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Abstract 
 
The Large Hadron Collider (LHC) accelerator at CERN will be updated into High-

Luminosity Large Hadron Collider (HL-LHC) between 2025-2027, and as a result, all of the 
LHC experiments have to be upgraded to meet the goals set for high-quality physics data 
taking. Also the Compact Muon Solenoid (CMS) Tracker will undergo several planned 
upgrades aimed to improve the characteristics of its detectors without negative impact on 
physics potential. In the HL-LHC, the level of radiation will increase significantly, thus, the 
radiation hardness of the detectors should be improved while at the same time also improving 
their capability of handling the higher amounts of data. The candidate materials and 
technologies for the development of the detectors need to be reviewed taking the requirements 
of the HL-LHC data taking into account. The quality assurance of these detectors is of utmost 
importance to identify possible failures as soon as possible in the design phase and later during 
the production of the devices. The quality assurance methods should be verified to be able to 
reliably provide the needed characterisation parameters. 

In this thesis, the processing of the samples and their characterisation are described from 
the reliability point of view. Descriptions of processing steps, theoretical models and 
measurements methods are accompanied by the discussion of possible failures and 
suggestions how to prevent them. Special attention is put on the impact of the so-called human 
factor and the importance of knowledge transfer. 

The purpose of this work is to study the long-term stability of silicon detectors with Al2O3 
thin films grown with the Atomic Layer Deposition (ALD) method and implemented as an 
insulation and surface passivation layer. The test samples for these studies were processed 
during 2011-2015 in the cleanroom facilities of the Micronova centre for Micro and 
Nanotechnology by Dr. E. Tuovinen. Electrical characterisation and characteristic 
measurements with source were performed in 2014-2018 in the Detector laboratory and 
cleanroom facilities of Helsinki Institute of Physics (HIP). In addition, Highly Accelerated 
Temperature and Humidity Stress Tests (HAST) like those performed in the HIP Detector 
laboratory facilities is suggested as a new approach for studies of the long-term stability of 
the detectors. 

Electrical characterisation demonstrated good long-term stability of capacitance, 
depletion voltage and leakage current characteristics of the test samples with Al2O3 insulation 
and surface passivation layer. The result of the characterisation demonstrates that samples 
with surface passivation are able to withstand higher bias voltage than samples without such 
passivation. Characteristic measurements with a Cs-137 source confirmed that the surface 
passivation with Al2O3 does not affect the general detector performance. Characterisation of 
single pixel sensors coated with the Al2O3 after the flip-chip bonding demonstrated that the 
additional ALD run is not harmful for the structure of the detector and does not affect its 
behaviour. Thus, ALD-deposited alumina coating can be recommended as a material for 
additional protection of silicon detector structures. 
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Nuclear Instruments and Methods in Physics Research A: Volume 831 (2016), p 2-6 
 
Abstract. In this report we cover two special applications of Atomic Layer Deposition 

(ALD) thin films to solve these challenges of the very small size pixel detectors. First, we 
propose to passivate the p-type pixel detector with ALD grown Al2O3 field insulator with a 
negative oxide charge instead of using the commonly adopted p-stop or p-spray technologies 
with SiO2, and second, to use plasma-enhanced ALD grown titanium nitride (TiN) bias 
resistors instead of the punch through biasing structures. Surface passivation properties of 
Al2O3 field insulator was studied by Photoconductive Decay (PCD) method and our results 
indicate that after appropriate annealing Al2O3 provides equally low effective surface 
recombination velocity as thermally oxidized Si/SiO2 interface. Furthermore, with properly 
designed annealing steps, the TiN thin film resistors can be tuned to have up to several MΩ 
resistances with a few μm of physical size required in ultra-fine pitch pixel detectors. 

 
3. Processing and characterization of epitaxial GaAs radiation detectors 
 
X.Wu, T.Peltola, T.Arsenovich, A.Gädda, J.Härkönen, A.Junkes, A.Karadzhinova, 

P.Kostamo, H.Lipsanen, P.Luukka, M.Mattila, S.Nenonen, T.Riekkinen, E.Tuominen, 
A.Winkler 

 
Nuclear Instruments and Methods in Physics Research A: Volume 796 (2015), p 51-55 
 
Abstract. GaAs devices have relatively high atomic numbers (Z=31, 33) and thus extend 

the X-ray absorption edge beyond that of Si (Z=14) devices. In this study, radiation detectors 
were processed on GaAs substrates with 110-130 μm thick epitaxial absorption volume. Thick 
undoped and heavily doped p+ epitaxial layers were grown using a custom-made horizontal 
Chloride Vapor Phase Epitaxy (CVPE) reactor, the growth rate of which was about 10 μm/h. 
The GaAs p+/i/n+ detectors were characterized by Capacitance Voltage (CV), Current Voltage 
(IV), Transient Current Technique (TCT) and Deep Level Transient Spectroscopy (DLTS) 
measurements. The full depletion voltage (Vfd) of the detectors with 110 μm epi-layer 
thickness is in the range of 8–15 V and the leakage current density is about 10 nA/cm2. The 
signal transit time determined by TCT is about 5 ns when the bias voltage is well above the 
value that produces the peak saturation drift velocity of electrons in GaAs at a given thickness. 
Numerical simulations with an appropriate defect model agree with the experimental results. 
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Introduction and motivation 
 
The Large Hadron Collider (LHC) at CERN [1] will be updated to the High-Luminosity 

LHC (HL-LHC) in 2025–2027, and as a result all of the LHC experiments must be upgraded 
to meet the goals set for high-quality physics data taking. One of the experiments is Compact 
Muon Solenoid (CMS) [2], whose Tracker will undergo several planned upgrades aimed to 
improve the characteristics of its detectors without compromising its’ physics performance. 
With the start of HL-LHC, the level of radiation will increase significantly, thus, the radiation 
hardness of the detectors should be improved. The number of sensors will be increased, the 
amount of readout channels will respectively be increased, and all connections and supporting 
structures will also be renewed to cope with the more demanding operational conditions. The 
larger pileup and associated increase in particle density requires higher detector granularity 
to reduce the occupancy to ensure efficient charged particle tracking and increased bandwidth 
to accommodate the increased data rates. The trigger capability will also be improved to allow 
efficient triggering of the interesting physics event in the higher pileup conditions of HL-
LHC. The candidate materials and technologies for the development of the detectors need to 
be reviewed taking the requirements for the Tracker upgrade [3] into account.  The quality 
assurance of these detectors is of utmost importance to identify possible failures as early as 
possible. 

The CMS upgrade project at the Helsinki Institute of Physics promoted studies of new 
materials when I joined as a Master student in 2011. From the materials with high permittivity 
Al2O3, HfO2, ZrO2, and Ta2O5 were considered as promising candidates to be included into 
the layouts of future detector structures. The focus was on a processing approach aiming to 
deposit a thin film with uniform properties. Further development should result in detector 
structures with stable properties — and to ensure this, reliable characterisation approaches 
should be applied.  

I participated in the first attempts to achieve Hafnium dioxide (HfO2) deposition, which 
encountered significant obstacles due to problems with the equipment available at that time. 
It was impossible to derive a reliable combination of parameters leading to the successful 
deposition of the conformal thin film of HfO2. I learnt how the reliability of the components 
and equipment might affect the result of processing. In the first instance, I focused my 
attention on the impact of factors typically underestimated, such as human factors and 
processing facilities policies. I studied the quality assurance methods for the detector 
characterisation as well, but the importance of their reliability I discovered later in 2014, when 
I started my work as a doctoral student in the CMS Upgrade project. 

During 2011–2012, under the supervision of Dr. E. Tuovinen, I processed test structures 
with Al2O3 thin films to study their capacitive properties. Some of the first test detector 
structures with Al2O3 surface passivation and insulation layers were processed also at that 
time, and I participated in their characterisation performed at HIP and CERN facilities. In 
2014, I continued to study the properties of these structures and discovered that newly 
produced similar structures had significantly different characteristics. My attempts to find the 
reason for this difference resulted in a deep review of our approaches and theoretical aspects, 
and finally led to changes in the laboratory practices.  

When experimental samples fail to show the expected results, it might seem trivial. Such 
samples should simply be considered as failed, and studies should concentrate on the reason 
for its failure in order to prevent this kind of problem in the future. But there was something 
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intriguing in the collected measurement results. I witnessed the failure of certain samples that 
later demonstrated characteristics ideally corresponding to the preliminary calculated values. 
Different measurement results were obtained from the same sample with the same equipment 
but by different operators, or by same operator, but in different days; or new test samples 
processed using already successfully tested receipt demonstrated weird characteristics. The 
fundamental scientific principle of repeatability cannot be contravened, thus some hidden 
factors should be unveiled. Many of those were found during my doctoral studies and I would 
like to share my experience in this thesis to help identify more such issues in the future. 

For example, human factors play a significant role in the electrical characterisation of the 
detector structures. Manually operated probe needles are used to establish contact with the 
samples during these tests. Different operators have different hands and vision, thus the force 
applied with the probe needle to the surface of the sample is different. It might result in the 
penetration of the probe needle through the conductive layer and the sample gets damaged. 
Proper training and information exchange should help to minimize this problem and other 
possible issues related to the operator’s action, such as harmful hold and movement of the 
sample. The importance of knowledge and skill transfer is another underestimated factor. In 
research institutions, a high rotation of personnel is natural: it is expected that scientists 
participate in multiple projects during their career. Proper knowledge transfer is necessary to 
organise smooth and effective research projects, despite the rotation of personnel.   

Electrical characterisation of the detector structures with Al2O3 processed in 2014–2015 
revealed differences in their properties from preliminary calculated values and properties of 
structures that had been previously processed. Such conclusions can only be reached in cases 
of accurate sample identification. I found that labelling and tracking of the samples are also 
underestimated factors that can be critical for the research flow in case of the rotation of 
personnel: important information can be completely lost if not properly documented before a 
responsible person leaves the project. In most cases, the layout for processing of the 
experimental samples on silicon wafer includes numbers or letters to identify structures after 
dicing. Unfortunately, cases where any kind of identification mark is missing are not so rare. 
The layout of the wafer might include several types of test structures developed by experts 
from different institutions. These kinds of layouts are widely used to reduce production costs, 
since full processing lines are not always available for research projects. I suggested to use 
coordinates to identify structures in the arrays in such cases and, together with my colleagues, 
we established an abbreviation system to sort and track our test structures; a more advanced 
version of this system could be useful also for collaborative research.  

At that time, the range of our test structures was extended for detailed studies of the 
capacitive properties of Al2O3, and the size of the structures was decreased. For reliable 
measurement results, the instrumentation was reviewed and upgraded since the order of 
expected capacitance values was the same as the order of the background capacitance of the 
previous configuration of the probe station. Preliminary calculated values started to match 
with the measured values of the capacitance after several iterations of probe station upgrades. 
Documentation of this process is an important factor, together with the need to review the 
reliability of the instrumentation for every new stage in the project.  

The instrumentation providing the data should be reliable. The reliability should be 
sufficient to remove the probability that mistakes and artefacts will be adopted as actual 
results. Thus, a procedure for verification of reliability should exist for all levels of 
development, characterisation, and operation of the instrumentation, namely particle 
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detectors, for every part of these detectors and for the whole system of detectors in the 
experiment. The theory used for preliminary calculations and modelling should also be 
reviewed. Minor issues previously neglected due their minimal effect might become notable 
with the further miniaturisation of the detector structures. In the case of capacitance 
measurements, for instance, fringe field or different dielectric constants may be used for the 
components of multilayer structures. This thesis considers the review of capacitance 
calculations and measurements due to the possible changes in detector geometry.  

Silicon-based particle detectors can become non-operational because of degradation due 
to the radiation induced defects and other long-term effects. Severe problems can occur if our 
estimations of the detector lifetime in harsh radiation conditions were inaccurate enough and 
thus the detectors died much earlier than expected. This is why it is of utmost importance that 
the calculations and models used for the preliminary estimations are correct and reliable. 

During 2014–2018, I organised several sessions of characterisation of the detector 
structures with the Al2O3 layers produced in 2012. The data collected provided the possibility 
to consider the long-term stability of these structures and create a reference for further studies 
of radiation effects on such structures. However, it is not always possible to organise such 
long-term studies, thus an approach to study aging effects should be invented for further 
research of other types of materials and structures. I suggest to adopt industrial accelerated 
temperature and humidity stress test (HAST) generally used for reliability studies of the 
semiconductor devices in industry.  

Characterisation sessions of the structures with Al2O3 layers also aim to examine the 
possibilities to include alumina thin films to the structure of the detector. I studied the 
behaviour of the standard test diode structures to prove the ability of the suggested usage of 
aluminium oxide as an insulator and surface passivation material for the p-type silicon 
detectors. It was shown that additional surface passivation improves the stability of the diodes, 
which did not demonstrate breakdown until 500 V (limitation of the setup), whereas similar 
structures without surface passivation broke down at 150–200 V.  

I examined the possibility to add surface passivation with Al2O3 to the processing chain 
of the pixel sensors. The approach was confirmed to be non-harmful for the flip-chip bonding 
between the sensor and the readout chip. I performed characterisation of the pixel sensors 
with surface passivation, which revealed no significant difference in their behaviour before 
and after the additional deposition run. 

I summarize my work by listing my experience in this thesis. I sought to create a text that 
I would have liked to have at the beginning of my doctoral studies, and I hope it will help my 
colleagues in the future. The aim is to list the studies of long-term stability of the detector 
structures with alumina thin films and make a conclusion about them, as well as to explain 
the applied methods and possible reasons for failure by illustrations from these studies. I 
extensively described related theoretical aspects and collected important points from the 
practice to create a text helpful for further knowledge transfer, because the necessity of 
continuity of the information related to research practices is the key factor of proper quality 
management in research practices. I described quality assurance methods used for the 
characterisation of silicon detectors from the reliability point of view. I mentioned the effect 
of human factors on reliability in scientific research as a subject of special attention. I 
collected descriptions of various test setups to ensure further continuity of the characterisation 
methods for the project. I reviewed possible errors and approaches to prevent the most 
common errors or minimize their effects focusing on the methods of quality assurance based 
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on electrical characterisation. I introduced basic reliability concepts and suggested to adopt 
reliability approaches for systematic studies of the silicon detectors. More detailed description 
of the structure of this thesis is provided below. 

 
Tatyana Arsenovich 

Helsinki – St.Petersburg 
2018–2019 
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Structure of this work 
 
This thesis is organised into six chapters. Chapters II–IV consist of the overview of 

subject theory accompanied by actual experimental results relevant to its topic. 
Chapter I is dedicated to an overview of the CMS project at LHC and sets the background 

of the research. The aim of this chapter is to introduce one of the biggest projects involving 
silicon detectors and to mention the challenges associated with their upgrades. 

In Chapter II, facts about silicon detectors are collected. The operational principle of 
silicon detectors is defined generally and typical structures of the detectors used for the CMS 
project are provided. The main processing techniques are reviewed, and possible reliability 
issues associated with them are mentioned. The description of selected test samples processed 
in the Helsinki Institute of Physics is provided with the motivation of material choice for 
further research. The aim of this chapter is to introduce the main subject of this study, test 
samples with Al2O3 layers. One group of test samples consists of standard test diodes, which 
can be found in the layouts of most wafers developed experimentally. It includes samples 
with an Al2O3 insulation layer and samples with an Al2O3 insulation layer and additional 
surface passivation layer of Al2O3. A second group of test samples consists of single sensors 
(SCM) with alumina surface passivation. 

Chapter III describes techniques used for the characterisation of silicon detectors on the 
stage of development. Attention is focused on the challenges associated with electrical 
measurements. The results of capacitance and leakage current measurements (CV–IV) and 
Transient Current Technique (TCT) measurements of the test samples are provided in order 
to examine the behaviour of the samples with Al2O3 insulation layer and samples with Al2O3 

insulation and an additional surface passivation layer. The behaviour of test samples as 
detectors is examined during the characterisation measurements with the radioactive source 
(Cesium-137). The possibility of including surface passivation with Al2O3 into the fabrication 
of the detectors is examined by studies of the effect of ALD processing on the behaviour of a 
flip-chip bonded single pixel sensor. The aim of this chapter is to suggest algorithms of 
characterisation and illustrate them with collected data.  

Chapter IV introduces: the main concepts of reliability as a discipline; the specificity of 
the applications for scientific projects; approaches for testing the long-term stability of 
detector test structures; and the need for background regarding changes in the characteristics 
of the samples over time. The aim of this chapter is to demonstrate the possibility of adopting 
industrial reliability tests to the development process of silicon detectors  

Chapter V summarizes the results mentioned in Chapters 2–4. The conclusion that 
additional surface passivation with Al2O3 can be introduced into the processing of silicon 
detectors for the improvement of their characteristics and long-term stability is discussed in 
Chapter V and summarised in Chapter VI. The aim of this chapter is to define the conclusion 
and discuss it. 
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I. Background of the research 
 
Development of particle detectors starts from the analysis of their future applications, 

destination, and project needs. The description of the detector structures studied in this thesis 
starts from the overview of their dedicated destination, the CMS Tracker at the Large Hadron 
Collider (LHC) [1]. This chapter provides an overview of the CMS experiment at LHC [2]. 
Changes in the Tracker design are shown to illustrate challenges associated with different 
stages of the upgrades. 

 

 1. CMS experiment at Large Hadron Collider (LHC) 
 
The LHC is the largest and most powerful particle accelerator in the world. It consists of 

a 27-kilometre ring of superconducting magnets with a number of accelerating structures to 
boost the energy of the particles along the way. Two high-energy particle beams are 
accelerated close to the speed of light before they will collide at the experiments and produce 
an array of particles. Produced particles are analysed by several detecting systems arranged 
into multilayer constructions at the experiments [1, 2]. 

The Compact Muon Solenoid (CMS) is one of the experiments at LHC situated at one of 
the four collision points. It is a general-purpose detector with a broad physics programme 
ranging from studying the Standard Model (including the Higgs boson) to searching for extra 
dimensions and particles that could make up dark matter.  

 

 
Figure 1  CMS detector [2]  
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The most significant part of the CMS detector is a huge solenoid magnet generating a 
uniform magnetic field of 3.8 tesla confined by a steel yoke (Figure 1). The beam collision 
point in the centre is surrounded by several layers of detecting systems based on different 
detecting principles to enable the measurement of particles with different properties, and, 
hence, with different mechanisms of interaction with matter. 

The silicon tracker situated in the heart of the CMS closest to the beam collision point is 
exposed to the highest level of radiation, and with the planned updates to LHC its operational 
conditions will become even harsher. Thus, the requirements for the upgraded silicon tracker 
are defined by operational conditions. Research in fundamental particle physics is based on 
information provided by the detectors at powerful accelerators, and with every new physics 
discovery the requirements for the detecting systems, as well as for the colliding machines, 
are becoming increasingly advanced. Complicated systems require more complex reliability 
analysis on different levels from single sensors to the complete detector system during all 
R&D and development stages. 

The update of the LHC will turn it into the High-Luminosity Large Hadron Collider (HL-
LHC) with extended potential for discoveries [3]. The luminosity of HL-LHC is planned to 
exceed the luminosity of the LHC, and the experiments will have to adjust their capabilities 
to process the respectively increased amount of data [4]. Figure 2 shows the timeline of 
projected changes in luminosity and planned maintenance. In addition, many critical 
components of the accelerator should be replaced as they will reach the end of their lifetime 
due to radiation damage [5]. 

 

 
Figure 2 Projected LHC performance through 2038, showing preliminary dates for long shutdowns (LS) of the 

LHC and projected luminosities [6] 
 

2. CMS Tracker  
 
CMS Tracker is a complicated array of silicon particle sensors and readout electronics. It 

is the heart of the CMS experiment and its reliability requirements are at the highest possible 
level, with the aim to collect data with 100% efficiency. The initial design of the silicon 
tracker was developed with requirements derived from the expected performance of the LHC. 
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Nonetheless, with upgrades to the LHC, an increasing amount of data, and exposure to higher 
radiation level CMS detector faces, there was a need to upgrade the silicon tracker. The 
upgrade was scheduled to two separate phases, Phase-1 and Phase-2, related to two distinct 
periods of the LHC operation. The Phase-1 upgrade has already been completed. Below is a 
brief description of the initial design and the main challenges of the Phase-1 and Phase-2 
upgrades of the detector layout. 

 

2.1 Initial design  
 
The physical dimensions of the CMS detector were originally defined by the width of the 

streets of the French town Cessy, near which the cavern intended for its installation was 
projected and excavated [2, 7]. Every part of the future detector should also be produced and 
transferred through the regular streets, therefore, each radial component of CMS cannot be 
longer than 7 meters. During the design phase and first production stages, additional 
challenges promoted various changes in the structure of the detector presented in the main 
technical design report [3, 7].  

The central part of the first CMS detector was the silicon tracker of a form of the cylinder 
with a 2.4 m diameter and 5.4 m length [7]. It was composed of a Pixel detector in the centre 
with 3 barrel layers at a distance of between 4.4 cm and 10.2 cm from the beam pipe, and a 
Silicon Strip Tracker (SST) surrounding the Pixel detector with 10 barrel detection layers 
extending outwards to a radius of 1.1 m (Figure 3). The total active area of 206 m2 was 
composed of 1440 pixel detector modules and of 15148 strip detector modules. Each system 
was completed by endcaps. 

 
Figure 3 Schematic cross-section through the original CMS Strip Tracker. Each line corresponds to a detector 

module. The Pixel tracker is in the centre. The labelled areas are TIB – inner barrel; TOB – outer barrel; TID – inner 
end-cap; TEC – outer end-cap [7]. 

 
The Pixel Detector is the innermost part of the CMS silicon detector [8]. Its main task is 

to provide crucial information to identify the products originated from the decays in beam 
collision point. The first pixel detector consisted of a barrel and an endcap section (Figure 4). 



11 
 

Due to its compact size, the pixel detector requires sophisticated geometry and readout 
architecture [7, 9].  

 
Figure 4  Schematic view of the CMS Pixel detector [9].  
 
The barrel in initial configuration was formed by three layers of sensors placed at average 

radii of 4.3, 7.2, and 11 cm, the endcap included two disks on each side of the barrel, covering 
radii between 6 and 15 cm from the beam axis and positioned at 34.5 and 46.5 cm from the 
collision point. At that point there was no tilting projected in the barrel layers, since it was 
expected that the magnetic field of 3.8 tesla will cause strong Lorentz deflection, which will 
distribute the signal to several channels. In the endcaps this field will hardly affect the drift 
of charge carriers, so the modules are tilted about 20° in a turbine-like geometry to increase 
the coverage probability. The barrel (endcap) included 11520 (4320) ROCs forming a total 
amount of about 48 (18) million pixels [7, 9]. 

The first SST consisted of 15148 silicon strip detector modules, which were grouped in 
four large substructures: the Tracker Outer Barrel (TOB), the Tracker Inner Barrel (TIB), the 
Tracker Inner Disk (TID), and the Tracker End Cap (TEC). The radial arrangement of the 
substructures requires various geometries of sensors and modules [10, 11]. The number of 
strips was defined to match the electronics modularity of 256 channels. The choice of the 
range for the strip pitches was based on the two-particle separation capability aiming also for 
two-hit resolution, whereas the range of strip lengths minimizes occupancy and noise levels. 
The strip pitch varied from the inner to the outer layers from 80 μm to 205 μm [12]. 

Sensors were produced from n-type <100> silicon and connected to the readout chips 
using pitch adapters. Comprehensive descriptions of the sensors have been reported 
previously [8, 10]. An example of the TOB module with readout electronics is shown in 
Figure 5.  

 

 
Figure 5 TOB silicon strip detector module  
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Detectors should be cooled down to ensure the stable performance of the system and to 
reduce the harmful effects of the irradiation and thermal runaway on noise level. Operational 
conditions for SST were initially set to 10°C. During the years of exposure to irradiation, this 
temperature was adjusted several times and almost reached -20°C. 

 

2.2. Upgrade of CMS silicon Tracker 
 
Cumulative radiation damage will lead to a decrease in the tracking efficiency of silicon 

detectors. An increasing amount of data warrants improvement, or upgrade, of CMS silicon 
Tracker [3, 6, 13]. Complex improvements are scheduled for non-operational periods of the 
LHC, known as long shutdowns (LS). Figure 6 shows the roadmap of long shutdowns and the 
associated phases of upgrades. 

  

 
Figure 6. LHC roadmap of long shutdowns, runs, and upgrade phases [3] 
 
The first round of upgrade for Phase-1 started with the first long shutdown, LS1, during 

2013–14. During that time, some maintenance of strip detector was organised, but the pixel 
tracker was renewed only during the technical stop at the end of 2016 and beginning of 2017. 
Gained experience and renewed requirements are being used in planning for Phase-2 
upgrades, which are scheduled for 2024–26. A short review of the scheduled changes for the 
silicon tracker are provided below. 

Phase-1 upgrade 
The main objective of the upgraded CMS pixel detector is the maintenance and 

improvement of the physics performance at higher instantaneous luminosities, which together 
with cumulative radiation damage can lead to a tracking efficiency loss. [14, 15]  

During the winter/spring of 2017 extended Year-End Technical Stop (EYETS), the 
installation of a renewed Phase-1 upgrade pixel detector was completed. The renewed barrel 
consists of four layers and the first layer shifted closer to the interaction point, at the distance 
of 2.9 cm from the beam pipe. The number of modules was increased to 1184 in barrel and to 
672 in endcaps forming 79 and 45 million pixels respectively. Endcaps were extended to 3 
disks on each side. Outer rings of endcaps were rotated by 20°, and inner rings were rotated 
by 20° and tilted by 12° with respect to IP [16-18]. 

A comparison of the initial and renewed layout of the pixel detector is shown in Figure 7. 
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Figure 7  Comparison of the Phase-1 pixel detector (top) and the initial detector layout (bottom) [16] 
 
While the design of silicon sensors is similar to the initial, the readout was renewed to be 

able to run up to 2–2.5 1034 cm-2 s-1 with almost no inefficiency (from hit loss) or dead time. 
New ASICs and a new data acquisition system were introduced; some materials in the cooling 
systems and DC-DC converters were reduced [17, 19-20]. 

 
Phase-2 upgrade 
According to the upgrade program of the LHC, over the next decade the luminosity might 

exceed 5×1034 cm−2 s−1, and integrated luminosity could be as high as 4000 fb−1. Successful 
operation of the LHC systems facilitates the increase of the luminosity to these values earlier 
than expected. These parameters are associated with Phase-2, or High-Luminosity phase of 
LHC (HL-LHC) operation, however, and a completely new tracker detector with additional 
triggering capabilities is needed for the CMS for successful data taking.  

In a baseline version of the new tracker, two sub-detectors will be combined into the 
upgraded structure: a Pixel vertex detector will cover the region up to 20 cm from the nominal 
collision point (former Pixel detector), and the Outer Tracker (former Strip detector) will 
occupy the region from 20 cm to 110 cm as is schematically shown in Figure 8 [5, 18].  

 

Initial 
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Figure 8  Scheme of one quarter of upgraded tracker layout. Green lines are the modules of Pixel vertex 

detector with extension to forward. Blue and red lines represent modules of outer tracker [14]  
 
The structure includes 15508 detector modules with a total active surface of 218 m2, 47.8 

million strips, and 218 million macro-pixels. The outer tracker consists of 7084 PS (Pixel and 
Strip) modules (blue lines in Figure 8) covering an active area of 60 m2 and 8424 2S (Strip-
Strip) modules (red lines in Figure 8) extending the active area by a further 150 m2. A detailed 
description of 2S and PS modules is provided in [21]: 2S modules contain two superimposed 
segmented 90 μm × 5 cm strip sensors oriented parallel to each other, and PS modules contain 
one sensor segmented into strips sized 100 μm × 2.3 cm and the other segmented in ‘macro-
pixels’ sized 100 μm × 1.4 mm. 

Modules of Outer Tracker are organised in 6 double layers (barrels) and 5 Tracker End-
Cap Double Disks (TEDD). An alternating layout of the barrel with PS modules is suggested 
to reduce the number of modules from 7084 to 5200 and optimize cost: modules in the center 
are parallel to the beam while modules between the centre and TEDD are tilted by angles 
from 35° to 75° to be always perpendicular to the interaction point [23].  

A new pixel detector will be based on the architecture of the Phase-1 pixel tracker (Figure 
3). The number of endcap disks will be extended to 10, and the active surface will be 
approximately 4 m2. The resolution will be improved by the invention of thin (150 μm or less 
instead of previously used 300 μm) planar silicon sensors segmented into smaller pixels with 
sizes of 25 × 100 μm2 or 50 × 50 μm2. The final structure of pixel sensors and modules 
experienced significant R&D challenges [5, 21, 23-28] and summarised in [3]. 
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II. Silicon detectors 
 
Evolution of the tracker layout discussed in Chapter I is only a part of R&D challenges 

of CMS project. The CMS Tracker is an array of silicon detectors exposed to harsh radiation 
conditions. These detectors are focused on in radiation hardness studies and require advanced 
engineering to fit the requirements aligned by a wide spectrum of particle physics research 
planned to be performed with CMS. This chapter reviews the main operational principles and 
types of silicon detectors adopted for the CMS Tracker. Fabrication methods will be discussed 
from the reliability point of view. Selected test samples processed at the Helsinki Institute of 
Physics will be introduced with the motivation of material choice. 

 

1. Operational principle of silicon detector 
 
The silicon radiation detector is a semiconductor device based on ionization principle: it 

is a microscopic ionization chamber with the semiconductor bulk in the role of particle 
detecting medium.  

The basic operational principle of the silicon detector is schematically shown in Figure 
9: one side of silicon bulk (1) is heavily doped (2) to create an ohmic contact with the metal 
backplane (3) forming a contact plane for applying a high voltage. On the top of the bulk (1) 
a heavily doped implant area (4) is introduced to form a pn-junction and perform as a signal 
collecting contact. Charged particle traversing through the semiconducting medium produces 
electron-hole pairs (5). Electrons and holes are separated by an electric field (6) and drift to 
the collecting electrodes connected to the readout electronics. To distinguish particle-
generated charge carriers from intrinsic charge carriers, the electric field Ē created by applied 
reverse bias voltage extends the depletion area of pn-junction to the entire thickness of the 
silicon detector forming the full depletion region.  

 
Figure 9  Illustration of operational principle of silicon detector: 1 – silicon bulk; 2 – heavily doped region; 3 –

metal backplane; 4 – doped implant; 5 – electrons and holes created by traversing charged particle; 6 – applied 
electric field; Δ =E is an electric field created by applied reverse bias voltage to deplete the bulk.  
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Formation of the depletion region starts from a pn-junction, which promotes the 
extension of the electric field space charge region until reaching the depth d. The electric 
field has a maximum near the junction and linearly decreases inside the bulk [29]. The depth 
d of the depletion region is  

 

 (1) 

 
where ε0=8.85∙1012 F/m is a vacuum permittivity,  is a dielectric constant of the material 

(silicon in case of silicon detector), q is the elementary charge in the depleted region (-qe for 
p-type and qe for n-type),V is applied reverse bias voltage, and Ndop is a doping concentration 
(in n-type bulk Ndop=ND is a donor concentration, in p-type Ndop=NA is an acceptor 
concentration). 

Depletion voltage Vfd is the value of reverse bias voltage required for the full depletion 
of the detector with thickness w: 

 

 
This is one of the most important characteristics of a silicon detector. The term ‘depletion 

voltage’ should not be confused with the term ‘operational voltage’. Operational voltage is 
the voltage which is used to reliably keep the detector fully depleted during the data collection 
runs. Exposure to radiation leads to changes in the concentration of charge carriers in silicon, 
thus the depletion voltage will change. Common practice is to set operational voltage higher 
than the value of reverse bias voltage required for the full depletion. In other words, depletion 
voltage is set by material properties and can be confirmed with characterisation 
measurements; operational voltage is set by the operator in order to ensure full depletion even 
in cases where material properties will change. 

  

2. Detectors based on n-type and p-type silicon 
 
The velocity of charge carriers in the depletion region is defined by electric field E and 

mobility μ: 
 

 (3) 
 
The mobility of electrons in silicon is 1450 cm2/V∙s, and the mobility of holes is 505 

cm2/V∙s, therefore the signal created by electrons will arrive to electrodes approximately 3 
times faster than signal created by holes. These charge carriers will be drifted by the electric 
field forming an excess of charge carriers in corresponding implanted segments, which results 
in a current high enough for the readout electronics. There are various combinations of bulk 
types and types of implanted segments. Figure 10 illustrates p-in-n and n-in-p structures, 

 (2) 
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where holes are drifting towards the p+ doped implants, and electrons are drifting towards n+ 
doped segments. 

 
(a) (b) 

Figure 10  Propagation of signal in p-in-n type (a) and n-in-p silicon detectors (b).  
 
Basic configuration of a silicon detector and equivalent electrical schemes for the cases 

of n-type and p-type silicon bulk are schematically illustrated in Figure 10. A dielectric layer 
known as coupling capacitance is introduced as a passivation protection of the readout 
channels from leakage current. In case of n-type silicon bulk, this passivation is realized with 
a layer of silicon dioxide (SiO2) grown on top of silicon. The fixed oxide charge in SiO2 is 
positive and in a p-type detector it would cause electron accumulation at the Si/SiO2 interface. 
As a result, the n-type strips would be short-circuited. Widely adopted methods to terminate 
surface electron accumulation in p-type detectors include the use of additional structures: 
segmented p-stop or p-spray implantations (Figure 11). The p-spray method utilizes boron 
implantation, which provides positive space charge near the surface and compensates the 
electron accumulation. The p-stop method involves a localized implant that terminates the 
surface inversion. Both methods increase the process complexity and, in addition, might lead 
to localized high electric fields, which increase the likelihood of early breakdowns [30, 31]. 

 

(a) (b) 
Figure 11 P-stop (a) and p-spray (b) technique [30, 31] 
 
Sensors based on n-in-p technology are recommended for the Phase-2 Upgrade of the 

Outer Tracker Detectors of CMS [32]. Detectors manufactured from p-type silicon material 
are considered to be more advantageous for harsh radiation environments [33]. P-type 
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detectors do not experience radiation-induced type inversion, and the effective doping 
concentration is less affected in comparison with the n-type material [33]. In n-in-p detectors, 
the signal is faster because electrons (which are faster than holes) are collected. The 
probability of being trapped due to radiation-induced defects is also lower for the electrons. 
The layout of the p-type detector with n+ implants on top (Figure 10b) allows signal collection 
even when the bulk is not fully depleted, since the undepleted region will be situated near the 
bottom with the p+ implanted side, whereas the readout electronics are connected to the n+ 
implants on top [25]. 

A novel approach to overcome the near surface electron accumulation at the interface of 
silicon dioxide and p-type silicon is to deposit a thin film field insulator with negative oxide 
charge. In this work, silicon strip detectors have been processed on p-type Magnetic 
Czochralski silicon (MCz-Si) and FZ (Float Zone) silicon substrates with aluminium oxide 
(Al2O3) thin film insulator, grown with the Atomic Layer Deposition (ALD) method 
(discussed in section 4.3.3 of this chapter). The electrical characterization by current–voltage 
and capacitance-voltage measurement shows reliable and time-stable performance of test 
samples with the aluminium oxide. 

 

3. Silicon detectors in CMS Tracker 
 

3.1 Pixel sensors 
 
The design of sensors for CMS Pixel detector was defined by requirements related to the 

expected increase in the amount of data and advanced requirements for the radiation hardness 
near the interaction point. 

Barrel layers and endcaps of the tracker described in section 2.1 of Chapter I are 
composed from full pixel modules organised into a cylindrical array with the supportive 
structures (Figure 4). The general structure of a full pixel module is shown in Figure 12. The 
core part of the full pixel module is the silicon sensor (3) connected with the readout chip (4) 
forming a so-called ‘bare module’. The term ‘sensor’ defines the structure where actual 
interaction of radiation with the material occurs. Control and power signals are distributed to 
the readout chips by the HDI - High Density Interconnect (2). Connections (1) consist of a 
signal and power cable to transfer the signal and supply analogue, digital and bias voltages, 
respectively. Base strips (5) are intended to provide contact between the module and cooling 
system and improve mechanical stability.[34] 
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Figure 12 Dissected parts of the pixel modules for barrel layers of pixel tracker: 1 – connection to signal 

and power cables; 2 – high density Interconnect (HDI); 3 – sensor; 4 – readout chip (ROC); and 5 – base strips [34]. 
 
Both the readout chip and the sensor are sensitive to radiation damage. During the tracker 

design development, it was considered that they should survive up to a particle fluence of 
6∙1014 neq/cm2, and therefore all of the other components should perform reliably at least until 
this level of fluence. To achieve the best vertex position resolution, the spatial resolution of 
the sensor should be excellent in all directions. Therefore, a concept of squared pixel shape a 
pitch of 150*150 μm was chosen [22], later optimised into rectangular pixel sensors of 
100*150 μm. 

The sensor chip is an array of 66560 pixels processed from the n-type silicon and 
organised into 16 partitions of 52×80=4160 pixels. Each partition is connected to the readout 
chip (ROC) to form a pixel module (Figure 13), where each pixel will be connected to the 
separate readout channel. The technology used for this connection is called bump bonding or 
flip-chip bonding [12, 35]. 
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Figure 13 Schematics of the pixel array: each silicon pixel sensor is bonded to a corresponding readout 

chip channel with the ‘bump’ of conductive material (flip-chip bonding) [35].  
 
An ‘n-on-n’ design with n+ implants in n-type silicon bulk was chosen as a baseline 

concept [36]. Sensors were designed to be oriented to the readout channels in a way that the 
highest electric field is located near the collecting electrodes. This ensures the operation of 
the sensor even when it is not fully depleted. The pixels must be isolated using p-spray or p-
stop technique (Figure 14). Protective guard rings are included into the sensor layout to allow 
its operation up to 600 V without breakdown if kept at relative ground [36]. 

 

 
Figure 14 Layout of the pixels on the sensors for the forward (left) and barrel (right) detector. The barrel 

sensors use p-spray isolation and the forward detectors use p-stop isolation [36]  
 
For the Phase-1 upgrade, the design of the silicon sensors was kept the same as described 

in detail previously [11, 14, 16]. Pixel sensors were processed form n-type silicon with n+ 

implants forming an active area of 16.2×64.8 mm, and bump-bonded to 16 ROCs thinned to 
75 μm and 180 μm for layer 1 and 2-4, respectively. Figure 14 shows the order of assembly 
into modules [36]. 
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3.2 Silicon strip detector  
 
The SST introduced in section 2 of Chapter I is constructed from 24244 single-sided 

micro-strip sensors covering an active area of 198 m2. Sensors are developed from n-type FZ 
silicon with <100> crystal lattice orientation. A schematic cross-section of the detector is 
shown in Figure 15 [8, 9].  

 

 
Figure 15 Cross-sectional view of basic principle of strip sensor for SST [10] 
 
The detailed description of the design of strip sensors can be found in [10]. It includes 

precisely specified requirements for processing, materials, and quality assurance: wafer 
thickness is required to be 320 μm for ‘thin’ sensors, with a substrate resistivity in the range 
of 1.5–3.25 KΩ∙cm, and 500 μm for ‘thick’ sensors, with a requested resistivity of 4–8 
KΩ∙cm.  The thickness must be within 20 μm of the specification and the flatness such that 
the sensor warp over its total length is less than 100 μm. The requested dicing accuracy for 
the main sensor is at the level of 20 μm. The mask alignment tolerance and the requested 
precision of the implant dimensions are 1 μm.  

The definition and availability of these requirements is important for establishing a high 
reliability of the devices. The properties of new sensors should be compared with exact 
settings provided by the guidelines; otherwise it is difficult to make a conclusion about their 
quality. There is no open information available about these kinds of requirements for pixel 
sensors; research groups participating in the development of silicon detectors might use 
different approaches and publishing policies. There are general requirements defined in 
agreements between experts involved in similar projects; developers of silicon detectors for 
LHC experiments are organised in a relevant collaboration ‘Radiation hard semiconductor 
devices for very high luminosity colliders’ — known as RD50 [24, 25].  

 

4. Processing of the detectors  
 
Silicon detectors, similar to many other semiconductor devices, are produced from silicon 

wafer by addition of layers of different materials and patterning the structures with methods 
known as microfabrication techniques. Below is a brief overview of the most common 
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microfabrication techniques adopted for processing of radiation hard particle detectors. It is 
provided from the point of view of possible problems associated with them. 

 

4.1. Silicon wafers 
 
Silicon detector production is based on high-quality silicon wafers — standard 4–6" disks 

with thickness of 200–500 μm. Silicon wafers have slightly different physical properties 
depending on the approach used for crystal growth and may vary between different 
manufacturers. The Helsinki Institute of Physics (HIP) detector structures are processed from 
two types of silicon wafers: from Magnetic Czochralski (MCz) method grown crystals; and 
from Float Zone (FZ) method grown crystals. Extensive studies of sensors processed on these 
two types of silicon wafers have been performed at HIP [37, 38]. 

In the Magnetic Czochralski method, crystal is grown by pulling a seed crystal out of 
melted silicon in the presence of a strong horizontal or vertical magnetic field (Figure 16a). 
Adjustable concentration of oxygen in the silicon is the main advantage of this approach. For 
the Float Zone method, a polycrystalline rod is connected with a specific crystalline seed and 
partially melted (zone-melted) with an applied RF-field (Figure 16b). Silicon grown by FZ 
method has a higher and more uniform resistivity and practically no impurities. Generally, 
impurities are considered harmful as their presence might affect properties of the silicon; one 
known exception is the oxygen which improves the radiation hardness of silicon [37]. 

  
(a) (b) 

Figure 16 Schematic of Czochralski (a) and float-zone (b) silicon crystal growth techniques [39]  
 
The transformation of silicon ingot into wafers requires multistep processing, including 

mechanical, thermal, and chemical treatments and many cleaning and inspection steps [40]. 
The central step is dicing the ingot into the wafers. It should be performed extremely precisely 
in order to keep proper orientation of the dicing plane according to the crystal axes of silicon. 

The orientation of the crystal axes in silicon ingot is determined by the initial crystal seed 
used for its production; the most common types are <100> for n-type and <111> for p-type 
silicon. For identification of the crystal orientation of the wafer, additional cuts of edges (flats) 
and notches are performed. These marks can be used by personnel and by automatic 
equipment during the processing. 
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Critical points for silicon production are purity and uniformity of the material, uniformity 
of crystal structure and accordance with projected properties. Manufacturers verify the 
properties before the delivery of wafers to the customer; but there is always a probability of 
unnoticed effects in a particular piece of silicon since production quality control approaches 
typically based on random checks. In other words, quality assurance is based on the analysis 
of properties of a certain amount of wafers from each ingot, which are extrapolated to the 
whole batch.  

 

4.2 Doping 
 
Conductivity of silicon can be tuned after or during the crystal growth by doping it with 

a surplus of charge carriers defined regarding their type as donors or acceptors. After 
replacing a silicon atom with the atom of, for example, phosphorus (boron) an additional 
electron (hole) becomes an additional negative (positive) charge carrier. This turns intrinsic 
silicon into an n-type (p-type) semiconductor. More extensive analysis of the subject can be 
found in [41]. 

The most common techniques used for uniform doping are thermal diffusion, ion 
implantation, vapour-phase epitaxy, chemical doping and neutron transmutation. Modern 
industry has well-established manufacturing and doping techniques; manufacturers can adjust 
desired properties of silicon crystal according to needs. Quality assurance is performed by the 
manufacturer to ensure the uniformity of properties of doped silicon. 

Doping of certain parts of a silicon device with a precisely tuned amount of charge carriers 
to obtain aimed conductivity is the fundamental step needed for formation of junction areas. 
This can be achieved using various techniques, for the processing of semiconductor detectors, 
thermal treatment and ion implantation are most commonly used [42]. 

During ion implantation, accelerated ions of dopant are inserted into the silicon. With this 
technique, the amount of doping can be controlled very precisely. In practice, all junction 
structures are formed by ion implantation. 

Thermal treatment initiates formation of thermal donors — interstitial oxygen complexes 
in silicon — which act as charge carriers. These are formed in a certain range of temperatures 
only with oxygen rich silicon, such as MCz silicon. This approach is a special case of doping 
technique which can be used to change the type of silicon from n-type to p-type. However, 
the possible effects of thermal treatment on the conductive properties of the silicon bulk 
should be taken into account. 

For the detector structure, formation of certain doped areas is a compulsory step of 
production. It is performed in the facilities of silicon manufacturers or in R&D facilities. In 
both cases, possible failures might be caused by improper action of personnel or by equipment 
failures. Miscalculations of parameters for the ion implantations or thermal annealing are the 
most likely operator issues, whereas equipment faults can arise from random origins.  

Failure in the doping processes may result in the wrong parameters of doped material; the 
resistivity can be higher or lower than projected, and an inversion of the type of the material 
can happen due to a significant amount of excess dopant. This is critical for further processing, 
and failure in this step results in discarding the whole sample. 
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4.3 Thin film processing 
 
The central part of semiconductor processing is the deposition of various thin films of 

metals, insulators, and semiconductors to form the structure of the device [40-42]. The quality 
of each layer (and thus overall quality of the detector) depends on the success of the deposition 
and the following patterning. Quality assurance should be performed for each layer of thin 
films, if possible. The methods should be harmless for the material. For example, rough 
estimation regarding the uniformity of the material can be obtained after visual inspection of 
the presence of colour gradients on the deposited layers. The thickness of the thin film affects 
its optical properties and varying colour usually means different thickness of thin film. More 
precise information about the thickness can be obtained by ellipsometry measurements.  

 

4.3.1 Sputtering 
Contact pads and connections are formed by metal layers deposited mainly by using 

sputtering techniques such as magnetron sputtering. Magnetron sputtering is a physical 
vapour deposition method: a target of material intended for deposition is bombarded by 
energetic ions generated in glow discharge plasma situated in front of the target (Figure 17) 
[43]. 

 

 
Figure 17 Cross-sectional view to the vacuum chamber of magnetron sputtering system. 1– argon source; 

2 – target; 3 – magnetron; 4- magnetic field lines; 5 – plasma; 6- sputtered atoms; 7 – thin film; 8 – substrate [43]. 
 
The bombardment process causes the removal (sputtering) of atoms from the target, 

which then condense on the silicon substrate as a thin film. Magnetrons make use of the fact 
that a magnetic field configured parallel to the target surface can constrain secondary electron 
motion to the vicinity of the target [44]. 

Possible problems are mainly caused by equipment failures; with the Plasmalab system 
used for the deposition of metals for the HIP detector structures, the most frequent 
occurrences were mechanical failures during the insertion or evacuation of the wafer. A 
critical mistake can also be made by personnel if incompatible materials are used in the 
system: safe conditions defined by the responsible engineer should always be followed. 
Quality of the target material also affects the final quality of the film. Any target used longer 
than its projected lifetime becomes very thin, and the material from the supporting structure 
will be deposited instead of the intended one. 
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4.3.2 Thermal oxidation. 
Silicon dioxide (SiO2) is widely used as part of semiconductor devices, and several 

generations of detectors were developed with surface passivation by SiO2. Formation of this 
layer is obtained by thermal oxidation of the surface of the silicon wafer. The main advantages 
of this method are its simplicity and the ideal interface between silicon and silicon oxide, 
since the oxide is grown directly on atoms of substrate. The main source of the problems is 
the high probability of the contamination with impurities during SiO2 growth. This probability 
increases with time, since the long exposure to the high growth temperature enhances the 
diffusion of external atoms into the silicon bulk. 

 

4.3.3. Atomic Layer Deposition  
Atomic Layer Deposition (ALD) is a deposition technique originating from a modified 

Chemical Vapor deposition (CVD) method suitable for thin film manufacturing. It can be 
used for the deposition of layers with thickness down to a fraction of a monolayer [40, 45, 
46]. ALD can be performed both on flat surfaces and complex shapes resulting in a high-
quality conformed layer of desired material [45, 46]. 

ALD is a self-terminating technique based on the sequence of self-terminating reactions 
inside a vacuum chamber and evacuation of non-reacted residuals by purge of noble gas 
(Figure 18). 

 
Figure 18 Schematic illustration of one ALD cycle [46]  
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The typical number of steps in a sequence is four; for materials consisting of 3 or more 
atomic components, this number can be 6 or higher, respectively. The repetitive set of these 
steps in sequence is called a reaction cycle. Reaction cycles are repeated to achieve the 
targeted thickness of deposited material. ALD process might include additional steps 
performed outside the main vacuum chamber, such as temperature treatment before or after 
actual reaction cycle. 

Thus, ALD is a surface-controlled process; because it is based on self-terminating 
reactions ALD-grown films are extremely conformal and uniform in thickness. With the ALD 
technique, it is possible to deposit thin films on non-flat surfaces and even coat uniformly 
complex shapes like jewellery. 

In addition to general accidents resulting in failed deposition, failures of ALD might result 
in non-uniform films or films with a critically high amount of impurities. These issues arise 
maily due to equipment failure, subsystems failure, quality of chemicals used for deposition, 
and errors. Mistakes such as an incorrect set of process parameters can result in total failure 
of the deposition or reduced thickness of the material. In some cases, it is possible to remove 
deposited film of unacceptable quality and repeat the ALD process. In case of deposition of 
chemically stable materials, it might not be possible without damage to the other layers and 
processing must be started from scratch with a new wafer.  

 

4.4 Patterning 
 
To form a structure in a detector, a patterning should be performed after the deposition of 

the material layers. The pattern of the structure should be transferred to the surface of the 
layer intended to be the base of the structure, and material which is not included in the pattern 
should be removed [40]. 

The general set of techniques for patterning is called photolithography [47]: a layer of 
photo-sensitive material (photoresist) is deposited on the surface of the layer aimed for 
patterning, and a mask of pattern is placed on top of it and exposed to light. The exposed (or 
non-exposed) parts of the photoresist and respective parts of the layer are removed chemically 
forming the patterned structures (Figure 19). 
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Figure 19 Optical lithography steps. 1 – Photoresist deposited on substrate surface; 2a – photolithography 

process: to align the pattern light transverse through the mask; 2b – laser lithography process, to align the pattern a 
collection of rays converging to a single point in the image; 3 – elimination of exposed photoresist; 4 – substrate 
etching; 5 – final removal of photoresist. [43]  

 
The process of patterning consists of multiple steps and transfers of wafer between 

different equipment; in addition to failures of photolithography steps, there is also a risk to 
damage the wafer during transportation between the equipment. Inadequate quality of 
chemicals might also cause failure of lithography; aging of the photoresist is a problem which 
is often underestimated. Quality assurance after etching of photoresist is critical since at this 
point it is possible to remove it completely and start again. Typical problems are over-etching 
and under-etching – photoresist areas forming the structures might be etched too much or too 
little, respectively. Mistakes in calculations of parameters for etching and failures of timing 
(caused by calculation error or by clock failure) can lead to total failure of lithography and 
result in discarding of the wafer. 

 

4.5 Dicing and storing 
 
Processed detector structures and test samples are in most cases cut out of the wafer before 

transferring them to the laboratory for characterisation. The importance of this step, as well 
as importance of proper packaging and transportation of the samples, is often underestimated. 
The price of failure here is the price of total processing in value of time and money. A wide 
range of hidden reasons, from mistakes and general equipment failures to hidden defects in 
blades (e.g. exposure to magnetic field during transportation), might cause critical failures. 
Improper packaging leading to harmful ESD effects, mechanical scratches and collection of 
the unwanted dust on the surface of the detector is also a common source of failures. 

The full range of dicing tools is not widely present in the research laboratories and 
sometimes the only available option is a pen with a diamond blade for manual use. The quality 
of the cuts performed with this tool is unsatisfactory and the possibility to ruin the samples 
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with a curved cut is very high since the human hand does not guarantee the straight line in 
cutting. The array of test structures on the wafer might include devices from different 
contributors to reduce processing costs. Thus, the variation in sizes of structures might 
increase the number of steps needed for dicing and, therefore, increase the risk of failure. 

The main machine used for dicing in the CMS upgrade project at HIP until 2017 has been 
a Fairchild apparatus donated to Aalto University (Figure 20).  

 

 
Figure 20  Fairchild wafer dicing station [48] 
 
This machine is able to perform high quality dicing despite its age. The additional source 

of problems originates mainly from the fact that the machine is shared between many users 
from several institutions: there is a risk of contamination with unwanted materials and 
unexpected failures due to the improper maintenance and usage of the blades and machine.  

Research laboratories are limited with specific equipment needed for proper storing of 
the ready samples. As for other semiconductor devices, detector structures require ESD-
protected package also preventing contamination with dust and harmful materials. They also 
need to be compatible with cleanroom conditions. Plastic boxes and pouches available at HIP 
are general purpose package materials and might be a source of problems affecting the 
properties of test samples. 

If the research facilities are distributed in different places, the transportation between 
them is also potentially risky since samples might be mechanically damaged, exposed to 
electromagnetic field, or accumulate electrostatic charge from repetitive shallow movements 
inside the plastic package. 

 

4.6 Connections and assembly  
 
Processed detector structures require further electrical connections with readout 

electronics. These connections are produced from conductive materials. This step is 
considered to be one of the most critical aspects in detector construction. Various connecting 
methods have been studied and compared to find the most reliable approach [49, 50]. The 
choice of method depends on the type of detector: flip-chip bonding is used for pixel sensors, 
and wire-bonding is used for strip sensors. 
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Wire bonding is a widely used method in the semiconductor industry, adopted for 
connections of strip detectors (Figure 21). The large area of the strip detectors is composed 
of an array of narrow single strips which should be read out separately. Thus, each strip is 
connected to the separate readout circuit amplifier by wire bonding. 

 

(a) (b) 
Figure 21 Microscope view of wire bonds connecting sensor to fan-out circuit (a), and electron micrograph 

of bonded wire (b) [35]  
 
As it was shown in Figure 11, a pixel detector is an array of separate pixels where each 

pixel is bonded to the corresponding readout chip channel with the ‘bump’ of conductive 
material. This technique is called flip-chip bonding [12, 51]. 

Figure 22 schematically shows a cross-sectional view of a flip-chip bonded pixel. 
 

 
Figure 22  Schematic view of flip-chip bonding of pixel sensor. 1 - front end electronics; 2- bump 

connection; 3 – sensor; 4 - under-bump metal [35] 
 
The flip-chip bonding technique is considered to be more reliable and able to establish 

more stable electrical performance in comparison with wire-bonding [51]. Perfect flip-chip 
bonding connection of a pixel sensor and ROC should be formed with the array of equal-sized 
bumps of high-quality, conductive material. Non-uniformity in the size of solder bumps will 
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result in a failed connection if the bump is smaller than needed, or in short-circuiting 
neighbouring channels if the size is larger than required (Figure 23). 

 

 
Figure 23 3D reconstruction of defective solder bump [35]  
 
One type of quality assurance method to inspect the uniformity of the bumps was 

developed at HIP and reported in [35].  
Development of the connection approaches is achieved in tandem with the development 

of the detectors. Fast progress in the wafer interconnection techniques enables integration of 
pixel sensors and readout in the same structure [53].  

 

4.7 Environment of processing facilities 
 
The reliability of the processing facility reflects on production reliability. In addition to 

the reliability of the equipment, there are also critical requirements for the reliability of the 
space, where the device manufacturing is organised. Fabrication of precise semiconductor 
devices requires facilities with controlled parameters of the environment (such as temperature 
and humidity) equipped with special systems for monitoring and prevention of contamination 
— cleanrooms. There are different levels of accepted purity of the cleanroom, depending on 
the sensitivity of the materials and scale of structures. Contamination with particles of 
unwanted material might affect the micropatterning or even completely change the properties 
of the semiconductor microstructure. Classification of cleanrooms according ISO standards 
is based on accepted level of particles of certain size per volume unit [40].  

Proper processing facilities consist of the actual cleanroom and supporting infrastructures 
for air conditioning, water distribution, various monitoring systems, and chemical distribution 
channels. For the reduction of transport of unwanted particles, it is important to prevent 
turbulence and keep air fluxes laminar; this is achieved with vertical ventilation systems and 
floor perforation, which also serves as an output for contaminated air. Materials used in the 
construction of cleanrooms must be solid, non-absorbing, and easy to clean. In addition, many 
microfabrication instruments are sensitive to jolting, and thus isolation from the vibrations 
caused by the processing units and cleanroom support systems should be organised. Static 
electricity and stray electric fields also need to be eliminated since they are extremely harmful 
to semiconductor devices [40]. 
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Properly defined standards for the cleanrooms do not normally include the impact of 
human factors. There is a clear difference between cleanrooms in industry and in research 
institution laboratories from the human factor point of view. Rotation of the personnel in 
industrial facilities is lower than in research institutions, where it is expected that the 
personnel will perform their duties only during several years at certain level of their scientific 
career. Building and maintenance of the cleanroom dedicated for semiconductor processing 
is extremely expensive, and most research institutions don’t have funding possibilities for it. 
Shared infrastructures, such as facilities of Micronova Centre for Micro and Nanotechnology 
(Micronova) [48], are used by personnel from different research institutions. Different 
behaviour patterns caused by different backgrounds of the research personnel, together with 
the possibly of incomplete information about the usage of the equipment, might significantly 
affect the complex reliability of the processing facility. 

Complexity of the cleanroom infrastructure is in itself also a potential source of failure; 
the reliability of the cleanroom as a processing facility should also be taken into account. 

 
 

5. Development of silicon detectors in HIP  
 
This section is dedicated to actual experimental structures developed at HIP in R&D 

processes for improvement of silicon detectors according to the requirements of the CMS 
upgrades. This process generally includes examination of new forms and materials, and 
characterisation of detector structures. One direction of the research is the study of possible 
applications of the aluminium oxide in the insulation and surface passivation of the silicon 
detectors, and its general reliability and long-term stability should be studied. An overview 
of the material properties and description of test structures used during these studies is 
provided below. 

 

5.1 Material choice 
 
Materials with permittivity significantly higher than the permittivity of silicon dioxide 

are known as high-k dielectrics. A group of most common high-k dielectrics includes HfO2 
(permittivity 20–30), Al2O3 (permittivity 8.3–12), ZrO2 (permittivity 10–23), Ta2O5 
(permittivity 26–65). Values of permittivity vary due to different processing techniques and 
anisotropy of the material. 

Future upgrades in tracking systems composed with silicon detectors require further 
miniaturization of the single pixel detectors; the thickness of the capacitive insulation layer 
should also be decreased. To obtain the required capacitance values, the thickness of thin film 
of material with high permittivity will be less than the thickness of the layer of silicon dioxide.  

The first attempt to study HfO2 thin films was performed in HIP in 2011–2012 [43]. 
Hafnium dioxide (HfO2) was considered to be a promising candidate for the insulation layer 
(Figure 8), but processing met some significant obstacles. The BENEQ-500 reactor, an 
available piece of equipment in the Micronova cleanroom facilities, is intended to deposit a 
certain number of thin films from liquid precursors due to a limited number of input channels 
and material compatibility problems. This system has an input valve specified for ‘solid’ (in 
the form of powder) precursors, attempts to deposit HfO2 from HfCl4 and water did not result 
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in a reliable combination of parameters needed to obtain conformal thin film. The amount of 
unwanted impurities in the film was also considered to be unacceptable. In 2017, it was 
announced that the channels for liquid precursors of HfO2 will be added to the ALD system 
at Micronova, this might improve the reliability of process. Although HfO2 has outstanding 
chemical stability, from the etchant range allowed at Micronova facilities, only hydrogen 
fluoride (HF) can be used for HfO2 development. Therefore, its patterning will be harmful for 
the rest of the materials forming the detector structure. 

Aluminium (III) oxide (or alumina), Al2O3, is another promising candidate for usage in 
silicon detector structures due to its high dielectric constant and established processing. 
Special application of the ALD-grown alumina for pixel sensors was reported previously [54]. 
A review of Al2O3 properties and its possible applications in particle detectors is provided 
below.  

 

5.1.1 Main properties of Al2O3 
The main physical properties of Aluminium (III) oxide (Al2O3) are compared with the 

properties of silicon dioxide (SiO2) and hafnium dioxide (HfO2) in Table 1.  
 
Table 1. Properties of Al2O3, SiO2, and HfO2 
Molecular formula SiO2 Al2O3 HfO2 
Molecular weight, g/mol 60.08 101.96 210.49 
Density, g/cm3 2.27 3.90 9.68 
Band gap, eV 8.9 8.8 5.8 
Melting/boiling point, °C 1700/2230 2040/2977 2758/5400 
Dielectric constant 3.9–5.4 9–12 25–30 
Refractive index 1.46 1.76 1.91 

 
There are various processing techniques for aluminium oxide thin films, such as atomic 

layer deposition, electron-beam evaporation, oxidation of aluminium thin films, and RF diode 
sputtering [40, 55]. Variations in properties of this material depend on selected processing 
methods and their parameters [56-58]. Perspectives of alumina applications in silicon 
photovoltaics are discussed in [59].  

This project employs the Atomic Layer Deposition (ALD) processing technique 
introduced in section II.4.3. The equipment is the Beneq TFS-500 ALD system located at 
Micronova facilities. For the deposition of Al2O3 layers, trimethylaluminum Al(CH3)3 (TMA) 
was used as precursor and water (H2O) was used as an oxygen source. A detailed description 
of the reaction mechanism can be found in [46]. The parameters of alumina obtained using 
the ALD method may vary from the properties calculated for crystalline aluminium oxide due 
to the amorphous character of the deposited thin film [40]. 

 

5.1.2 Aluminium oxide as an insulator 
As it was mentioned in Chapter II.2, changing the main type of bulk of silicon detector 

from n-type to p-type requires a solution for the issue of surface electron accumulation at the 
interface between silicon dioxide and p-type silicon. It was suggested that the structure with 
an aluminium oxide (Al2O3) thin film grown with Atomic Layer Deposition (ALD) method 
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as an insulator. Standard HIP diodes with the alumina insulation layer, instead of silicon 
dioxide layer, were processed and tested from a long-term stability point of view.  

 

5.1.3 Aluminium oxide for surface passivation 
Aluminium oxide layers are promising candidates for passivation of surface of p-type 

silicon. Fixed negative charges induce an accumulation layer at the p-type silicon interface, 
resulting in very effective field-effect passivation [54, 61]. 

The ALD method provides the possibility of growing practically uniform thin films on 
complex structures, and this can be performed to cover the surface of the detectors. This 
passivation can improve the isolation of detectors in arrays, prevent the damage of contacts, 
and help to prevent effects caused by the atmospheric exposure. A possible application of this 
approach is the passivation of the flip-chip bonded detectors to reduce the probability of 
sparking. Thermo-mechanical properties of alumina deposited by ALD have previously been 
studied from the surface passivation point of view [61]. 

The higher resolution of a particle tracking system in CMS requires further scaling of 
pixel sensors, and the distances between detectors and readout electronics are also decreasing 
to hundreds or even tens of micrometres. Together with the high voltage expected to be used 
as bias voltage at CMS sensors this will increase the number of harmful electrical discharge 
effects in the system. It was already reported that sparking might happen in the detector 
system with high probability [62]. Figure 24 shows the ground wire pad of the readout chip 
after destructive sparking [63]. 

 

 
Figure 24 Ground wire pad of the readout chip after destructive sparking [63]  
 
Typical solutions against sparking are based on the use of additional protective materials 

to isolate nearby conductors and reduce field effects on surfaces and edges. The tests of 
araldite, which is a standard material used for filling and as glue in CMS module protection, 
were already performed; no changes in breakdown voltage were reported [63]. Tests of very 
liquid EPO-TEK 301, which can fill part of the gap, had demonstrated the shift of breakdown 
voltage to ~700 V [63]. The alternate method is to use a processing passivation of the detector 
with Al2O3 or another similar material instead of post-production filling by polymer.  
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5.2. Test samples  
 
Different research challenges require different samples depending on the properties 

planned for examination. In silicon detector studies, the most common types of test samples 
are diode structures, capacitors, and resistors included into the layout of the test wafer. The 
test wafer might be filled with an array of identical test structures for statistical studies, or its 
layout can be composed of actual sensors accompanied by a set of various test structures for 
quality assurance and test purposes. For example, the CMS silicon strip sensors shown in 
Figure 25a are manufactured using 6" wafers, one single detector is produced from each wafer 
and it is requested to lie inside a circle of about 13.9 cm diameter. Two groups of test 
structures are known as the ‘standard half-moon’ set (Figure 27b) situated along the sides of 
the main sensor [64]. A detailed description of each structure of the standard half-moon set 
can be found in [7, 13, 64, 65]. 

 

 

(a) 

  

 

(b) 

  
Figure 25 Layout of the wafer for the CMS endcap silicon strip detector (a), standard half-moon set (b) 

[65] 
 

5.2.1 HIP standard diode structure 
The standard HIP diode shown in Figure 26 is the most often used test structure and can 

be found on various wafer layouts containing silicon detector structures developed for the 
CMS. Keeping this structure the same provides the possibility of comparing the properties of 
various detectors produced in different years or different facilities, or before and after their 
exposure to radiation.  

 



35 
 

 
Figure 26 HIP standard diode structure:1 – central contact pad; 2 - grounding guard ring; 3 - an array of 

protective guard rings; 4 – window for TCT measurements. 
 
The structure is a diode formed by silicon with doped areas between two metal contacts 

surrounded on top with the array of guard rings. The standard size of the top contact side a is 
5 mm, and the window radius for TCT measurements, r, is 2 mm. The cross-sectional 
structure of the diode includes a main bulk of silicon, volumes of doped silicon (implants) to 
form pn-junctions, and passivation on top (Figure 27).  

 
Figure 27  Schematic cross-sectional structure of HIP standard diode: 1 – silicon bulk; 2 – doped implants 

in silicon; 3 – heavily doped layer of silicon; 4 – top metal contacts; 5 – passivation dielectric layer; 6 – metallic 
backplane. 

 
 
Set of HIP standard diodes for studies of Al2O3 thin films 
Studies of the behaviour of the Al2O3 thin films were performed with the collection of the 

four sets of HIP standard diodes listed in Table 2.  
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Table 2. Sets of HIP standard diodes for studies of Al2O3 thin films 
Set ID A B1 B2 C 
Set type label pFZ2011 pMCz2012 pFZ2012 nFZ2012 
Number of wafers 1 3 3 1 
Number of samples* 6 6 6 6 
Silicon type p-type FZ p-type Cz p-type FZ n-type FZ 
Insulation Al2O3 Al2O3 Al2O3 SiO2 

Surface passivation none 100 nm of 
Al2O3 

100 nm of 
Al2O3 none 

*not equal to total number of samples per wafer 
 
Test diodes were processed in 2011–2012 by Dr. E. Tuovinen, or under his supervision, 

and stored under controlled conditions in the laboratory. Collection includes three groups of 
test diodes: A, B, and C (Figure 28). 

 

   
(a) (b) (c) 

Figure 28 Set of HIP standard diodes for studies of Al2O3 thin films:  
(a) p-type diodes without surface passivation (group/set A);  
(b) p-type diodes with surface passivation with Al2O3 (set B1 and B2);  
(c) n-type diodes without surface passivation (group/set C). 

 
Diodes in sets A, B1, and B2 were processed on p-type silicon wafer, and diodes in set C 

were processed on n-type wafer. Figure 29 shows the layouts of wafers with test structures. 
 

 
Figure 29 Wafer layouts containing samples for groups A and C (a) and group B (b) 
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The test diodes in group B were divided into two subgroups: diodes processed from MCz 
silicon labelled as set B1; and diodes processed from FZ silicon labelled as set B2. The results 
from studies on detectors processed from MCz silicon were reported in [66]. 

Layout of the diodes in sets A, B1, and B2 includes Al2O3 thin film as a dielectric layer, 
diodes in sets B1 and B2 also have an additional layer of Al2O3 as surface passivation. Set C 
is a reference set of standard n-type diodes used during previous stages of silicon-sensor 
development for CMS Tracker.  

The presented collection of samples allows the study of the properties of p-type FZ silicon 
diodes with Al2O3 layers and compare it with reference standard n-type FZ silicon diodes. 

The cross-sectional structure for set-C diodes is similar to that shown in Figure 27; it is 
also similar for set-A diodes, but the type of bulk and implants are consequently replaced with 
p-type and n-type diodes. Samples in sets B1 and B2 have an additional layer of surface 
passivation on top. As an example, the cross-sectional structure for the diode from group B is 
shown in Figure 30. This picture was obtained by SEM imaging at Micronova facilities with 
J.Ott. 

 

 
Figure 30  Cross-sectional structure of HIP standard diode with surface passivation: (a) SEM image of top 

surface; (b) SEM image of backplane metallization; (c) schematic structure with dimensions (not in scale) 
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5.2.2. Single pixel sensors 
The research and development process includes studies of the different materials and 

processing techniques, multiple quality assurance measurements of the sensors, and studies 
of the effects of the irradiation. Thus, after studies of standard diode structures with new 
features, they should be implemented into the layout of actual sensors for further tests.  

The pixel sensor described in section 3.1 of Chapter II consists of 16 pixel shapes 
arranged in two rows to form a pixel chip of the full-size module structure (Figure 12). For 
R&D and quality assurance purposes single shapes, or single sensors, are included into the 
typical layout of the pixel sensor wafer in addition to full-size sensor chips (Figure 31). These 
sensors are bonded with single ROC to form a Single Pixel Chip Module (SCM) representing 
1/16 of a full module that can be used for research purposes and additional quality assurance.  

 

 
Figure 31 Layout of the pixel sensor wafer. Three full-size sensor chips are in the centre, 10 single sensors 

are placed along its sides. 
 
Study of Al2O3 layers for SCM splits into two branches of tests: Al2O3 is a candidate to 

be implemented as an insulation layer; and Al2O3 is a candidate to be used as a surface 
passivation to improve the stability of the sensor and reduce the harmful effects of sparking 
[62, 63]. Studies of Al2O3 usage as an insulation layer require advanced studies of p-type pixel 
structures and are planned to be performed later.  

Deposition of the Al2O3 passivation layer on existing SCMs will demonstrate the 
possible effects of an additional processing step on the behaviour of the flip-chip bonded 
structure. This deposition should be performed after the flip-chip bonding of the module and 
before the wire-bonding to the readout electronics. Thus, it should cause neither degradation 
in the sensor nor difficulties for the further connection to its contact pads. 

Studies of the possibilities to perform wire-bonding through the layer of alumina were 
conducted in HIP in 2015 [67] and demonstrated that thickness up to 25 nm is not an obstacle. 
The aim of the test is to coat the flip-chip bonded sensor with 20 nm of alumina and evaluate 
the possible effects of this process on the behaviour of the sensor and condition of contact 
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pads. Low-temperature ALD processing still requires heating up to 120°C and this might 
affect the condition of bumps. 

A set of five single sensors was used for these tests. Flip-chip bonding was performed 
at the beginning of 2016 by A.Gädda. Sensors were studied with the standard probe card tests. 
The deposition of Al2O3 was performed in June 2016 in Micronova facilities with J.Ott and 
resulted in 21.9±0.2 nm of aluminium oxide on the surface of three sensors. Two sensors were 
left without the passivation as reference samples. Figure 32 shows one of the single sensors 
with the surface passivation layer.  

 

 
 
Figure 32 Single sensor (SCM) with the 20nm layer of Al2O3 as the surface passivation  
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III. Characterisation 
 
Research and development of particle detectors is a process of considering theoretical 

matters, modelling, prototyping, and testing (Figure 33). 
 

 
Figure 33 Process of the research and development. 
 
Suggested modification of the future detector according to the requirements should be 

firstly tested in a simple form of prototype structure. Modelling and theoretical calculations 
for the suggested modification should also be performed. If the obtained results are suitable 
to fulfil the initial requirements, the first prototype should be developed and tested. A first 
round of testing is required to examine the properties of the prototype and to compare it with 
the expected values obtained by theoretical calculations and modelling. In the case of success, 
the prototype should undergo radiation hardness tests to obtain the information about the 
effects of irradiation on the properties of the prototype. These can be found during the second 
round of testing. If the radiation hardness properties will be considered suitable, suggested 
modification will go to the production of the actual devices. Failures at any stage of this 
process result in abrogation and re-examination of the conclusions from the previous stages.  

Both rounds of testing include the examination of the most important characteristics of 
the prototype, which will be described below. Accuracy and reliability of the characterisation 
methods are the key factors for the research and development process. 

Depletion voltage and leakage current, the most important characteristics of silicon 
detectors, can be obtained with electrical measurements of capacitance and current. Depletion 
voltage is the minimal applied voltage required for keeping the semiconductor detector bulk 
free of charge carriers, and the actual operational voltage of the detector will be defined 
according to the value of the depletion voltage. Measurements of the depletion voltage are 
based on the fact that under applied reverse bias voltage, the electrical field inside the 
semiconductor will extend until it reaches the physical edges of the sample resulting in a 
decrease and saturation of the capacitance after this point. After irradiation, the amount of 
charge carriers inside the semiconductor bulk increases and the electrical field needed to 
remove the excess of charge carriers should be stronger. Thus, the depletion voltage needs to 
be increased. Accurate and reliable measurements of the detector capacitance are extremely 
important for the characterisation of new potential designs as well as during the quality 
assurance of the developed detectors intended for the tracking systems. 

Discussion focused on the capacitance measurements in this work refers to the 
capacitance of reverse biased devices, or the depletion capacitance; the capacitance of a 
forward biased device, or diffusion capacitance, contains additional contribution from the 
presence of charge carriers from the high direct current, and analysis of this case is beyond 
the scope of this work, since most radiation detectors are operated with reverse bias. 
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Leakage current is the small current present in a fully depleted detector. This current 
contributes to the signal processed by the readout circuit, and if its value is in the same order 
as the value of the current generated by traversing charged particle the correct measurement 
will not be possible due to the high level of noise. Leakage current will increase after exposure 
to the radiation, thus the leakage current of the newly developed detector should be as low as 
possible. Measurements of the leakage current are an important part of the quality assurance 
of the detectors before and after exposure to radiation. 

General guidelines for electrical characterisation used among the silicon detector 
developers (App. A) were compiled in 2003. Since this time, significant changes affected the 
structure of the detectors and the requirements for characterisation should be adjusted in order 
to keep the quality assurance procedures reliable. Properly defined parameters for the 
theoretical models are needed for correct simulation of the behaviour of studying detector 
structures before and after irradiation [68]. 

In this chapter, measurements of capacitance intended for the definition of the depletion 
voltage and measurements of the leakage current are discussed with an overview of the 
approaches intended to increase the reliability of these measurements. TCT application is 
introduced as an approach to confirm the results of electrical measurements. Studies are 
performed on the effect of ALD processing on the behaviour of flip-chip bonded single pixel 
sensors by comparing its characteristics obtained using the probe card test before and after 
the deposition of the ALD. In addition, basic measurements with the source (Cesium-137) are 
applied as an approach to test the ability of the test structures to behave as a detector and to 
ensure that additional surface passivation with Al2O3 did not affect properties of the detector. 
Instrumentation used for the electrical characterisation in different institutions is compared to 
illustrate the evolution of the probe stations and need for their adjustment according to 
planned tests.  

This chapter is organised as follows. Each section of this chapter is dedicated to the 
particular characterisation method. A brief overview of the background theory for each 
approach is accompanied by the description of the instrumentation and typical reliability 
problems. Since all methods are electrical characterisation approaches, common types of 
errors are associated with them. To avoid repetition, a general overview of measurement 
errors, dedicated to capacitance measurements, is provided in the first section, and further 
sections contain only approach-specific notes. Results of the measurements for experimental 
samples described in section 5 of the previous chapter are provided at the end of each section. 

 

1. Capacitance measurements 
 
This section is dedicated to the detailed overview of capacitance measurements. In the 

first part of this section, the capacitance theory in electrostatic approximation is reviewed and 
the typically neglected parameters affecting capacitance are listed. In the second part, an 
overview is provided of the main concepts necessary for description of the capacitance 
interacting with alternating current. A brief overview of applications of capacitance 
measurements in detector characterisation is provided. A review of possible errors is focused 
on specific aspects associated with the capacitance measurements and suggestions to 
minimize these errors. The experimental description includes review of the development of 
setup dedicated to the capacitance measurements and considerations of its reliability. Results 
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of capacitance measurements for test samples described in the previous chapter are provided 
at the end of the section.  

 

1.1 Capacitance theory 

1.1.1 Electrostatic capacitance. Geometrical capacitance of parallel plate 
flat capacitor  

The fundamental basis of the capacitance studies is its definition for the basic electrostatic 
case. Detailed theory allows the extension of this model to various other research cases. The 
theory explained in this section is based on [69]. 

The flat parallel plate capacitor is a system where two flat parallel conductive plates 
(contact pads) with the distance w between them significantly smaller than the size of the pads 
( , where S is the square of the contact pad). The capacitance of this system is the 
mutual capacitance of the contact pads; by definition it is equal to the ratio of the charge Q 
condensed by these pads to the potential difference U between them. 

For the flat capacitor, with two equal parallel plates, the potential difference is 

 (4) 

where  and  are potentials on each plate. Capacitance will take the form 

 (5) 

Each contact pad generates an electric field, between plates lines of electric field are 
parallel, and the total electric field E of two parallel conductive plates is a superposition of 
the electric fields of both plates: 

where ≈8.8541878 10-12 F/m is a vacuum permittivity (dielectric constant),  is the 
distribution of charge over the surface. 

In cases where the space between plates is filled with the material carrying dielectric 
constant , the permittivity of the media will increase in times and the electric field E will 
take the form 

Therefore, the potential difference (4) between contact pads can be obtained by 

 (8) 

 
For a flat plate with square S total charge Q is: 

 (9) 

 (6) 

 (7) 
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The capacitance will take the form 

 (10) 

Equation 10 is the general definition of the capacitance known also as geometrical, or 
electrostatic capacitance. It is based on several approximations: the electric field between the 
plates is isotropic and the field lines are parallel; the permittivity of the material between the 
plates is constant. This approximation is valid for various practical applications. However, 
with the tendency toward miniaturisation and scaling down to nanometres in capacitor sizes, 
it might be necessary to take into account some minor effects, which were neglected before.  

 

1.1.2 Corrections due to the structure of dielectric material 
A flat capacitor might be composed from several layers of different dielectric materials 

(Figure 36a), and if the thicknesses of the additional layers or the permittivity values are 
significantly different (this might happen also for the same material deposited by different 
techniques or under different conditions), the total value of the capacitance for such a 
capacitor should be corrected. Complex, multi-layered structures might have transition layers 
between materials with significantly different properties. The effect of the presence of silicon 
dioxide transition layer between the silicon bulk and the dielectric layer with high permittivity 
on characterisation results was reported in [70]. 

 

(a) 

 

(b) 

Figure 34 Flat capacitor composed from (a) two layers of different dielectric materials with permittivity  
and ; (b) two constituent dielectrics materials with permittivity  and  

 
For capacitors with several layers of materials with different relative permittivities placed 

between the plates (Figure 34a) the total capacitance can be calculated using one of the two 
approaches: 

a. Defining potential difference for all layers 
If  and w1 (  and w2) are the permittivity and the thickness of material 1 (material 2) 

respectively, the electric field for each layer can be obtained with 

,   (11) 
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The potential difference between the plates can be defined as 

 (12) 

Using the total charge defined in Eq.9 and extrapolating to the case of n layers, total 
capacitance Ctot can be written as 

 (13) 

b. As a capacitance of several consequent capacitors 
Consider each layer as a separate capacitor with the thickness wn   and dielectric constant 

. The capacitance of n consequent capacitors can be calculated as: 

 (14) 

Insertion of the layer capacitances C1, C2… Cn obtained by Eq.10 will result in the equation 
equal to Eq.14. It might be more practical for the evaluation of the changes in an already 
known capacitor with additional layers of different permittivity. 

The dielectric material between the plates might be non-homogenous (Figure 34b). If the 
space between the plates is filled with two constituent dielectrics, capacitance can be 
calculated as 

 (15) 

where r value is the volumetric ratio [71]. 
If the dielectric material in the capacitor has a crystal structure, it is possible to calculate 

the capacitance regarding the directions of the crystal axes [72]. Permittivity values 
codirectional with the crystal axes x, y, and z are , , and . Directional cosines of the 
angle made by the normal to the capacitor plates with these crystal axes are l, m, and n. Since 
the material is electrically isotropic, the equipotentials are parallel to the plates and equally 
spaced. Electric intensity should be codirectional with the normal. Thus, 

 (16) 

Using Eq.16 with the equations for energy and connection between the electric field and 
the charge, the capacitance can be derived as  

 (17) 
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Dependence of the capacitive behaviour from the crystal orientation after the exposure to 
the irradiation was reported for the silicon sensors of the CMS Silicon Tracker [73]. An 
example of the capacitance calculations in a microstrip detector can be found in [73]. 

The definition of the capacitance is based on the consideration that the permittivity of the 
material is constant, but it can be a function of temperature, applied voltage, or other factors 
for some materials. 

 

1.1.3 Edge correction (fringe field) 
Eq. 10 is correct for an ideal case of infinite flat capacitor or for limited central area of real 

capacitor. Near the edges of the real contact pads the electric field has a distorted form of 
fringe field. An electric field with edge effects for capacitor with equal contact pads is shown 
in Figure 35. 

 

 
Figure 35 Electric field of flat capacitor with equal contact pads [75] 
 
For the first approximation, Eq.10 can be corrected using an approach based on symmetry 

of the capacitor [69]: consider points situated at distance x from the edges of contact pads 
such as , and neglect the distance w/2. Potential on upper contact pad is , 
on lower contact pad is  , where is the total potential. An equipotential surface 
with  is situated between the contacts at distance w/2 (Figure 36a). 

 

 
Figure 36 (a) Contact pads of flat capacitor and consequent potential; (b) two surface areas with different 

potentials [69] 
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The case is equal to the case of field near the border of the two surface areas with different 
potentials (Figure 36b), and redundant charge density  can be defined as 

 (18) 

Total redundant charge Q*will be defined as 

 (19) 

where L is the perimeter of one contact and the limits of integration are the borders of 
area . Thus the corrected capacitance value C* will be 

 (20) 

or, in the case if the capacitor is filled with a medium with relative permittivity of  

 (21) 

In Eq.20 and Eq.21, C is the capacitance obtained by Eq.10. 
The edges of the contact pads are considered to be the main reason for distortion in the 

electric fields. If the space between the contact pads is filled with any dielectric material and 
the capacitor is operated in the air (or vacuum), the border of the dielectric material with air 
(or vacuum) can also affect the shape of the potential; this impact might be more significant 
for materials with higher conductivities.  

A more precise correction can be obtained using a conformal mapping approach originally 
developed by G. Kirchhoff [76]. Eq.22 is Kirchhoff’s formula for a flat capacitor consisting 
of two parallel round plates with radius Rpl (Gaussian units): 

 (22) 

where C is a geometrical capacitance. For the capacitors of non-symmetrical shapes, a 
conformal mapping approach might result in complicated calculations, a detailed description 
can be found in [69].  

According to the ratio between the top and bottom contact pads, most common types of 
capacitors used in the integrated circuits can be arranged in several typical groups. Capacitors 
with equal contact pads (Figure 37a) are rare structures; for safe processing one of the pads 
(usually lower pad) is designed to be slightly larger than the other (Figure 37b). Another 
possible situation is a full metal layer (one of inner layers or backplane) working as one pad, 
and a small pad (Figure 37c), or array of small pads (Figure 37d) are expected to work as the 
second contact pads. The area of the capacitor is defined by the overlapping area of both 
contact pads: in this case the shape of the upper contact pad defines the working area of the 
capacitor. For edge correction, those differences are critical due to the fact that for each case 
the fringe field will have different form. 
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Figure 37 Cross-sectional view of typical capacitor structures used in integrated circuits: (a) capacitor with 

equal contact pads; (b) upper contact pad is slightly smaller than lower contact pad; (c) upper contact pad over a 
backplane; (d) an array of small contact pads over a backplane. Dotted lines indicate borders of working area. 

 
Illustrative examples of the derivations of the form of fringe field and capacitance 

correction can be found in [77] for the case shown in Figure 37b, in [78] for the case shown 
in Figure 37c, and in [79] for the case shown in Figure 37d. A general description of the 
approach can be found at [69, 80-81]. An example of comparison of capacitors with different 
shapes can be found at [80]. 

In practice the invention of additional structural elements, such as guard rings, diminishes 
the need for fringe field correction as long as the size of the working area of the capacitor is 
significantly larger than the size of these structural elements. Guard rings are the protective 
structures aimed to smooth the electric field around the contact pad and prevent mutual 
interaction with neighbouring elements. Figure 38 illustrates an array of guard rings 
protecting central contact pad of a HIP standard diode. 

 

 
Figure 38 Microscopic picture of HIP standard diode guard rings: 1 – protective guard rings; 2 – grounding 

guard ring; 3 – central contact pad. 
 
The geometrical shapes of contact pads are vary from simple symmetrical figures (strip, 

circle, square, and rectangle) to their combinations (rings) and non-symmetric channels 
designed to work as capacitors. Obviously, structures with sharp corners will generate more 
complicated fringe fields than rounded shapes. In practice, protective guard rings are the most 
common approach to minimize these additional perturbations of the electric field. Figure 39 
provides a schematic view to the lines of electric field near the edge of an electrode. The 
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corner of the electrode is the source of non-linearity and distortions in the electric field. The 
impact of this distortion can also be slightly diminished by the array of surrounding guard 
rings; however, the usage of rounded shapes of structures is the recommended approach. 

 

 
Figure 39 Equipotentials and flux lines at the edge of a thick electrode (near field) [82]  

 
The design of the semiconductor detector structure might include microcapacitors for 

which the thickness of the contact pads is larger than the thickness of the material (typical 
thickness of contact pad 500 nm, whereas the thickness of high-k dielectric layer could be 
10–50 nm). This case requires formal definition of the electric field around contact pads as a 
field of three-dimensional bodies because Eq.10 is valid only for the cases of relatively thin 
contact pads.  

 

1.1.4 Capacitance and alternating current 
The need to understand the concept of alternating current is defined by the fact that 

many instruments for capacitance measurements are based on AC-measurements and further 
extraction of capacitance value from impedance parameters.  

This section is based on [83]. 
Alternating current is the current changing in time. The most common type of alternating 

current is defined by sine function (Figure 40): 

 (23) 

where Imax is the amplitude, also known as peak current (maximum value of current); T 
– period;  is the angular frequency (  – physical frequency, number of 
cycles per second);  is a phase. Frequency plays a significant role in capacitance 
measurements. 
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Figure 40 Parameters of sine function [83] 
 
Amplitude Imax can be expressed in complex form as 

 (24) 

Effective values for current, voltage and field can be obtained respectively as 

 (25) 

 (26) 

 (27) 

In equations 25–27 number   is a crest factor generally varying for different 
waveforms. 

Average values Iav, Uav, and Eav for current, voltage, and electric field respectively can be 
found from 

 (28) 

 (29) 

 (30) 

If potential is defined by sine function 

 (31) 

the charge q of the capacitor is 

 (32) 
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Therefore, the capacitor is charging and discharging with flowing current 

 (33) 

The phase of current through the capacitor leads the phase of voltage by . Vector 
diagram is shown in Figure 41. 

 

 
Figure 41 Vector diagram for current and voltage through the capacitor 
 
Peak current is defined as 

 (34) 

where   is the capacitive reactance. 
To illustrate the passive behaviour of a capacitor in a circuit, Eq.33 can be written as 

Integration of Eq. 35 over time connects potential on the capacitor and current through 
the capacitor 

 

 (36) 

Complex impedance is 

 (37) 

where  is a resistance,  is a reactance, and j is 
imaginary unit,  .  

Figure 42 shows the complex impedance plane, which illustrates the relationship between 
the components of complex impedance.  

 
 

 (35) 



51 
 

 
Figure 42 Complex impedance plane and impedance components  
 
Phase angle θ is an angle between current and voltage. 

 (38) 

Admittance Y=1/Z is inversed impedance: 

 (39) 

where  is a susceptance, and  is a conductance. 
The capacitor has only reactive impedance inversely proportional to the signal frequency 

 (40) 

and resistance defined as 

 (41) 

Real capacitor with thermal effects can be considered as equal scheme shown in Figure 
43a:  

 

 
Figure 43  Capacitor in AC electric scheme (a), vector diagram of capacitor in AC electric scheme (b) 

 
Resulting current: . The vector diagram in Figure 43b shows that  leads  by 

 and    coincides with . 
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Angle δ is known as loss tangent δ: 

 (42) 

where is a quality factor, ESR – equivalent series resistance. In practice, the 
dissipation factor D – reciprocal value of the quality factor is used more often: . The 
dissipation factor characterises the amount of thermal losses in the capacitor; in complex 
terms it is the ratio between the real and imaginary parts of the complex impedance (Eq.37): 

 (43) 

1.2 Capacitance measurement methods  
 

The capacitance cannot be measured directly; it can be derived from other measured 
electrical parameters or found from a comparison with an element with a known capacitance. 

Methods of the capacitance measurements can be divided into three groups on which the 
method is based: current-voltage measurements; resonance; and the usage of a bridge. A brief 
description of a basic variation for each method is provided below; the majority of the modern 
capacitance meters are based on one of them.  

 

1.2.1 Current-voltage measurements. 
This approach is based on the measurements of the potential on the capacitor and the 

current through the capacitor. It gives the possibility to find the variable resistance Rc using 
Ohm’s law: 

 (44) 

Capacitance can be calculated using the definition of the variable resistance: 

 (45) 

1.2.2 Resonance in circuit 
An unknown capacitor can be included into an RLC-circuit schematically shown at Figure 

44.  

 
Figure 44 Resonance circuit for capacitance measurements 
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In this circuit, Cx is an unknown capacitor, L a reference inductor, R an active resistor, U 
a sinewave generator, and A an ammeter.  

From Ohm’s law, current can be found as 

 
(46) 

Therefore, current will have its maximum value when voltage U is constant and U=const 
only when inductance satisfies the condition: 

 (47) 

Frequency value satisfying Eq.47 is known as   – natural resonant frequency. 

Capacitance can be found as 

 (48) 

1.2.3 Comparison in bridges 
The most common approaches for capacitance measurements are based on the usage of the 

bridges method [84]. Generally, this method is based on the comparison of an unknown 
capacitor with an element of a known capacitance. It is the most general approach with basic 
voltmeters and ammeters: AC voltage is applied to the unknown capacitor and the resulting 
current is measured. Current is integrated over time to derive charge, and the capacitance can 
be calculated as ratio between the charge and the potential (Eq.8). Implementation of this 
method is realized by placing the unknown capacitor in circuit with the reference elements 
and ‘bridging’ it with the voltmeter. 

A basic bridge circuit is shown in Figure 47: Cx is an unknown capacitor, C0 is a reference 
capacitor, R1 and R2 are balance resistors. Capacitors also have resistance Rcx and Rco 
respectively. Branch BD includes a sine wave generator, and branch AC includes a voltmeter.  

 

 
Figure 45 Schematic configuration of simple bridge. 
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For branches ADCA and ABCA 

 (49) 

For points A and C 

 (50) 

Resistivity of R1, R2, and Rco are chosen to establish iv=0, so 

 (51) 

Solutions of Eq. 49 are balance conditions: 

 (52) 

Capacitance can be obtained if the set of known resistances and capacitances in the circuit 
satisfy balance conditions. 

 

1.3. Instrumentation for capacitance measurements 
 
The set of measuring devices and controlling computers, cables, sample holders with 

pumps, contact needles, protective equipment, and equipment for temperature and humidity 
control used for capacitance measurements, constitutes a setup known as a ‘probe station’. 
Selection of the measuring devices and the configuration of a probe station is defined by the 
requirements of the measurements, such as expected range of measured data, measurement 
parameters needed for verification of certain theoretical considerations, and environmental 
conditions (temperature, humidity, electromagnetic field). There are a lot of combinations of 
existing capacitance meters and possible configurations of the test platforms (probe stations); 
in the section below, a review of the instrumentation relevant to capacitance measurements 
of silicon detectors is provided. 

 

1.3.1 LCR meter Agilent E4980 
The most common instruments for the capacitance measurements are multifunctional AC 

impedance meters, also known as LCR meters (for L - inductance, C - capacitance, R - 
resistance). Agilent E4980 (Figure 46) adopted in HIP for the detector quality assurance tasks 
is the member of this family and will be described as an example.  

 
 



55 
 

 
Figure 46  Agilent E4980 LCR meter 

 
The LCR meter measures the parameters of complex impedance with an auto balanced 

bridge maintaining AC virtual ground at the sense side of the test sample (or DUT, Device 
Under Test). The connection of Agilent E4980 to DUT is recommended to be realized with a 
4-point Kelvin connection (Figure 47). The outer shield conductors work as the return path 
for the test signal current (they are not grounded). The same current flows through both the 
centre conductors and outer shield conductors (in opposite directions), but no external 
magnetic field is generated around the conductors (the magnetic fields produced by the inner 
and outer currents completely cancel each other). Because the test signal current does not 
develop an inductive magnetic field, test leads do not contribute additional errors due to self 
or mutual inductance between the individual leads [85]. 

 

 
Figure 47 Connection of Agilent E4980 to DUT with 4-point Kelvin connection [85] 

 
To minimize cabling-related errors, LCR meters should be connected to test samples with 

a 4-point Kelvin connection involving 2 separate pairs of current (source) and voltage (sense) 
connectors in a measurement circuit (Figure 47). The AC voltage is supplied by the high 
current (HCUR) terminal, the current through the DUT is measured by the low current 
terminal (LCUR), and the voltage across the DUT is measured by the high and low potential 
terminals (HPOT and LPOT). Clearly identified phase and angle between measured voltage 
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and current provides the possibility to derive the capacitance as an AC impedance parameter 
(Eq.35–38) [85, 86]. 

For capacitance measurements, the most common AC impedance models are the parallel 
model and the series model. Measurements with the parallel model result in parallel 
capacitance Cp and parallel conductance Gp. Measurements with the series model are adduced 
as series capacitance Cs and series resistance Rs (Table 3). The dissipation factor D (Eq.43) is 
a typical metric for the evaluation of the quality of capacitance measurements. 

 
Table 3 Parallel and series models [90] 

Circuit mode Equivalent circuit Measurement 
function Dissipation factor Application conditions 

Parallel mode 
(Cp) 

 

Cp-D 
Cp-Q 
Cp-G 
Cp-Rp 

  small capacitances 
Z>10kΩ 

Series mode 
(Cs) 

 

Cs-D 
Cs-Q 
Cs-Rs 

  large capacitances 
Z<10Ω 

 
Complete LCR meter circuit model includes both parallel and series resistances as shown 

in Figure 48 [85]. 
 

 
Figure 48 Scheme of parallel and series resistances in LCR meter [85] 

 
The choice of parallel or series mode for the measurements is determined by the 

comparison of the relative impedance magnitude of the reactance and resistances Rs and Rp. 
For a small capacitance (high impedance) the value of reactance is large, therefore the parallel 
resistance Rp is more significant than series resistance Rs (which can be neglected), and 
parallel mode should be chosen. On the other hand, for the large value of capacitance (low 
impedance), resistance Rs is more significance than Rp, thus the series mode should be used. 

 

1.3.2 Setups for CV measurements  
For the characterisation of detectors developed for CMS, various probe stations based on 

the use of LCR meters and other capacitance meters were used. The probe stations in the 
electronic industry are set to perform only one kind of measurement: industrial capabilities 
allow the maintenance of probe stations determined for one specific task only. In most 
research laboratories, the same probe station is intended for capacitance-voltage and current-
voltage measurements, and the configuration of the equipment is usually determined to take 
this fact, and some other requirements, into account.  

Detector test structures are sensitive to light, and this requires covering of the probe-station 
test table with a dark box preventing the entrance of light to the sample during the 
measurements. The dark box is a metallic protective cover, so it also works as an isolation 



57 
 

and grounding (chassis) for the setup. The measurements of irradiated test structures might 
require additional temperature control of the samples. An additional source is needed for the 
high-voltage measurements to provide an extended range of voltage, since typical LCR meters 
have limited range of voltage sourcing; introduction of such a source into the station requires 
an additional protection box (B. ISOBOX) to prevent connecting the high voltage to the 
sensitive LCR meter.  

A test sample is connected with the measuring circuit through the conductive chuck in a 
probe station, and the precise probe needles operated under the microscope to reach the 
surface of the sample. To avoid disturbances caused by vibration of the table or the movement 
of the probe needles, the test sample is fixed in place by a vacuum sample holder supported 
by the pumping system. The chuck can be placed on a motile platform enabling controlled 
microscopic movements in the x, y, and z planes.  

Sourcing and measuring devices are controlled by software installed on a computer 
connected to the probe station measurement devices with a GPIB interface. 

Different probe stations might have different configurations and sets of equipment. A list 
of equipment for the Karlsruhe and HIP setups is summarized in Table 4. A brief description 
of these stations and a schematic of a CERN probe station dedicated to the same 
measurements is provided below. 

 
Table 4 Equipment for Karlsruhe and HIP probe stations 

Function Device name Setup 

Sourcing and measuring 
units (voltage sources 
and ammeters) 

SMU Keithley 6517A Karlsruhe probe station 

SMU Keithley 6487 HIP cleanroom probe station 
HIP 2017 probe station 

SMU Keithley 2410 
HIP cleanroom probe station 
HIP 2017 probe station 

SU Keithley 617  Karlsruhe probe station 
SU Hewlett Packard 6614C   Karlsruhe probe station 

Capacitance meter 

LCR meter Hewlett Packard 4274 
(4284A) 

Karlsruhe probe station 

LCR meter Agilent E4980 HIP 2017 probe station 
Custom made capacitance meter HIP cleanroom probe station 

Protection circuit ISOBOX 
Karlsruhe probe station 
HIP 2017 probe station 

 
Karlsruhe setup 

The probe station configuration for characterisation in Karlsruhe Institute of Technology 
(Figure 49) is designed for the quality assurance of the CMS Tracker strip detector modules. 
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Figure 49 Probe station in Karlsruhe for measurements in dark and cold environments [65] 

 
The Karlsruhe probe station includes a protective box (ISOBOX) specifically developed 

at CERN for the measurements requiring relatively high applied bias voltage. The schematics 
and list of components for ISOBOX are provided in App.B. For the capacitance versus voltage 
(CV) measurements, the Karlsruhe setup was configured as it shown in Figure 50 [65]. 

 

 
Figure 50 CV configuration of Karlsruhe setup [65] 
 

For capacitance measurements, the sample should be biased by an LCR meter, but the 
voltage it can provide has relatively low limits, and thus the voltage range is extended by 
insertion of an additional DC voltage source (Keithley 6517A). The DC voltage source applies 
the required bias voltage over the test sample and at the same time does not distort the 
parameters of measuring the AC potential of LCR meter. The equilibrium between these 
potentials is controlled with the ISOBOX. Large capacitors included in the ISOBOX circuit 
might accumulate significant charge during long-term or multiple measurements. To prevent 
their unintentional discharge, a further discharge relay (App.C) was introduced. It shortens 
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the two ends of the large capacitances with an additional large resistor, thus the operator can 
discharge them when needed. 

 
CERN setup 

The setup currently dedicated for the electrical characterisation of silicon detectors at 
CERN also has a temperature control option. The measuring device is an LCR meter. The 
schematics of connections are shown in Figure 51. The configuration for the CV 
measurements can be enabled by connecting the wires from the test sample to the LCR meter. 
This connection can be made using the switch. 

 

 
Figure 51 Connections at CERN probe station for CV and IV measurements (2017) 

 
 
HIP cleanroom setup 

The older probe station (Figure 52) at the Helsinki Institute of Physics (HIP) used for 
electrical characterisation is situated in the cleanroom facility to minimize contamination, 
parasitic electrostatic influence, and other external hazards, which can affect the behaviour of 
the tested samples.  
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Figure 52 Overview of the HIP first probe station at cleanroom. (1) PC with control and data acquisition 

software; (2) Platform with probe needles; (3) Light source; (4) Microscope; (5) Cable connection pad; (6) Measuring 
devices: SourceMeter Unit, Picoampermeter, Capacitance meter; (7) Pump; (8) Dark box. 

 
It is based on the use of a custom-made capacitance-meter. The schematic layout of 

connections for CV measurements is shown in Figure 53. 
 

 
Figure 53 Older HIP CV probe station. The CV set-up wiring diagram and detector displaying the parallel 

diode structure. By connecting both the active area diode and the guard ring diode directly to the ground the 
capacitance is measured from the whole detector structure [87]. 
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This station was later modified for the electrical characterisation of the CMS pixel 
modules using the Digital Test Board (DTB) (Figure 54). A description of the tests with the 
DTB is provided in section 2.5.2 of this chapter.  

 

 
Figure 54 HIP probe station for characterisation of the CMS pixel modules: dark box (1); microscope (2); 

platform with probe card (3); vacuum chuck (4); controlling PC (5); source-meter unit (6). 
 

 
HIP 2017 novel CV/IV setup 

In 2016–2017, a new probe station was installed in HIP premises outside of the cleanroom 
facilities. An overview of the new setup is shown in Figure 55. 
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Figure 55 Overview HIP probe station in 2017. (1) PC with control and data acquisition software; (2) 

Measuring devices: picoampermeter, SourceMeter Unit, LCR meter; (3) ISOBOX; (4) pumps; (5) platform with probe 
needles; (6) microscope; (7) dark box. 

 
The configuration is similar to the CERN and Karlsruhe probe stations with some 

modifications. A schematic is shown in Figure 56. Test sample should be placed on the chuck 
inside the dark box, which also serves as a ground and isolates the sample from unwanted 
external fields. In the basic measuring configuration, sourcing is applied through the chuck, 
and precise probe needles (App. D) are connected to the readout. The ISOBOX unit contains 
the protective circuit and routes the measuring and sourcing devices during the CV 
characterisation.  
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Figure 56 CV configuration (connections) of HIP2017 probe station 
 

The protection unit (ISOBOX) was modified to allow the measurements of very small 
capacitances: a closing capacitor of 1.2 pF replaces the older 47 pF (App.B). This capacitor 
operates in parallel with measuring the test sample and should have several orders of 
magnitude lower capacitance to keep the background capacitance in measurements as low as 
possible (see section 4.1 of this chapter). 

The necessity of the ISOBOX is defined by the need for reverse biasing with high voltage. 
The reverse bias mode is not as commonly used as the direct mode for which the measuring 
equipment is initially designed. In the direct bias mode, semiconductor devices can generate 
significant current; test limits for the direct mode typically do not exceed 50V of direct bias. 
Quality assurance of silicon detectors requires application of reverse bias, which is defined 
by the expected depletion voltage. During the lifetime of the detector this value increases due 
to the exposure to radiation. Thus, electrical characterisation of the detectors should determine 
their depletion voltage, examine the tolerance to the high reverse bias voltage (test for 
occurrence of avalanche breakdown), and evaluate the level of the leakage current (this is 
done with current-voltage characterisation described in section 2 of this chapter). The 
measuring LCR meter applied for CV tests cannot provide more than 40 V for DC bias 
measurements, and the external DC bias source should be introduced into the circuit. The 
resulting hybrid potential across the sample consists of high DC reverse bias voltage applied 
by Keithley-2410 and measuring AC voltage applied by the LCR meter (Figure 46) as a part 
of the complex impedance needed to define the capacitance. To prevent the possible harmful 
effects of the high DC voltage to the precise LCR meter, the protective circuit with an array 
of diodes is introduced (B. ISOBOX). 

This approach requires clear grounding and isolation of the probe station from external 
electrical fields and sources of noise (especially high-frequency noise). Proper quality of the 
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components used in the ISOBOX is a key factor to the reliability of the probe station and 
should be monitored in addition to the considerations regarding CV measurements in general. 
In addition, the time needed for the voltage source to establish the requested DC bias should 
be taken into account: measuring AC voltage should be applied only after. This can be done 
with the software which sets the delays for each step of measurement. 

 
Procedure of CV measurements with HIP probe station 
The general procedure for capacitance measurements performed using the HIP probe 

station includes following steps: 
1. Setting the proper cabling configuration as it shown on the scheme in Figure 56.  
2. Activation of the probe station: turning on controlling computer, measuring devices, 

vacuum pumps and light inside the dark box (only for the time needed to place the sample). 
3. Placing the test sample. Test sample should be placed on the platform where it will be 

held by the air flux (vacuum holding). All relocations of tests samples (for all characterisation 
methods) should be performed using the tweezers specially developed for semiconductor 
industry. 

4. Activation of custom-made CV software and setting the parameters of the 
measurements.  

5. Calibration run. Before actual measurements, checkout of the background capacitance 
of the probe station should be performed. This is achieved by running the measurement cycle 
with needles left open at relatively small distances from the sample (1–2 cm).  

6. Connections to the sample. In standard CV tests biasing is performed through the 
conductive platform to the backplane of the sample. The right needle is the reading needle 
and should be connected to the area of the contact pad of the sample, and the left needle should 
be connected to the guard ring to close the measuring circuit (Figure 57). 

 

 
Figure 57 Positioning of the probe needles for standard CV-IV tests of HIP standard diode: left needle 

should be connected to the guard ring structure; right needle should be connected to the central pad. 
 
Precise probe needles can be operated using the screws; the operator should avoid 

additional pressure to the sample surface to prevent damage of the sample and the probe 
needle.  

7. Actual cycle of measurements controlled with the CV software. 
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8. Evacuation of the sample. First, probe needles should be detached from the surface of 
the sample. Second, vacuum holding should be disabled. Then, the sample can be evacuated 
from the platform.  

 

1.3.3 Connections in CV probe station  
The common critical point for all CV probe stations is the accuracy of the connections. 

Connections include cables, connector leads between the cables and devices or different 
cables, the conductive chuck, and the probe needles. Different connection sets mean different 
signal paths leading to different errors that require specific corrections. 

Different cables can cause a phase offset: AC signal propagating along the cable over a 
finite time creates a phase shift proportional to the length of the cable and propagation delay. 
The LCR meter measures impedance and phase, and phase shifts affect the measurement 
results directly. This problem increases as the test frequency becomes higher than 1 MHz [88, 
89]. 

The quality of CV measurements is directly proportional to the quality of the cables and 
the probe station setup used. In an ideal case, the CV measurements demand the use of coaxial 
cables with remote sense leads and very precisely controlled cable length [88, 89]. 

In the research facilities, there is usually no possibility to install a remote control and the 
choice of equipment is limited by the funding of the institution. It is possible, however, to 
follow some general suggestions to minimize the inaccuracy of the measurements caused by 
distortions in the cables and connectors. 

Below are some general rules for accurate measurements with a four-terminal pair 
configuration [88]: 

(1) The signal path between the LCR meter and the test sample (Figure 58) should be as 
short as possible (or at least done with identical cables of the same length); 

(2) The outer shields of the HCUR and HPOT, LCUR and LPOT terminals must be, 
respectively, connected together at the nearest point possible to the point at which the test 
sample will be connected; 

(3) The connections between the end of the shielding and the test sample should be as short 
as possible. 

 

 
Figure 58 General connection rules for LCR meter E4980 [85] 
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The chuck can also generate unwanted noise in the probe station setup. A typical chuck is 
comprised of the solid metal plate with microscopic air channels to hold the sample using the 
applied air pressure, or ‘vacuum’. It is designed to hold a full wafer with a diameter of at least 
10 cm; whereas for research purposes, CV measurements should be performed on single 
structures of much smaller scale. In this case, a conductive chuck generates a relatively huge 
electric field that causes additional distortions in the electric field of the sample being 
measured. To prevent this, the size of conductive part of the chuck should be minimized.  

Most test structures studied for the CMS upgrade project have contacts on two sides of the 
bulk: bias voltage should be applied to the backplane of the sample through contact with the 
conductive chuck beneath it. The reading of the current should be done by the probe needle 
connected to the contact pad on the upper surface of the sample (Figure 53). It is 
recommended to use a non-conductive chuck in case the studied structures, such as MOS 
capacitors, are situated on the surface of the wafer, and all contacts should be placed on the 
top surface. Some suggestions for this case are provided by the manufacturers of LCR meters 
[88]: an extension cable and a prober are required (Figure 59).  

 

 
Figure 59 Cable extension and prober connection in four-terminal pair configuration for measurements of 

structures on the wafer [88]  
 
The extension cable and the prober can cause additional errors that can influence the 

measured capacitance value. This effect can be minimized by connections with recommended 
extension cables and specific correction functions available for the LCR meter. 

 

1.4. Errors in CV measurements and possible corrections 
 
Direct measurements allow the direct determination of the aspect of an object and its 

presentation in measurement units. Indirect measurements imply the measurement of the 
aspect of an object that should be converted to obtain a desired characteristic in measurement 
units. An additional step in a measurement algorithm means that there is an additional point 
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where failure might happen, thus the probability to have error or errors affecting the result is 
higher for indirect measurements. 

Capacitance measurements are indirect and involve several measuring devices and various 
components. The accuracy of measurements is defined by the scale of several types of 
possible errors which should be tracked so that impact is minimized. Specific research is 
required for error evaluation of CV measurements performed on thin films [90]. A short 
overview of the relevant types of errors and possible treatments is provided below, together 
with the descriptions for how they are realised in the HIP project.  

 

1.4.1. Instrumentation errors 
The instrumentation used for the measurements is a source of various errors. As it causes 

errors systematically, they are also classified as systematic errors. The main sources of 
systematic errors include: 

 inaccuracy during the manufacture of the instrument arising out of neglect of 
tolerances in the components of the instrument; 

 improper function of instrumentation or its components due to wear over a 
significant period of time; 

 exposure of the measuring system to environmental factors not considered during 
its calibration; disturbances of the instruments by the act of measurement [89]. 

Most often the appearance of instrumentation errors in the results can be found in forms of 
gain and offset as presented in Figure 60 [86]: 

 

 
Figure 60 Gain and offset errors in a capacitance measurements [86]  

 
Actual values of a known capacitor in a log scale are presented on axis x; and values 

obtained by measurements (including all errors) are shown on axis y. In a perfect system, 
measured values would exactly match with actual values resulting in a straight nominal line 
(black line in Figure 60). In reality, the nominal line can be shifted to the gain (blue line in 
Figure 60) or distorted to offset (red line in Figure 60).  

The main reason for gain is the zero error which is typically caused by the fact that zero on 
a measuring device is not a real zero. In case of capacitance measurements, zero is 
unreachable because of the existing capacitance of probe station elements. Most simple 
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actions, such as changing the elements to proper versions and avoiding capacitive elements 
(or other elements with impact on impedance), are most effective but not always possible. 
However, this background capacitance can be removed from the measurement results if, after 
all possible corrections of the probe station, it is stable, constant, and much lower (2–3, 
preferably more orders) than expected capacitance values of test samples.  

This approach is used in obtaining measurement results in CMS upgrade project at HIP. 
Statistical analysis of background capacitance measurements of the HIP probe station in its 
final configuration (actual for 2018) shows its average value as 4.333±0.079 pF.  

Figure 61 shows the histogram of background capacitance values (a) and its deviations (b). 

 

(a) 

 

(b) 

Figure 61 Histogram of values of background capacitance (a) and its deviations (b) of HIP probe station 
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Here, event means the measured value of capacitance, number of events n=4519. Deviation 
d shown in Figure 61b is the difference between measured capacitance value and average 
value of capacitance of all measurements. Standard deviation is calculated using Eq.63. 

It is strongly recommended to perform measurements of background capacitance before 
each cycle of measurements to assure that there are no unforeseen actions disturbing the 
behaviour of background capacitance. Figure 62 shows a typical CV plot obtained during the 
measurements with a HIP probe station, where background capacitance values are measured 
and extracted from the total measured capacitance of the sample in the probe station circuit. 

 

 
Figure 62 Typical CV plot obtained by HIP probe station 

 
The most probable reason for the offset is the insertion error. Insertion error can be 

observed if the measuring devices can affect the test sample’s properties. For capacitance 
measurements, it can be charging of capacitive test structure with cumulative charge when it 
is connected to the measuring circuit; it can be prevented by discharging relay which will 
open the circuit and absorb the cumulative charge. For HIP probe station, this relay is planned 
but not installed yet (actual for spring 2018), and errors related to charging are treated with 
increased (set manually depending on voltage and frequency required for measurements) 
intervals between measurements at each voltage point and circuits open after every run of 
measurements.  

As it was mentioned, capacitance measurements are indirect: LCR meter measures AC 
impedance, current through the test sample, and the voltage across it together with the phase 
angle between the current and voltage and AC amplitude. From this data it calculates different 
impedance parameters, such as capacitance, according the chosen model. If one or several of 
measured impedance parameters are incorrect, it will result in errors in final capacitance 
values. Impedance parameters can vary during the measurement runs and cause different 
errors, problems could be different and non-systematic, and there are no systematic ways to 
prevent it. 
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Phase shift is the most common error related to the shift of AC signal. The propagation 
time of the AC signal depends on the path which is defined by the cables, switches, chucks, 
and probe needles. Different lengths or materials of input and output cables will cause 
different signal propagation delays and result in phase shift which will distort measured 
impedance, and final extraction of the capacitance will be impossible. High-frequency 
measurements (f>1 MHz) are more sensitive to the phase shifts [86]. 

Evaluation of the dissipation factor D (Eq.43), which is typically shown on the screen of 
LCR meter for every measurement step, is a basic approach to reveal errors related to 
deviations in impedance components. Dissipation factor is also equal to the loss tangent δ, 
which in turn describes the part of the current lost due to thermal effects and ineffective 
charging of the capacitor. Higher resistivity of the test sample will cause bigger loss tangent, 
therefore the desired values of the dissipation factor are as small as possible. 

A specific type of errors in the form of negative capacitance values can be observed during 
capacitance measurements based on an impedance measurement approach. The main reason 
for this is also a distortion of the phase angle of measured impedance; it can be caused by AC 
responses induced in conducting layers of the test sample during the measurements [84] or by 
capacitive elements in the probe station in a range that is similar to or higher than test sample 
capacitance. Typical corrections include changing all cables to the same type (preferably from 
same manufacturer), avoiding active impedances in the probe station, minimizing the 
distances between test sample and measuring units.  

Finally, errors related to calibration of the measuring units can also become a source of 
instrumentational error. Calibration error can occur when the exploitation of the measuring 
devices is performed in environment with different parameters (such as temperature, 
humidity, air pressure) from those when the initial calibration of the device was done. 
Following the guidelines defined by the manufacturer of the LCR meter and other units of the 
probe station can prevent this type of error.  

 

1.4.2 Random errors 
Random errors can occur during any kind of measurements resulting in an odd value in the 

plot which cannot be agreed with the other values of function describing the behaviour of the 
test sample. The main property of the random error is its non-repeatability: if the second run 
of measurements under the same conditions shows the same odd value at the same point, the 
error might not be random but instead have some other roots to be investigated. 

The simplest way to detect random error is to compare the standard deviation values for 
different points. Measurements of capacitance should be performed 3–10 times for each 
desired voltage point, and then deviation — difference between certain capacitance value and 
mean of measured values — should be calculated. A significantly different value of deviation 
from the values in obtained distribution will indicate possible random error.  

CV measurements at HIP are set to be performed several times for each requested value of 
voltage, which are determined by the user of CV measurements software before the start 
together with number of repeats and time delay between them. The obtained data is used to 
calculate the deviation.  
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1.4.3 Mistakes (human factor) 
Traditionally, errors caused by operator mistakes are considered to be a human impact 

factor and disclosed from scientific analysis [91]. These errors include a wide range of 
possible troubles, such as incorrect operation of measuring devices, confusions of units, 
numbers and orders of magnitude, inaccuracy resulting in failed measurements, and more. 

Typical solutions to address human error include training of personnel and double-
checking of calculations and results. Error analysis normally fails to take the human factor 
into account, considering these errors are easy to prevent before running the actual 
measurements. In reality, evidence for these errors can appear whilst the measurements are 
underway. In some cases, it can be treated as random errors and the statistical methods 
described in [92, 93] could be applied. 

Preventing human mistakes has some limitations, and unpredictability is one of the most 
significant of them. It is possible to document common repeating mistakes, such as wrong 
connections or misuse of the equipment; but, sometimes measurement results are critically 
different if the equipment is operated by different well-trained persons. 

Capacitance measurements with the HIP probe station include the manual positioning of 
the probe needles to the contact pads of test samples. Different operators apply different 
amounts of force to the probe needle screws and the spearhead of the probe needle can end 
up in different positions: it can be touching the surface or penetrating into the bulk. In the 
case of thin films, this difference might result in a significant difference in capacitance values 
or in short-circuiting contact with the underlying conductive layer, losing the possibility to 
make measurements, and sometimes losing the whole sample.  

In the research laboratory, there usually is no possibility to have two separate probe 
stations for current and capacitance measurements, and switching between the CV and IV 
measurements is organised by replacing the connections to measuring devices. Connection 
mistakes are typically operator mistakes, which can be prevented by preliminary training and 
infographics with schematics available to the user of the probe station. 

 

1.5 Applications of capacitance measurements for quality assurance of silicon 
detectors 

Applications of capacitance measurements for the characterisation of silicon detectors 
are listed in the section below. Generally, this approach is not limited to silicon detector 
characterisation; it can also be used for the characterisation of other types of semiconductor 
detectors, for example, it was applied for the characterisation of GaAs radiation detectors 
[94]. 

The most conventional applications for all types of semiconductor detectors include 
evaluation of depletion voltage for the detector and studies of the material by determination 
of permittivity. Capacitance measurements can also be used for thin film thickness validation. 

1.5.1 Depletion voltage 
Neighbouring areas of p-type and n-type silicon form a pn-junction area, where charge 

carriers (electrons and holes) diffuse through the border, recombine and form a region without 
any free charge carriers — a depletion region. Diffusing charge carriers leave charged ions 
(space charge) behind and due to the different densities of space charge on different sides of 
the interface, the electric field E will appear in this area. Figure 63 illustrates this process in 
two-dimensional approximation. 
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Figure 63 Depletion region (a) and depletion region and applied voltage as simple electrical scheme (b) 

 
Poisson equation for this case 

 (53) 

where ρ is the charge density, q = 1.6∙10-19 is the electron charge, Neff  is the effective space 
charge density, ε0=8.85∙10-12 F/m is a vacuum permittivity, ε is the relative permittivity of 
material.  

The size of the depletion region can be extended through the entire thickness of the 
semiconductor bulk by applying external reverse bias potential V. The pn-junction in this case 
can be considered as a parallel plate capacitor the size of the depletion region (Figure 37a). 

Geometrical capacitance can be found using Eq.10. On the other hand, using Eq. 53 
capacitance can be defined as  

 (54) 

where q is the charge (q = 1.6∙10-19), Neff  is the effective space charge density, and V is the 
applied reverse bias voltage [95]. 

Figure 64a shows the CV curve obtained from measurements of the HIP standard diode. 
Measurements were repeated three times for each voltage value, and error bars indicate the 
standard deviation of repeated measurements calculated using Eq. 53. Since these values are 
much smaller than measured capacitance values, the histogram of values of standard 
deviations is shown in Figure 64b (event is a measured capacitance value). 
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(a) 

 
(b) 

Figure 64  Capacitance as a function of applied potential (a), values of standard deviation for capacitance (b)  
 
 
This function describes the behaviour of the capacitance until full depletion will happen, 

after that, it should become a constant indication of the saturation of the capacitance. In 
practice, the total saturation of the capacitance is impossible due to minor effects (mostly of 
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thermal origin) continuing in semiconductor bulk. There is no agreed method for 
distinguishing the point where the reason to decrease changes from the electric field extension 
to the minor bulk effects. Common practice is to define the value of full depletion voltage 
graphically by plotting measured CV data as C-2 vs. V according the function illustrated by 
Eq. 54, and obtaining the crossing point of two linear fits which gives the value of the 
depletion voltage. Figure 65 shows the example of 1/C2 vs. voltage plot for the HIP standard 
test diode with an obtained depletion voltage of approximately 47 V.  

 

 
Figure 65  Determination of depletion voltage :C-2 as a function of V, and depletion voltage value is ~47V.  
 

There are no formal algorithms for finding these linear fits, at the moment the depletion 
voltage is obtained by inspecting the plot with the human eye. Recently developed LGAD 
sensors or, in some cases, irradiated samples demonstrate very clear saturation and the 
definition of depletion voltage is much more reliable with them. In theory, measured 
capacitance will be constant from the moment when the electric field created by applied bias 
will reach physical borders of the capacitor; thus, the depletion voltage is the voltage where 
the first constant value of the capacitance can be observed (~60 V on the plot shown in Figure 
65). 

The reliability of this approach is questionable but not critical: the value of the depletion 
voltage is needed to define the operational voltage of the detector (see chapter about the 
detector principles) which should be not lower than the depletion voltage. It is strongly 
recommended to provide an evaluation of errors for the value of the depletion voltage and 
add a safety margin value to prevent unreliable operation of the detector in a range close to 
the depletion voltage. The criterion listed in [6] defines the operational voltage for CMS 
silicon sensors as full depletion voltage plus 50 V and it is supposed to be at least 150 V. 
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Additional verification with TCT can be used to determine the optimal operational 
voltage: with this approach it is possible to obtain the point where charge collection efficiency 
reaches its maximum. 

For the CMS Tracker, understanding the evolution of depletion voltage is needed for 
proper adjustments of operational voltage due to irradiation effects. For this, various 
monitoring approaches are suggested [96] in addition to comparison of CV characteristics 
before and after irradiation.  

 

1.5.2 Thin film characterisation 
Capacitance measurements can be used for characterisation of thin films. Study of 

applicability of new materials for further generations of radiation detectors requires 
examination of their properties, and permittivity is one of the key properties available from 
the capacitance measurements. 

Capacitance measurements of thin films can provide information on the thickness of the 
material, its uniformity and quality of processing. Study material should be placed between 
metal contacts forming the capacitor structures on the surface of the wafer, and the backplane 
should not be involved in the measurements.  

 

1.6 Results of capacitance measurements of HIP test samples 
 
Capacitance measurements were performed for all groups of standard HIP diodes 

described in section 5.2.1 of Chapter II. The polarity of applied bias voltage was positive for 
n-type samples of set C, and negative for p-type samples of sets A, B1, and B2. Since only 
absolute values of capacitance are characterised, only absolute values of applied voltage and 
measured capacitance current are compared.  

To obtain the depletion voltage, collected data is presented as a function 1/C2 of applied 
bias voltage. Results are shown in Figure 66.  
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Figure 66 Depletion voltage for all HIP standard diodes.  
 
The black line represents measurement results for the HIP standard diodes from set A, 

processed from p-type Czochralski silicon. Green and blue lines show the results of 
measurements for the samples from set B1 and B2, respectively. These samples have 
additional surface passivation with Al2O3. The red line represents results for the reference set 
of samples processed from n-type silicon. 

Error bars indicate the standard deviation between different samples in the group. The 
deviation in sets B1 and B2 is slightly wider because each is composed from samples taken 
from three different wafers, whereas sets A and C contain samples from one reference wafer.  

Diodes for sets A and B2 are produced from Float Zone (FZ) silicon wafers of the same 
origin and have the same depletion voltage at ~55 V. The introduction of an additional 
passivation layer did not resulted in measurable changes in depletion voltage. Passivated 
samples demonstrate a wider deviation in capacitance values at the region below the full 
depletion.  

Diodes of set B1 are made from magnetic Czochralski silicon wafers and their depletion 
voltage is observed at ~130 V. It was reported that values of depletion voltages for the diodes 
produced from the Czochralski silicon are typically higher than for those produced from the 
Float Zone silicon. 

The depletion voltage for diodes of set C is ~40 V. This value is in the same range as the 
depletion voltage of other diodes produced from Float Zone silicon. 

Resulting capacitance of the samples was calculated using the measured values of 
capacitance above the depletion voltage. These results are summarized in Table 5. 
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Table 5 Capacitance and depletion voltage for all samples 
Set Type Capacitance, pF Depletion voltage, V 
A pFZ 9.364±0.039 ~55 V 

B1 pCz 
passivated 9.099±0.084 ~130 V 

B2 pFZ 
passivated 9.368±0.021 ~55 V 

C nFz 9.042±0.016 ~40 V 
 
The expected values of capacitance for HIP standard diodes are calculated for the 

thickness w=280 μm, and several corrections applied. The relative permittivity of silicon is 
11.68. Published values of relative permittivity for Al2O3 vary between 9 and 12: permittivity 
of aluminium oxide depends on processing technique; moreover, in crystal alumina it is 
anisotropic. Layers of Al2O3 processed with the ALD method are considered to be amorphous 
and permittivity should be isotropic. Calculations with layer structure corrections are 
performed for the minimal and maximal values of permittivity to obtain the interval of 
possible values of capacitance. Results are provided in Table 6. 

 
Table 6 Theoretical calculations of HIP standard diode capacitance  

geometrical capacitance  
 

 

 

top contact is considered to be a 
square with side a=5mm 
S=a2 

C=9.234 pF 

area of top contact corrected: size 
of TCT window (circle with radius 
r=1mm) subtracted 
S=a2-πr2 

C=8.074 pF 

layer structure correction 

 

 

W1= 100 nm thickness of Al2O3 
layer 
W2= 279 um thickness of the 
silicon layer 

C=(8.105, 8.106)* pF 

edge correction (Eq. 20) not applicable:  not satisfied 
*interval is obtained using minimal and maximal values of relative permittivity for silicon 
 
Edge correction described in section 1.1.3 of this chapter formally cannot be performed 

since the criterion  is not satisfied: the thickness of the contact pads is significant in 
comparison with the thickness of the capacitive bulk. This means that the distortions related 
to the form of electrical field generated by the contact pads require advanced calculations or 
approaches, which might include the usage of numerical simulations.  

For the standard HIP diode, side a=5 mm corrections fail to lead to dramatic change in 
capacitance; recently processed arrays of test structures include scaled standard diodes with 
side a=2 mm, and for these structures and further scaling, capacitance corrections will be 
more significant.  
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The comparison of measured and calculated values of the capacitance from Table 5 and 
6 shows that the closest pre-calculated value lacks corrections. Thus, further studies of 
possible sources for correction are needed. 

Doped silicon layers might affect the final capacitance value due to the fact that doping 
changes the amount of charge carriers inside the materials and this might change the 
sensitivity of the material to the electric field and its permittivity. Further correction should 
include corrections related to measurement procedure. 

 

2. Leakage current measurements 
 
As observed with real devices, in a fully depleted region, several phenomena occur 

leading to the generation of parasitic charge carriers contributing to noise in the signal. These 
charge carriers are incorporated under the term ‘leakage current’. In this section, the general 
theory concerning leakage current is reviewed and the measurement approach is described. 
Possible errors are reviewed briefly with a focus on specific possible problems related to 
leakage-current measurements. 

 

2.1 Leakage current theory  
 

This section is based on [41].  
Leakage current is a shallow current detected from a fully depleted reverse-biased pn-

junction device.  
Under reverse bias, the equilibrium concentrations of charge carriers are significantly 

disturbed: 

 (55) 

Electron and hole emissions through bandgap generation-recombination centres are 
dominant processes; contribution of capture processes is very small since they depend on the 
concentration of free charge carriers. Assuming that pn<ni and nn<ni, the rate of electron-hole 
pair generation is defined as 

 (56) 

where  is recombination rate, τg is the generation lifetime (lifetime of generated 
electron-hole pairs), σn and σp are capture cross sections for electrons and holes respectively, 
Et is the energy level of the center, Ei is the intrinsic Fermi level, Vth is the thermal velocity 
of the carriers, Nt is the concentration of carriers in the semiconductor, ni is the intrinsic carrier 
density, k is the Boltzmann’s constant, and T is the temperature. 

Thus, current caused by generation processes in the depletion layer with width d can be 
obtained as  

 (57) 
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Total leakage current is a sum of current caused by generation-recombination processes, 
diffusion current and surface-generated current. In the case of silicon bulk, the contribution 
of Ig is dominating and leakage current Ileak is almost equal to Ig. The configuration of metal 
parts might contribute to the leakage current generated along the surface of the device as well 
as complex shapes of structures. 

Under applied electric fields, primary generated electrons acquire kinetic energy and begin 
to create more electron-hole pairs, and after certain value (specific for each device) this 
process escalates as multiplication of charge carriers and result in fast significant increase of 
leakage current. This phenomenon is called avalanche breakdown.   

 

2.2 Leakage current measurements 
 

Characterisation of silicon detectors includes measurements of leakage current known as 
current-voltage or IV characterisation.  

A basic schematic of IV measurements is shown in Figure 67. The test sample is 
considered to be a diode. It is kept under reverse bias and the values of leakage current are 
read through the applied electrodes. 

 

 
Figure 67 Setup for IV measurements [87] 
 
It is possible to find the leakage current at full depletion voltage using the value of Vfd 

determined during CV measurements. According to Figure 65, the depletion voltage for the 
test sample is ~47 V. Measured values of the leakage current for this sample are shown in 
Figure 68. The corresponding values of leakage current at depletion voltage for this sample 
are ~3 nA for central pad (diode) current and ~5 nA for total current.  
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Figure 68  Determining the leakage current at full depletion for HIP standard diode 
 
A sample is considered to be failed if there is no possibility to obtain data by the 

measuring unit (critical non-reversible damage of sample), or when the breakdown is 
observed during the IV characterisation. Occurrence of breakdown is registered when the 
leakage current starts to increase rapidly for at least one of the measured outputs (central pad 
current or total current). Figure 69 shows the leakage current of the normal sample (Figure 
69a), sample with breakdown related to total current measurements (Figure 69b), and sample 
with significant increase of both currents (Figure 69c). 

An acceptable level of leakage current for HIP standard diodes is in the range of 
nanoamps; avalanche breakdown is the case when the order of values of the leakage current 
changes by 1–3 orders at each measurement step. 
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(a) 

 

(b) 

 

(c) 

Figure 69 Behaviour of leakage current: normal (a); breakdown of total current (b); breakdown of both 
currents/degraded sample (c). 
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2.3 Instrumentation for leakage current measurements 
 
Measurement setups adopted for IV characterisation are based on the configuration 

shown in Figure 67. In the Helsinki Institute of Physics, the same probe station (Figure 55) is 
used for CV and IV measurements. Switching between the CV and IV configuration is 
performed by reconnection of measuring devices while the studied sample is kept on the test 
table. It helps to decrease the risk of mechanical damage to the test sample since no relocation 
is needed. 

The connections for IV measurements are schematically shown in Figure 70. Studied 
sample should be kept under reverse bias voltage applied through the chuck by SMU 
Keithley-2410, and the leakage current flowing through the sample should be read by the 
picoammeter connected to the reading needle.  

 

 
Figure 70 Configuration of HIP probe station used for IV measurements. 
 
Results of IV measurements shown in Figure 68 include two arrays of measured values: 

diode (pad) leakage current and total current. Total current is the total value obtained by the 
measuring ammeter: diode, or pad. Current is the value obtained by the ammeter from the 
central pad of the standard diode. Positioning the probe needles for the standard IV 
characterisation of HIP standard diodes is the same as for the CV measurements (Figure 57).  

 
Procedure of IV measurements with HIP probe station 
The general procedure for leakage current measurements using the HIP probe station 

includes following steps: 
1. Setting the proper cabling configuration as it shown on the scheme in Figure 70.  
2. Activation of the probe station: turning on controlling computer, measuring devices, 

vacuum pumps, and light inside the dark box (only for the time needed to place the sample) 
3. Placing the test sample. Test sample should be placed on the platform where it will be 

held by the air flux (vacuum holding). All relocations of tests samples (for all characterisation 
methods) should be performed using the tweezers specially developed for semiconductor 
industry 

4. Activation of custom-made IV software and setting the parameters of the 
measurements.  
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5. Connections to the sample. In standard CV tests, biasing is performed through the 
conductive platform to the backplane of the sample. The right needle is the reading needle 
and should be connected to the area of the contact pad of the sample, and the left needle should 
be connected to the guard ring to close the measuring circuit. Precise probe needles can be 
operated using the screws; the operator should avoid additional pressure to the sample surface 
to prevent damage of the sample and the probe needle.  

6. Actual cycle of measurements controlled with the IV software. 
7. Evacuation of the sample. First, probe needles should be detached from the surface of 

the sample. Second, vacuum holding should be disabled. Then, the sample can be evacuated 
from the platform.  

 

2.4 Errors in leakage current measurements and possible corrections 
 
Current measurements are direct measurements since the ammeter connected to the wire 

directly measures the current. The amount of critical factors is lower since leakage current 
measurements are direct measurements and the number of involved devices is smaller. The 
possible error types are partially similar to those described in section 1.5 of this chapter since 
capacitance and leakage current measurements are of the same class - of electrical 
characterisation. Only the description of specific issues related to leakage current 
measurements is provided below. 

 

2.4.1. Instrumentation errors 
Keithley-6487 dedicated to IV measurements can measure low current in the range of 

±10 fA to ±21 mA [97]. This model requires connection with a triaxial cabel (Figure 71) since 
it measures the potential difference between inner insulation layer (Input Low) and main 
conductor (Input High). Low-noise cables are recommended for all connections to prevent 
gain error and other distortions in measurements.  

 
Figure 71 Keithley 6487 input – triax connector is used to connect the signal to be measured to the input 

[101] 
 
Possible interference with parasitic currents should be avoided by proper grounding and 

shielding. Electrical equipment, except probe station units, should not be placed close to the 
measuring ammeter to avoid the effect of external noises; shielding should be organised in 
case this is impossible.  

 

2.4.2 Random errors 
To prevent random errors, measurements of leakage current should be performed 3–10 

times for each desired voltage point, and then deviation — difference between certain current 
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value and mean of measured values — should be calculated. Significantly different value of 
deviation from the values obtained in the distribution will indicate possible random error. 

IV measurements at HIP are set to be performed several times for each requested value 
of voltage, which are determined by the user of IV measurements software before the start 
together with a number of repeats. The obtained data is used to calculate the deviation.  

 

2.4.3 Mistakes (human factor) 
As it was mentioned in the section dedicated to capacitance measurements (Section 

III.1.5), the HIP probe station is designed for both types (CV and IV) of electrical 
characterisation. Switching between them is organised by replacement of the connections 
between measuring devices to obtain the configuration shown in Figure 56 for CV, or 
configuration shown in Figure 69 for IV measurements. Increased operator risk of making a 
mistake in cable connections arises due to multiple tests and needing to reschedule the cabling 
many times. Training and proper instructions should reduce this risk when it is impossible to 
organise separate probe stations for different kinds of measurements. 

As for capacitance measurements, positioning of the needles can be a potential source of 
mistakes. Silicon detectors can be irreversibly damaged if biased with voltage of improper 
polarity. Performance of the bare module test (described in section 2.5.2 of this chapter) 
requires the connection to the studying sample with the needle providing the bias voltage and 
the array of probe needles providing the output to the DTB. Biased voltage probe needles of 
inadequate quality might result in the failure of measurements and disqualification of sample 
due to the critical rupture (Figure 72).  

 

 
Figure 72 Contact pad of pixel sensor damaged with incorrect application of a probe needle 
 
The array of probe needles should be aligned perfectly; if one or more needles are shifted 

to a different height, they might not touch the study sample, and contact to the sample will be 
incomplete. This case can be diagnosed by the presence of a pattern on the dead pixel map 
(Figure 73): it is highly unlikely that the bumps will fail following this pattern. In such an 
instance, it is recommended to check the alignment of the probe needles and repeat the test. 
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Figure 73 Result of pixel alive test for the ROC sensor showing the pattern of dotted lines, which indicate 

that some probe needles are shifted above the row. 
 

2.5 Applications of leakage current measurements for quality assurance of 
silicon detectors 

 
Quality assurance of the detectors used at CMS is an extremely important procedure. 

Clearance of guidelines and underlying considerations is a part of reliable quality assurance.  
The quality assurance of the detectors starts with the tests at production stages to discard 
unreliable sensors. After these tests, the accepted sensor or prototype should be tested for its 
ability to withstand harsh radiation conditions. Then after installation of qualified sensors into 
the CMS Tracker, commissioning includes calibration to ensure reliable data taking. [98-100]  

The sensor chip is a key part of the detector module and should be exposed to several 
quality assurance tests during manufacturing to ensure that the module is reliable. IV 
measurements of sensors can be performed after processing but before dicing the wafer; after 
dicing; and after flip-chip bonding. Bare module testing can be organised after flip-chip 
bonding to ensure the correct work of the sensor and ROC. All of these test procedures can 
be applied both to single sensors (SCM) or bare modules. 

 

2.5.1 IV Characterisation of sensors after dicing 
It is possible to perform electrical measurements of pixel sensors before dicing, but in 

practice the probability that dicing will affect the quality of the sensor (even completely ruin 
it) is high enough to shift first quality assurance measurements to the list of the first action 
steps after dicing. Non-ideal blades of dicing machine resulting in irregular shape of sample 
edge, or contamination with unwanted impurities during the rinsing due to improper water 
quality (in case if the dicing machine is outside cleanroom facilities) can significantly change 
properties of the semiconductor.  

Figure 74 shows the IV characterisations of the sensors after the dicing. These 
measurements can be performed using a general CV-IV setup with a modified platform to 
hold the sensors. 

 



86 
 

 
Figure 74 IV characterisation of pixel sensors performed at Micronova facilities 
 
This characterisation is a basis for the decision of the acceptance of a sensor before 

forwarding it to flip-chip bonding. The criteria for the decision, according [6], are based on 
the comparison of the leakage current values: 

1. Ratio of values of the leakage current Ileak corresponding to the depletion voltage Vfd 
and operational voltage Vop=Vfd+50V should not exceed 2: 

 

 (58) 

 
2. Breakdown should not be observed at the level of operational voltage. Acceptable 

values of leakage current at this level should not exceed 2 μA, which is the specific value 
determined during the prototype production [7]; this specific value might be subject to review 
during the next stages of upgrades. This value is defined for the temperature 20°C [101], and 
it will be necessary to rescale if measurements will be organised under different conditions. 

For the positive decision, both criteria should be fulfilled. Figure 75 illustrates the 
application of the IV grading criteria [99, 100]. Sensors labelled 331154-10-1 and 331154-
10-2 pass the grading criteria as they have a leakage current less than 2 μA at operational 
voltage 150 V, and current ratios are less than 2 in the interval between 100 and 150 V. The 
leakage current of sensor 331154-10-3 does not fulfil the grading criteria at 150 V, and the 
current ratio of 2.26 is also unacceptable.  
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Figure 75 Visualization of the IV criteria. The grey area defined by dashed lines help to identify the location 

of IV curves which will not pass the grading [100] 
 

2.5.2 Characterisation after flip-chip bonding using the Digital Test Board 
Characterisation of bare modules after flip-chip bonding is an important procedure since 

it provides the possibility of evaluating the actual performance of the future pixel module. 
Modules are graded according to definition by collaboration grading parameters and decisions 
regarding their installation into the actual tracker is based on this grade. 

The most obvious way to examine the functionality of the detector is to expose it to the 
known radioactive source or X-rays. In practice, in addition to safety challenges, exposure to 
irradiation will prevent further processing or reworking of the sensor in cleanroom facilities. 
To avoid this, an internal calibration mechanism has been developed for a ROC: a calibration 
signal, an imitation of a charge particle traverse, can be generated with the connected DTB. 
There are two approaches to inject charge into the sensor (Figure 76): either directly to the 
amplifier input, or capacitively to the sensor, from where it will be transferred to the ROC 
through the bump interconnection. Direct injection is used for the functionality tests of the 
readout chain on the ROC and for the noise threshold determination. Capacitive injection to 
the sensor is used for the quality assurance of the bump bonding connection [6, 34, 99-101]. 
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Figure 76 Internal calibration mechanism of the ROC. Calibration signal can be inserted to the 

preamplifier, or capacitively to the sensor, where it will be collected through the bump. Vcal and CtrlReg are the 
DACs (Digital-to Analog Converters) for the signal parameters adjustment [101]. 

 
This characterisation can be considered as an advanced or extended CV-IV measurement 

procedure. It can be performed with the modified CV-IV station using the specially designed 
readout electronics, DTB, or probe card, which can be connected to each of 16 partitions of 
the bare module (shown in Figure 12.3) sequentially. It is also possible to test single sensors 
with the DTB.  

The DTB contains components necessary for the detector operation: IO modules, trigger 
capabilities, and a high voltage relay for the bias voltage [102]. A detailed description of the 
DTB and its performance can be found at [102, 103]. 

Actual testing is performed with a software, pXar [103], which provides an integrated 
data analysis using ROOT libraries [104]. During the bare module test a script is passed to 
pXar using the command line mode and the corresponding measurements are performed 
autonomously [99].  

A set of tests needed for bare module characterisation includes checkout of the 
programmability of the ROC (Pretest procedure), collecting the number of responding pixels 
(Pixel alive test), test of proper work of the bump bonds (BB and BB2 tests), noise 
examination, and signal analysis tests [99, 100-102]. 

Pretest is a multistep procedure for programming the ROC and synchronization of the 
calibrating signal. First, the analogue current of the ROC preamplifier is set. Second, the clock 
and the time of the signal injection are synchronized. The delay of calibration signal can be 
set with the DAC CalDel. Then, amplified signal passes the comparator to reduce the noise. 
The threshold of the comparator can be set by the DAC VthrComp. During the Pretest, a two-
dimensional scan of CalDel and VthrComp is perfomed resulting in a histogram of detected 
signals of different DAC settings (Figure 77). LHC bunch crossing frequency is 25 ns, the 
readout chip works with 25 ns clock, and only signals that fit to the 25 ns time window are 
processed to the readout [7, 99, 101, 102]. 
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Figure 77 Result of Pretest procedure: positioning of the working point in the CalDel-VthrComp space 

[101]. 
  
When DAC scanning is finished, the highest comparator threshold for which calibration 

signal still can be observed is used to set the working point at 50 DAC units above it. The 
horizontal position of the working point is in the middle of the readout window at this 
threshold [101]. 

The Pixel Alive test is a procedure for determining the functionality of the analogue part 
of the pixel, thus it is addressed to the readout chip only. Ten calibration signals are inserted 
to each pixel, and hit triggers are expected to be generated in the ROC if the pixel cell 
functions properly. The pixel is considered to be dead if no trigger is collected. The result of 
the procedure is a histogram of detected triggers (Figure 78) [99, 101]. 

 

 
Figure 78 Result of PixelAlive procedure: map of detected triggers generated by induced calibration signal 

for each pixel of sensor. 
 
Bump bonding (BB and BB2) tests are targeted to test the quality of the bump-bonding 

connections. These tests are specifically configured for each CMS production centre since 
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technology relating to the bump-bonding process may vary in detail. The main principle is 
the same, however: calibration signals are injected through the sensor into each pixel, and the 
response is collected. Pixels with damaged or missing bump bonds have significantly lower 
threshold than properly working pixels, so the result can be used for the determination of 
bonded and unbonded pixels. Results can be analysed statistically. In a standard bump-
bonding test, the distribution of the thresholds is fitted with a Gaussian curve and the cut is 
placed 5σ below the peak (Figure 79) [101]. 

 

 

 

Figure 79 Result of the Bump Bonding test: distribution of threshold values presented with Gaussian fit 
 
However, if the height of bump is so high that the air gap capacitance is too low for the 

clear coupling of the calibration signal to the sensor, a scan of threshold values VthrComp 
should be performed for each pixel forming the interval (a plateau) where the signal will be 
detected (Figure 80a). 

 

 
(a) (b) 

Figure 80 Results of Bump Bonding test: threshold scan for each pixel (a), distribution of plateau widths 
shows not connected pixels [104] 
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The width of this interval can be used for the determination of missing bump bonds: an 
unconnected pixel will have a significantly smaller interval due to lack of signal (Figure 80b). 
Other approaches might include a combination of noise determination and bump connection 
checkout steps with extended statistical analysis [99-102]. 

Quality of bump-bonding connection can be evaluated using the efficiency map (Figure 
81) also obtained during the bump-bonded tests. Efficiency of the bump bond is defined as 
the ratio between received and inserted calibration signals and shown as a percentage. This 
map can be different if different timing parameters are set or the working point is not optimal. 

 

 
Figure 81 Result of bump-bonding test: efficiency map of the sensor 
 
At HIP premises, measurements are performed within the probe station shown in Figure 

52. It is situated in the cleanroom and therefore can be used for highly reliable and precise 
measurements also between the production steps. The general measurement procedure 
consists of the following steps: 

1. Activation of the setup: turning on air pump, controlling computer, SMU (source-
measure unit), light inside the dark box (only for the time needed to place the sample). 

2. Placing the sample on the platform. Sample holding is realized by the air flux (vacuum 
holding); same vacuum line can be switched to the platform for releasing the sample from the 
gel pack. Long side of the sensor module should be oriented in a way so the array of contact 
pads will be parallel to the array of the probe needles, and chip 0 will be situated at the right 
side of front edge of the module. 

3. Connection of the needles. First, the biasing high-voltage needle should be connected 
to the dedicated contact. This connection should be made using the manually operated screws. 
Second, connection to the probe card should be established by placing the probe needles to 
the contacts. This should be performed by gentle moving of the platform using the semi-
automatic system operated by control lever.  

4. Application of the biasing voltage. For the current (autumn 2018) configuration of the 
tests biasing voltage of 0.15 kV is applied by sourcing Keithley. 

5. Performance of the tests using the pXar software. The following sequence of tests 
should be performed: Setup (configuring procedure for the DTB), Pretest, Pixel Alive, Bump 
Bonding tests BB and BB2.  
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6. Turning off the biasing voltage.  
7. Evacuation of the sample. To remove the sample from the setup, firstly the platform 

should be shifted down and away from the probe needles to prevent their damage, and then 
moved into the start position where the high voltage needle will be disconnected. Sample 
should be taken away after the switching off of the vacuum pump. 

Data obtained during the tests can be analysed with the software framework MORE-Web 
[105]. 

Each tested bare module is assigned with a grade according to the predefined criteria [99] 
listed in Table 7. The final grade is the worst of the single grades. If the bare module was 
reworked, a minus sign should be added to the final grade. Modules graded with A and B 
grade will be forwarded to the next step of the CMS production chain, whereas modules 
graded with C will be discarded. 

 
Table 7 Criteria for grading bare modules [7, 99] 

Criterion* Grade A Grade B Grade C 

Leakage current 
and slow 
breakdown 

 
and 

 

  
and 

 

  
or 

 

Number of 
defective pixels 

   

Digital current 
(individually for 
each ROC) 

  

*Test performed at room temperature.  
 
 

2.6 Results of leakage current measurements of HIP test samples 
 
Below the results of leakage current measurements for HIP standard diodes is provided; 

the results characteristic measurements of single sensors with the DTB are listed to illustrate 
the performance of the sensors before and after the additional ALD deposition of a protective 
Al2O3 layer. 

2.6.1 Leakage current measurements of HIP standard diodes 
Leakage current measurements were performed for all groups of standard HIP diodes 

described in section 5.2.1 of Chapter II. Polarity of applied bias voltage was positive for n-
type samples of set C, and negative for p-type samples of sets A, B1, and B2. Since only 
absolute values of leakage current are in focused on in characterisation, only absolute values 
of applied voltage and measured leakage current are compared. The results are shown in 
Figure 82. Error bars indicate variations between different samples in the set. 

Total current of non-passivated samples from sets A and C (standard diodes from pCz 
and nFz silicon) increase rapidly after 150 and 250 V, respectively. The total current of 
samples with additional surface passivation by the Al2O3 layer is generally smaller and 
demonstrate stability until 500V. Diode (pad) current is considered to be acceptable since for 
the all samples it stays below 12 nA. 
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Figure 82 Leakage current of HIP standard diodes. Solid lines represent diode (pad) current, dashed lines 

represent total current. 
 

2.6.2 Results of HIP single sensor characterisation  
A set of single sensors described in section 5.2.2 of Chapter II was prepared to study the 

possible effects of surface passivation with Al2O3. Characterisation of single sensors was 
performed in several steps. Before and after the ALD deposition of the Al2O3 protective layer 
(further in this section mentioned as ‘before’ and ‘after’) testing of the flip-chip bonded 
sensors was performed with the probe station shown in Figure 55. The aim of the tests was to 
analyse possible effects of additional ALD deposition on the quality of the bump bonding. 
Chosen receipt of ALD deposition requires processing at temperatures up to 120°C, whereas 
the melting point of the material used for the bumps is around 150–180°C.  

A protective layer of Al2O3 was deposited on sensors 1, 3, and 4. Sensor 6 was reserved 
as a reference sample.  

Ability to obtain a signal from each pixel depends on two factors. First, the ability of a 
sensor to work and generate the signal, thus the number of working pixels, should be defined. 
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Second, the efficient connection to the ROC, which is determined by the quality of the bump 
bonding, should be defined with the bump-bonding tests.  

A number of defects and their locations along the sensor are summarized in Table 8. Dead 
pixels are the pixels for which no signal was observed. Dead bumps are bump connections 
which physically exist but the signal passes through them and does not fit to the expected 
parameters (due to unsuitable timing or noise level); missing bumps are connection with no 
signal observed.  

Few defects were observed after the additional ALD step. The reasons for appearance of 
new defects might be related to this run as well as to possible damage during transportation 
and handling. Damaged pixels appeared at the edge area, therefore the most probable reason 
for their failure is related to mechanical damage during transportation, holding by tweezers, 
or placing the sample on the test platform and mounting the high voltage needle. 

 
Table 8 Single sensor pixel and bump bonding faults before and after additional ALD deposition of 

Al2O3 

Map Before additional ALD deposition After additional ALD deposition 

Se
ns

or
  1

 

Pixel 
defects 

Dead 
pixels – 1 

Dead 
pixels – 5 

Bump 
bonding 
defects 

Dead 
bumps – 
1 
 
Missing 
bumps – 
0 

Dead 
bumps – 
5 
 
Missing 
bumps – 
0 

Se
ns

or
  3

 

Pixel 
defects 

Dead 
pixels – 1 

Dead 
pixels – 1 
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Bump 
bonding 
defects 

Dead 
bumps – 
1 
 
Missing 
bumps – 
0  

Dead 
bumps – 
1 
 
Missing 
bumps – 
0 

Se
ns

or
  4

 

Pixel 
defects 

Dead 
pixels – 0 

Dead 
pixels – 6 

Bump 
bonding 
defects 

Dead 
bumps – 
2 
 
Missing 
bumps – 
1 

Dead 
bumps – 
7 
 
Missing 
bumps – 
1 

Se
ns

or
  6

* 

Pixel 
defects 

Dead 
pixels – 4 

Dead 
pixels – 4 

Bump 
bonding 
defects 

Dead 
bumps – 
0 
 
Missing 
bumps – 
1 

Dead 
bumps – 
0 
 
Missing 
bumps – 
1 

*Control sample, no ALD passivation 
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Efficiency maps before and after the deposition are shown in Figure 83. Although some 
changes in particular pixels were observed, the overall range of efficiency was unchanged 
after the additional ALD run. The areas with lower efficiency display a round shape for all 
sensors; this appearance is most likely related to the use of vacuum tweezers with a round 
nozzle. A critical step is the removing of the sensors from the gel package used for 
transportation: pulling up the sample with the tweezers when the vacuum holding of the box 
is too strong results in breakage of bump bonding.  

However, no significant changes of the quality of bump bonding were observed after the 
additional ALD passivation run, thus this step can be included into the processing of the pixel 
detector modules. 
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 Before additional 
ALD deposition 

After additional 
ALD deposition 

Sensor 
1 

  

Sensor 
3 

  

Sensor 
4 

  

Sensor 
6 

(control 
sample, no 

ALD 
passivation) 

  
Figure 83 Efficiency maps for the single sensors before and after the additional ALD 
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3. Characteristic measurements with the source (Caesium-137) 
 
The direct approach for characterisation and calibration of the radiation detector is to 

expose the test detector to the known radioactive source. This may include x-ray testing with 
known parameters for the radiation, or exposure to radioactive material with a known 
spectrum. The aim of this characterisation is to examine the ability of the studied detector to 
generate a signal collectable by the readout electronics. The recognition of the signal and its 
calibration are possible due to the usage of a source with a known spectrum, which can be 
compared with the output obtained by a given detector.  

In this section, this method will be briefly described and illustrated with the characteristic 
measurements approach adopted for HIP standard diodes testing as an example. 

 

3.1 Readout of the signal 
 
As it was already mentioned in section 1 of Chapter II, the formation of signal in the 

detector is initiated by the incident charge particle. The description of the multi-step 
mechanism of this process can be found in [106-109].  

In the detector bulk, the charged particle generates electron-hole pairs, which should be 
collected by the implants that are connected to the readout chain. The dependency of the 
energy loss of electrons on their kinetic energy for the case of silicon is shown in Figure 84 
[95]. 

 

  
Figure 84 Energy loss of electrons in silicon: minimum energy loss involves electrons with a kinetic energy 

of 1.5 MeV. These particles are called Minimum Ionizing Particles (MIP) [95] 
 
Particles with minimal energy loss in the media are called Minimum Ionizing Particles 

(MIP). Electrons with a kinetic energy of 1.5 MeV exhibit a minimum energy loss in silicon 
and are considered to be MIP. The ability to detect the full range of charged particles by the 
detector is defined by its ability to detect MIP. The ratio of the signal produced by MIP 
compared t0 noise is known as signal to noise ratio (SNR), and this is the most important 
characteristic of the detector performance [95].  
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Generated pairs drift towards collecting readout electrodes via an applied electrical field. 
The geometry of the readout electrodes affects the signal since it defines the weighting 
potential of the electrode [95, 102]. This is an important factor for the advanced detector 
structures, such as pixel arrays. According the Shockley-Ramo theorem, generated charge 
carriers are distributed between several implants or pixels. The case of HIP standard diode 
can be considered to be linear: induced current is linearly proportional to the detector 
thickness, number of the charge carriers and the drift velocities [102]. Total integrated charge 
Q induced by the generated charge carriers defines another important parameter of the 
detector, Charge Collection Efficiency (CCE): 

 (59)  

where Qo is the deposited charge. 
Depending on the application requirements, connection to the readout electronics can be 

realised using AC (knowns as capacitive coupling) or DC principle. The structure on Figure 
9 shows AC-coupling to the implants; for CMS pixel sensors (Figure 13) DC-coupling is 
used. AC-coupling prevents the collection of the leakage current by the readout electronics 
serving as its protection, and it requires additional bias resistors for each implant to smooth 
the voltage drop. Miniaturisation during the silicon detector evolution resulted in space and 
processing limits and it became impossible to accommodate these structures, thus for recent 
generations of pixel sensors, a DC-coupling approach was developed. 

Collected charge is processed by the front-end electronics to deliver the information 
needed for further particle physics research. CMS pixel sensors are connected to the ROC 
described in section 3.1 of Chapter II. A detailed description of the readout chain can be found 
in [7, 95, 102].  

At all levels of the signal readout, the most significant source of failures is the noise. 
There are several sources of noise in silicon detectors and the readout electronics, and one of 
the most important engineering challenges is to ensure that the signal generated by traversing 
charged particles will be correctly distinguished from the noise. An example of the signal 
processing chain is shown in Figure 85. 

 

 
Figure 85 Typical signal processing chain.  
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Simplistic performance of the signal processing chain can be described as follows. Charge 
collected by the detector is transferred to the preamplifier. In a charge sensitive preamplifier, 
current pulse is integrated into the feedback capacitor CF, and feedback resistor stores the 
input to ground with a time constant RFCF. Then signal is processed by a shaping amplifier to 
improve SNR. The shaping amplifier consists of a differentiator (high pass filter), voltage 
gain and integrator (low pass filter). Finally, a subsequent discriminator (comparator) with 
the set threshold transfers a logic pulse for each shaped pulse exceeding it to output [110]. 

Configuration of the readout electronics should be defined according the application and 
detector structure in order to achieve fast performance of the detector with minimal noise. 
Since detector systems in CMS undergo significant upgrades, the concepts of the readout 
should be reviewed accordingly. A detailed description of the approaches currently adopted 
for CMS detectors can be found in [7, 16, 18-20]. 

 

3.2 Setup for characteristic measurements 
 
For quality assurance purposes, detector performance in signal processing chains should 

be analysed. As mentioned, for pixel sensors the integrated mechanism allows the injection 
of signal (imitation of incident charge particle) to the sensor for the characterisation. For HIP 
standard diodes, it is possible to develop the setup that will allow usage of the known radiation 
source: signal will be generated by charged particles emitted from this source. This setup 
should contain a readout chain to observe the hits from the source. A general schematic of 
such a setup is shown in Figure 86. Biasing voltage (HV) should be applied to test samples 
(DUT) that are exposed to the radiation source. Generated signals from the detector are 
transferred to the readout chain. The actual setup will have connections to the power sources 
and to the computer. 

 

 
Figure 86 Typical setup for characterisation measurements with the source. Biasing voltage (HV) applied 

to test sample (DUT), which is exposed to the radiation source. Generated signals from detector are transferred to 
the readout. 

 
An example of the realisation of such a setup in HIP developed by V. Litichevskyi is 

based on usage of digital pulse processor Amptek DP5 and Cremat CR-200-100 ns shaping 
amplifier combined with evaluation board CR-160-R7. This is a pilot version of a 
characterisation setup, and its performance will be evaluated to consider its further usage or 
improvements. 
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Cremat shaping amplifiers of CR-200 series have a fixed gain. The evaluation board 
contains a broadband amplifier to achieve greater gains. The combination of a CR-200-X 
series amplifier with the CR-160-R7 evaluation board creates a low noise shaping amplifier 
module complete with BNC connectors, variable gain, and reversible polarity [111]. Figure 
87 shows the shaping amplifier installed on the board.  

 

 
Figure 87 Cremat CR-160-R7 evaluation board (a) with installed CR-200-100ns shaping amplifier (b) 
 
Digital pulse processor DP5 is used to digitize the preamplifier output signals, replacing 

both the shaping amplifier and Multi-Channel Analyser (MCA) in the analogue spectroscopy 
system. Advantages of the DP5 include very high resolution, higher throughput, enhanced 
stability and flexibility, and low power consumption. Figure 88 shows the overview of the 
Amptek DP5. 

 

 
Figure 88 Amptek DP5 digital pulse processor [112] 
 
The input to the DP5 is the preamplifier output. The DP5 digitizes the preamplifier output, 

applies real-time digital processing to the signal, detects the peak amplitude (digitally), and 
bins this value in its histogramming memory, generating an energy spectrum. The spectrum 
is then transmitted over the DP5’s serial interface to the computer. Figure 89 illustrates 
functions of the DP5 blocks in a characterisation setup. 

a 

b 
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Figure 89 Block diagram of the DP5 installation in a characterisation setup [112] 
 

3.3 Errors in characteristic measurements 
 
The main problem regarding characteristic measurements is a wide range of noise, which 

can distort the measurement process and results. Every part of the setup can be the source of 
noise: bulk of the detector, all connections – cables, connectors, soldering, performance of 
the electronic components, or grounding. A noise reduction strategy should be developed 
from the early stages of setup construction. The most important points are to ensure that the 
readout setup matches the measurement type and type of the output; to organise proper 
grounding and shielding for the parts of the setup. 

 

3.4 Results of characteristic measurements of HIP test samples 
 
HIP standard diodes described in section 5.2.1 of Chapter II were exposed to the radiation 

of Cs-137 source, and a readout chain was set as described in the previous section. Caesium 
is a useful material for characterisation and calibration purposes, since it has a relatively clear 
spectrum with one dominant peak at 662 keV (Figure 90). 

 

Figure 90 Caesium-137 spectrum 
 
Results for all groups of samples are shown in Figure 91. Error bars indicate deviation 

between samples of the same type. A high level of noise is a reason for further development 
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of the setup for these measurements. However, despite the high level of noise, a 
characterisation peak can be observed on all diagrams. 

 

Figure 91 Characterisation spectra of Cs-137 obtained by four groups of HIP standard diodes. 
 
Figure 92 shows fitted curves for the data shown in Figure 91.  
 

 
Figure 92 Fitted curves for characterisation data for the four groups of HIP standard diodes. 
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Fitted curves demonstrate that the maximum for passivated samples from sets B1 and B2 
(MCz and FZ p-type silicon) match to the same channel 618; from the non-passivated samples 
of set A (FZ p-type silicon) to channel 617; and from the samples of set C (n-type FZ silicon) 
to channel 622, which is within the uncertainty of the determination of the position of the 
peak maximum. The table summarises characteristic data for all groups of samples. Energy 
resolution is calculated with the assumption that the observed peak is the characteristic 662 
KeV peak of the Cs-137 spectrum.  

 
Table 9 Summary of the characterisation data for all groups of HIP standard diodes 

Set of samples A 
(pFZ2011) 

B1 
(MCz2012) 

B2 
(pFZ2012) 

C 
(nFZ2012) 

Position of peak 
maximum 

617±6 618±6 618±5 622±5 

FWHM 38 24 33 38 
Energy resolution, 

% 6,2±0,9 3,8±0,9 5,4±0,8 6,1±0,8 

 
All observed peaks are relatively broad, thus the resolution of the detectors in this setup 

is poor. The level of noise manifesting at the left part of Fig.91 is inappropriate for actual 
detectors. However, it can be concluded that all samples perform as detectors and demonstrate 
characteristic peaks in the same channels, and the additional passivation with Al2O3 does not 
interfere with detector properties.  

 

4. Transient Current Technique (TCT) measurements 
 
Transient Current Technique (TCT) is a dynamic approach based on the analysis of the 

induced current originating from the drift process of charge carriers in the electric field region 
inside the studying sample [113]. TCT is relatively simple approach widely used for the 
determination of different parameters of silicon bulk. The description in this section is limited 
to the application of determination of depletion voltage of silicon detector. 

4.1 Transient Current Technique theory 
 
The ratio between the current induced on a collecting electrode by the motion of charge 

carriers is defined by Shockley-Ramo theorem [114, 115]: 

 (60) 

where  is the drift velocity and E is the electric field. Weighting field Ew is 
the derivative of weighting potential Uw, which is the form of potential associated with the 
direction of the electric field which would exist at the instantaneous position of the moving 
charge under the following circumstances: charge removed, potential of given point is set to 
unit potential, all other potentials are grounded (set to zero) [116]. Generally, weighting 
potential is different from the electric field; it depends on geometry and defines the 
relationship between the charge motion and given point, whereas electric field determines the 
path of the charge and its velocity.  
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A silicon detector with thickness w can be considered to be a 2-dimensional case, and the 
weighting field will have the form: 

 (61) 

The velocity of charge carriers in the depletion region of the detector is defined by electric 
field E and mobility μ: 

 (62) 

Thus, induced current generated by n charge carriers can be obtained as:  

 (63) 

The induced current defined by Eq.60 is the instantaneous value. In practice, the analysis 
of the behaviour of the induced current in the drift time gives the possibility to extract the 
drift velocity and to study the configuration of the electric field.  

Figure 93 illustrates the form of the electric field inside the detector structure similar to 
that shown in Figure 9.  

 
Figure 93 Scheme of the TCT measurement, form of electric field and comparison between TCAD 

simulations and measurements [117]  
 
According to Eq.61, induced current is proportional to the electric field, thus, induced 

current will have its maximum at the same point. In the detector structure, the strongest 
electric field will be located near the pn-junction, which is typically processed near the surface 
of one of the contact pads. Thus, the shape of the TCT signal replicates the shape of the 
electric field, and by the decreasing or increasing character of the signal it is possible to 
determine the location of the junction structure.  

To perform measurements, a sufficient amount of charge carriers should be introduced 
into the depleted bulk of the silicon detector. Typically, a red or infrared laser is used for it. 
Generated array of charge carriers consists of electrons and holes; depending on type of the 
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bulk and mutual location of pn-junction and injection point, the signal can be collected from 
the electrons or holes arrived to the respective electrodes. Figure 93 illustrates the comparison 
of TCT measurement results with the TCAD simulation [117]: applied laser stimulates 
generation of electrons and holes on the n+ side of a fully depleted diode. Then according to 
the polarity of applied bias voltage, holes drift to the p+ side and create a signal. 

 

4.2 Instrumentation for TCT measurements 
 
A schematic of the HIP TCT setup is shown in Figure 94. High voltage from a Source-

Meter Unit (SMU) is applied to the test sample (Device Under Test, DUT) through the high 
voltage filter and protecting bias-T circuit. Sample is exposed to the illumination guided by a 
laser pulser and shaped with focusing lenses. Generated electron-hole pairs are driven by an 
electric field to corresponding electrodes. Signal from the electrode is processed through the 
amplifier to the oscilloscope, which is connected to the computer. The setup is built inside a 
light-protected box (dark box). 

 
Figure 94 Schematic layout of HIP TCT measurement setup (red laser) 
 
Depending on the type of implant near the illuminated surface, only one type of charge 

carrier will contribute to the transient signal (Figure 95). Electron-hole pairs are created near 
the front or backside contact of the fully depleted detector, thus only electrons or holes will 
travel across the bulk. The complementary charge carriers will be collected by the nearby 
electrode. These cases are defined as electron and hole injection, respectively [118]. 
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(a) (b) 

Figure 95 Schematic view of charge carriers movement during TCT operation: electron dominated signal 
when the detector front side is illuminated (a), hole dominated signal when the detector backside is illuminated (b) 
[38] 

 
Figure 96 shows the examples of transient current shapes when electron and hole 

injection are measured at different bias voltages. 

 
Figure 96 Current pulse shapes measured after electron (a) and hole (b) injection [118] 
 

4.3. Errors in TCT measurements 
 
Electric noise is the main source of errors in TCT measurement results. To minimize it, 

each unit of the setup shown in Figure 94 should be properly grounded and isolated. Cables 
and connectors should be isolated and grounded, and it is recommended to keep the setup 
distant from the sources of high-frequency noise. 

 

4.4 Applications of the TCT measurements  
 
TCT is widely used for studies of semiconductor particle detectors. Important detector 

bulk characteristics, such as type and the concentration of the space charge [116], depletion 
voltage [113, 118, 120], trapping time [113, 116], and mobility of charge carriers [118], can 
be extracted from the electric field profile obtained by TCT measurements. 
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The character of velocity during the movement of the charge defines type and the 
concentration of the space charge. Its decreasing (Fig. 96.a) or increasing (Fig.96.b) depends 
on changes in the electric field strength, which is defined by the space charge. [120] 

Depletion voltage can be estimated from the shape of the current. Below full depletion, 
the current asymptotically approaches constant line I=0. In a fully depleted detector, the end 
of drift defining the end of the current pulse appears as a dramatic drop to constant line I=0. 
A full depletion can be observed above 30 V in Figure 96 [118]. 

The amount of collected charge can be obtained by the integration of the current signal 
over time; it increases together with the increasing voltage until the full depletion voltage is 
reached and saturates to constant value after that. Figure 97 shows an example of obtaining 
the full depletion voltage value with a graphical method similar that used with capacitance 
measurements described in section 1.5.1 of this chapter. The limitation of this method is the 
small penetration depth of red laser, which causes non-homogeneous generation of charge 
carriers in the bulk. Thus, the majority of charge carriers will be collected before the full 
depletion. Application of the infrared laser will be beneficial for the determination of 
depletion voltage since infrared photons can penetrate relatively deeper [120]. 

 
Figure 97 Determination of depletion voltage using linear fits to the charge collection efficiency (CCE) plot 

[120]. 
 

4.5 Results of TCT measurements of HIP test samples 
 
TCT measurements were performed using the HIP TCT setup with guidance from T. 

Naaranoja. Samples from sets A, B1, B2, and C described in section 5.2.1 of Chapter II, were 
illuminated with red laser (wavelength 640 nm). The temperature during the measurements 
was 23±2°C. The maximum absolute values for applied bias voltages were determined as 150 
V for samples from set A, 400 V for samples from set B1 and B2, and 200 V for samples 
from set C. Measurements were performed with 10 V steps. The ability of samples to 
withstand high bias voltage was similar to that observed during the CV and IV 
characterisation sessions. 

Examples of the obtained signal waveforms for all sets of samples are shown in Figure 
98. Each curve represents a particular sample, and curves of the same colour correspond to 
the same bias voltage. The waveforms shown correspond to 10, 70, and 150 V of bias voltage; 
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presence of signal without bias voltage is given for normalisation purposes. All p-type 
samples from sets A, B1, and B2 demonstrate similar electric field shapes regardless of the 
existence of the surface passivation. Shape of the field of the n-type samples from set C 
demonstrate an approximately twice-wider amplitude and shorter signal time. This shape can 
be caused by the different concentrations of the dopants in the pn-junction area in different 
detectors (Eq.63). 

 

 
Figure 98 Signal waveforms for HIP standard diodes. Each curve represents a particular sample, curves 

of same colour correspond to the same voltage. 
 
Scanning was performed with the step of 10 V, thus the depletion voltage can be only 

roughly approximated. For passivated p-type samples from sets B1 and B2, the conclusion is 
that the depletion voltage is around 140 V and  60 V respectively, for non-passivated p-type 
samples from set A the depletion voltage is around 60 V, and for reference n-type samples 
the depletion voltage is around 30 V. This agrees with the results of the CV measurements 
listed in section 1.6 of this chapter. 

Integration of the current signal over the time represents the collected charge, which can 
be plotted versus bias voltage. Figure 99 shows the collected charge for all sets of samples. 
Error bars indicate the variations between samples of the same type. It can be seen that 
variation for the samples with surface passivation is wider: it can be explained with the impact 
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of the distortions caused to the incoming laser light by the alumina layer, which covers whole 
surface of the samples, including the TCT window.  

 

 
Figure 99 Collected charge (normalised) for all groups of samples 
 
All pots shown in Fig.99 demonstrate the presence of the depletion, but corresponding 

voltage values are lower than expected since measurements were performed with red laser. 
Red lasers have a relatively small penetration depth, thus the charge carriers are produced 
unevenly and collected before the actual full depletion of the sensor. 

 

5. Evaluation of measured data 
 

Data collected during capacitance and leakage current measurements should be examined 
before the conclusions will be made about the test sample.  

If the semiconductor device demonstrates typical capacitive behaviour and measured 
values corresponding to preliminary calculated values, the data obtained for CV 
measurements can be formalised and used for further conclusions and publishing. Evaluation 
of data obtained during leakage current (IV) measurements can be challenging due to 
complications with reference values which are difficult to calculate. Unfortunately, ideal 
cases are not very common; instances where measured values significantly differ from the 
expected raise the fundamental question of all experimental science — is something wrong 
with the test sample or is something wrong with the measuring equipment? The algorithm for 
validation of experimental data should be applied to answer this question. 

A checkout of the probe station before the start of measurements can be considered as a 
part of the data-validation procedure. A global checkout includes measurements of 
capacitances generated by the units of probe station, calibration of measuring units, and 
quality assurance of cables and connectors as well as quality of grounding. This checkout 
should be performed immediately after establishing the probe station and should be repeated 
after a significant number of runs. Regular checkout includes calibration of the probe station 
using a capacitor with defined characteristics, inspection of connections, light protection box, 
exclusion of possible equipment failures and operator’s mistakes. It is recommended to 
monitor the environment where the probe station is situated: humidity of the air or presence 
of sources high-frequency noise or strong electromagnetic fields might distort the 
measurements results.  
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Analysis of the obtained data can be performed only after all possible effects caused by 
instrumentation are diminished. Most universal guidelines for this analysis are established 
and reviewed regularly by the Joint Committee for Guides in Metrology, which then provides 
a comprehensive guide for evaluation of measurement data [92]. 

First, data accuracy should be checked, for which a reference is needed for comparison 
with measured data. For capacitance measurements, possible values of capacitance for a given 
sample should be calculated. Measured data can be considered as accurate if measured values 
are in agreement with reference values for the sample.  

Second, evaluation of the spread of measured values is needed to check the precision of 
the data. In a precise data set, all points are distributed relatively close to the average result 
and to the absolute value, in other words, the dispersion is small. An approach based on 
calculations of standard deviation is a basic procedure of estimation of precision. If  is the 
mean of the data set, the deviation for ith data point from the mean is 

 (64) 

Then standard deviation can be defined as 

 (65) 

where N is the number of measured values. Increase in the number of measurements leads 
to the increase of probability that measured value belongs to interval . 

Standard error, also known as the standard deviation of the mean, is defined as 

 (66) 

Standard error represents the width of the histogram of means, which is the measure of 
the precision of the mean, in other words, standard error is the measure of uncertainty in the 
centre of the distribution.  

An advanced practical guide to estimate uncertainties in measurements can be found in 
[93]. 
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IV. Reliability 
 

Reliability as a discipline is an attempt to find an approach to predict and avoid failures. 
Reliability coupled with theories of probabilities and statistics should provide scientific 
(based on fundamental calculations and repeatable) methods useful for the planning of future 
research. Analysis of reliability can be performed in different areas, from the project in 
general, to all its physical components and people [121-123]. In this work, the focus will be 
mainly on the components of the CMS silicon detector, production cycle and characterisation, 
and some human factors.  

Analysis of reliability of the elements is associated with commercial production and 
economical risks related to various failures during manufacturing and exploitation of the 
devices. Scientists tend to neglect it since the experiments are planned to prove theories and 
do not require repeatability in scale, which is required in industry. Scientific instruments and 
devices have a different lifecycle: they have to survive certain amount of tests, and typically 
the analysis and calculations of reliability are unnecessary. The cost of this kind of analysis 
can also be too high for the budget of a scientific project. 

The installation of huge collaborative projects, such as the CMS detector at CERN, might 
face the need to adopt reliability approaches. The number of structures used for the CMS 
detector exceeds tens of thousands, and operational requirements include the possibility to 
work for a long time without maintenance or even checkout, the production of structures is 
distributed between different institutions in several countries, and all installed parts of the 
CMS detector should work with 100% reliability in order to provide precise data for cutting-
edge particle physics. Failure in any step will result in various troubles, from financial 
disasters to unacceptable data, which in its turn again mean financial and time losses. 

The coordination of production, characterisation, and installation of massive scientific 
projects (such as CMS) is performed by responsible boards formed by experts in relevant 
fields, but the reliability requirements are not controlled and are generally expressed 
informally as ‘things should work’, or existing information is unavailable. Complicated 
multilevel project structures might lead to situations where underestimation of a certain factor 
during the design of a particular component results in its incompatibility with the other 
components or operational conditions. The analysis of failures almost never happens since 
scientific groups tend to hide the failures and report only successes. 

In this chapter, an overview of reliability conceptions is provided with some adjustments 
for specific applications in radiation hard particle detectors research and development. The 
main focus of the study is the reliability of characterisation methods. The main question is, 
does measurement failure occur because the test sample is not working and should be 
discarded, or because the characterisation failed and measuring devices should be checked as 
well as the applicability of used methods of the measurements? Approaches for testing the 
long-term stability of detector test structures and the need of the background for the studies 
of changes in the characteristics of the samples in time are introduced. The possibility to adopt 
reliability tests to the development process of the silicon detectors is discussed. 

Results of CV-IV and TCT measurements of the test samples with in Al2O3 insulation layer 
and with Al2O3 insulation and surface passivation layer collected during several years are 
compared in order to examine the long-term stability of these samples. 



113 
 

1. Reliability terms and definitions 
 

Reliability can be generally defined as an expected stability [91, 121-123]. The estimation 
of reliability is based on application of various models (mathematical or empirical) in order 
to obtain the prediction of performance before the real field data will be available for analysis. 

Historically reliability predictions were based on the statistical amount of failure 
observations for particular devices, which lead to the development of widely used empirically 
based models (MH-217, CNET, Bellcore, SAE, British Telecom) [123-125]. These models 
are still the standard for the semiconductor industry. Methodology based on the analysis of 
specific failure mechanisms is known as physics of failure (PoF), and it is a powerful 
instrument for predicting the reliability in particular operational conditions [126]. 

Reliability of semiconductor devices depends on material quality and processing, those 
details are typically unavailable as companies’ intellectual property. The complexity of 
microfabrication increases with the development and miniaturisation in the electronic 
industry, and PoF reliability models become increasingly overloaded with input variables, 
such as initial and required material parameters, geometrical considerations, defect densities, 
and more. Pedantically composed for particular device (in our case, semiconductor detectors), 
this kind of model will be much more accurate than the standard empirical models, but it will 
be applicable for one particular case only [123, 126]. 

Component reliability also depends largely on materials and manufacturing processes, 
factors over which corporations hold the most proprietary. For example, a model based on 
PoF [125, 127] was developed several years ago for small-scale CMOS technology. This 
model required many input variables, such as metallisation cross sectional area, silicon area, 
oxide field strength, oxide defect density, arid metallisation defect density; however, it cannot 
be used for other cases. The information for input variables in most cases is a commercial 
secret, thus the model cannot be applied by experts from different companies. 

Complex approaches based on usage of adopted empirical models and physics of failure 
analysis can provide the most accurate methods for reliability. Since there are no fundamental 
methods applicable ‘as is’ reliability concepts should be individually developed for each case, 
taking into the account test product, its manufacturing and applications. Studies based on 
analysis of the physics of failure are considered to be a part of reliability studies, although the 
research of the physical reasons for one failure mechanism might result in a multidisciplinary 
topic [128]. 

For the development and characterisation of silicon detectors, the physics of failure 
concepts are applicable for processing and performance evaluation; empirically based models 
can be developed based on the performance of the various generations of silicon detectors in 
CMS project. 

 

1.1 Statistical models and definitions  
 
Reliability as a scientific term is a family of statistical methods aiming to predict the 

possibility of failure using various testing and approaches based on general theory of 
probabilities [122, 129]. 

Semiconductor detectors can be treated as microelectronic devices and the reliability 
concepts below will be defined in connection to this. 
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The reliability of a population of devices is defined as the fractional number of devices in 
the total population that continue to survive after operating for a time t compared to the initial 
population [126]: 

 (67) 

where (t) is reliability, Nsurv is the number of surviving devices after an elapsed time 
interval under operational or stressed conditions, and Ninitial is the number of devices in the 
initial population. 

The number of failed devices, F(t), is given by 

 (68) 

Failure density function f(t) is the derivative of F(t). It is not normalised and can have very 
high values for some failure conditions. Many possible functions can be used to describe f(t), 
the log-normal function is considered as the most appropriate, particularly for wearout-related 
mechanisms where f(t) is expected to increase with time [129]. 

Failure rate λ(t) is a density function normalised by the total reliability: 

 (69) 

The number of failed devices, failure density function, and failure rate are interrelated, with 
a dependence that is a function of the failure distribution. 

Device reliability is usually measured by the term FIT, which is the number of failures that 
occur after 109 operating hours. One FIT corresponds to a mean failure lifetime of about 
120000 years; an extremely low failure rate for an individual component. Manufacturers 
typically specify failure rates in the range of 50–1000 FIT, depending on the device 
technology as well as the number of total devices that are required for specific applications. 
For components used in spacecraft, FIT rates are in range of 1–10; this improved reliability 
is achieved by conservative derating along with additional testing and screening methods. The 
same approach should be appropriate for the CMS project. 

To select an appropriate distribution function, its basic properties should be compared with 
the properties of the test sample, particularly the test rate. Three statistical distributions most 
often used for failure analysis are the exponential, log normal, and Weibull distributions. 
Detailed descriptions of these distributions, as well as the algorithms of distinguishing the 
appropriate model can be found in books and articles dedicated to statistical methods [126, 
129-131]. 

 

2. Physics of failure 
 
The physics of failure is a sub-discipline related to reliability. It focuses on the analysis 

of past device failures in order to find the typical mechanisms and reasons for them, and to 
prevent them in the future. Understanding the failure mechanisms of particle detectors means 
studies of failures during different stages of their development, production, installation, and 
operation. 
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2.1 Classification of failures 
 

Failure means that the device does not work. The reasons for failure are vary from human 
factors to force-majeure incidents. To define the failure preventing strategy, failures should 
be classified into groups, investigated, and associated with reasons. Below, some of most 
common classifications are explained and applied to the research of radiation detectors. 

2.1.1 Intrinsic and extrinsic failures 
Radiation sensors are semiconductor devices and their failures can be analysed in the same 

way as the failures of the other semiconductor components. The classification of component 
failures based on origin of the reason sorts them to intrinsic and extrinsic failures [121]. 

Intrinsic failures include failures caused by design of the device, material, processing, or 
assembly. For commercial projects, intrinsic failures are considered to be caused by design 
and processing of a device and the manufacturer is considered to be responsible for them. 
Devices for scientific purposes are in most cases developed by researchers who are in turn 
mostly responsible for these devices (exceptions are related to the quality of material and 
instrumentation which is the responsibility of providers). Each case of intrinsic failure should 
be analysed as it can significantly impact the ongoing project and related theory.  

Intrinsic failures of silicon detectors are caused by an initially inadequate quality of 
materials used for processing, or by failures during the processing steps. The initial quality of 
the material is the responsibility of the manufacturer; the responsibility of the researcher is to 
check that the materials were stored correctly and properly chosen for development. Failures 
of different processing steps are the main reasons for the disqualification of the detectors 
during the final quality assurance. Prevention of failures during processing can be very 
complicated since the occurrence of the failure can be noticed much later, during the next 
processing steps, or even during the characterisation of ready device.  

Failures during the exploitation of the components, such as failures due to electrical 
overstress, electrostatic discharge, storage and handling, thermal stress, mechanical or 
chemical overload are classified as extrinsic failures. The user of the component is always 
considered as responsible for this class of failures. Each extrinsic failure in a research project 
is an important source of information about the developing devices and their behaviour. The 
expected rate of extrinsic failures is relatively high since the limits for experimental devices 
are unknown and should be defined by analysing the data about observed extrinsic failures. 

The main reason for silicon-detector extrinsic failures is the harmful effects of the exposure 
to radiation. Electrical and thermal stresses, and exposure to high magnetic fields during the 
operation also can contribute to the probability of extrinsic detector failure. Before actual 
operation, CMS Tracker detectors can experience extrinsic failures caused by improper 
transportation and handling, inaccurate quality assurance or unexpected exposure to harmful 
factors (temperature, chemicals, electrostatic discharge, or the combination of several). Many 
of these factors are related to human mistakes, and the level of extrinsic failures caused by 
human factor is significant due to the high level of personnel rotation in research institutions. 

 

2.1.2. Infant mortality and wearout 
Failures can be classified by the most probable time of their registration. Lifetime of the 

device can be divided into three periods: processing, exploitation, degradation. Periods of 
processing and degradation are associated with the highest rates of failures. 
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Figure 100 Bathtub curve [132] 

 
Figure 100 shows a so-called reliability bathtub curve [132]: fundamental expression of 

observed failure rate as a function of time (solid blue line). This curve is a superposition of 
three main failure-rate functions. Failures associated with manufacturing defects tend to 
happen relatively early in the operation period of the device. A high number of the failures in 
the early operational life of the device are known as an ‘infant mortality’. It decreases 
relatively fast with time (dotted red line in Figure 100). On the other hand, failures caused by 
wearout effects will increase after some time of exploitation of the device and indicate its end 
of life (dotted yellow line in Figure 100). Various failures resulted from random reasons are 
considered to be constant, or random, failures since their level tends to be constant during the 
lifetime of the device (solid green line in Figure 100). 

According to the behaviour, the function of observed failure rate can be divided into three 
sections indicating the prevailing mechanism of failure: decreasing failure rate in the first 
section associated with infant mortality, almost flat at certain level of random failures in 
second section, and increase of failure rate caused by wearout effects at the end of lifetime. 

For extreme operational conditions of silicon detectors (effects of strong magnetic field, 
high bias voltage, temperature stresses, high radiation) the distinction between infant 
mortality and wearout can be unclear: in this case, the behaviour can be wearout-like even 
after short periods of time.  

Various failures during the processing of silicon detectors lead to relatively high rate of 
infant mortality. Table 10 provides summary of the most common failure mechanisms for 
each lifecycle stage of of silicon detectors related to the processing and the caused problems 
and possible solutions. 
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Table 10 Failure mechanisms related to processing chain  
 materials structures on wafer single structures detector 

(module) tracker 

description 
and 
examples 

for detector (Si, 
TMA) 
 
for processing 
(photoresist, 
water) 

sensors 
 
capacitors 
 
resistors 
 
guard rings 
 
other elements of 
device 

sensors 
 
diodes 
 
capacitors 
 
other test devices 

single sensors 
 
modules of 
sensors 

assembled silicon 
detector tracker 
(e.g. CMS) 

possible 
problems 

contamination 
with harmful 
chemicals 

 
failed processing 
step 

incompatible 
materials 
 
one or more material 
was not deposited or 
totally etched 
 
ready structure was 
critically damaged 
chemically or 
mechanically 
 
changes of key 
properties due to 
impurities  

damaged edges 
 
not possible to cut 
safely to single 
structures  
 

not working 
 
impossible to 
assemble 
 
incompatible 
materials 

not working 
 
data is unreliable  
or non-extractable 
from background 
noise 
 

possible 
sources of 
problems 

initial quality 
 
storage conditions 
 
transportation 

initial design 
 
failure of one or 
more processing 
steps 
 
contamination with 
harmful chemicals 
 
mechanical damage 
during transportation 
around lab 

initial design 
 
dicing 
 
mechanical damage 
during 
transportation  
 
contamination with 
harmful chemicals 
during dicing or 
transportation 
 

wire bonding 
 
PCB mounting 
 
mechanical 
damage during 
transportation  
  
contamination 
with harmful 
chemicals during 
dicing or 
transportation 
 
ESD 

mechanical 
damages during 
assembly 
 
ESD 
 
contamination 
with harmful 
impurities 
 

possible 
action 

change of material 
and repetition of 
the step (if 
possible) 

review of the design 
 
repetition of the step 
(if possible) 
 
repetition of full 
processing 

review of the design 
 
repetition of full 
processing 

review of the 
design 
 
repletion of full 
processing and 
assembling 

replacing 
damaged 
modules  
 
rebuilding the 
whole system 

estimated 
cost of 
correction 

medium high high very high extremely high 

 
Materials includes materials for the future detectors and chemicals for processing. 

Materials for detectors are silicon or other semiconductor wafers and components for the 
detector structures (such as metal oxides or salts). Chemicals for processing include water, 
gases, photoresists and etchants, and all materials applied at various steps of the detector 
processing. Possible problems at the level of the materials are contamination and changes of 
properties of the materials resulting in failed processing steps. The most probable reasons for 
these problems are the initial quality of the materials, improper transportation and 
introduction to the cleanroom facility, inaccuracy in handling, improper storing and 
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inadequate storage conditions, and the practice of disregard to material data sheets and 
expiration dates. For example, photolithography might fail due to the usage of the expired 
photoresist. Production and expiration dates are written on the original package of the 
photoresist, but for convenient processing it can be distributed into small individual bottles or 
inserted into the semi-automatic machine without tracking its lifetime. To prevent this, simple 
approaches such as filling the labels with the insertion dates are recommended. 

Failure at the material level means replacement of the compromised material and 
repetition of the failed processing step. Where the failure occurred in the final stages, it can 
be harmful to the whole detector structure, so the whole wafer should be discarded and 
processing should be restarted. Cost of the correction at this level includes material costs and 
time spent for the reworking. 

In most cases, the unit to be processed is a wafer filled with various structures (Fig. 29), 
that may represent different versions of the layout for a future detector or a single test 
structure. In general, however, every structure is an array of capacitors, resistors, diodes, 
contact pads, metal lines, and their combinations. Most of the failures during the processing 
of the detector associated with the level of structure processing. The full list includes all 
possible failures of the processing equipment. Basic visual inspection between processing 
steps helps to identify the problem immediately if the structure has critical damages, or one 
or more materials was not deposited or totally etched. Damages caused by unwanted chemical 
reactions due to the incompatibility of the materials can also be found visually. Deposition of 
thin films is the most probable step to introduce the impurities, which can be critical for the 
properties of the semiconductor device. Inaccurate handling or usage of incompatible 
tweezers during the transportation between the processing equipment around the lab might 
result in mechanical damage of the structures on the wafer or contamination with unwanted 
impurities. Problems might also be caused by the premature initial design of the structures, if 
incompatibility of the materials or processing approaches was not taken into account. For 
example, initial design might include development of the alumina thin film. But alumina thin 
film is chemically stable and can be etched only with aggressive reactants such as HF, which 
will etch practically everything on the wafer. Thus, alumina should be etched with alternative 
methods, such as Reactive Ion Etching (RIE), and it should be reflected in the development 
of the process flow. 

Failure at the structural level means review of the design, review of processing flow, 
repetition of the processing step (if possible), or repletion of full process. Similar to the case 
of failure at the material level, cost of this action will be composed from the material costs 
and time spent for the repetition of all processing steps. Since the roots of the problem might 
be in the initial concept, the number of necessary repetitions might be large and lead to high 
total cost. 

The next level is that of single structures, such as detectors, sensors, diodes, or other test 
structures composed from the structure units discussed previously. Successfully processed 
wafer with the array of the test structures should be forwarded to final cutting to obtain single 
structures. Problems at this level are related to the failures of the cutting process. Geometry 
of the wafer layout might be developed without taking the limitations of the cutting machines 
into account: the main cutting unit in these machines is the rotating dicing saw, which can be 
moved along straight lines only and in most cases cannot stop at a certain point. If single 
structures on the wafer are not aligned to the chords, it might be not possible to cut them out 
safely. Improper dicing saw or its speed might result in cracked edges of cut pieces, which 
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can propagate and change the properties or completely ruin the test structure. Problems with 
water flux typically used for the cooling of the dicing saw might result in the accumulation 
of silicon dust at the surface of the structures, and problems with the quality of the water 
might lead to the introduction of unwanted impurities. Similar to the previous levels, critical 
damage might occur during the handling and transportation of the single structures. 

Failures at the level of single structure are very discouraging and expensive: all processing 
should be restarted to produce another batch of test structures. Thus, special attention should 
be given to the reliability of the equipment involved in the wafer cutting and operator’s skills. 
It is strongly recommended to plan cutting at the early stages of the detector prototyping so 
the layout of the wafer will be developed according the capabilities of the cutting equipment. 

The level of the detector (module) implies assembly of the processed single structures 
(such as sensors or sensor modules) with the readout chips and other dedicated parts (Figure 
12). The assembled detector might not work despite the successful preliminary 
characterisation of the sensor and readout chip before the assembly. Problems at this level 
include equipment failures, impossibility to assemble, incompatibility of the materials or 
instruments, mechanical damage and thermal damage, contamination with harmful 
chemicals, damages caused by electrostatic effects, and, similar to previous levels, damages 
related to the handling and transportation. For example, wire bonding is the procedure very 
often resulting in critical thermal stress in the contact area of the detector. Human factors play 
a significant role in the reliability of the assembling. Different people can perform processing 
of the detector structures and assembly, and personnel working with the whole detector at 
this stage might be not informed about the proper practices. Thus, training personnel is 
extremely important for successful production. 

Similar to the level of single structures, failure of the detector assembly level might mean 
repetition of the full processing chain, which is expensive and requires extensive time. In case 
of collaboration, the delay will also affect other groups of participants who might have to 
stand idle during processing repetition. 

The final tracker level means transportation and installation of the assembled detector 
modules to the destination point, e.g. CMS tracker at LHC. It might not work at all after all 
efforts put into the detector production, assembly and preliminary characterisation. Data 
delivered by the tracker might be unreliable or non-extractable from the background noise. 
The most probable troubles are mechanical damage during transportation and assembly, 
damages due to electrostatic effects, or contamination with harmful impurities.  

Failures of the detectors during the next stage of their lifecycle, actual operation time, is 
the subject of extensive study outside the scope of this thesis, since it requires insight 
regarding the performance of the detectors and detailed statistics about their failures. The 
results of this study might show that some failures can be prevented by some changes in the 
detector design. A widely known problem is the degradation of particle detectors due to 
exposure to the harsh radiation. This process is expected and extensive research on how to 
reduce the harmful effects and slow down the degradation is ongoing in parallel to the process 
of detector development.  
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3. Commercial and scientific approaches 
 
Historically, methods to evaluate reliability were more demanded for industry than for 

science. The methods used for commercial production differ from those used for scientific 
purposes. The main difference is the common practice of commercial secrets: research results 
obtained in relation to commercial projects are treated as secret and will not be published, 
whereas the main result of research in scientific institutions is publishing. Therefore, each 
manufacturer is interested in unique approaches to improve their own manufacturing 
processes, and reliability is one of these fields. Scientists are usually not interested in the 
number of test devices at production-level scale and do not contribute to the development of 
reliability methods.  

 

3.1 Product lifecycle management 
 

One of the most important reasons for the difference between scientific and commercial 
reliability approaches is the difference between the lifecycles of commercial and scientific 
devices. 

A typical scheme for product lifecycle flow is shown in Figure 101. The evolution of each 
thing starts from the idea to make it to the development of prototype which is then forwarded 
to production. Produced things are used by consumers; possible troubles are solved by 
maintenance until reaching the life limits for this thing which finally goes to disposal or 
recycling.  

 
Figure 101  General product lifecycle vision common for commercial product lifecycle management [133] 

 
The lifecycle of the device in the scientific world is slightly different (Figure 102). 

Everything starts with the necessity to prove the theory. Respective experiments are planned 
and requiring equipment is developed during next stage; installation and running the 
experiment replaces the utilisation phase; and after all everything survived goes to storage 
and can be recycled or adopted for use in other projects. Production and support are optional 
phases depending on the amount of required equipment and duration of the experiment. 

 
Figure 102  Lifecycle in science 

 
In the commercial world, each stage of the lifecycle involves different participants: R&D 

companies, manufacturers, consumers (users), maintenance companies, and companies 
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specified at disposal. In the scientific world, almost everything should be performed by 
scientists.  

There are attempts to include science into product lifecycle management (PLM) concepts 
to help high-tech industries, but it looks like there are no efforts to adopt PLM approaches to 
scientists’ needs. Scientific projects are different from commercial projects in terms of scale 
and repeatability, one similar point is the desired success: ‘things should work’ or, more 
precisely, all things should work with 100% reliability all of the defined time. To achieve this, 
detailed planning of required quantity, operational environment and operation time should be 
precisely planned, and these are concepts of PLM.  

 

3.2. Standards and tests 
 
In the commercial world, similar competitors work on similar models almost without 

communication; the amount of working time allocated to similar research multiples whenever 
a new company enters the market, since it will have to start projects from the very beginning. 
Common standards for reliability in the semiconductor industry can prevent the situation 
where each company develops its own requirements and performs analysis of failures as a 
specific case study. 

The other need for common standards rises from the need to build complex products 
composed from parts produced by different manufacturers. To estimate the reliability of the 
final product, the reliability of the parts should be tested with a known standardised approach 
before the start of actual production, since the need for expensive adjustments or changes 
might appear.  

JEDEC, the global leader in developing open standards for microelectronics, grew up 
with the semiconductor industry and nowadays provides a comprehensive approach for 
upholding a fair, efficient, and economical process for setting standards [134]. JEDEC 
provides the guidelines for the widely used qualitative tests for semiconductor device 
reliability. These tests are considered to be simulations of the effects of aging and they are 
based on the exposure of devices to a certain level of temperature and humidity [135, 136]. 
The group of tests includes Highly Accelerated Temperature and Humidity Stress Test 
(HAST) [137]; Steady State Temperature, Humidity, Biased Life Test [138]; Cycled 
Temperature-humidity-Bias life test [139] and other combinations of temperature, humidity, 
and bias stresses. 

During these tests, a certain temperature and humidity is applied to accelerate the 
moisture penetration and to simulate the lifetime of the device in the atmosphere. Standard 
values are 85°C of temperature and 85% of humidity, and thus these tests are also referred to 
as ‘85-85 tests’. A device can be biased during the test to examine the evolution of their 
performance; when failure mechanisms are potentially caused by bias and should be 
distinguished from the degradation of device structures, unbiased tests variations should be 
performed [140].  

The quantity of samples that should undergo quality assurance are generally defined by 
the final aim of the control procedure. High requirements for further performance of the 
device imply a large number of tested samples. The most preferred number is 100% of the 
whole batch, which is achievable with relatively small batches and available time and 
personnel resources. In industry, special methods are designed to perform quality assurance 
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without testing all product. The most common approaches are based on partial 
characterisation of the group of samples representing the whole batch. The conclusion for the 
whole batch can be interpolated from the characterisation results of the selected random 
groups of samples from this batch using statistical methods [128, 129]. 

 

4. Reliability of HIP test samples 
 
During 2014–2018, samples with surface passivation and insulation with Al2O3 (set B) 

went through electrical characterisation several times. For failure analysis of set B, transferred 
samples (shared with other institutions, used for educational purposes, applied as calibration 
samples for characterisation setups) were excluded from the initial amount.  

Samples are considered as failed if there is no possibility to obtain data by the measuring 
unit (critical non-reversible damage of sample), or when the breakdown is observed during 
the IV characterisation (those samples are not discarded from stability research since the 
changes in value of voltage when the breakdown is observed also contributes to the reliability 
studies). Occurrence of breakdown is registered when the leakage current starts to increase 
rapidly for at least one of measured outputs (central pad current or total current).  

Statistical information about the breakdowns is summarised in Table 11. Ninitial is the 
number of samples measured during a characterisation session, Nsurvived is the number of 
samples that demonstrated no breakdown during the measurements. Time (t) is given in 
months after production. Reliability of samples at each measurement run is calculated with 
Eq.68. 

 
Table 11 Reliability of HIP standard diodes with Al2O3 surface passivation during 2014–2018 

t 
pFZ mCz (t) 

Ninitial % of 
batch Nsurvived Ninitial % of 

batch Nsurvived pFZ mCz 

28 6 25.0 6 6 25.0 6 1 1 
30 9 37.5 9 9 37.5 8 1 0.889 
50 15 62.5 9 19 79.1 16 0.6 0.842 
53 8 33.3 4 8 33.3 6 0.5 0.75 
54 5 20.8 1 5 20.8 4 0.2 0.8 
70 16 66.7 13 14 58.3 5 0.8 0.357 

 
The probe station used for the characterisation was upgraded several times during the 

years 2014–2017. The tendency for reliability to decrease during that time cannot be 
considered a true function because these reliability values also include the impact of the 
different versions of the probe station. The number of samples failing to demonstrate 
breakdown increased for the session in the 70th month (comparing with the session performed 
in the 54th month). 

Reliability accuracy varies for each session, since the number of samples involved in each 
measurement run represents a different percent of the total number of existing samples (from 
20.8 to 79.1%). It is possible to calculate reliability for each run separately to illustrate the 
approach, but these data are insufficient for detailed studies using statistical methods. Further 
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reliability studies should include a framework with the regulated number of samples and 
procedure for their selection, as well as algorythms for statistical analysis.  

Another parameter important for reliability studies is incomplete sample tracking 
information. Due to the incomplete information about the samples from sets A and C they 
were excluded from the analysis. Further reliability studies should include a well-documented 
history of samples and their characterisation as well as information about the probe station 
and the environment where the measurements were performed, which is not available for 
these samples sets.  

 

4.1. Physics of failure and defects  
 
Two samples were discarded in 2014 due to critical damage during the dicing process. 

During 2014–2018, various surface damage was observed on test samples from sets A and B: 
scratches, cracks, dust accumulation, traces of local discharges, and chemical reactions.  

There was no confirmed correlation between the occurrence of this damage on the surface 
of the sample and its breakdown: heavily damaged samples might demonstrate stable 
electrical characteristics, whereas discarded or non-responding samples might not have any 
visible defects. 

The most common reason to disqualify samples is the observation of breakdown, largely 
due to increased total current values. During the characterisation session in April 2018, three 
samples from set B1 and eight samples from set B2 were considered as failed due to 
breakdown that manifested as an increase of total current, and only 1 and 2 samples 
consequently demonstrated a significant increase of pad current as well.  

The most probable reasons for breakdown visible in total current measurements are 
considered to be related to the damages of protective guard ring structures. These structures 
are much smaller than central pad (20–50 μm vs. 5–10 mm), and the distance between them 
is small enough to enable damage induced by high applied voltage. Mechanical damage, 
contamination, or field effects might result in a short-circuit between the guard ring and 
central pad, which will cause the breakdown. 

Crystals were found growing under the surface passivation in the central area of the guard 
ring structures (Figure 103a), and along the edge of contact openings (Figure 103b) The 
crystallisation process most probably was initiated by residuals from BHF reactants used 
during processing.  
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(a) (b) 

Figure 103 Growing crystals on Al2O3 passivated sample: on the guard ring; (b) along the edge of contact 
opening. 

 
The existence of these crystals is considered to be harmless for general sample 

characteristics. However, if the dimensions of structures for next generations of particle 
detectors will be reduced to a scale comparable with crystal size, their presence might affect 
capacitive and resistive properties of the structures. 

Granular structures are another type of sample surface defect with aluminium oxide 
layers. The microscopic granules shown in Figure 104 can be found on most surfaces of 
aluminium contacts. The average size of microscopic granules is less than 5 μm. There is no 
evidence of their effect on sample characteristics, but similar to the case of growing crystals, 
its appearance should be taken into account for future development. 

 

(a) (b) 
Figure 104  Microscopic granular structures on surfaces of p-type (a) and n-type (b) HIP standard diodes 
 

25 μm 25 μm 
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Macroscopic granular structures known as blisters are relevant to a combination of 
aluminium oxide processing effects and can be found on the surfaces of structures with Al2O3 
layers and implants. Blisters found on surfaces of MOS capacitors have several evolution 
stages: closed gas cavity, broken gas cavity with metal flakes, and hole in metal layer (Figure 
105).  

 

 
Figure 105  Evolution of blisters: gas cavity (a), burst cavity with metal flakes (b), hole (c). 
 
Typical blister size varies from 40 to 80 μm; the presence of blisters, especially in the 

form of holes, significantly reduces the size of metal contact and changes the capacitance of 
the structure. The scale of structures of the silicon detectors is in the range of 10 μm, and the 
occurrence of one blister will lead to discard of the total sensor. In addition, metal flakes 
disseminated from burst blisters located between flip-chip bonded contacts (distance 20 μm) 
of the detector might cause short-circuiting effects and inappropriate behaviour of the sensor 
after its installation. 

Another problem related to processing is residuals from dust fractions of silicon and other 
compounds accumulated on the surface of the sample after dicing (Figure 106). 

 

(
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Figure 106  Dust accumulation after dicing 
 
The dicing machine (Figure 20) uses water flux for real-time cooling of the dicing saw 

and preventing the dissemination of dust to the air. The water head in the existing system is 
not high enough to remove the dust from the surface of the sample. Additional approaches 
should be adopted to prevent this dust accumulation: coverage of wafer surface with 
photoresist before dicing and an additional rinsing cycle including ultrasonic exposure might 
be an appropriate solution. Increasing the water head is not recommended because it will lead 
to sandblasting and complete removal of precise structures from the surface. 

 

4.2. Long-term stability studies with the HAST 
 
The aim of this study was to examine the long-term stability of novel detector structures. 

The main part of the final tests of the detectors is the examination of the effects of radiation 
on their main operational parameters (depletion voltage, leakage current). To distinguish the 
effects caused by irradiation from the effects caused by changes in time, the lifetime stability 
of the detectors should be studied and summarised into the reference information for further 
radiation stability tests.  

The long history of the development of radiation hard particle detectors in Helsinki 
Institute of Physics resulted in the collection of several generations of silicon detectors and 
test structures including HIP standard diode structures. This provides a unique possibility to 
study the lifetime effects on the behaviour of these devices. However, development of particle 
detectors is ongoing; test results for novel structures are urgently needed, and accelerated 
stress tests might be adopted as an approach for long-term studies of detector stability. 

One suggested approach is the accelerated temperature and humidity stress test (HAST), 
which can simulate the aging of structures. Initially, the long-term stability of structures 
containing Al2O3 thin films was tested using the unbiased version of HAST defined in [140]. 
HIP standard diodes from sets of samples A, B1, and B2 were exposed to 85°C temperature 
and 85% humidity in a Platinum N series temperature and humidity chamber model ENX12-
7.5CWL, SCP-220, serial N 166366 (Figure 107). The duration of the test was 100 hours. 
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(a) (b) 
Figure 107 Temperature and humidity chamber (a), samples placed on plastic bench inside the chamber 

(b) 
 
Characterisation data was collected and compared with the characterisation data of these 

samples before and after the accelerated temperature and humidity stress test. Figure 108 
shows leakage current of samples before and after the test in an environmental chamber. 
Figure 109 shows the depletion voltage. 

For p-type samples with an Al2O3 insulation layer and with surface passivation, no 
significant changes of the characteristics were observed, confirming the high long-term 
reliability of the structures with aluminium oxide. For one sample, a breakdown related to 
increase of total current was observed at 100 V before the test, and from 10 V after the test; 
however, leakage current from a central pad was stable during both measurement sessions.  

Samples without surface passivation also demonstrated depletion-voltage stability. A 
breakdown of total current was observed for all these samples and the value of critical bias 
voltage was lowered after the test. Central pad current was stable and demonstrated no 
significant changes. 

No changes were observed in the depletion voltage of samples before and after the test 
run. An increase of the capacitance (~2 pF) for the passivated samples after the tests remained 
within the uncertainty of the probe station.  
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(a) 

 
(b) 

Figure 108  Leakage current before and after HAST: HIP standard diodes with surface passivation (a) and 
without (b) 
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(a) 

 

 
(b) 

Figure 109  Depletion voltage before and after HAST: for samples with surface passivation (a), and samples 
without surface passivation (b) 
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The observed effect of exposure to stress factors for passivated sample is a growth of 
aluminium oxide thin film over contact openings on the sample surface with surface 
passivation (Figure 110), whereas no visible oxidation was observed for samples without 
surface passivation.  

 

(a) (b) 
Figure 110 Presence of oxide over contact openings: sample tested in environmental chamber (a); samples 

stored in hermetically closed plastic pouch (b). 
 
HAST tests were considered as not harmful for HIP standard diodes and their 

characteristics. The effects observed after the HAST are similar to the issues found from the 
samples stored for a long time on the shelf. The increase and breakdown of the total current 
is a common reason to discard samples during the measurement sessions. Oxidation was also 
found in contact openings of the samples kept in pouches unopened for more than a year. 
Thus, this approach can be used as a method to simulate the aging effects of detectors without 
the presence of irradiation. Known aging effects should be distinguished from the degradation 
caused by the irradiation. 
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V. Results and discussion 
1. Summary 
 
This section provides a collection of results shown in previous chapters. The numbers of 

figures and other objects reflect those presented earlier in the text for navigation purposes. 

1.1 Test samples 
 
HIP standard diode structure 
Standard HIP diode (Figure 26) is most often used test structure and can be found on 

various wafer layouts containing silicon detector structures developed for CMS.  
 

 
Figure 26 HIP standard diode structure:1 – central contact pad; 2 – grounding guard ring; 3 – an array of 

protective guard rings; 4 – window for TCT measurements. 
 
The structure is a diode formed by silicon with doped areas between two metal contacts 

surrounded on top with the array of guard rings. The standard size for the top contact side a 
is 5 mm, and the radius of the window for TCT measurements r is 2 mm. The cross-sectional 
structure of the diode includes the main bulk of silicon, volumes of doped silicon (implants) 
to form pn-junctions, and passivation on top (Figure 27).  

The studies of the behaviour of the Al2O3 thin films were performed with the collection 
of four sets of HIP standard diodes listed in Table 2.  

 
Table 2. Sets of HIP standard diodes for studies of Al2O3 thin films 

Set ID A B1 B2 C 
Set type label pFZ2011 pMCz2012 pFZ2012 nFZ2012 
Number of wafers 1 3 3 1 
Number of samples* 6 6 6 6 
Silicon type p-type FZ p-type Cz p-type FZ n-type FZ 
Insulation Al2O3 Al2O3 Al2O3 SiO2 

Surface passivation none 100 nm of 
Al2O3 

100 nm of 
Al2O3 

none 

*not equal to total number of samples per wafer 
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Single pixel sensors 
Single sensors were bonded with a single ROC to form a Single Pixel Chip Module 

(SCM) representing 1/16 of full module. Study of Al2O3 layers for SCM splits into two 
branches of tests: Al2O3 as material for an insulation layer; and Al2O3 as a material to be used 
as a surface passivation to improve the stability of the sensor and reduce the harmful effects 
of sparking.  

A set of five single sensors was used for these tests. Flip-chip bonding was performed 
at the beginning of 2016 by A.Gädda. Sensors were studied with the standard probe card tests. 
The deposition of Al2O3 was performed in June 2016 in Micronova facilities with J.Ott and 
resulted in 21.9±0.2 nm of aluminium oxide on the surface of three sensors. Two sensors were 
left without the passivation as reference samples.  

 

1.2. Characterisation results 

1.2.1 Capacitance measurements of HIP test samples 
Capacitance measurements were performed for all groups of standard HIP diodes. 

Polarity of applied bias voltage was positive for n-type samples of set C, and negative for p-
type samples of sets A, B1, and B2. Since only absolute values of capacitance are in the focus 
of characterisation, only absolute values of applied voltage and measured capacitance current 
are compared.  

To obtain the depletion voltage, the data collected is presented as a function 1/C2 of 
applied bias voltage. The results are shown in Figure 66.  

 

 
Figure 66 Depletion voltage for all HIP standard diodes.  
 
The black line represents measurement results for the HIP standard diodes from set A, 

processed from p-type Czochralski silicon. Green and blue lines show the results of 
measurements for the samples from set B1 (Czochralski silicon) and B2 (FZ silicon), 
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respectively. These samples have an additional surface passivation with Al2O3. The red line 
represents results for the reference set of samples processed from n-type FZ silicon. 

Error bars indicate the standard deviation between different samples in the group. The 
deviation in sets B1 and B2 is slightly wider because each of them is composed from samples 
taken from three different wafers, whereas reference sets A and C contain samples from one 
wafer.  

The resulting capacitance of the samples was calculated using the measured values of 
capacitance above the depletion voltage. The results are summarised in Table 5. 

 
Table 5 Capacitance for all samples 

Set Type Capacitance, pF Depletion voltage, V 
A pFZ 9.364±0.039 ~55V 
B1 pCz passivated 9.099±0.084 ~130V 
B2 pFZ passivated 9.368±0.021 ~55V 
C nFZ 9.042±0.016 ~40V 
 

1.2.2 Leakage current measurements of HIP standard diodes 
Leakage current measurements were performed for all groups of standard HIP diodes. 

Polarity of applied bias voltage was positive for n-type samples of set C, and negative for p-
type samples of sets A, B1, and B2. Since only absolute values of leakage current are focused 
on for characterisation, only absolute values of applied voltage and measured leakage current 
are compared. The results are shown in Figure 82. Error bars indicate variations between 
different samples in the set. 

The total current of non-passivated samples from sets A and C (standard diodes from pFZ 
and nFZ silicon) increase rapidly after 150 and 250 V, respectively. The total current of 
samples with an additional surface passivation by the Al2O3 layer is generally smaller and 
demonstrates stability until 500V. Diode (pad) current is considered as acceptable, since for 
the all samples it stays below 12 nA. 
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Figure 82 Leakage current of HIP standard diodes. Solid lines represent diode (pad) current, dashed lines 

represent total current. 
 

1.2.3 Results of HIP single sensors characterisation  
A protective layer of Al2O3 was deposited on sensors 1, 3, and 4. Sensor 6 was reserved 

as reference sample. Characterisation of single sensors was performed in several steps. Before 
and after the ALD deposition of an Al2O3 protective layer, testing of the flip-chip bonded 
sensors was performed with the probe station shown in Figure 55.  

The number of defects and their locations along the sensor are summarised in Table 8. 
Dead pixels are the pixels for which no signal was observed. Dead bumps are bump 
connections which physically exist, but the signal passing through them does not fit to the 
expected parameters (due to unsuitable timing or noise level); missing bumps are connection 
with no signal observed.  
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Table 8 Single sensor pixel and bump bonding faults before and after additional ALD deposition of 
Al2O3 

 Map (test) Before additional  
ALD deposition 

After additional  
ALD deposition 

Sensor 1 
Pixel defects Dead pixels – 1 Dead pixels – 5 

Bump bonding defects Dead bumps – 1 
Missing bumps – 0 

Dead bumps – 5 
Missing bumps – 0 

Sensor 3 
Pixel defects Dead pixels – 1 Dead pixels – 1 

Bump bonding defects Dead bumps – 1 
Missing bumps – 0  

Dead bumps – 1 
Missing bumps – 0 

Sensor 4 
Pixel defects Dead pixels – 0 Dead pixels – 6 

Bump bonding defects Dead bumps – 2 
Missing bumps – 1 

Dead bumps – 7 
Missing bumps – 1 

Sensor 6* 
Pixel defects Dead pixels – 4 Dead pixels – 4 

Bump bonding defects Dead bumps – 0 
Missing bumps – 1 

Dead bumps – 0 
Missing bumps – 1 

*Control sample, no ALD passivation 
 
Efficiency maps before and after the deposition are shown in Figure 83. Although some 

changes in particular pixels were observed, overall range of efficiency was not changed after 
the additional ALD run. No significant changes of the quality of bump bonding were observed 
after the additional ALD passivation run, thus this step can be included into the processing of 
the pixel detector modules. 

 

1.2.4 Results of characteristic measurements of HIP test samples 
 
HIP standard diodes described in section 5.2.1 of Chapter II were exposed to the radiation 

of Cs-137 source. Results for all groups of samples are shown in Figure 91. Error bars indicate 
deviation between samples of the same type. A high level of noise is a reason for further 
development of the setup for these measurements, however, despite the high level of noise, a 
characterisation peak can be observed on all diagrams. 



136 
 

 

Figure 91 Characterisation spectra of Cs-137 obtained by four groups of HIP standard diodes. 
 
Figure 92 shows fitted curves for the data shown in Figure 91.  
 

 
Figure 92 Fitted curves for characterisation data for the four groups of HIP standard diodes. 
 
Fitted curves demonstrate that the maximum for passivated samples from sets B1 and B2 

(MCz and FZ p-type silicon) match to the same channel 618; from the non-passivated samples 
of set A (FZ p-type silicon) to channel 617; and from the samples of set C (n-type FZ silicon) 
to channel 622, which is within the uncertainty of the determination of the position of the 
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peak maximum. The table summarises characteristic data for all groups of samples. Energy 
resolution is calculated with the assumption that the observed peak is the characteristic 662 
KeV peak of the Cs-137 spectrum.   

 
Table 9 Summary of the characterisation data for all groups of HIP standard diodes 
Set of 
samples 

A=pFZ2011 B1=MCz2012 B2=pFZ2012 C=nFZ2012 

Position of 
peak 
maximum 

617±6 618±6 618±5 622±5 

FWHM  38 24 33 38 
Energy 
resolution, % 6,2±0,9 3,8±0,9 5,4±0,8 6,1±0,8 

 
All observed peaks are relatively broad, thus the resolution of the detectors in this setup 

is very poor. The level of noise manifesting at the left part of Fig.91 is inappropriate for actual 
detectors. However, it can be concluded that all samples perform as detectors and demonstrate 
characteristic peaks in the same channel, and the additional passivation with Al2O3 does not 
interfere with detector properties.  

 

1.2.5 Results of TCT measurements of HIP test samples 
 
TCT measurements were performed on a HIP TCT setup with guidance from T. 

Naaranoja. Samples from sets A, B1, B2, and C (described in section 5.2.1 of Chapter II) were 
illuminated with the red laser (640 nm). The temperature during the measurements was 
23±2°C. Maximum absolute values of applied bias voltages were determined as 150 V for 
samples from set A, 400 V for samples from set B1 and B2, and 200 V for samples from set 
C. Measurements were performed with 10 V steps. The ability to withstand high bias voltage 
was similar to that seen for the CV and IV characterisation samples. 

Examples of obtained signal waveforms for all sets of samples are shown in Figure 98. 
Each curve represents a particular sample, curves of the same colour correspond to the same 
bias voltage. The waveforms shown correspond to 10, 70, and 150 V of bias voltage; presence 
of signal without bias voltage is given for normalisation purposes. All p-type samples from 
sets A, B1, and B2 demonstrate similar electric field shapes regardless of the existence of 
surface passivation. The shape of the field of the n-type samples from set C demonstrate 
approximately twice-wider amplitude and shorter signal time. This shape can be caused by 
the different concentrations of the dopants in the pn-junction area in different detectors 
(Eq.63). 
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Figure 98 Signal waveforms for HIP standard diodes. Each curve represents a particular sample, curves 

of same colour correspond to the same voltage. 
 
Scanning was performed with the step of 10 V, thus the depletion voltage can be only 

roughly approximated. For passivated p-type samples from sets B1 and B2, the conclusion is 
that the depletion voltage is around 140 V and 60 V respectively, for non-passivated p-type 
samples from set A the depletion voltage is around 60 V, and for reference n-type samples 
the depletion voltage is around 30 V. This agrees with the results of the CV measurements 
listed in section 1.6 of this chapter. 

Integration of the current signal over time represents the collected charge, which can be 
plotted versus bias voltage. Figure 99 shows the collected charge for all sets of samples. Error 
bars indicate variations between samples of the same type. It can be seen that deviation for 
the sample with surface passivation is wider: it can be explained with the impact of the 
distortions caused to the incoming laser light by the alumina layer, which covers the whole 
surface of the samples, including the TCT window.  
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Figure 99 Collected charge (normalised) for all groups of samples 
 
All pots shown in Fig.99 demonstrate the presence of the depletion, but corresponding 

voltage values are lower than expected since measurements were performed with red laser. 
Red lasers have a relatively small penetration depth, thus the charge carriers are produced 
unevenly and collected before the actual full depletion of the sensor. 

 

1.2.6 Long-term stability studies with the HAST 
 
The long-term stability of structures containing Al2O3 thin films was tested using the 

unbiased version of HAST defined in [140]. HIP standard diodes from sets of samples A, B1, 
and B2 were exposed to 85°C temperature and 85% humidity in Platinum N series 
temperature and humidity chamber model ENX12-7.5CWL, SCP-220, serial N 166366 
(Figure 107). Test duration was 100 hours.  

Characterisation data was collected and compared before and after the accelerated 
temperature and humidity stress test. Figure 108 shows leakage current of samples before and 
after the test in environmental chamber. Figure 109 shows the depletion voltage. 

No significant changes of the characteristics were observed for p-type samples with an 
Al2O3 insulation layer and with surface passivation, confirming the high long-term reliability 
of the structures with aluminium oxide. For one sample, a breakdown related to increase of 
total current was observed at 100 V before the test, and from 10 V after the test; however, 
leakage current from the central pad was stable during both measurement sessions.  

Samples without surface passivation also demonstrated stability of depletion voltage. For 
all these samples a breakdown of total current was observed, and the value of critical bias 
voltage was lowered after the test. Central pad current was stable and failed to demonstrate 
significant changes. There were no changes observed in the depletion voltage of samples 
before and after the test run.  
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(a) 

 
(b) 

Figure 108  Leakage current before and after HAST: HIP standard diodes with surface passivation (a) and 
without (b) 
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(a) 

 

 
(b) 

Figure 109  Depletion voltage before and after HAST: for samples with surface passivation (a), and samples 
without surface passivation (b) 

  



142 
 

The observed effect of exposure to stress factors for passivated samples is a growth of 
aluminium oxide thin film over contact openings on the surface of samples with surface 
passivation (Figure 110), whereas no visible oxidation is observed for samples without 
surface passivation.  

HAST tests are considered unharmful for HIP standard diodes and their characteristics. 
Effects observed after the HAST are similar to the issues found from the samples stored for a 
long time on the shelf. The increase and breakdown of the total current is a common reason 
to discard samples during the measurement sessions. Oxidation was also found in contact 
openings of the samples kept in pouches unopened for more than a year. Thus, this approach 
can be used as a method to simulate the aging effects of detectors without the presence of 
irradiation. Known aging effects should be distinguished from the degradation caused by the 
irradiation. 

 

1.3 Reliability of HIP test samples 
 
During 2014–2018, samples with surface passivation and insulation with Al2O3 (set B) 

went through the electrical characterisation several times.  
Statistical information about the breakdowns summarised in Table 11. Ninitial is the 

number of samples measured during characterisation session, Nsurvived is the number of 
samples that demonstrated no breakdown during the measurements. Time (t) is given in 
months after production. Reliability of samples for each measurement run is calculated with 
Eq.68. Accuracy of the reliability varies for the each session since the amount of samples 
involved into each measurement run represent different percent of the total amount of existing 
samples (from 20.8 to 79.1%). It is possible to calculate reliability for each run separately to 
illustrate the approach, but this data is insufficient for detailed studies using statistical 
methods. 

 
Table 11 Reliability of HIP standard diodes with Al2O3 surface passivation during 2014–2018 

t 
pFZ mCz (t) 

Ninitial % of 
batch Nsurvived Ninitial % of 

batch Nsurvived pFZ mCz 

28 6 25.0 6 6 25.0 6 1 1 
30 9 37.5 9 9 37.5 8 1 0.889 
50 15 62.5 9 19 79.1 16 0.6 0.842 
53 8 33.3 4 8 33.3 6 0.5 0.75 
54 5 20.8 1 5 20.8 4 0.2 0.8 
70 16 66.7 13 14 58.3 5 0.8 0.357 
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2. Discussion and outlook 
 
The aims of this thesis were to report the results of the studies of possible applications of 

Al2O3 thin films in particle detector structures, and to provide a practical overview of the 
applied characterisation process, which can be used as a supportive material during further 
measurement campaigns in the framework of the project. This thesis can also be considered 
as an example of systematisation of gained experience to ensure the transfer of knowledge 
and minimize problems related to the rotation of personnel typical for research projects. Each 
section of this thesis is an attempt to cover a relevant subject. 

Introduction to the CMS project at LHC shows the evolution of the CMS Tracker from 
initial design to current state and further upgrades using available sources of information such 
as CMS technical design report for the pixel detector upgrade. It can be clearly seen that the 
documented approaches used by different participants of the collaboration differ in detail. It 
is important to follow a common methodology for the collection of data, especially the quality 
assurance data. Comparison of requirements and achieved levels of reliability should be 
documented and available for the detector production contributors during the next rounds of 
upgrades.  

Processing of the detectors requires a systematic analysis of the reliability of involved 
materials, equipment, facilities, and personnel. Industrial and scientific process flows are 
different, and existing industrial algorithms should be adopted for use in scientific projects. 
The impact of human factors seems to be more significant in scientific projects due to the 
constant change of personnel shifting to the next stages of their scientific careers. Clear 
project documentation is needed to ensure the transfer of knowledge and practical skills in 
order to keep the scientific potential of the project at the highest possible level. 

Quality assurance of silicon detectors is based on their electrical characterisation. Related 
theoretical aspects might face the need to be reviewed in the future due to the challenges in 
the R&D for detector structures. Some factors that have been reasonably neglected in the past 
due to several orders of difference in relation to important characteristics, might become 
significant with the changes of the requirements to the detector performance or scaling of 
detector structures. The shape of the test sample, non-isotropic properties of the material, and 
fringe field are mentioned as factors, which can become a cause of differences between the 
measured and calculated parameters of the prototype.  

Non-operational particle detectors might appear in the tracker assembly even after they 
were originally considered as suitable, if one or more unnoticed factors affected its quality. 
The reason for such failure may be attributed to two problems: the detector may have been 
initially defective, or the quality assurance may not have been sufficient for finding the 
underlying problem. Thus, the reliability of the detector should be verified together with the 
reliability of the applied quality assurance methods and instruments. 

The collection of probe station schematics provided in this thesis can be used as a 
reference for future upgrades of the instrumentation used for quality assurance. Studies of the 
probe station currently used for detector characterisation in HIP confirmed its applicability 
for quality assurance of the detectors. The background capacitance of the CV setup is stable 
and does not contribute to the capacitive behaviour of the test samples. The reliability of the 
probe station includes reliability of its components, stability of the environment, and the 
appropriate professional level of the operating personnel. Ensured reliability of the probe 
station is extremely important for the studies of unexpected measurement results when it is 
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critical to define the origin of the problem: something wrong with the sample or something 
wrong with the characterisation. Further electrical characterisation tests might require 
measurements using 1000 V or higher bias voltage. The probe station will require further 
upgrades in order to make these measurements safe and reliable, and special attention should 
be dedicated to noise issues.  

Noise issues cause problems for all types of electrical characterisation. To prevent such 
problems, additional efforts should be applied to all levels of the research: from the 
development of specific structures in the detector layout, to the inspection of the electricity 
network in the building where the characterisation or actual installation of the detectors is 
performed. A relevant checkout of the noise level should be done every time when the project 
shifts to the new subject and instrumentation changes, especially in case of the installation of 
new devices.  

Test structures studied in this thesis have ALD-grown Al2O3 thin films applied as an 
insulation and surface passivation layers. Test diodes were developed in 2011–2012 and 
measured several times during the years 2014, 2016, and 2018. Electrical characterisation 
demonstrated good stability of CV and IV characteristics of these test diodes. The results of 
these studies can be used as a reference for further research.  

It was shown that samples with surface passivation are able to withstand higher bias 
voltage than samples without passivation. Samples without surface passivation demonstrated 
breakdown at 150–200 V of applied bias voltage whereas passivated samples were stable up 
to 500 V. This behaviour was also confirmed with TCT measurements. It was demonstrated 
that surface passivation with Al2O3 improves the stability and significantly reduces the 
possibility of breakdown. It was also confirmed by characteristic measurements with a Cs-
137 source that additional surface passivation does not affect the general detector 
performance. Further investigations of these structures should include a focus on their 
radiation hardness.  

The reliability of the device is coupled with its long-term stability. The best way to study 
it is to characterise aging effects over a timeframe relevant to the required lifetime of the 
devices. In the case of silicon detectors, aging effects should be studied before the tests of 
their radiation hardness in order to provide the reference background and clearly distinguish 
the effects caused by exposure to the radiation from those caused by aging. Since it is not 
always possible to wait years for the results of long-term stability tests, accelerated stress tests 
are suggested as an approach to study the aging of the detector structures. 

Accelerated stress tests are a new approach in silicon detector research and development 
at HIP. First runs of accelerated stress tests were performed with standard HIP diodes and 
MOS capacitors. The applicability of the approach was studied with the diodes and it was 
considered suitable for studies of aging effects. Tests with MOS capacitors were performed 
to study the evolution of blisters, and it was shown that applied conditions do not enhance it. 
Further research might include modified accelerated stress tests with exposure of biased tests 
samples, which will simulate aging of actually working detectors. 

Introduction of passivation with Al2O3 into the process flow of the detector fabrication 
might be challenging, however, due to the problematic etching of the alumina and the need 
for an additional mask level. Alumina is a chemically stable material and can be etched only 
with an aggressive etchant, which also etches the aluminium used for contacts. Thus, some 
kind of buffering layer needs to be added to protect the aluminium. Contact to the metal layers 
of the test diodes discussed in this thesis was provided through the contact openings etched 
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in the alumina layer after the passivation; this kind of opening is required for the bonding. It 
is possible to skip the etching of contact openings and perform the bonding through the 
deposited layer of Al2O3. Studies of possibilities to perform wire-bonding through the layer 
of alumina were performed in HIP in 2015 [72] and demonstrated that thicknesses up to 25 
nm is not an obstacle. Characterisation of the passivated SCMs using DTB tests demonstrated 
no significant changes in their behaviour before and after deposition of the Al2O3. Further 
studies might be focused on finding the balance between beneficial thickness of the 
passivation layer and the possibility to perform bonding through it. 

Another direction of further studies is the development of the approach to test the ability 
of the sensor to perform under applied high biasing voltage without sparking damage. One 
possibility is to use the accelerated stress test, which requires the development of the setup to 
keep the sensors under biasing voltage inside the environmental chamber. The other is to 
develop a setup, which will keep the sensors under biasing voltage and generate sparks near 
its surface. To make a decision, advanced statistical studies of sparking issues should be 
performed.  

The importance of proper documentation and knowledge transfer was specifically 
emphasised in this thesis. The absence of information can become an obstacle for the research 
in particular projects, in collaboration, or in the entire field. Repetition of already performed 
studies might result in additional time and costs. Well-timed and extensive documentation 
and information back up should prevent this, and is strongly recommended as a common 
practice. 
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VI. Conclusions 
 
This investigation into the applications of a high-k dielectric for silicon particle detectors 

began with studies into Aluminium(III)Oxide, which can be implemented as an insulator layer 
or as surface passivation in detector structures.  

Processing by the ALD (Atomic Layer Deposition) method provides the possibility of 
depositing a precisely conformal layer of the material. ALD of Al2O3 is a well-known process 
with variable parameters. It can be adjusted to low-temperature mode and performed after the 
processing and flip-chip bonding of the silicon detector for protective purposes.  

The test structures studied in this thesis have ALD-grown Al2O3 thin films applied as an 
insulation and surface passivation layers.  

A set of test diodes developed in 2011–2012 includes standard test diode structures made 
of p-type MCz, p-type FZ, and n-type FZ silicon. The layout of p-type diodes includes an 
Al2O3 insulation layer. Part of these diodes was also covered with an Al2O3 passivation layer 
deposited on the surface. Diodes of n-type silicon with a SiO2 insulation layer were used as 
references in the studies.  

The sets were characterised several times during the years 2014, 2016, and 2018. 
Electrical characterisation demonstrated good stability of CV and IV characteristics of all p-
type samples. Samples with surface passivation are able to withstand higher bias voltage than 
those without the passivation. Samples without the surface passivation demonstrated 
breakdown at 150–200 V of applied bias voltage whereas passivated samples were stable up 
to 500 V. Samples without the surface passivation have a tendency to break down at lower 
applied bias voltage after long-time storage, which is also typical for n-type diodes. This 
behaviour was confirmed with TCT measurements. Additionally, characteristic 
measurements with a Cs-137 source confirmed that the surface passivation with Al2O3 does 
not affect general detector performance. It can be concluded that surface passivation with 
Al2O3 improves the stability of the detector performance and significantly reduces the 
possibility of breakdown. Standard diode structures with Al2O3 insulation and surface 
passivation demonstrated excellent long-term stability of properties, and the results of these 
studies can be used as a reference for further research. 

Another set of samples included a group of single pixel sensors — SCMs. Thin Al2O3 
film was ALD-grown on the surface of flip-chip bonded sensors, and their performance was 
examined before and after deposition, and compared with reference SCMs to exclude possible 
aging effects. Electrical characterisation was performed using a digital test board and standard 
QA procedures applied for the sensor testing in the CMS upgrade project. It was shown that 
surface passivation with Al2O3 did not affect the behaviour of the SCMs. Performance of an 
additional ALD step can be considered as non-harmful for the flip-chip bonding. Thus, ALD-
deposited alumina coating can be recommended as a material for protection of the silicon 
detector structures.  

These conclusions were made after multiple sessions of characterisation. The applied 
measurement methods included CV (capacitance-voltage), IV (leakage current-voltage), TCT 
(Transient Current Technique), and characterisation with a radioactive source (Cs-137). In 
addition to standard electrical characterisation, accelerated stress tests (HAST) were 
implemented into the process of reliability studies as a method to study aging effects. In 
further studies of radiation hardness of experimental structures, the impact of aging should be 
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clearly distinguished from the effects of radiation. The results from the HAST tests can be 
used as reference data for such studies.  

In this thesis, the reliability of applied characterisation approaches and instrumentation 
was reviewed in addition to the reliability studies of the experimental detector structures. The 
impact of human factors and knowledge transfer was specifically emphasised. These factors 
should not be neglected as they might be critical for processing, characterisation, and 
ultimately for the reliability of the detectors. High rotation of personnel is typical for scientific 
institutions. Scientist’s career paths include multiple changes of workplaces. In long projects 
lasting over 5 years, a total change of the personnel can happen, and cases with changes of 
more than one in the personnel are not so rare. To ensure the high quality of the research, a 
comprehensive transfer of the critical knowledge should be organised for every new person 
involved in the scientific project. 
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Appendixes 
A. RD50 Recommendations towards a standardisation IV and CV 

measurements in Si diodes 
 
RD50 Technical Note 2003/03 -- Version 5/15.10.04 
 
Part I: IV and CV measurements in Si diodes 
 
1. Measurements should be made between the backside and the central electrode with the 

guard ring kept at the same potential as the central part (usually grounded). 
2. Wherever possible measurements should be performed at a temperature around either 

20oC or 0oC. The first is a common reference temperature, while the second is more suitable 
for a work with heavily irradiated detectors and is closer to typical operation temperatures in 
modern HEP experiments. The results should be corrected to exactly 20oC or 0oC whichever 
is closer to the actual measurement temperature. 

3. For the dark current correction a standard temperature dependence is recommended: 
I~T2 exp(-E0/2kT) with E0=1.12 eV. (For the two reference temperatures this formula gives: 
I(20oC)/I(0oC)=5.839.) If another temperature dependence is used the value obtained with the 
above formula should also be quoted for comparison. 

4. A standard voltage recommended for the dark current measurement is 50 V above the 
full depletion voltage. If other criteria are used the current at the standard voltage should also 
be quoted for comparison. 

5. Wherever possible the CV measurements for finding the depletion voltage should be 
performed at a frequency close to 10 kHz. The recommended procedure for the Ud extraction 
is a crossing of two straight lines in the logCp-logV plot near the kink. If another method is 
used the Ud obtained by the standard procedure should also be quoted for comparison. 
Maximum Ubias for the fit should be at least 100 V above Ud. The variation of the results due 
to an uncertainty in the choice of the points for the fits (within reasonable limits) should be 
included in the result error. For the diodes irradiated by a 1MeV equivalent fluence above 
1013 n/cm2 the Ud value should be corrected to that at 20oC or 0oC (whichever is closer to the 
measurement temperature) and at 10 kHz using the formulae from the reference D.Campbell 
et al. NIM A492 (2002) 402 (or the Technical Note ROSE/TN/2002-02 accessible at the web 
page: http://rd48.web.cern.ch/RD48/ ). 

6. The IV and CV measurements between minimum and maximum bias values should be 
made both for increasing and decreasing voltages. If a noticeable difference is observed the 
results for both data sets should be quoted to allow an estimate of the systematic uncertainty 
related to the measurement procedure. If regular checks show that the difference is always 
negligible, only one (any) ramp direction may be used. If the difference does exist, but by 
some reasons the measurements can be made in one direction only (e.g. due to the lack of 
time) the decreasing bias voltage mode should be preferred, as giving usually more repeatable 
results. In all cases the time of the voltage ramp should be given in the measurement 
description. 

7. For irradiated devices it is necessary to give as complete details about the irradiation 
as possible. In particular providing the following information is highly recommended. 
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a) Initial parameters of the device/material. 
b) Type of irradiation particles. 
c) Energy spectrum of the source. 
d) Flux of the source. 
e) Time structure of the irradiation: continuous/pulsed (pulse parameters). 
f) Temperature and the biasing of the sample during irradiation. 
g) Time and fluence of irradiation. 
h) Dose measurement method(s) used and dose uncertainty. 
i) The 1MeV neutron equivalent fluence calculated by the standard NIEL model. The 

recommended source of data is the compilation made by A.Vasilescu and G.Lindstroem and 
accessible via the link: http://sesam.desy.de/members/gunnar/Si-dfuncs.html. 

j) Time between the end of irradiation and the beginning of measurement of the sample. 
k) Temperature history of the sample between irradiation and measurement. 
l) Temperature history of the measurement. 
8. For practical applications the most important annealing stage is that with a minimum 

depletion voltage. Therefore in the studies with irradiated detectors the measurements at this 
stage should always be included. 

 
Compiled by A.Chilingarov 
Updated at the 5th RD50 Workshop 15.10.2004 
Further suggestions and comments to a.chilingarov@lancaster.ac.uk 
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B. ISOBOX  
Electrical scheme of ISOBOX (based on original CERN document [125]) 

 
 
List of components 

component nominal function 
D1, D2, D3, D5 BZX85C10 Zener diode 

D4, D6-D12 1N4007 rectifier 

R1 60.4K 
RCMA4 resistor 

R2, R3 40.2K 
RCMA4 resistor 

C1 1.5 μF 
1000V capacitor 

C2 680 nF 
1000V capacitor 

C3 1 μF 
250V capacitor 

C4 1 nF 
1000V capacitor 

C5* 
 

47 pF 
MICA 
EFD 

1000V 
TCF 180 

016 A 

capacitor 

*Capacitor C5 in HIP probe station is changed to 1.2 pf 500V. 
  



159 
 

C. Relay system for Karlsruhe probe station 
This scheme and description are taken from [70], where more details can be found. 
The light dots present the switched off (default) state of the relays.  The circles with 

numbers inside are the locations of the cables lead-through from outside of the aluminium 
box to the inner side. The ground is defined by a large block of copper inside the aluminium 
box. The fuses in front of the voltage source of the KE6517A prohibit a destructively 
discharging of the ISOBOX on the device. 
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D. Probe needles  
 

 
Figure D1 Karl Suss precise probe needle:  (1) test needle: (2) electric connector (3) knob for adjusting 

the force (4) knob for vertical movement (5) knob for horizontal movement (6) knob for horizontal movement 
 

The directions of movement according knobs and directions of turning are listed in table 
below.  

 
direction of 
knob turn 

Action 
Knob (4) Knob (5) Knob (6) 

clockwise 

 

Counter 
clokcwise 
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