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I. Introduction 

Research problem. Dosimetry in the routine sense is the measurement of the 

absorbed dose in biological tissues and matter delivered by ionizing radiation 

or particle beams. Dosimetry is widely applied in the field of medical physics 

where it is inevitable for assessment of the radiation dose received by 

personnel and patients. Then radiation dose refers to the amount of energy 

deposited in matter and biological effects of radiation. The dose measurement 

unit is the gray (Gy) which defines the unit radiation energy deposited per 

mass unit (J/kg). This kind of dosimetry is used extensively for radiation 

protection. As various radiation types lead to different biological effects for the 

same deposited energy, a corrective radiation weighting factors are applied to 

convert the absorbed dose measured in the unit gray, into the equivalent dose 

measured in the unit sievert (Sv). The dose equivalent is the product of the 

absorbed dose of ionizing radiation and the dimensionless quality factor, 

defined as a function of linear energy transfer. The sievert represents the 

equivalent biological effect of a joule of radiation energy in a kilogram of 

human tissue related to a gray using quality factor. 

The physical impact of different type irradiations is evaluated using 

measure of kinetic energy released per unit mass (Kerma), defined as the sum 

of the initial kinetic energies of all the charged particles liberated by uncharged 

ionizing radiation in a sample of matter, divided by the mass of the sample. 

The Kerma dose unit is the gray coinciding with the unit of absorbed dose. 

However, Kerma dose is different from absorbed dose, according to the 

energies involved, however, not accounted ionization energy. The Kerma dose 

is much higher than absorbed dose in the range of high energy irradiations, 

because some energy escapes from the absorbing volume in the form of X-rays 

or relativistic electrons. Atmospheric air Kerma is fundamental for the 

practical calibration of radiation protection instruments. 

Another field of medical dosimetry is addressed to optimization of dose 

delivery in radiation therapy where three-dimensional dose distributions are 

often evaluated using different dosimetry techniques. Calculations are there 

http://en.wikipedia.org/wiki/Medical_physics
http://en.wikipedia.org/wiki/Radiation_protection
http://en.wikipedia.org/wiki/Radiation_protection
http://en.wikipedia.org/wiki/Relative_biological_effectiveness
http://en.wikipedia.org/wiki/Linear_energy_transfer
http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Charged_particle
http://en.wikipedia.org/wiki/Ionizing_radiation
http://en.wikipedia.org/wiki/Matter
http://en.wikipedia.org/wiki/Mass
http://en.wikipedia.org/wiki/Gray_(unit)
http://en.wikipedia.org/wiki/Absorbed_dose
http://en.wikipedia.org/wiki/Radiation_therapy
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performed to convert the physical quantity absorbed dose into equivalent and 

effective doses, the details of which depend on the radiation type and 

biological tissues. The assessment of optimized irradiations is performed by 

using anthropomorphic phantoms. These are 3D computational models of the 

human body which take into account a number of complex effects such as 

body self-shielding and internal scattering of radiation. The phantoms for 

experimental calibrations are commonly made of water or plastics (as PMMA). 

Dosimeters in radiotherapy within technology of linear particle accelerators for 

external beam therapy are routinely calibrated using ionization chambers, 

semiconductor sensors, and gel dosimetry means. 

For accelerator environments, evaluation of the possible damage or reliable 

functionality of auxiliary instruments and electronic devices installed is 

necessary. Then the radiation activity or the strength of the radiation fields 

(fluence), attributed to the particle/radiation sources, is important. Exposure to 

a source of radiation determines a dose which is dependent on many factors, 

such as the activity, duration of exposure, energy of the radiation emitted, 

distance from the source and of shielding arrangements. Radiation fluence is 

the number of radiation particles crossing a unit area per unit time. For particle 

sources fluence is measured in units of cm
-2

 when the flux of particles is 

constant, while, Kerma is the ionizing effect of the radiation field, and the 

absorbed dose is the amount of radiation energy deposited per unit mass. The 

calibration of individual and of area dosimetry instruments is performed by 

measuring the collision “air Kerma” under conditions of secondary electron 

equilibrium. Then the appropriate operational quantity is derived applying a 

conversion coefficient that relates the air Kerma to the appropriate operational 

quantity. In high energy physics experiments, the essential problem is the 

operation duration of the expensive detector systems. There, fluence is the 

most appropriate parameter in design of event recording instruments. There the 

main damage of detectors appears due to accumulated dose through ionization 

processes and described by linear energy loss model and non-ionizing energy 

loss (NIEL) processes [1, 2]. The latter processes are responsible for creation 

http://en.wikipedia.org/wiki/Computational_human_phantom
http://en.wikipedia.org/wiki/Linear_particle_accelerator
http://en.wikipedia.org/wiki/Ionization_chamber
http://en.wikipedia.org/wiki/Fluence
http://en.wikipedia.org/wiki/Kerma_(physics)
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of extended defects in matter and these are the prevailing reason of detector 

and electronic system damage. The NIEL interactions depend on energy of 

particles, especially hadrons, and are evaluated by interaction cross-section 

parameter. In fluence dosimetry it was found that for energies above 1 MeV 

the radiation induced damage is very similar for different type particles, 

namely electrons, pions, protons and neutrons. Therefore, the damage has been 

calibrated to equivalent fluence of 1 MeV neutrons, - 1 MeV neq in 

comparative dosimetry of high energy irradiation fluences. Thus, in particle 

accelerator infrastructure, the fluence dosimetry covers the range of fluences 

from 10
9
 to 10

17
 cm

-2
 in 1 MeV neq. This field of dosimetry is therefore very 

different from that of common, bio-medicine and health safety dosimetry. 

Traditional dosimeters are specifically designed as personal devices 

exploited in radiological protection of personnel to record and indicate the 

absorbed radiation. The electronic devices known as electronic personal 

dosimeters have come into general use based on semiconductor sensors which 

can give an indication of instantaneous dose rate or a total integrated dose. 

Also the stand-alone dosimeters are important for real-time monitoring of dose 

where a high dose rate is expected. Generally, operation of dosimeters is 

grounded on radiation energy loss in matter due to energy transfer to charged 

particles in the medium through various interactions ascribed to photoelectric 

effect, Compton scattering, pair production, or photodisintegration. Actually, 

registration of the secondary charged particles result in electrical, optical and 

thermal signals generated through atomic excitations and ionizations. The 

chemical, mainly organic material sensors such as alanine, sucrose or 

polymeric gel dosimeters are based on creation of free radicals or 

polymerization reactions under collected irradiation doses. There reading 

operations are performed by imaging implemented through the optical 

scanning, the spectroscopy of spin resonance attributed to nuclear or unpaired 

electrons, by ultrasound reading of radiation impacted materials. In traditional 

radiation protection and even in the radiotherapy dosimetry the rather narrow 

range of doses from the tens of mGy to 10-20 Gy (lethal for human body) is 

http://en.wikipedia.org/wiki/Photoelectric_effect
http://en.wikipedia.org/wiki/Photoelectric_effect
http://en.wikipedia.org/wiki/Compton_scattering
http://en.wikipedia.org/wiki/Pair_production
http://en.wikipedia.org/wiki/Photodisintegration
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controlled. Even in this range of doses, the linearity of the response of 

dosimeters is an issue. To reach high sensitivity and measurement precision, 

the dose is ranged into small diapasons of dose evaluation with relevant 

instrumentation and test materials for calibration to overcome the response 

non-linearity problem, - for instance, the wide-spread alanine based Bruker 

dosimeters contain several inserts with EPR signal Mn
+2

 markers and alanine 

calibration dosimeters, every of which covers only a decade of dose value 

changes [3]. Therefore, search of the dosimeters with the bigger range of 

linearity, especially for high energy and large fluence irradiations, is a 

challenge in sensor physics. Therefore, in high energy radiation dosimetry, the 

new type radiation sensors are designed and tested, - as the nuclear 

transmutation based metal (Al) foils, sensors based on semiconductor diode 

leakage current control, chemical organic (alanine and gel dosimetry) sensors. 

The reviews of problems arising in design and implementation of such kind of 

sensors and dosimeters are reported in to date literature [4, 5, 6, 7]. However, 

rapid development of high brightness accelerator and spallator type radiation 

sources raises the new challenges in monitoring of the environment of big area 

instrumentation, where different kind of irradiations (as synchrotron radiation, 

radioactive elements appeared under nuclear transmutations) should be 

permanently controlled. Thus, specific requirements for the high energy 

irradiation dosimetry and sensors appear, - these sensors should be linear over 

a wide range of fluences, rather tolerant to radiations controlled, should be 

spatially and spectrally selective, the means of fluence reading on sensor 

should be fast, sensors should be cheap to produce. Additionally, the remote 

reading of sensor signals with relevant sensitivity, spatial and temporal 

selectivity is desirable in order to monitor the rate characteristics of fluence 

accumulation. The dual-type sensors would be also significant in reliable and 

remote registration of sensor signals, - as optical and electrical responses 

detected simultaneously. This would enable ones to control functionality of 

particle detector and electronic systems in harsh, close to particle beam areas. 
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This work was thereby addressed to solve several nowadays problems, 

mentioned above of dosimetry and fluence measuring under high energy 

hadron irradiations. There additional problems in radiation defect physics for 

recognition and characterization of dominant defects, in charge carrier 

recombination and transport physics for rapid and reliable interpretation of 

sensor signals, in surface modification physics and surface recombination 

evaluation methodology appear in design of dosimetry sensors and 

measurement technologies. 

 

Objectives of research. The aim of this work was the development of 

measurement principles as well as combined methods and their implementation 

in fabrication of dosimeters for the monitoring of the particle beams. This goal 

is addressed to monitoring of moderate and large fluences within the 

environment of hadron accelerators and development of sensor 

instrumentation, including consideration of the problems of materials science 

and defect engineering. The purpose covers creation of the novel techniques 

for fluence measurements and remote signal recording, the creation of models 

capable to reveal peculiarities of the variations of optical and electrical signals 

related to technological and radiation defects in sensor materials, the 

development of measurement techniques for evaluation of surface passivation 

quality, evaluation of carrier transport, generation/recombination parameters 

important in design of wide-gap semiconductor sensors for detecting of large 

fluences. 

The main tasks were concentrated on: 

- optimization of the regimes and instrumentation of the contactless 

measurement of carrier lifetime in Si wafer sensors by microwave probed 

photoconductivity transient technique for the selective evaluation of fluence 

dependent changes of density of the extended and point radiation defects; 

- characterization of the technological and radiation defects in 

polycrystalline layers of CdS and Cu2S heterostructures in search of possibility 

to create the dual-purpose sensors by detecting optical and electrical signals; 



 11 

- characterization of the technological and radiation defects in crystalline 

epi-layers of GaN grown by MOCVD technology and evaluation of the 

changes of carrier transport and recombination parameters as well as carrier 

pair production by hadrons in search of possibility to create means for 

simultaneous detection the optical and electrical signals in order to design fast 

and radiation tolerant sensors; 

- development of contactless techniques for the in situ and remote control 

of the sensor electrical and optical signals, based on wide-bandgap 

semiconductor materials, during material modification by proton beams; 

- design of the principles and combined techniques for spectroscopy of 

technological and radiation induced carrier traps; 

- evaluation of surface passivation technologies and surface recombination 

parameters in Si edge-less strip detectors in order to optimize spatial resolution 

of strip detectors. 

 

Relevance and scientific novelty. The detail analysis of the hadron fluence 

and anneal regimes dependent changes of the carrier recombination and 

trapping lifetimes in large resistivity and surface passivated Si wafers makes a 

principle for selective evaluation of the parameters of the hadron irradiation 

created point and extended defects. The direct measurements of carrier density 

relaxation rates and of photoconductivity changes performed by the microwave 

probed photoconductivity transient analysis enable to develop a wide fluence 

range of 10
10

 - 310
16

 cm
-2

 fluence meter with a linear response characteristic. 

The rapid monitoring of accelerator environment can then be implemented by 

placing the large resistivity and surface passivated Si wafer fragments, 

enveloped in plastic bags, over a large area of accelerator infrastructure and by 

consequent fast recording of the carrier lifetime using an instrument VUTEG-

5-AIDA. The measurement technology and analysis of the carrier decay 

comprise a novelty in this work. Comprehensive and combined techniques of 

deep level spectroscopy, of barrier capacitance in Cu2S heterostructures, of 

luminescence spectroscopy as well as microscopy and modelling of carrier 
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transport characteristics in polycrystalline CdS materials is a reliable 

methodology for wide-bandgap material evaluation relative to its relevance for 

particle sensor fabrication. The newly evaluated parameters of pair production 

and of radiation defect introduction rate in Cu2S heterostructures and CdS 

layers are important for estimation of the operational characteristics of the 

polycrystalline type, cheap sensors in detection of hadron irradiations. The 

combined technique and instrumentation for the contactless as well as remote 

and simultaneous recording of the temporal carrier decay parameters and of 

scintillation spectral characteristics in Cu2S heterostructures and GaN epi-

structures comprise a novelty in measurement technology. The parameters of 

pair production and of radiation defect introduction rate in MOCVD grown 

GaN epi-layers and their relation with structure disorder characteristics 

dependent on irradiation fluence are important for design of radiation tolerant 

sensors. The models for relation of the fluence dependent changes of the 

optical and electrical characteristics in disordered layers of MOCVD grown 

GaN epi-layers comprise a scientific novelty. The combined parallel and 

perpendicular (to the Si strip detector plane) scan of the excitation depth 

dependent amplitude of the photoconductivity is a novel method in evaluation 

of the parameters of surface recombination in the thin structures passivated 

using different technologies of thermal oxidation, atomic layer deposition and 

formation of silicon nitride layers. 

 

Practical importance. The designed and fabricated dosimeter VUTEG-5-

AIDA has been installed and approved for particle detector as well as facility 

monitoring in CERN. This instrument and measurement principles have been 

applied for material and radiation characterization using neutron spallator at 

Louvain la Neuve and Tandem accelerators at Institute of Physics (PTSC, 

Vilnius) and University of Helsinki facilities during implementation of the FP7 

project AIDA. 

The fast monitoring of harsh radiation environment, implemented by 

VUTEG-5-AIDA instrumentation, is promising for applications in nuclear 
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power plants and in nuclear waste storage facilities. It would be a potential tool 

for evaluation of “electronic brain” functionality in rescue robots where 

radiation is unexpected and extremely intensive, such as in the aftermath of the 

Three Mile Island, Chernobyl or Fukushima radiological release incidents. 

The combined techniques and instrumentations for the contactless as well 

as remote and simultaneous recording of the temporal carrier decay parameters 

and of scintillation spectral characteristics in Cu2S heterostructures and GaN 

epi-structures can be approved for characterisation of new solid state materials 

promising in high energy radiation detection. 

It has been proved that the developed methodology of evaluation of the 

parameters of pair production and of radiation defect introduction rate in 

disordered and crystalline structures and their relation with particle detector 

operational characteristics can be applied in search of the alternative and 

potential scintillators based on A2B6 and A3B5 compounds. 

The developed techniques and instrumentation for the contactless as well 

as the remote measurements by using simultaneous recording of the electrical 

parameters and of scintillation characteristics can be employed in design and 

testing of the double signalling sensors and their systems. 

The combined parallel and perpendicular scan technique using the 

measurement regimes by varying the excitation depth at several discrete light 

wavelengths has been approved for evaluation of the parameters of surface 

recombination in the thin structures passivated by different means in 

development of edgeless strip detector technology of enhanced spatial 

resolution for the future S/HL-LHC experiments at CERN. 

 

Statements in defence. The main statements in defence of this thesis are as 

follows: 

1. The proposed methodology of the experimental measurements and 

modelling, addressed to evaluation of carrier recombination and transport 

parameters within spatially inhomogeneous structures using combined analysis 

of the temporal and spectral changes of electrical and optical signals ascribed 

http://en.wikipedia.org/wiki/Three_Mile_Island_accident
http://en.wikipedia.org/wiki/Chernobyl
http://en.wikipedia.org/wiki/Fukushima_Daiichi_nuclear_disaster
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to the same test excitation impact, enable inspection of the disorder and of the 

radiation induced changes of material parameters in micro-crystallites 

containing structures of wide bandgap semiconductors. The proposed 

methodology is implemented by simultaneous measurements of carrier non-

radiative decay, performed by microwave probed photoconductivity transient, 

and radiative dissipation of excess carriers, controlled by transient 

luminescence spectroscopy, which are carried out to simultaneously collect the 

electrical and optical signals from the same excited local area. 

2. The designed technique based on control of the carrier recombination and 

trapping components in heavily irradiated and thermally treated high purity, 

surface passivated Si wafer fragments enables the radiation and defect type 

selective fluence dosimetry in wide fluence range from 10
11

 to 10
16

 cm
-2

, 

keeping the linearity of calibration characteristic. The combined parallel and 

perpendicular scan technique using the measurement regimes by varying the 

excitation depth at several discrete light wavelengths should be applied for the 

reliable evaluation of the parameters of surface recombination in thin structures 

passivated by different means in edgeless detector technology of enhanced 

spatial resolution. 

3. The designed and fabricated instrument VUTEG-5-AIDA and 

methodology of plastic bag enveloped fluence accumulating Si sensors enable 

the wide area monitoring of harsh radiation environment and particle 

accelerating as well as spallating instrumentation, with option of profiling of 

the particle beam contours and irradiation distributions. 

4. The developed techniques and instrumentation for the contactless and 

remote measurements by simultaneous recording of the changes of the 

electrical and of scintillation characteristics is a tool for extraction of carrier 

pair production and radiation defect introduction rate parameters in different 

materials impacted by various radiation types. 

 

Author’s contribution. Over this study author performed measurements on 

capacitance-voltage characteristics, part of DLTS, BELIV and luminescence 
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spectroscopy and participated in the in situ (during proton irradiations) 

measurements of microwave probed photoconductivity transients and 

scintillation spectra in various materials. Author developed the algorithms and 

software for the control of carrier recombination lifetime. Author contributed 

within improvements of the instrument VUTEG-5-AIDA. The main results 

were presented at a number of international (IWORID14, “Radiation 

Interaction with Material and Its Use in Technologies 2012 and 2014”) and 

national (LNFK39 and LNFK40) conferences and several drafts of results for 

manuscripts and presentations were prepared by the author. 

Measurements of recombination characteristics were performed in 

collaboration with PHD students J. Pavlov, D. Shevchenko and D. 

Meskauskaite as well as Dr. T. Ceponis and Dr. A. Uleckas. Most of in situ 

measurements at accelerators State Research Institute Centre for Physical 

Sciences and Technology, Vilnius and at CERN were performed by a group 

and under supervision of Dr. Sc. E. Gaubas. All the investigations, data 

analysis and writing of manuscripts were made by Dr. Sc. E. Gaubas or under 

supervision of Dr. Sc. E. Gaubas. 

In situ experiments on study of carrier lifetime and scintillation 

characteristics during protons implantation were performed by ion accelerator 

installed at State Research Institute Centre for Physical Sciences and 

Technology, Vilnius. 
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Structure of dissertation. The research problems, scientific relevance and 

novelty, objectives of the research and practical importance are discussed 

within Introduction section. The statements to defence as well as author 

contribution are there determined in the Introduction section. In Chapter 2, the 

large fluence dosimetry methods are briefly reviewed to ground motivation of 

this research. In Chapter 3 there are discussed the materials and samples 

investigated as well as the research techniques applied. The surface passivation 

of slim edge Si detectors evaluations, the fluence dependent carrier 

recombination lifetime characteristics and spectral parameters ascribed to 

radiation induced point-like defects are discussed in Chapter 4. The results of 

the research of the initial material and of junctions made of Cu2S-CdS are 

presented in Chapter 5. The parameters of carrier pair production and of 

radiation defect introduction rate in CdS polycrystalline layers are presented 

and methods for their extraction are also discussed in Chapter 5. Evaluations of 
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the parameters of the technological and of the radiation defects in MOCVD 

grown GaN epi-layers are discussed in Chapter 6. The designed and fabricated 

large fluence dosimeter based on contactless measurements of the carrier 

recombination lifetime in Si wafer fragments is described in Chapter 7. The 

general conclusions are presented at the end of dissertation.
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II. Brief survey on techniques of hadrons irradiation dosimetry 

2.1. Methods based on nuclear reactions 

Radioactivity of materials can be induced by interaction of the sensor 

material with radiation of energy exceeding the threshold value for initiation of 

nuclear reactions. This process is called activation and it is used in production 

of radioactive sources and activation detectors. Radiation that is emitted by 

such material is referred to as residual radiation. Activated materials emit 

mostly γ- and β- particles. Nevertheless, the heavy particle emitting materials 

can be activated too. 

The nuclear decay starts just after the beginning of irradiation, which 

means that both processes, namely, activation and decay, take place at the 

same time. The rate of decay is evaluated by the half-time of the newly 

activated material. 

A thin foils of a relevant material, placed in the large fluence radiation 

field for a time longer compared to the half-life of the activated material, is 

used as activation sensor. After irradiation the decaying particles in the sensor 

foil are detected by the decay counters. The activation rate and radiation field 

is determined by the count of decaying particles. The exponential increase in 

the activity reaches an asymptotic value equal to the activation rate since the 

decay rate depends on the number of activated atoms, the number of which 

increases with time [6, 8]. Thus, the fluence measurement based on the foil 

radiative activation can be exploited for evaluation of high energy (over the 

threshold value for definite material) particle fluence. These nuclear reactions 

based techniques are exceptionally suitable for evaluation of large fluences. 

However, application of these techniques can be exploited in relatively narrow 

range of fluences and impinging particle energies. 

 

2.2. Techniques based on EPR spectroscopy of radiation induced free 

radicals 

The action of ionizing radiation on matter primary yields charged particles 

and excited molecules. In solid inorganic materials the liberated free electrons 



 22 

may be trapped by the crystal lattice whereas in solutions the solvent is also 

under irradiation and thus plays an important role in the overall process. In 

solid organic compounds the primary active particles are transformed into free 

radicals and some final products of radiolysis. 

EPR (electron paramagnetic resonance) spectrometry is a possible 

“reading” technique based on measurement of the unpaired spin ascribed to 

concentration of free radicals in organic materials. Unpaired electrons absorb 

microwave energy as they reverse their magnetic moments affected by an 

intense magnetic field [9]. By scanning absorbed microwaves in a variable 

magnetic induction field the EPR spectra are recorded. Spectrometers use 

combination of magnetic field modulation and phase sensitive microwave 

absorption detection that improves reduction of noise in spectrum recording. 

The spin attributed resonances are given as the first derivative of the absorbed 

microwaves with respect to the magnetic induction field and represents a 

specific structure. Concentration of free radicals is proportional to signals 

peak-to-peak amplitude. Thereby, EPR spectroscopy of irradiated sensors can 

be employed for dosimetric evaluation of absorbed dose. It is done by 

measuring the concentration of stable radicals created in material by radiation. 

X-band (10 GHz) microwaves are routinely used for such measurements. It is 

applied for dosimetry in radiation processing by measuring radicals of the 

amino acid alanine [10, 11]. 

Free radicals are produced not only by ionizing radiation. UV light and 

mechanical impacts usually produce radicals of different kind that are 

responsible for the background EPR signal in some materials. This determines 

limitations for precision of low dose measurements. Another limitation is 

attributed to stability of the radiation induced radicals. Radical recombination 

in solids still persists, even though it is much slower than in liquids. The 

average lifetime of radicals can vary from a few hours to a few years. 

Recombination rate depends not only on sample material, but also it is 

sensitive to the ambient temperature and humidity. Sample freezing can greatly 

prolong the recombination process. 
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Alanine can be used either as a reference or as a routine dosimeter, - it just 

has to be calibrated accordingly. The radiation chemical yield of the alanine 

dosimeter is additionally influenced by temperature during irradiation. 

Fortunately, it is independent of radiation type and energy for the range of 

MeV energy photon and electron beams. At lower energies, dosimeters have to 

be calibrated accordingly to the type and energy of radiation in which they are 

going to be used. 

 

2.3. Electrical methods grounded on radiation damage of particle 

detectors 

The ionizing radiations, such as electrons, protons, α-particles, or not 

directly ionizing particles like photons or neutrons, interact with semiconductor 

material, and a number of electron-hole pairs that can be registered as electric 

signals, are created. For charged particles, ionization occurs along the flight 

path by many collisions with electrons. Photons interact with matter through a 

photoionization or Compton effect (by interacting with a target electrons), or 

interacts with a nucleus of material. In both cases absorbed energy is 

transformed into electron-hole pair creation and lattice vibrations (phonons) 

and finally into thermal energy. 

Energy conversion to electron-hole pairs is a property of semiconductor 

materials. It almost does not depend on radiation type and its energy [4, 12]. 

The increase or decrease of the density of free carrier pairs in the depletion 

region causes the change in reverse bias current, a profound effect which is 

caused by radiation induced defects acting as carrier generation centres. During 

initial irradiation, the increase in leakage current is observed due to production 

of charge traps in the forbidden energy gap. The probability of carrier pair 

production increases after prolonged irradiation, as the deep energy levels are 

introduced in the forbidden gap and leakage current is significantly increased. 

The unwanted changes of detector performance such as noise increase and 

worsening of signal to noise ratio are caused by increase of this leakage 

current. For detectors used in hostile radiation environments where radiation 
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induced damage is very high, the strong dependence of the thermal emission 

energy on temperature allows the compensation of leakage current by 

decreasing the sensors operation temperature. 

The effect of the leakage current can thereby be employed for dosimetry. It 

had been established [1, 13, 14] that a rather linear increase of leakage current 

with irradiation fluence exists in Si pin diodes. However, this leakage current 

strongly depends on the applied reverse voltage. Such type dosimetry sensors 

can be stabilized by fixing reverse voltage and temperature parameters. 

However, the leakage current control based sensors are operational only if 

diode survives under irradiations and bulk thermal generation current prevails. 

In other cases, the sufficiently high voltages should be kept to reach the 

sufficient charge collection efficiency. On the other hand, the leakage current 

sensitive dosimeters are rather expensive, as it requires an electronic grade 

technology to fabricate these dosimeters. 

By integrating many small detectors together, the position sensitive 

detectors of large area are built. The rather complicated structures such as 

arrays of silicon strip detectors or pad detectors can serve as the large area 

position sensitive dosimeters and imagers. Such devices are widely used in 

medical tomography. However, such instruments are functional only in the 

range of low fluences. On the other hand, aging of the imagers-dosimeters that 

operate in harsh areas of irradiations is a serious issue. In this case the strips 

are segmented down to a pixel structure, the read-out electronics is adapted to 

small capacitances and is designed to handle DC coupling to the pixel 

implants. Each pixel of the detector is individually connected to its own 

electronics. This is the so-called hybrid pixel detector, hybrid because both 

sensor and electronics chips are fabricated separately and then joined [15-21]. 

The dosimetry parameters can then be evaluated by I-V and C-V 

measurements. From C-V measurements one can obtain the full depletion 

voltage which is related to the collected dose. 

Alternatively to leakage current measurements, the quantitatively more 

precise technique is the deep level transient spectroscopy (DLTS) in junction 
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structures it is based on measurements of variations of capacitance transients 

with temperature when depletion width of a diode is harmonically modulated 

by external test voltage [22]. There the radiation induced density of carrier 

traps can be attributed to definite type of radiation defects. Thus, DLTS probe 

dosimetry can be suitable in special cases of rather small dose measurements. 

However, it is not a rapid dosimetry technique which application for in situ 

operation is rather complicated. The supplementary techniques, such as 

recombination and generation lifetime control in p-n structures can be involved 

by combining measurements of current-voltage (I-V) characteristics with 

capacitance-voltage (C-V) characteristics [13, 23, 24]. More efficient 

technique for rapid dosimetric readings of radiation damage of junction 

structure can be the pulsed capacitance measurement method. Components of 

barrier capacitance charging current and of generation current can there be 

separated by analyzing the pulsed transients obtained under linearly increasing 

voltage (BELIV) biasing [14]. Unfortunately, in applications of these last 

techniques, the expensive, electronic grade sensors are required. 

 

2.4. Scintillation techniques 

Scintillators are commonly the insulators based on wide-bandgap materials 

that exhibit the luminescence and phosphorescent features. The optical range 

of luminescence light is usually determined through deep centres. Usually, the 

luminescence centre is a composition of two energy levels separated by 

electronic transitions energy gap which is equal to the energy of photons in and 

around the visible region of electromagnetic spectrum. Typical luminescence 

efficiency of scintillation materials is about 10-15%. This implies that 

scintillation itself is not a very efficient process. However, the scintillator used 

together with a photon detector of high photon collection and counting 

efficiency turns to be an efficient radiation sensor, if radiation defects are 

efficient scintillation centres. 

The scintillator may consist of a crystal, plastic or organic liquid. When a 

charged particle strikes the scintillating material, atoms are excited and 
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photons are emitted. By using photomultiplier tube, a photocurrent 

amplification effect can be realized. For each photon detected, ones get an 

output signal in the form of a measurable pulse which is passed to the data-

processing electronics. This pulse carries the information about the energy of 

original incident radiation so the rate of irradiation can be measured. 

Nowadays, the photomultiplier tubes based on semiconductor technology 

with internal high voltage sources are produced. Its efficiency can reach almost 

80% that makes it ideal for measurements in low level radiation environments. 

One more sensitive photodiode detector type for low radiation detecting is the 

avalanche photodetector. It is analogical to electron multiplication in 

photomultiplier tube except that it does not have mechanical parts that make 

the system more resistive to mechanical shocks. 

Different scintillating materials are exploited for detection of definite type 

of radiations. For example, CsI in crystalline form detects efficiently the 

protons and αparticles, while ZnS is used more widely for detection of α-

particles. NaI compound containing thallium is the most relevant for detection 

of gamma rays, and LiI is mostly exploited for detection of neutrons. 

Scintillation light pulse rises very quickly with a typical rise time of less 

than a nanosecond. The decay time may vary from a few nanoseconds up to 

several milliseconds, and this is the biggest problem for scintillator sensors use 

in high rate and large fluence radiation dosimetry [25, 26]. 

 

2.5. Several dosimetry problems to solve 

Methods based on nuclear reactions using foils are limited by a 

measurement applied to a single exposure. They have to be taken out and read 

after each use. It makes such method not suitable for devices with hard to reach 

(assembly/disassembly) target. Other downside of foils is determination of 

nuclear transmutation types. 

The junction based collected dose readers using DLTS, I-V, C-V and other 

techniques allow evaluation only of the integral parameters of the electrically 

active traps. The EPR based dosimetry can be used in wide range of fluences, 
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however, it is limited by necessity to exploit a big set of reference dosimeters. 

Then the controlled radiation spectrum has to be split into many smaller ranges 

in order to measure fluences of several orders of magnitude. This also requires 

the usage of a set of dosimeters in monitoring of wide fluence range of 

irradiations. 

The luminescence efficiency of most scintillators can vary from a few to 

about thirty percent. Such low efficiency indicates that most of the incident 

radiation delivered energy is lost by non-radiative transitions and thermal 

excitation of the scintillator material. In sensors of low radiation efficiencies, 

the need of usage of the photomultiplier tubes arises. 

Plastic scintillators are highly sensitive to radiation damage compared to 

least sensitive liquid type scintillators, however all the types of scintillators are 

not tolerant to radiation damage. Thereby, research of degradation of the 

sensor responses is essential in applications for dosimetry of high radiation 

fields. 
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III. Test structures and characterization techniques 

3.1. Investigated materials and samples 

3.1.1. Slim edge passivated Si strip detectors 

Devices with “slim edges” have been fabricated to reduce the inactive area 

of a large area strip detectors. The standard devices have wide inactive areas at 

the periphery, ~1 mm wide with large hermeticity gaps. It is possible to use 

sensor overlaps or more tracking layers, but this complicates construction of 

large-area trackers in HEP and in some medical applications. To make the slim 

edge structures the method scribe–cleave–passivate (SCP) is rather effective. 

Scribing and cleaving steps result in high surface quality on the side wall. 

Another method to remove the inactive peripheral region is a sidewall doping 

[27, 28]. The advantage of the SCP is that SCP method is applicable to both n- 

and p-type bulk silicon sensors, overcoming special processing procedures as 

side wall implantation. 

Devices with “slim edges” enable better construction and tracker 

performance. The cutting (especially cleaving) and proper passivation 

(oxide/nitride for n-type and alumina for p-type) makes it possible to put the 

edge close to the active area and still have low leakage current and high 

breakdown voltage. However, the electrical passivation of cleaved side walls is 

then inevitable. The passivation with proper interface charge repels the carriers 

from the side wall boundary similarly to the voltage drop along the top surface 

in the guard ring region of sensors or corona charging surface passivation 

technique [29, 30]. 

The samples were prepared by the through-cut done by a laser and 

passivation was a “nanostack” of SiO2 and Al2O3 deposited by the atomic layer 

deposition (ALD) method [31, 32, 33] in the n-type Si wafers. The p-type 

conductivity Si wafer structures were prepared by the through-cut by a 

conventional saw and the consequent passivation by the plasma enhanced 

chemical vapour deposition (PECVD) of Si3N4 layers. The leakage current for 

both sample sets was the order of magnitude of a few μA at full depletion 
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condition. This is about an order of magnitude higher level than what was in 

the case of scribing and cleaving. 

The other issue in fabrication of such an edge-less large area sensor is 

radiation hardness and possible sidewall passivation failing under irradiations 

[34]. Due to the slim edge configuration, this may lead to a higher level of 

leakage current than expected from the bulk contribution. The n- and p-type 

devices should be assessed separately due to the difference of the required 

techniques of passivation. The n-type devices can be passivated by PECVD, 

while only ALD deposition of Al2O3 is relevant for the p-type sensors due to 

its almost unique feature of having a negative interface charge on the silicon 

surface. 

Table 3.1. Parameters of samples and irradiations of slim edge Si strip detectors 

Non-irradiated 

p-type detector, 

p-Si, non-

passivated 

p-type (N-on-P) 

detector, p-Si, 

passivated with 

ALD alumina 

n-type detector, n-

Si, non-passivated 

n-type detector 

(P-on-N), n-Si, 

passivated with 

PECVD nitride 

Sample 

notification 

Wafer, No. 

Sample 

notification 

Wafer, No. 

Sample 

notification 

Wafer, No. 

Sample notification 

Wafer, No. 

W18, No. 3 8 2 5
 

W16, No. 2 9 2a 6 

W16, No. 3 10 3 7 

ATLAS 

7 No.3 
11 3a - 

ATLAS 

7 No.5 
12 - - 

Irradiated 

Sample 

notification 

Wafer, No. 

Fluence (neq, cm
-2

)   

B1P6 0.9510
13

   

B2P10 5.7810
13

   

B2P8 4.8210
14

   

B2P3 3.9810
15

   

 

Additionally it was unveiled that performance of sidewalls of the p-type 

devices after large fluence 810
14

 neq/cm
2
 and 4.010

15
 neq/cm

2
 proton 

irradiations was sufficient relative to suppressed leakage currents, while the 
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insufficient sidewall passivation issues appeared at lower fluences. Due to the 

decreased contribution of the edge current in the heavier irradiated material, 

the edge became more resistive, and the effect of increased breakdown voltage 

after irradiating saw-cut non-passivated devices appeared [34]. Therefore, both 

oxide and nitride types of p-type Si sidewall passivated samples were involved 

into study of modifications of the surface recombination. In case of alumina 

passivation of the silicon surface there is always a presence of a thin layer of 

silicon oxide between the alumina and the silicon. And, in fact, it is the 

tetrahedral structure of the oxide that causes the alumina to be tetrahedral 

coordinated near the surface. Dominance of tetrahedral units of AlO4 over 

octahedral Al
3+

 results in proximity of negative charge near the boundary. The 

oxide layer would gain more positive charge during first few Mrad of ionizing 

dose, counteracting the negative charge from alumina. Therefore, the non-

irradiated and irradiated samples were taken in comparative consideration of 

surface recombination changes. The sets of samples for investigation and the 

parameters of irradiations are denoted in Table 3.1. 

 

3.1.2. Si wafer fragment test structures 

The aim of these measurements was to perform the tentative calibration 

measurements for fast and non-invasive dosimetry of irradiation fluence, based 

on excess carrier lifetime in Si dependence on collected hadron irradiation 

fluence. The main calibration measurements were performed using a set of n-

type Czochralski with applied magnetic field (MCZ) grown Si wafer fragments 

of dimensions of 1010 mm
2
. This material was produced and supplied by 

Okmetic vendor. Wafers of 300 m thickness were passivated with thermal 

oxide. Then these wafer fragment samples were neutron irradiated at nuclear 

reactor facilities at Ljubljana. Sets of these samples were prepared by neutron 

irradiations with fluences of 10
11

, 10
12

, 10
13

, 10
14

, 310
14

, 10
15

, 310
15

, 10
16

 

and 310
16

cm
-2

 neq. Additionally, a set of pin diode structures, made of n- and 

p-type CZ Si material as well as epi-Si, irradiated by reactor neutrons and 50 

MeV protons were involved into calibration measurements. 
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Further measurements were performed using a tentative instrument 

VUTEG-5-AIDA fabricated at Vilnius University within 8.3 work-package of 

the FP7 project AIDA, in order to identify necessity of future modifications of 

the VUTEG-5-AIDA dosimeter. This study was made on the as-irradiated FZ 

and CZ Si wafer fragments of n- and p-type conductivity material. Two sets of 

~300 m thick Si wafer pieces of dimensions 1010 mm were investigated to 

clarify whether radiation defect production by proton beam depends on 

material conductivity type and growth technology. Parameters/signatures of 

samples are listed in Table 3.2. One batch of nine samples was composed of n-

type FZ Si grown wafer pieces, irradiated with 26 GeV proton fluences varied 

in the range from 10
12

 to 10
16

 cm
-2

 neq. Another set of nine samples was 

composed of p-type CZ Si grown wafer pieces, irradiated within the same 

range of fluences. These samples (kept in de-activation storage area) just after 

irradiation with 26 GeV protons, to avoid transformations of the radiation 

defects, were additionally rapidly annealed after primary measurements on the 

just irradiated material. After the primary carrier lifetime measurements had 

been completed on the as-irradiated samples, samples were isothermally 

annealed at 80 C in oven while varying heat treatment duration. The lifetime 

measurements had been performed on all the samples under study after each 

anneal step. Anneal duration was changed in steps by nearly doubling the 

exposure time (texp, n), leading to the total exposure time for each step as 

texp,n=texp, n-1+2texp, n-1 and texp, n+1=texp, n+2texp, n. Thereby, the last heat treatment 

exposure stretch was 30 min, comprising the nearly 1 h total heating duration. 
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Table 3.2. Parameters of irradiations of the investigated FZ n-type and CZ p-type Si 

samples. 

Set Фrequested (p/cm
2
) Фachieved (p/cm

2
) 

1824 10
16

 8.47×10
15

 

1825 5×10
15

 5.04×10
15

 

1826 10
12

 1.13×10
12

 

1827 5×10
12

 6.01×10
12

 

1828 10
13

 1.4×10
13

 

1829 5×10
13

 6.01×10
13

 

1830 10
14

 9.08×10
13

 

1831 5×10
14

 5.46×10
14

 

1832 10
15

 9.77×10
14

 

 

Carrier lifetime measurements were performed in the centre of regular 

tetragon keeping the precision of location of scan position not worse than 2 

mm. The acquired data led to the conclusion, that a proton beam diameter had 

been less than the largest dimension of a wafer piece. The additional tests 

confirmed the lateral variation of carrier lifetime values of about 2-3 times, 

being the shortest in the central area, while lifetime increases going to 

periphery areas. Scanning precision is determined by a width of slit antenna for 

probing microwaves (MW) and excitation laser beam spot, and is about 100 

m in direction perpendicular to MW antenna slit. 

The tentative dosimetry measurements were performed using a special 

sample compartment where the Si sample in plastic bag under test is placed for 

measurements, as shown in Fig. 3.1. 

 

Sample within 
the plastic bag

Springs for 
fixing of 

plastic bag 

 

Fig. 3.1 Sample compartment 

and samples in plastic bag 

placed for dosimetry 

measurements. 
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3.1.3. GaN epi-layered structures  

A set of wafer pieces of 2.4–25.5 μm thickness n-GaN un-intentionally 

doped epi-layers grown by the metal-organic chemical vapour deposition 

(MOCVD) on sapphire substrates was investigated. For comparison, a few 

samples (2.4 m thick) grown by Tokushima University (TU) MOCVD reactor 

and the different thickness GaN epi-layers grown by MOCVD reactor at 

Vilnius University (VU) were simultaneously investigated. The thick layers 

(VU) were grown by using the technique of several step re-growths. The 

sample parameters evaluated by Hall and high resolution X-ray diffraction 

(HRXRD) measurements are listed in Table 3.3. 

 
Table 3.3. Parameters of the MOCVD GaN samples extracted by Hall effect and 

HRXRD measurements. 

Sample number 

made by/under 

regime 

Layer 

thickness 

(m) 

Carrier 

density 

(cm
3

) 

Carrier 

mobility 

(cm
2
/Vs) 

Threading 

dislocation 

density (cm
2

) 

1047 

TU/1047
0
C 

2.4 n/a n/a >10
10 

950 

TU/ 950
0
C 

2.4 n/a n/a >10
10

 

925 

TU/ 925
0
C 

2.4 n/a n/a >10
10

 

53 

VU/1070
0
C 

2.5 4.510
17 

1993 1.310
9
 

38 

VU/1070
0
C 

5.6 4.210
17

 1913 8.610
8
 

181 

VU/1070
0
C 

13.1 8.710
16

 2106 6.210
8
 

184 

VU/1070
0
C 

19.5 4.010
16

 2146 5.110
8
 

185 

VU/1070
0
C 

25.5 2.910
16

 1906 4.810
8 

 

As can be deduced from the Table 3.3, the density of free carriers varies 

reciprocally relative to an epi-layer thickness. This implies that the effective 

density of the rather shallow donor-type traps decreases with enhancement of a 

crystal volume. Such behaviour requires a clarification whether these traps are 

localized at the layer surfaces, which role is reduced with enhancement of a 

layer thickness, i.e. the ratio of the surface area to the crystal bulk. The 
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measured values of carrier mobility can be assumed to be invariable in the 

range of experimental errors of 10%. This hints that the grown-in defects make 

a rather weak impact on carrier scattering, while being the efficient 

recombination centres responsible for the luminescence. The total threading 

dislocation density (TDD), estimated by HRXRD and verified by EBIC 

measurements, is also presented in Table 3.3. It can be noticed that the highest 

TD density is inherent for the TU made GaN layers, while this TD density 

decreases reciprocally to the layer thickness in VU grown GaN epi-layers. 

TDD, in the VU made samples, changes more than two times over the entire 

range of the examined layer thicknesses. Overall, the described sample set, 

especially the TU grown epi-layers, should be considered as a rather 

dislocation-rich with TDD>510
8
 cm

-2
. 

 

3.1.4. CdS polycrystalline layered and Cu2S hetero-junction structures 

Copper sulphides attract considerable attention due to their various 

stoichiometric compositions, unique structures, and potential applications in 

numerous fields [35, 36]. Copper sulfide has several stable and metastable 

phases, with at least five of them being stable at room temperature [37]. 

Variations in stoichiometry and valence state affect the structural, optical, and 

electrical properties of copper sulphides. Thin layers of copper chalcogenide 

compounds have a number of applications in solar cells, super-ionic 

conductors, photo-detectors, photothermal converters, conductive electrodes, 

and microwave shielding coatings [38, 39]. Chalcocite type copper sulfide 

Cu2S is a promising p-type semiconductor for solar cells, optical filters, 

nanoswitches, thermoelectric and photoelectric transformers, and gas sensors 

[40-42]. Cadmium sulphide is an extensively studied semiconductor with 

possible applications in fabrication of various optoelectronic devices [43] 

based on CdS polycrystalline films obtained by vacuum deposition [44], 

thermal evaporation, sputtering, chemical spraying, silk screen printing, 

sintering, chemical printing and electrophoretic deposition [45-49]. Cu2S-CdS 

heterojunction structures are usually formed by wet dipping of a pre-etched 
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vacuum evaporated CdS film into hot solution of CuCl [45]. Solid state 

reactions (dry processing) [46], vacuum evaporation [47], sputtering [48], 

spray pyrolysis [49], and sulphurisation of Cu films [50] have also been 

applied for the production of Cu2S films on CdS substrate. 

The polycrystalline films containing Cu2S-CdS heterostructures formed at 

Odessa I. Mechnikov University by dry deposition method [51] have been 

investigated. The heterostructures were formed by employing a substitution 

technique when a layer of copper sulphide is formed directly on the substrate 

layer of CdS during heat treatment using a pre-printed copper chloride film, 

formed by vacuum evaporation. However, such a heterojunction consisting of 

p-type Cu2S and n-type CdS is a rather complicated heterostructure because of 

the interface between two materials with different electron affinities, band 

gaps, and polycrystalline structures. The lattice mismatch and inter-diffusion of 

components might cause defects at or near the interface that strongly affect the 

junction properties. In particular, it is shown that copper diffusion into the 

adjacent CdS layer changes stoichiometry of the CuxS layer and might form 

shunting channels within the CdS layer [52]. Due to polycrystalline structure 

and lattice mismatch between the adjacent layers, a large density of trapping 

and recombination centres occurs. These disordered material areas cause the 

effect of photo-induced modulation of junction potential barrier. Thereby an 

issue of junction stability is also unsettled. To evaluate the impact of traps on 

parameters and stability of heterojunctions, the barrier capacitance 

characteristics have been studied. 

Substrate temperature and layer deposition duration were the main 

parameters varied during the heterojunction formation process. The thickness 

of the base layer defines its resistivity and the size of the formed microcrystals. 

Samples with the thicker base CdS layer were ascribed as the type-I samples. 

The separated types of samples can be sorted by an extent of formed hexagonal 

Cu1.92S by correlation with CuxS layer thickness. The longer is the CuCl film 

deposition time, the higher partial fractions of the hexagonal Cu1.92S and of the 
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monoclinic Cu7S4 can be detected in the type-II samples, as determined from 

X-ray diffractometry (XRD) patterning (Fig. 3.2). 

The phase composition of the layers was examined by an X-ray 

diffractometer (D8 Advance Bruker AXS with Cu K radiation). The 

symmetrical /2 configuration and grazing incidence (GIXRD) regimes were 

employed in the X-ray diffraction (XRD) measurements. In the case of 

GIXRD, the incidence angle  was equal to 0.5. The XRD patterns were 

measured in 2 range from 20 to 70 using a step scan mode, where the step 

size (2) was of 0.04 keeping a counting duration of 5 s. 

 

 

Fig. 3.3. XRD patterns measured in Cu2S-CdS heterojunctions of type-II (tdep=8 min, 

Tsb=220 ºC) and type-III (tdep=6 min, Tsb=190 ºC). 
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Table 3.4. Number of the XRD peaks associated with different CuxSy compounds 

revealed within diffractographs measured in type -I, -II, and -III samples. 

CuxSy compound 
Sample type 

Type-I Type-II Type-III 

monoclinic Cu2S (chalcocite) 4 5 5 

tetragonal Cu1.96S 1 2 4 

monoclinic Cu31S16 (djurleite) 0 3 0 

hexagonal Cu1.92S 1 3 4 

tetragonal Cu1.81S 2 3 2 

hexagonal Cu9S5 (digenite) 0 0 0 

monoclinic Cu7S4 (roxbyite) 1 10 5-6 

orthorhombic Cu7S4 (anilite) 0 1 0 

hexagonal CuS (covellite) 0-1 0-1 0-1 

 

The stoichiometry changes within copper sulphide layer have been 

resolved within XRD patterns. The observed diffraction angles and relative 

intensities of the XRD peaks of the CdS-CuxS layers are illustrated in Fig. 3.2 

(a) and (b) for type-II and type-III samples, respectively. The peaks 

corresponding to different CuxSy compounds were identified by the diffraction 

angles taken from JCPDS cards and are indicated by arrows in Fig.3.2. The 

Cu1.96S, Cu1.92S, Cu1.81S and other modifications together with Cu2S were 

detected by XRD characterization and are listed in Table 3.4. This implies that 

copper atoms diffuse from the Cu2S layer into the base CdS layer during the 

layered structure fabrication process. The copper in-diffusion probably 

proceeds, though at a lower rate, also after the heterojunction formation is 

completed. Thus, aging of the structure might be expected. The impurities 

diffused into CdS layer can serve for formation of acceptor centres that 

compensate or even over compensate the donors initially existing in the CdS 

layer [52]. The conditions for Cu diffusion are directly determined by the 

deposition time tdep and the substrate temperature Tsb, thereby resulting in 

variations of the electrical characteristics of junction structures. This primary 

thermal treatment defines the intensity and depth of the Cu in-diffusion. The 

XRD study indicates that type-II samples contain a larger amount of CuxS 
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phase precipitates (Fig. 3.2a) than type-III samples. Type-II samples were 

fabricated at the longest deposition time tdep and the highest temperature Tsb. 

 

3.2. Characterization techniques 

A set of techniques was employed for characterization of the initial 

materials and irradiated structures. Arrangement of the measurement 

instrumentation and measurement principles are discussed below. 

 

3.2.1. Current-voltage and capacitance-voltage techniques  

The standard dc current-voltage and small harmonic test signal 

capacitance–voltage measurement techniques were employed to verify 

existence of a junction and to investigate the basic characteristics. These 

measurements were carried out by using Keithley 6430 source-electrometer 

and either Fluke or QuadTech 7600B LRC-meters. Samples were investigated 

under dc bias voltage ranging from 0.3 to 3 V and using harmonic test signal in 

the frequency range from 50 Hz to 100 kHz. To examine the influence of traps, 

capacitance characteristics were measured by employing the serial and parallel 

connection circuits for the junctions under test. A photograph of the exploited 

instrumentation arrangement for I-V and C-V measurements is illustrated in 

Fig. 3.3. 

 

 

 

 

Fig. 3.3. Instrumentation for I-V and C-V 

characterization. 
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3.2.2. Barrier evaluation pulsed technique 

The pulsed barrier evaluation by linearly increasing voltage (BELIV) 

technique [53-55] was applied to determine the temporal characteristics of 

barrier charging and carrier generation currents within the CdS junction base 

region. The experimental circuitry (Fig. 3.4a) and arrangement of 

instrumentation (Fig. 3.4b) for implementation of the BELIV measurements 

consists of a generator with an adjustable output of linearly increasing voltage 

(LIV), a junction structure under investigation, and a load resistor connected in 

series. Current transients were registered using a 50  external resistor or load 

input of the Agilent Technologies DSO6102A oscilloscope. LIV pulses with 

peak amplitude UP in the range of 0.5 – 2.5 V and pulse duration of 30 – 1000 

s were applied using reverse biasing. 

The BELIV technique for a reverse biased diode is based on the analysis of 

the changes of barrier capacitance (Cb) with linearly increasing voltage 

ULIV(t)=At pulse. The Cb(t) dependence on voltage ULIV(t) for an abrupt 

junction can be described by a simple relation 
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for a non-biased junction of an area S. Here 0,  and e are vacuum 

permittivity, material dielectric permittivity, and elementary charge, 

respectively, Ubi is the built-in potential barrier,  
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is the width of depletion region for the non-biased junction, and A=UP/PL is 

the ramp of the LIV pulse with peak amplitude UP and duration PL. 
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a   b 

Fig. 3.4. a - Sketch of the measurement circuitry for implementation of the BELIV 

technique. GLIV- generator of linearly increasing voltage. b - Photo of the BELIV 

instrumentation. 

 

The time dependent changes of charge q=CbU within junction structure 

determine the current transient iC(t) in the external circuit. This transient for a 

rather small peak voltage UP contains an initial (t=0) step ACb0 due to the 

displacement current and a descending component governed by charge 

extraction. For insulating or strongly compensated materials, this transient 

contains only the displacement current step [53, 55]. The descending 

component due to charge extraction gives an additional relation to evaluate the 

built-in barrier Ubi. Subsequently, the value of ND is extracted by substituting 

the evaluated Ubi in the initial current expression iC(0)=ACb0. Carrier 

generation centres can be observed in BELIV current response either by the 

modification of the depletion width (by changing the applied electric field 

distribution) during the LIV pulse or by collected charge, when the increment 

of depletion width (bulk) highlights an impact of the generation current. For 

charge collection BELIV regime, the generation current is included by the 

increase of volume from which carriers are collected due to increased depletion 

width during the LIV pulse evolution. The generation current  
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increases with voltage UC(t) and can exceed the barrier charging current in the 

rearward phase of the transient. The descending charge extraction component 
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and the ascending generation current component imply existence of a current 

minimum at the time instant te that can be determined by using the condition 

diR/dt|te=0. Thus, the initial component of the composite current 

(iR(t) iC(t)+idiff(t)>>ig(0) for t<<te) can be exploited for the evaluation of the 

barrier height Ubi.  

The junction interface is clearly manifested within the BELIV transient 

shape and pulse amplitude. The BELIV current transient provides also 

additional characteristics for the evaluation of series resistance RS of the non-

depleted neutral base region and for revealing the influence of the deep centres 

within the high-resistivity layer. The influence of the deep traps can be 

deduced using either i) the appearance of a recess in the vicinity of the barrier 

capacitance charging peak when the trap filling process at depletion boundary 

ceases moving of this boundary (due to carrier extraction); or ii) the current 

pulse delay relatively to the LIV pulse; or iii) a BELIV current transient with a 

current increment within the ulterior component of the transient due to an 

enhancement of generation current. The increased RS determines a significant 

delay (RSCb0) of the initial BELIV current peak. The impact of generation 

current can be controlled by monitoring the changes in the transient shape 

through varied pulse duration PL. The carrier capture characteristics can be 

examined by using additional steady-state bias illumination to vary the filling 

of traps, in the case when the current peak appears to be deformed. Therefore, 

a broad-spectrum continuous-wave light source was exploited to perform 

BELIV measurements under varied intensity and spectral range of the bias 

illumination. 

 

3.2.3. Deep level transient spectroscopy technique 

The spectral measurements have been performed for different types of 

junction structures to identify specific deep traps according to their published 

signatures. The traditional capacitance deep level transient spectroscopy (C-

DLTS) measurements were performed by using a commercial spectrometer 

SemiTrap DLS-82E manufactured by SemiLab, Hungary (Fig. 3.5). 
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The sample was mounted within liquid nitrogen immersion cryo-chamber. 

The correctness of mounting circuit and a state of electrodes was controlled by 

C-V measurements. Also, the C-V characteristics obtained in dark and with 

bias illumination are routinely employed for evaluation of the barrier 

capacitance and of densities of traps. Most of the Cu2S-CdS junction 

structures, examined by C-DLTS, exhibited a full depletion condition even at 

the smallest reverse voltages. Then, a routine C-DLTS instrument and 

measurement regimes are non-applicable. Therefore, a steady-state bias 

illumination using white light LED with the emission wavelength in the range 

of 400-700 nm, mounted inside the cryo-chamber, has been employed. 

Thereby the capacitance deep level transient technique was modified by using 

optically induced conductivity regime [56], i.e. the C-DLTS-WL technique 

was implemented. Measurements of deep trap spectra have been implemented 

by this C-DLTS-WL regime by using the probing frequency range of 0.1-2.5 

kHz. The base region of the junction (i.e. CdS layer) was then examined in 

Cu2S-CdS heterojunctions. For separation of the overlapping DLTS peaks, the 

approximation of mono-exponential peaks close to Gaussian shape has been 

used, like the one included within commercial software of the DLS-82E 

spectrometer. The shift of simulated overlapping peaks by varying probing 

frequency was reproduced with sufficient accuracy in order to identify traps, 

published in literature. This approach had been verified on the irradiated Si 

junctions when DLTS spectra are complicated due to simultaneous action of 

several known traps. 

Fig. 3.5. Instrumentation 

arrangement for DLT spectroscopy 

using commercial spectrometer 

DLS-82E. 
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3.2.4. Photo-ionization spectroscopy technique 

To verify spectral structure of deep traps and to search peculiarities of 

thermally (C-DLTS-WL) and optically induced carrier transitions, the single 

layer (CdS) and samples with junction structures were investigated by using 

photo-ionization spectroscopy (PIS) technique, where either dc photo-current 

or barrier capacitance charging (BELIV) current is probed. The photo-

ionization spectra are recorded by using the 150 W halogen lamp light source, 

and the spectrum is dispersed by double-way monochromator (Fig. 3.6). A 

sample is usually mounted in liquid nitrogen cryostat, to reduce a leakage 

current. 

 

 

The photo-ionization spectra have been analyzed by using a δ - potential 

deep centre approach, known as Lucovsky model [57]. The red-threshold of 

the photo-activation energy EMo, ascribed to a deep centre M, and values of the 

photo-ionization cross-section p have been extracted by using the Lucovsky 

approach, expressed as  

3

2/32/1

)(

)(






h

EhE
A MoMo

MCp


 .  (3.5) 

Here, h is the photon energy, AMC is a multiplicative factor dependent on 

parameters of the initial (M) and final (C) states. Excess carrier density nex 

generated by photo-ionization is determined by absorption coefficient 

(h)=p(h)nM, which is proportional to a density of filled traps nM, and by 

surface density of the incident photons F, as  
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Fig. 3.6. Instrumentation 

arrangement for photo-ionization 

spectroscopy. 
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 [55, 57, 58, 59]. In a depleted diode base, the photo-generated excess carriers 

induce a current i, which is determined by carrier drift time dr=d
2
/UR and, 

consequently, by parameters of the elementary charge e, of carrier mobility , 

of junction area S, of base thickness d, and expressed as  
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Thereby, measured values of photo-induced current represent a step-like 

spectrum of carriers (and of p(h)) photo-excited from/to definite deep levels, 

as F is kept constant. The spectral steps are simulated and assumed to be 

resolvable when amplitudes of the photoresponse signals differ about two 

times, like in the Rayleigh’s criterion for spectral lines. 

 

3.2.5. Microwave probed photoconductivity transient technique 

Measurements of the excess carrier decay characteristics are performed by 

well-known pulse excitation – microwave (MW) cw probe technique. Actually, 

the microwave probed photoconductivity transients (MW-PCT) are examined. 

Light induced excess (non-equilibrium) carriers modulate reflected by 

semiconductor wafer MW radiation, which probes the excited region. The 

response U of MW absorption by free carriers may be presented as follows: 

U=k[IpK-In], where Ip is the intensity of the probe radiation, In is the intensity 

of noises, coefficient k is the transfer function of MW/electrical signal of the 

detector, and K is MW transmission function of the system: transducer-air-

wafer-air-receiver, which can be described in the approach of plane waves [60, 

61]. Generally, module of MW power transmission function K is expressed 

through the dielectric and magnetic permeability of the vacuum, the relative 

material dielectric constant including frequency dependence of the 

conductivity , where =2f is a cyclic frequency of MW. It also depends on 

wafer thickness d and factors of the phase and amplitude modulation. The 

steady state transmission K is governed by the conductivity of material and the 

wafer thickness for fixed probe frequency. Its dependence on MW frequency 

K() is a resonance-like curve similar to that of K(0). Also, the dependence of 
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MW response on the conductivity may be expressed via a quality factor (Q) of 

the waveguide system. The dependence of the factor Q on the frequency f is a 

characteristic of each measurement instrument. The local resonance must be 

achieved by slide short adjustment of the system for fixed d and 0 values to 

perform measurements in the highest sensitivity regime. A transient response 

of the light induced photoconductivity () is determined by difference 

between the transmissions of the dark =0 and photo-excited =0+ 

material: K=K(0)-K(0+). The modulation of the transmission K in the 

range of low frequencies >>r
*0 and of low phase modulation can be 

described in approach of plane waves [60, 61]. 

An important characteristic of the instrument is the linearity of the 

response, i.e. Un where n is the excess carrier density. This condition 

is satisfied when /0<1 and K/K<1. The decay curve is distorted 

(especially in the initial part of the decay) when the latter condition is invalid. 

The amplitude characteristic deviates from the linear one, when  increases 

with the excitation and the ratio /01. The modulated transmission is 

expressed as  
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Due to the phase relations, the transient response may acquire either positive or 

negative pulse shape. It depends on both dark and light induced conductivity of 

the sample and relaxation time scale. To avoid stretch and other distortion 

effects due to the mismatch from the local resonance the arrangements for 

adjustment of the waveguide frequency are necessary, especially, when the 

surface recombination is significant. To enhance the dynamic range of the 

instrument the intensity of the MW probe Ip is desired to be large. The data 

pre-selection and statistical data processing are applied to minimize the noises 

In. 

A schematic diagram of the experimental setup is presented in Fig. 3.7. 

Microwaves, of frequency of 21 GHz with power of 50 mW, generated by 
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Gunn oscillator serve as a probe source. Microwaves are radiated on the 

sample through the slit-shape resonant antenna. The MW detector is mounted 

in the receiver waveguide chamber. The generator and receiver are disjoined 

by the circulator. 

The pulsed radiation of the microchip solid-state Nd:YAG laser (STA-01) 

with discrete wavelength  of 1062 nm is used for excess carrier generation. 

Pulse duration is L=500 ps to satisfy the approximation of -pulse. The 

diameter of the excitation spot on the wafer sample is as usually about of 100 

µm. The absolute values of excess carrier concentration are controlled by the 

calibrated measurements of the light energy density per pulse for consideration 

of the nonlinear recombination processes. The errors of these measurements 

may exceed 10% due to the experimental uncertainties. On the other hand, the 

recombination parameters should be known for more precise determination of 

light induced carrier concentration (n). Thus, the absolute values of the 

excess carrier density n are obtained by the iteration procedure or by 

calibration measurements, if necessary. For monitoring of carrier 

recombination lifetimes, the relative values of this density are sufficient or 

even unimportant. 

 

 

 

 

 

 

 

 

The transients of the reflected MW radiation and absolute MW-PC signal 

U values are recorded by a digital oscilloscope for the time-resolved MW 

photoconductivity measurements. The MW response is proportional to the 

excess carrier concentration and includes also the changes of carrier mobility 

via function K(r
*
). The latter changes are usually small. The relaxation curve 

Fig. 3.7. Sketch of the MW-PCT 

experimental setup. 
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of MW reflection signal modulation usually has two characteristic parts: 

transitional non-exponential part and quasi-exponential asymptotic part, if 

surface recombination prevails. For irradiated samples, the recombination 

lifetime is significantly shorter than characteristic time of transitional 

component in surface recombination governed carrier decay. Therefore, the 

initial component is exponential in radiation defect containing samples, and it 

can be definitely attributed to radiation induced recombination centres. The 

transitional and asymptotic decay curve components may be significantly 

modified by the carrier trapping effects. This trapping component is 

characterised by instantaneous or effective lifetime (eff) in the asymptotic part. 

The amplitude of this trapping component considerably depends on excitation 

intensity or additional bias illumination. Usually, a broad spectral band source 

is exploited for bias illumination in order to cover the rather wide range of the 

activation energies attributed to shallow trapping levels, if the dominant 

trapping levels are not revealed. 

The simultaneous determination of the set of recombination parameters is 

based on the adjustment of the experimental and calculated characteristics by 

the least squares method using models, approximations and varying 

measurement regimes. The adjustment procedure is cancelled, when the 

absolute minimum of the functional or boundary values of the parameters are 

achieved. In the latter case the result (set of parameters) is used as the start data 

for the next iteration, and/or algorithm is extended by including an additional 

recombination models. 

It is very important to select consistent measurement regimes and to define 

well the experimental conditions for the reliable carrier lifetime measurements. 

This includes a strict definition of the excitation level and proper adjustment of 

the measurement system into the local resonance. The linearity of the response 

Um is found to be maintained within more than 3 orders of magnitude of laser 

pulse energy. The MW-PC signal might be saturated if the material nonlinear 

MW transfer function appears for large modulation of material conductivity at 

definite MW frequency. This function is always controlled. The distortion due 
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to two-dimensional carrier diffusion may either increase or shorten the 

instantaneous time. The changes of carrier lifetime versus excitation intensity 

are often accompanied by the variation of decay curve shape even when the 

adjustment of the waveguide system is carefully controlled. 

 

 

 

 

 

 

 

 

 

 

In Fig. 3.8, the relation between surface recombination velocity and 

surface recombination times is illustrated when applied to Si material wafers. 

In thin non-passivated samples, the effective decay lifetime eff ascribed to the 

main decay mode (for the rather thin d<(Db)
1/2 

samples, where b is the bulk 

recombination lifetime) can be approximately equated to the surface 

recombination component, i.e. eff≈s. In this approximation, the surface 

recombination times is expressed through spatial frequency of the main decay 

mode 1 as sD1
2
. The spatial frequency is obtained by solving the well-

known (in semiconductor physics text-books [62]) transcendental equation for 

symmetric surface recombination on wafer surfaces (s1s2s):1tg1d/2s/D. 

Then, surface recombination velocity can be extracted by using equation  
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However, the discussed approximation is only valid if d/Ds. Additionally, 

this method of s estimation also needs independently determined or assumed 

value of carrier diffusion coefficient D. 
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Fig. 3.8. The simulated relation 

between the surface 

recombination velocity s and 

the surface recombination time 

s in the n- and p- Si wafer 

samples of thickness d≈300 

µm. Difference appears due to 

different values of carrier 

diffusion coefficient D. 
 



 49 

3.2.6. Techniques for examination of luminescence transients and spectra 

The simultaneous control of the photoconductivity (ascribed to integrated 

over excitation beam spot area) and spectrum as well as the time resolved 

photoluminescence (PL) signals (associated with micro-crystalline volumes) 

have been chosen as a tool to resolve an impact of different layer micro-

volumes on carrier decay, if electrical, spectral and temporal characteristics are 

ascribed to lateral inhomogeneity. The simultaneous record of MW-PC and PL 

responses ensures the same sampling area on the layer under investigation, as 

both (MW-PC and PL) signals are generated by the same UV laser excitation 

beam. The time resolved MW-PC and PL (also spectrally dispersed) 

measurements were combined with confocal microscopy imaging (CMI) to 

relate micro-crystallite size (from CMI) and PL efficiency (spectral) local 

variations. 

A sketch of experimental arrangement, applied in this work for 

simultaneous MW-PC and spectrum as well as time resolved PL measurements 

is shown in Fig. 3.9. 

 

 

 

 

 

 

 

a                                     b   

Fig. 3.9. Setup of instrumentation for the simultaneous measurements of the MW-PC 

and PL spectrum resolved transients (a), and for in situ measurements of time 

integrated PL spectrum and MW-PC transients during proton irradiation (b). 

 

Transient signals of the MW-PC and of PL have been synchronously 

collected and integrated over the same UV (354 nm) excitation beam spot. A 

micro-chip laser STA-1-TH was employed for pulsed (500 ps) ultraviolet (UV) 

light generation of the excess carriers. Intensity of excitation is varied by 
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spectrally neutral optical filters. The MW-PC response has been detected by 

using a coaxial needle-tip probe [63]. The registered MW-PC signal is 

transferred from a microwave detector to a digital 1 GHz oscilloscope TDS-

5104, equipped with computer, where MW-PC transient is displayed and 

processed. The PL light is collected from the area within a bisector between the 

incident and reflected UV light beams. The UV filtered PL beam is focused 

onto a slit of grating monochromator where it is dispersed. The PL pulsed 

signal is detected by a Hamamatsu H10721 photomultiplier. This detected PL 

signal is also transferred to another channel of the digital oscilloscope TDS-

5104, where PL transient is displayed and processed together with MW-PC 

transient. 

The confocal microscopy imaging has been implemented by using UV 

continuous-wave laser and microscope Alpha 300 - WITec. The spatial 

distribution of PL intensity within a fragment of area of the CdS layer was 

studied on a sub micrometer scale. For spectral resolution, the microscope was 

coupled by an optical fiber with a UHTS 300 spectrometer followed by a 

thermoelectrically cooled CCD camera. The excitation beam of a CW He-Cd 

laser emitting at 442 nm was focused onto the sample using high numerical 

aperture (NA=0.9) objective. This ensured that in-plane spatial resolution is 

approximately 220 nm. 

In simultaneous measurements of PL and MW-PC transients, an UV laser 

beam is properly attenuated by neutral filters and directed on the sample 

surface for excitation of MW-PC and PL signals. The MW-PC signal is 

collected from the excited area by MW coaxial needle-tip antenna and 

registered by the MW detection system. The PL light is collected from bisector 

between the incident and reflected UV laser beams and filtered (by UV 100% 

mirror for excitation wavelength), and focused by quartz lens onto slit of the 

grating monochromator. The spectrally dispersed PL light transients are 

registered by photo-multiplier. Both signals are simultaneously recorded at 

different channels of digital 1 GHz band oscilloscope. 
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3.2.7. Instrumentation for the in situ experiments 

Instrumentation for the in situ carrier lifetime control during protons 

irradiation has been installed and tested at facilities of proton accelerator at 

Division of Materials Physics of Helsinki University and at Tandem 

accelerator of the State Research Institute Centre for Physical Sciences and 

Technology, Vilnius. Defect creation processes have been examined through 

analysis of variations in the MW-PCT by using Vilnius University made 

instrument VUTEG-3 [64] for remote measurements. A sketch of experimental 

arrangement is shown in Fig. 3.10. 

To maintain the safety requirements, the remote measurement regimes 

have been applied [65]. Therefore, the instrumentation contains measurement 

and handling components placed in a remote safe area, the constituents for 

signal transfer (waveguides and coaxial lines) between the irradiation chamber 

and the measurement instruments, and the modified irradiation chamber with 

vacuum inlets for cables and fibers as well as with manipulators for positioning 

of sample and probes. 

The main measurement instrument VUTEG-3 contains a microchip laser 

STA-01 for pulsed photoconductivity excitation, a microwave system for 

probing of photoconductivity transients, an oscilloscope for measurement of 

signals and a computer (PC) for data processing as well as for distant control of 

measurement regimes and for remote positioning of probes. Excitation system 

is equipped with a light intensity attenuator, a telescope for laser beam shaping 

and with a fiber terminal for excitation beam transfer to a sample. MW probe 

system contains a microwave generator (22 GHz range), a microwave detector 

with the load matching elements, a circulator for separation of generated and 

reflected microwave radiation, a microwave bridge for adjustments of the 

microwave lines and a MW waveguide terminal to transfer the microwaves to a 

sample and to collect MW probe signal. A photoresponse, as an excess carrier 

decay transient resulted from pulsed 400 ps excitation at 1062 nm, 531 nm or 

354 nm wavelengths and registered by MW detector, has been recorded by a 1 

GHz Agilent Technologies DSO6102A or Tektronix TDS-5104 oscilloscope 
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and analyzed by a PC before, during and just after proton irradiation on wafer 

samples. Transients during irradiation are registered every tenth millisecond. 

To enhance precision of measurements of the recombination lifetime reduction 

rates as a function of fluence, a proton beam current has been varied to set 

small steps in values of the collected fluence. Complementarily, the video 

camera (VC) was replaced by a monochromator using the same multi-fiber 

(fiberscope) transfer line, when it is necessary to perform simultaneous 

spectroscopy measurements. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10. Sketch of the setup for the remote and in situ measurements carrier 

recombination characteristics during irradiation by protons beam: measurement and 

remote handling components, constituents for distant transfer of signals, geometry of 

positioning of probes, of manipulators and of cable inlets for measurement circuitry 

inside vacuumed irradiation chamber. In the inset i, a screen image of probes position 

control (the fiber-tip and MW needle-tip antennas on wafer boundary).  
 

Components of signal transfer at a distance of about 2 - 15 m between the 

irradiation chamber and the measurement instruments contain a waveguide line 

with low attenuation for long-distance transmission of MW radiation, a fiber 

line for conveyance of excitation light, the coaxial cables for transfer of video 

signals from VC connected to fiberscope and for electrical signals of a 

temperature control system (and other circuitry), for distant manipulation of 

step-motors installed on 3D stage on top-flange of the vacuum irradiation 

chamber combined with bellow system, and the twisted-pair (UTP) lines for 

PC aided manipulation of measurement regimes via local area network (LAN). 
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The excitation fiber line, the multi-fiber trunk of a fiberscope for an in-

chamber video control of the positioning of the probes relatively to a sample 

boundary are installed into irradiation chamber via top-flange of a chamber by 

using vacuum connectors and are tightly attached to a 3D stage driven by step-

motors. A link between a MW waveguide line and a short coaxial cable is 

arranged nearby the irradiation chamber to get low attenuation in transmission 

of MW signals. The latter MW coaxial cable is connected to a semi-rigid 

coaxial needle-tip MW antenna inside the irradiation chamber by using 

vacuum proof coaxial passage. The MW needle-tip and the excitation fiber-tip 

probes of dimensions of about ~10 m intersect nearby the sample boundary 

within a plane of wafer perpendicular to irradiation beam, while a gap between 

probe tips and the sample boundary is adjusted by using the probe holders 

attached to a 3D stage and is controlled visually through a fiberscope system 

(Fig. 3.10). The irradiation chamber contains two flexible bellows connected 

with chamber flanges. The bottom of them is designed for vertical positioning 

of the sample holder which can be combined with a closed cycle He cooler. 

The top one is combined with 3D stage positioned with precision of 3 m by 

step-motors, to locate precisely position of the probes relatively to a sample 

boundary and proton beam. A sample placed on cold finger is moved into 

irradiation area of the collimated 5 mm diameter proton beam. Initially, 

sensitivity of a probe system to irradiation of protons of different energy in the 

range of 2 - 9 MeV and of beam current in the range of 0.5- 20 nA had been 

investigated. It was found no significant impact on probes by proton beam and 

negligible noises induced. 

 

Summary of the chapter 

A system of combined techniques and concerted measurements were 

composed to examine different type materials and samples prospective for 

radiation dosimetry sensor fabrication. The electrical characteristics were 

correlated with spectral data of deep traps measured by transient techniques to 

associate technological and radiation defects with density of dopants and 
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lateral distribution of carrier traps. The non-radiative and radiative carrier 

decay parameters were simultaneously measured by microwave probed 

photoconductivity and photoluminescence techniques. A system of instruments 

has been composed for the remote measurements of the in situ variations of 

MW-PC transients and luminescence spectra dependent on proton irradiation 

fluence. 
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IV. Primary and post-irradiation characteristics of Si structures 

4.1. Evaluation of surface recombination in SLIM detectors 

To control the efficiency of surface passivation (oxide/nitride for n-type 

and alumina for p-type) of the cleaved sidewalls in order to put the edge of slit 

detector matrixes close to the active area of particle trackers and to reduce the 

leakage current and to increase the breakdown voltage, the more specialized 

technique, dedicated for extraction of surface recombination velocity has been 

employed. This method is based on simultaneous measurement of the 

amplitude of the main decay mode, which is only dependent on spatial 

frequency 1 in carrier density profile of the limited thickness of sample, and 

of effective decay lifetime. The initial profile of the initially photo-excited 

carriers can be manipulated externally by varying excitation depth, dependent 

on the absorption coefficient  for the excitation light. The methodology of 

these measurements and extraction of surface recombination velocity had been 

developed in our laboratory [66-70]. 

The description of relations between the measured and the extracted 

parameters is based on thickness averaging of excess carrier density by 

microwave probe. Then carrier density variation in time t and over wafer depth 

coordinate x is expressed as  

 

(4.1) 

 

Here n0 is a concentration of the light injected excess carrier pairs, Am is a 

decay amplitude ascribed to the spatial frequency m of a decay mode m,  is 

the bulk recombination lifetime, D is the coefficient of ambipolar diffusion of 

carriers, s is the velocity of surface recombination, for identically passivated 

surfaces. By averaging this concentration over wafer sample thickness d and by 

normalizing the photoresponse signal to its peak value, the relative signal 

changes in time is described as  

      (4.2) 
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The thickness averaged amplitude is then represented as 
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The spatial frequencies are obtained by solving the transcendental equations of 

a type 
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Here, x0 is a position within sample depth where a peak of concentration depth-

distribution appears. For symmetry of surface recombination s1=s2, the 

expression for averaged amplitude is simplified as 
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The effective decay time, measured in the asymptote of a transient, is then 

expressed as 

(4.7) 

Thereby, two equations with two parameters s and D for determination are 

obtained. The graphical representation (Fig. 4.1) of these relations can 

alternatively be employed for extraction of surface recombination velocity, 

when bulk recombination is a significantly longer process relative to the 

surface recombination. 

For the reliable and separate evaluation of A1(1(s)) and eff(1(s),), two 

excitation wavelengths, at least, are employed (A1(,1(s))): for verification 

whether if A1 (the main decay mode) is reached. Thereby, eff is measured at 

1062 nm A1 is extracted at 531 nm excitation. For the more reliable evaluation 

of the sidewall passivation, two measurement regimes (sketched in Fig. 4.2) 

were additionally combined: the case, when single directional excess carrier 

diffusion model is sufficient to analyze surface recombination (Fig. 4.2b), and 

when three dimensional process should be included (Fig. 4.2a). For the one-
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dimensional approach, the partial filling of the slit MW antenna is 

implemented. Then, the near-surface range of a wafer sample is excited, and 

decay process (decay curve shape and components, - the amplitude and 

temporal parameters) is analyzed. This regime is appropriate when metallized 

slits and guarding rings allow impinging of excitation beams into the sample. 

The three-dimensional regime appears: diffusion into the sample bulk (semi-

infinite geometry) and surface recombination within thickness of wafer, if 

excitation is performed through the sidewall. In the latter experimental 

geometry, three surfaces act as the carrier sinks, which can increase the rate of 

integral surface recombination, included via additional exponential term within 

expression for carrier density temporal variations. 

A comparison of transients recorded on non-passivated and passivated the 

same material wafer samples at slim boundary are illustrated in Figs. 4.3a and 

b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1. Graph for extraction of surface recombination velocity using the measured 

amplitude of the main decay mode by varying excitation depth for bulk d1 and the 

near surface d>10 excitation wavelengths.  
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a   b 

Fig. 4.2. Sketches of the experiments for measurements of surface recombination 

velocity in situations when three-dimensional diffusion process should be analysed 

(a) and when one-dimensional approach is sufficient for analysis (b). 

 

In the comparison, the inherent features of the carrier decays under bulk 

and near surface excitation can be deduced. The first one is an equality of 

decay rates in the asymptote of a decay of the non-passivated sample, Fig. 4.3a 

(the parallel decay fragments are observed for both transients in the asymptote 

at bulk and near surface excitation). The second feature would be a clear 

decrease of the amplitude ascribed to the main decay mode for the near surface 

excitation regime relative to the bulk one. This leads to a clear two-

componential decay curve for the near surface excitation regime, while for 

bulk excitation regime a quasi-single–exponential transient is observed. The 

parallel shift of the asymptotic components (Fig. 4.3a) proves the prevalence of 

the surface recombination, and the intersection of the slopes of these 

components with the ordinate axis denotes the amplitudes of the main decay 

modes <A1>d ascribed to the bulk d=0.03 and the near surface d=2.410
2
 

excitation regimes. Then the surface recombination velocity can be evaluated 

graphically e.g. from the simulated graphs of type shown in Fig. 4.1. In the 

passivated sample (Fig. 4.3b), reduction of the amplitude <A1>d attributed to 
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the near-surface (d=2.410
2
) regimes is considerably less than that for non-

passivated sample. This is a clear indication of sidewall passivation using 

alumina covering applied to p-type Si material. 
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Fig. 4.3. Microwave probed photoconductivity transients measured for bulk (red 

curves) and near surface (green curves) excitation using 1062 nm and 531 nm light 

laser pulses, respectively, in non-passivated (a) and alumina passivated (b) sidewall 

surfaces.  
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Fig. 4.4. Microwave probed photoconductivity transients measured for bulk (red 

curves - without additional cw bias-illumination and orange curves - with additional 

cw bias-illumination) and near surface (green curves) excitation using 1062 nm and 

531 nm light laser pulses, respectively. Here, the MW-PC transients obtained for 

different passivation layers, exploited for different conductivity type Si material, are 

illustrated. Additional bias illumination serves for suppression of trapping effect. 

 

The similar changes of the MW-PC transients have been obtained in the 

case of three-dimensional measurement regime, as illustrated in Figs. 4.4. 

However, the trapping effect, i.e. concerted action of surface recombination 

and trapping centres, has been observed when excess carriers are able to 

change a filling of the surface traps, when excitation is performed directly of 

sidewall boundary. To verify whether it is really a trapping effect, the 
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additional bias (cw-steady-state) illumination has been applied using broad 

spectral range light together with pulsed laser beam excitation. The decrease of 

the amplitude of the asymptotic component under bias illumination 

(suppression of trapping by the bias illumination) is a clear indication of 

existence of trapping effect, i.e. competition of deep (recombination) and 

shallow (trapping) centres.  

 
Table 4.1. Values of the surface recombination velocity and of the effective decay 

lifetime in samples of different conductivity, of surface passivation method and state 

compared with those obtained for non-irradiated and proton irradiated devices. 

Sample notification 

Wafer, No. 
R,eff (s) tr (s) s (cm/s) 

p-type detector , p-Si, non-passivated, non-irradiated 

W18, No. 3 8 33 9.310
3 

W16, No. 2 6 - 1.910
4
 

W16, No. 3 9 62 9.310
3
 

ATLAS 

7 No.3 
6 - 1.910

4
 

ATLAS 

7 No.5 
9 - 1.910

4
 

p-type (N-on-P) detector , p-Si, passivated with ALD Alumina, non-irradiated 

8 11 50 560 

9 12 64 560 

10 15 55 330 

11 11 51 370 

12 11 62 560 

n-type detector , n-Si, non-passivated, non-irradiated 

2 9 610 1.910
4
 

3 17 110 1.410
4
 

n-type detector (P-on-N), n-Si, passivated with PECVD nitride, non-irradiated 

5 6 480 9.310
3
 

6 18 270 4.710
3
 

7 18 270 4.710
3
 

Irradiated 

Sample notification 

Wafer, No. 
Fluence (neq, cm

-2
) R,eff (s)  

B1P6 0.9510
13

 0.700 - 

B2P10 5.7810
13

 0.130 - 

B2P8 4.8210
14

 0.013 - 

B2P3 3.9810
15

 0.001 - 
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Extraction of the parameter of the surface recombination velocity (rate of 

the carrier supply to the surface) is then implemented for suppressed trapping 

effect (saturation of the amplitude of the asymptotic component under increase 

of bias illumination intensity). The extracted values of effective decay lifetime 

and of surface recombination velocity are presented in the Table 4.1. 

It can be deduced from the Table 4.1 that efficient surface passivation has 

been obtained for p-type sample sidewalls using ALD technology with alumina 

layers. The less efficient surface passivation appeared in n-type Si using the 

PECVD technology by formation of nitride layers. The single exponential 

transients with effective decay lifetimes eff independent on excitation 

wavelength were obtained for the irradiated samples. Only a significant 

reduction of the eff values with enhancement of irradiation fluence was 

determined. This is a clear indication that bulk recombination process prevails 

over the surface recombination one, when density of radiation defects becomes 

high. Therefore, a hypothesis of possible surface passivation [34] by sign 

inversion of the conductivity type in the heavily irradiated materials becomes 

susceptible. Also, the higher efficiency of surface passivation [67] by using 

thermal oxidation technology for surface passivation of n-type Si (with s200 

cm/s values) can be implied, relative to that of Si3N4. 

The results of the study of surface passivation can be summarized as 

follows: i) passivation of surfaces is rather efficient, - obtained better for p-Si 

(ALD alumina) than p-Si (PECVD nitride) and n-Si (PECVD nitride or 

traditional SiO2); ii) There are a lot of trapping centres at the interface within 

passivating layer, - extremely long instantaneous lifetimes of trapping in 3D 

measurement geometry relative to 1D (using this more reliable extraction 

model) experiment geometry. This trapping effect can efficiently be suppressed 

by steady-state cw bias illumination; iii) Passivation is rather reproducible, - 

values of s in different samples vary not more than 2 times; iv) The impact of 

surface recombination in the irradiated samples is negligible. While, for 

samples irradiated with fluence <10
14

 neq/cm
2
, a weak change of eff in 3D 

geometry relative to that of 1D can be suspected. 
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4.2. Anneal and fluence dependent carrier lifetime in 26 GeV proton 

irradiated Si 

The aim of these measurements was to perform the tentative calibration 

measurements for fast and non-invasive dosimetry of irradiation fluence, based 

on excess carrier lifetime in Si dependence on collected hadron irradiation 

fluence. Measurements were performed using a tentative instrument VUTEG-

5-AIDA fabricated at Vilnius University within 8.3 work-package of the FP7 

project AIDA. This study was made on the as-irradiated FZ and CZ Si wafer 

fragments (described in Section 3.2) of n- and p-type conductivity material and 

rapidly annealed these samples (kept in de-activation storage area) just after 

irradiation with 26 GeV protons, to avoid transforms of the radiation defects. 

The bulk excitation regime using 1062 nm wavelength pulses was 

implemented. Validity of mono-exponential decay is identified by analysis of 

decay curve shape and its invariance/variation type on excitation density, 

wavelength etc., on the irradiated samples only. Actually, in pure, high 

resistivity Si samples containing small densities of grown-in traps, the hadrons 

induced radiation defects become dominating for fluences 10
12 

cm
-2

. 

However, for the smaller irradiation fluences, radiation defects compete with 

other recombination centres. 

Another specific situation, often met in the experiments on irradiated and 

annealed samples, is the trapping effect. This effect is commonly caused by 

competition of deep recombination centres (often due to extended defects with 

large cross-section) and shallow carrier capture centres (those specifically 

participate in exchange of carriers only with nearest band due to asymmetry of 

electron and hole capture cross-sections). For rather large initial excess carrier 

densities nex(t=0), these deep and shallow levels can share carrier capture 

flows. Shallow traps may accumulate detectable concentration of trapped 

carriers, as the characteristic carrier capture (sh, C) /emission lifetime (sh, E) is 

considerably longer for shallow traps than that (R) for deep centres. Thus the 

main killers of the band excess carriers are deep recombination centres those 

rapidly diminish density of excess carrier pairs. However, density of trapped 
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carriers on shallow traps approaches to that of free excess carriers, in the 

asymptotic decay phase. Then, the recombination flow through deep centres is 

mainly determined by carriers de-trapped from shallow levels. This leads to the 

non-exponential process, described by relation 

 U(t)~nex(t=0)exp[-t/i,tr (t)],   (4.8) 

with instantaneous trapping moderated recombination lifetime: 

 i,tr(t, nex(t))R [1+(sh, E(t) /sh, C(t)) ].  (4.9)  

Roughly, carrier decay transients are similar to a two-componential decay 

(inherent for surface recombination using the regime of near surface 

excitation), with long tail. Enhancement of excitation density hides the impact 

of trapping effect. Alternatively cw bias illumination balances 

capture/emission on shallow traps and suppresses trapping effect. 

Symptomatically, the MW-PC transients become mono-exponential when bias 

steady-state illumination (implemented, for instance, by a halogen lamp) of 

sufficient intensity is applied. 

The carrier lifetime variations obtained in the as-irradiated samples are 

plotted as a function of irradiation fluence, using the double logarithm scales in 

Fig. 4.5. These dependencies are compared with those obtained after 

isothermal annealing at 80 C using different heat treatment exposure times. 
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Fig. 4.5. Carrier lifetime variations (black symbols) as a function of irradiation 

fluence obtained in the as-irradiated samples of n-type (a) and p-type (b). Color 

symbols represent carrier recombination lifetime values obtained after isothermal 

annealing at 80 C for different durations. Here are denoted the heat treatment total 

durations in the legends. 
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It can be inferred (from Fig. 4.5) that carrier lifetime decreases near 

linearly with enhancement of irradiation fluence in the employed scale, 

irrespective of wafer fabrication technology and material conductivity type. 

The absolute values of R are close in both n- and p-type investigated materials 

at fixed irradiation fluence. Such observations imply that extended defects 

dominate in determination of recombination lifetime values. The tetra- and 

penta-vacancies are revealed within EPR spectra measured by Q and W band 

spectrometers in MCZ the same geometry Si samples irradiated with neutron 

fluences >10
15

 cm
-2

. It seems as if the structure of the prevailing extended 

defects serving as the dominant recombination centres is invariable, while 

density of such extended defects increases proportionally to fluence of 

irradiation. The same range of R values and the linear R
-1

~ relation obtained 

on different technology Si samples using different type high energy hadrons, 

shown in Fig. 4.6 [71], corroborate an assumption of dominant extended 

defects, acting as the main killers of excess carriers. 
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Fig. 4.6. Carrier lifetime as a function of irradiation fluence obtained in the as-

irradiated Si samples of different technology using different hadron irradiations. 

Color symbols represent carrier recombination lifetime values obtained on the 

samples of this study [71]. 

 

The employed heat treatments lead to rather resolvable (on the plots in Fig. 

4.5) slight increase (relatively to a wide range logR
-1

~log line) of carrier 

lifetime after annealing. This result is in agreement with our previous 

observations on neutron irradiated samples [71]. The isochronal annealing for 

temperature range from 80
0
 C to a 380

0
 C induced an increase in carrier 
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trapping lifetime (Fig. 4.7). These variations are the most significant for the 

range of irradiation fluences close to 10
14

 cm
2

. 

 

 

Fig. 4.7. Variations of the effective decay lifetimes in the as-irradiated and annealed 

Si samples. In the inset, trapping and recombination lifetime dependencies on 

temperature are illustrated. 

 

The density of the re-arranged radiation defects thus increases with 

enhancement of thermal activation energy (kTannel). These density changes have 

been evaluated by modelling the experimentally observed ratio of the carrier 

recombination (R) and instantaneous trapping (i) lifetime assuming the same 

dominant trapping ET and recombination ER centres, acting together. The 

MathCad modelled changes of instantaneous carrier trapping lifetime are 

illustrated in the insets of Fig. 4.8. From these simulated instantaneous trapping 

lifetimes, the density of trapping centres created by anneal, due to transforms 

of radiation defects, are illustrated in Fig. 4.8 as a function of neutron 

irradiation fluence. In can be deduced from Fig. 4.8 that transforms of large 

fluence introduced defects can be inefficient if heat treatment temperature is 

insufficient (<380
0 

C). The density of the transformed trapping centres 

saturates for the largest temperatures employed for anneals.
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Fig. 4.8. Variations of the density of trapping centres transformed by post-irradiation 

heat treatment as a function of irradiation fluence, evaluated for neutron irradiated 

and isochronally (4 h) annealed Si samples in the temperature range from 80
0 

C to 

380
0 

C. In the insets, illustrations of the changes of trapping lifetime for dominant 

EM=0.24 eV trapping centres extracted by fitting experimental ratios of recombination 

(R) and instantaneous trapping (i) lifetimes 

 

To highlight the lifetime variations induced by isothermal (80
0
 C) 

annealing (as in the double logarithm scale shown in Fig. 4.5), the semilog log 

R~texp dependences for different fluences are compared in Fig. 4.9. These 

linear R~texp, anneal dependencies are separately re-plotted in Fig. 4.10, as 
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obtained on fixed fluence irradiated Si samples of n- and p- type investigated 

material. In the more resolvable scale, Fig. 4.10, variations of lifetime values 

are scattered. This can be explained by imprecise positioning of the MW-

antenna at the centre of wafer tetragon, after each heat treatment step, and 

inhomogeneity of irradiation beam location on the wafer fragment. Therefore, 

an additional positioning stage has been performed in the improvements of the 

VUTEG-5-AIDA instrument. Also, the precise temperature control, within 

sample compartment of VUTEG-5-AIDA instrument during lifetime 

measurement, is foreseen in further upgrade of this dosimeter. The obtained 

deviations in lifetime values after several anneal steps do not exceed the 

changes of lifetime values measured in the centre and periphery of wafer 

pieces investigated. 
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Fig. 4.9. Carrier lifetime as a function of the total annealing exposure time obtained in 

Si samples of different conductivity n-Si (a) and p-Si (b) type as well as fabrication 

technology: FZ (a) and Cz (b), respectively, irradiated by different fluences. 

 

The observed increase in carrier recombination lifetime under heat 

treatments would be favourable technique to restore heavily irradiated particle 

detectors. In this study, the observed changes of extracted carrier lifetime 

values can be also influenced by carrier trapping effect. In several MW-PC 

transients, measured after a few of heat treatment steps, appearance of trapping 

inherent longer tail was indicated. Additional steady–state bias illumination by 

halogen lamp was able only slightly modify the appeared trapping induced 

decay tail. Therefore, installation of the more intense bias illumination source 

is foreseen in future improvements of the dosimeter. 

Appearance of trapping effect can be explained by anneal induced 

transforms of radiation point defects. Re-arrangement of extended defects is 

hardly possible by rather low temperature anneals, however, density of definite 

type point defects is very probable and clearly proved in DLTS spectra of the 

same type Si material, even under rather low temperature and short duration 

heat treatments. These point defects usually provide shallower levels in the 

forbidden gap relatively to those deep (close to mid-gap) traps ascribed to 

extended radiation defects. 

                                   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.10. Carrier lifetime as a function of the total annealing exposure time in linear 

scale obtained in Si samples of different (FZ and Cz) technology and conductivity 
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type (n- and p- Si) irradiated by fixed fluences in the range of moderate (a) and 

elevated (b) values . 

 

In summary, the carried out study devoted to calibration of VUTEG-5-

AIDA instrument confirmed the contactless MW-PC technique for dosimetry 

of the just irradiated Si wafer fragments. The obtained carrier recombination 

lifetime values fit the close to linear relation between hadrons irradiation 

fluence and excess carrier lifetime. For creation of the precise calibration curve 

of R~, further research is inevitable to clarify the main factors, as 

temperature in sample compartment during measurements, storage temperature 

and heat treatment history of Si samples, impact of the competition between 

point and extended defects leading to trapping effect. Therefore, an additional 

positioning stage, precise temperature control, within sample compartment of 

VUTEG-5-AIDA instrument during lifetime measurement, and installation of 

the more intense bias illumination source are foreseen in further upgrade of this 

dosimeter. 

 

4.3. Spectroscopy of point trapping centres induced by hadron irradiation 

The high energy radiation detectors, designed for the particle tracking and 

dosimetry, suffer the un-acceptable radiation damage after irradiations with 

large fluences, >10
14

 cm
-2

. To predict the operational characteristics of such 

devices, the density and types of radiation defects, evolution of extended 

defects and agglomeration of point defects with enhancement of collected 

fluence, an impact of these defects on the detector characteristics should be 

comprehensively examined. 

The standard methods, such as capacitance deep level transient 

spectroscopy (C-DLTS) [72] and thermally stimulated current (TSC) [73] 

techniques are un-applicable for analysis of the heavily irradiated devices. In 

this work, therefore, several steady-state and pulsed techniques have been 

combined to comprehensively evaluate parameters of radiation defects and 

functional characteristics of the irradiated Si pin detectors. To clarify the 

prevailing radiation defects and to search their evolution the C-DLTS and TSC 
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techniques have been employed to make a baseline identification of the 

radiation induced traps after irradiation with rather small fluence 10
12

 cm
-2

. The 

steady-state PIS technique [74] has been involved to correlate thermal- and 

photo- activation energies for definite radiation defects. A contactless technique 

for simultaneous measurements of the carrier lifetime and the parameters of 

deep levels based on microwave probed pulsed photo-conductivity (MW-PC) 

spectroscopy [75] have been applied to correlate carrier capture cross-sections 

and densities of the identified different radiation defects. A technique for 

spectroscopy of deep levels in junction structures (BELIV) [76] based on 

measurements of generation current transient changes with temperature has 

been applied to evaluate activation energy of dominant deep traps in the 

irradiated diodes. Pulsed PIS spectroscopic [75, 77] measurements were 

implemented by combining the analysis of excess carrier densities, of current 

and of barrier capacitance charging transients modified by a single fs pulse of 

illumination generated by an optical parametric oscillator with output 

wavelength in the range from 0.5 to 10 m. Several deep levels in the range of 

0.18 - 0.80 eV have been resolved from spectral analysis in the samples of Si 

grown by MCZ technology. 

The TSC experimental procedure consists of cooling the sample down to a 

low temperature where filling of the traps is performed (by illumination or 

forward biasing of the diode). The TSC current measurements are then 

performed during heating up (with a constant heating rate of 10 K/min) under 

reverse bias applied to a diode. The active volume of the sample is well 

controlled, when full depletion regime is maintained during a temperature scan, 

and thus the defect concentrations can be calculated from the total charge 

released from the defects during the heating (peaks appear in the TSC spectra). 

For measurements of barrier capacitance charging and generation currents, 

modified by either temperature [76] or photo-ionization quantum energy [77], 

a pin diode is placed on a sample holder in a cryo-chamber and connected with 

electrodes by coaxial cable to the external measurement circuitry. The BELIV 

technique [76, 77], using a reverse biasing regime, is based on the analysis of 
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the barrier capacitance (Cb) and generation current (ig) changes with the 

linearly increased voltage (U=At) pulse. Current transients have been 

registered using a 50  load input of the DSO6012A oscilloscope. The 

measurement circuitry contains an adjusted output of a generator of linearly 

(with time t) increasing voltage and a diode under investigation, connected in 

series. Also, spectroscopy of deep levels in junction structures by using BELIV 

technique, based on measurements of generation current transient changes with 

temperature for different duration LIV pulses, has been applied to evaluate 

activation energy of the dominant deep traps in the irradiated diodes. 

The PIS spectral measurements have been also performed by registering 

the steady–state current changes at reverse bias, close to a full depletion regime 

in the investigated Si diodes. The photo-ionization spectra were recorded by 

using the halogen lamp light source and a monochromator DMR-4. A sample 

is usually mounted in liquid nitrogen cryostat, to reduce a leakage current. The 

photo-ionization spectra have been analyzed by using a δ - potential deep 

centre approach, known as Lucovsky model [58]. The red-threshold of the 

photo-activation energy EMo, ascribed to a deep centre M, and values of the 

photo-ionization cross-section p have been extracted by using the Lucovsky 

approach, expressed as in (3.5).  

Photo-ionization spectra measured on the same samples by using short 

pulse excitation regime and by controlling either barrier capacitance [77] 

(BELIV on diode structures) or photoconductivity [75] (probed by microwaves 

on wafer samples) changes when varying excitation wavelength have been 

correlated with steady-state PIS spectra to evaluate role of the carrier capture 

and deep level filling effects. Pulsed spectroscopic measurements had been 

implemented by combining the analysis of excess carrier densities, of 

generation current and of barrier capacitance charging transients modified by a 

single fs pulse of illumination generated by an optical parametric oscillator 

with output wavelength in the range from 0.5 to 10 m. 

The DLTS spectra obtained for MCZ n-Si diode irradiated with 10
12

 n/cm
2
 

fluence recorded varying rate window are illustrated in Fig. 4.11a. An oxygen-
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vacancy (VO) ascribed carrier trap (~95 K), a double-charged di-vacancy (V2
=/

, 

~125 K) and single charged (V2
-/0

, ~225 K) di-vacancy associated traps have 

been identified. Enhancement of irradiation fluence above 10
12

 n/cm
2
 leads to 

an increase of traps density over that of dopants. Therefore, free carriers 

associated with dopants are captured, and the base region becomes fully 

depleted even without reverse bias, making standard DLTS technique non-

operational. The TSC spectrum recorded for the same n-Si base diode, 

irradiated with 10
12

 n/cm
2
 fluence, illustrated in figure 4.11b, corroborates 

dominance of V-O and di-vacancy associated radiation defects. 

Fig. 4.11. DLTS spectra (a) and TSC spectrum (b) obtained for MCZ n-Si diode 

irradiated with 10
12

 n/cm
2
 fluence. 

 

To track an evolution of deep levels spectrum structure and to evaluate 

their density, different modifications of photo-ionization spectroscopy were 

involved. The steady-state photo-ionization spectra recorded on the Si diodes 

irradiated with neutrons of different fluences are illustrated in Fig. 4.12a. These 

spectra allow the separation of red-threshold photo-activation energy of 

different spectral steps. Thin lines in Fig.4.12a correspond to the fitted spectra 

using Lucovsky model. Extracted EMo values are denoted on fitted spectral 

steps in Fig. 4.12a. Several PIS spectral steps (Fig. 4.12a) have been resolved 

within steady-state current variations with excitation light spectrum. The first 

spectral step EMo1=0.41 eV can be ascribed to direct photo-activation of filled 

single-charged di-vacancy levels. The second one, EMo2=EV+EM=0.77 eV, is 

associated with photoexcitation of electrons from valence band to primary 

emptied V2
-/0 

levels, as, in the fully depleted diode base, there is no carriers 
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able to fill the traps. Thereby, PIS measurements confirm prevailing of the V2
-/0

 

traps in 10
12

 n/cm
2
 fluence irradiated diodes, in agreement with DLTS spectra 

recorded for the same diode. Halogen lamp infra-red light source was 

insufficient to induce recordable current, ascribed to the shallower V2
=/-

 and 

VO levels within PIS spectra. 

To increase spectral resolution of deep traps, the pulsed PIS technique has 

been employed by using a single fs pulse of the spectrally bright illumination 

generated by an optical parametric oscillator (OPO). The probing technique of 

the MW-PC transients has been applied for wafer samples. Fluence dependent 

variations of photoconductivity probed PIS spectra steps are shown in Fig. 

4.12b. Also, changes of MW-PC amplitudes, directly representing density of 

photo-ionized carriers and ascribed to the peaks attributed to different deep 

levels, are shown as a function of neutron fluence in the inset of Fig. 4.12b. 

The presented MW-PC PIS signal characteristics indicate an increase of the 

density of traps and formation of deeper traps with enhancement of irradiation 

fluence. 

 

Fig. 4.12. PIS spectra recorded by changes of steady-state photo-current (a) and 

pulsed MW-PC transient signals (b) obtained for MCZ n-Si diodes (a) and wafer 

samples (b) irradiated with different fluences. 

 

To correlate variations of deep level spectrum structure changes, 

dependent on irradiation fluence, the BELIV probed PIS spectra were 

examined. By varying the wavelength of the OPO pulsed illumination and by 

controlling of barrier capacitance charging current peak, a PIS spectrum of 

deep levels is obtained and shown in Fig. 4.13a. Here, the barrier capacitance 
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dependence on excitation quantum energy represents PIS spectrum peaks. The 

obtained DLTS spectra (Fig. 4.11a) actually corroborated the existence of a set 

of deep traps characterized by activation energies equal to those extracted from 

the BELIV-PIS spectroscopy measurements. Restoration of the barrier 

capacitance charging peak and dominance of the barrier charging current in the 

pulsed illuminated diode is observed when the density of deep traps is smaller 

than that of dopants. Prevailing of the generation current within BELIV 

transients has been observed in Si pin detectors irradiated with elevated 

fluences of reactor neutrons (Φ>10
13

 n/cm
2
). To evaluate activation energy of 

deep traps, responsible for generation current, temperature dependent 

variations of the BELIV transients in the heavily irradiated diodes were 

examined. These characteristics are illustrated in Fig. 4.13b. It can be noticed 

in Fig. 4.13b, that activation energy of the filled traps, prevailing in formation 

of generation current at 500 s LIV pulses, increases with enhancement of 

neutron fluence. This result is in agreement with modelling of the deep levels 

filling, when several traps of high concentration compete in capture of free 

carriers of low density [14]. 

Fig. 4.13. a - Deep level spectra measured by control of barrier capacitance charging 

current peak changes under pulsed OPO light pulse excitation in Si pin detector 

structures irradiated with 10
13

 n/cm
2
 neutrons fluence. b - Generation current 

temperature variations extracted from BELIV transients. 

 

It can be inferred that carrier recombination processes determine the 

dielectric relaxation time within electrically neutral region (ENR) of a base of 

diode and time scale of stabilization of depletion width. On the other hand, 

carrier capture/emission processes within space charge (SC) and transition 
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layer (between ENR and SC) regions impact the generation/recombination 

currents in a diode. The observed decrement of carrier recombination lifetime 

ascribed to different PIS steps, revealed by MW-PC spectral changes, leads to 

the reduction of equilibrium carrier density within ENR and to increase of a 

generation current, due to emission of these captured carriers within SC region. 

 

Summary of the chapter 

[A3, A4, A10, P3, P6, P7, P9, P12] 

The study of surface passivation on Si strip detectors with slim edges 

enabled to come to such main results: i) passivation of surfaces is rather 

reproducible and efficient, nevertheless, it is obtained better for p-Si (ALD 

alumina) than n-Si (PECVD nitride); ii) There are a lot of trapping centres at 

the interface within passivating layer; iii) The impact of surface recombination 

in the irradiated samples is negligible. 

The verified carrier recombination lifetime values fit the close to linear 

relation between hadrons irradiation fluence and excess carrier lifetime. 

Storage temperature and heat treatment history of the Si samples, impact of the 

competition between point and extended defects leading to trapping effect. 

Several photo-ionization spectral steps have been resolved and identified, - 

namely, step EMo1 =0.41 eV can be ascribed to direct photo-activation of filled 

single-charged di-vacancy levels; spectral step at EMo2=EV+EM=0.77 eV is 

associated with photoexcitation of electrons from valence band to primary 

emptied V2
-/0 

levels. PIS measurements confirmed the prevailing of the V2
-/0

 

traps in 10
12

 n/cm
2
 fluence irradiated diodes, in agreement with DLTS spectra 

recorded for the same diode. These traps mainly act as carrier trapping centres 

with a rather long de-trapping time. 
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V. Characteristics of Cu2S/CdS structures 

5.1. Characterization of Cu2S-CdS hetero-junctions 

A BELIV technique [14, 76] was applied to determine the temporal 

characteristics of the junction barrier charging and carrier generation currents 

within CdS junction base region. These results are discussed in more detail in 

[78], while the main features are summarized below. 

Three types of BELIV transients (Fig. 5.1), associated with CdS 

polycrystalline formation regimes, have been obtained in dark over sets of the 

investigated Cu2S-CdS samples. The square-wave shape BELIV transients are 

inherent for the I-type samples, which were deposited at Tdep=220 C of 

substrate temperature for tdep=60 min. These I-type BELIV transients imply the 

insulator-specific state of base material, which lacks of free carriers. The II-

type and III-type samples are similar, as exhibiting the junction, which 

depletion can be modified by external voltage. The main difference 

(respectively to the electrical characteristics of these II- and III-type samples) 

appears in generation current. For the II-type samples (Tdep=260 C, tdep=75 

min), the generation current component is pronounced within the rearward 

wing of transient due to carrier emission from deep traps. For the III-type 

samples (Tdep=260 C, tdep=80 min), the barrier charging current peak prevails 

which is accompanied with the descending current component due to charge 

extraction. The observed differences over the BELIV transient shapes were 

explained [78] assuming variation of relative densities of dopants (which form 

shallow levels) and carrier capture centres (associated with rather deep levels). 

Value of free carrier density of the n0=1.5×10
13

 cm
-3 

was estimated for 

junctions of II- and III-type, and it determines concentration of shallow traps. 

For the I-type samples, a geometrical capacitance Cg can be only evaluated, 

which was found to be Cg=3 nF, and this Cg value is in agreement with that 

value calculated using the independently measured thickness d and probed area 

S of CdS layer. The Cu1.96S, Cu1.92S, Cu1.81S and other modifications together 

with Cu2S were detected by XRD spectroscopy. The XRD spectrum richest in 

different phase precipitates was obtained in the samples of the I-type [78]. 
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Additionally, the capacitance deep level transient spectroscopy technique 

modified by using optically induced conductivity regime (C-DLTS-OP) and 

PIS were applied to identify traps in CdS layer. It was found that the I-type 

junction samples contain the richest structure of traps with different photo-

ionization activation energies. The II-type and III-type samples exhibit two-

three step structure of the measured PIS spectrum. The C-DLTS-OP spectra 

can be recorded only in the samples of II- and III-type. There, only traps of the 

majority carriers have been distinguished within samples of the II- and III- 

types. 

 

5.2. Spectroscopy of deep traps 

The spectral measurements have been performed for different types of 

junction structures to identify specific deep traps according to their published 

signatures. As revealed from BELIV characteristics, most of the Cu2S-CdS 

junction structures exhibited full depletion condition even at the smallest 

reverse voltages, a steady-state bias illumination using white light LED with 

emission wavelength in the range of 400-700 nm, mounted inside the cryo-

chamber, has been employed. Thereby the capacitance deep level transient 

technique is modified by using optically induced conductivity regime [56], i.e. 

the C-DLTS-WL technique is implemented in the latter measurements. 

Measurements of deep trap spectra have been implemented for the probing 

frequency range of 0.1-2.5 kHz. The base region of the junction (i.e. CdS 

layer) is then examined. For separation of the overlapping DLTS peaks, the 

approximation of mono-exponential peaks close to Gaussian shape has been 

used, like that installed within commercial software of the DLS-82E 

spectrometer. The shift of simulated overlapping peaks by varying probing 

frequency is reproduced right enough to identify traps, published in literature. 

This approach had been verified on Si junctions when DLTS spectra are 

complicated due to simultaneous action of several known traps. 
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Fig. 5.1. The typical BELIV transients observed in different type Cu2S-CdS junction 

structures without (solid curves) and with steady-state wide spectral band 

illumination (dot curves) by applying the linearly increasing voltage pulse with 1.2 V 

amplitude at reverse polarity. 

 

The blocking junction of Cu2S-CdS for majority carriers has been 

qualitatively tested by varying polarity of the applied voltage and by 

measurements of pulsed barrier charging current transients induced by linearly 

increasing voltage (BELIV [53, 76]). The inherent shapes for the reverse 

biased BELIV transients (Fig. 5.1) indicate that the high resistivity layer exists 

in the n-type conductivity CdS. The initial peak (Fig. 5.1) of the barrier 

capacitance charging current is inherent for the reverse biased junction 

followed by the descending current component due to charge extraction 

determined reduction of barrier capacitance when depletion width increases 

with voltage during a LIV pulse. 

Three types of BELIV transients, associated with CdS polycrystalline 

properties, have been obtained over the sets of Cu2S-CdS samples investigated 

in dark. The square-wave shape BELIV transients are inherent for the I-type 

samples. These I-type BELIV transients imply the insulator-specific state of 

base material, which lacks of free carriers. For the II-type samples, the 

generation current component is pronounced within the rearward wing of 

transient due to carrier emission from deep traps. For the III-type samples, the 

barrier charging current peak prevails which is accompanied with the 

descending current component due to charge extraction. For steady illuminated 

samples of type-II and type-III, barrier capacitance increases relatively to that 
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value measured in dark. This observation indicates a recovery of the junction 

under steady-state illumination. For the illuminated structure, the initial barrier 

capacitance charging current decreases with enhancement of reverse voltage 

due to widening of depleted layer. However, the thermal emission current, 

which increases due to traps within enhanced depleted volume, becomes 

prevailing within rearward wing of BELIV pulse. This indicates that all the 

investigated junction types exhibit wide spectrum of defects acting as carrier 

capture/generation centres. Presence of high density of carrier generation 

centres is additionally confirmed by differences in C-V characteristics. The 

observed differences over the BELIV transient shapes were explained [53, 76] 

assuming variation of relative densities of dopants (which form shallow levels) 

and carrier capture centres (associated with deep levels). Value of free carrier 

density of the n0=1.5×10
13

 cm
-3

 is estimated for junctions of II- and III-type, 

and it determines concentration of shallow traps. For the I-type samples, a 

geometrical capacitance Cg can be only evaluated, which was found to be Cg 

=3 nF, and this Cg value is in agreement with independently measured 

thickness d and probed area S of CdS layer. 

Intensity of the white LED was insufficient to get measurable DLTS signal 

on samples of I-type, containing the smallest equilibrium carrier density and 

exhibiting the capacitor-like BELIV and C-V characteristics. For the samples 

containing the II-type and the III-type junctions, the white light of LED 

illumination induces a stationary domain of the excess carriers those make a 

virtual cathode, and, thus, enables measurements of barrier capacitance 

changes due to carrier thermal emission from deep levels. The C-DLTS-WL 

spectra obtained on samples of the II- and III-type are shown in Fig. 5.2. 

For the samples of II-type (Fig. 5.2a), four overlapping peaks (Fig. 5.2c) 

can be resolved. To identify prevailing traps, the experimentally measured 

spectra were simulated by Gaussian shape curves, like as in [79], to extract the 

DLTS signatures. It can be noticed that peaks at 138 K, at 157 K, at 183 K and 

at 225 K comprise a temperature scanned DLTS spectrum. The shifts of these 

peaks under varied lock-in amplifier frequency in the range of 1.5-2.5 kHz are 
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in good agreement with predictable peak variations within routine DLTS 

spectroscopy. The range of DLTS signal filtering frequencies implies rather 

fast carrier emission times in samples of the II-type. 

A more complicated DLTS-WL spectrum appears for samples of the III-

type (Fig. 5.2b). There, peaks associated with majority (at 205 K, at 232 K, and 

at 255 K) carrier traps are present. A shift of these peaks with varied filtering 

frequency is also observable. However, thermal emission lifetimes in samples 

of the III-type are a little bit longer than those deduced from the peak shifts in 

samples of the II-type. The DLTS signatures are again extracted after the 

simulated peaks are fitted to the experimental ones for majority carrier traps. 

The Arrhenius plots (Fig. 5.2d) using DLS-82E software have been made 

using the data obtained for variations of each peak temperature position 

ascribed to filtering frequency. Then, activation energy values have been 

extracted and listed in Table 5.1. Peaks from E1 to E4 were associated with 

electron traps according to literature data [80-85] published for polycrystalline 

CdS. Also, DLTS peaks were analyzed using literature data for crystalline CdS 

and correlated with those for polycrystalline CdS. 

The photo-ionization spectra measured for all the separated types of 

samples are shown in Fig. 5.3. These spectra were recorded at room (solid blue 

line) and liquid nitrogen (dash green line) temperatures. It can be noticed, that 

the BELIV separated types of samples are corroborated by different structure 

of the PIS spectra. Namely, the I-type junction samples contain the richest 

structure of traps with different photo-ionization activation energies (Fig. 5.3a), 

and, at least, three steps can be easily distinguished using Lucovsky approach. 

The II-type samples (Fig. 5.3b) exhibit two-three step structure of the 

measured PIS spectrum. Also two-three PIS peaks can be resolved within 

spectrum of the III-type samples (Fig. 5.3c). Position of steps within each PIS 

spectrum is listed in Table 5.2. Activation energy values have been extracted 

on the basis of the fitted PIS steps by varying the red-threshold values within 

simulated electron-photon cross-section spectral variation curves. The obtained 
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values of activation energy are listed in Table 5.2. The red–threshold activation 

energy values, extracted using Lucovsky model, are also denoted in Fig. 5.3. 

Leakage current, due to simultaneous thermal emission from different 

traps, increases significantly a pedestal of the PIS signal. Therefore, extraction 

of the activation energy for deep traps is more reliable using those PIS 

measured at 77 K temperature. While the existence of these peaks is clearly 

confirmed within PIS spectra measured at room temperature. Also, low 

temperature measurements are preferential, as an impact of the phonon-

electron interactions are efficiently reduced with decrease of temperature. 

 

 

 

Fig. 5.2. C-DLTS-WL spectra obtained on samples of the II- (a) and III-type (b) of 

Cu2S-CdS junction samples, as measured at 0.6 V reverse bias voltage using 

temperature scan regime for lock-in frequencies range from 400 to 2500 Hz. c - 

Simulated spectrum of sample of type-II. d - Arrhenius plots for III-type sample. 
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Table 5.1. DLTS peaks obtained within spectra of different type samples. 

Type of 

samples 

Temperature at 

which DLTS 

peak is 

observed (K) 

Energy of thermal 

activation of trap 

obtained from 

Arrhenius plot (eV) 

Origin of the trap, 

reference 

II-type 

138 E1=0.150.01 

electrons- trap in 

polycrystalline CdS 

[81, 84] 

157 E2=0.220.02 

electrons- trap in 

polycrystalline CdS 

[83, 85] 

183 E3=0.260.02 

electrons- trap in 

polycrystalline CdS 

[84] 

225 E4=0.400.02 

electrons- trap in 

polycrystalline CdS 

[81] 

III-type 

205 E1=0.130.01 

electrons- trap in 

polycrystalline CdS 

[81] 

232 E3
*
=0.310.02 

electrons- trap in 

polycrystalline CdS 

[81, 84] 

255 E4=0.40.02 

electrons- trap in 

polycrystalline CdS 

[81] 

 

 

The combined analysis of the extracted values of DLTS and PIS peaks has 

been performed keeping in mind that DLTS represents directly thermal 

activation energy while photo-ionization transitions are probable only from the 

filled to the empty levels. The correlated values of activation energies for 

thermal and photo-emission of carrier transitions are presented in Table 5.3. 
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Fig. 5.3. Photo-ionization spectra obtained on the I-type (a), on the II-type (b), and on 

the III-type (c) of Cu2S-CdS junction samples, as measured at 0.5 V bias voltage and 

at two different temperatures: at room (solid blue line) as well as at liquid nitrogen 

(dash green line). Thin red lines represent the simulated by Lucovsky model PIS steps 

fitted to the experimental spectrum. 

 
Table 5.2. PIS peaks obtained within spectra of different type samples. 

Type of samples 

Photon energy at 

which PIS peak is 

observed 

(eV) 

Energy of photo-

activation of trap 

extracted by using 

Lucovsky approach 

(eV) 

I-type 

1.4 1.170.02 

1.8 1.650.02 

2.5 2.190.04 

II-type 

1.3 1.210.02 

1.9-2.0 1.560.04 

2.5 2.190.04 

III-type 

1.3 1.190.02 

2.0 1.620.02 

2.5 2.190.04 

 

Shallow levels identified by DLTS spectroscopy, were not observable in 

PIS spectra, as PIS steps are hidden by absorption edge transitions for 

enhanced energy photons. Coincidence of DLTS and PIS activation energy has 
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been obtained only for the level with activation energy E=0.340.04 eV. Trap 

with such activation energy is ascribed in literature [80-86] to Cu impurities in 

CdS polycrystalline material. Deeper levels with activation energy of 0.9 and 

1.34 eV, identified by PIS measurements and observed in all the separated 

types of samples, can be associated with electron and hole traps, known as 

recombination centres in CdS crystals [86]. 

 

Table 5.3. Correlation of PIS peaks with DLTS peaks obtained within spectra of 

different type samples. 

Type of 

samples 

Thermal 

activation 

energy 

(eV) 

Energy of 

photo-

activation of 

trap (eV) 

Balance of 

activation 

energies for 

Eg(300K)= 

2.53 eV 

Origin of the trap Refs. 

I-type 

 1.170.02 1.340.02 
electrons-trap, 

recombination centre 
[86] 

 1.650.02 0.900.02 
holes-trap, 

Cu impurities associated 
[80] 

 2.190.04 0.340.04 

Cu impurities associated; 

electrons-trap in 

polycrystalline CdS 

[80] 

 

[81, 84] 

II-type 

 1.210.02 1.310.02 
electrons-trap, 

recombination centre 
[86] 

 1.560.04 1.00.04 
holes-trap, 

Cu impurities associated 
[80] 

0.26- 0.40 2.190.04 0.340.04 

holes-trap, 

Cu impurities associated; 

electrons-trap in 

polycrystalline CdS 

[80] 

 

[81, 84] 

III-type 

 1.190.02 1.340.02 
electrons-trap, 

recombination centre 
[86] 

 1.620.02 0.900.02 
holes-trap, 

Cu impurities associated 
[80] 

0.310.02 2.190.04 0.340.04 

holes-trap, 

Cu impurities associated; 

electrons-trap in 

polycrystalline CdS 

[80] 

 

[81, 84] 

 

 

In summary of spectral measurements, the I-type junction samples, having 

the smallest free carrier densities and the largest concentration of traps, as 

deduced from BELIV transients, contain the richest structure of traps with 
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different photo-ionization activation energies. The II-type and III-type samples 

exhibit two-three step structure of the measured PIS spectrum. The C-DLTS-

WL spectra can be recorded only in the samples of II- and III-type. There, only 

traps of the majority carriers have been distinguished in DLTS. The same level 

with activation energy E=0.340.04 eV has been identified by DLTS and PIS 

measurements. Trap with such activation energy is ascribed to Cu impurities in 

CdS polycrystalline material. Deeper levels with activation energy of 0.9 and 

1.34 eV, identified by PIS measurements and observed in all the separated 

types of samples, can be associated with carrier traps, known as recombination 

centres in CdS material. The combined examination of deep traps modified 

characteristics, by using barrier capacitance charging current, thermal- and 

photo-ionization spectroscopy techniques, appeared to be sufficient to separate 

the different sample types formed by slightly different layer deposition 

conditions. 

 

5.3. Steady-state photoluminescence spectra and confocal microscopy 

images 

The steady-state UV excitation induced photoluminescence spectra and 

microscopy images obtained on CdS samples of the I-type, the II-type, and the 

III-type are illustrated in Figs. 5.4, 5.5, and 5.6, respectively. These confocal 

microscopy investigations were performed by Dr. D. Dobrovolskas. Two bands 

of photoluminescence have been observed within all types of samples, namely, 

a narrower band of green luminescence (G-PL) with a peak at 500 nm and a 

wider band of red luminescence (R-PL) with a peak at 700 nm, Figs. 5.4-5.6. It 

can be noticed, however, that the absolute values of PL intensity and a ratio 

between the green PL to the red PL intensities differ significantly, when 

comparing PL spectra for samples of these three types. 
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Fig. 5.4. Optical field microscopy image (top-left), a PL spectrum integrated over 

inspected area (top-right), the topographs of the distribution of the green-light 

luminescence (bottom-left) and of the red-light luminescence (bottom-right) panels, 

respectively, recorded for the CdS sample of the I-type. 

 

Fig. 5.5. Optical field microscopy image (top-left), a PL spectrum integrated over 

inspected area (top-right), the topographs of the distribution of the green-light 

luminescence (bottom-left) and of the red-light luminescence (bottom-right) panels, 

respectively, recorded on the CdS sample of the II-type. 
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Fig. 5.6. Optical field microscopy image (top-left), a PL spectrum integrated over 

inspected area (top-right), the topographs of the distribution of the green-light 

luminescence (bottom-left) and of the red-light luminescence (bottom-right) panels, 

respectively, recorded on the CdS sample of the III-type. 

 

The ratio RPL=IG-PL/IR-PL of peak intensities obtained for the I-type CdS 

samples is close to unity, i.e. RPL-I-type<1. These ratios are estimated to be RPL-II-

type 1 and RPL-III-type>1.5, respectively. Spatial distribution of the IG-PL and IR-PL 

was examined within microscopy (CMI) scan area by using spectral filters. It 

can be noticed within bottom pictures in Figs. 5.4-5.6, that spatial distribution 

of the green PL (G-PL) and red PL (R-PL) radiative centres is obtained 

different among all three type samples. Namely, centres of G-PL and R-PL are 

spatially separated for samples of the I- and III-type samples, while locations 

of these G-PL and R-PL centres nearly coincide for samples of the II-type. 

This result confirms the enhanced generation current in BELIV transients 

registered for the samples of the II-type, indicating that deep traps are located 

in the same micro-crystallites. 
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Comparison of the confocal microscopy images and of the PL spectra 

among the CdS polycrystalline layers of different types implies that the most 

homogeneous CdS layer is obtained for the II-type samples. The smallest size 

(1 m) of the micro-crystallites is unveiled for the I-type samples, while the 

crystallites within layers of the II-type are the largest ones (2-10 m), as 

deduced from CMI. Location of the G-PL and R-PL centres is obtained to be 

the closest to each other for the II-type layers (Figs. 5.4-5.6). This indicates 

that traps responsible for G-R-PL donor-acceptor or band-deep level radiative 

recombination are most homogeneously distributed in the II-type samples. 

These observations are in agreement with BELIV characteristics, where the 

most qualitative CdS-Cu2S junctions (with clearly expressed barrier 

capacitance) were obtained on CdS substrates of the II-type. 

 

5.4. Photoconductivity and photoluminescence transients and quenching 

effects 

The simultaneously measured transients of PL and MW-PC under different 

background illumination are illustrated in Fig. 5.7a. The reversible 

luminescence photo-quenching effect (PL-PQ) has been clearly observed, as a 

decrease of PL intensity with enhancement of the background illumination. In 

these experiments different bias illumination regimes, together with UV 

excitation of PL, have been implemented by carrying out measurements in 

dark, at room lighting and under illumination with incandescent lamp. The 

photoconductivity transients (Fig. 5.7a), however, show nearly invariant excess 

carrier decay (MW-PC transient) shape. Two-componential MW-PC transients 

with fast initial component and a long-tail are inherent for all the investigated 

types of samples. Duration of the initial MW-PC transient component is in the 

same time scale (of several nanoseconds) as in PL decay. However, the long-

tail MW-PC relaxation, obtained by extrapolating this (MW-PC transient) 

curve to t=0, represents the non-exponential decay of excess carrier density due 

to non-radiative processes. 
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The photoluminescence photo-quenching effect has been also resolved for 

the green CW UV light excited photoluminescence band (G-PL) by 

examination of the confocal microscopy images, highlighted by comparing PL 

intensity obtained without (Fig. 5.7b) and with (Fig. 5.7c) background 

illumination. The intensity of background illumination was varied using 

incandescent lamp. Comparison of G-PL intensity of UV excited PL with and 

without background illumination is shown in Fig. 5.7d. The G-PL islands (Fig. 

5.7b), clearly observable within microscopy image without bias illumination, 

disappear (Fig. 5.7c) when bias illumination is switched-on. The changes in the 

amplitude of PL peak are clearly seen for G-PL band, while intensity of the red 

PL band slightly increases within long wavelength spectral wing. Recovery of 

a G-PL peak intensity occurs to be noticeably long at room temperature. Thus, 

the luminescence photo-quenching effect seems to be accompanied with 

thermal quenching of PL. These luminescence photo- and thermal-quenching 

effects are well-known in bulk crystals of CdS material [82], and are explained 

by interplay of several deep traps, those redistribute excess carrier flows 

among different radiative and non-radiative recombination centres within 

crystalline volumes. A sketch of redistribution of radiative recombination 

flows including potential barriers is presented in Fig. 5.7e. There, bias 

illumination modified (lowered) barrier can be a reason for G-PL quenching. 

The green photoluminescence can be ascribed to the nearly interband radiative 

recombination, assuming the band-gap value EG=2.42-2.47 eV [83, 84]. 

Existence of the G-PL within microcrystalline volumes of the CdS 

polycrystalline material and PL-PQ effect imply a complicated interplay of 

defects in redistribution of the photo- pulse excited carriers within crystalline 

volumes of CdS. 

These changes of the confocal microscopy and PL-PQ spectroscopy 

characteristics are more pronounced for the II-type samples. The G-PL can be 

associated with interband radiative transitions observed as PL peaked at ~500 

nm. A reduction of the G-PL intensity due to PL-PQ determines a seeming 

shift of the R-PL peak (Fig. 5.7d). Also, an increase of the steady-state R-PL 
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intensity (within a long wavelength spectral wing) implies a switch of radiative 

electron-hole plasma [84] recombination flow (ascribed to G-PL) towards R-

PL channel (associated with deep traps). On the basis of deep level parameters 

for these samples, resolved by the PIS and thermal-emission (DLTS) 

spectroscopy [58], the R-PL peaked at 700 nm can be ascribed to centres with 

activation energy EA,DL=1.75 eV. The latter EA,DL=1.75 value is in good 

agreement with that EDL=1.650.04 eV [58] (extracted from photo-ionization 

spectra recorded on the same CdS samples) and corrected EG=2.42 eV value 

(instead of EG=2.52 at 300 K [91]). 

 

Fig. 5.7. PL photo-quenching characteristics: (a) comparison of MW-PC and PL 

transients varying intensity of background illumination. CdS surface PL intensity 

mapping in darkness (b), and under white light illumination (c), envisaged PL photo-

quenching effect, when PL integrated within spectral range from 450 nm to 750 nm. 

(d) Spatially integrated PL spectrum for initial scan in darkness (black solid curve) 

and for scan made during background illumination (gray dash curve). (e) A sketch of 

photoluminescence quenching by redistribution of recombination flows under bias 

illumination. 

 

Complicated redistribution of excess carriers among the radiative and non-

radiative recombination centres within polycrystalline CdS material is 

corroborated by examination of the MW-PC transients (Fig. 5.8). The 
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isomorphic MW-PC transients (within semi-log plot) over wide range of time 

displays from nanosecond (top axis in Fig. 5.8a) to millisecond (bottom axis in 

Fig. 5.8a) scales have been observed. The invariant shape transients (seeming 

as two-componential) for different display time-scales imply entirely non-

exponential carrier decay process, when MW-PC signal is integrated over 

excitation laser beam spot area. 

Actually, the MW-PC transients represent a sum of excess carrier densities 

decay through both radiative (PL) and non-radiative (nex,as) recombination, 

averaged over excitation spot area. The asymptotic decay component (nex,as) 

can be rather precisely simulated using stretched exponent model  
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with fractional index  and specific time-constant se parameters, when a peak 

amplitude is normalized to unity (nex,as(t)|normalized=exp[-(t/se)

]), Fig. 5.8b. 

Extrapolating the fitted nex,as(t) to the initial instant (t=0, ascribed to the MW-

PC initial peak) of the experimental MW-PC transient (UMW-PC(t)), a nex,PL(t) 

density of excess carriers decaying by radiative transitions (as a differential 

between the initial and asymptotic components) can be evaluated. The 

simulated ratio  
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is compared with experimental PL transient within an inset of Fig. 5.8b. It can 

be deduced from Fig. 5.8b that simulated main components of the MW-PC 

transient, shown in Fig. 5.8a, fit well the experimental MW-PC and PL 

transients, simultaneously measured on the same sample. 

A comparison of MW-PC and PL transients obtained in different type CdS 

samples is presented in Fig. 5.9. It can be noticed that the initial carrier decay 

rate through the non-radiative recombination channels, highlighted within 

MW-PC transients, is higher in samples of I-type containing the lowest 

equilibrium carrier density. Amplitude of the asymptotic relaxation for I-type 

sample is larger than that for II- and III-type samples. The observed differences 
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of MW-PC transients can be explained by larger volumes of microcrystals in 

II- and III-type samples. Owing to the larger volumes (and ratio of bulk 

material to crystallite surface) of microcrystals in II- and III-type samples, as 

observed in confocal microscopy images, Figs. 5.4-5.6, the radiative (G-PL) 

interband recombination efficiency is elevated in II- and III-type samples. The 

radiative interband recombination seems to be responsible for the fast initial 

decay component. 

Excess carrier decay at microcrystal boundaries and within disordered 

structure surrounding the microcrystals appears through carrier capture limited 

random-walk. The latter process leads to the stretched exponent inherent 

behaviour of carrier density relaxation. The rate of asymptotic carrier density 

changes (Fig. 5.9b) depends on the structure of disordered material, which is 

characterized by the fractional index  and by a specific stretched exponent 

lifetime se. The PL transients also exhibit different initial (Fig. 5.9c) and 

asymptotic (Fig. 5.9d) PL relaxation. The slowest initial PL decay is again 

observed in I-type samples. While asymptotic PL relaxation is inherent for all 

the investigated types of CdS samples, but rate of carrier decay within this 

asymptotic relaxation component is different for various types of samples. 

These observations imply, that processes of radiative recombination, during 

rather long time of about 200 ns (Fig. 5.9d), contemporize also in microcrystals 

surrounding structure by exchange of carriers between microcrystals and their 

boundary area. The asymptotic tail of PL transients (Fig. 5.9d) can be also 

associated with PL spectrum changes under varied excitation density (Fig. 

5.10). The G-PL photo-quenching is clearly expressed for all types of samples. 

A shift of G-PL peak intensity to the long wavelength (R-PL) wing peak 

intensity appears also with increase of pulsed excitation density (Fig. 5.10). 

This can be explained by excess carrier density accelerated radiative 

recombination through trap levels, assuming a non-radiative capture of carriers 

before radiative transition. Here, a barrier inherent behaviour of carrier 

transport mediated radiative recombination can be also implied. It can be 

assumed that barrier widens and sinks with increase of excess carrier density, 
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and thereby energy of emitted photons decreases. Such a behaviour can be 

explained by barrier existence for different recombination counter-partners, i.e. 

holes and electrons involved [84]. On the other hand, these PL spectral shifts, 

accompanied by PL photo-quenching, can be alternatively explained by 

processes, governed by interplay of point traps [82]. Here, the switch of 

recombination flow from deeper trap to shallower one (being, r and s centres in 

nomenclature of [82, 86]) is the main reason of spectral changes. 

 

Fig. 5.8. a - MW-PC transients, recorded using different display scales (top – ns scale, 

grey curve; bottom - s scale, black curve) and represented within semi-log plot. b - 

Comparison of simulated components of PL (in the inset, by subtracting the fitted and 

simulated stretched exponent from the experimental decay curve) and MW-PC 

(simulated stretched exponent relaxation) with experimental ones. 

 

Dependence of the asymptotic PL component on sample type is confirmed 

by the MW-PC transients recorded for different type samples (Fig. 5.11). This 
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dependence can be roughly estimated (Fig. 5.11a) by analysis of the ratio of 

the amplitudes rasti=Uas/Uin, using values of the asymptotic Uas relaxation, 

extrapolated to the initial decay moment (t=0), and that of the initial decay 

peak Uin. The smallest rasti ratio has been obtained for II-type samples, while 

this ratio rasti is the largest for the I-type samples. The large relative amplitude 

Uas indicates the enhanced role of the disorder, where excess carrier non-

radiative recombination is governed by carrier random-walk transport. The 

smaller the rasti is the more efficient integral PL efficiency is obtained. There, 

carrier recombination within micro-crystallites prevails within initial 

component of MW-PC transient. 

 

Fig. 5.9. Comparison of the MW-PC initial (a) and asymptotic (b) decays correlated 

with G-PL of the initial (c) and asymptotic (d) relaxation components in 

polycrystalline layers of I-, II- and III-type samples of CdS material. 

 

A linearization of the Uas within MW-PC transients is possible when using 

a stretched exponent approximation, e.g. (Refs. [87, 88])  
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with fractional index . Such a display of a MW-PC transient is illustrated in 

Fig. 5.11b. Fractional index  is obtained from a linear fit of Uas(t) variations 

using a plot of the double logarithm for normalized Uas values versus a 

logarithm of time, i.e. ln(ln(UMWR(0)/UMWR(t))) versus ln(t). Values of  can 

then be associated with material disorder characteristics, such as scaling 

exponents dw, df, ζ [89, 90]. Additionally a fractal factor f, defined as a measure 

of the compression of a configuration space, can be employed in analysis of the 

fractional index . These parameters had been introduced within axiomatic 

Scher-Lax-Phillips (SLP) model [91, 92] which provides an unambiguous way 

to interpret experimental results. This approach has been exploited for the 

analysis of the microwave probed photoconductivity Uas in different types of 

CdS polycrystalline layers, in this work. 

 

 

Fig. 5.10. Comparison of PL spectra under pulsed excitation of varied intensity in II-

type sample. The G-PL peak intensity decreases and peak slightly shifts to the long 

wavelength wing with increase of pulsed UV excitation intensity: Iex0 (solid 

symbols)>Iex1 (hollow symbols). 

 

The SLP model provides a straightforward path to analyze the 

experimental values of the fractional index . This model is built upon the 

assumptions that the dissipation of excitations occurs via a system of fixed 

randomly distributed traps, while the system is microscopically homogenous. 

From here it follows that in the asymptotic limit the system exhibits SER with 

the fractional index defined as =d/(d+2), where d denotes the dimensionality. 

Then, it is supposed that in some cases the relaxation dynamics is governed by 
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short- and long-range interactions, which lead to a compression of 

configuration space and, consequently, to a more general definition of , i.e. 

=d
*
/(d

*
+2), where d

*
=fd is the effective dimensionality. In a wide variety of 

glasses, f is usually equal to 1 or 1/2, that are specific values to short-range and 

mixed short- and long-range forces, respectively. However, for polycrystalline 

materials f can attain even smaller values [92], since a large part of the 

effective degrees of freedom is inactive due to clustering. Values of fractional 

index  and fractal factor f for samples of various types, obtained from curves 

depicted in Fig. 5.11b, are presented in Table 5.4. From these results, it can be 

inferred that samples of the II-type and the III-type are structurally similar, and 

that samples of the I–type possess a distinguishably disordered structure. 

 

 

Fig. 5.11. Comparison of the MW-PC transients recorded in I- to III-types of CdS 

samples at 354 nm wavelength pulsed excitation (a), and display of transients in the 

stretched exponent scale (b). 

 

 

 

 

 



 97 

Table 5.4. Parameters of disorder in samples of different type. 

Parameter 
Sample type 

I-type II-type III-type 

 0.20 0.16 0.17 

f 0.17 0.13 0.14 

 

The performed study of the CdS polycrystalline material layers by 

applying combination of different techniques enabled us to separate a few 

types of samples those differ in density of doping and carrier capture centres. 

The samples had been sorted into three types according to differences in 

BELIV transient shapes (Fig. 5.1), which were identified assuming variation of 

relative densities of dopants and carrier capture, caused by slight changes of 

layer deposition regimes. Value of free carrier density of the n0=1.5×10
13

 cm
-3

 

is estimated for junctions of II- and III-type, and it determines the 

concentration of shallow traps. For the I-type samples, equilibrium carrier 

density is significantly smaller, thus junction appeared to be fully depleted 

without external applied voltage. 

Spatial inhomogeneity, caused by dislocations and other extended 

imperfections located within the periphery areas surrounding microcrystals, 

determines carrier recombination and transport features. Excess carriers, 

brought to the periphery areas, containing space charge regions, are separated 

by space charge field, and their recombination is only mediated by diffusion, 

owing to excess carrier density gradients. Carrier capture within local space-

charge region fields seems to be potential barrier modified. Screening of this 

barrier is dependent on equilibrium and excess carrier density. Thereby, the 

observed G-PL peak intensity in different type samples and its spectral shifts 

can be explained by variation of carrier densities in various type 

polycrystalline structures. 

Different (fast and slow) carrier decay components should be ascribed to 

different micro-areas of CdS polycrystalline material. It has been confirmed by 

photoluminescence microscopy, that PL signal contains a granular structure. 

Thus, the simultaneous control of photoconductivity (ascribed to integrated 
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over excitation beam spot area) and green photoluminescence (associated with 

interband recombination within micro-crystalline volumes) spectrum and time 

resolved signals can be a tool to resolve an impact of different micro-volumes 

to carrier decay parameters. 

Two spectral bands of photoluminescence have been observed within all 

types of samples: a narrower band of green luminescence peaked at 500 nm, 

which can be associated with interband radiative recombination, and a wider 

spectral band of red luminescence with a peak at 700 nm, which can be 

ascribed to deep traps, mediated radiative transitions. The ratio between the 

green PL to the red PL intensities, as RPL=IG-PL/IR-PL, is found to be RPL-I-type<1 

for the I-type CdS samples, while values of this ratio are estimated to be RPL-II-

type1 and RPL-III-type>1.5, respectively. Centres of G-PL and R-PL are spatially 

separated for the I- and III-type samples, while value RPL-III-type>1.5 indicates 

the smallest density of deep traps in III-type samples. Spatial location of these 

G-PL and R-PL centres nearly coincides for samples of the II-type, as 

identified from images in Figs. 5.4-5.6. 

The confocal microscopy images among the CdS polycrystalline layers of 

different types imply that the most homogeneous CdS layer is obtained for the 

II-type samples, deposited at 260 C for 75 min. While the PL spectra show that 

interband recombination within microcrystals (associated with G-PL) prevails 

in III-type samples, deposited at 260 C for 80 min. This is in agreement with 

BELIV characteristics, where the most qualitative CdS-Cu2S junctions (with 

clearly expressed barrier capacitance and a relatively small leakage current) 

were obtained on CdS substrates of the III-type. 

The photoluminescence photo-quenching effect has been clearly observed 

(Figs. 5.7, 5.10). The photoluminescence photo-quenching effect has been 

ascribed to the microcrystalline areas within polycrystalline CdS material and 

resolved for the green photoluminescence band (G-PL) by examination of the 

confocal microscopy images without and with background illumination, using 

incandescent lamp. Existence of the G-PL within microcrystalline volumes of 

the CdS polycrystalline material and PL-PQ effect imply a complicated 
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interplay of defects in redistribution of the photo-pulse excited carriers over 

crystallites. The PL-PQ effect is more pronounced for the II-type samples. This 

can be explained by competition and interplay of radiative and non-radiative 

recombination centres in redistribution of carrier flows, located within the 

same crystalline volumes. For all the investigated types of samples, a shift of 

PL peak appears with decrease of excitation density (Fig. 5.10). This implies a 

barrier specific behaviour of carrier transport to radiative recombination 

centres. 

Two-componential MW-PC transients with fast initial component and a 

non-exponential long tail are inherent for all the investigated types of samples, 

and this is a feature of the polycrystalline structure. Duration of the initial 

MW-PC transient component is in the same time scale (of several 

nanoseconds) with G-PL decay, thus it represents carrier density relaxation 

within crystalline volumes. Only rather small part of excess carriers is shared 

within radiative recombination processes, observable in PL signal changes. 

The radiative recombination processes represent the excess carrier density 

changes within microcrystals, thereby the time scale of the initial MW-PC (Uin 

as a sum of PL and non-radiative recombination, incorporated within Uas) and 

of G-PL signals coincide. The MW-PC response amplitude is proportional to 

the whole density of excess carriers. Thus, ratio of amplitudes rasti=Uas/Uin of 

the MW-PC relaxation components can be a measure for carrier densities 

decaying within microcrystals and surrounding volume of CdS polycrystals 

investigated (Figs. 5.8, 5.10 and 5.11). The observed differences of MW-PC 

transients, when comparing different type samples, can be explained by largest 

volumes (proven by CMI) of microcrystals in the II-type samples. The excess 

carriers decay within microcrystals through radiative recombination, is 

associated with fast initial MW-PC and PL components. The slower PL and 

MW-PC relaxation components can be ascribed to carrier recombination 

within microcrystals and their diffusion to microcrystal boundary. 

A linearization of MW-PC transients is possible when using a stretched 

exponent approximation,  
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 )-(t/

asex,asex, 0)e(tn(t)n se ,   (5.4) 

with fractional index  different for different types of CdS structures 

investigated. Analyzing values of fractional index , obtained being in the 

range of =0.16-0.20 for different samples, conclusions about the structural 

properties of studied polycrystalline layers can be indirectly drawn. 

Additionally, the obtained values of <1 hint on dominance of the anomalous 

character of excess carrier transport within a disordered structure of CdS 

polycrystals investigated. It has been inferred that samples of the II-type and 

the III-type are structurally similar and are characterized by fractal factor of 

f0.14, and that samples of the I–type exhibit a distinguishably disordered 

structure with fractal factor f0.17. 

By summarizing the results on investigation of the photoluminescence and 

the photoconductivity transients, it should be inferred that two spectral bands 

of photoluminescence have been observed within all types of samples, - a 

narrower spectral band of green luminescence peaked at 500 nm and a wider 

band of red luminescence with a peak at 700 nm. The ratio between the green 

PL to the red PL intensities as RPL=IG-PL/IR-PL has been obtained for the I-type 

CdS samples RPL-I-type<1, while these values are estimated to be RPL-II-type1 and 

RPL-III-type>1.5, respectively. The photoluminescence photo-quenching effect 

has been ascribed to the microcrystals within polycrystalline CdS material. The 

PL-PQ effect implies a complicated interplay of defects in redistribution of the 

photo- pulse excited carriers. The confocal microscopy images of CdS 

polycrystalline layers for different type samples enabled us to conclude that the 

most homogeneous CdS layer is obtained for the II-type samples, deposited at 

260 C for 75 min. While, in III-type samples deposited at 260 C for 80 min, the 

PL spectra show that G-PL within microcrystals prevails the traps ascribed R-

PL. 

The ratio of amplitudes rasti=Uas/Uin, - of the asymptotic component Uas 

(extrapolated to t=0) to the initial MW-PC peak Uin, can be a measure for 

carrier densities decaying within microcrystals and inter-crystallites volume of 
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CdS polycrystal. The observed differences of MW-PC transients can be 

explained by larger volumes of micro-crystallites in II- and III-type samples. 

These observations are corroborated by microscopy imaging. Additionally, 

density of deep traps is the smallest in microcrystals of III-type samples. 

However, the most homogeneous distribution of microcrystals has been 

obtained for II-type samples. 

A linearization of MW-PC transients can be performed by using a 

stretched exponent approximation, with different fractional index  values for 

separated types of CdS structures. 

 

5.5. In situ evolution of the electrical-optical characteristics in poly-CdS 

layers 

Polycrystalline CdS can also be exploited as a cheap scintillating material 

for visualization of particle beams and for dosimetry. However, radiation 

hardness of the polycrystalline CdS is poorly investigated. In addition, the 

heterostructures Cu2S-CdS formed on these polycrystalline CdS layers show an 

opportunity to employ the heterostructures as the particle sensors. Thereby, 

such a sensor could be suitable for synchronous detection of the optical (acting 

as a scintillator) and electrical (as a charge collection sensor) responses. 

Therefore, variations of the characteristics of the proton induced luminescence 

(PI-L) and of MW-PC transients had synchronously been measured (during 

irradiation by 1.6 MeV protons) and correlated to evaluate the changes of the 

radiative and non-radiative recombination in polycrystalline CdS. In order to 

estimate the suitable range of the resolvable changes of scintillation signals, the 

efficiency of the optical and particle excitation of the luminescence signals has 

been studied. Moreover, the defect introduction rate has been evaluated by 

calibration of the luminescence intensity and the density of the generated 

excess carriers induced by laser irradiation and proton beam. The difference of 

a carrier pair generation mechanism inherent for light and for a proton beam 

has been revealed. This observation has been explained by differences in the 
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momentum conservation conditions inherent for the carrier generation by 

photons and protons. 

For the in situ measurements, the sample was mounted on a cold finger 

within a specially fabricated irradiation chamber [49, 50]. This chamber 

contains the coaxial and fiber connectors to transfer the optical and microwave 

signals between probes inside a vacuum chamber and the measurement 

instrumentation placed remotely from the irradiation area. The irradiation 

chamber is also equipped with 3D actuators to adjust the proton beam location 

on the sample. Protons are accelerated to 1.6 MeV using the Tandetron 4110A 

ion accelerator. The MW-PC and quasi-steady-state PI-L signals were 

synchronously recorded during an exposure to a proton beam. The PI-L signals 

were integrated over PL-av=300 ms using a photometer Avantes AvaSpec-

2048TEC equipped with a fiber adjusted input. 

The simultaneous measurements of the evolution of luminescence and 

photoconductivity were performed to correlate variations of the recombination 

parameters in the area subjected to the proton beam. The simultaneous 

measurements also enabled us to reduce the influence of the lateral 

inhomogeneity in the polycrystalline layers under study. 

The changes in proton induced luminescence spectra obtained during 

irradiation with 1.6 MeV protons are illustrated in Fig. 5.12a. The spectra 

consist of two main bands of green (G-L) and red (R-L) luminescence peaked 

at 552 and 709 nm, respectively, Fig. 5.12b. The G-L band can be attributed to 

the interband recombination since the band-gap value EG=2.42-2.47 eV has 

been previously reported [45, 93]. The R-L band is related to the 

recombination through the deep levels. 

The ratio of the intensities RPL=IG-PL/IR-PL<1 of G-L and R-L indicates that 

the material contains high density of deep traps. These traps act as the centres 

of donor-acceptor (D-A) radiative transitions. The revealed variation of the 

peak intensities for the G-L and R-L spectral bands during the irradiation is 

presented in Fig. 5.12c. The intensity of both the G-L and R-L bands decreases 

insignificantly under proton irradiation at fluences Ф≤10
13

 cm
-2

. However, for 
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Ф>10
13

 cm
-2

 the intensity of both spectral bands starts to decrease significantly. 

It can be understood as redistribution of carrier decay flows among channels of 

the radiative and non-radiative recombination, where the radiation defects act 

as the non-radiative recombination centres which density is enhanced with 

irradiation exposure time and, consequently, fluence. 

MW-PC transients recorded at different instants, during irradiation by 1.6 

MeV protons, are presented in Fig. 5.13a. The two-componential transients of 

the excess carrier decay have been observed, which contain a fast initial 

constituent and a slow asymptotic term. It was revealed in our previous study, 

Ref. [78], that a disordered structure is inherent for these CdS polycrystalline 

layers. The disorder determines the non-exponential decay characteristic with 

the long asymptotic component. Such a relaxation curve of the changes of 

carrier density in time t can well be approximated by the stretched-exponent 

model (SE) (5.4) with a fractional index  and a characteristic time SE. The 

best fits for different samples fabricated by the same technology regimes have 

been obtained at the fractional index  varying in the rage of =0.17-0.20. The 

rather small values of  indicate a large degree of disorder in comparison with 

the perfect crystals (with =1) or crystals containing nets of extended defects 

(with >0.5). The drastic disorder of the examined CdS polycrystalline layers 

considerably complicates analysis of the changes of stretched-exponential 

transients with <0.15. Therefore, the changes of the instantaneous lifetimes 

for the transients recorded on the microsecond time scale have been examined. 

This enabled us to reduce the transient acquisition time during the rapid 

measurements in search of evolution of the carrier decay rates (Fig. 5.13a), and 

to reduce an impact of the electrical noises inevitable during operation of a 

proton accelerator. The recorded changes of the instantaneous decay lifetime  

as a function of the fluence of irradiation by 1.6 MeV protons are shown in 

Fig. 5.13b. It has been obtained that changes of the instantaneous decay 

lifetime correlate well with the PI-L intensity changes relative to a fluence 

scale. The decrease of the instantaneous decay lifetime  from 3 to 1 s is 
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clearly observed (Fig. 5.13b) in the range of fluences Ф≤5×10
14 

cm
-2

 in 

agreement with PI-L characteristics (Fig. 5.12c). 

One of the objectives of this study was to correlate the changes of the non-

radiative and radiative recombination characteristics during irradiation by high 

energy protons. It has been verified by TRIM simulations that the stopping 

range of 1.6 MeV protons (~23 m) exceeds the thickness of the samples under 

study (d=20 m). As a consequence, the energy loss of protons was nearly 

homogeneous within the CdS layer thickness. In contrary, the optical excitation 

at 345 nm wavelength determines the initially inhomogeneous excitation due to 

a large absorption coefficient =1.2510
5
 cm

-1 
[96].  
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Fig. 5.12. a - Comparison of the laser induced luminescence spectra recorded using 

the steady-state measurement regime in the non-irradiated CdS layer recorded under 

pulsed laser excitation and that PI-L excited by a proton beam of very small fluence 

(the dark-gray curve represents a magnified amplitude of a LS-L spectrum). TR-PL 

transient measured for R-L spectral band is shown in the inset (i); b - Evolution of the 

proton induced luminescence spectra with irradiation fluence; c - variation of peak 

intensities in two luminescence bands as a function of fluence of irradiation by 1.6 

MeV protons. 
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Thereby, a layer-depth distribution of the excess carrier density acquires 

the stabilized in-depth profile only after diffusion time tDd
2
/D=4 µs 

(estimated using approximation d(DtD)
1/2

) overwhelming the layer thickness 

d. Here, D1 cm
2
/s is the coefficient of carrier ambipolar diffusion in CdS 

[97]. The transitional process of the profile stabilization might also be a reason 

of the fast initial component in the decay of photoconductivity and TR-PL 

(inset in Fig. 5.12a) with characteristic decay time of ~30 ns. 

 

Fig. 5.13. a - MW-PC transients recorded at different instants during 1.6 MeV proton 

irradiation (corresponding fluences are indicated in the legend); b - variation of 

effective carrier lifetime values as a function of 1.6 MeV proton irradiation fluence. 

 

In our experiments, the areas (AL=3.110
-2

 cm
2
) of the laser beam spot and 

the microwave needle-tip probe are significantly smaller than the area AP7 

cm
2
 of the proton beam spot. Thereby simultaneous in situ measurements of 
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the MW-PC transients and the steady-state recorded luminescence (S-L) 

spectra can be accomplished during proton irradiation. The proton induced S-L 

signal has been collected by a multi-fiber probe of the total area of Apr=310
-2

 

cm
2
. This multi-fiber probe has been spatially separated a little bit from the 

laser beam spot location within the proton beam spot, to avoid an optical noise 

due to scattered laser light. In Fig. 5.12a, the S-L spectra excited by a laser 

(LS-L) pulse and by a 1.6 MeV proton beam (PI-S-L, at a very initial stage of 

irradiation, - 1 sec) are compared. The laser excitation has been implemented 

using 354 nm wavelength light with the total excitation energy of EL=0.11 J 

per laser pulse. The spectra shown in Fig. 5.12a PI-S-L have been recorded at 

the proton beam current of iP=24 nA. 

 

5.6. Evaluation of the detector and dosimeter parameters 

This comparison has been employed to evaluate initially the excess carrier 

density excited by protons and to relate it to the red S-L (at 709 nm 

wavelength) induced by protons (R-PI-L). The dark-grey curve in Fig. 5.12a 

represents the R-LS-L spectrum (magnified by a factor of 13) recorded under 

laser pulse excitation. The magnification factor has been chosen to match the 

intensity of the red luminescence under laser (R-LS-L) and proton beam (R-PI-

L) excitations. The average of the excess carrier density generated by the 

proton beam can be evaluated by comparison of the corresponding density 

generated by the laser pulse. The latter can be estimated using the absorption 

coefficient  at the laser light wavelength. To increase the evaluation precision, 

the inhomogeneity of the laser excitation and the time integration of S-L signal 

have been taken into account. The density n0 of the excess carriers photo-

generated by the laser is evaluated by relation n0=EL/ALE1=7.8×10
19

 cm
-3

. 

Here, EL is the fixed total energy per laser pulse used in calibration 

measurements, AL is the area of a laser beam spot, and E1=3.5 eV is the 

quantum energy with a unit efficiency of carrier pair production at 354 nm 

wavelength. The depth averaged  
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carrier density can then be equalized with excess pair density nP generated 

homogeneously in d by the penetrative protons. The equivalent density nP of 

excess carrier pairs generated permanently by a proton beam would be equal to 

<nL>d if the time of signal integration coincides with tD, i.e. for <nL>dtD=nPtD. 

However, the changes of the laser induced carrier density due to recombination 

are not accounted for within the equality <nL>dtD=nPtD. To include the carrier 

density reduction caused by recombination, the resultant density of carriers is 

expressed as <nL>d f(R-L,tD), where the coefficient  




 

t

in

LRD

D

in

LR dt
t

t
tf

0

]exp[
1

),(


    (5.6) 

evaluated for d=1 is introduced. It has been obtained by equalization of the 

intensities (Fig. 5.12a) for the R-LS-L and that integrated density nPtD exceeds 

the <nL>dtD by about 13 times (i.e. nPtD/<nL>dtD=13 when changes of laser 

induced carrier density due to recombination are not accounted). The 

calculated value of f(R-L
in

, tD)7.5×10
-3

 with f(R-L
in

, tD)R-L
in

/tD is then 

obtained. These evaluations have been performed using the initial TR-PL 

decay time YG-L
in

~30 ns for R-L band estimated from the UV pulsed laser 

induced TR-PL transient (inset in Fig. 5.12a), and the spectro-photometer 

signal obtained by integrating spectral response over tD=40 s. Then, np is 

evaluated as np=13f(R-L
in

, tD)<nL>d =3×10
16

 cm
-3

. The number of electron hole 

pairs generated by a single 1.6 MeV proton can be estimated by independent 

evaluation of the proton flux using the proton beam current iP and the beam 

area AP=7 cm
2
. The flux of protons is then obtained to be FP=iP/eAP2.110

10
 

cm
-2

s
-1

 with e=1.610
-19

 C as the elementary charge of proton. 

Then, the quantity of protons crossing the CdS layer has been estimated to 

be NP=FPL-avAP1.510
9
. These protons generate the R-L signal integrated 

over the time L-av=10 ms. This signal is equivalent to a R-L signal obtained 

due to excitation by a single laser pulse. The correlation procedures enabled 
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evaluation of the efficiency P of the carrier density generation by a single 

proton P=nP/NP. The P value P210
7
 cm

-3
 per proton has then been 

estimated. The number of charges collected per unit length of a sensor material 

is an important parameter in the design of particle detectors. This parameter 

PAP represents the efficiency P of the carrier density generation by a single 

proton within the beam of area AP, and it can be evaluated using P. For the 

CdS layers under study, it has been estimated to be PAP=60 carrier pairs per a 

micrometer of the layer depth per 1.6 MeV proton. This PAP=60 m
-1

p
-1

 value 

is close to the values for the wide-gap materials, as listed in Ref. [98]. 

The defect introduction rate can be evaluated from the evolution of the R-

PI-L reduction as a function of fluence. The R-PI-L decrease can be explained 

through the reduced rate of excess carrier generation by proton flux gP 

(nP=gPrd). The reduction is caused by shortening of the carrier capture timerd 

due to increasing density of the radiation induced defects Nrd=1/rdrdvT with 

the parameters of capture cross-section rd and thermal velocity vT. This PI-L 

intensity decrease is observable when rd becomes shorter than PI-L (i.e. 

rd<<PI-L). The instantaneous lifetime of the TR-PL decay time in the stage of 

asymptotic decay for the spectral range of R-L was evaluated for the same non-

irradiated CdS sample (see inset in Fig. 5.12a) to be equal to R-L
as

=200 ns. 

Therefore, the observable density Nrd is in the range of Nrd0510
13 

cm
-3

, 

assuming the typical values of rd~10
-14

cm
2
 and vT~10

7
 cm/s. Using the clearly 

expressed fragment of a curve of changes of the R-L peak values in Fig. 5.12c, 

the introduction rate KP=Nrd/~IR-L/ of radiation defects is estimated to 

be KP0.9 cm
-1

. 

The difference of a carrier pair generation mechanism inherent for light 

and for a proton beam can be deduced from Fig. 5.12a. It can be seen that a 

laser light excitation leads to the immediate luminescence with prevailing of 

the direct interband (excitonic) transitions. However, the radiative interband 

recombination is significantly weaker (by about three orders of magnitude) 

under proton irradiation. This can be understood by considering a momentum 
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hk conservation conditions in the photon-electron and proton-atom-electron 

interactions. In the former case, momentum conservation is easily fulfilled 

owing to a small momentum of a photon. Under photo-excitation of the direct-

band-gap semiconductors, the photon absorption results in excitation of 

electron and hole with nearly equal quasi-momenta, since the photon 

momentum is comparatively small. Consequently, they efficiently recombine 

via direct optical transitions. Meanwhile, the proton momentum is considerably 

larger than that of photon. Thus, the probability of electron-hole pair excitation 

via direct band-to-band excitation is considerably lower. Meanwhile for carrier 

pair generation by proton, the momentum conservation within k–space seems 

to be impossible for the direct interactions due to large momentum of a proton. 

One of the possible mechanisms would be the carrier generation during 

annihilation of the primary radiation defects, e.g. vacancy–interstitial pairs. 

Then, a motion of such carriers within a coordinate space would be rather free. 

Thereby, radiative recombination through the D-A transitions is the most 

efficient mediated by the diffusion brought carriers. The obtained opposite 

ratio for the interband and D-A radiative recombination intensities ascribed to 

the light and the proton excitation, respectively, is similar to that observed in 

GaN epi-layers. 

 

Summary of the chapter 

[A1, A5, A8, P5] 

The results on investigation of the photoluminescence and the 

photoconductivity transients showed two spectral bands of photoluminescence 

that have been observed within all types of samples, - a narrower spectral band 

of green luminescence peaked at 500 nm and a wider band of red luminescence 

with a peak at 700 nm. The ratio between the green PL to the red PL intensities 

as RPL=IG-PL/IR-PL has been obtained for the I-type CdS samples RPL-I-type<1, 

while these values are estimated to be RPL-II-type1 and RPL-III-type>1.5, 

respectively. The PL-PQ effect has been ascribed to the microcrystals within 

polycrystalline CdS material. It implies a complicated interplay of defects in 
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redistribution of the photo- pulse excited carriers. The confocal microscopy 

images of CdS polycrystalline layers for different type samples enabled us to 

conclude that the most homogeneous CdS layer is obtained for the II-type 

samples, deposited at 260 C for 75 min. While, in III-type samples deposited at 

260 C for 80 min, the PL spectra show that G-PL within microcrystals prevails 

the traps ascribed R-PL. 

The ratio of amplitudes rasti=Uas/Uin, - of the asymptotic component Uas 

(extrapolated to t=0) to the initial MW-PC peak Uin, can be a measure for 

carrier densities decaying within microcrystals and inter-crystallites volume of 

CdS polycrystal. The observed differences of MW-PC transients can be 

explained by larger volumes of micro-crystallites in II- and III-type samples. 

These observations are corroborated by microscopy imaging. Additionally, 

density of deep traps is the smallest in microcrystals of III-type samples. The 

most homogeneous distribution of microcrystals has been obtained for II-type 

samples. 

A linearization of MW-PC transients can be performed by using a 

stretched exponent approximation, with different fractional index  values for 

separated types of CdS structures. The obtained values of =0.16-0.20 hint on 

dominance of the anomalous character of excess carrier transport within a 

disordered structure of CdS polycrystals investigated. It has been inferred that 

samples of the II-type and the III-type are structurally similar and characterized 

by a fractal factor of f0.14, and that samples of the I–type show a 

distinguishably disordered structure characterized by the fractal factor f0.17. 

Variations of the characteristics of the PI-L as well as LS-L characteristics 

and of the MW-PC transients had been examined in order to reveal the 

peculiarities of radiative and non-radiative recombination in polycrystalline 

CdS layers. This study also enabled us to determine the radiation damage and 

particle generation parameters. The correlative analysis of the parameters of 

microwave probed photoconductivity, of time resolved luminescence 

spectroscopy and of the in situ changes in the synchronously measured steady-

state luminescence spectral structure and MW-PC transients during 1.6 MeV 
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proton beam irradiation enabled us to evaluate the following parameters: the 

efficiency of the carrier pair generation P=210
7
 cm

-3
 per 1.6 MeV proton, the 

introduction rate of radiation defects KP0.9 cm
-1

, and a probable quantity of 

the collected charge per unit length of a sensor as PAP=60 m
-1

p
-1

. The latter 

PAP value is close to the inherent values for the wide-gap materials. The 

difference of a carrier pair generation mechanism inherent for light and for a 

proton beam has been revealed. This observation has been explained by 

differences in the momentum hk conservation conditions inherent for the 

carrier generation by photons and protons. The possible mechanism of excess 

carrier excitation by a proton beam could be a carrier generation process 

through the very fast annihilation of the primary vacancy–interstitial type 

radiation defects. A suitable range of the resolvable changes of scintillation 

signals in the range of proton fluences <10
15

 cm
-2

 has been determined for 

CdS polycrystalline layers. 
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VI. Characterization of GaN structures 

GaN is a promising material for radiation hard particle detectors operating 

in harsh environment of irradiations [100-105]. To support the sufficient 

charge collection efficiency within a detector volume, the rather thick layers of 

detector base region should be used in design of the diode type particle 

detectors. Also, the large resistivity material is desirable to form the active area 

of the particle detector. Significant problems appear in formation of junctions 

and electrodes on GaN [106] caused by contamination with metals during 

metallization and due to their interplay with the intrinsic grown-in defects of 

high density. Up-to-now, rather high density of dislocations is inherent for 

GaN layers grown by MOCVD technology. Thereby, dislocation nets may 

introduce the disorder inherent carrier transport and recombination effects [88]. 

The disorder can be a reason for the stretched-exponent relaxation (SER) type 

transients [88, 101, 102, 106-109] in both photoconductivity (PC) and PL 

decay. These phenomena are often accompanied by the persistent 

photoconductivity [107, 108] barrier mediated carrier trapping [88], and 

photoconductivity quenching [107] effects. These effects [101, 102, 107-109] 

and interpretation of the photoluminescence spectral bands [101, 102, 107-110] 

are commonly considered on the basis of the point defect analysis by including 

the defect transforms in configurational space [107], temperature dependent 

changes of trap activation energy [109] and carrier decay lifetime, extracted 

from the SER fits of the experimental time resolved PL and PC transients [107-

109]. However, existence of the disorder inherent PL and PC effects 

necessitates clarifying of the role of carrier transport and capture dynamics. In 

MOCVD grown GaN epi-layers, averaged density of dislocations exceeds 

values of 10
8
 cm

-2
, therefore their role cannot be ignored in analysis of the 

barrier associated carrier capture, the radiative recombination transitions 

involving dislocation cores ascribed deep levels [94], the space charge regions 

surrounding dislocation cores, and the dislocation nets caused carrier random-

walk diffusion-limited [111] carrier transport and trapping effects. 
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The aim of this investigation was to study the MOCVD grown GaN on 

sapphire substrates epi-layers of different thickness in order to clarify the role 

of surface recombination, to separate the impact of the radiative and non-

radiative recombination parameters and the disorder factors. The time and 

spectrum resolved contactless methods of the PL and MW-PC were combined 

for the synchronous measurements in order to control a performance of the 

radiative and non-radiative recombination channels. 

 

6.1. Photoluminescence and photoconductivity transients 

The MW-PC and PL transients have been synchronously measured in these 

experiments by collecting a response of the same UV (354 nm) excitation 

beam spot, generated by a micro-chip laser STA-1-TH employed for the pulsed 

(500 ps) excitation of the excess carriers. The excitation density is varied by 

spectrally neutral optical filters in the range of 0.001–2 J/cm
2
. The MW-PC 

response has been detected by using a coaxial needle-tip probe and a near field 

probing regime. The MW probed photoresponse signal is transferred to a 

digital 1GHz oscilloscope Tektronix TDS-5104, equipped with a computer, 

where MW-PC transient is displayed and processed. The PL light is collected 

from the area with normal directed towards a bisector between the incident and 

the reflected UV light beams. The UV filtered PL light is focused onto a slit of 

a Jobin Yvon monochromator. The PL light is dispersed using a grating within 

the monochromator, and the PL pulsed signal is detected by a Hamamatsu 

H10721 photomultiplier. This PL signal is also transferred to another channel 

of the digital oscilloscope TDS-5104, where the PL transient is displayed and 

processed together with MW-PC transient. 

The initial photoconductivity decay component appears in the same time 

domain relative to the radiative recombination kinetics in GaN layers (Fig. 

6.1). Duration of the UPL decay comprises r,i2.3 ns evaluated within a 

relaxation stage of the PL transient at a level exp(-1)0.368 of the normalized 

amplitude of PL signal. 
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Therefore, to distinguish the carrier decay rates ascribed to the micro-

crystals (where UV-PL is the most efficient) and the periphery surrounding the 

monocrystalline volumes, a subtraction procedure (illustrated in Fig. 6.1) for 

the normalized PL and MW-PC signals can be applied for a rough primary 

estimation of the impact of radiative (r) and non-radiative (nr) channels. The 

overlapped components of carrier decay through the radiative and non-

radiative recombination within a system of distributed parameters are mediated 

through carrier diffusion. Then, MW-PC signal (which amplitude UMW-PC is 

proportional to the excess carrier density n, i.e. UMW-PC~n) can be 

approximated by synchronous linear (non-radiative ~n) and non-linear 

(radiative ~n
2
) processes. In this case, a decay of the excess carrier density in 

time t is generally described by continuity equation  
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with parameters of the carrier diffusion coefficient D along spatial coordinate 

y, of the characteristic time of non-radiative decay nr, of the coefficient  of 

radiative recombination using relevant boundary conditions (e.g. of a type 

Dn/y|y0=sn) on surface (y=y0 with surface recombination velocity s). The 

continuity equation can be solved analytically only at approach of the 

instantaneous decay time r,i=1/n for radiative recombination. Solution of this 

equation can be approximated by a sum  
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over the spatial frequencies [62, 128, 129] m and instantaneous lifetimes r,i. 

Replacing the sum by an integral averaged over duration MW-PC of the MW-PC 

decay and keeping in mind linearity of the detection regime (UMW-PC~n(t)), the 

MW-PC transient can be described (through normalized, -subscript norm, 

amplitudes of the non-radiative (nr) and radiative (r) recombination 

components) by expression  
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Assuming Ur,normUPL,norm and UMW-PC,0= UMW-PC(t-=0), the differential MW-

PC component ascribed to the non-radiative decay  
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leads to an approach: 
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The obtained differential signal is shown by stars in Fig. 6.1. This differential 

signal U
s
MW-PC,nr (a residual MW-PC signal) can then be attributed to the 

peripheral areas of a multi-crystalline material. The elimination (UMW-PC -UPL) 

of this PL decay component from the integral MW-PC signal (UMW-PC) leads to 

a decrease of the initial amplitude of the normalized (U
s
MW-PC~UMW-PC -UPL) 

component. This U
s
MW-PC component coincides with MW-PC transient after 

UV-PL signal disappears (within a linear scale). This result implies that the 

micro-volumes within a multi-crystalline GaN layer coincide (for which the 

MW-PC and PL signals are synchronously collected and exhibit the fast decay 

components in MW-PC and PL transients). Thus, it can be assumed that the 

slower (than r,i in UPL) MW-PC initial component U
s
MW-PC is ascribed to the 

stretched-exponent decay, and it appears due to carrier brought to a periphery 

of the monocrystalline micro-volumes (columns) within a GaN epi-layer. The 

dislocations are namely located within these periphery areas surrounding the 

crystalline columns. The excess carriers, brought to the periphery areas with 

space charge regions within Cottrell spheres/cylinders of dislocations, are 

separated by the space charge field. 
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Fig. 6.1. The MW-PC decay transient displayed within an initial stage of the MW-PC signal 

relaxation compared with a simultaneously registered PL transient at 365 nm PL wavelength 

in the 5.6 m thick epi-layer. 

 

Thus, the excess carrier recombination is only mediated by carrier 

diffusion, caused by the excess carrier density gradients. Thereby, these 

different (fast and slow) carrier decay components should be ascribed to the 

different micro-areas of the epi-GaN material. To collect the MW-PC and PL 

signal from the same excited volume (where the lateral micro-inhomogeneity 

of material is inevitable), the synchronous detection of the MW-PC and PL 

responses is necessary in order to highlight the impact of the radiative and non-

radiative carrier decay. The transient MW-PC signals, integrated over the 

excited area, contain the overlapped components of carrier decay through the 

radiative and non-radiative recombination. 

The initial component of the MW-PC transients is in the same time scale as 

that of the PL transients measured for the different PL wavelengths (Fig. 6.2). 

A reduction of the UV excitation intensity leads to a decrease of the amplitude 

of the asymptotic component within the MW-PC transients. This can be 

understood as the potential barrier mediated carrier trapping [88]. The 

reduction of the excitation intensity also leads to a shortening of the initial 

MW-PC decay component as illustrated in Fig. 6.2a. This hints a decrease of 

the impact of the radiative recombination (PL) within the MW-PC signal, as a 

rather small excess carrier part decays through the radiative channels, due to a 

limited efficiency of the PL. This simultaneously indicates an increase in the 

role of carrier trapping centres. The carrier trapping processes are however 
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mediated (limited) by diffusion [88, 89], for a small density of the mobile 

carriers in the disordered peripheral areas of the multi-crystalline material. The 

barrier and diffusion limited trapping [88, 89] leads to the long (in a 

millisecond time scale), non-exponential relaxation of the MW-PC signal (Fig. 

6.2a). 

The UV-PL (exciton attributed) intensity follows a reduction of the UV 

excitation density. However, the reduction of the UV excitation intensity 

causes an enhancement of the Y-PL amplitude and asymptotic component 

duration, as can be inferred from Fig. 6.2b. Nevertheless, the measurable Y-PL 

signal can only be obtained in the scale of hundred microseconds in the time 

resolved PL at wavelengths PL525 nm. Additionally, the long tail PL 

relaxation component weakens for the shorter wavelength PL, PL<500 nm 

(Fig. 6.2c). These observations can be understood at assumption that the non-

linear, barrier mediated carrier trapping centres (associated with the non-

exponential MW-PC relaxation) could be related to the B-PL radiative 

recombination. A reduction of excitation density leads to an enhancement of 

the barrier and to the decrease of the asymptotic component within the MW-PC 

transients. The B-PL radiative recombination channel governs then the excess 

carriers involved into the space charge region which surrounds a dislocation 

core, if B-PL can be attributed to the radiative recombination through the deep 

levels ascribed to the dislocation core. At this assumption, the intensity of B-

PL radiative recombination is weakly dependent on excess carrier density, 

provided the excitation density is insufficient to considerably modify the 

potential barrier ascribed to a dislocation. Consequently, a competing channel, 

as the sub-system levels of the D-A type point defects ascribed to the Y-PL 

radiative recombination [110], becomes a prevailing one. 

These traps seem to be located in the periphery of the micro-crystals, and 

the carriers, brought to a micro-crystal boundary by diffusion, determine the 

component of the fast Y-PL decay. The impact of carriers photo-generated in 

the micro-crystals is thereby reduced within the entire Y-PL signal with a 

decrease of excitation intensity (Fig. 6.2b). The role of the Y-PL centres 
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localized at surface of a micro-crystal is equalized to influence of those 

existing in the periphery of the micro-crystals, for the small density of the 

photo-excited carriers. Then, the relative impact of the Y-PL centres located in 

the periphery of the micro-crystals increases with reduction of excitation 

density, and this leads to the enhancement of the relative amplitude of the Y-

PL and stretched-exponent type relaxation. The latter SER trapping process is 

governed and limited by random-walk of small density mobile carriers in the 

disordered peripheral areas. 

 

 

Fig. 6.2. The MW-PC transients (a) and PL decay transients at 525 nm wavelength 

(b) measured varying excitation intensity and luminescence wavelength (c) in 5.6 m 

thick GaN epi-layer. 
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6.2. Photoluminescence spectral characteristics 

The registered PL amplitudes (extracted from the PL transients dispersed 

at fixed wavelength) as a function of the PL quantum energy (h) are plotted in 

Fig. 6.3. Several PL bands can be resolved within a PL spectrum: namely, the 

exciton ascribed UV-PL band appearing for h>3.3 eV, the defects attributed 

bands of blue B-PL (for 2.5<h<3.0 eV) and the yellow Y-PL (with h<2.4 

eV). These PL bands are well examined [110, 115-121] thereby our 

spectroscopy results correlate with literature data. It can be deduced from the 

comparison of these spectra measured at different excitation densities that the 

intensity of the UV-PL band increases with excitation density, while the 

intensity of B-PL band is nearly invariant, but the intensity of the Y-PL 

increases with reduction of excitation density. 

This clearly indicates that the role of the Y-PL is enhanced with reduction 

of the excess carrier density, and it can be associated with the carrier trapping 

centres, being a sub-system of D-A radiative recombination, interpreted in 

detail [110]. Carrier trapping centres, as usual, act together with the 

recombination ones. For the large initial excess carrier density within 

conduction/valence band, the main carrier capture flow runs through the deep 

recombination centres, while the shallower trapping centres are being filled 

with excess carriers. During these processes, the density of excess carriers in 

conduction band can become either an equal or smaller relative to that of the 

shallow trapping centres. Then, the recombination process proceeds on a 

support of the carriers thermally generated from the trapping centres. A 

reduction of the initial excess carrier density (being proportional to the 

excitation intensity) highlights the impact of the trapping centres in PL 

transients. The trapped carriers can proceed their existence either being 

thermally released to conduction band or captured to the deeper centre. The 

latter process is then responsible for the D-A radiative recombination. Such the 

scenarios can be ascribed to the Y-PL behaviour in our observations by 

correlating results on PL and MW-PC transients. These results are in the 

qualitative agreement with literature data [115-121]. 
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The B-PL band is also interpreted [110] as the D-A transitions ascribed to 

the defects of different origin (relative to Y-PL). In our experiments, the nearly 

invariant intensity of the B-PL band transients has been obtained when 

changing the excitation density. Therefore, the PL spectra (in Fig. 6.3) were 

normalized to peak amplitude of the B-PL band. The spectral position of the B-

PL peak is also stable and independent of the epi-layer thickness, while an 

appearance of the UV-PL and Y-PL depends on layer thickness.  

 

Fig. 6.3. Spectral variations of the normalized amplitude of the PL transients 

measured at different excitation densities on different thickness (d) GaN samples: (a) 

d=5.6 m; (b) d=19 m; (c) d=25.5 m; (d) at fixed Iex for d=2.4, 5.6 and 19 m. 

 

The changes of the UV-PL intensity relative to that of B-PL in rather thick 

layers can be explained by the re-absorption effect for PL radiation 

wavelengths close to the threshold of interband transitions. The B-PL intensity 

increases slightly with excitation density irrespective of the epi-layer thickness 

(Fig. 6.3d), while the intensity of the UV-PL and Y-PL (Figs. 6.3a – 6.3c) 

changes considerably and non-linearly with excitation intensity in epi-layers of 

different thickness. The absolute values of the B-PL intensity decrease with an 

increase of the epi-layer thickness, which is in agreement with reduction of 

TDD (Table 3.3), reciprocally dependent on layer thickness. For fixed 
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excitation intensity (Fig. 6.3d), the density of defects, responsible for both the 

Y-PL and B-PL, decreases with enhancement of the epi-layer thickness. This 

implies that quality of the epi-layer improves with increase of layer thickness. 

The time and spectrum resolved changes of the B-PL, being different from 

that of Y-PL, hint on different origin of these B-PL defects. The main 

candidate, as a B-PL centre, would be dislocations, which are inevitable even 

in the rather thick MOCVD-grown GaN layers [94].The interpretation [110] of 

the B-PL through the D-A type recombination is not contradicted in this 

approach. Here, the D-A system could be understood as the dislocation core 

ascribed levels. The relative stability of the B-PL would be in good agreement 

with the dislocation core ascribed D-A transitions, where variation of 

dislocation density with epi-layer thickness can be assumed rather small for the 

identical growth regime. 

 

6.3. Recombination parameters and their relation with material structure 

Complicated redistribution of excess carriers among the radiative and non-

radiative recombination centres in GaN layers has been revealed by the 

combination of the MW-PC and PL transient techniques. The observed two-

componential MW-PC transients imply the non-exponential carrier decay 

process. A linearization of these residual MW-PC (after subtraction of the PL 

inherent component) transients is only possible using the stretched exponent 

approximation [88, 90, 92]. This approximation yields to a description of 

excess carrier density variations in time expressed as in (5.3), where α is a 

fractional index which is associated with material disorder characteristics [88, 

90, 92]. Fractional index is evaluated from a linear fit of the double logarithm 

of the normalized transients (Fig. 6.4) displayed on the logarithm time scale 

(ln(-ln(U(t)/U(0))) versus ln(t)) [90, 92]. 

A rather good linearity of the normalized MW-PC signals approximated by 

a stretch-exponent is obtained (Fig. 6.4a) over a wide range of running time 

(form ns to ms) within a transient. The linearity is reached for the epi-layers of 

different thickness. However, the slopes of these lines in the plots are different. 
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The slope increases with a thickness of epi-layer (Fig. 6.4b). This slope 

correlated with  can be associated with the fractal index [89, 90, 92]. The 

approach of  to unity implies a reduction of the disorder of material. Thereby, 

the crystalline structure slightly straightens up with enlargement of the 

thickness of GaN epi-layer over 15 m. This result is in agreement with a 

reduction of the Y-PL intensity correlated with an increase of the epi-layer 

thickness (Fig. 6.3d). 

Variation of the fractal index of an epi-layer (Fig. 6.4) is also correlated 

with the relative amplitude of an asymptotical component in the MW-PC 

transients (Fig. 6.5a) represented as a function of epi-layer thickness. The 

larger the relative amplitude of the asymptotic decay component is, the larger 

fraction of the excess carriers is involved into a random-walk/trapping within 

the inter-crystalline area, and the less fraction of the excess carrier density 

recombines in the micro-crystal volume. The relative amplitudes of the 

asymptotical component in the MW-PC transients obtained in the same 

thickness (2.5 m) epi-layers (grown by using VU and TU MOCVD reactors) 

is compared in Fig. 6.5a. It can be deduced that nearly the same quality of the 

GaN epi-layer is obtained if the growth regime is similar. However, the crystal 

quality is reduced under deviations from the optimal growth temperature 

regime. The stretch-exponent component within MW-PC transients correlates 

with manifestation of the traps responsible for the PL, - such a correlation can 

be deduced from comparison of the excitation intensity dependent changes of 

amplitudes of the asymptotic component in the MW-PC and PL transients, Fig. 

6.2, and Y-PL transients, shown in Figs. 6.2b and 6.5b. 

For thin epi-layers, the impact of the surface recombination should always 

be evaluated. In the dislocation-rich thin samples, the surface recombination 

can be significant due to several reasons: i) the recombination on layer 

surfaces, ii) the recombination on dislocations cylinders (threading dislocations 

prevail), iii) the surface recombination on boundaries of a micro-crystal. The 

surface recombination on the epi-layer interface/surface should be dependent 

on layer thickness d. Assuming the un-matched crystal cell constant at the 
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interface between the GaN and sapphire, the largest surface recombination 

velocity s could be ascribed to this interface. For rather large surface 

recombination velocity, the recombination is limited by carrier diffusion to this 

interface. The shortest effective carrier decay lifetime D is then evaluated as 

D=d
2
/2

D1–125 ns for the entire range of layer thicknesses examined. Here, 

D5 cm
2
/s is the coefficient of the carrier diffusion (estimated using the 

mobility values in Table 3.3). The square symbols in Fig. 6.6 represent the 

simulated D values calculated for the epi-layers examined as a function of 

layer thickness. 

 

Fig. 6.4. Evaluation of the fractional index  by linearization of the normalized MW-

PC transients at IexI0, ascribed to the non-radiative recombination (a), and variation 

of the fractional index as a function of epi-layer thickness (b). 

 

It can be noticed that the specific lifetime values cover the time scale from 

1 ns to hundreds of ns, measured at low excitation (pulsed) level n/n0<1 (where 

excess carrier density n is significantly lower than equilibrium carrier density 

n0>310
16

 cm
3

, i.e. n<<n0). However, the inherent lifetime values measured 

by MW-PC technique show the significantly longer characteristic times. 

Additionally, any clear dependence of the MW-PC decay on the epi-layer 
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thickness was not revealed. The surface recombination on micro-crystal 

boundaries (which size can also be represented through d=, with  a diameter 

of a micro-crystal) can also be estimated by assuming very rapid surface 

recombination and using D. The probable value of a diameter of the micro-

crystals should be less than the thickness of a layer. Then, the simulated D 

dependence on d is represented by a solid line in Fig. 6.6. 

 

Fig. 6.5. a - Ratio of the amplitude of the asymptotic component in the MW-PC 

transient to peak amplitude of the residual MW-PC response as a function of an epi-

layer thickness for IexI0. b - Variation of the Y-PL transients dependent on excitation 

density in the 2.4 m thick GaN 1047 sample. 

 

It can be deduced from this dependence that the characteristic D times 

should be shorter than 10 ns for the layers investigated. This is in good 

agreement with a range of the measured decay lifetimes for UV-PL and B-PL. 

Thereby, it can roughly be inferred that UV-PL is limited by the size of micro-

crystals and the surface recombination on their boundaries, while B-PL is 

determined by the carrier (from the inter-crystalline area) recombination on the 

dislocations. For the recombination on the dislocations, the effective length 

dislocation can be estimated using a probable surface density Ndisl of dislocations 
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and assuming their nearly homogeneous (integrally) distribution, as 

dislocation=N
1/2

disl. A diameter of dislocation is determined by space charge 

region surrounding it. In reality, this diameter can reach a measure of about 1 

m. Thereby the largest density of dislocations is also limited, even for the 

compact deployment of micro-crystals and surrounding dislocations. The 

probable D range due to dislocation changes is again represented by a solid line 

in Fig. 6.6. Values of D~1-10 ns correlated with Ndisl~10
8
–10

10
 cm

-2
 (Table 

3.3) agree with the experimentally observed range for the B-PL and the initial 

component of the MW-PC transients. 

 

Fig. 6.6. Simulated lifetime (D) of the diffusion limited surface recombination as a 

function of the epi-layer thickness (d) and of the effective distance (dislocation) 

between the dislocations. 

 

By concluding the results, discussed in Sections 6.1-6.3, it can be inferred 

that normalized MW-PC transients enabled us to distinguish the carrier decay 

components associated with carrier decay within micro-crystals and the 

disordered structure on the periphery areas surrounding crystalline columns. 

This examination combined with analysis of the PL spectral and temporal 

changes allowed for attribution of the trapping component, revealed in MW-

PC transients, to the yellow Y-PL band in the range of h<2.4 eV. It has been 

obtained that intensity of UV-PL band increases with excitation density, while 

intensity of B-PL band is nearly invariant. The B-PL has been ascribed to 

carrier recombination on the dislocation cylinder surfaces. Fractional index  

with values 0.5<<0.8 was evaluated for the stretched-exponent component 
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which fits the experimental transients determined by the disordered structure 

ascribed to the periphery areas surrounding the crystalline columns. 

 

6.4. In situ variations of photoconductivity and luminescence 

This work is addressed to the study of the efficiency of proton induced 

steady-state photoluminescence. To evaluate the density of the high energy 

proton induced excess carriers, a correlation between the MW-PC transients 

and the PI-L intensity has been examined. The proton energy range (1.6 MeV) 

has been chosen to implement the nearly homogeneous and rather strong 

excitation of the 2.5 m thick GaN epi-layers. To estimate radiation hardness 

of such material, evolution of MW-PC and PI-L characteristics has been 

studied by the in situ measurements of the changes of PI-L intensity and MW-

PC decay rate during exposure to a proton beam reaching fluences up to 10
15

 

cm
-2

. 

The 2.5 m thick GaN epi-layers [88, 105] MOCVD grown on sapphire 

substrate have been examined. Dislocation density in these epi-layers was 

evaluated to be of about 10
10

 cm
2

. The measurements were implemented 

similarly to those performed on CdS material, described in Section 5. The 

photoluminescence spectra and photoconductivity transients were initially 

examined to calibrate densities of the photo-excited excess carriers and 

luminescence (L) intensity using various regimes (time resolved, - TR-L and 

steady-state S-L) of luminescence recording. The TR-L and S-L spectra and 

MW-PC transients have been simultaneously recorded in these calibration 

measurements. The transient signals of the MW-PC and TR-L/S-L have been 

measured by collecting a response to the same UV (354 nm) excitation beam 

spot (of an area of 810
-3

 cm
2
), generated by a micro-chip laser STA-1-TH 

employed for the pulsed (of 500 ps duration and 100 Hz repetition rate) 

excitation of the excess carriers. The MW-PC response has been detected by 

using a coaxial needle-tip probe and a near field probing regime. The UV 

filtered TR-L light is focused onto a slit of a Jobin Yvon monochromator. The 

TR-L light is dispersed using a grating within the monochromator, and the TR-
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L signal is detected by a Hamamatsu H10721 photomultiplier. This TR-L 

signal is also transferred to another channel of the digital oscilloscope TDS-

5104, where the TR-L transient is displayed and processed together with MW-

PC transient. The laser induced luminescence spectra registered by a signal 

integration regime (LS-L) have complementarily been registered by employing 

a spectro-photometer Avantes AvaSpec-2048TEC equipped with a fiber 

adjusted input. The LS-L light has been transferred to the photometer input slit 

using a fiberscope with an aperture area of 810
-3

 cm
2
. 

For the in situ measurements, the sample has been mounted on a cold 

finger within a specially fabricated irradiation chamber, described in Section 

2.7. Protons were accelerated to 1.6 MeV by using the Tandetron 4110A ion 

accelerator. The MW-PC and quasi-steady-state PI-L signals have been 

synchronously recorded during exposure to a proton beam of a spot area of 

0.2–0.8 cm
2
. One of the issues analysed in this research was to correlate the 

changes of non-radiative recombination properties with radiative 

recombination channels under radiation damage by high energy protons. The 

thickness of epi-layers and the energy of protons have been chosen on the basis 

of the initial simulations made by TRIM [124]. It can easily be verified by the 

TRIM simulations that stopping range of the 1.6 MeV protons significantly 

exceeds a thickness (d=2.5 m) of the GaN epi-layers employed. This 

determines a nearly homogenous energy loss of a proton beam during 

interaction of protons with GaN material. Contrarily, the optical excitation at 

345 nm wavelength determines the initially inhomogeneous excitation due to a 

large absorption coefficient =4.710
4
 cm

-1
 [125]. 

The distribution of the excess carriers acquires the stabilized in-depth 

profile only after diffusion time tDd
2
/D=63 ns (estimated using approximation 

d(DtD)
1/2

) overwhelming the layer thickness d. Here, D1 cm
2
/s is the 

coefficient of carrier ambipolar diffusion in GaN. The transitional process of 

the profile equilibration can also be implied to be a reason of the fast initial 

component within transients of photoconductivity decay and TR-L of duration 
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of ~10 ns. As it was shown in Refs. [88, 105], the MW-PC asymptotic decay 

component of durations in a millisecond time scale obeys 

( 


)(exp[)0()(

SE

PCMWPCMW

t
tUtU   ) the SER law interpreted through a 

disorder of material. Here, UMW-PC(t) is the change in time (t) of the amplitude 

of the MW-PC signal; SE is the characteristic time ascribed to the SER process 

approximated using SER with index  [90, 92]. The disorder in the as-grown 

GaN epi-layers can be related to the dislocation networks at the prism type 

crystallites which are twisted to each other by a certain angles [126]. Thereby, 

the in situ control of the changes of recombination properties of GaN layer has 

been addressed to analysis of the  changes (Fig. 6.7).  values are extracted 

using a routine plot (inset i2 in Fig. 6.7) in SER analysis [96, 98]. It can be 

deduced from Fig. 6.7 that the  value decreases with the enhancement of 

proton fluence () in the range of >10
13

 cm
-2

. Reduction of  value indicates 

an increase of the disorder degree in the GaN material and the re-arrangement 

of structure of the grown-in defects induced by radiation defects (where 

recombination of primary radiation defects can be a reason of local 

recombination induced annealing effects [127]). 

 

 

Fig. 6.7. Variation of the SER index dependent on irradiation fluence measured in 

situ. Inset i2 represents a traditional plot employed for analysis of MW-PC transients 

illustrated within inset i1 for evaluation of SER index of carrier decay in the non-

irradiated and proton irradiated GaN. 
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An area (AL=810
-3

 cm
2
) of laser spot and of MW needle-tip probe were 

significantly less than a proton beam spot area AP=0.2-0.8 cm
2
. Thereby 

simultaneous in situ measurements of MW-PC transients and S-L spectra can 

be implemented during proton irradiation. The proton induced S-L signal was 

collected by a multi-fiber probe of a total area of Apr=310
-2

 cm
2
 separated 

from a laser beam location within proton beam spot. In Fig. 6.8a, the S-L 

spectra excited by a laser pulse of a total energy of EL=0.14 J at 354 nm 

wavelength and by a 1.6 MeV proton beam (at a very initial stage, 1 sec, of 

irradiation) of iP=26 nA current are compared. This comparison has been 

employed to evaluate the initial excess carrier density excited by protons and to 

relate it to the yellow-green S-L induced by protons. 

The gray curve in Fig. 6.8a represents the 6 time magnified amplitude of a 

LS-L spectrum excited by a laser pulse to fit the intensity of the yellow-green 

luminescence (YG-L) band of the proton excited the same band S-L in GaN 

layer. From the latter fit, the average of excess carrier density generated by a 

proton beam can be evaluated through calibration of the laser pulse parameters 

and the absorption coefficient  at laser light wavelength. To increase 

evaluation precision, the inhomogeneity of laser excitation and the time-

integration of S-L signal should be included into this fitting procedure. The 

density n0 of excess carriers photo-generated by laser is evaluated by relation 

n0=EL/ALE1 using the EL fixed in calibration measurements, the area AL of a 

laser beam spot, and a quantum energy E1=3.5 eV with a unit efficiency of 

carrier pair production at 354 nm wavelength. The depth averaged  
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carrier density can then be equalized with excess pair density nP generated 

homogeneously in d by penetrative protons. The equivalent density nP of 

excess carrier pairs generated by protons would be equal to <nL> if time of 

signal integration coincides with tD. It has been obtained by equalizing the YG-

L intensities (Fig. 6.8a) that integrated density nPtD exceeds that <nL>tD by 
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about 6 times. This observation is in good agreement with the calculated value 

of this ratio if a UV pulse induced TR-L transient with initial TR-L decay time 

YG-L
in

~10 ns is taken into account for YG-L band, - the spectro-photometer 

integrated signals over tD=63 ns are related as  
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For longer integration times, the instantaneous TR-L decay time in asymptotic 

YG-L
as

~50 s is employed to correlate the nP and <nL> values. A quantity of 

carrier pair generation by a single 1.6 MeV proton can be estimated by 

independent evaluation of a flux of protons using values of the proton beam 

current iP and the beam area AP=210
-1

 cm
2
. The flux of protons is then 

obtained as FP=iP/eAP810
11

 cm
2

s
-1

 with e=1.610
-19

 C the elementary 

charge of proton. Then, it is estimated a quantity of protons NP=FPL-

avAP1.610
9
, which cross the GaN layer d and correspond to the YG-L signal 

integration time L-av=10 ms for a single laser pulse. The efficiency P of a 

single proton generation is obtained to be P=nP/NP1.310
7
 cm

-3
 per proton or 

PApr=40 carrier pairs per a micrometer of layer depth per proton. 

This PApr=40 m
-1

p
-1

 value is close to those values for wide-gap 

materials, listed in Ref. [98]. However, the evaluated 40 m
-1

p
-1

 value for the 

investigated GaN layers is about twice less than value of PApr published [98] 

for GaN material, structure of which can be different [128] from the studied in 

our experiments and different energy of protons had been used
17

 for evaluation 

of PApr. 

Several TR-L and S-L bands (Fig. 6.8a) can be resolved within both the 

laser and the proton induced spectra, - namely, the ultra-violet (UV-L) and blue 

(B-L) bands in the range of wavelengths 350-430 nm, the green-yellow (YG-L) 

S-L peaked at 560 nm and the red-infrared (RIR-L) with a peak in the range of 

710 nm are resolved. For PI-L, a rather sharp peak appears at 700 nm. It has 

been clarified that this latter PI-L peak should be ascribed to the proton excited 

luminescence of the sapphire substrate. This PI-L peak at 700 nm has been 
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eliminated from the further consideration of PI-L spectra in GaN layer. The 

UV-/B-L and YG-L bands are well-known [105, 109, 110, 112, 129-133], and 

these luminescence bands are commonly ascribed to the growth defects in 

MOCVD GaN layers. Evolution of the PI-L intensity IPI-L within resolved 

spectral bands is illustrated in Fig. 6.8b. It can be noticed that the fastest 

decrease of intensity is obtained for the YG-PI-L band with enhancement of 

fluence during irradiation exposure. The slower reduction of PI-L intensity is 

observed for the RIR-PI-L band with increase of exposure. Intensity of the 

UV-/B-PI-L bands is rather weak (Figs. 6.8a and 6.8b).  
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Fig. 6.8. a - Comparison of S-L spectra in the non-irradiated GaN layer recorded 

under pulsed laser excitation and those excited by a proton beam of very small 

fluence (the gray curve represents a magnified amplitude of a LS-L spectrum); b - 

evolution of PI-S-L spectra excited by a proton beam with irradiation fluence where a 

LS-L spectrum excited by a laser pulse is also shown; c - variation of peak intensity 

ascribed to different PI-S-L spectral bands as a function of irradiation fluence 

collected during exposure to the 1.6 MeV proton beam. 

 

 

It can be deduced from Fig. 6.8c, where evolution of peak intensities of PI-

L is represented, that both the intensity of the YG-PI-L and RIR-PI-L bands 

clearly decreases with enhancement of the proton irradiation fluence. While, 

intensity of the blue-PI-L (B-PI-L) increases with exposure time to 

saturated/decreased values at the maximal fluences employed. The discussed 

observations in evolution of PI-L bands are in good agreement with the 

examined changes of PI-L spectra under optical excitation, performed by using 

the post-irradiation measurements [104, 105, 109, 110, 112, 129-133]. The 

YG-L and the RIR-L bands are commonly associated with randomly 

distributed point defects [109, 110, 112, 129-133]. The destruction of a net of 

these point defects should be inferred from the evolution of PI-L bands. This 

hypothesis [104, 105] is corroborated by the clearly observed increase of the 

degree of disorder in GaN material (which can qualitatively be estimated from 

the changes of SER index  in Fig. 6.7) Alternatively to interpretations [109, 

110, 112, 129-133] of the B-L origin, the B-PI-L can also be attributed to the 

dislocations of rather high density, which is more proof for the radiation 

destruction.  

The defect introduction rate can be evaluated from the evolution of YG-PI-

L reduction as a function of fluence. The YG-PI-L decrease can be explained 

through the reduced rate gP of excess carrier generation nP=gPrd by proton 

flux due to shortening of the carrier capture lifetime rd via density of the 

radiation induced defects Nrd=1/rdrdvT with the parameters of capture cross-

section rd and thermal velocity vT. This PI-L intensity decrease is implied to 

be observable when rd becomes shorter than PI-L, i.e. rd<<PI-L. The 
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instantaneous lifetime of TR-L decay time in asymptotic (YG-L
as

~50 s) part 

for spectral range of YG-L, evaluated for the same non-irradiated GaN 

samples, hints that the observable density Nrd is in the range of Nrd0 210
11 

cm
-3

, assuming the typical values of rd~10
-14 

cm
2
 and vT~10

7
 cm/s. Using the 

clearly expressed fragment of a curve of changes of the YG-L peak values in 

Fig. 6.8c, the introduction rate KP=Nrd/~IYG-L/ of radiation defects is 

estimated to be KP0.6 cm
-1

. This implies that proton irradiation determines 

both the creation of the specific radiation defects with rate of KP0.6 cm
-1

 and 

their production transforms the material structure by increasing its disorder, as 

deduced from the observed decrease of value of the stretched-exponent index 

(Fig. 6.7). The degree of disorder determines the character of carrier diffusion 

and trapping, thereby influencing a redistribution of carrier flows through 

radiative and non-radiative decay channels. 

By summarizing the in situ measurement results it can be concluded that 

the combined examination of the evolution of parameters of the non-radiative 

recombination (implemented by the on-line measurements of MW-PC 

transients) and the radiative recombination (by recording the quasi-steady-state 

PI-L induced by protons) shows a correlation in decrease of signatures of the 

material disorder degree luminescence efficiency. Comparison of the 

luminescence spectra induced by a proton beam and by a laser pulse, enabled 

us to evaluate the efficiency of excess carrier generation by 

P=<nP>/NP1.310
7
 cm

-3
 per 1.6 MeV proton and carrier pair generation 

within layer depth by PApr=40 m
-1

p
-1

. This PApr=40 m
-1

p
-1

 value is close to 

values inherent for wide-gap materials [108]. These parameters indicate that 

GaN layers can be an efficient material for detection of protons by combining 

both the electrical measurements, using a proper thickness of detector layer 

with PApr=40 m
1

p
-1

 to reach resolvable charge collection signal, and 

scintillation detection, using rather fast photo-sensors, capable to integrate the 

PI-YG-L signals with P10
7
 cm

-3
p

-1
. However, it has been obtained that the 

inevitable degradation of the material appears for proton irradiation fluences 
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above 10
14

 cm
-2

. The observed enhancement of the disorder degree with 

irradiation fluence seems to be equivalent to the increase of the material 

resistivity [134-138]. The calibrated reduction of the intensity of PI-L in the 

range of green-yellow luminescence can also be exploited for dosimetry of the 

hadron irradiations in rather wide range of fluences. 

 

Summary of the chapter 

[A6, A7, A9] 

By concluding the results, discussed in Sections 6, it can be inferred that 

normalized MW-PC transients enabled us to distinguish the carrier decay 

components associated with carrier decay within micro-crystals and the 

disordered structure on the periphery areas surrounding crystalline columns. 

This examination combined with analysis of the PL spectral and temporal 

changes allowed for attribution of the trapping component, revealed in MW-

PC transients, to the yellow Y-PL band in the range of h<2.4 eV. It has been 

obtained that intensity of UV- PL band increases with excitation density, while 

intensity of B-PL band is nearly invariant. Fractional index  with values 

0.5<<0.8 was evaluated for the stretched-exponent component which fits the 

experimental transients determined by the disordered structure ascribed to the 

periphery areas surrounding the crystalline columns. 

The in situ measurements, implemented by combining the examination of 

the evolution of parameters of the non-radiative recombination and the 

radiative recombination show a correlation in decrease of signatures of the 

material disorder degree and the luminescence efficiency. Comparison of the 

luminescence spectra induced by a proton beam and by a laser pulse, enabled 

us to evaluate the efficiency of excess carrier generation by 

P=<nP>/NP1.310
7
 cm

-3
 per 1.6 MeV proton and carrier pair generation 

within layer depth by PApr=40 m
-1

p
-1

. This PApr=40 m
-1

p
-1

 value is close to 

values inherent for wide-gap materials. These parameters indicate that GaN 

layers can be an efficient material for detection of protons by combining both 



 136 

the electrical measurements, using a proper thickness of detector layer with 

PApr=40 m
-1

p
-1

 to reach resolvable charge collection signal, and scintillation 

detection, using rather fast photo-sensors, capable to integrate the PI-YG-L 

signals with P10
7
 cm

-3
p

-1
. However, it has been obtained that the inevitable 

degradation of the material appears for proton irradiation fluences above 10
14

 

cm
-2

. The observed enhancement of the disorder degree with irradiation fluence 

seems to be equivalent to the increase of the material resistivity [134-138]. The 

calibrated reduction of the intensity of PI-L in the range of green-yellow 

luminescence can also be exploited for dosimetry of the hadron irradiations in 

rather wide range of fluences. 
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VII. Instrument VUTEG-5-AIDA for dosimetry of large fluence hadron 

irradiations 

7.1. Principles and regimes of VUTEG-5-AIDA operation 

Fast dosimetry of background irradiations within accelerator facilities, 

where large fluences are collected during rather short exposures, possesses the 

methodical and technical challenges. Different techniques, based on 

measurements of degradation of the electrical characteristics in heavily 

irradiated semiconductor devices or on control of products of nuclear reactions 

in metal foils, are anticipated to be applied within advanced dosimetry at 

accelerators environment [103, 104]. Therefore, a contactless technique based 

on carrier lifetime control within irradiated Si wafer fragments is presented. 

This technique enables fast measurements of a big amount of irradiated 

samples, collected from different irradiation areas, and direct evaluation of 

fluence based on strong relation of absolute carrier recombination lifetime 

values in high resistivity Si material those decrease linearly as a function of 

irradiation fluence  in wide range of fluence variations: 510
11

< <510
16

 

cm
-2

. 

The employed contactless technique is based on measurements and 

analysis of the MW-PCT, briefly described in Section 3.2.5. Radiation defects 

induced by large fluxes of ionizing radiation comprise a set of deep centres 

those act as carrier traps. Depending on types and activation parameters of the 

aforementioned radiation defects, the deep traps associated to these defects 

play different role in redistribution of excess carrier flows and on electrical 

characteristics of materials, acting either as carrier trapping or recombination 

centres. In low and moderately irradiated material, a big variety of extended 

and point defects of various species appears. Then, excess carrier decay 

exhibits a complicated behaviour and photoconductivity relaxation transients 

are non-exponential, containing several components dependent on carrier 

density, temperature, background illumination and other external factors. 

Variations of excess carrier decay transients measured on non-irradiated 

fragment of Si wafer are illustrated in Fig. 7.1. The non-exponential, a two-
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componential transient (curve 1 in Fig. 7.1) is observed for the low level 

pulsed excitation regime, where an initial fast component is ascribed to 

recombination, while the second one indicates carrier trapping effect, which 

delays recombination. Such decay behaviour indicates that several traps 

compete and interact within redistribution of carrier decay flows. Carrier decay 

becomes single-exponential (transients 2-4 in Fig. 7.1), when steady-state 

broad-band additional bias illumination (BI) is applied. Then, recombination 

process prevails (curves 2-4), as trapping to shallower levels is suppressed due 

to their filling by BI. Actually, a linear dependence between recombination 

lifetime (R) and hadrons irradiation fluence is obtained and serves as a basis 

for dosimetry by this MW-PCT technique. 
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Fig. 7.1. MW-PC transients measured on non-irradiated n-Si wafer fragment at low 

level excitation regime without (1) and with (2-4) additional bias illumination. 

 

7.2. Design of the instrument VUTEG-5-AIDA 

To reach prevailing of recombination process and to cover wide range of 

fluences, the designed and fabricated instrument VUTEG-5-AIDA for 

dosimetry of collected fluence by MW-PCT technique (Fig. 7.2) contains a 

dark measurement cabinet, wherein a steady-state bias illumination source is 

installed. Sample under investigation, being placed within transparent plastic 

(polythene) bag, is mounted on positioning stage and brought into area of 

intersection of 500 ps pulsed IR (1062 nm) laser beam and of slit microwave 

antenna. The instrument also contains modules for adjustments of 

measurement regime by varying pulsed IR light intensity using neutral optical 

filters, by MW bridge varied coupling between sample and slit antenna and by 
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changing intensity of bias illumination. Transients are recorded by a 1 GHz 

band digital oscilloscope and data processing is performed by personal 

computer. The possibility to average about 10
2
 -10

3
 transients enables us to 

significantly reduce an impact of noises. Recombination parameters are rapidly 

extracted by using software installed for data processing. 

 

 

7.3. Measurement regimes 

To simplify mounting and to ensure a reliable positioning of the sample 

within measurement spot of spatial resolution of about 100 m, to avoid 

surface contamination and to mark samples taken from different irradiation 

areas, methodology of measurements using VUTEG-5-AIDA instrument is 

designed by employing samples enveloped within plastic bags. These 

polythene bags, however, induce light scattering and some reduction of 

recorded MW-PCT signals. To verify characteristics of carrier recombination 

lifetime dependent on fluence, measured with and without plastic bag, the 

amplitude and decay rate parameters have been examined on several sets of Si 

wafer and device structures. These characteristics, measured by VUTEG-5-

AIDA instrument, are illustrated in Fig. 7.3. It can be noticed in Fig. 7.3, that 

MW-PCT signal amplitude values are reduced for the sample-in-bag relatively 

to those obtained for bare sample. However, these amplitude characteristics are 

parallel, i.e. show the same dependence on fluence. Actually, a signal 

decreases within range of the highest fluences applied, due to approach of R 

values to that of laser pulse duration and to a consequent decrease of the 

initially photo-excited excess carrier density. Carrier lifetime values as a 

Fig. 7.2. Instrument VUTEG-5-

AIDA for contactless dosimetry of 

irradiation fluence by MW-PCT 

technique. 
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function of irradiation fluence remain invariable irrespective of sample 

envelope. 
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Fig. 7.3. Fluence dependent variations of MW-PCT signal amplitude (1, 2) and of 

carrier lifetime (3, 4) measured for bare (1, 3) and enveloped (2, 4) Si samples. 

 

To increase precision of the dosimetry of collected fluence by MW-PCT 

technique and VUTEG-5-AIDA instrument, the calibration measurements 

using different materials, various structures and irradiations have been 

performed. These characteristics are illustrated in Fig. 7.4. It can be deduced 

that the linear decrease is obtained within R- characteristic for wafer 

fragments and diode structures made of Si, grown by various (FZ, MCZ, 

DOFZ) technologies, and irradiated with neutrons and protons of different 

energies. Additionally, absolute values of carrier recombination lifetime 

ascribed to definite hadron fluence nearly coincide, irrespective of hadrons 

energy in the range of penetrative particles. These observations can be 

explained by the rather homogenous damage of irradiated Si materials when 

displacement extended defects (directly formed by irradiation or resulted from 

defects aggregation reactions) prevail and act as the dominant recombination 

centres. 
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Fig. 7.4. Carrier lifetime variations as a function of irradiation fluence measured on Si 

wafer (1-3) and diode (4) samples made of different growth technology (FZ-1, MCZ - 

2&4, DOFZ - 3) material and irradiated by neutrons (2&4) and protons (1&3). 

 

7.4. Instrumentation for profiling of irradiation inhomogeneity 

In order to increase precision, reliability and dynamic range of the 

measurement technique, VUTEG-5-AIDA instrument has been upgraded by 

adding temperature control and lateral mapping modules. A photograph of the 

instrument is shown in Fig. 7.5 left. 
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Fig. 7.5. On the left - the upgraded instrument VUTEG-5-AIDA-M. On the right - the 

distribution of the carrier recombination lifetime scanned across diameter within Si 

wafer fragment irradiated by 8 MeV proton beam with a spot diameter of 5 mm. 

 

The upgraded instrument was tested at VU. The single dimensional 

scanner of the MW-PC transients with spatial resolution of about 20 m has 

been fabricated in order to examine carrier lifetime lateral distribution. The 

instrument has been tested using Si wafer fragment irradiated by 8 MeV proton 

beam with a spot diameter of 5 mm. The mapped profile of the carrier 

recombination lifetime single-dimensional distribution is illustrated in Fig. 

7.5b, where rather sharp proton beam contour is reproduced. 
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7.5. Software for measurement control and data processing 

Software for measurement control and data processing based on LabVIEW 

platform was created including requirements specific for various regimes 

applied, for the calibration precision and for parameter extraction. The 

hierarchic window system was chosen for manipulation with instrument 

VUTEG-5-AIDA. An illustration of the main window for control interface is 

illustrated in Fig. 7.6. 

 

Fig. 7.6. VUTEG-5-Aida control interface main window. 

 

There, five main tabs are presented: 1. “Oscilloscope” – where the 

manipulation with the main control tools for oscilloscope and a module for 

background signal elimination are presented. 2. “1exp fit” – this is an 

instrument for the single exponential fit of the registered transients, exploited 

when bulk recombination prevails. 3. “2exp fit”. This is a program for analysis 

and parameter extraction by using two-exponential fitting of the recorded 

transients. This software function is applied for data processing and parameter 

extraction in the annealed samples, when carrier trapping effect is important. 

Also, this operation is necessary if surface recombination velocity can be 

efficient, e.g. for non-irradiated non-passivated samples. To discriminate the 

prevailing processes, the additional bias illumination source is then 

manipulated. 4. “Measurements” – it is a command window to manipulate the 

oscilloscope and VUTEG-5-AIDA operational instruments for automatic 
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measurement procedures. 5. “Data” – this is also a command window 

addressed to manipulate the data storage and graphic representation 

procedures. 

 

Summary of the chapter 

[A2, A10, P3, P12] 

The VUTEG-5-AIDA dosimeter for monitoring of the large fluence 

irradiations within facilities of hadron accelerators and spallators has been 

designed and fabricated. This instrument has been installed at CERN and 

approved for the monitoring of the accelerator environments and particle 

beams. This instrument contains two different sample compartments, one of 

which is devoted for the rapid monitoring of the accelerator environments by 

using Si wafer fragment samples enveloped in plastic bags. Another 

compartment contains step motor driven scan instruments together with 

temperature/humidity control sensors is addressed to more precise examination 

of as-irradiated detectors and particle beams.  
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Conclusions 

1. Passivation of surfaces of the Si strip detectors with slim edges is rather 

reproducible and efficient if passivating layer contains a steady-state built-in 

charge of proper polarity,- it is obtained better for p-Si (ALD alumina) than n-

Si (PECVD nitride). Nevertheless, a lot of trapping centres exist at the 

interface within passivating layer. 

2. The impact of surface recombination in the irradiated samples is 

negligible, when bulk density of the irradiation introduced defects considerably 

reduces carrier recombination lifetime relative to that determined by surface 

recombination velocity. 

3. The close to a linear (using the double-logarithm scale) relation between 

the hadron irradiation fluence  and the excess carrier lifetime  exists in large 

resistivity Si material when hadron irradiations produce extended radiation 

defects of varied density, proportional to the hadron fluence. This dependence 

is held independently of large resistivity Si growth technology and hadron type 

if recombination through extended radiation defects dominates. The small shift 

of the absolute values of carrier recombination lifetime within this linear - 

characteristic can be taken into account by calibration measurements. Point 

radiation defects lead to carrier trapping effect and appearance of two-

exponential photoresponse decay transient. 

4. Spectroscopy of deep levels in Si attributed to point radiation defects 

unveiled several photo-ionization spectrum steps that have been resolved and 

identified, - namely, step EMo1=0.41 eV can be ascribed to direct photo-

activation of filled single-charged di-vacancy levels; spectral step at 

EMo2=EV+EM=0.77 eV is associated with photoexcitation of electrons from 

valence band to primary emptied V2
-/0 

levels. Photo-ionization spectra 

confirmed the prevailing of the V2
-/0

 traps in 10
12

 n/cm
2
 fluence irradiated 

diodes, in agreement with DLTS spectra recorded for the same diode. These 

traps mainly act as carrier trapping centres with rather long de-trapping time. 

5. The photoluminescence photo-quenching effect has been revealed and 

ascribed to the microcrystals within polycrystalline CdS material. The PL-PQ 
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effect implies a complicated interplay of defects in redistribution of the photo- 

pulse excited carriers. The confocal microscopy images of CdS polycrystalline 

layers for different type samples enabled us to conclude that the most 

homogeneous CdS layer is obtained for the II-type samples, deposited at 260 C 

for 75 min. While, in III-type samples deposited at 260 C for 80 min, the PL 

spectra show that G-PL within microcrystals prevails the traps ascribed R-PL. 

6. The transients of carrier decay can be well described by using a stretched 

exponent approximation, with different fractional index  values for separated 

types of CdS structures. The obtained values of =0.16-0.20 hint on 

dominance of the anomalous character of excess carrier transport within a 

disordered structure of CdS polycrystals investigated. It has been inferred that 

samples of the II-type and the III-type are structurally similar and characterized 

by a fractal factor of f0.14, and that samples of the I–type show a 

distinguishably disordered structure characterized by the fractal factor f0.17. 

7. The correlative analysis of the polycrystalline CdS parameters using the 

microwave probed photoconductivity, the time resolved luminescence 

spectroscopy and the in situ changes in the simultaneously measured 

luminescence spectra during 1.6 MeV proton beam irradiation enabled us to 

evaluate the following parameters: the efficiency of the carrier pair generation 

P=210
7 

cm
-3

 per 1.6 MeV proton, the introduction rate of radiation defects 

KP0.9 cm
-1 

and the probable quantity of the collected charge per unit length of 

a sensor as PAP=60 m
-1

p
-1

. A suitable range of the resolvable changes of 

scintillation signals in the range of proton fluences <10
15

 cm
-2

 has been 

determined for CdS polycrystalline layers. 

8. Comparison of the luminescence spectra induced by a proton beam and by 

a laser pulse in MOCVD grown GaN layers, enabled us to evaluate the 

efficiency of excess carrier generation by P=<nP>/NP1.310
7
 cm

-3
 per 1.6 

MeV proton and carrier pair generation within layer depth by PApr=40 

m
1

p
1

. These parameters indicate that GaN layers can be an efficient material 

for detection of protons by combining both the electrical measurements, using 
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a proper thickness of detector layer with PApr=40 m
-1

p
-1

 to reach the 

resolvable charge collection signal, and scintillation detection, using rather fast 

photo-sensors, capable to integrate the PI-YG-L signals with P10
7
 cm

-3
p

-1
. 

However, it has been obtained that the inevitable degradation of the material 

appears for proton irradiation fluences above 10
14

 cm
-2

 with radiation defect 

introduction rate KP0.6 cm
-1

. The calibrated reduction of the intensity of PI-L 

in the range of green-yellow luminescence can also be exploited for dosimetry 

of the hadron irradiations in rather wide range of fluences. 

9. The difference in a carrier pair generation mechanism inherent for light 

and for a proton beam has been revealed in CdS and GaN layers. This 

observation has been explained by differences in the momentum conservation 

conditions inherent for the carrier generation by photons and protons. The 

possible mechanism of excess carrier excitation by proton beam could be a 

carrier generation process through the very fast annihilation of the primary 

vacancy–interstitial type radiation defects. 

10. The VUTEG-5-AIDA dosimeter for monitoring of the large fluence 

irradiations within facilities of hadron accelerators and spallators has been 

designed and fabricated. This instrument has been installed at CERN and 

approved for the monitoring of the accelerator environments and particle 

beams. 

11. The VUTEG-5-AIDA dosimeter enables rapid monitoring of the 

accelerator environments by using Si wafer fragment samples enveloped in 

plastic bags and precise examination of as-irradiated detectors and particle 

beams, which is implemented by lateral scans of carrier recombination 

lifetimes and by analysis of the amplitude and lifetime of the carrier trapping 

component within microwave probed photoconductivity transients. 
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List of abbreviations  

 

ALD – atomic layer deposition (formation technology) 

BELIV – barrier evaluation by linearly increasing voltage (pulsed technique) 

CERN –European Centre of Nuclear Research 

CZ – Czochralski (growth technology) 

CMI - confocal microscopy imaging  

C-V – capacitance-voltage (measurement technique) 

CVD – chemical vapour deposition (growth technology) 

ENR - electrically neutral region 

EPR - electron paramagnetic resonance (type of spectroscopy) 

FZ – float zone (growth and purification technology) 

DLTS – Deep Level Transient Spectroscopy 

DOFZ –oxygen doped float zone (growth and doping technology) 

GIXRD - grazing incidence X-ray diffractometry 

Kerma - kinetic energy released per unit mass 

LED – light emitting diode (WL-LED white light LED) 

MCZ- Czochralski with applied magnetic field (growth technology) 

MOCVD – metal-organic chemical vapour deposition (growth technology) 

MW-PC (T) –microwave probed photo-conductivity (MW-PC (T) transient) 

NIEL - non-ionizing energy loss processes 

PECVD –plasma enhanced chemical vapour deposition 

PIS – photo-ionization spectroscopy 

PL- photo-luminescence 

SER – stretched exponential relaxation (model and process of relaxation) 

S/HL-LHC – super/hyper luminous large hadron collider (at CERN) 

SCP -method scribe–cleave–passivate (formation of sensor slim edge) 

TDD - threading dislocation density 

TR-L – time resolved luminescence 

TSC - thermally stimulated currents (spectroscopy technique) 

UV- ultra violate 

XRD -X-ray diffractometry  

YG-PI-L -yellow-green proton induced luminescence (the same PI-YG-L) 

Y-yellow; B-blue; IR–infra-red; RIR- red –infrared (luminescence colour) 


