-reference signal show that both
sensors give similar results, as expected, so that in principle no sensor has to be mounted as a DUT
for FRAC measurements. The x-axis is set to zero at the center of the interference signal. The signal
is normalized to the background signal level at large optical delays. The data and normalization is
the same in both figures. The autocorrelation trace is symmetric and shows nearly perfect extinction
at zero optical delay. These two points give confidence in the alignment of the interferometer: If
there was a significant misalignment, the two pulses could not fully interfere destructively. In fig.
6.17 (a) it is possible to see that the FRAC trace shows some pedestal, which extends up to a delay
of about 5 ps. A zoom-in in the signal region beyond 5 ps reveals that, even at the background level,
the signal shows some interference. A large pedestal in the laser pulse of larger than 10 ps can also
explain, why the expected 8:1 ratio of signal to background can not be achieved. The calculation of
the theoretical SNB ratio assumes zero interference at large optical delays. From the measurements
it can be concluded that a large picosecond pedestal is present in the pulse temporal structure. The
interference at large delays is relatively stable in amplitude. For a chirped pulse, the fringes of the
interferometric trace would disappear much earlier because the interfering leading and trailing parts
of the pulse have a different instantaneous frequency, which prohibits effective interference. This
is an indication that the observed pedestal is not (entirely) due to a chirp in the pulse but due to a
narrow bandwidth peak in the pulse spectrum. In sec. 6.3.5 a feature in the measured waveform for
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irradiated sensors is discussed. This small feature, which precedes the main signal and has a duration
of about one nanosecond, could be explained by a large pedestal in the laser pulse, if the duration
of the pulse pedestal is in the order of ≈ =B. It has to be confirmed, if it is the case for this laser.
From the measurement the fringe averaged autocorrelation trace is calculated and the full width at
half maximum of the main signal peak is extracted as �,�"� � = 616 fs. The measured pulse width
is therefore g = �,�"� � · 0.648 = 399 fs, assuming a sech2 shaped pulse.
The pulse was also measured with the commercial autocorrelator FR-103TPM. The measurement

(a) Full scan (b) Zoom in

Figure 6.17. – Interferometric autocorrelation trace of the laser pulse. The interferometer arm length
was changed in steps of 100 nm, corresponding to an optical delay of about 0.67 fs. The left and right
figures show the same data with a different axis range. The sensor used for the measurement is 7859-WL-
A63-PIN4, biased at 100 V. The laser was pulsed at 200 Hz. The fringe averaged trace is shown in red.

result is shown in fig. 6.18. The laser pulse frequency was at the maximum 8.1 MHz and also the laser
pulse energy was maximal. The measurement shows a linear slope, which is visible in the full view
of the trace (a). The origin of this could not be found. The broad plateau, from −0.02 s to 0.015 s is
believed to result from the rotating mirror assembly. For most positions of the rotation state only the
non-delayed half of the beam is entering the sensor. As soon as both parts of the beam are reaching
the detector, but still with zero overlap in time, the plateau, which is visible in the measurement, is
reached. This corresponds to the usual configuration of two pulses with a large optical delay and
therefore has to be understood as the baseline of this trace. The full width at half maximum of the
interference signal was measured with respect to this baseline, which results in a value of 410 `s. The
time axis of this trace can be converted to the respective amount of optical delay by multiplication
with a factor of 1.6 fs/`s. The pulse width is therefore g = 410 `s · 1.6 fs/`s · 0.648 = 425fs.
The measurement with the FR-103TPM is very close to the result obtained by Fyla (434 fs, fig.
6.4) with a similar autocorrelator. These two values are about 30 fs larger than the result from the
measurement with the custom Michelson interferometer (399 fs). Both setups are very sensitive to
the alignment. In addition, the calculation of the pulse duration depends on the definition of the
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baseline and the assumed pulse shape. A sech2 pulse was assumed here, following the procedure of
the manufacturer. The significance of the numerical value of the pulse duration should not be over
stressed, since the measurements clearly show that the actual pulse shape deviates from the theoretical
one, which can impact the process of two-photon absorption, especially in irradiated detectors.

(a) Full scan (b) Zoom in

Figure 6.18. – Autocorrelation trace measured with Femtochrome FR-103TPM.

6.2.4. Temperature dependence of the collected charge

The change of absorption of light in silicon depends on the temperature for mainly two reasons: 1)
The silicon bandgap decreases as the temperature increases [128, 10], which is related to the increased
inter-atomic spacing. 2) The band-to band absorption in silicon is an indirect process and requires
phonons [129]. For these reasons higher light absorption is expected for higher temperature. The
collected chargewasmeasuredwith a charge sensitive amplifier as a function of the sensor temperature,
ranging from −20◦C to +20◦C for multiple laser powers. The DUT is a p-type diode (7859-WL-A63-
PIN4), biased at 100V and connected to a charge sensitive amplifier (CxL0058). The sensor is not
irradiated. The laser is pulsed at 200 Hz. For each laser power and temperature a full z-scan was
performed but only those values of the collected charge are taken into account, for which the focal
point of the laser was located in the center of the detector. For each temperature setting the laser power
was varied. After changing the temperature the sensor was realigned before starting the measurement,
because the alignment was changed due to expansion of the materials. A shift of about 20 `m in
x-direction and 200 `m in y-direction was observed between highest and lowest temperature. Fig.
6.19 (a) shows the measured charge values as a function of temperature. Each temperature curve was
fitted with a linear function &()) = ?0 + ?1) . The charge values are not corrected for fluctuations in
the laser power by division by a reference signal because the absolute value of the calibrated output of
the amplifier is needed. It was tried to account for fluctuations relative to the mean value at a reference
temperature, which did not increase the fit quality. E.g. it can be observed that all charge values at
−10◦C are systematically too high, which can be attributed to a shift in the laser power. But overall the
change of the amount of charge with temperature is higher than the fluctuations, caused by the laser.
The slope ?1 of the fitted function, depends on the amount of overall deposited charge. Therefore the
value was normalized to the charge value at 0◦C (?1/?0, normalized temperature coefficient), which
is shown in fig. 6.19 (b) as a function of the NDF angle. The weighted average of this coefficient is
< ?1/?0 >= (0.0059 ± 0.0004) 1/◦C. This means e.g. that a change in temperature by 40◦C leads to
a change in collected charge by about 24%. In literature, an increase of the TPA absorption coefficient



85

by about 10% to 15% between −20◦C and +20◦C has been measured by recording the transmission
through a silicon waveguide at a wavelength of 1.55 `m [130].

(a) Charge variation with temperature (b) Normalized temperature coefficient

Figure 6.19. – Variation of collected charge as a function of temperature for different laser powers. Data
at a constant laser power was fitted with a linear function (a). The slope, normalized by the value at 0◦C,
is shown in (b).

6.2.5. Z-scan

The method of TPA-TCT has two identifying features. The quadratic dependence of the signal on the
laser power was already demonstrated. The other obvious possibility to test for TPA is to perform a
z-scan. Here the DUT is moved along the beam axis at a constant laser power. In an SPA-TCT setup,
this would result in a constant signal, since the focusing and defocusing of the beam does not affect
the amount of absorbed light, as long as the whole beam cross section enters the sample. In contrast
to that, if TPA is the dominant absorption mechanism, the amount of absorbed light depends critically
on the position of the focal point. If the focal point is moved outside of the sample and the beam has a
short enough Rayleigh length, no signal is expected, even though the full beam is still passing through
the detector. This behavior is shown in fig. 6.20. The DUT (FZ200P_05_DiodeL_9) is a 200 `m
thick, unirradiated, FZ p-type sensor, which was processed using a deep diffused silicon substrate.
The bias voltage of the sensor was varied from 0 to 200 V in steps of 10 V. At each voltage step
the DUT was moved across the focal point in the direction of the beam. The light is injected from
the top of the device. Fig. 6.20 (a) shows the total collected charge and (b) shows the drift velocity
profile. The top side of the detector corresponds to low z-values. The measurement was carried out
at a laser pulse frequency of 100 Hz and maximum laser power (0◦ NDF), but the laser power can not
be compared with other measurements, since the alignment was changed at a later point, significantly
increasing the power for a given NDF angle. The measurements show that, if the focal point is moved
outside of the sensor (above or below), no charge is generated. This is expected, due to the negligible
single photon absorption cross section at the used laser wavelength. The charge profile (a) shows how
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the depletion width increases with bias voltage until the sensor is fully depleted at around 90 V. Note
that the horizontal axis (z) indicates the position of the hexapod and was not scaled to correct for
the effect of refraction (compare sec. 5.2.4, p. 54). The drift velocity profile indicates the expected
behavior of a linearly decreasing electric field inside a homogeneous space charge region. The slope
of the rising and falling edges of both graphs, as well as the tails extending beyond the active volume
of the sensor, are a result of the finite length of the beam (Rayleigh length). The used objective has
a numerical aperture of 0.5. A detailed discussion of the spatial resolution follows in sec. 6.2.7 and
sec. 6.3.6. Another point to note is that no reflection of light can be observed at the backside of the
device. This is an effect of the deep-diffused support wafer. Different manifestations of reflections are
briefly discussed in sec. 6.3.1. From eq. 5.51 the expected charge profile can be calculated under the

(a) Charge (b) Drift velocity

Figure 6.20. – Charge and drift velocity as a function of the sensor position along the beam axis (z) for
different bias voltages. The sensor is a 200 `m thick, unirradiated p-type sensor. Microscope objective:
#� = 0.5.

assumption of homogeneous charge collection throughout the sensor bulk with
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The integration is performed over a volume with thickness 3, which corresponds to the thickness of
the active volume. Correspondingly, the equation for a one sided z-scan is
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Fig. 6.21 shows a z-scan, which was fitted with eq. 6.1. An apparent ambiguity exists in terms of the
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Figure 6.21. – Charge as a function of the hexapod position along the beam axis. The data was fitted with
eq. 6.1

scaling of the z-axis to correct for refraction: The slope of the rising and falling edges of the graph
is an effect of the extension of the charge generation volume along z and therefore a function of the
Rayleigh length I0 of the beam. But the z-axis itself depends on the beam focusing through the factor
 = I′/I from eq. 5.42 (or 5.43) and therefore on I0. One approach to overcome this, is to measure
the Rayleigh length in an independent measurement, scale the z-axis of the z-scan accordingly and
fix the fit parameter in eq. 6.1 to the measured value. Another approach is to perform the fit without
fixing I0 and including the scaling factor  into the fit function. The slope of the arctan-function
then becomes ( /I0). The value of this factor is unique for all I0, which can be seen in fig. 6.22,
confirming that this approach is unambiguous. In the shown fit (fig. 6.21) the latter method was
used. Some additional uncertainty results from the dependence on the refractive index of silicon. For
unirradiated silicon this value is tabulated and can be fixed with good certainty. But for irradiated
silicon the refractive index changes, complicating the interpretation of the data.

6.2.6. Sensor positioning and tilt correction

Due to the high spatial resolution of the TPA-TCT, it is necessary to precisely align the DUT with
the hexapod axes of movement and with the beam direction. In the following it is described how the
different hexapod coordinate systems work together and how they can be used to correct for a tilt of
the sensor with respect to the axis of movement.

Hexapod coordinate systems

The hexapod consists of the base plate, six actuator legs and the carriage, on which the sample holder
is mounted. To describe the position of the hexapod several distinct coordinate systems, which are
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Figure 6.22. – Scaling of the z-axis

shown schematically in fig. 6.23, are used. Of direct relevance to the user is a good understanding
of the tool and work coordinate systems. The tool coordinate system is defined with respect to the
hexapod’s carriage. As the carriage moves, so does the tool coordinate system. The work coordinate
system is defined with respect to the world coordinate system and does not move with the hexapod
carriage. The coordinates with which the user mostly interacts and which are recorded as the measured
position of the hexapod carriage are describing the position of the tool coordinate system with respect
to the work coordinate system. The position of the base coordinate system (the position of the hexapod
base plate) in the world coordinate system can be redefined. This feature can be used for example if the
hexapod is relocated in the experimental setup by using the linear positioning stages, while the work
coordinate system maintains its position, e.g. relative to the laser beam. In the default configuration
world and base coordinate systems coincide.
The hexapod carriage can be moved in incremental steps along the axes of both the tool and the
work coordinate systems. Absolute movements can only be carried out along the axes of the work
coordinate system. Spatial scans are only carried out as absolute movements. The position of the
tool coordinate system in the work coordinate system is given in the form of six values (x,y,z,u,v,w).
x,y and z are the values along the three axes of a right handed Cartesian coordinate system. The
orientation of the tool coordinate system (the carriage) is given by angles u,v and w. u,v and w are the
angles of rotation around the x,y and z coordinate axes respectively, where a positive angle describes
a counter-clockwise rotation, when the respective axis is pointing towards the observer, as is depicted
in fig. 6.24. Rotations in R3 are not commutative. The order, in which the respective rotations are
applied, follows the Tait–Bryan convention I − H′ − G ′′. The rotations are intrinsic: First the tool
system is rotated by angle w around the z-axis, then it is rotated by v around the new y-axis and then it
is rotated by u around the new x-axis. Intrinsic rotations are equivalent to extrinsic rotations (rotations
around a fixed coordinate system) in reversed order. If used on a column vector, the rotation matrix
' = 'I (F)'H (E)'G (D) describes an intrinsic rotation in the order I − H′ − G ′′ or an extrinsic rotation
in the order G − H − I.
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Figure 6.23. – Definition of the hexapod coordinate systems. [131]
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Correction of sensor tilt

The orientation of the sensor surface can be obtained from z-scans at different positions on the sensor.
A fit to the resulting signal or charge profile can be used to obtain the respective height of the surface
for each (x,y) coordinates. The Hesse normal form can be used to perform a fit to the obtained pairs
of (x,y,z)-values:

®A · ®=0 − 3 = 0 (6.7)

The vector ®A denotes any point on the plane, ®=0 is the normal vector to the plane and 3 is the distance
of the plane to the origin. The normal vector ®=0 = (=0,G , =0,H , =0,I) is normalized, | ®=0 | = 1. Therefore
the only free fit parameters are =0,G , =0,H and 3. The angles of the x- and y-axes to the sensor-plane
measured in the x-z- and y-z-planes respectively are calculated by

U = − arctan(=0,G/=0,I)
V = − arctan(=0,H/=0,I).

The angles U and V are defined such that a positive slope of the sensor surface in the x-z- and y-z-planes
results in a positive value. It is convenient to use the Hesse normal form if the normal vector and the
distance d are used for further calculations. The sensor plane can equally be fitted with

I = I0 + 0GG + 0HH. (6.8)
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Figure 6.24. – Coordinate axes and angles. [131]

In this case the angles are calculated by U = arctan(0G) and V = arctan(0H). The hexapod carriage is
tilted by angles u and v around the axes x and y counter-clockwise when the respective axis is facing
towards the observer. Therefore the hexapod carriage has to be moved by angles

D = −V (6.9)
E = U (6.10)

to position the sensor perpendicular to the z-axis of the hexapod coordinate system.
An example of this is shown in the following. Fig. 6.25 (a) shows the measured drift velocity as a
function of the x-y-position. For this measurement the sensor (FZ200P_05_DiodeL_9) was kept at
100 V. The laser was pulsed with 100 Hz. The z-position of the hexapod (here I = −0.13 mm) was
chosen, such that the focal point of the beam is roughly in the middle of the detector. The drift velocity
stated here is simply the value of the transient current signal 500 ps after the start of the signal pulse,
corrected for the baseline offset and normalized with a TPA-reference signal. Since the drift velocity
depends strongly on the position inside the sensor, in contrast to the collected charge for example, it
is used as an indicator of the depth of the focal point inside the sensor. The measurement shows that
the drift velocity varies strongly with a change of the sensor position in x and y, which shows that the
sensor is tilted with respect to the coordinate axis of the hexapod. One can already see from the drift
velocity map, that the tilt is much more pronounced along the y-axis than along the x-axis. To measure
the position of the sensor, four scans in z direction at different positions in x and y were performed. In
practice, it is useful to perform a larger number of z-scans to detect outliers and eventually systematic
shifts due to a non-planar surface. One such scan was shown in fig. 6.21. The equation used for the
fit is 6.1. For irradiated detectors this equation does not describe the asymmetric charge collection
profile sufficiently. In this case, for alignment, it is only necessary to choose a point along the z-axis
by which the position of the sensor can be defined unambigiously, e.g. the maximum or 50% of the
rising edge of the charge collection or velocity profile. In this case, the sensor surface, given by the
rising edge of the charge profile, is plotted in 6.25 (b) as a function of the x and y values. Note that
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the axis of the plot show the position of the hexapod, not the position of the beam on the sensor.
The point with the highest value in z is a result of a measurement on the lowest point on the sensor.
Nevertheless, since all three axis are inverted, the fitted plane is a good representation of the actual
sensor orientation in space. The fit was performed with eq. 6.7 (equivalently eq. 6.8) and the values
of the angles u and v, by which the hexapod carriage needs to be tilted, were calculated as outlined
above. In this case angles to the x- and y-axis of U = −0.1754◦ and V = 1.1278◦ were calculated.
Therefore the carriage had to be tilted by D = −1.1278◦ and E = −0.1745◦. Fig. 6.26 (a) shows the

(a) Drift-velocity map (b) Fitted sensor plane

Figure 6.25. – Sensor before correcting for tilt. (a) Drift velocity at a given position in z as a function of
x and y. (b) Black triangles show the z-position of the sensor surfaces as a function of x and y. The plane
is a fit with eq. 6.7

same measurement as fig. 6.25 after moving the hexapod carriage by the angles stated above. One
can see that the value of the drift velocity is constant, irrespective of the position on the sensor in x
and y. This indicates that the sensor surface is now perpendicular to the z-axis of the hexapod. A
repetition of the method described above to obtain the orientation of the sensor surface yielded values
of U = −0.0788◦ and V = −0.0321◦. A misalignment of 0.1◦ results in a height difference of only
5 `m over a distance of 3 mm and is thus acceptable for most cases.
In addition to correcting the sensor orientation with respect to a fixed coordinate system, it is possible
to redefine the position and orientation of the hexapod coordinate system. The two most likely use-
cases are: (1) It is possible to rotate the coordinate system around the z-axis to change the direction,
in which spatial scans are performed. Fig. 6.26 (b) shows the same measurement as (a) but after a
rotation of the work coordinate system by −20◦. Since the coordinate axes are rotated, the sensor
appears to be rotated by +20◦. For structured sensors like strip or pixel detectors it is possible to
measure along certain axes, if the sensor is not mounted parallel to the default coordinate axes. (2)
By default, rotations are performed about the origin of the hexapod coordinate system. An offset
between the physical position of the sensor and the coordinate system leads to a high spatial shift, if
rotations are performed. E.g. comparing figures 6.25 (a) and 6.26 (a) one observes a large shift in
y-coordinates of about 2 mm. This is fixed by redefining the work and tool coordinate systems, such



92 6. Development of a Compact TPA-TCT Setup

that their origins coincide with the position at which the DUT is mounted.
It is evident that a tilt correction has to be carried out for spatial scans perpendicular to the beam axis.

(a) Drift-velocity map after tilt correction (b) Rotation of the coordinate system by −20◦

Figure 6.26. – Drift velocity at a given position in z as a function of x and y after tilt correction. The
measurement was repeated after rotating the hexapod coordinate system by −20◦ around the z-axis.

But also for scans along the beam axis features were observed that could not be explained at first, but
could be related to a misalignment of the DUT, after some investigation. Therefore, the tilt correction
procedure outlined above is now carried out before every measurement after mounting a new device.

6.2.7. Spatial resolution: Knife edge scan

To measure the spatial resolution at the beam focal point a knife edge scan can be carried out. This
technique is widely used to measure the intensity profile of laser beams. The intensity of the beam,
integrated over the whole transversal profile, is measured while a barrier (knife) is moved across the
beam. From this measurement the beam profile can be inferred. Repeating the knife edge scan at
different positions along the beam axis leads to a precise measurement of the focal point parameters.
In our case the metallization on top of a silicon sensor is used as a knife, as shown in the schematic
drawing in 6.27. While this method is convenient, because no manipulation on the setup is necessary,
some uncertainty can result from the unknown thickness and edge quality of the metallization. The
data presented in the following was taken with the sensor FZ200P_05_DiodeL_9 at a constant bias
voltage of 200 V, maximum laser power, a pulse frequency of 100 Hz and 128 averages on the
oscilloscope. The signal was read out with a bias-T without the use of an amplifier. The measurement
was performed after a 500 mm lens was installed before the objective to investigate if the lens would
affect the beam parameters. Fig. 6.27 shows a typical result of a knife edge scan. The charge is
shown on a logarithmic scale as a function of the hexapod positions in x and z. The figure is a result
of scanning the metal-silicon transition across the focal point of the beam at different positions along
the beam axis, as depicted in the schematic drawing. The step size for this measurement was 2 `m in
z-direction and 0.5 `m in x-direction. A small step size in x-direction is necessary, to ensure that the
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Figure 6.27. – Knife edge scan on the metal-silicon transition on the top side of a pad diode. The metal
edge on top of the sensor is moved across the beam in x direction for various heights along the beam axis
(z).

beam profile is sampled several times even when the metal edge is in focus. In the right half of the
plot in figure 6.27 (G > 1.83 mm) the metallization is blocking the light from entering the silicon. In
the left top part of the figure (I > 0.33 mm) the focal point of the beam is inside the silicon and signal
is generated. In the left bottom part of the figure the focal point is above the silicon sensor. It should
be noted that some charge is generated as a result of the large Rayleigh length, although at the lowest
point of the hexapod, the focal point is about 40 `m above the sensor. The metal-silicon transition in
x-direction is best resolved when it is at the height of the focal point. The cone shaped feature in the
top half of the figure is a result of the opening angle of the beam and is used to measure the beam
width as a function of z. The charge profile in x-direction is fitted with eq. 6.11 for every value of z.
The fit parameters are a constant �, an offset in the x-coordinate and the beam radius F(I). The beam
irradiance has a Gaussian profile in x-direction, with F = 2f. The factor of 2 in the numerator of the
error-function is a result of the square dependence of the charge generation on the beam irradiance.

5 (G) = �

F2(I)

[
1 + erf

(
2(G − G> 5 5 )

F(I)

)]
(6.11)

As an example, two fits are shown in fig. 6.28. The data corresponds to z-positions some distance
away from the focal point (left, I = 0.311 `m) and directly at the focal point (right, I = 0.331 `m).
Away from the focal point the maximum charge value is reduced, because part of the beam is outside of
the sensor in z-direction, and the slope of the error-function is reduced, due to the out-of-focus beam.
The measurement at the focal point shows a higher value of generated charge when the beam is inside
the sensor and a steeper onset of the signal when the beam is moved across the metal edge. Noticeable
is the narrow peak directly at the transition of zero to maximum charge, which is not described by
the fit-function. This feature is only observed when the beam is focused on the metal edge and is
therefore believed to be originating from refraction. A refraction pattern in the reflected light can be
observed in the infrared camera image and it is possible that the resulting intensity pattern leads to
higher charge generation in the sensor as a result of the non-linear absorption process. The obtained
values for F are shown as a function of z in fig. 6.29. The horizontal axis (z) shows the coordinate
of the hexapod and is not corrected for refraction in silicon to not bias the fit result. The shown error
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(a) Out-of-focus: I = 0.311 mm (b) In-focus: I = 0.331 mm

Figure 6.28. – Charge profile for knife edge scans for two different positions along the beam axis. Fit to
data with eq. 6.11. Microscope objective NA=0.5

bars are resulting from the uncertainty from the fit to the charge profile in x-direction, without any
additional systematic uncertainty. Especially since the higher charge collection due to refraction at
the focus is not taken into account in the fit, the stated uncertainties can only be approximate. Larger
uncertainties at low values of I are a result of the lower signal to noise ratio, since the beam is mostly
outside of the detector. The data is fitted with the function (eq. 5.5, p. 42)

F(I′) = F0

√
1 +

(
I′

I0

)2
, (6.12)

in which I′ is replaced by (eq. 5.42, p. 55)

I′ = (I − I> 5 5 )

√
I0 c=3

I0c= − _=2 + _
. (6.13)

In these equations I is the position of the hexapod carriage, I> 5 5 is the position of the focal point
along the z-axis and = and _ are the refractive index and the vacuum wavelength. In this way unbiased
values for the Rayleigh length I0 and the beam waist radius F0 in silicon can be obtained, which are
independent of any prior assumptions about the beam parameters. These values are also stated in the
figure. In this case, values for the Rayleigh length in silicon of I0 = 14 ± 1 `m and the beam radius
at the waist F0 = 1.5 ± 0.1 `m are obtained. The fit is restricted to a small region around the focal
point, where an acceptable fit can be obtained. The values of F(I) further away from the focal point
follow the linear equation

F(I) = I · tan \ = I · F0

I0
= I · _

F0c=
(6.14)
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with the theoretically optimal values of F0 and I0, given by the respective numerical aperture of the
microscope objective. Therefore, the fitted value of I0 can depend also on the chosen fit range. On
the other hand, the value for F0 is given by the minimum of the graph, which results in a more robust
measurement. The optimal values are F0 = 1 `m and I0 = 6.9 `m for #� = 0.5 in silicon. Some
discrepancy between the measured and optimal values is expected.
To overcome the limited accuracy of this method, due to refraction on the metal edge, the DUT could

Figure 6.29. – Beam radius F as a function of the hexapod position along the beam-axis. The effect of
refraction is included in the fit (eqs. 6.12 and 6.13). Microscope objective NA=0.5.

be replaced by a detector, which is sensitive to 1550 nm light by SPA (e.g. InGaAs). Refraction would
still occur, but not lead to any change in the amount of generated charge, due to the linear absorption
process.

6.3. Measurements

6.3.1. Reflection of light

Reflections of the laser beam back into the active area can cause a signal, although the focal point
would be expected to be outside of the sample. This can complicate the analysis and interpretation
of the obtained measurement results. Reflections of light are also present in conventional (SPA) TCT
measurements. In fact they are much more likely because reflected light, that can be absorbed via
SPA will always contribute to the overall signal, independent of the focal point position. The reflected
TPA-beam on the other hand needs to be focused back into the active area. A divergent reflected beam
or diffuse scattering will not create additional charge carriers. The difference is that in SPA-TCT it
is not attempted to resolve features of the DUT in the direction of the beam axis. For this reason,
reflected light, although it contributes to the overall signal, does in most cases not negatively affect the
resolution of the measurement. The amount of reflected light and whether or not this needs to be taken
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into account in the measurement analysis in TPA-TCT depends largely on the respective measurement
setup and geometry. In general, three common configurations can be distuinghished:

• Reflections on metal surfaces lead to very clear mirror images of the DUT. If the focal point
of the beam is located directly at the metal surface, the ellipsoidal part of the beam, where the
intensity is high enough to create charge carriers, can be reflected back onto itself. This can
lead to a localized volume with very high intensity, such that, due to the square dependence of
the generated charge on the light intensity, more charge is created, than if the focal point would
be located fully inside the sensor.

• Reflections on the silicon-air transition, caused by the abrupt change of the refractive index,
lead to a mirror image of the DUT with much decreased signal amplitude.

• Sensors with a low resistivity support wafer on the backside, usually do not show a reflection
image because the transition of the refractive index is too gradual. On the other hand, deposited
charge in this non-active volume can still diffuse into the active region and influence the recorded
signal.

Reflections on metal surfaces are briefly discussed in sec. 6.3.3 and 6.3.4. Fig. 6.30 shows the effect
of a reflection on the silicon-air transition on the backside of the sensor. The DUT is a 285 `m thick,
unirradiated FZ sensor without any support wafer or backside metallization. The DUT was connected
to a Cividec current amplifier C2-131 and the measurement was performed at room temperature. The
light is injected from the top of the device. Fig. 6.30 (a) shows the collected charge as a function
of the z-coordinate for different bias voltages. At low bias voltages (5 to 10 V) two distinct peaks
of different amplitude can be observed on opposite ends of the measurement range. At higher bias
voltage, the two peaks merge. The feature with the lower amplitude (−5.05 mm < I < −4.8 mm) is
the mirror image of the actual active volume. The amplitude is about ≈ 10% of the original signal. As
a rough estimate, Fresnel equations can be used to calculate the expected amount of reflected light:

'0 =

����=1 − =2

=1 + =2

����2 . (6.15)

This equation yields a value of 30% of reflected light on a Si-air interface. Since the charge depends
quadratically on the light intensity, the amplitude of the charge signal would be expected to be around
10%. It can be expected that further effects, like a distortion of the beam on a non-planar surface, would
have to be taken into account for a thorough analysis. Fig. 6.30 (b) shows the drift velocity profile
(black) and the signal time over threshold at 50% of the pulse amplitude (red). A clear symmetry
around the sensor backside (I = −5.1 mm) can be observed in the TOT-profile, which is a strong
indication, that the signal observed in the region −5.05 mm < I < −4.8 mm is caused by reflection.

6.3.2. Interpad region of an HPK2 LGAD

To demonstrate the strength of the TPA-TCT method in resolving structures on silicon detectors the
interpad region of an HPK2 LGAD was measured. Extensive studies on similar devices have been
carried out, using conventional TCT techniques [132]. The interpad region of LGADs is of special
interest because the reduced fill-factor of LGADs is a major limitation for their application in particle
tracking. Ways to mitigate these limitations in novel sensor designs are being investigated. These
include AC- coupled LGADs (AC-LGADs) [133, 134, 135] or Inverse-LGADs (I-LGADs) [136, 137].
The structures between neighboring LGAD pads usually include the Junction Termination Extension
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(a) Charge profile (b) Drift velocity and time over threshold

Figure 6.30. – Collected charge, drift velocity and signal time over threshold as a function of the distance
along the beam axis. A reflection at the silicon-air interface can be observed.

(JTE) at the boundaries of each pad and a p-stop implant in the middle between pads. A schematic
view of the pad and interpad structure of an LGAD is shown in fig. 6.31. The area between active
pads forms a no-gain region in which charges are not multiplied, due to the absence of the gain layer.
The additional implants (JTE and p-stop) reduce the charge collection efficiency in this region, as
part of the generated charge is not amplified. The effect of reduced charge collection in the vicinity

Figure 6.31. – Schematic cross-sectional view of an LGAD, illustrating the gain- and no-gain regions
inbetween two neighboring pads. The figure is not to scale. [132]

of the JTE is visible in the simulated distribution of the electric potential and electric field, shown
in fig. 6.32 [138]. Both figures show the same geometrical arrangement of the multiplication pad
extending to the left and the JTE located at around 60 to 70 `m. Charges drifting to the JTE are
contributing to the signal but are not undergoing charge multiplication. Therefore, in the volume
from which charges drift to the JTE, indicated by the electric field lines, the measured signal will be
significantly reduced, in comparison to the multiplication region. It is evident from the figure that
this region extends below the multiplication implant, which significantly reduces the efficiency in the
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interpad region of the LGAD. This effect is stronger at lower bias voltages and unirradiated sensors.
After irradiation the gain is reduced and the effective doping concentration in the bulk is increased,
so that the measured width of the region of reduced efficiency is closer to the nominal width of the
interpad region [138]. Measurements of the charge collection efficiency in the region between LGAD
pads are usually carried out with injecting laser light from the top of the device and scanning across
two neighboring pads. Depending on the absorption length of the laser used and the resulting different
position of the generated carriers, the obtained width of the interpad region differs. The sensor tested

(a) Electric potential at 130 V (b) Electric field lines at 70 V

Figure 6.32. – Simulation of the electric potential (a) and field (b) in the region between the multiplication
region and the JTE. Especially at low bias voltages, the field lines, ending on the JTE, extend below the
multiplication region. [138]

here with TPA-TCT is an LGAD with a 5x5 array structure from Hamamatsu production run 2, wafer
28 (HPK2-W28-S1-5x5-LGAD-P14) with the interpad design IP5. The active volume is comprised of
50 `m thick epitaxial p-type silicon. Each pad has an active area of 1.3× 1.3 mm and features several
openings in the metallization to allow for laser light injection. Microscope images, taken with a Hirox
3D digital microscope4 can be seen in fig. 6.33 and 6.34. Fig. 6.33 shows a single pad centered
in the image, connected with a wire-bond. The boundaries and non-metallized regions in between
pads are visible. Each pad features three openings in the metallization. Two are located next to the
respective neighboring pads to enable laser measurements across the interpad region and one opening
is located near the center of the pad, at the height of the wire-bond. Fig. 6.34 (a) shows a close-up
image of the openings across the interpad region. Different implant structures are possible to see as
vertical lines in different colors. The distance of the far edge of one opening to the center in between
openings is approximately 150 `m. Distance measurements were added to the image manually, using
the microscope software. Fig. 6.34 (b) shows a further close-up image with distance measurements
indicating the separation between the p-stop implant (purple, centered) and the JTE (green, 23.5 `m
to the left and right of the p-stop). IV and CV measurements were taken at the IV/CV probe station
before mounting the sensor on a PCB for TCT-measurements. Results of the measurements are shown
in fig. A.12 (appendix, p. 125). Both, IV and CV measurements, show a good uniformity in the
electrical behavior of the different pads. The gain layer depletion voltage, extracted from the CV
measurement, is about 55 V.
For the TPA-TCT measurements, which are shown in the following, only the pad under test is biased
4EP-DT Quality Assurance and Reliability Testing Lab, https://qartlab.web.cern.ch/
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Figure 6.33. – Microscope image of one pad of a HPK2 5x5 LGAD structure. Neighboring pads can be
seen in the image. The pad is connected with a single wire bond (center). Each pad has three openings for
TCT measurements.

Figure 6.34. – Microscope images with different magnification of the interpad region of an HPK2 5x5
LGAD. JTE and p-stop structures can be identified.

and connected to the read-out. The neighboring pads are left floating. It is therefore possible that
charges which are injected in the area of a neighboring pad diffuse into the active volume of the
connected pad and are collected there. These contributions can be identified by a very low signal
amplitude and large collection times. After mounting the device on the sample holder the initial
tilt was measured by performing multiple z-scans in the three openings of the connected pad. As
described in sec. 6.2.6, by finding the surface of the sensor at different locations on the device it is
possible to calculate the angles to the respective coordinate axes. The plane fit to the obtained points
is shown in fig. 6.35 (a). Fig. 6.35 (b) shows the drift velocity in arbitrary units as a function of x and
y at the location of one of the openings at the edge of the pad after the tilt of the sensor was corrected.
Along z, the focal point was centered in the detector. This measurement was also carried out at the
location of the opening on the other side of the pad. The two openings are separated by about 1.1 mm
but resulted in the same values for the drift velocity. Therefore, over a scan range of 100 to 200 `m the
sensor can be assumed to be flat. The variation of the drift velocity, visible in the figure, can therefore
be attributed to a real change in the electric field towards the separation between pads. To correlate
the TPA-TCT measurements with the distance measurements in the microscope images, the edge of
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the opening towards the pad was used. This edge is set to a value of G = 0 mm, as can be seen in fig.
6.35 (b). Using this value it is possible to calculate the expected positions of the JTE and p-stop from
the microscope distance measurements.
The collected charge as a function of z and x for bias voltages of 40 and 60 V is shown in fig. 6.36.

(a) Plane fit to data points at three openings before tilt cor-
rection

(b) Single opening after tilt correction

Figure 6.35. – Tilt correction of an HPK2 LGAD. To increase the lever the position of the sensor surface
is measured at all three metallization openings. Correct alignment was verified by comparing x-y-scans at
all openings (one is shown).

The z-axis is parallel to the beam axis and the light is injected from the top of the device. The z-axis in
the figures is multiplied by factor of −3.75 for illustration: The sensor top is now located at the top of
the figure to facilitate comparison with fig. 6.31 and the z-scale is corrected for the effect of refraction,
to better show the physical dimensions of the sensor. The scan in x-direction was performed from the
region in between pads on the left hand side of the figure to the center of the opening on the right hand
side. The measurements at the two bias voltages show the situation before and after depletion of the
gain layer of the LGAD. The color-scale (charge) is not the same in the two figures. The two maxima
on the left in the no-gain region have about the same amplitude, independent of the bias-voltage. The
red vertical lines indicate the positions of the p-stop implant (left) and the JTE (right). The positions
have been calculated from the microscope images above. Some charge which is injected on the left
side of the p-stop is collected by the biased pad on the right. This asymmetry would not be present if
the neighboring pad was also biased. The measurements show that before the gain layer is depleted
the LGAD pad is mostly inactive but charge is collected in the region around the JTE. At the exact
locations of the JTE and p-stop, very little charge is collected. As soon as the gain layer is depleted,
the largest signal comes from the pad region because depletion extends into the bulk and charges
are being multiplied in the gain layer. Near the JTE and p-stop less charge is collected, because no
amplification is happening in these regions. At low voltages a depletion region develops around the
JTE and extends beyond the pad and the p-stop respectively, only when the gain layer is depleted, the
full pad turns active. The slope of the charge collection profile along z with an apparent peak at the
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center of the detector is a result of the limited resolution of top-TPA-TCT, due to the elongated focal
point along the beam axis. At the top of the sensor (top side of the figure) the volume in which charge
is collected extends further to the left than on the bottom. The resulting region of limited amplification
below the pad is labelled ’transition region’ between the gain and no-gain regions in fig. 6.31. In

(a) Before gain layer depletion (b) After gain layer depletion

Figure 6.36. – HPK2 LGAD: Measurement of the collected charge as a function of z and x before (a) and
after (b) gain layer depletion. The horizontal axis shows the distance to the silicon-metal edge, located at
G = 0 mm in fig. 6.35 (b). The red lines are based on the optical distance measurements and indicate the
p-stop (left line) and the JTE. The vertical axis is corrected for refraction and inverted, so that the sensor
top is located at the top of the figure. Note the different color scales when comparing the two figures.

fig. 6.37 the charge is shown as a function of the x-coordinate for a fixed z-position at different bias
voltages. The z-position was chosen, such that the focal point is close to the top surface of the DUT.
Again, the positions of the p-stop and JTE, as obtained from the microscope images, are indicated as
red lines. The bias voltage was varied from 50 to 60 V. The gain layer depletes at around 55 V. One
can see that the amount of collected charge at the position of p-stop and JTE is rather independent of
the bias voltage, with the exception of a small increase at the gain layer depletion voltage. The amount
of charge under the pad (right hand side of the figure) increases gradually with the bias voltage to the
maximum value, such that no sudden increase due to the gain layer depletion is observed. The charge
is injected partly in the region of the gain layer and the sensor bulk, but from the usual behavior of
LGADs under top injection with red or infrared light, it would be expected that no charge is visible
until the gain layer is depleted. This is most likely an effect of charge collection by the JTE, as can be
seen in fig. 6.36 (a).
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Figure 6.37. – HPK2 LGAD: Charge profile along the x-axis at different bias voltages. The focal point is
near the top side of the device. The locations of the p-stop and JTE are indicated by red lines.

6.3.3. Edge-TPA-TCT: HV-CMOS detector

The spatial resolution of TPA-TCT is highest in the direction perpendicular to the beam axis, due to
the characteristics of Gaussian beam propagation. Depending on which features in a detector are of
interest and what is the aim of the study, it can be beneficial to inject the laser light from the edge
of a device and scan perpendicular to the beam axis from top to bottom of the sensor, in analogy to
conventional edge-TCT. The main limitation for this method is the large opening angle of the laser
beam. For a numerical aperture of #� = 0.5 (#� = 0.14) the half opening angle is \ = 30◦ (\ = 8◦).
To avoid clipping of the beam on the top or bottom surface of the sensor it is necessary that the scan
region is as close as possible to the edge. When the focal point is as far as 50 `m inside the silicon,
the beam will start to be clipped when the distance to the top or backside of the sensor is less than
about 8 `m.
In a past publication [6], TPA-TCTwas tested in an edge-TCT configuration with an HV-CMOS device
[139]. Those measurements were carried out at the UPV/EHU laser facility in Bilbao, Spain, and
constitute the first tests of edge-TPA-TCT on silicon detectors. The measurements with the CERN
setup, presented below, were performed on the same device in a similar configuration and can thus be
directly compared. Fig. 6.38 shows a comparison of SPA-TCT with TPA-TCT [6, 140], measured at
the UPV/EHU laser facility. The TPAmeasurement was carried out with a 200 fs-laser at a wavelength
of 1300 nm. Shown is the collection time as a function of the spatial coordinates perpendicular to
the laser beam. The light was injected from the edge of the device. In both figures, long collection
times (red areas) correspond to the undepleted sensor volume, in which charge collection via diffusion
into the active region is possible. Located in the figures below the diffusion region is the depleted
drift region with short collection times (green area in SPA, blue area in TPA). Only in the TPA
measurement (b) the location of the n-implant (light blue) can be identified. The reason for this is
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the much reduced beam size of the TPA-TCT method compared to SPA-TCT. For the measurements

(a) SPA: _ = 1064 nm, f = 10 `m, 200 ps-pulsed laser (b) TPA: _ = 1300 nm, f = 1 `m, 200 fs-pulsed laser

Figure 6.38. – HV-CMOS: Comparison of the measured collection time (color scale, time until 98% of
charge is collected) as a function of spatial coordinates perpendicular to the beam direction for SPA-TCT
(a) and TPA-TCT (b). Long collection times (red) correspond to the undepleted sensor region. The
n-implant can only be resolved in the TPA-TCT measurement (light blue). [140]

(a) Light injection during e-TPA-TCT measure-
ments

(b) Drawing of a CMOS pixel sensor

Figure 6.39. – Drawings of the experimental configuration, indicating the direction of light injection. (a)
and a generic CMOS sensor (b). The image is generic. The DUT features a deep n-well test structure for
TCT measurements without any MOS implants.

at the CERN TPA-TCT setup the microscope objective with #� = 0.5 was used. An image of the
HV-CMOS sensor mounted for edge-TPA-TCTmeasurements was already shown in fig. 6.7 (b), p. 73.
A drawing of the experimental configuration is shown in fig. 6.39 together with a sketch of a standard
CMOS device. The active volume has a size of approx. 120× 25 `m and is buried 50 `m deep under
the surface (in the direction of the beam). This means that, when the focal point is approaching the
position of the n-implant, clipping of the beam is expected. Usually, the deep n-well (DNW) acts
as collecting electrode and substrate for the MOS transistors. In this case, the DUT features a deep
n-well test structure for TCT measurements without any MOS implants. The sensor was biased with
60 V. The spatial scan was performed with a step size of 200 nm in x- and 1 `m in y-direction.
Fig. 6.40 shows from left to right: The collection time at 50% of the pulse amplitude (time over
threshold), the drift velocity and the charge as a function of x and y. x- and y-axis are identical in all
three figures. The x-y-plane is orthogonal to the beam propagation direction. The figure on the left
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(collection time) can be compared to the measurement at UPV/EHU (fig. 6.38 (b)). Horizontal red
lines are drawn across the images to guide the eye. Three signal regions can be identified in the plot
of the collection time, which are indicated with a cross respectively: (1) The drift region (red cross)
is the fully depleted volume in which the signals are fastest and thus, the collection time is the lowest.
The drift region extends from about G = 0.036 mm to G = 0.020 mm. (2) Slightly slower signals can
be identified in a narrow region from G = 0.036 mm to G = 0.041 mm. This area can be identified
with the n-implant (black cross). (3) If charge carriers are deposited beyond the depleted region,
they can diffuse into the active volume and be collected. The signal amplitude is much reduced and
pulses are very long, due to this process (green cross). The signals corresponding to the positions of
light injection in the respective regions are shown in fig. 6.41 (a). Correct interpretation of the drift
velocity and charge plots in fig. 6.40 is difficult, because the value of the respective measurement
depends on the pulse amplitude. It can be assumed that near the n-implant some fraction of the beam
is not entering the sensor, because the opening angle of the beam is too large for the given depth of
the scan region. E.g. the gradient in the charge plot that is observed in the drift region is most likely
caused by the fact that less light arrives in the sensor instead of a reduced collection efficiency of the
DUT. It is likely that the same effect causes the drift velocity to peak apparently on the rear side of the
device instead of near the n-implant, where it is expected. On the other hand, the drift velocity shows
two sharp transitions from the n-implant to the drift region and from the drift region to the diffusion
region. It can be seen that the drift velocity has higher values on the edges of the n-implant, which is
a sign that the transition at G = 0.036 mm (second red line from top) is physical and not an effect of
beam clipping. The integration time for the charge collection plot is 25 ns and therefore a significant
amount of charge is seen in the diffusion region, despite the long pulses. The amount that is collected
decreases the further away the light is injected from the drift region, which is expected. Fig. 6.41 (b)

Figure 6.40. – From left to right: Transient pulse width at 50% of the amplitude, drift velocity and
collected charge of an HV-CMOS sensor measured with edge-TPA-TCT. x- and y-axis are identical across
the three figures. Red lines are drawn to guide the eye. Three signal regions (compare fig. 6.41 (a)) are
indicated by three colored crosses in the left figure. Measurements at 60 V bias voltage.

shows a comparison of the charge and collection time profile (here 10% of the pulse amplitude). It is
not entirely clear from these measurements where the physical end (top side of the sensor) is located.
It can be argued (see also [6]) that light is reflected at the top side silicon/air transition, so that the
charge that is observed for G > 0.038 mm is a result of this reflection. Supporting arguments are
that there is no reason, why the collection times should decrease again, if the beam is further moved
outside of the sensor and the fact that the waveforms on the left and right of the n-implant are identical
in shape, when normalized to the same amplitude.
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(a) (b)

Figure 6.41. – (a) Transient current signals in three different signal regions. (b) Comparison of the
collection time and charge collection profiles at the position of the n-implant.

6.3.4. Backside TPA-TCT: Strip detector

Pad detectors have a constant weighting field but can be difficult to investigate with (SPA) e-TCT
measurements because the beam generates charge carriers all along the width of the sensor, so that
inhomogeneities at the sensor edges have to be considered. Strip detectors with a single connected
read-out strip can be used to overcome this limitation. In this case the light is injected perpendicular
to the strip orientation. In this configuration, the weighting field appears similar to that of a pad
diode and effects at the edge of the sensor can be avoided. On the other hand, the drift of the charge
carriers beneath the neighboring strips influence the measurement and lead to an overestimated charge
collection at the sensor backside [141]. It was proposed to investigate the charge collection in strip
detectors with injecting the laser light parallel to the strip orientation. This method still has the limit,
that the measurement resolution is limited by the beam alignment and divergence of the beam. TPA-
TCT provides a way to unambiguously measure the collected charge in a strip detector and investigate
charge sharing, as a function of the position of the focal point.
Testing a strip detector with TPA-TCT, the metallization on top of the strip implants prevented the
injection of light from the top. Because of the large opening angle of the laser beam, light was
almost always lost on the metallization. For this reason the sensor was mounted up-side-down with
the backside of the sensor facing the objective, as can be seen in fig. 6.42. Note that the y- and
z-axis indicate the movement of the DUT with a fixed location of the focal-point. Therefore, in the
following plots, the top side of the sensor is located at high z-values and the backside at low z-values.
The sensor under test is a Micron microstrip detector FZP2328-11 with a thickness of 300 `m and a
pitch of 80 `m. The strip metallization has a width of 30 `m. The detector is non-irradiated. High
voltage is supplied from the backside, while the bias ring was connected to ground. Only a single strip
is read out. The AC-pads of two neighboring strips to each side are as well bonded to ground. Fig.
6.43 (a) shows an image of the experimental setup: The whole sensor PCB is mounted up-side-down
to allow light injection from the back. Spacers ensure, that neither the sensor nor the wirebonds can
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Figure 6.42. – Light injection from the backside of a strip detector.

(a) Flipped PCB mounted with spacers (b) IR image of strip metallization

Figure 6.43. – Photos of the experimental setup for light injection from the backside of a strip detector.
The red alignment laser is used to position the sample. In the IR-image the strip metalization can be
identified as the bright horizontal bands. The image is obtained through the sensor bulk.

come in contact with the copper cooling block. Effective cooling, in case of an irradiated detector,
would not be possible in this configuration. Fig. 6.43 (b) shows an image, taken with the IR-camera
with the focus on the top side of the sensor. One can clearly see the strip metallization as bright
horizontal bands, which are imaged here through the detector bulk. A measurement was carried out,
scanning the DUT in depth (z-direction) and perpendicular to the strip orientation (y-direction), at
bias voltages of 25 V and 50 V. The collected charge as a function of position is shown in fig. 6.44
for the two voltages. The backside of the sensor is located approximately at I = −6.225 mm. The top
side is located at I = −6.145 mm. The difference of these values is 80 `m which has to be multiplied
by a factor of 3.75 (sec. 5.2.4) to correct for the effect of refraction. Thus a value of 300 `m is
obtained for the full sensor thickness. The strip metallization can be clearly identified as the red
colored region of highest charge collection. The reason for this high charge collection is the square
dependence of the charge on the light intensity: When the light around the focal point is reflected back
into the sensor by the metallization, the light intensity increases at this position to a higher value than
without reflection. This causes a sharp peak in the charge collection profile. The observed doubling
of the collected charge, compared to the situation, when the focal point is fully inside the detector, is
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(a) +180B = −25 V (b) +180B = −50 V

Figure 6.44. – Collected charge as a function of position, measured with a strip detector at 25 V (a) and
50 V (b).

expected. When the beam is focused on the metal surface, the irradiance is twice as a high, due to
the reflection. But the volume, in which charge is generated is only half as large as the usual charge
generation volume, therefore & ∝ (2�)2/2 = 2�2. A significant amount of light is also apparently
collected above the metallization, outside of the detector. These signals originate as well from the
reflection on the metallic surface. All strips are equally biased, the charge that is collected in the
vicinity of the neighboring strip (H < 0.86 mm) is a result of charge sharing by diffusion. Contour
lines are drawn for a charge value of 0. Due to the shape of the weighting field, bi-polar signals can
occur when the charge is injected near a neighboring strip, but the overall charge should in this case
add up to 0. A negative signal, when the charge is injected near a neighboring strip can be caused
by capacitive coupling from one strip to the other. In this case also ballistic deficit can have a small
contribution. Fig. 6.45 (a) shows the charge profile in z-direction for three different positions in
y-direction for a bias voltage of 50 V. The three graphs show again the features explained above:
In black, the charge collection with light injection directly beneath the strip implant is shown. The
pronounced peak is the result of the increased irradiance due to a reflection of the focal point on the
strip metallization. For I > −6.14 mm the focal point is in principle already outside of the detector.
A back reflection into the active volume causes still some measured charge. The red curve shows
the charge profile with light injection between strips. No metallic surface is present in this region,
therefore the reflection is less pronounced. Some charge can be observed beyond the boundary of the
detector due to the reflection on the silicon-air interface. The decreased collection efficiency towards
the rear of the sensor (I ≈ −6.2 mm) is a consequence of charge sharing with the neighboring pad.
If the light is injected under the neighboring strip (green), no charge can be measured. Fig. 6.45 (b)
shows the recorded waveforms as a function of z. The signal amplitude is color coded and the time
is shown on the horizontal axis. The change of the signal shape can be observed, as the focal point
position is changed inside the detector. The symmetry of the figure around a z-value of I ≈ −6.14 mm
is a result of the reflection on the metal surface. The moment of light injection happens at around
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(a) Charge profile (b) Signal evolution

Figure 6.45. – a) Collected charge as a function of depth inside the sensor (z) for three different y-positions
and b) signal evolution in time as a function of z.

C = 11 ns. Due to the shape of the weighting field the largest part of the signal is a result of the
carrier drift close to the strip implant. For this reason the signal shape is different from the usual
superposition of electron and hole drift currents, which is observed in a pad detector. When the focal
point is at the backside of the detector (low z-values) the electrons take some time until reaching the
front electrode, therefore the the signal peak is delayed, depending on the drift path to the region of
high weighting field.

6.3.5. Correction methods for irradiated detectors

Irradiation induced defects in the silicon lattice lead to the possibility of absorption of single photons,
even if the photon energy is lower than the band-gap. This leads to a background of single photon
absorption (SPA) over the TPA-signal. The SPA-background can be subtracted in two different ways
[142].

SPA-subtraction by changing the focal point position

In principle the amount of charge created by SPA does not depend on the position along the beam axis,
since it depends linearly on the beam irradiance. But it has to be assumed that the number of absorbed
photons for both SPA and TPA is small compared to the overall number of photons available, such
that depletion of the beam is negligible. Under this condition the number of created charge carriers
from SPA and TPA are independent of each other. Since the recorded signal at a given time after
light injection is the sum of the drift currents resulting from the carriers created by SPA and TPA,
the TPA-waveform can be obtained if the SPA-waveform is known. For this it is possible to move the
focal point of the laser out of the sensor, such that no contribution to the signal by TPA is expected.
The signal recorded at this focal point position can be subtracted from all other signals, recorded at
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different focal point positions. After subtraction, the signal that is observed when the focal point is
inside the active volume of the sensor is assumed to be resulting solely from TPA. It is important
to point out that the SPA-background subtraction is done waveform by waveform, such that a full
analysis of the pulse shape of the TPA-signal is possible. Important limitations of this method are the
assumption of a constant SPA-signal for all focal point positions and the fact that it can be difficult to
move the focal point far enough out of the sensor to avoid any contribution from TPA. Depending on
the specific device under test, the opening in the top side metallization for laser light injection can be
as small as 100 × 100 `m2. This can make it difficult to move the focal point out of the device, while
ensuring that the full beam cross section is still going through the active volume, without clipping the
beam on the edges of the metal surface.
At a DUT position IB?0, at which the focal point is sufficiently far outside of the active volume, so
that the TPA contribution to the signal is negligible, the measured transient current is

� (IB?0, C) = �B?0 (C)%(IB?0). (6.16)

It is assumed now that the signal only varies with I, due to fluctuations of the laser power % from one
measurement to the other. �B?0 (C) is the SPA component of the signal, which is independent of the
laser power and the z-position. The laser power is usually recorded as the amplitude of a reference
sensor. As such it has the same dimension as the recorded waveform, so that the variable �B?0, in
principle, is a dimensionless quantity. In addition, in this notation, the SPA signal scales linearly with
the recorded laser power %. If instead a non-linear reference sensor (TPA) is used, the square-root of
the recorded reference signal has to be used for %. Ideally two reference signals (SPA and TPA) would
be recorded at all times to avoid issues from non-optimal correlation, as discussed in sec. 6.2.2.
If the focal point is nowmoved inside the active volume, TPA contributes to the signal and the recorded
waveform is the sum of SPA and TPA contributions

� (I, C) = �B?0 (C)%(I) + �C ?0 (I, C)%2(I). (6.17)

In contrast to the SPA signal, the TPA contribution �C ?0 depends on the focal point position. From
eqs. 6.16 and 6.17 the TPA contribution can be calculated as

�C ?0 (I, C) =
� (I, C)
%2(I)

−
� (IB?0, C)

%(IB?0)%(I)
. (6.18)

Fig. 6.46 shows the SPA and TPA contributions to the charge profile (a) and the signal shape (b).
The detector is an irradiated FZ p-type sensor with a thickness of 200 `m, which has been irradiated
with neutrons to a fluence of 1.5 × 1015 neq/cm2. For the measurements shown the sensor was biased
at 600 V. The SPA charge is constant with z by definition, since the same waveform (at the lowest
z value for the respective bias voltage) is used for the calculation. When the SPA background is
removed the calculated TPA charge reduces to zero when the focal point lies outside the detector, as
expected. The SPA subtraction does more than subtracting a constant number from a measurement,
as can be seen in the plot of the signal shape (fig. 6.46 (b)). The figure shows the original waveform
(SPA+TPA), measured at the backside of the detector (I = −1.605 mm). Calculating the SPA and
TPA contributions, as outlined above, yields waveforms with different shape. This is expected, since
SPA happens everywhere along the beam axis equally. The TPA signal is sensitive to the position of
the focal point and therefore the waveforms look differently depending on where the charge is injected.
Being able to reconstruct the TPA waveform is important for all quantities that depend on the signal
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(a) Charge profile (b) Signal

Figure 6.46. – SPA correction by changing the focal point position. (a) Charge profile with SPA and TPA
contributions. (b) Signal with SPA and TPA contributions at the sensor backside (I = −1.605 mm). All at
600 V.

shape, like the drift velocity, collection time and signal rise time.

SPA-subtraction by changing the laser power

Another method for subtracting the SPA-background from measurements of irradiated devices is to
exploit the linear and quadratic dependence of the number of created charge carriers on the laser power
for SPA and TPA, respectively. It is assumed that the measured drift current at a given time is the sum
of the SPA and TPA-contributions:

� (C) = %�B?0 (C) + %2�C ?0 (C) (6.19)

If the signal � is recorded at different laser powers % for otherwise identical experimental conditions
(especially the focal point position), eq. 6.19 can be used to obtain the SPA- and TPA waveforms �B?0
and �C ?0. If measurements at two different laser powers (�1, %1 and �2, %2) are performed, eq. 6.19
forms a system of two equations, which can be solved to obtain

�B?0 =
%2

1 �2 − %
2
2 �1

%1%2(%1 − %2)
(6.20)

�C ?0 =
−%1�2 + %2�1

%1%2(%1 − %2)
. (6.21)

If the measurements are repeated at more than two different laser powers a fit with eq. 6.19 can be
used. Again, the above equations assume that % is measured with a linear absorption process (SPA).
If the recorded reference signal is obtained by two-photon absorption or second harmonic generation
the value for the laser power has to be replaced by % =

√
%C ?0.
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As shown in sec. 6.2.2 the signals obtained by linear absorption and by a non-linear mechanism
(TPA or SHG) are not perfectly correlated. Fluctuations in the pulse temporal shape influence the
TPA-signal but not the SPA-signal. For this reason the strict linear and quadratic dependence of SPA
and TPA in 6.19 holds only approximately. As discussed above, ideally the power would be measured
at the same time independently using single photon absorption for the SPA-contribution, e.g. using
the in-built InGaAs-detector of the laser source, and two-photon absorption (or SHG) for the scaling
of the TPA-signal. In this case eq. 6.19 is written as

� (C) = %B?0 �B?0 (C) + %C ?0 �C ?0 (C). (6.22)

Fig. 6.47 shows a measurement of an irradiated detector at different laser powers. The sensor is

(a) Uncorrected measurements (b) SPA and TPA contributions

Figure 6.47. – Charge profile of an irradiated detector at two different laser powers. (a) Uncorrected
measurements, (b) SPA and TPA contributions to the overall signal.

a Hamamatsu n-type, float-zone sensor with an active thickness of 120 `m. It was irradiated with
neutrons to a total fluence of 6.25 × 1015 neq/cm2. The sensor was kept at a constant bias voltage of
300 V at a temperature of −20◦C. The high and low power measurements correspond to filter angles
of 70◦ and 85◦. The sensor was biased with a bias-T and no amplifier was used to avoid saturation at
high power. The left figure shows the uncorrected measurements at the two different powers. Both
measurements show the signal feature resulting from TPA, when the focal point is inside the detector.
When the focal point is outside of the active volume (I < −1.4 mm and I > −1.3 mm) a constant
SPA background is observed. The right figure shows again the uncorrected high power measurement
(SPA+TPA), as well as the SPA and TPA contributions, calculated from equations 6.20 and 6.21. As
the laser power was recorded using two-photon absorption in a silicon reference diode, the square-root
of this value was used for the calculation. As is evident from the figure, the separation of SPA and
TPA is not complete, since the location of the sensor can still be identified in what is supposed to
be the SPA contribution. In addition the corrected signals show a stronger noise contribution from
a limited signal to noise ratio of the reference sensor. It is possible that at the used laser powers



112 6. Development of a Compact TPA-TCT Setup

an e/h-plasma is created inside the sensor. As discussed in sec. 6.2.1, it was observed that in case
of plasma the generated charge does not follow the expected square dependence on the laser power.
This is a possible cause of the incomplete SPA correction. The general experience is that the SPA
subtraction by changing the focal point position gives more reliable results than the method discussed
here. If changing the focal point position is not feasible, e.g. due to the size of the DUT, the method
to use different laser powers can be useful.

Pre-pulse feature in irradiated detectors

All measurements with irradiated detectors show a small rise in the signal amplitude before the
main signal starts. As an example, fig. 6.48 shows the waveforms of the irradiated samples

Figure 6.48. – Signal waveforms of irradiated detectors showing a small increase in signal amplitude,
before the main pulse arrives.

FZ120N_03_DiodeL_9 and FZ200P_04_DiodeL_2. Before the signal quickly rises to its maxi-
mum value, a small increase in the signal, which can be clearly distinguished from the noise, is
visible. The signals in fig. 6.48 on the right, measured at different positions of the focal point, are
normalized to the same amplitude. The relative increase in magnitude of the feature, when the focal
point lies outside the detector, shows that the effect is caused by SPA. The described effect appears
in all irradiated detectors and seems to be independent of the used PCBs and amplifiers. The best
assumption is that it is caused by the pedestal in the temporal shape of the pulse, described in sec.
6.2.3. The part of the energy, which is stored in the tails of the pulse, would not contribute to the TPA
signal but potentially appear in the SPA signal of irradiated detectors. The observed feature in the
waveforms has a width of 1 to 2 ns and the pedestal would have to have a comparable width to be the
cause of this effect. It could not be confirmed if this is the case at the time of writing.

6.3.6. Microscope objective NA=0.7

For the measurements presented above, an objective with a numerical aperture of #� = 0.5 was used.
It was found that thin sensors (≈ 50 `m) are only insufficiently resolved along the beam axis, because



113

the volume in which charge is generated is not much smaller than the sensor thickness. For this reason,
towards the end of this thesis project, the microscope objective was exchanged against an objective
with a higher numerical aperture: M Plan Apo NIR HR 100× with #� = 0.7 to achieve a higher
resolution [143]. The theoretical beam parameters are F0 = 0.705 `m and I0 = 3.501 `m in silicon
(tab. 5.1). A knife-edge scan was performed to measure the beam parameters and compare these
against the theoretical values and the ones measured with the #� = 0.5 objective. The measurement
was carried out with an unirradiated, 50 `m thick diode, Epi50N_07_DiodeL_3, at a bias voltage of
−50 V at room temperature. The result of the measurement is shown in fig. 6.49. The beam radius

(a) Charge as a function of G and I (b) Beam radius F as a function of I

Figure 6.49. – Knife edge scan with NA=0.7.

at the waist is F0 = 0.9 `m, which is significantly smaller than the value of 1.5 `m, measured with
the different objective with #� = 0.5. The Rayleigh length could be reduced from I0 = 14 `m to
I0 = 8 `m. The fit quality is not satisfactory, because the measurements show features which are not
easy to interpret and are not reflected in the fit-function. The deviation from the model at I = 3.07 mm
does appear in every knife-edge scan, independent of the DUT or the objective and is most likely
related to the effect of refraction on the metal surface, discussed in sec. 6.2.7 (fig. 6.28). Also, the
values of the beam radius deviate more and more from the fit-function for z-values farther away from
the focal point, therefore the fit results depend on the chosen fit range. The parameter, which is most
reliable is the beam waist radius F0, because it can simply be read from the minimum of the graph.
Irrespective of these limitations in the measurement of the spatial resolution, with the new objective
the focusing could be very much increased, which will be useful, especially for thin sensors.
For thick devices, with the higher focusing objective (#� = 0.7), less charge is measured for a

position of the focal point towards the rear side of the sensor, compared with the usual objective
(#� = 0.5). The effect can clearly be seen in fig. 6.50, which shows a comparison of the collected
charge as a function of the position along the beam axis. The DUT is an unirradiated p-type PIN
sensor (7859-WL-A63-PIN4) with a thickness of 285 `m. The measurement was carried out at a bias
voltage of 200 V at room temperature. Both measurements are normalized to the respective maximum
of the collected charge. For a better comparison, the z-axis was multiplied with a factor of 3.75 for
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Figure 6.50. – Charge as a function of z, measured with different microscope objectives.

the measurement with #� = 0.5 and with 4.12 for the measurement with #� = 0.7, to account for
the effect of refraction. The effect was reproduced in multiple different measurements. The cause of
this is not yet fully understood. The effect is independent of the pulse energy, which makes plasma
or non-linear propagation effects unlikely. Also it is not related to a misalignment of the detector.
Clipping of the beam can be excluded. By illuminating the device from different directions, it was
possible to exclude any effect caused by the DUT. The most plausible explanation is a distortion of
the focal point by spherical aberration on the air-si interface. An elongated focal point can be moved
partly outside of the DUT when the focal point is moved towards the rear surface. The effect was only
observed with the objective with #� = 0.7 and is more pronounced at large depths of the focal point
inside the DUT. Further investigations are ongoing to find the origin of the reduced charge collection.
At the moment, the use of the high focusing objective seems to be limited to sensors with a thickness
lower than approximately 100 `m.
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7. Summary

Two independent projects were carried out in the course of this thesis work. The highest priority goal
was to develop a tabletop TPA-TCT setup, based on the experience made with TPA at UPV/EHU
Bilbao. At the start of this thesis project it was clear that TPA could be used to study silicon detectors
and that TPA-TCT could complement existing characterization techniques. Easy access to TPA-TCT,
on the other hand, would only be possible if a tabletop setup was available. The setup, developed
during the course of this thesis, was the first that was developed within the RD50-collaboration and
now serves as a prototype for similar projects at other institutes. The full free-space optical setup was
planned, purchased and installed in the framework of this thesis. The laser source, which is the heart
of the new setup, was custom developed specifically for this application by an external company and
was delivered for the first time in July 2019. During the time leading up to the delivery of the laser, the
rest of the setup was prepared as best as possible, including optical components, voltage supplies, data
acquisition and the motorized positioning stage. In addition, an annealing study of irradiated LGADs
was carried out during this time, which is now an additional part of this work. During the first phase
of commissioning of the laser, some points for improvement were identified. The laser was eventually
send back to the manufacturer to perform an upgrade and received back at CERN in January 2021.
The measurements shown in sec. 6 of this work were carried out with the latest version of the laser
source. The setup is now in a state, in which measurements can be carried out reliably and studies
are ongoing to compare the results obtained to simulated data. Some important lessons were learned
during the development of the setup. The importance of being able to correct for fluctuations in the
TPA signal by measuring an independent TPA reference signal was not obvious in the beginning.
Also, the necessity of using a high resolution multi-axis stage for positioning of the DUT became
evident in the first measurements. The analysis of the temporal structure of the pulses proved to be
both more important and more difficult than anticipated, especially after the pulse characterization tool
initially foreseen was not usable. First results showed that it is possible to perform three dimensional
scans of the devices under test and investigate features with unprecedented spatial resolution. Notable
examples are the interpad isolation structures of an LGAD, of which SPA-TCT measurements can not
match the resolution of TPA. Also, in contrast to SPA-TCTmeasurements, with TPA-TCT it is possible
to resolve the n-implant of an HV-CMOS detector. In some configurations the large opening angle of
the beam, necessary to achieve the high spatial resolution, is also a limiting factor, because it is more
likely to clip part of the beam and thus reduce the amount of light, which can enter the detector. The
effect of beam clipping, the dependence of the measurements on the quality of the focusing and on
the temporal structure of the pulses, as well as the fact that artifacts from reflections can be observed,
make the analysis of TPA-TCT measurements more challenging. The laser was delivered to several
other institutes already and similar setups are being constructed. It is foreseen that TPA-TCT will be
established as an additional tool for sensor characterization in the community of radiation detector
development.
As mentioned, before the laser for the TPA-TCT setup was delivered, an annealing study to investigate
the effects of proton radiation on LGADs was carried out. This study was motivated by previous
research, in which seemingly contradicting measurements of the gain layer depletion voltage, for
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different particle types, energies and fluences, were reported. It was possible to resolve the questions
regarding the origin of these discrepancies. An observed increase of the charge collection onset voltage,
observed in TCT measurements with red light injection from the front side, could be attributed to a
build up of space charge at the rear side of the detector after irradiation. IV and CV measurements,
which did not show this increase, indicate that the gain layer depletion voltage is decreased after
irradiation by acceptor removal, as expected. The gain, as well as the gain layer depletion voltage,
were found to be independent of annealing. Reverse annealing caused the build up of space charge
at the sensor backside to vanish, so that the previously increased onset voltage of charge collection
with top-TCT was reduced to the same value as observed with IV/CV measurements after sufficient
annealing times.
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A. Appendix

A.1. Irradiation and Annealing Study of Low Gain Avalanche Detectors

Figure A.1. – Leakage current measurements of the LGAD and PIN samples as a function of bias voltage
after irradiation. Accumulated annealing times at 60 ◦C are indicated in the figure legend. [78]
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(a) LGAD W5_I3_1 (b) LGAD W5_E3_1

Figure A.2. – Collected charge as a function of bias voltage of LGADs W5_I3_1 and W5_E3_1 after
charge injection by a red laser from the front side. The measurement temperature is −20 ◦C. Accumulated
annealing times at 60 ◦C are indicated in the figure legend. Fits to the data are shown (eq. 4.3), which are
used to obtain the value of the onset voltage. [78]

Figure A.3. – Drift velocity as a function of position of the laser beam inside the silicon bulk. Shown is
LGAD W5_E3_1 at a bias voltage of 55 V for different annealing times. The left hand side of the figure,
at low values of z, correspond to the front side of the detector, where the gain layer is located. [78]
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(a) 80min annealing (b) 2480min annealing

Figure A.4. – Drift velocity as a function of position of the laser beam inside the silicon bulk of sensor
W5_I3_1 for different bias voltages and annealing times. [78]

Figure A.5. – Data files of sensor W5_I3_1. Files are available on request.
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Figure A.6. – Data files of sensor W5_E3_1. Files are available on request.

Figure A.7. – Data files of sensor W5_E3_4. Files are available on request.
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A.2. Characterization of unirradiated LGADs

An electrical characterization (IV and CV) of unirradiated LGADs from CNM wafer 2 and wafer 5
of run 8622 was carried out. The devices are very similar to the ones presented in the main text
sec. 4, p. 29. The sensors from wafer 5 (W5) have a thickness of 277 `m and those from wafer
2 (W2) have a thickness of 278 `m. The active area of the sensors is 3 × 3 mm2. All sensors
feature a Junction Termination Extension (JTE). The electrical characterization was carried out on
the IV/CV probestation (sec. 3.1) at room temperature. The multiplication layer implant dose is
1.8 × 1013 atm/cm2 for W2 and 1.9 × 1013 atm/cm2 for W5.
Fig. A.8 shows measurements of the leakage current at room temperature of PINs (a) and LGADs (b).
The LGAD W2_J4_2 showed an exceptionally high leakage current and was excluded from further
measurements. The characteristic onset voltage can be seen in the measurements of the LGADs,
which is related to the depletion of the gain layer.

(a) PIN sensors (b) LGAD sensors

Figure A.8. – Leakage current as a function of bias voltage of PIN (a) and LGAD (b) sensors at +20◦C.
The devices are from wafer 2 and wafer 5 of CNM run 8622.

Capacitance measurements of the LGADs are shown in fig. A.9. Measurements were carried out
at room temperature at an AC frequency of 10 kHz. The figure on the left (a) shows the capacitance
in logarithmic scale as a function of bias voltage. The figure on the right (b) shows the value of 1/�2

as a function of bias voltage. Both figures show an inset with a zoom to the region around the gain
layer depletion voltage. The end capacitance of all LGADs is around 4 pF, as expected from the
device geometries. The insets of both figures clearly show the separation of devices from W2 and
W5. LGADs from W2 have a lower gain layer doping than those from W5, therefore the gain layer
depletes at a lower bias voltage. The gain layer depletion voltage is around 30 V for W2 and 33 V for
W5, as can be seen in the inset of fig. A.9 (b). Fig. A.10 shows the effective doping concentration as
a function of depth from the sensor top side. A zoom to the region around the gain layer is shown in
(b). The value of #4 5 5 was calculated from the measurements of the capacitance, using the equations
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(a) C-V (b) 1/C2-V

Figure A.9. – (a) Capacitance at 10 kHz as a function of bias voltage of the LGAD sensors at +20◦C. (b)
Value of 1/�2 as a function of bias voltage. The figure inset shows a zoom to the bias voltages around the
gain layer depletion voltage.

(eqs. 2.8, 2.9, p. 10)

#4 5 5 (G) = −
�3

n@4�
2

(
3�

3+

)−1
(A.1)

and
G =

n �

�
. (A.2)

The guard ring was connected, during the measurements, still there is some uncertainty in the lateral
extension of the depletion volume. The statedwidth of 3 mm refers to the gain layer implant. Thewidth
of the n+-electrode is 3.2 mm. In the equation above the area � was adjusted, such that the maximum
depletion width is in agreement with the nominal thickness of the devices, which resulted in a value
of � = 3.3 × 3.3 mm2. A value of n = 11.68 · 8.854187 · 10−14 F/cm was used. The electron charge
is denoted as @4. In addition to the IV measurements shown above, measurements of the current were
repeated for the LGADs with red light injection. For this, a continuous red LED was mounted directly
on top of the DUT during IV measurements. The results are shown in fig. A.11. Again, fig. A.11
(b) shows a zoom to the region around the gain layer depletion voltage. The currents are normalized
to the respective measurements at low voltages to measure the impact of charge multiplication. The
currents without illumination (fig. A.8) are in the order of several nanoampere. With illumination
the currents increase to hundreds of microampere and are therefore completely dominated by the
continuous charge injection. An increase in current with bias voltage would be primarily attributed to
an increase of charge multiplication in the gain layer. In fact, a gain value of � = 4.75 was measured
with unirradiated sensors fromW5 at +20◦C, at a bias voltage of 400 V, with TCT (compare fig. 4.8).
The normalized current with light illumination, which is reported here is closer to a value of �= = 6
at 400 V for W5. On the other hand, a clear separation of the measured currents, depending on the
gain layer doping can be observed. Sensors with a higher gain layer doping (W5) show a stronger
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(a) Full plot range (b) Zoom to the gain layer region

Figure A.10. – (a) Effective doping concentration of the LGAD sensors as a function of depth inside the
devices. The values are calculated from CV measurements. (b) Zoom to the region around the gain layer.

multiplication of the current. Most notably, the difference in the amount of current multiplication can
be observed already before the gain layer is depleted at around 30 to 33 V (fig. A.11 (b)).
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(a) Full plot range (b) Zoom to low bias voltages

Figure A.11. – (a) Current, measured with continuous injection of red light from the top, as a function
of bias voltage for LGADs from wafer 2 and wafer 5 of CNM run 8622. (b) Zoom to low bias voltages.
The currents are normalized to the respective value at low bias voltage. The gain layer depletion voltage
is 30 V for sensors from wafer 2 and 33 V for sensors from wafer 5.

A.3. IV/CV: HPK2 LGAD

Fig. A.12 shows IV and CV measurements of the LGAD HPK2-W28-S1-5x5-LGAD-P14. The
measurements were taken at room temperature (20◦C). The CV measurement was performed at an
AC-frequency of 10 kHz. The probe needle was connected to each pad individually. The guard ring
was connected.
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Figure A.12. – Measurements of the leakage current and capacitance for three neighboring pads of an
HPK2 5x5 LGAD. The gain layer is depleted at around 55 V. The CV measurements was performed at an
AC-frequency of 10 kHz.
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