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I. Introduction 
 

Research problem. Silicon (Si) is one of the most widely used 

semiconductor materials in microelectronics, in production of semiconductor 

power devices, of solar cells and ionizing radiation detectors, etc. due to its 

well examined fundamental properties and well developed technology and 

relatively low price. Many nowadays applications require power devices that 

are capable to control large amount of energy during switching cycle, to ensure 

high blocking voltage and low leakage current, to maintain low voltage drop 

during on-state regime, and those are capable to operate at high switching rates 

with soft reverse recovery behaviour. Power devices are needed for systems 

that operate at wide spectrum of power levels and frequencies. Thyristors are 

usually applied for low frequency and high power applications, while Insulated 

Gate Bipolar Transistors (IGBTs) are exploited for the medium frequency and 

power applications, and power Metal Oxide Semiconductor Field Effect 

Transistors (MOSFETs) are employed for high frequency applications. 

However, there is no common device that would be suitable for the whole 

range of applications. Power rectifiers are used in power electronic circuits to 

control the direction of the current flow. Schottky diodes are capable to operate 

at high frequencies, however high voltage (>200 V) at blocking regime can not 

be achieved as the width of the drift region should be increased that would 

result in undesirable enhancement of the voltage drop in the on-state regime. 

Rectifiers designed on pin structures are capable to support high voltages (200 

– 5000 V) at blocking regime and operate at frequencies higher than tenths of 

MHz. However, appropriate material properties (carrier lifetime, doping 

densities and profiles) must be chosen and the device structure should be 

designed to maintain the desired static and dynamic parameters of devices in a 

compromise way. Reverse recovery time (RRT) of power devices is usually 

controlled by introducing recombination centres into the active region of the 

device. These recombination centres are usually introduced by gold or 

platinum doping or irradiation with electrons or protons beam or implantation 
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of necessary elements. The shape of the reverse recovery current transient and 

symmetry of the reverse recovery characteristic, which is also an important 

parameter of the power device, can be controlled by positioning and profiling 

of the enhanced recombination layer within an active region of the device.  

In many high energy physics experiments at European Organization for 

Nuclear Research (CERN), high resistivity Si particle detectors of pin structure 

operating at full depletion (diode base is fully depleted due to sufficient 

external electric field applied) regime are employed for tracking of the ionizing 

particles. These detectors should be capable to survive radiation fluences up to 

1016 cm-2. However, radiation induced defects within Si material that act as 

generation/recombination and carrier capture centres, consequently affect the 

detector functional parameters. Therefore, a variety of experiments are 

performed and different techniques are applied to evaluate the radiation 

damage mechanisms and their impact on detector functional parameters. 

Furthermore, it is necessary to search for the new approaches on how to 

suppress or control the degradation process of detectors, as well as to design 

advanced detector structures. 

Evaluation of the mechanisms of radiation damage of particle detectors 

in the range of high fluences is commonly implemented by combining of 

several techniques. Examination of leakage current, of carrier generation 

lifetime is performed by thermally stimulated current (TSC), by capacitance 

deep level transient spectroscopy (DLTS) and by exploiting measurements of 

drift current transients (TCT) in analysis of the post-irradiation state of devices. 

However, capacitance and depletion based measurements (DLTS, C-V and 

TCT) become complicated when high resistivity material (with rather small 

doping density) is exploited in fabrication of particle detectors. Then, heavily 

irradiated diodes may experience a transition to an insulating substance state 

with rather small free carrier concentration (due to high density of different 

type carrier capture centres) insufficient to sustain a depletion boundary, by 

exhibiting a long dielectric relaxation time. Therefore, evaluation of carrier 

capture and generation lifetimes as well as of other important parameters 
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becomes a complicated task when depletion width based techniques are 

employed. Although, concerted analysis and the deduced characteristics in 

lightly irradiated structures might be useful to anticipate trends and primary 

understanding of the radiation induced defect complexes and their impact on 

functional characteristics of particle detectors. However, in the range of high 

irradiation fluences (>1014 cm-2), application of the above-mentioned 

techniques is complicated since the radiation defect density significantly 

overpasses the concentration of dopants, and cluster formation may become the 

dominant mechanism in radiation damaged detector material. Additionally, 

measurements carried out after irradiation do not provide direct information on 

the evolution and interactions within the densely radiation damaged material.  

Particle detectors are designed referring to Ramo’s theorem which 

describes the induced current flowing in the external circuit when the particle 

crosses the detector volume. This theorem was originally formulated for the 

linear medium in design of vacuum tubes and does not describe the current 

components caused by charge relaxation, generation and capture processes that 

are inherent for the irradiated semiconductor detectors. Furthermore, the 

analysis of current transient flowing in the external circuit becomes more 

complicated if the diode is not fully depleted. 

Hence, it is important to develop the techniques that would allow 

revealing of parameters of the material and devices irradiated with high 

fluences (Φ≥1014 cm-2), radiation damage mechanisms and evolution of defects 

during irradiation.  

 

Objectives of research. The aim of this work is addressed to 

technological developments for optimization of the functional parameters of 

pin power diodes, when radiation technologies are employed, as well as 

developments of materials science and defect engineering, by creation of  

novel techniques for the characterization of heavily irradiated diodes and 

models capable to reveal peculiarities of the variations in carrier transport, 
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generation/recombination and capture parameters within detectors irradiated by 

high fluences. 

The main objectives were concentrated on: 

- optimization of the regimes of protons irradiation applied to power pin diodes 

for enhancement of the switching rates to hundreds of nanoseconds by 

maintaining the high blocking and low on-state voltages,  

- simulation of irradiation regimes for the optimization of the device static and 

dynamic parameters by formation the δ- or triangle shape enhanced 

recombination layers and comparative analysis of parameters after irradiation, 

- creation of the techniques capable to unveil radiation damage mechanisms in 

heavily irradiated Si detectors after irradiation and to monitor the evolution of 

defects during irradiation, 

- development of techniques for the in situ control of the device operational 

parameters during modification by protons beam,  

-  design of the techniques for spectroscopy of radiation induced carrier traps 

and for profiling of depth-distribution of radiation defects within layered 

device structures, 

- analysis of the regimes for suppression of radiation defects by anneals 

technologies. 

 

Relevance and scientific novelty. Detail analysis of different device operation 

factors to reach a trade-off and optimization of the static and dynamic 

parameters of power pin diodes by varying the protons irradiation regimes and 

by formation of various profiles of the enhanced recombination layers (δ- or 

triangle shape) as well as their location within diode base region comprise 

novelty in this work. Comprehensive control techniques and regimes of 

thermal anneal procedures in suppression and manipulation of the electrical 

activity of the radiation induced defects also contains technological novelty. 

Development of the techniques allowing of the in situ monitoring of the 

modification of material parameters as well as evolution of radiation defects 

during irradiation is a new approach and technological solution. Models 
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describing displacement, drift and diffusion current components and their 

impact on the pulsed operation characteristics of the irradiated detectors are 

proposed and approved for analysis of carrier transport and capture/generation 

parameters, comprising scientific and measurement technology novelties. New 

measurement techniques for spectroscopy and profiling of dopants and for 

analysis of radiation defects have been designed and implemented in fast 

characterization of layered device structures. 

 

Practical importance. The designed irradiation/anneal procedures within 

modification of parameters of the power rectifiers and techniques for control of 

dynamic characteristics of devices performed on industrial structures comprise 

the technological importance of this study. The irradiation regimes for 

profiling of enhanced recombination layers and for governing of the reverse 

recovery characteristics might be included into a technological route of 

production of the power devices. 

The techniques developed for the in situ monitoring of variations of 

material parameters during hadrons irradiation or implantation of ions can be 

applied in practice for the design of radiation technologies in modification of 

parameters of power devices and for the on-line dosimetry of background 

irradiations within accelerator facilities. 

The proposed model for separation of current components in irradiated 

diodes, when using different pulsed excitation and biasing regimes, is 

beneficial for the analysis of registered signals, generated by detectors during 

their operation. The revealed peculiarities of degradation of the detectors 

caused by the increase of generation current and of depletion width should be 

considered within design of novel and radiation tolerant detectors. 

It has been shown that the developed pulsed techniques for spectroscopy 

and profiling of impurities and other defects, based on concerted analysis of 

barrier and storage capacitance transients as well as of various current 

components, is a powerful tool for fast analysis of different device structures 
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and can be applied for technological control of radiation detectors, solar cells, 

power switches and other junction structures. 

 

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

follows: 

1. The proposed model of pulsed charging current transients, by analyzing 

the displacement as well as carrier drift, diffusion and generation 

components within changes of barrier and storage capacitance of 

junction structures, can be applied for a design of transient techniques 

for evaluation of the operational particle detectors parameters and 

irradiated material characteristics in a wide range of induced charge 

densities. 

2. The designed technique of barrier and storage capacitance changes 

under linearly increasing voltage pulses, implemented by combining of 

varied pulse durations, of primaring by dc voltage bias, by varying of 

sample temperature and by applying either cw or pulsed bias 

illumination of different intensity as well as of spectral range, can be 

applied for spectroscopy and profiling of impurities and radiation 

defects in Si junction structures. 

3. The designed technology of combined measurements of barrier 

capacitance charging current and of induced charge current pulsed 

transients  as a function of irradiation fluence enables one to examine in 

situ  an evolution of radiation defects and to determine a degradation of 

operational characteristics of device structures post-irradiation, by 

evaluating the changes of depletion width and of leakage current device 

characteristics and of simultaneous variations in carrier recombination, 

generation and transport parameters in the irradiated  material. 

4. The combined modelling and measurements of the reverse recovery 

time, of recovery softness and of forward voltage drop characteristics in 

Si power diodes show that these parameters strongly depend on values 

of carrier lifetime at high injection and on their depth-distribution within 
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diode base region, while the desired trends in variations of these 

parameters dependent on carrier lifetime appear at discrepant 

tendencies. Therefore optimization of dynamic diode operation 

characteristics can be only achieved by trade-off, using formation of 

strongly localized and predictably distributed recombination centres by 

proton beams when stabilized extended radiation defects are created.  

To reach a trade-off between the dynamic and static diode parameters, 

the radiation induced traps with short low-level carrier lifetime should 

be annealed, however creation of different species and densities of 

protons beam induced defects makes the annealing procedure 

complicated. 

 

Author’s contribution. Over this study author prepared samples for the 

irradiations and performed simulations of irradiation regimes to create δ- and 

triangle shape enhanced recombination profiles for the modification of 

parameters of power diodes. Author performed measurements on reverse 

recovery time, on-state voltage drop, current-voltage, capacitance-voltage 

characteristics, part of DLTS and proposed the surface passivation procedures 

of Si wafer samples for the control of carrier recombination lifetime. Author 

contributed within creation of contact techniques for the evaluation of barrier 

and transport parameters, made the main experimental and simulation research 

presented in this dissertation. The main results were presented at a number of 

international (RESMDD2010, IWORID13, etc.) and national (LNFK38, 

LNFK39) conferences and several drafts of manuscripts were prepared by the 

author. 

Measurements of recombination characteristics were performed in 

collaboration with PHD student A. Uleckas. Also, A. Uleckas created software 

for data analysis and control of measurements within study of barrier and 

transport characteristics and considerably helped during in situ experiments. 

All the investigations, data analysis and preparation of manuscripts were made 

under supervision of Dr. Sc. E. Gaubas. 
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The power pin diode structures were produced and Si wafer substrate 

samples were provided by enterprise “Vilniaus Ventos Puslaidininkiai”. Proton 

irradiations of power diodes and in situ experiments of carrier transport 

parameters were performed at Helsinki University Accelerator Laboratory. In 

situ experiments of barrier capacitance variations during protons implantation 

were performed by ion accelerator installed at State Research Institute Centre 

for Physical Sciences and Technology, Vilnius. The neutron irradiated Si pin 

detectors for measurements of fluence dependent variations of barrier 

parameters were prepared within CERN RD50 project, using Ljubljana TRIGA 

reactor. 
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II. Survey on power device and particle detectors operational 

characteristics  

2.1. Radiation induced interactions and damage mechanisms in Si 

Since radiation related technologies is the main subject of this thesis, it 

is first necessary to discuss the radiation interaction and damage mechanisms 

in material. 

Radiation damage is basically ascribed to ionising and displacement 

damage [1, 2]. Ionising events happen when radiation creates the electron-hole 

pairs, while displacement damage, which requires more single event energy, 

appears via dissipation of the radiation and ionization phenomena as well as of 

nuclear reactions, - when lattice atoms are knocked from their sights, thus, 

creating vacancies and interstitials.  

Ionisation damage. Three basic types of radiation interaction with 

material dependent on photons energy may occur [3]. At low (of a few keV's) 

energies the whole energy of the photon is absorbed resulting in creation of 

electron-hole pairs. This effect is called photoelectric effect. In Si the threshold 

energy value for electron-hole pair creation is about Ee-h=3.6 eV. In the range 

of intermediate photon energies Compton effect dominates. After absorption of 

incident photon, the lower energy photon is emitted which can further be 

absorbed if it possesses sufficient energy for electron-hole pair creation. If Eph 

is the energy of incident photon then Eph/Ee-h electron-hole pairs will be 

created.   

For high energy photons electron-positron pair production dominates. 

The probability of manifestation of radiation interaction mechanisms is 

presented in Fig. 2.1. 
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Fig. 2.1. Three types of radiation interaction with material. The solid lines correspond 
to equal possibilities of neighbouring energy loss mechanisms. The dashed line 
highlights the effects in Si (with atomic number Z=14). [3] 

 

Displacement damage. The energy of particles is dissipated via elastic or 

inelastic collisions. This energy might be high enough to knock directly the 

atom from its lattice site. In such a situation the displacement damage appears 

through cascade energy transfer processes, when the last displacement event 

(with activation energy of about 15 eV for Si lattice) creates a vacancy (V) at 

the same time forming an interstitial (I). Such lattice defects are called point 

defects. These primarily created defects are mobile at room temperature and 

might migrate. They are able to recombine or can be trapped by impurity atoms 

and form more stable secondary defects or complexes. Possible reactions of 

primary defects with impurity atoms and other point defects are presented in 

table 2.1 [4-6]. 

 

Table 2.1. Possible reactions of radiation induced primary radiation defects with 
impurity atoms and other point defects [4-6]. 

V+I→Si I+I→I2 
V+V→V2 I+V2→V 
V+V2→V3 I+V3→V2 
V+O→VO I+VO→O 
V+VO→V2O I+V2O→VO 
V+V2O→V3O I+V3O→V2O 
V+P→VP I+VP→P 
V+I2→I I+CS→Ci 
V+ICC→CC I+CC→ICC 
V+ICO→CO I+CO→ICO 
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The symbols in table 2.1 represent: V2, V3 – divacancy and trivacancy 

defects, respectively, I2 is complex of two interstitials, O, P and C are ascribed 

to oxygen, phosphorus and carbon impurity atoms, respectively. Ci and Cs are 

carbon atoms in interstitial and substitutional positions. For energetic ions only 

a fraction of ≤0.1% goes into displacement damage. For very high energy 

particles inelastic nuclear collision may occur. Then energetic particles are 

absorbed by nucleus and nucleons (alpha particles and γ-photons) are 

eradiated. The fraction of energy which goes into lattice damage is called Non 

Ionising Energy Loss (NIEL).  

For neutron irradiations the ionizing and Rutherford-type interactions 

can be neglected as most of the energy loss is caused by inelastic 

displacements. Then neutron transmutation doping (NTD) may occur, which 

can be depicted by the reaction [1, 7]: 
30Si(n,γ) � 31Si � 31P+β−.   (2.1) 

Here thermal neutrons are absorbed by Si nucleus, which becomes unstable 

isotope and transforms into P donor atom after emission of an electron (β−). 

The starting material for NTD is p-type Si which becomes n-type after certain 

neutron exposure duration. In this case very homogeneous distribution of 

resistivity can be achieved. 

 

2.2. Radiation technologies for the optimization of Si power devices  

The optimization of static and dynamic parameters of power devices is 

achieved by the modification of carrier lifetime of the device material. There 

are different technologies employed for the lifetime technological control, such 

as gold or platinum diffusion, gamma, electron or proton irradiation, or 

implantation of necessary elements into the active region of power devices to 

produce recombination centres [7]. 

The in-diffusion of gold or platinum impurities is commonly performed 

in fabrication of power devices, but before metallization electrodes are formed. 

To achieve uniform distribution of recombination centres the temperature is 

kept in the range of 800-900 oC. The in-diffused concentration of impurities is 
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controlled by varying the temperature because the solid solubility of the Au, Pt 

impurities depends on temperature. Wafer temperature must be reduced rapidly 

after a certain time of diffusion to lock the impurities within crystal lattice. 

Electrodes can only be formed after gold or platinum diffusion. Thus, the 

device parameters can not be tested before performing lifetime control 

procedures. Moreover, even small variations of temperature during diffusion 

procedure can produce large variations of device parameters [7]. These 

problems can be avoided by high energy irradiation technologies. 

Irradiation using high energy particles causes lattice damage by 

displacement of Si atoms from their sites, consequently creating excess 

vacancies and interstitials [1]. These primary defects are not stable, as they 

migrate within crystal and form complexes with impurity atoms. The latter 

complexes produce various carrier trap levels within the bandgap [4, 8]. There 

are many advantages in applications of radiation techniques [7], namely: i) the 

irradiation can be performed at room temperature and after complete 

fabrication (including metallization) of the device, and thereby the device 

characteristics can be tested before irradiation and immediately after 

irradiation; ii) the lifetime can be precisely controlled by monitoring the 

irradiation dose; iii) the irradiations can be performed in steps by testing the 

device parameters after each step until desired parameters are achieved; iv) the 

irradiation procedures are cleaner by comparing with diffusion when 

contaminant together with gold or platinum atoms might be introduced; v) the 

enhanced recombination layer can be positioned at various depths within 

device structures by implantation of certain atoms of various energies. 

Radiation defects enrich the bandgap with a variety of levels that 

modify the recombination parameters of a material [1] and consequently the 

parameters of a power device [7]. Therefore it is necessary to discuss the 

influence of defect levels for the modification of recombination characteristics 

and, consequently, the power device parameters. 

In semiconductors under thermal equilibrium conditions, a detail 

balance between the generation and recombination occurs. External stimulus 



 26 

disturbs this equilibrium by creation of excess carriers. After external stimulus 

is removed, the excess carrier density returns to equilibrium value. The rate of 

recovery is governed by the minority carrier lifetime (within Shockley-Read-

Hall recombination statistics approach [9]). The recovery to equilibrium may 

occur via several simultaneous processes [10], namely: i) the interband 

recombination (in Si radiation processes are irrelevant due to indirect 

bandgap); ii) the phonon assisted recombination via deep levels; iii) three 

particle Auger recombination (is important in heavily doped Si or at very high 

excitation levels); iv) surface recombination due to surface traps.  

The recombination rate via a single level is controlled by minority 

carrier lifetime and described by Shockley-Read-Hall model [9]. Then, carrier 

lifetime is expressed as: 
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Here δn is an excess electron concentration equal to excess holes concentration 

δp; U – recombination rate; τp0 and τn0 – minority carrier lifetimes in heavily 

doped n-type and p-type conductivity semiconductor, respectively. n0 and p0 

are the equilibrium concentrations for the electrons and holes, respectively. 

n1=NCexp((Er-EC)/kBT)=niexp((Er-Ei)/kBT) and p1=NVexp((EV-Er)/kBT)= 

niexp((Ei-Er)/kBT) represent the equilibrium electron and hole densities, 

respectively, when Fermi level position coincides with the recombination level 

position, with NC and NV – the density of states in the conduction and valence 

bands, respectively. Here, EC, Er, EV and Ei denote the conduction band, 

recombination level, the valence band and intrinsic energy levels, respectively. 

kB denotes Boltzmann‘s constant, and T - the absolute temperature. In n-type 

material carrier pair lifetime can be written as 
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Here EF is Fermi energy level position, ζ=τn0/τp0 is the ratio of the minority 

carrier lifetimes in heavily doped p-type and n-type material, and h=δn/n0 

denotes the injection level. 
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The minority carrier lifetime in heavily doped p-type and n-type 

material is dependent on the capture cross-sections for electrons (cn) and holes 

(cp) at the recombination centre and expressed as: 

rcnTnrn
n NvNc σ

τ 11
0 ==    (2.4) 

and 

rcpTprp
p NvNc σ

τ 11
0 ==  .  (2.5) 

Here vTn and vTp are the thermal velocities for electrons and holes, respectively, 

and Nr is the density of recombination centres. 

At low injection levels (h<<1), according to Eq. (2.3), carrier lifetime is 

independent of carrier density and acquires a constant value: 
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At high injection levels (h>>1), the lifetime again from Eq. (2.3) is 

independent of injection level and in this case is expressed as 
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From equations (2.6) and (2.7), it can be seen that τLL is the shortest one when 

the recombination centre is located in the middle of the bandgap and τLL value 

increases if recombination level moves towards the conduction or valence 

band, while τHL is independent of recombination level position. However, τHL 

depends on parameterζ. 

Carrier generation lifetime, expressed as [7] 
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strongly depends on recombination level position. The shortest τg is obtained 

when recombination level is situated in the middle of the bandgap. A reduction 

of generation lifetime leads to an increase of the leakage current, which is 

related to τg as 
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Here, qe is the elementary charge, S – an area of the junction, wd – the 

depletion width, ni – the intrinsic carrier concentration. 

Therefore, τLL, τHL, τSC can be controlled by varying the recombination 

level position or value of ζ. This can be achieved by employing radiation 

techniques, as these techniques are suitable for the control of introduction of 

vast variety of defects [1]. 

In power devices, the ratio τHL/τLL should be kept large in order to 

maximize the concentration of injected minority carriers and to modulate the 

conductivity of the base region during current flow. This is achieved when the 

recombination level is positioned in the middle of the bangap. However, large 

τHL/τLL ratio opposes the low leakage current. Therefore, traps inducing the 

deep levels and characterized by rather large carrier capture cross-section are 

desirable. Furthermore, reverse recovery time τRR and peak reverse current IRP 

values are reduced when τHL is short and also depends on recombination layer 

position within diode structure. Therefore, optimization of the parameters of 

power devices can only be achieved in a compromise way by engineering the 

dominant recombination levels and by positioning of recombination layers 

within diode base region. 

The modification of recombination characteristics for the control of 

dynamic parameters of power devices is commonly employed using 

irradiations by electrons, protons, alpha particles or combining irradiations of 

several species. Electron irradiations create homogeneous damage within 

sample bulk. Meanwhile, protons or alpha particles damage is inhomogeneous 

because secondary displacements near the site of the primary displacement 

occur [1, 5]. Protons or ions dissipate most of their energy at their projectile 

depth, thus creating high density of defects at their stopping range. The 

penetration depth within the material depends on the energy of ions. Therefore, 

implantation of certain ions allows of modifying locally the distribution of 
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defects and consequently the recombination parameters within the depth of 

device structure [1, 11, 12]. 

Protons, electrons and alpha particles produce radiation defects such as 

single or double charged divacancies V2
-/0 or V2

=/-, respectively, vacancy–

oxygen pairs VO, and carbon–oxygen interstitial pairs CiOi [13, 14, 15]. 

During protons implantation (opposite to electrons and alphas) the hydrogen 

related defects, such as VOH are also produced. These levels have a negligible 

influence on carrier generation and recombination at low irradiation fluences 

due to their low values of carrier capture cross-sections [16]. The dominant 

centres are VO complexes, responsible for the lifetime at high injection level 

and V2
-/0 responsible for the recombination at low injection level and carrier 

generation within a depletion region [13]. However, at high proton 

implantation fluences, VOH centres start to dominate due to high density of the 

implanted hydrogen atoms [17, 18]. 

It has been shown that applied proton implantations provide 3-10 times 

lower leakage current than those obtained for standard alpha implantations, 

evaluated for the equivalent reduction of reverse current peak [19]. This is 

explained by lower production of divacancies. In the case of proton 

irradiations, divacancies dominate in creation of the carrier generation current 

within the depletion region. Hydrogen atoms, which are implanted at the 

projectile range during protons irradiation, also stimulate annealing of 

divacancies by suppressing formation of V2O complexes. Therefore, the 

leakage current of proton irradiated diodes is significantly reduced after 

annealing at 350 oC.  While, this current of diodes irradiated with alphas 

sustains its high value. On the other hand, some author’s demonstrated a 

reduction of breakdown voltage in protons [20, 21] and helium ions [22, 23] 

implanted diodes after post-irradiation anneals in the range of 350-500 oC 

temperatures. This result was explained [20-23] by formation of thermal 

donors which increase positive charge within space charge region and, 

consequently, cause an enhancement of the electric field and accelerate impact 
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ionization. It was shown that the possibility of the avalanche breakdown is 

reduced by shifting the recombination layer away from the junction [24]. 

It was reported that ion irradiated diodes exhibit larger leakage current 

compared to those irradiated by electrons due to the higher production of 

divacancies in the case of ion irradiation [21]. Electron irradiations lead to the 

increase of forward voltage drop (UF). Contrary, the lifetime local killing 

techniques provide reduction of reverse recovery charge collection keeping the 

lower voltage drop value. However, the higher doses, collected within a low 

doped n-base region, result in sharp and undesirable increase of UF. This 

happens if conditions of high-level injection are violated within location of the 

largest damage. Electron irradiations can not properly shape the diode recovery 

characteristics which stay qualitatively identical to that of the non-irradiated 

diode [21]. Control of carrier local lifetime by using ion irradiations can speed-

up the diode switching and soften the recovery by leaving enough charge on 

the cathode side. However, manipulation of the local lifetime, if applied 

exceptionally to the anode junction, does not determine desirable carrier 

distribution within the n-base during forward conduction regime, leaving the 

rather large injected charge in the middle of base width. This charge enhances 

the switching losses and the probability of dynamic avalanche. For this reason, 

local lifetime control has to be applied in combination with an additional local 

lifetime control or uniform lifetime control treatment. The only reasonable way 

for optimization of the ON-state losses is a precise setting of the axial lifetime 

profile. This lifetime distribution profile is devoted to decrease the excess 

carrier plasma density only in the necessary locations and, at the same time, to 

guarantee that the conditions of high-level injection will not be violated [21]. 

Platinum impurity atoms introduced within a substitutional site of Si 

lattice are the ideal recombination centres for the modification of 

recombination parameters [7]. Diffusion of platinum atoms occurs via 

interstitial configurations. A stable Pt impurity state is in its sustitutional site. 

Pt atoms acquire a substitutional state via reactions of Pti+V⇔PtS . Therefore, 

profiling of distribution of platinum atoms within diode structure can be 
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implemented by profiling of vacancies. The latter technique is successfully 

implemented by implantation of He ions [25]. This technique allows a 

reduction of the reverse current peak (IRP) which appears during switching 

from forward conduction to the reverse blocking regime and avoiding of 

current swinging during recovery process. These phenomena are inherent for 

reverse recovery processes in standard He implanted devices. Also, the lower 

leakage current values are obtained in Pt in-diffused devices [26]. Therefore, 

combined platinum in-diffusion and radiation mediated (enhanced due to 

excess vacancies) formation of electrically active Pt traps technology is 

employed. However, a controllability of radiation enhanced platinum in-

diffusion from Pt/Si source is limited. As a result, inappropriate scatter of 

dynamic parameters (especially of reverse peak current) is obtained for 

radiation enhanced Pt in-diffusion modified devices. 

It has been also reported that breakdown voltage can be increased by 

compensating of the n-base doping close to the anode junction of power device 

[27]. This is achieved by local lifetime control using radiation enhanced 

palladium in-diffusion. Irradiations are performed by alpha particles at energies 

proper to achieve the stopping range in the base region close to the junction. 

Besides the compensation effect, the reduced carrier lifetime values are 

obtained within the palladium in-diffusion modified region, and this serves for 

reduction of the peak recovery current (consequently, of recovery losses) and 

provides soft recovery [28]. The introduced recombination centres show high 

thermal stability, however this technology requires the multiple procedures 

(diffusion, irradiation, anneals).  

Hazdra et. al. reported that hydrogenation of platinum atoms can be 

implemented by protons irradiation [29]. Hydrogenation appears within 

protons projectile depth forming centres and complexes related to Pt and H. It 

is also shown that Pt atoms accelerate anneal of divacancies and vacancy–

oxygen complexes. This provides another approach for engineering of 

recombination centre parameters. However, again multiple procedures of 

diffusion, implantation and thermal anneals are required. 
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2.3. Peculiarities of the operational characteristics in particle detectors  

In high energy physics experiments semiconductor particle detectors of 

pin structure operating at full depletion regime are commonly employed for 

tracking the ionising particles. Semiconductor particle detectors were designed 

based on Ramo’s theorem [30] which was first formulated for the design of 

vacuum tubes. The theorem is formulated from the moving charge and 

electrode electrostatic energy balance equation QAVA=-qVq for the linear 

medium conditions to derive currents induced in external circuit by a moving 

charge in an ionising chamber: 
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with the weighting field Eq,A=1/VA(dVq/dx)≈1/d, at charged particle motion 

velocities vq,kin<<c/n. The other symbols represent: QA is the induced charge on 

electrodes, VA is a potential on electrode, while Vq is a potential of a moving 

charge q. Ramo’s theorem describes the induced currents in a linear medium. It 

was shown [31-34] that Ramo’s theorem can not be applied straightforwardly 

for the non-linear medium (semiconductor detectors). Thus the inhomogeneity 

of electric field, of charge relaxation, of recombination/generation and 

diffusion processes should be included. Furthermore, the analysis of current 

transients becomes more complicated in partially depleted detectors when 

variations of depletion boundary due to mentioned processes must be taken 

into account. 

Ionising radiation creates the defects in semiconductor which provide a 

wide variety of levels within the bandgap that affect the detectors operational 

parameters [35-37]. The shallow levels change the effective doping (Neff) 

density thus influencing the full depletion voltage UFD=d2qeNeff/2εε0. 

Moderately deep levels act as capture centres reducing the charge collection 

efficiency CCE~Q(t)=Q0exp(-t/τC) with carrier capture lifetime τC=1/σCvT(NT-

nT(t)). Deep levels act as generation centres increasing the leakage current 

Ig=qeniwdS/τg with generation lifetime τg=2cosh(ET-Ei)/σCvTNT which is a 

source of noise within registered signal. The other quantities within above 
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expressions are as follows: Q(t) – the collected charge, Q0(t) – the generated 

charge, σC – carrier capture cross section, vT – thermal velocity, NT – the 

density of traps, nT(t) – density of filled traps, qe – the elementary charge, ni – 

intrinsic carrier density, wd – depletion width of the drift region, S – the area of 

the junction, ET – the energy of trap level within bandgap, Ei – the intrinsic 

energy level position. Therefore, it is necessary to analyze the peculiarities of 

defects in irradiated diodes, their evolution, transformations, and to search for 

new approaches of improving the detectors structure and operational regimes.  

Generation current and consequently parameters of carrier generation 

centres are controlled by measurements and analysis of current-voltage (I-V) 

characteristics. Value of full depletion voltage (UFD) is determined either as a 

saturation point on the C-V characteristic [38] or by the transient current 

technique (TCT) using a kink-point on the characteristic of voltage dependent 

variations of the injected charge drift transients [39-43]. Having determined 

UFD by the mentioned measurement procedures, the effective doping density 

Neff is calculated using the relation Neff≅ 2εε0UFD/qed
2, which is valid only for a 

perfect diode. Carrier capture, emission parameters as well as concentration of 

defects are evaluated by Deep Level Transient Spectroscopy (DLTS) [44] or 

Thermo Stimulated Currents (TSC) [44-47] technique. The latter DLTS and 

TCT techniques are based on measurements and analysis of the capacitance or 

current changes caused by variations of the thermal emission rate of carriers 

from defect levels. 

The straightforward analysis of C-V characteristics showed a decrease 

of UFD at lightly irradiated n-type diodes and then an increase at higher (>1013 

cm-2) fluences for detectors of high resistivity material [38]. Then it was 

inferred that effective doping concentration decreases at small irradiation 

fluences, changes its sign to p-type and finally starts to increase with 

enhancement of fluence. Furthermore the dependence of UFD (extracted from 

C-V characteristics) on ac test signal of LRC meters was observed in heavily 

irradiated diodes [38], which clearly indicates the influence of carrier capture 

and emission processes for the measured C-V characteristics. 
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Current transients measured in heavily irradiated diodes by employing 

the TCT technique are obtained to be of double peak shape [48-50] which was 

proposed to be originating from the double peak electric field distribution 

within diode of pin structure drift region with its highest values at the p+n and 

nn+ junctions [51, 52]. The origin of this double peak electric field distribution 

was explained [50] by deep levels trapping of thermally generated electrons 

and holes at different sides of the drift region (electrons nearby nn+ junction 

and holes nearby the p+n junction) and consequently, resulting in different sign 

of space charge nearby the p+n and nn+ junctions. It was also proposed that the 

double junction effect at applied reverse voltages below UFD appears [49, 50]. 

However, it is necessary to notice that the application of the above 

mentioned techniques becomes complicated at high irradiation fluences. Then 

C-V characteristics measured become distorted because of the phase shift 

measured by LRC meter is determined by generation current not by the change 

of capacitance, and simple models [53] based on equivalent circuits should not 

be applied for description of C-V characteristics. The model of TCT technique 

based on Ramo’s theorem [30] has been also shown [31-34] not to be 

applicable for the analysis of under depleted diodes. Furthermore, when defects 

density exceeds that of dopants (NT>>ND), the radiation induced traps can only 

be partially filled. This phenomenon is illustrated in Fig. 2.2, where simulated 

variations of carrier capture (τC) and emission (τem) times as a function of trap 

level position in material with ND=1012 cm-3 are presented for different density 

of traps (NT) [A13]. It can be seen that only deep traps with τC << τem can only 

be filled when NT>>ND. Thus, DLTS and TCS techniques can not be applied at 

high irradiation fluences for correct evaluation of traps parameters. 
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Figure 2.2. Carrier emission (τem) and capture (τC) lifetimes as functions of deep level 
position ET in the upper half of forbidden-gap in the n-type (ND=1012 cm-3) material. 
Capture lifetimes are presented for NT=8×1011 cm-3< ND and for NT=1014 cm-3>> ND 
[A13]. 

 

Therefore, techniques capable to characterize heavily irradiated 

detectors, models capable to describe the peculiarities of current transients in 

detectors (taking into account the dielectric relaxation, trapping and 

recombination processes) and verification of widely accepted phenomenon of 

space charge sign inversion, are needed. 
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III. Sample preparation and characterization techniques 

In this work several techniques were combined for the analysis of deep 

level spectra and of their variations with irradiation fluence and thermal 

anneals, for evaluation of the generation/recombination and trapping as well as 

transport parameters in irradiated power diodes and detectors. In this section 

basic principles of operation of these techniques are presented. First, sample 

preparation, surface passivation and primary characterization are described. 

 

3.1 Preparation, passivation and primary characterization of samples 

The preparation of samples for the irradiations, in order to modify the 

recombination and functional parameters of devices, is an important procedure. 

In this work initial material float zone (FZ) n-Si (which is employed for the 

production of diodes) wafer samples were prepared for the control of 

recombination parameters after irradiation while completely fabricated diode 

samples were prepared for the control of static and dynamic characteristics of a 

device. 

The structure of FZ n-Si wafer substrates is sketched in Fig. 3.1 (a), and 

contains such layers: 60 µm – thickness n-Si layer of relatively large ρ=25 

Ωcm resistivity and of ND=1.74·1014cm-3 dopants density, and n+-Si 200 µm -

thick layer of ρ=0.04 Ωcm low resistivity, containing ND=3.37·1017cm-3 donors 

density. 

The diode structures were produced at enterprise “Vilniaus Ventos 

Puslaidininkiai” and had a structure, shown in Fig. 3.1 (b),  with layers as 

follows (from left to right, in Fig. 3.1 (b)): Al electrode of 20 µm thickness, p+-

Si layer of resistivity of ρ=0.004 Ωcm with acceptors density of 

NA=2.7·1019cm-3, and of thickness of 19 µm; n-Si layer of resistivity of ρ=25 

Ωcm, of donors density of ND=1.74·1014 cm-3, and of thickness of 41 µm; n+-Si 

layer of resistivity of ρ=0.04 Ωcm, of donors density of ND=3.37·1017cm-3 and 

of thickness of 185 µm; n++-Si layer of resistivity of ρ=0.002 Ωcm, of donors 

density of ND=3.4·1019cm-3 and of thickness of 15 µm; Cr/Ni/Ag electrode of  

20 µm thickness. 
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a 

 

b 
Fig. 3.1. Structure of FZ n-Si wafer samples (a) and diodes with indicated δ and 
triangle shape enhanced recombination regions (b). 
 

The produced diode plates on 4 inch wafer substrate were cut into diode 

blocks of dimensions 21.04 mm × 19.95 mm each containing 20 diodes (Fig. 

3.2 (a)), since only samples of that geometry were available to mount inside 

the irradiation chamber at Helsinki University Accelerator Laboratory 

(HUAL). Only six diodes (which is enough for characterisation), set in the 

centre of the block (highlighted in Fig. 3.2 (a)), were irradiated, to reduce the 

exposure procedure. The picture of the single diode is presented in Fig. 3.2 b. 

Samples of the initial FZ n-type Si for the irradiations were cut into blocks of 

the same dimensions as diode sample blocks. The diode blocks were cut into 

single devices after irradiations (Fig. 3.2.b). 
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Fig. 3.2. a- Sketch of a block of diodes prepared for protons irradiation. The irradiated 
area in the middle of the block is emphasized. b- Picture of the diode.  

 

Primary characterization of recombination parameters in FZ n-Si wafer 

samples was carried out by employing microwave probed photoconductivity 

transient technique. Carrier lifetime measurements allow one to evaluate the 

presence of technological defects (that might be introduced during each 

technological step especially when thermal operations – as diffusion of 

dopants, etc. are performed) and radiation defects [54]. When bulk carrier 

lifetime is relatively long, it can only be evaluated correctly when carrier 

surface recombination is suppressed by passivating the surface of the structure. 

Surface passivation might be implemented by growing thermal oxide [54]. 

However, the mentioned procedure is not very practical, especially, when 

carrier lifetime needs to be measured within each technological operation 

during production process of the device. 

In our experiments, a wet surface passivation procedure by iodine-

ethanol solution has been proposed. First, Si wafers were etched for 5 minutes 

in HF : HNO3 : H3COOH = 28 : 4 : 10 mixture to remove oxide and surface 

defects. Then Si wafers were placed into the plastic bag filled with iodine 

ethanol solution of the ratio 100 ml ethanol : 5 g iodine. The plastic bag and 

passivating iodine-ethanol thin layers are transparent for infrared excitation 

light and for microwaves probing the photoconductivity transients.  Carrier 

recombination parameters had been extracted by measuring the microwave 

probed photoconductivity decays on the in situ passivated samples. 
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3.2. Standard device characterization techniques 

3.2.1. Current-voltage and capacitance-voltage techniques 

Diode current-voltage (I-V) characteristic for the ideal case is expressed 

by Shockley equation which consists of diffusion currents of holes (Jp) and (Jn) 

electrons [7,55]: 
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Here qe is the elementary charge, U – voltage applied, kB – Boltzmann's 

constant, T – absolute temperature, Dp and Dn – diffusion coefficients of holes 

and electrons, respectively, ni – intrinsic carrier density, Lp and Ln – diffusion 

lengths of holes and electrons, respectively, ND and NA – donor and acceptor 

concentrations, respectively. 

For real diode structure, current in the forward biased junction consists 

of current components determined by generation/recombination 

JR=qegwd=(qeniwd/τg)exp(qeU/2kBT) (where g is the generation rate), diffusion 

(eq. 3.1), high injection JT=2qenavd/τHL (with average carrier concentration nav 

within diode drift region at high injection conditions) and series resistance 

(associated with the finite resistivity within quasi-neutral regions) effects. For a 

reverse biased junction, the current Jg=qwdni/τg is determined by generation 

processes within the depleted region. Therefore, measurements and analysis of 

I-V characteristics allows of controlling the recombination/generation and 

diffusion parameters. 

Differential of small signal capacitance is expressed as: 
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where S – the area of the junction, dU=dUR+dUbi with Ubi – barrier height, UR 

– applied reverse voltage. Assuming Ubi remains independent of external 
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voltage the capacitance can be measured in terms of the change of the applied 

voltage dUR. 

C-V characteristics are analyzed using depletion approximation [44] 

which must satisfy the following assumptions: i) there are no free carriers 

within space charge region; ii) non-depleted bulk region is everywhere neutral; 

iii) the boundary between the two mentioned regions is sharp. Then barrier 

capacitance of asymmetric p+n junction is expressed by depletion 

approximation [44]: 
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is the depletion width at applied reverse voltage UR. Assuming UR>>Ubi, the 

slope of C-2 vs. UR provides the effective doping concentration: 
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In reality, the boundary between depleted and neutral regions is not 

abrupt. Free carrier density decreases approximately exponentially with the 

square of the distance from the boundary within the depletion region, at a rate 

characterized by the Debye length LD: 
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In applications of the profiling methods, the effective density of dopants Neff is 

evaluated by controlling the slope of characteristic C-2-UR, and the resolution 

of depth variations of dopants density has a fundamental limit of the order of 

magnitude of ±LD [44]. 

A profile of the effective doping distribution in the base of a device can 

be routinely determined by exploiting of wd dependence on voltage: wd ~UR
1/2. 

However, carrier generation from deep levels is present in the irradiated 
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material, therefore barrier capacitance charging current changes should be 

supplemented by generation current variations ig=qeniSwd/τg with depletion 

width and carrier generation lifetime τg. In common LRC-meters, capacitance 

evaluation is based on measurements of  small ac test signal u phase shifts due 

to displacement current, when amplitude of the response and of the reference 

signals are actually controlled at fixed ac period instants, and then capacitance 

values are extracted by simple algebra calculations. Consequently, the presence 

of the leakage current introduces considerable difficulties for direct 

interpretation of the C-V profiling results. Nevertheless, the profiling technique 

can be based on phenomenological analysis of current components: the 

displacement current iC=C(UR)(du/dt) and generation current ig=qeniSδ/τg, 

respectively. The latter component accounts for the generation current within 

δ-width layer of enhanced defect density, which prevails within full current 

iT=i C+i g≈ig|ig>>iC , at relatively large dc voltage UR. Thus, position of the tested 

layer is determined by Neff(x,UR), while a peak of iT may appear due to ig. 

Magnitude of the LRC-meter response signal, which is proportional to this test 

current peak, is caused by a width of damaged layer δ and by the ratio of test 

signal frequency ω and generation lifetime τg, i.e. ωτg. 

C-V characteristics are commonly measured by employing small signal 

impedance measurements based techniques. Since diode is non-linear element, 

equivalent circuits are employed for the extraction of parameters [56]. The 

equivalent circuit of the diode is comprised of junction capacitance C, 

conductance G and serial resistance rS (Fig. 3.3 (a)) [45]. The conductance 

depends on diode leakage current. A serial resistance rS is determined by the 

volume and electrodes resistance. The capacitance can be measured employing 

two regimes assuming that it has parallel conductance or serial resistance 

(Figs. 3.3 (b) and (c)). 
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Fig. 3.3. Equivalent circuit of pin diode (a), equivalent circuits of measurement 
regimes by employing LRC meter – parallel (b) and serial (c). 

 

The quantities of CP, GP, CS and RS can be expressed as: 
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Here, ω=2πf – angular frequency of the ac signal of LRC meter. The 

admittance of parallel circuit YP and impedance of a serial circuit ZS are 

expressed as: 

SSSPPP CjRZCjGY ωω /1; +=+= ,  (3.10) 

Since YP=1/ZS, then: 
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Here, DS=ωCSRS is a dissipation factor. Similarly: 
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In the case of parallel circuit, the dissipation factor is 
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dissipation factor of parallel and serial regimes can also be expressed through 

quality factor Q, which is a reciprocal quantity to D: 
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It has been shown [45] that measurement of diode capacitance is correct when 

Q≥5. Then CP coincides with CS. When Q<5, a difference between CP and CS 

appears. Then the capacitance measurement is unacceptable. The quality factor 

might be small due to large G or rS. The increase of G is obtained in heavily 

irradiated diodes containing generation centres. 

Measurements of I-V characteristics in this study were performed by 

employing a commercial sub-femtoamp source-meter Keithley 6430 

instrument. C-V characteristics were examined by using the small ac signal 

impedance measurement technique implemented by a high precision QuadTech 

7600 LRC-meter. A computer controlled voltage bias source for the range of 0-

500 V made of a set of batteries connected in series within a shielded box was 

exploited in order to arrange noiseless and galvanically insulated 

measurements. The latter source is inevitable for measurements of small ac 

signals within frequency range of 20 Hz – 2 MHz by employing high precision 

LRC-meter. Temperature dependent measurements were performed by placing 

a sample into a liquid nitrogen cryostat. 

 

3.2.2. Deep level transient spectroscopy technique 

Deep level transient spectroscopy (DLTS) technique allows evaluating 

the activation energy, concentration and capture cross-section of traps [44]. 

This technique is based on measurements and analysis of capacitance transients 

caused by trapping and emission of free carriers by defect associated levels. A 

diagram of the carrier capture and emission processes is shown in Fig. 3.4. 

 

Figure 3.4. Diagram of carriers capture and emission processes for a trap with energy 
level ET and density NT containing nT electrons [44]. 
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Interaction between free carriers and deep centres is described by the rate 

equations: 

nvc nnn σ= ,     (3.14) 
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Here, cn, cp are electron and hole capture rates, respectively. en, ep denote 

electron and hole emission rates, respectively. σn, σp are electron and hole 

capture cross-sections, respectively. 〈vn〉, 〈vp〉 represent thermal velocities of 

electrons and holes, respectively. n, p denote free carrier density for electrons 

and holes, respectively; NC, NV represent density of states in conduction and 

valence bands, respectively. EC is energy ascribed to conduction band 

minimum, while other symbols represent such quantities: EV – valence band 

maximum, ET – trap position within the bandgap, kB – Boltzmann's constant, T 

– absolute temperature. It can be seen that carrier capture rates depend on free 

carrier density while carrier emission rates depend on trap position within the 

bandgap and on temperature. Thus carrier capture rates are the basic 

parameters of DLTS technique. Since 〈vn〉, 〈vp〉 are dependent on T1/2, and while 

NC, NV are dependent on T3/2, then en, ep are proportional to T2.  

Variation of electron occupancy with time is expressed as: 
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and a solution of Eq. (3.18) is: 
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It can be seen that, when the occupancy is deviated from equilibrium, nT 

relaxes exponentially to its steady state with a rate constant τ-1=cn+ep+cp+en. 
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Considering an asymmetric p+n junction, the DLTS technique is 

implemented for the case of majority carrier traps in such a sequence. In the 

absence of reverse bias, traps are filled as carrier capture process dominates 

(cn>en). When applied UR causes a depletion region change, the emission 

process starts to dominate. The emitted electrons are extracted by the electric 

field from the depleted region by increasing the positive space charge in the 

depletion region, which increases the barrier capacitance. In asymptotic 

equilibrium (t=∞) when deep donors are empty within depletion region, charge 

of deep donors contributes to the shallow donors charge. Then, capacitance is 

expressed as: 
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For non-equilibrium case, when a system relaxes after trap filling, temporal 

variation of capacitance due to carrier emission is expressed as: 
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A square root term in Eq. 3.21 can be expanded assuming NT, nT << ND. Using 

Eq. 3.19   and cn, ep, cp=0 conditions, the change of capacitance ∆C(t)=C(t)-

C(∞) can be expressed for the transient relaxation as: 
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It can be deduced that a differential capacitance value varies exponentially 

approaching to C(∞), as the carriers are emitted from the traps. The time 

constant of the capacitance transient gives the thermal emission rate, and the 

amplitude of the transient ∆C(0)/C(∞), being equal to NT/2ND, gives a measure 

for traps concentration. 

A peculiarity of DLTS method is to apply the “rate window” to a 

measured transient, which provides maximum output when time constant τ is 

equal to a known preset time constant τref.  
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Fig. 3.5. Variations of the transient time constant τ=en
-1 with reciprocal temperature 

for two different traps (a) and deep level spectrum which is produced by a rate 
window with reference time constant τref [44]. 

 

The principle of operation of rate window is presented in Fig. 3.5. In the 

principle demonstration case, there are two different traps characterized by the 

linear relation between ln(τ) and T-1, however, having different activation 

energy Ena and capture cross-section σna values. As the emission rate increases 

with temperature, the peak occurs in the rate window output as τ=en
-1(T) by 

passing through τref for each trap. By repeated scans with different values of 

τref, sets of en values at fixed peak temperatures Tpk are obtained. These data 

sets are employed to plot the Arrhenius curves, representing the ln(en
-1T2) 

dependence on T-1. These Arrhenius plots are exploited for evaluation of Ena 

and σna parameters, determined for each trap. Either the plots of ln(en
-1T2) 

versus T-1 or the sets of Ena and σna of parameters are called “trap signatures”.  

In this work capacitance deep level transient spectroscopy 

measurements were performed by using a commercial spectrometer DLS-82E, 

to identify carrier generation centres. A temperature scan regime is usually 

employed to register spectra of deep levels. 

 

3.2.3. Reverse recovery and forward voltage drop evaluation techniques 

The reverse recovery transients were examined by using an industrial 

tester TA2050 installed at enterprise “Vilniaus Ventos Puslaidininkiai”. This 
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tester is designed for measurements of the reverse recovery time τRR values in 

the range from 10 ns to 4 µs. Reverse recovery time in diodes is commonly 

determined at 10 or 25% level relatively to the reverse recovery current IRP 

peak value. Forward current peak values within pulses of duration of 30 µs for 

the reverse recovery time measurements can be varied within a range of 0.5 – 

15 A. The ramp of current drop dI/dt is usually varied in the range of 10-50 

A/µs. The reverse voltage of diode URR in this instrument can be fixed at values 

of 30 V, 50 V and 100 V. 

Measurements of the forward voltage drop UF are also performed by 

another industrial tester. Values of UF on diodes are measured by applying 

current pulses of duration of milliseconds to prevent the tested diode against 

overheating. Values of the pulsed current are varied in the range of 0.5 - 20 A.  

 

3.3. The developed device characterization techniques 

3.3.1. Microwave probed photoconductivity transient technique 

Microwave probed photoconductivity transient (MW-PCT) technique is 

commonly employed in our laboratory for the direct measurements and 

extraction of carrier lifetime values [54]. The specific instrumentation is 

designed and exploited for contactless scans of carrier lifetime in the simple 

carrier decay situations. The improved measurement regimes have been 

employed in this work for consideration of competing recombination processes 

in the systems of distributed parameters between surface and material bulk as 

well as for redistribution of carrier capture flows between recombination and 

trapping centres, by analyzing the shape and constituents of the 

photoconductivity relaxation transients. 

MW-PCT technique is based on interaction of electromagnetic radiation 

and material, actually, the MW-PCT characteristics are modified due to 

absorption of microwaves by free carriers. For microwave region this 

interaction is described by Drude–Lorentz model when microwave frequency 

wMW is much smaller than inverse lifetime of carrier scattering τscat 

(wMWτscat<<1). In this case, strength of interaction can be evaluated by 
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employing the absorption coefficient αMW parameter, as the coefficient of free 

carrier absorption is nearly independent of frequency, being far from 

resonances. However, dispersion of the free carrier absorption determines the 

enhanced values of αMW relatively to that for infrared light frequencies range 

αIR, i.e. αMW >> αIR. Meanwhile absorption coefficient for infrared (IR) 

radiation αIR is a function of frequency ~(wIRτscat)
-2. Thus, the higher sensitivity 

of registered signals is achieved for microwave probing regime compared to 

that for IR frequencies.  

Variations of carrier concentration within the material modify the 

absorbed or reflected microwave radiation power. The amplitude of response 

of microwave probed photoconductivity transients UMW as a function of 

excitation density and microwave radiation intensity can be written: 

 ][ npMW IKIU −∆= κ ,   (3.23) 

where Ip is the intensity of MW radiation, In – the intensity of scattered 

radiation noise, κ – the electrical signal transmission function of MW detector. 

The coefficient ∆K of MW power modulation due to light induced variations of 

material conductivity is expressed: 
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where ε0, µ0 are dielectric and magnetic permittivities, respectively, d – sample 

thickness. At equilibrium K depends on material conductivity when sample 

thickness and MW frequency are constant. At equilibrium, function K(w) is at 

resonance when the denominator of Eq. 3.24 is minimal. The resonance of the 

MW system is achieved by adjusting the MW bridge, by varying the distance 

between sample and MW probe or by varying the MW frequency. 

For the case of ∆σ/σ0<<1 and ∆K/K<<1, the change of MW power 

modulation is a linear function of conductivity changes UMW∝∆σ∝∆n, where 

∆n is a concentration of excess carriers. When ∆σ/σ0>1, the characteristic of 
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MW absorption/reflection is a sub-linear curve, i.e. ∆K/K=1, thus the 

amplitude of photoresponse saturates. MW-PCT measurements should be 

performed using a linear characteristic’s regime when ∆σ/σ0<<1. 

The measured transient photoconductivity response is determined by the 

decay of excess carrier concentration. 

A sketch of instrumentation for implementation of the MW-PCT 

technique is shown in Fig. 3.6. 

 

Rload

MB tiltas

MW oscillator
with adjustable power 

and frequency

MB cirkulatorius

MB tiltas

MW circulator

f≥0.5 GHz,
U≤1 mV/pd
f≥0.5 GHz,
U≤1 mV/pd

TDS-5104

Microchip laser STA-01

ττττexc ~700 ps, Eexc ≤≤≤≤ 10 µµµµJ

MW slit
antenna

sample

MW bridge

Attenuator
of light density Sliding short

Sliding short

Sliding short

Amplifier (>50)

MW detector

Rload

MB tiltas

MW oscillator
with adjustable power 

and frequency

MB cirkulatorius

MB tiltas

MW circulator

f≥0.5 GHz,
U≤1 mV/pd
f≥0.5 GHz,
U≤1 mV/pd

TDS-5104

Microchip laser STA-01

ττττexc ~700 ps, Eexc ≤≤≤≤ 10 µµµµJ

MW slit
antenna

sample

MW bridge

Attenuator
of light density Sliding short

Sliding short

Sliding short

Amplifier (>50)

MW detector

MB tiltasMB tiltas

MW oscillator
with adjustable power 

and frequency

MW oscillator
with adjustable power 

and frequency

MB cirkulatorius

MB tiltas

MW circulator

f≥0.5 GHz,
U≤1 mV/pd
f≥0.5 GHz,
U≤1 mV/pd

TDS-5104

Microchip laser STA-01

ττττexc ~700 ps, Eexc ≤≤≤≤ 10 µµµµJ

Microchip laser STA-01

ττττexc ~700 ps, Eexc ≤≤≤≤ 10 µµµµJ

MW slit
antenna

sample

MW bridge

Attenuator
of light density Sliding short

Sliding short

Sliding short

Amplifier (>50)

MW detector

ττττexc~500 ps,

 

Rload

MB tiltas

MW oscillator
with adjustable power 

and frequency

MB cirkulatorius

MB tiltas

MW circulator

f≥0.5 GHz,
U≤1 mV/pd
f≥0.5 GHz,
U≤1 mV/pd

TDS-5104

Microchip laser STA-01

ττττexc ~700 ps, Eexc ≤≤≤≤ 10 µµµµJ

MW slit
antenna

sample

MW bridge

Attenuator
of light density Sliding short

Sliding short

Sliding short

Amplifier (>50)

MW detector

Rload

MB tiltas

MW oscillator
with adjustable power 

and frequency

MB cirkulatorius

MB tiltas

MW circulator

f≥0.5 GHz,
U≤1 mV/pd
f≥0.5 GHz,
U≤1 mV/pd

TDS-5104

Microchip laser STA-01

ττττexc ~700 ps, Eexc ≤≤≤≤ 10 µµµµJ

MW slit
antenna

sample

MW bridge

Attenuator
of light density Sliding short

Sliding short

Sliding short

Amplifier (>50)

MW detector

MB tiltasMB tiltas

MW oscillator
with adjustable power 

and frequency

MW oscillator
with adjustable power 

and frequency

MB cirkulatorius

MB tiltas

MW circulator

f≥0.5 GHz,
U≤1 mV/pd
f≥0.5 GHz,
U≤1 mV/pd

TDS-5104

Microchip laser STA-01

ττττexc ~700 ps, Eexc ≤≤≤≤ 10 µµµµJ

Microchip laser STA-01

ττττexc ~700 ps, Eexc ≤≤≤≤ 10 µµµµJ

MW slit
antenna

sample

MW bridge

Attenuator
of light density Sliding short

Sliding short

Sliding short

Amplifier (>50)

MW detector

ττττexc~500 ps,

 

Fig. 3.6. Setup of MW probed photoconductivity transient measurement arrangement. 

 

The instrument consists of the microwave bridge connected to either a slit or 

needle-tip antenna, of a microwave generator (Gunn diode), of a resonance 

chamber with microwave detector. Excess carriers are generated by a STA-01 

microchip YAG:Nd laser with pulse duration of 500 ps at wavelength of 1062 

nm. Excitation at 531 nm wavelength via single mode fiber is also applied 

when carrier lifetime variations within depth of wafer or layered samples are 

scanned on cross-sectional boundary of the sample. An excited area of the 

sample is probed by microwaves at 22 GHz by using either a slit antenna for 

depth integrated lifetime measurements or a needle-tip coaxial antenna for 
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cross-sectional scans to achieve high spatial resolution. The MW bridge is 

attenuated using sliding shorts to achieve a resonance of the MW system. The 

excess carrier decay transients are registered by using a 1 GHz oscilloscope 

TDS-5104. A PC computer is employed for control of the measurement 

procedure, and for data sampling, acquisition and recording. 

         In this work a surface passivation technology has been proposed and 

approved for MW-PCT measurements in rather thin samples with inherent 

rather long recombination lifetimes, when surface recombination cannot be 

neglected. For fast characterization of material recombination properties within 

the system of distributed parameters, the effective lifetime τeff approach is 

commonly used. 

The effective lifetime τeff can be approximated by the phenomenological 

expression 

( )[ ]Dsbeff ττττ ++= /1/1/1         (3.25) 

being a result of both the bulk (τb) and the surface (τs) recombination 

components. The surface recombination can proceed after carriers diffuse to 

the surface during time τD=deff
2/π2D. On the other hand, τs=deff/s can be 

expressed via surface recombination velocity s. Here, deff is the effective 

sample thickness and D is a coefficient of the carrier diffusion. Absolute values 

of τeff are rather good characteristics of the material and of surface passivation 

efficiency within qualitative analysis of recombination rates. 

Values of carrier lifetimes of the 5.2 µs and of the 370 µs for non-

passivated and surface passivated, respectively, have been obtained on pure FZ 

substrates by employing this IR microwave probed photoconductivity 

technique. Excess carrier decay transients measured on non-passivated wafer 

samples and samples passivated with iodine ethanol solution are presented in 

Fig. 3.7. The parameter of surface recombination velocity s has been evaluated 

being equal to 5.8×103 cm/s and 81 cm/s for non-passivated and passivated 

with iodine solution samples, respectively. The reduction of surface 
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recombination velocity to the value less than ≤100 cm/s indicates that surface 

recombination is considerably suppressed. 
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Fig. 3.7. Normalized excess carrier decay transients measured in non-passivated and 
passivated pure FZ initial Si material wafer samples. 

 

Excess carrier decay transients measured on passivated and non-

passivated initial FZ n-Si wafer samples (employed in this work) before 

irradiation are presented in Fig. 3.8. 
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Fig. 3.8. Excess carrier decay transients measured in passivated and non-passivated 
FZ n-Si wafer samples. 
 



 52 

It can be clearly seen that measured carrier lifetime is significantly increased in 

passivated sample, having value of τR=58 µs, relatively to a non-passivated 

sample, with τR=1.2 µs. After evaluation of bulk lifetime, the concentration 

Ni=1/vTσnτR=1.6×1012 cm-3 of intrinsic defects is evaluated, using vT=107 cm/s 

and σn≤10-14 cm2 values as known parameters. This intrinsic concentration of 

recombination centres is >10 times lower than dopants concentration 

(ND=1.74×1014 cm-3). Thus the initial FZ n-Si material is of sufficient quality 

for the formation of semiconductor devices. 

 

3.3.2. Technique of barrier evaluation by linearly increasing voltage pulse 

Barrier evaluation by linearly increasing voltage (BELIV) technique is 

based on measurements and analysis of barrier charging and charge extraction 

current transients. A sketch of measurement circuitry for implementation of 

different BELIV regimes is illustrated in Fig. 3.9. The measurement circuitry 

contains an adjusted output of a generator of linearly increasing voltage 

(GLIV), a diode under investigation, and a load resistor connected in series. 

Current transients are registered using a 50 Ω external resistor or load input of 

the Agilent Technologies DSO6102A oscilloscope. The other channel of the 

digital oscilloscope is exploited for synchronous control of linearity of a GLIV 

signal using a signal differentiating procedure installed within DSO 

oscilloscope. Linearity of the GLIV signal is essential within implementations 

of the BELIV technique. 

 

Fig. 3.9. Sketch of the measurement circuitry for implementation of the BELIV 
technique. GLIV - generator of linearly increasing voltage. 
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The diode under test is mounted on a cold finger within a vacuumed cryo-

chamber for examination of the temperature dependent variations of BELIV 

characteristics, as sketched in Fig. 3.9. 

 

3.3.2.1 Modelling of barrier charging pulsed characteristics  

BELIV technique is implemented by analysis of current transients 

measured for reverse and forward biased junction. For reverse biased diodes, 

the BELIV technique is based on the analysis of barrier capacitance (Cb) 

changes with a linearly increasing voltage U=At pulse. The Cb dependence on 

voltage and thereby on time t can be described using the depletion 

approximation [44] in the analysis of charge extraction transients in the trap-

free material. This approximation leads to the simple relation  

Cb=Cb0(1+U/Ubi)
-1/2 for an abrupt p+n junction in the pin diode, where the 

barrier capacitance Cb0 for the non-biased diode of area S is given by 

Cb0=εε0S/w0=(εε0S
2qeND /2Ubi)

1/2. Here, ε0 is the vacuum dielectric constant, ε 

the material permittivity, qe the elementary charge, Ubi the built-in potential 

barrier, w0=(2εε0Ubi/qeND)1/2  is the width of depletion for non-biased junction, 

and A=UP/τPL the ramp of the LIV pulse with amplitude  UP  and of duration 

τPL. 

The time dependent changes of the charge q=CbU within the junction, 

determine the current transient iC(t): 
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This transient contains an initial (t=0) step ACb0 due to displacement current 

and a descending component governed by charge extraction (Fig. 3.10 (a)). 

The latter component gives an additional relation to extract Ubi by taking the 

ratio rm=iC(0)/iC(tm)≥1 at a fixed time tm. Subsequently the value of ND 

(NDeff=ND-NA) is evaluated by substituting the extracted Ubi in the initial current 

expression iC(0)=ACb0. To extract the barrier parameters more precisely, the 



 54 

above mentioned procedure can be applied after the diffusion current is 

evaluated.  
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Fig. 3.10. Simulated barrier charging and charge extraction iC, generation ig, and total 
iR∑ current transients at reverse biased diode (a). The iC component simulated using a 
convolution integral with RC=20 ns is also shown. Simulated barrier (iCF(t)), 
diffusion (storage) capacitance charging (iCdiff(t)), recombination (iR(t)) and 
injection/diffusion (idifF(t)) currents at forward biased diode (b). 
 

The diffusion current idiff [A11, A13, A14] stabilises rapidly with reverse bias 

voltage. In reality, a delay in the initial part of the transient appears due to 

external circuit time constant and serial processes of dielectric relaxation 

within a boundary at quasi-neutral range of the non-depleted n-layer, drift and 

diffusion of carriers to complete the circuit. The resulting τRC modifies 

crucially the initial current step iC(0) by decreasing its amplitude iC(0) by a 
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factor exp(-t/τRC). The modified current iCM(t) transient, caused by τRC, is 

described by using the Green’s function method [57,58] which leads to a 

convolution integral (with τRC=mRC dependent on the precision required) 

                 dx
xt

xiti
t

RC
C

RC
CM ∫

−
−=

0
]

)(
exp[)(

1
)(

ττ .                     (3.27) 

The qualitative changes of the transients, simulated by using Eqs. 3.26 

and 3.27, are illustrated in Fig. 3.10 (a). It is clearly seen that both a reduction 

and a shift of the iCM(t) peak appear. Fitting of the experimental transient iCM(t) 

by Eq. (3.27) with τRC as fitting parameter, allows extracting Ubi and Cb0. 

 

3.3.2.2. Modelling of trap impact on barrier charging characteristics  

In materials containing a considerable density of deep traps, 

modification of iCM(t) transient by τRC within the initial part appears to be more 

complicated when τRC is governed by carrier capture/release processes [44]. 

Radiation induced traps are responsible for a generation current [A11, 

A13, A14] within the depletion region. This current 

ig(t)=qeniSw0(1+At/Ubi)
1/2/τg increases with voltage U(t) and can exceed the 

barrier charging current in the ulterior range of pulsed transient [A11, A13, 

A14] when the carrier generation lifetime τg is rather short. In a more detailed 

analysis of the impact of traps [44] on barrier capacitance changes with time,  

traps located below the mid-gap are assumed to be the compensation centres 

which modify the effective doping density (in the expressions for w0 and Cb0). 

While deep centres, located in the upper-half of the band-gap, are able to 

rapidly response by majority carrier capture/emission which modifies the space 

charge in the time scale of the dielectric relaxation. 

The transient of the total reverse current (including the diffusion current 

idiff(t)) is described [A14] by the sum of the (iRΣ(t)= i C(t)+ i diff(t)+ i g(t)) 

currents: 
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In the diffusion current expression within equation (3.28) idiff∞=qeSni2LDp/NDτp, 

where LDp=(Dpτp)
1/2. 

The descending charge extraction and ascending generation current 

variation with LIV pulse time (voltage) implies [A11, A13, A14] the existence 

of a current minimum within the transient. The time instant te for this 

extremum can be found by using ∂iRΣ/∂t|te=0 condition. This leads  (at 

assumption  ∂idiff(t)/∂t=0 for te>>k BT/qeA) to a relation for an extremum time 

instant te and to a minimal total current value, expressed by initial values of 

barrier charging iC(0) and  generation ig(0) currents [A11, A14] as 
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The initial current component (iRΣ(t)≈iC(t)+i diff(t)>>ig(0) for t<<t e) can 

be used to determine the barrier Ubi by using Eqs. (3.26) and (3.27). 

Subsequently, the carrier generation lifetime can be determined by using Eq. 

(3.29). For a reverse bias LIV, a main voltage drop appears on the diode, and 

errors due to voltage distribution between diode and load resistor RL can be 

ignored for small leakage currents, for small LIV voltages and for diodes with 

rather small barrier capacitance. The value of the GLIV voltage should be 

replaced by U(t)=At-RLiRΣ(t) and voltage sharing between the load resistor and 

diode with consequent delay in UC(t) should be used during the second 

iteration of modelling. In a more rigorous approach, the non-linear differential 

equations and transcendental equations should be solved to simulate the 

variations of the BELIV transients. 

Barrier current transients and their analysis become more complicated at 

forward biasing of a diode (a regime of minority carrier injection). In this case 

the voltage drop on a load resistor should be always included: UF(t)=At-

RLiΣF(t), to avoid phantom roots and poles within model equations. Generally, 
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current appears to be composed of the barrier (iCF(t)) and of the diffusion 

(storage) capacitance charging (iCdiff(t)) currents and of recombination (iR(t)) 

and injection/diffusion (idifF(t)) ones, as (Fig. 3.10 (b)) 
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Here, additional symbols represent: τR=[1+2(ni/n0)cosh(ET-

Ei)]/σcvTNT≈1/σcvTNT, idiff0=qeSni
2Dp

1/2/NDτp
1/2, Cdiff0= i diff0/(dU/dt)≅idiff0/A. The 

storage (diffusion) capacitance is routinely assumed to be 

Cdiff=d(∫0
tidiff0(exp(qeU(t’)/kBT)-1)dt’)/dU. At forward bias LIV, the initial stage 

of the BELIV transient is governed by a barrier capacitance current (first 

constituent in Eq. (3.30)), which rather slowly increases with UF(t). At t≅0, i.e. 

for qeUF(t)/kBT ≈ 0, diffusion capacitance and diffusion current are close to 

zero. Thus, at low injection level regime, the barrier capacitance component 

prevails over the diffusion and recombination current constituents within initial 

stage of the current transient. The geometrical capacitance determines the 

initial step and capacitor like BELIV transient behaviour, when a diode is fully 

depleted without external voltage. However, contrary to reverse biasing (Eq. 

(3.28), where charge extraction causes a negative constituent UR(dCb/dUR), the 

barrier capacitance current component shows a positive derivative 

UFdCb/dUF>0 for the forward biased diode. This is determined by a 

denominator function within the first constituent of Eq. (3.30). The amplitude 

of the BELIV current, during rearward phase of BELIV current transient, 

exponentially increases due to iCdiff and idifF for the short LIV pulses. Thereby 

both the barrier capacitance (iCF(t)) charging current and the total current 

(iΣF(t)) increase with LIV. Actual voltage drop on a diode UF(t)=At -RLiΣF(t) 

deviates from a linear increase, when  iΣF(t) is enhanced, even in the case when 

GLIV signal is perfect. This requires a solution of voltage sharing equation. 



 58 

Then, the initial increase of iCF(t) is additionally modified by the RCb0 

parameter of a circuit. Actually, only numerical simulations of time-dependent 

current iΣF(t) variations should be employed for the precise evaluations of 

barrier parameters at elevated voltages. 

 

3.3.3. Induced charge collection current techniques 

Induced charge diode current (ICDC) and injected charge collection 

current (IChCC) techniques are based on measurements and analysis of current 

transients due to light induced surface charge domain photo-generated by a 

short laser pulse. This method allows evaluating carrier drift, diffusion and 

recombination parameters in diodes after and during irradiation. The circuitry 

for the implementation of current transient technique is presented in Fig 3.11. 
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Fig. 3.11. ICDC/IChCC measurement circuitry. DUT is the diode under test. 

 

The reverse bias on the diode is applied by a sub-femtoamp source-

meter Keithley 6430. Excess carriers are generated by STA-01 microchip 

YAG:Nd laser pulse of duration of 500 ps at wavelength of 1062 nm for bulk 

and at 531 nm for surface excitation. The current transients are measured on 50 

Ω load resistor and registered by Tektronix oscilloscope TDS-5104. 

To determine the peculiarities of currents, it is necessary to examine 

variations of current transients as a function of the reverse voltage UR at fixed 

excitation density nex (Fig. 3.12 (a)) and varying excitation intensity at fixed 

reverse voltage (Fig. 3.12 (b)). The enhancement of UR shortens the duration 

and increases the amplitude of current transient due to larger charge q=CUR 
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which can be extracted by electric field. Here, C is geometrical diode 

capacitance. The enhancement of nex increases the amplitude and duration in 

the rearward part of transient when q>>CUR, because only charge q=CUR can 

be extracted by the electric field. The leftover carriers screen the electric field 

and diffuse towards the electrode before being extracted. In the presence of 

recombination centres, diffusion and recombination processes compete. 
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Fig. 3.12. Current transients measured in non-irradiated diode as a function of reverse 
voltage UR at constant excitation density (a) and as a function of excitation density at 
fixed UR=70 V (b). 
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3.3.3.1 Modelling of the induced charge pulsed current characteristics  

In order to understand the nearly independent shape and duration of 

ICDC transients and to validate the procedures used to extract material 

parameters, the formation of the injected charge induced diode current (ICDC) 

transients require a more detailed discussion. 

A sketch of the electric field distribution within the n-base of the diode 

under injected excess carrier pairs (nex=pex) is shown in Fig. 3.13. For applied 

voltages UR<UFD, current flows in the external circuit due to simultaneous 

extraction of majority carriers from the electrically neutral n-base and p+ 

regions caused by separation  of the injected excess carrier pairs due to the 

steady-state field and extraction of excess holes from the n-base region into the 

p+ region. During this process, the first peak within the ICDC transient appears. 

 

 

Fig. 3.13. A sketch of electric field distribution due to induced surface charge for 
different applied dc voltage values: UR<UFD – dotted and solid lines, UR≅UFD and 
wq=d – dashed line, UR>UFD dash-dotted line. For UR<UFD, the enlarged details of 
field distribution are shown, where dotted line is attributed to an induced surface-
charge field qe,n/εε0 , while the solid line represents an excess carrier charge domain 
of width ∆. 

 

The separation process induces a change of depletion width wq (an 

increase relative to its steady-state value w0) due to the surface domain field –
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qe,n/ε0ε of excess electrons. The extracted excess holes located at the p+-side 

produce the same value of surface field. Thus, the overall charge balance 

(wp+N-
A,p+=wnN

+
D,n together with qh,p+X0,p+=qe,nX0,n) in the diode is maintained 

where X0,p+ and X0,n - separation lengths of surface charges within p+ and n 

regions, respectively. This balance in the n-base is supported by the applied dc 

voltage (UR), together with the surface charge qh,p+/ε0ε (in the p+ layer, 

X0,p+<X0,n), if the qe,n domain is separated by X0,n from metallurgic boundary 

within the depleted region w0 of the n-base. Then for UR<UFD, using the 

standard depletion approximation in device physics e.g. [7, 44], the depletion 

width is 
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A sketch of the electric field distribution is illustrated in Fig. 3.13 by the 

dotted-line, for a surface charge qe,n separated by a length X0. Here, a 

“depletion width” (w0, wq) means trivially that the material is electrically 

neutral (the potential together with the electric field are zero) at this point, e.g. 

[44]. The ICDC flows during qe,n(t) relaxation, (for instance due to capture by 

deep centres of excess electrons within the depleted n-base region), and 

changing of the separation length X0,n(t) (e.g., due to capture of excess holes in 

the depleted p+ region and drift), until wq recovers to w0. The latter relaxation 

process can be found using condition for a duration of the domain drift within 

the space charge region ∫ ∫
−

=
drt

t

w

ne dxXqxEdt
0 0

0, )],,(/1[ µ . The temporal variation of 

the surface charge domain is clearly non-exponential, and should be described 

by the solution of a transcendental equation 
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Here, t0 is the duration of the induced carriers separation and formation of the 

qe,n domain, τM=ε0ε/qeNDeffµe is the dielectric relaxation time, NDeff =n0 is the 
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effective doping density. Infinitely narrow injected surface-charge, sketched by 

the dotted-line in Fig. 3.13, is an idealization. 

In reality, a close to exponentially decreasing profile of the excess 

carrier density is induced by a light pulse. Thus, the excess carrier domain 

induced surface field can be found by combining the Poisson and Gauss 

integrals, and it can be evaluated as 

( )[ ]
εε

αα
0

1
0

exp1 ∆−−= −
exenqE .  (3.33) 

Here, α is the light absorption coefficient at the excitation wavelength, nex0 is 

the excess carrier density photo-generated at the base layer surface and ∆ is the 

effective width of the light injected charge domain. The latter should be taken 

as ∆=5α-1 if the averaged carrier density is to be controlled with a precision of 

1% relative to nex0. The solid line in Fig. 3.13 shows the electric field 

distribution including the spreading of the injected surface charge domain. This 

spreading of the injected surface charge domain is the main reason for the 

transient of double peak shape formation, if the applied voltage approaches 

UFD. 

The first peak in the ICDC signal is again associated with excess hole 

extraction into the p+ layer and simultaneous majority (p0) hole extraction from 

the electrically neutral p+ layer (with wp+ increment) towards metallic electrode 

and the external circuit. The second peak in the ICDC transient appears due to 

wq=d=wq,FD at full depletion. At full depletion voltage (UFD), the steady-state 

electric field is zero at xFD= wq,FD - w0,FD. Thus, the last stage of excess carrier 

extraction runs within the increasing field region, i.e. self-acceleration of 

excess electrons appears to collapse the excess carrier domain at the external 

electrode (n+ layer) (relatively to the base region). A similar (but opposite) 

effect appears in the extraction of excess holes from the n-base. These holes, 

extracted and localized at the p+ layer (X0,p+< X0,n), reduce the steady-state 

field at x=0 (by an extent qepex0α-1/ε0ε) and slow down their later extraction. 

Therefore the ICDC initial peak is smoothed. The double peak transients 

inherent for ICDC are observed [A12, A16, 39]. As discussed above, a rather 
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“corrugated” electric field distribution appears for applied voltages UR≤UFD. 

An enhancement of UR above UFD leads to an approximately uniform field 

distribution through the base of the pin diode, and the electric field is supported 

by planes of charge located at the external contact layers. The parallel plate 

condenser approximation can then be employed. At a fixed external voltage the 

electric field distribution within the considerably over-depleted base of the pin 

detector approaches a constant value, independent of depth within the base 

region. Operation of the diode with injected charge becomes similar to that of a 

capacitor in this case. 

The smoothing of the field at UR>UFD enables one to simplify 

evaluation of the mobility of excess carriers by using the well-known relation 

µe=d2/τtrUR and drift time τtr measurements within the ICDC pulse. To 

evaluate changes of material during irradiation, measurements of carrier 

mobility at excess carrier densities nex<n0, close to that values in dark are 

preferable, therefore the least possible excitation densities were maintained in 

our µe measurements. Commonly the drift time is evaluated as the time interval 

for the time of flight (TOF) pulse (at UR>UFD, when τtr<τM). 

The ICD current, associated with the injected excess electron charge 

domain, for UR≤UFD, varies due to temporal changes in wq(t). As wq(t) contains 

the product of the induced charge relaxation qe,n(t) (due to carrier capture to 

traps) and the pair separation length X0(t) parameters and the space charge 

density NDeff(t) changes (due to fast thermal emission from filled traps), the 

ICD current is generally composed of three components. Using the depletion 

approximation, this is [A12] 
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Here additional symbols represent: C(t)=ε0εS/wq(t), τcapt is the excess carrier 

(qe,n) capture lifetime within depleted region, τem is the carrier thermal emission 
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lifetime within depleted region, nd(t)=nd0exp(-t/τem) is the density of carriers 

trapped on the fast emission centres, ( ) 2

0
])([

=URq tw = 2qe,nX0/qeNDeff,  S is the 

area of a junction. The first component in i ICD(t) represents variations of 

separation length (for vq,n=dX0/dt≠0), and it is analogous to Ramo’s [30] 

current within dielectric space between plates of capacitor. To keep this 

analogy, possibility of both (m ) directions of drift current is denoted in Eq. 

(3.34), depending on induced charge sign and on direction of charged particle 

motion. The expression of this displacement current component, due to drift of 

charge domain within space charge region of a diode, is more complicated than 

that for the Ramo’s current (i=qev/w) [30, 32], and it is governed by the barrier 

capacitance C(t) temporal changes and depends on the ratio of the depletion 

width changes caused by the moving charge domain qe,n and normalized to 

space charge qeNDeff, as [2qe,nX0/qeNDeff]/[(2εε0/qeNDeff)(UR+qe,nX0/εε0)]. The 

second component of current within Eq. (3.34) is ascribed to excess carriers 

capture process (for dqe,n/dt=qednex,S/dt=-qenex,S/τcapt) within the depleted n-

base region. It can be also deduced, that an enhancement of excess carrier 

density (of the 2qenex /qeND) would be preferential to clarify the excess 

electrons trapping processes. The third component in Eq. (3.34) appears, when 

an influence of the fast carrier generation centres within space charge region is 

significant. Here, both (±) donor (+) and acceptor (-) type traps can be 

involved. Impact of the slow (deep) generation centres appears as a leakage 

current ig(t)=qeniwq(t)S/τg. Including recombination/diffusion iR [7] currents 

within n+ and p+ layers, the total diode current iΣ(t) can be expressed through a 

sum of the mentioned components: iΣ(t)=i ICD(t)+i g (t)+i R(t). 

There are several regimes of ICD current measurements (to clarify 

carrier capture/diffusion), depending on the ratio qenex/qeND. The nex density 

also determines the fraction of carriers (ntr) which can be moved by the 

electrical field of the depleted barrier capacitance. For nex→n0=ND and 

UR≤UFD, the current contains components dqe,n/dt and dX0/dt, due to the 

external electric field during initial instants and the ambipolar diffusion of the 
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quasi-neutral domain of excess carriers after this electric field is screened. As a 

measure for the ratio of the carrier density which decays through carrier 

diffusion-recombination (nD-R) and of that disappears from the depletion region 

via drift (ntr) can be a threshold value of charge affordable to shift by applied 

dc external voltage. Carrier density involved in charge transit is evaluated by 

using the depletion approximation for a parallel plate capacitor of area S, and 

expressed as 

∆
=

qe

R
tr wq

U
n 0εε

.   (3.35) 

Actually, the external electric field is rapidly screened (during a 

dielectric relaxation or transit time τtr= d2/µUR for carriers of mobility µ, if 

τtr<< τR) owing to light generated excess carriers nex0, and ntr vanishes (ntr → 0) 

within the initial transient stages if nex0≈n0 is sufficiently large. 

 

3.3.3.2 Modelling of the charge collection pulsed characteristics  

The light induced domain of excess electrons of large density is able to 

dissipate through (be collected at) the n+ electrode due to diffusion across the 

base and carrier extraction by the electric field at the external electrode. The 

simplified approximation of carrier domain drift and diffusion process can be 

described by a classical expression [59] for carrier density variations dependent 

on time and position as: 
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Here, nex0 is the initial (t=0) density of bipolar photo-excited carriers, DA is the 

coefficient of carrier ambipolar diffusion. Depending on the probing (either 

through electrodes – IChCC or by microwave antennas MW-PCT-E) regime, 

the signal is sensitive either to carrier density at the collecting electrode         

(nR-D(t,d)) or depth integrated carrier density (1/d)∫0
dnR-D(t,x)dx for IChCC or 

MW-PCT-E response, respectively. In the pin diode, n+ electrode collects 

electrons (and blocks holes), hence the injected charge collection current 

(IChCC) is measured. The MW-PCT-E transient appears as a relaxation pulse 
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with a vertex characterized by the descending slope of a trapezium-like pulse 

serving for the extraction of recombination lifetime. 

At a rather high excitation density, qenex∆>CUR, and low applied 

voltage the IChC current transient acquires a rising peak pulse shape with very 

small amplitude at initial instants and effective lifetime at the IChCC pulse 

vertex evaluated as τS=(τD
-1+τR

-1)-1 with carrier recombination (τR) and 

diffusion τD≅d2/4π2DA times. 

The modelled and discussed peculiarities of induced charge determined 

current transients and of charge collection transients agree well with those 

experimentally recorded pulse variations, illustrated in Fig. 3.12. 

 

Summary of the main results described in the chapter  

[A1, A11, A13, A14, A16, A19, A20] 

The proposed and employed in this work chemical surface passivation 

technique by iodine ethanol solution increases the effective recombination 

lifetime τeff from 1.2 µs for non-passivated to 58 µs for passivated FZ n-Si 

wafer layer of 60 µm width. This surface passivation technique is efficient for 

characterization of thin samples with rather long carrier bulk lifetime by using 

MW-PCT contactless technique. The developed measurement technique 

enabled evaluating of the concentration of intrinsic defects Ni of the order of 

magnitude of 1.6×1012 cm-3. 

A number of standard material and device characterization techniques 

(I-V, C-V, DLTS) employed in this work have been briefly described by 

demonstrating application range and restrictions for identification of the 

induced defects and their distribution within layered structures as well as for 

evaluation of operational device characteristics. 

Several new techniques (BELIV, ICDC, IChCC) based on pulsed 

current transient measurements, grounded on induced charge domain and of 

pulsed biasing modification of current pulses, have been proposed, approved 

and applied. 
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The models of pulsed charging current transients, by analyzing the 

displacement as well as carrier drift, diffusion and generation components 

within changes of barrier and storage capacitance of junction structures, have 

been created for a design of transient techniques for evaluation of the 

operational particle detectors parameters and irradiated material characteristics 

in a wide range of induced charge densities and applied bias voltage pulse 

parameters. It has been demonstrated that fast electric field redistributions 

either by the barrier capacitance charging or by induced surface charge domain 

can be efficiently considered by using approach of temporal changes of the 

depletion width or surface charge on electrodes within junction structures. In 

the case of induced surface charge domain caused current pulses contain the 

displacement component equivalent to Ramo’s current. The drift and diffusion 

current components, appearing due to carrier capture/thermal emission or other 

factors, scale the boundary of depletion width (between the space charge and 

neutral layers within structure with temporally varied electric field 

redistribution). 
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IV. Evaluation of radiation damage in particle detectors after irradiations 

4.1. Samples and irradiations 

A set of magnetic field applied Czochralski (MCZ) grown, high 

resistivity Si p+nn+ pad-detectors with active area of 5×5 mm2 irradiated by 

reactor neutrons with fluence Φ in the range of 1012 - 1016 cm-2 was examined 

to clarify displacement damage factors and their impact on the operational 

characteristics of detectors. 

 The structure and a picture of detector are presented in Figs. 4.1 (a) and 

(b), respectively. 

n n+p+

300µm 1µm1µm

Al electrode
Al mesh
electrode

n n+p+

300µm 1µm1µm

Al electrode
Al mesh
electrode

 

                                                 a 

 

               b 

Fig. 4.1. The structure (a) and view (b) of investigated particle detectors. 

 

The detector structure is composed of 300 µm thick high resistivity (ND~1012 

cm-3) base region and 1 µm thick highly doped p+ and n+ regions which are 

formed by implantation. The structure has a solid metallized and the mesh Al 

electrodes on anode and cathode sides, respectively. Additionally, the pad-

detectors contain a non-metallized hole of a diameter of ~1 mm within a centre 

of the main junction electrode for light excitation. 

 

4.2. Current-voltage and capacitance-voltage characteristics  

The I-V characteristics measured at room temperature by a Keithly-

6430 electrometer show an increase of leakage current with irradiation fluence 

within a reverse bias branch (Fig. 4.2 (a)). Fluence dependent variations of 

leakage current (values measured at UR=100V and UR=200V) are presented in 

Fig. 4.2 (b). An increase of leakage current implies a reduction of carrier 
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generation/recombination lifetime (Fig. 4.2 (b)) as it is reciprocally 

proportional to the leakage current (τg~1/IL) [A13, 7]. This results in the 

consequent enhancement of recombination current at forward bias and the 

earlier saturation of the forward current as can be observed in Fig. 4.2 (a). At 

irradiation fluence Φ=1016 cm-2 the I-V characteristic becomes symmetric. The 

observed decrease of the forward current in the heavily irradiated diodes hints 

to the reduction of the injection capability of the junction.  
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Fig. 4.2. a- Fluence dependent I-V characteristics measured in neutron irradiated 
MCZ Si diodes at room temperature (T=300 K); b- Leakage current variations in 
neutron irradiated diodes obtained from a reverse voltage branch of I-V 
characteristics at UR=100V and UR=200V compared with reciprocal leakage current 
1/IL~τg. 

 

The C-V characteristics, measured at room and at low (T=120 K) 

temperatures and using both the parallel (CP) and serial (CS) circuit regimes at 
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100 kHz test signal frequency by a QuadTech-7600B LRC-meter, are 

illustrated in Fig. 4.3.  
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Fig. 4.3. a- Fluence dependent C-V characteristics measured in neutron irradiated 
MCZ Si diodes at room temperature (T=300 K) and compared with the one measured 
at low temperature (T=120 K) in neutron irradiated at a fluence of 1014 n/cm2 MCZ Si 
diode. b- C-V characteristics measured in non-irradiated MCZ Si diode at room 
(T=300 K) and at low (T=120 K) temperatures in serial and parallel regimes.  

 

The ac test signal was kept as small as possible, ≤ 20 mV. The parallel 

(CP) and serial (CS) circuit regimes have been used to control the requirement 

of low parallel conductance and of low series resistance, as discussed in [44], 

for correct C measurements. It is clearly observed that the CP and CS 
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dependencies on reverse voltage as well as the values of CP, CS coincide for 

samples irradiated with Φ≤1013 n/cm2 (Fig. 4.3 (a)) and the absolute value of 

CS decreases with increasing fluence. However, significant differences between 

CP and CS appear in heavier (Φ>1013 n/cm2) irradiated diodes. This result is in 

a quantitative agreement with published data on irradiated Si detectors [38], 

taking into account the differences in frequency. The differences between CP 

and CS indicate that the standard analysis for the extraction of C values is no 

longer valid for the diodes irradiated with Φ>1013 n/cm2. The main reason is 

the generation current and a non-linear voltage sharing between circuit 

elements within the LRC-meter due to the diode under test. The capacitance at 

low temperatures (120 K) appears to be independent of voltage for moderately 

irradiated (Φ~1014 n/cm2) diodes (Fig. 4.3 (a)) with its value equal to the 

geometrical one Cgeom=10-15 pF. This result indicates that the diode is fully 

depleted starting from the lowest dc reverse voltages when carrier generation 

centres (via an enhancement of the thermal emission lifetime) are suppressed 

by a temperature decrease, in diodes irradiated with Φ>1013 n/cm2. However, 

the capacitance in non-irradiated diode at room and at low temperatures 

measured in CP and CS regimes coincide and satisfies the relation C~U-1/2 (Fig. 

4.3 (b)). 

The measurements of C-V characteristics by employing a LRC meter 

can not further be applied for the characterization of heavily irradiated diodes. 

So, other techniques capable to resolve carrier capture, generation and 

recombination parameters should be used for characterization of the heavily 

irradiated diodes. 

 

4.3. Evaluation of barrier parameters by BELIV technique 

4.3.1. Fluence dependent BELIV characteristics 

Variations of current transients measured by applying the linearly 

increasing voltage pulse (BELIV) at reverse and forward biasing in neutron 

irradiated detectors are presented in Figs. 4.4 (a) and (b), respectively. These 
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characteristics show clear dependence on neutron irradiation fluence. The 

BELIV characteristics are modified by radiation induced carrier capture and 

generation centres. 

Generation centres can be observed within BELIV transients either due 

to depletion width modification (changing the electric field distribution) or by 

collected charge when depletion width is increased with LIV pulse. The 

modification of depletion width, accompanied with electric field redistribution, 

appears due to temporal variation of effective doping 
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Here, ND is doping density of non-irradiated material, Nan – density of radiation 

induced acceptors in n-type material within the lower half of the bandgap, Nd
± 

– density of donor (+) or acceptor (-) type traps within upper half of the 

bandgap with their temporal filling nd(t). Temporal variation of NDeff(t) results 
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Here, Cb0 is expressed by the parameters of the non-irradiated diode. Then, the 

BELIV current can be derived as a time differentiated response  
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It is important to note that this regime is probable when single type fast traps 

dominate. In this regime measured transients in traps free and containing traps 

material coincide at the initial instants. For the charge collection regime, the 

generation current component is determined by carriers that are collected from 

the depleted bulk during evolution of LIV pulse and expressed as 

ig(t)=qeniSw0(1+UC(t)/Ubi)
1/2/τg. This component can increase the current 

starting from the very beginning of the BELIV transient. 
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Fig. 4.4. Variations of barrier (a) and diffusion (b) capacitance charging currents 
dependent on irradiation fluence in Si pin detectors at reverse and forward biasing, 
respectively. 
 

The charge extraction and generation current components can be 

determined from the fluence dependent experimental BELIV transients for 

reverse LIV pulses (Fig. 4.4 (a)). The reverse biased BELIV transient contains 

an initial peak ascribed to the equilibrium barrier capacitance Cb0, followed by 

a descending component of the charge extraction capacitance and an increasing 

component attributed to the generation current. The generation current 

component becomes dominant for higher voltages (UR≥0.7 V, corresponding to 

t>200 ns for a single transient) within transients measured on reverse LIV 
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pulsed diodes irradiated with Φ>1013 n/cm2, as illustrated in Fig. 4.4 (a). The 

fluence range for the dominance of the generation current is in agreement with 

that obtained when a separation between CP and CS characteristics appears in 

the C-V characteristics (Fig. 4.3 (a)). Thus, the evolution of the BELIV 

transients (Fig. 4.4 (a)) shows a monotonic increase of the generation current 

with increasing Φ which is corroborated by the reverse bias I-V characteristics 

(Fig. 4.2). The range of the dominance of generation current in BELIV and I-V 

characteristics corresponds well to the region of the “inversion sign” of 

effective doping [35, 36]. The dominance of the generation current 

hides/disturbs the current phase shift measurements (the increased current due 

to generation of carriers in the space charge region leads to the seeming phase 

shift) by the LRC technique, due to which erroneous values of UFD and NDeff 

are extracted. The dominance of generation current within BELIV transients 

indicates fast capture of carriers by high density of radiation induced traps 

(before emission). The decrease of the effective density of free carriers, caused 

by fast carrier capture, leads to an increase of a serial resistance (in the 

electrically neutral material) and to the reduction of the current for the forward 

voltage branch (Fig. 4.2 (a)). 

The barrier and storage capacitance currents dominate within forward 

biased BELIV transients (Fig. 4.4 (b)), in the diodes irradiated with the 

smallest fluences of Φ<1013 n/cm2. The barrier capacitance, revealed by the 

initial amplitude for both the reverse and forward biased diode BELIV 

transients (Figs. 4.4 (a) and 4.4 (b), respectively), decreases with increasing 

fluence. For perfect diodes, the storage capacitance dominates in the ulterior 

stages of the BELIV transient. This is in agreement with measurements on the 

lowest fluence Φ~1012 n/cm2 irradiated diodes. For the storage capacitance 

induced current component, a fast current increase with time is observed. 

However, this storage capacitance component decreases with increasing 

fluence and it fully disappears for Φ>1013 n/cm2. It is out-rivalled by the 

recombination current component, which shows a nearly linear increase with 
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LIV voltage (for Φ>1013 n/cm2). This result shows, that even for the 

moderately irradiated diodes, the forward voltage does not govern the junction 

and the carrier injection. This can happen, if the diode is completely depleted 

at equilibrium. Then the diode behaves like a capacitor, where the initial 

BELIV step represents the geometrical capacitance for Φ>1013 n/cm2. 

Thus, the observed fluence dependent variations (Fig. 4.4 (b)) of the 

forward biased BELIV transients, for Φ>1013 n/cm2, are in agreement with 

changes in the I-V characteristics for the forward voltage (FV) branch (Fig. 4.2 

(a)): the decrease of the forward current relative to its values in the less 

irradiated diodes and the possibility to apply a relatively large forward voltage 

on heavily irradiated diodes indicate the full depletion conditions. Built-in full 

depletion can be reached when radiation defects compensate completely the 

dopants. In that case nearly all “native” doping induced free carriers are 

captured by the large density of radiation induced traps, while only a small 

fraction of these traps are filled due to lack of free carriers. The routine 

interpretation of C-V measurements is incorrect in such a situation, as the ac 

voltage only mediates the recombination–generation current variations, 

especially if ac signal amplitude u>kBT/qe. The dielectric relaxation time for 

fully compensated material becomes very long. 

The total BELIV current for the above described full depletion voltages 

can be calculated (similarly to the method used in [A14, 44]) by considering 

the conductivity and displacement current components over the sample 

thickness d for variable voltage and surface charge changes on electrodes using 

standard boundary conditions (for electric field E|x=d = 0, dE/dx|x=d = 0 and 

potential V|x=d =0). This solution is expressed as   
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The solution (for over-depleted diode and nearly equal carrier transit τtr and 

thermal emission τem lifetimes, τtr~τem, as well as using relations 

|dn/dt|=n0/τem≈n0/τtr, n≈n0=ND), can be approximated as 
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Hereby, it is assumed that the geometrical capacitance Cgeom is given by 

Cgeom=ε0εS/d, µn is mobility of electrons, τem=1/σcvTNCexp(-Ed/kBT), 

τtr≅d2/µnU. It is clear that for insulating material the BELIV transient takes the 

shape typical for a pure capacitor with a current value of iCFD=Cgeom(dUC/dt). 

The voltage drop on a load resistor (being a solution of current equation for RC 

circuit with LIV pulse) represents the square-wave pulse if C is constant.  For 

compensated material full of traps, a further increase of the voltage above UFD 

shows the current enhancement transient iemFD(t)=qe(S/2d)n0µnUC(t) which is 

added to iCFD. 

A similar situation appears in C-V characteristics for harmonic ac 

voltages of frequency f, capable of ensuring the necessarily short carrier transit 

time τtr≅d2/µnU < τem≅ f -1. The emission time τem for trapped (nT) carriers 

depends on the capture cross-section σc and thermal velocity vT and on the 

effective density of band states NC as well as on the thermal activation energy 

Ed of the trap. Then, if the dc voltage is sufficient to collect all the trapped 

charge (of value close to equilibrium density n0 of “native” carriers) within 

built-in fully depleted material, the measured C-V response saturates.  This 

voltage seems to be wrongly ascribed to a full depletion state and to the space 

charge sign inversion effect in [35-39]. 

 

4.3.2. Temperature and bias illumination dependent BELIV transients  

For the non-capsulated diode structures, trap determined modifications 

of the BELIV current transients of iC(t) can be suppressed through the priming 

of the trap filling by infra-red (IR) continuous wave illumination. Additionally, 

the initial component of BELIV current transient can be manipulated by a 

pedestal of varied polarity of the dc voltage primaring together with a LIV 

pulse. Variations of the mentioned external factors can be combined with 

temperature variations to modify filling of the traps. 
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In Fig. 4.5 (a), variations of BELIV current transients (for reverse 

biased diode) measured with and without bias illumination (BI) are presented. 
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Fig. 4.5. a- Bias illumination (BI) dependent charge extraction current transients 
measured at τPL=1.4 µs and τPL=30 µs LIV pulse durations on the same irradiated 
diode. Transients measured at τPL=30 µs pulse duration are normalized to the peak 
amplitude. b- Variations of BELIV transients and a shift of the barrier capacitance 
charging current peak position within transients recorded in Ф=1012 cm-2 neutron 
irradiated diode for reverse biased LIV dependent on forward dc voltage bias (UF,dc) 
pedestal. 

 

The primary steady-state illumination modifies the initial filling of traps 

for electrons and holes. Depending on duration of LIV pulses and on density of 
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traps, the time scale of carrier generation processes can be highlighted, as 

illustrated in Fig. 4.5 (a). The absolute value of the initial amplitude of BELIV 

current transient for a reverse biased diode increases proportionally to the 

intensity of the bias illumination. Simultaneously, a component of generation 

current within ulterior stages of transient is increased with BI. Increment of 

generation current is more obvious for the normalized (to the amplitude of the 

initial step) transients, shown in Fig. 4.5 (a). This result clearly proves that 

generation current is caused by several traps characterized by a wide spectrum 

of levels within the upper half of band-gap, as discussed in chapter 4.3.1. For 

rather long LIV pulse, duration of which corresponds to the thermal emission 

time scale (characteristic for a definite sample), the generation current becomes 

dominant within the rearward component of a transient. BELIV current 

transients for reverse bias LIV pulses can be manipulated by the external light 

only in diodes irradiated by rather moderate fluences, ≤ 1013 n/cm2, at room 

temperature. 

Complementarily, filling of the minority carrier trap can be 

implemented by dc forward voltage pedestal UF,dc combined with BELIV 

current transient measurements using the reverse biased LIV pulses. Injection 

of minority carriers enables one to eliminate minority carrier traps (those 

seems to be efficient as the compensation centres within a lower half of band-

gap), and to regenerate barrier capacitance, as shown in Fig. 4.5 (b). 

Enhancement of a forward dc voltage pedestal leads to filling of these traps. 

This determines an increase of the BELIV current signal amplitude and a shift 

of the peak to the initial time instants within a transient. However, a 

suppression of compensating centres at room temperature has been reached 

only for moderately irradiated (≤1014 n/cm2) diodes. 

An impact of radiation induced generation centres can be also 

suppressed by reduction of temperature, as carrier emission lifetime increases 

about exponentially with reduction of temperature. The temperature dependent 

BELIV current transients are illustrated in Fig. 4.6 (a) for heavily irradiated 

(1014 and 1016 cm-2) and reverse biased pin diodes. It is clearly seen that the 
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component of the carrier generation current decreases with reduction of 

temperature. Then BELIV current transient approaches to that inherent for 

dielectric capacitor, at 172 K. Thus, heavily irradiated diode is fully depleted at 

equilibrium, although at room temperature this capacitor-inherent characteristic 

is masked by the large generation current component. 
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Fig. 4.6. a- Temperature dependent variations of BELIV current transients in heavily 
(1014 and 1016 n/cm2) irradiated Si pin diodes. b- Temperature and bias illumination 
dependent variations of the BELIV current transients. 
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With reduction of temperature, which leads to a consequent increment 

of carrier emission time and to a decrease of density of the empty capture-

emission centres, the steady-state bias illumination becomes sufficient for 

suppression of the carrier capture centres. It can be seen in Fig. 4.6 (b), the 

barrier capacitance in moderately irradiated (≤ 1014 n/cm2) diodes restores to 

values inherent for lightly irradiated diodes when a combined conditioning 

made by the temperature lowering and additional illumination is applied. 

However, neither steady-state biasing by dc forward voltage nor continuous 

wave illumination is sufficient to suppress charge compensation and carrier 

capture/generation centres in heavily irradiated (> 1015 n/cm2) diodes. 

 

4.3.3. Evaluation of barrier and generation current parameters 

Analysis of different aspects in the measured BELIV transient changes, 

shown in Figs. 4.4, 4.5, 4.6, provide qualitative information about the fluence 

and temperature dependent variations of the junction parameters and their 

possible modifications by external conditioning (dc voltage/IR illumination 

priming and temperature). To extract the barrier parameters more precisely, 

fitting of the measured transients by simulated ones is inevitable. There are 

several approaches in implementation of fitting procedures dependent on the 

observed initial delays relatively to LIV pulse, on the regularity of LIV pulses, 

on the values of applied LIV voltages, on the values of barrier capacitance 

(area of junction) and on the prevailing processes within junction (impact of 

space charge generation current, of rapid carrier capture/emission by fast deep 

centres in the upper half of band-gap, etc.). It is also necessary to discuss the 

impact of nonlinear voltage sharing within nonlinear RC circuit elements of 

load resistor RL for registration of the BELIV current transients and diode with 

barrier capacitance Cb0. 

The solution of a simple differential equation RLdi/dt+(1/C)i=A, derived 

for the linear elements, as a capacitor C and a resistor RL=R  connected in 

serial, and for a LIV pulse U=At, when using an initial condition of i(t=0)=0,   

leads to the  expressions: 
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Equations (4.6) imply that the linear voltage drop on a capacitor (and on 

a diode under test - DUT) appears for time instants t>>RC. The maximal 

barrier capacitance Cb0 for DUT is obtained during the initial instants of LIV 

pulse (when At<Ubi). Thus, the fastest initial component of the BELIV current 

transient is determined by the transition time constant RCb0. The linear RCb0 

modifications (for instance, a shift) of the initial current step iC(t≈0) in equation 

(3.26) can be roughly emulated by a convolution integral (3.27). A kink (at 

t≈RC) within the initial rise front of the simulated BELIV transient and a peak 

position of the experimental one might be employed for the evaluation of the 

Cb0 using rough linear approximation (by a convolution integral) of a BELIV 

transient. 

 However, variation of the voltage drop UC(t)=A(t-RC(t)) on a nonlinear 

DUT can be assumed being a linear function of t only in time scale t>2RC (Eq. 

(4.6)). For the precise description of BELIV transient, a generalized non-linear 

differential equation 
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with the initial conditions Up(t=0)=0 and UC(t=0)=0 should be solved to 

determine UC(t). This equation (Eq. 4.7) is derived assuming the time-

dependent voltage drops on DUT, as UC(t) =Up(t)-UR(t). Only the numerical 

solutions of the Eq. (4.7) can be obtained. Using a solution UC
*(t) of equation 

(4.7), a voltage drop on the load resistor, as UR
*(t) =Up(t)- UC

*(t), represents 

the simulated BELIV transient. Thus, a fitting procedure, of the numerically 
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simulated BELIV transients UR
*(t) to the experimental ones, is inevitable and 

should be employed for precise extraction of the junction parameters. 

 

 

Fig. 4.7. a- Numerically simulated BELIV voltage transients UR
*(t) as a function of a 

LIV pulse peak voltage UP compared with those simulated by analytical 
approximation (UC). b- Numerically simulated BELIV voltage transients UR

*(t) as a 
function of initial barrier capacitance values Cb0 compared with those simulated by 
analytical approximation (UC). 

 

Comparison of the simulated voltage transients (using UR
*(t) obtained 

by solution of Eq. (4.7), and using UC(t) (Eq. (4.6)) values evaluated for fixed 
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C using analytical approximations (Eqs. (3.26) and (3.27), for RC=20 ns) are 

presented as a function of LIV pulse peak voltage UP and as a function of value 

of the equilibrium barrier capacitance Cb0 in Figs. 4.7 (a) and (b), respectively. 

It can be noticed that a deviation from the analytically simulated curves 

appears in the range of the BELIV voltage peak. This deviation increases with 

increment of UP and of Cb0 values. These deviations can be explained by the 

relative enhancement of barrier charging current through the load resistor. This 

current increase modifies non-linearly the voltage drops (as included in Eq. 

(4.7)) on a load resistor and on a diode. Thus, the analytical approximation 

(Eqs. (3.26, 3.27 and 4.3)) can be exploited for primary analysis of the BELIV 

transients only in the range of small iC currents, including RC shift. 

A sketch of fitting procedure applied on BELIV transients measured at 

295 K temperature on a diode irradiated with 1013 cm-2 neutron fluence is 

presented in Fig. 4.8. The impact of traps on space charge generation and 

diffusion currents is estimated from the primary qualitative analysis. In order to 

have a closed system of equations, the set of LIV voltage varied BELIV 

transients (Fig. 4.8 (a)) are simultaneously fitted, keeping a fixed set of 

adjustable parameters (ND, τg and idiff∞). The fitting procedure is finished when 

the best fit of required precision (controlled by the non-linear least square 

(NLS) algorithm) is obtained for all the included (in Fig. 4.8 (a)) transients, 

and values of ND, τg and idiff∞ are simultaneously extracted. 

The input of the required set of independent equations (transients) and 

parameters in the optimization of fitting task is determined by the primary step 

of fitting. This procedure is illustrated in Fig. 4.8 (b). There a possibility to fit 

the experimental transient with minimal current components and their 

parameters is analyzed. In the discussed fitting procedure, the barrier charging 

current, the generation current and the diffusion current components (shown by 

the broken curves in Fig. 4.8 (b)) should be involved. It is assumed that 

parameters, as Ubi, Cb0, w0 are defined by an adjustable value of ND for iC(t) 

simulations using Eq. 3.27. There, a simple solution of a linear RC-circuit for a 
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LIV pulse, leading to a time-dependent voltage drop on a barrier under test, 

expressed as  UC(t)=A[t-RC(1-exp(-t/RC)],  is used. ND, τg and idiff∞ values. 
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Fig. 4.8. a- A set of barrier capacitance charging current transients (dots), measured 
by the BELIV technique at different (3, 4 and 5 V) LIV voltages on a Si diode 
irradiated with neutron fluence of 1013 cm-2, simultaneously  fitted by simulated 
(using Eqs. 3.26, 3.27) ones (lines),  keeping a fixed set of adjustable parameters: ND 
=1.05×1012 cm-3, τg=0.23 µs and idiff∞= 6 µA. b- Comparison  of  the  barrier 
capacitance charging current transient (dots) measured for a 3 V LIV pulse with the 
simulated total barrier current (solid line), composed of the barrier capacitance 
charging current (dash-dot), of the diffusion current (short-dash) and of the generation 
(short-dot)  current. 

 

It is worth noting, that for a pure capacitor and for time instants t>>RC 

(after the initial rising), a voltage on a load resistor                        
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UR(t)=ACR[1-exp(-t/RC)]|t>>RC≅ARC is invariable, due to the exact 

compensation of voltage changes on capacitor and on resistor (at every time 

instant). Thus, for a LIV pulse Up(t)=At, the RC circuit with linear elements of 

R and C exhibits a step-like transient shape with a flat vertex. This can be an 

indication (Fig. 4.6 (a)) for degradation of a barrier of diode, when material of 

a diode base mutates from the semiconducting state to an insulating one, due to 

heavy irradiation. The parameter RC is defined by the characteristics of the 

load resistor and of the diode under test. Then, the transient for the fixed LIV 

pulse is simulated to fit the experimental transient of the total current shown in 

Fig. 4.8 (b) and to get the primary set of 

The extracted set of parameters reveals a reduction of ND to 1.05×1012 

cm-3 (compared to the value for a non-irradiated diode, ND =2.3×1012 cm-3), an 

increase of generation (with τg=0.23 µs) and of diffusion (idiff∞=6 µA) currents, 

after neutron irradiation with a fluence of 1013 cm-2. This fitting approach 

works even better for diodes irradiated with lower fluences, whereby larger 

values of ND are obtained. 
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Fig. 4.9. Comparison of the fluence dependent variation of serial capacitance CS 
(circles) at reverse voltage of about 0.3 V measured using 10 kHz (open circles) as 
well as 100 kHz (solid circles) at 300 K and 120 K (open squares) temperatures, of 
the barrier capacitance Cb0 measured by BELIV technique using both reverse (stars) 
and forward (crosses) LIV pulses (left scale) at T=300 K, and of leakage current 
(right scale) extracted from I-V characteristics at 200 V reverse voltage. 
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Variations of CS extracted from C-V characteristics, of the leakage 

current for a 200 V biased diode measured by I-V characteristics, and of the 

initial barrier capacitance Cb0 evaluated by both reverse and forward LIV 

pulses are generalized in Fig. 4.9.  

It is obvious, that the barrier capacitance estimated by the BELIV 

technique approaches to the geometrical Cgeom for fluences Φ>1013 n/cm2. 

These Cb0 values are significantly smaller than CS extracted from the C-V 

characteristics at UR,C-V ~0.3 V values comparable to the BELIV regime for 

t<200 ns. This result can be understood by the elevated generation currents and 

the significantly increased dielectric relaxation time in the C-V characteristics. 

The CS values measured by C-V at small reverse voltage (Fig. 4.9) do not show 

any clear dependence on fluence and the measured values considerably depend 

on test signal frequency, while experimental errors are rather large. The initial 

barrier capacitance Cb0 evaluated by both the reverse and forward BELIV 

pulses lies within the measurement errors that do not exceed the size of the 

symbols in Fig. 4.9. This result represents a clear indication of the decrease of 

absolute Cb0 values due to the increase of depletion width. 

 

Summary of the main results described in the chapter 

[A11, A13, A14] 

Analysis of the neutron irradiated Si detectors by combining C-V, I-V 

and BELIV techniques enabled us to clarify the conditions of the full depletion 

in heavily irradiated Si detectors. It has been shown that built-in full depletion 

(the insulating state) is inherent for 300 µm thick n-type Si diodes doped with 

1012 cm-3 donors and irradiated with hadron fluences above 1013 cm-2. In other 

words, high resistivity material irradiated with fluences Φ>1013 n/cm2, 

becomes an insulator, and common concepts (used in the analysis of device 

and of junction operation) such as depletion width, effective doping density 

should be used with care. 
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It has been shown that the barrier evaluation by the linearly increasing 

voltage (BELIV) method can be a useful extension of transient techniques for 

the separation of barrier charging and carrier capture/emission currents. The 

BELIV pulsed technique enables one to clarify a few significant aspects: to 

identify the charge extraction regime and to estimate the barrier capacitance, to 

clarify the competition between barrier and storage capacitance and the 

generation/recombination currents, and to clarify the full depletion state for 

heavily irradiated diodes. 

Procedures for the precise extraction of the set of barrier and depletion 

layer parameters by using BELIV technique have been demonstrated. 

It has been shown that radiation defects induced space charge sign 

inversion effects and fatally elevated voltages of full depletion are artefacts due 

to the application of the standard C-V measurements in the complicated case of 

transition from semiconductor to insulator, when carrier emission and capture 

currents approach values of the barrier charging currents. 
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V. Examination of evolution of the radiation defects during irradiation  

5.1. Instrumentation and arrangements of the in situ experiments 

The experimental arrangement for the remote measurements of the 

microwave probed photoconductivity (MW-PCT-E) and induced charge diode 

current (ICDC) signals is sketched in Fig. 5.1. 

 

Fig. 5.1. Instrumentation for the remote control of carrier transport and recombination 
parameters. 

 

The transient MW-PCT-E and ICDC signals are synchronously 

registered outside the accelerator control area on different channels of the 1 

GHz Tektronix oscilloscope TDS-5104, using 50 Ω load resistors. A proton 

beam current has been kept rather small (of about 0.5 nA) to decrease noises 

within ICDC signals and to avoid excess carrier induced the impact ionization 

avalanche breakdown effect, inherent for the elevated proton fluxes [60]. 

Various regimes of the simultaneous measurements of the injected charge 

induced diode current (ICDC) and injected charge collection current (IChCC) 

transients have been employed. 
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A special sample holder was designed to enable proper electrodes for 

the electrical circuitry, containing windows for the proton beam and for optical 

excitation. A freshly cleaved cross-sectional boundary of a pad-detector broken 

into halves was used for perpendicular bulk excitation and MW-PCT-E 

probing by the coaxial needle-tip MW antenna using a 3D step-motor driven 

stage containing a flexible bellow. 

For barrier capacitance charging current measurements, a pin diode was 

mounted on a sample holder (which was attached to the bottom of the 

irradiation chamber) and connected by the electrodes to an external 

measurement circuitry by a coaxial cable, as sketched in Fig. 5.2. Current 

transients have been registered using the 50 Ω load input of the DSO6102A 

oscilloscope. The measurement circuitry contains an adjusted output of a 

linearly increasing voltage generator (GLIV) and the diode under investigation, 

connected in series. 
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Fig. 5.2. Sketch of the experimental setup for the in situ measurements of the barrier 
capacitance charging current. 
 

5.2. Evaluation of carrier transport and recombination parameters 

In order to understand the nearly independent shape and duration of 

ICDC transients and to validate the procedures used to extract material 

parameters, the formation of the injected charge induced diode current (ICDC) 

transients have been examined. The double peak transients inherent for ICDC 

are observed in Fig. 5.3 (a). As discussed in chapter 3.3.3.1, a rather 
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“corrugated” electric field distribution appears for applied voltages UR≤UFD. 

An enhancement of UR above UFD leads to an approximately uniform field 

distribution through the base of the pin diode, and the electric field is supported 

by planes of charge located at the external contact layers. The parallel plate 

condenser approximation can then be employed. At a fixed external voltage the 

electric field distribution within the considerably over-depleted base of the pin 

detector approaches a constant value, independent of depth within the base 

region. Operation of the diode with injected charge becomes similar to that of a 

capacitor in this case. 

The smoothing of the field at UR>UFD enables one to simplify 

evaluation of the mobility of excess carriers by using the well-known relation 

µe=d2/τtrUR and drift time τtr measurements within the ICDC pulse. To 

evaluate changes of material during irradiation, measurements of carrier 

mobility at excess carrier densities nex< n0, close to that values in dark are 

preferable, therefore the least possible excitation densities were maintained in 

our µe measurements. Commonly the drift time is evaluated as the time interval 

for the time of flight (TOF) pulse (at UR>UFD, when τtr<τM). In our case, 

however an initial delay appears within the risetime. This delay is caused by 

excess carrier temporal variations during laser pulse (τL) and by the 

measurement circuitry time constant RC≈0.6 ns. Actually, the risetime to peak 

τf should be taken as τf =5RC, to increase precision. A value of τf =2.5-3 ns is 

obtained in practice (Fig. 5.3 (a)). Therefore the more reliable way to extract τtr 

is from an estimation of the time interval between the ICDC peaks, which 

really indicate the steady state excess carrier generation and separation process. 

The extracted values of electron mobility µe=d2/τtrUR ≅1300 cm2/Vs (for a 

non-irradiated sample) validate the chosen interval for the drift time 

measurement. The ICDC current amplitudes slightly decrease with irradiation 

exposure time (due to capture of carriers on radiation induced traps), while 

drift time is nearly invariant, as shown in Fig. 5.3 (b). The mobility value 

variations ∆µ/µ<20%, estimated from the dispersion of τtr values during 
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irradiation and illustrated in Fig. 5.3 (b), show the small impact of irradiation 

on the carrier scattering parameters. This is in qualitative agreement with 

results published in Refs. [41-43], while absolute values of µe obtained during 

irradiation appear to be lower than the value µe =1600-2000 cm2/Vs evaluated 

after irradiation [41, 43] and µe =1000-1200 cm2/Vs published in Ref. [42]. 

The explanation might be the different models exploited for extraction of µe 

values and the injected excess carrier domain width ∆. 
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Fig. 5.3. Variations of the induced charge diode current (ICDC) transients (a) and of 
ICDC signal amplitude as well as excess carrier drift time (b) as a function of 
exposure time measured for 8 MeV protons using the surface excitation regime when 
carriers are generated in vicinity of the p+n region of the diode structure (drift of 
electrons). 
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At a rather high excitation density, qenex∆>CUR, and low applied 

voltage the IChC current transient acquires a rising peak pulse shape with very 

small amplitude at initial instants and effective lifetime at the IChCC pulse 

vertex evaluated as τS=(τD
-1+τR

-1)-1 with carrier recombination (τR) and 

diffusion τD≅d2/4π2DA times. 
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Fig. 5.4. Variations of the injected charge collection current (IChCC) (a) and 
microwave-probed photoconductivity (MW-PCT-E) (b) transients registered in situ 
during 8 MeV proton irradiation of a Si pad-detector when the bulk excitation density 
and applied bias voltage UR≥UFD were fixed. 

 

Values of τS=f(τD, τR) estimated from the IChCC transients (Fig. 5.4 (a)) 

and the parameters measured by the MW-PCT-E technique (τR) (Fig. 5.4 (b)) 
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and (µ,τD) estimated from ICDC transients (Fig. 5.3 (a)), are shown in Fig. 5.5 

as a function of irradiation exposure time texposure. Here leakage current, 

proportional to the thermal emission/carrier de-trapping within the space 

charge region current, is presented. The reciprocal recombination lifetime (Fig. 

5.5) increases with exposure time (irradiation fluence is assumed to be 

proportional to exposure time) nearly linearly during initial irradiation stages. 

At elevated fluences, however, values of the effective recombination lifetime 

τR measured by the MW-PCT-E technique on diodes with applied electric field 

start to saturate. This can be easily understood by a manifestation of multi-

trapping effects, when several (recombination and trapping) centres act 

together, due to effective point defect generation during irradiation by protons. 

Saturation of the effective recombination lifetime, (which averages the carrier 

recombination and multi-trapping rate), correlates well with enhancement of 

leakage current relative to the irradiation exposure time scale. 
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Fig. 5.5. Correlation among the carrier drift/diffusion, recombination and generation 
characteristics measured in situ (symbols) and extracted parameters (lines) ones. 
These characteristics were measured during 8 MeV proton irradiation of a Si detector 
by using the induced charge diode current (ICDC) and injected charge collection 
current (IChCC) transient method (circles) and by the technique of microwave probed 
photoconductivity with applied electric field (MW-PCT-E) (squares), respectively. 
Leakage current variations with fluence (stars) are also presented. 

 

The presented techniques enable an estimation of variations of the 

excess carrier drift and trapping parameters. However, improved precision in 
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extracting parameters on high resistivity material is limited  by the long Debye 

length for Si (5LD≥40 µm for 1 kΩcm Si) in the evaluation of the steady-state 

depletion width, and by the finite width of the injected excess carrier domain 

(∆>6 µm for excitation wavelength 531 nm and ∆>80 µm for red light). These 

widths also limit the precision in evaluating the depletion voltage values. 

 

5.3. Variations of barrier capacitance parameters during implantation 

The evolution of barrier capacitance charging current transients (Fig 

5.6) was measured on diodes of pin structure during 1.5 MeV protons 

implantation. The protons beam current was kept Ibeam=1 nA. Evolution of 

barrier capacitance charging current transients with irradiation exposure time 

can be explained by simultaneous increase of the space charge (SC) region 

generation current, of the dielectric relaxation time and of the consequent 

enhancement of series resistance within diode base region, as can be seen in 

Fig. 5.6. For the very initial irradiation stages, the typical barrier capacitance 

charging current (iC(t)) transients are observed (Fig. 5.6 (a)) for the rather short 

(4.5 µs) LIV pulses. These transients indicate rather fast dielectric relaxation 

processes with τM<< τPL. An increase of the irradiation exposure time leads to 

the enhancement of the SC generation current and to the increase of the total 

current, observed as the increment of the BELIV signal amplitude in Fig. 5.6 

(a). For rather short LIV pulses this amplitude saturates, as τRC is increased, 

due to enhanced series resistance within electrically neutral region (ENR), as 

the density of equilibrium carriers rapidly falls down through recombination, 

when the density of radiation induced defects increases with fluence.  This also 

leads to an elongation of τM. Therefore the typical transients of barrier charging 

currents can be observed only when the duration of the LIV pulses is 

significantly increased (Fig. 5.6 (b)). The SC generation current also increases 

and it is observed as an increment of the BELIV signal amplitude. The 

prevailing of SC generation current over barrier capacitance charging current 

can be resolved for LIV pulses in the time scale of τPL =450 µs (Fig. 5.6 (b)). 
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Then, the time instant, for which total current minimum (te≅ 150 µs) is 

reached, can be separated. 
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Fig. 5.6. Evolution of BELIV current transients during 1.5 MeV protons implantation 
at different LIV pulse durations: 5 µs (a) and 500 µs (b). 

 

The decrement of carrier recombination lifetime [A17], revealed by the 

MW-PCT measurements, leads to a reduction of equilibrium carrier density 

within ENR and to an increase of generation current, due to emission of these 

captured carriers within SC region. So, the results of these in situ 

measurements of the MW-PCT and BELIV characteristics correlate well, when 

comparing the controlled characteristics as a function of irradiation fluence. 
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5.4. In situ control of leakage current characteristics 

Control of the leakage current in diode structures during the in situ 

experiments was employed to follow changes of the penetrating particle in situ 

generated excess carriers, of impact of the nuclides reactions and relaxation as 

well as of the cumulative increase of the leakage current due to collected 

irradiation fluence. 
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Fig. 5.7. a- Diode leakage current as a function of irradiation time. The steps 
correspond to increase of the proton flux. b- Leakage current relaxation due to radio-
nuclide decay just after proton beam is switched-off. 
 

During the initial irradiation stages, a proton beam current was kept 

rather small (of about 0.5 nA) to decrease noises and the impact ionization 

avalanche breakdown effects, inherent for the elevated proton fluxes [60]. 

During the irradiations also the beam current (i.e. flux) was altered to measure 

more precisely variations of the carrier recombination/transport parameters 



 97 

within the diode base material ascribed to different exposure instants. The 

simultaneous monitoring of the leakage current revealed the corresponding (to 

change of proton beam current) clear steps of leakage current increase, as seen 

in Fig. 5.7 (a). 

These changes appear due to excess carrier generation by protons [60, 

61], and due to enhanced thermal emission from radiation induced carrier 

traps. Control of the total leakage current is also useful for estimating the 

impact of radio-isotopes produced by nuclear reactions during the proton 

bombardment. The impact can be deduced by measuring the relaxation 

characteristic of leakage current (Fig. 5.7 (b)) either in between of beam 

current change steps or just after switching off the protons beam. 

 

Summary of the main results described in the chapter 

[A10, A12, A16, A17, A19] 

A multi-functional instrument and techniques suitable for the  in situ 

(during procedure of irradiation by high energy protons) and simultaneous 

(combining various techniques) monitoring of the evolution of radiation 

defects and of changing of functional characteristics of Si particle detectors 

have been proposed, designed and approved. There, characteristics measured 

by techniques based on microwave probed variations of carrier recombination 

parameters with applied electric field, and those examined by the current 

transients and based on charge collection due to carrier drift-diffusion flows 

correlate well. Changes of the operational parameters of the Si detector 

structures have been additionally monitored during irradiations by 

measurements of leakage current which is remotely controlled.  

Thereby, the designed technology of combined measurements of barrier 

capacitance charging current and of induced charge current pulsed transients  

as a function of irradiation fluence enables one to examine in situ  an evolution 

of radiation defects and to determine a degradation of operational 

characteristics of device structures post-irradiation, by evaluating the changes 

of depletion width and of leakage current device characteristics and of 
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simultaneous variations in carrier recombination, generation and transport 

parameters in the irradiated  material. 

A small impact of radiation defects on both sign carrier drift/diffusion 

parameters and more complex variations of excess carrier recombination 

trapping lifetimes during irradiation have been revealed. The excess carrier 

transit, recombination and diffusion lifetimes have been evaluated by 

combining ICDC/IChCC current and microwave probed photoconductivity 

transient techniques. It has been revealed that values of the effective 

recombination lifetime measured by the MW-PCT-E technique on diodes with 

applied electric field start to saturate. This saturation is explained by 

manifestation of multi-trapping effect, when several centres of different species 

act together. Saturation of the effective recombination lifetime (which averages 

the carrier recombination and multi-trapping rate) correlates well with 

enhancement of leakage current relatively to the irradiation exposure time 

scale. 

In situ experiments of barrier capacitance charging currents 

measurements during protons implantation revealed that carrier recombination 

processes determine the increase of dielectric relaxation time within 

electrically neutral region (ENR) of a diode base. This leads to the elongated 

time scale of stabilization of depletion width. Carrier capture/emission 

processes within space charge (SC) and transition layer (between ENR and SC) 

regions lead to an increase of generation/recombination currents in the 

irradiated diode. 
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VI. Spectroscopy and profiling of defects in device structures  

6.1. C-DLTS and C-V techniques 

The distribution of defects within semiconductor structures strongly 

determines the functional characteristics of a device. The distribution of 

defects and certain impurities within structures containing pn junction can be 

resolved by C-V and C-DLTS techniques. 

C-V technique for the resolving of defects distribution profile is applied 

by analysis of the ac small test signal response R(UR) dependence on applied 

voltage. The R(UR) dependence for a non-irradiated pin diode sample, shown 

by black circles (Fig. 6.1), exhibits almost no variation. 
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Fig. 6.1. Response signal dependence on applied voltage of the irradiated and 
reference industrial FZ Si pin diodes. 

 

The response peaks at 14.5 V and 147.5 V appear in these dependences 

for samples irradiated with 2.0 MeV (grey triangles) and 2.3 MeV (light grey 

diamond symbols) protons, respectively (Fig. 6.1). Complementary, a profile 

of response R variations obtained for the sample with a triangle-shape radiation 

damage profile, is represented by dark grey stars in Fig. 6.1 and shows an 

increase of R going from the metallurgic junction to the most damaged layer 

position. R reaches a maximum at the same voltage, as determined for 2.0 MeV 

protons. Then, signal R slowly decreases with enhancement of depletion layer 

width over the rest base region. These observations are explained by the 
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competing impact of the displacement and generation currents on R, when dc 

voltage UR governed depletion boundary crosses the differently damaged 

material layers. 

Variations of DLS signal corresponding the distribution of density of S 

impurities for majority carrier traps and C, Cu for the minority carrier traps 

within depth (x) of technological pnp structure, obtained by differential C-

DLTS technique, is presented in Fig. 6.2. Measurements were performed by 

controlling the variations of peaks within DLTS spectrum ascribed to S, C and 

Cu impurities.  Variations of the amplitudes of trap filling pulses allowed of 

scanning of 20 µm depth within the base region in pnp structures. 
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Fig. 6.2. Variations of the DLS signal corresponding to a distribution of density of 
impurities within depth of pnp structure obtained. The distance is measured in 
respect to the pn junction. 
 

It can be seen that density distribution of majority carrier traps is almost 

homogeneous within structure while minority carrier traps exhibit a diffusive 

profile. This result indicates that S impurities might have been existed within 

initial Si substrate, while C and Cu impurities might have been unintentionally 

introduced during high temperature technological procedures. 
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-/0 (0.43-0.46 eV) within diode base region irradiated by 2.0-2.7 
MeV protons at a fluence of Φ=(5-15)×1011 cm-2. 
 

Variations of the DLS signal, correspondent to a distribution of density 

of divacancies (V2
-/0) in Si pin diodes with induced triangle defects distribution 

profile of radiation defects, formed by the 2.0-2.7 MeV protons with         

Φ=(5-15)×1011 cm-2  fluence irradiation, is presented in Fig. 6.3. A decrease of 

density of V2
-/0 is observed moving away from the metallurgic junction. 

However, the voltage source for the depletion of the base region provides 20 

V, therefore the diode base can not be fully depleted and the signal is reduced 

at higher depletion voltages. Nevertheless, the V2
-/0 density distribution within 

vertex of the triangle profile can be easily deduced from Fig. 6.3. 

 

6.2. Photo-ionization spectra probed using BELIV technique 

Deep level transient spectroscopy is traditionally used for the 

monitoring and characterization of deep levels in semiconductors by measuring 

changes of either capacitance [44, 62] or current [63]. Photo-ionization 

spectroscopy [64] can be an alternative tool with the advantage that the 

measurements can be performed at room temperature. Common measurement 

regimes in application of the mentioned methods include temperature scans or 

low temperature experiments, when only processes of carrier emission from 

deep levels are controlled. In this section, a technique for spectroscopy of deep 
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levels within junction device structures based on measurements of barrier 

capacitance charging current transient changes due to additional spectrally 

resolved pulsed illumination is proposed.  This technique allows simultaneous 

monitoring of the changes of excess carrier capture and short emission lifetime 

based on spectrally varied deep level filling/emptying in the junction structures 

of semiconductor devices. 

To describe principles of the BELIV-IR (infrared) pulsed spectroscopy 

technique, a common depletion approximation [44] is applied. Then, the 

barrier capacitance Cb(t) =εε0S/wd(t) temporal (t) changes under LIV pulse in 

n-type junction layer is ascribed (within this simplified approach) to variation 

of a depletion width 
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This transient contains the displacement and conductivity current components. 

The latter component arises within transitional layer (due to free carrier “tail”) 

at depletion boundary caused by prevailing of carrier thermal generation (from 

Nd traps) with increase of the depletion width wd(t) under reverse bias LIV. 

Here, it is assumed that trapped (at Nd) carriers are released according to 

nd(t)=nd0exp(-t/τem), with steady-state (Nd filling) concentration nd0. The 

thermal generation lifetime τem=1/[σdthvTNCexp(-Ed/kBT)] is a function of the 

emission cross-section σdth, of the thermal velocity vT, of the density of states 

in the conduction band NC, and of activation (Ed) as well as of thermal (kBT) 

energy. As usually, several trap species of different types appear. Generation 

currents from slower and deeper traps contribute simultaneously to the leakage 



 103 

current, which is expressed as ig(t)=qeniwd(t)S/τg, through the averaged 

lifetimeτg as well as through intrinsic carrier density ni. 

At room temperature, values of carrier thermal generation lifetimes, 

even for moderately deep (Ei<Ed<EC) donor-type centres in Si, appear to be in 

the range from a few ns to µs (Fig. 6.4 (a)) for traps with σdth in the range of 

10-16 – 10-14 cm2. Therefore, only traps with short carrier capture lifetimes 

(τcapt/τem<1) can be filled. Carrier capture lifetime τcapt is a reciprocal function 

of the trap density, Nd: τcapt=1/σdthvTNd. Thus, impact of generation current 

ascribed to the single type traps can be observable as an initial recess within 

the BELIV transients when density of these traps approaches to or exceeds the 

concentration ND of shallow dopants. The simulated (using Eq. 6.2) BELIV 

transients (curves 1-3) obtained varying nd0 are illustrated in Fig. 6.4 (b). It can 

be noticed in Fig. 6.4 (b), that initial recess within the barrier charging current 

transient is observed when rather large density of initially filled traps exists. In 

the opposite case, when several species of traps compete in capturing free 

carriers, only partial and rather low filling of these traps is possible (carriers of 

low density are redistributed among different traps). Then, generation-leakage 

current ig increases with LIV voltage, At, and can exceed the barrier charging 

current in the rearward phase of the transient. The descending charge 

extraction (displacement current) component and the ascending generation ig 

current component imply the existence of a current minimum in the current 

transient [A12], which can be highlighted using increased LIV pulse duration. 

Photo-ionization of trapped carriers nd by using short (fs) pulses of 

spectrally well resolved IR light enables one to determine parameters of deep 

traps and state of their filling. Short IR pulse with incident hν energy photons 

of surface density F(hν) integrated per pulse duration makes a δ-shape (~0.2 ps 

within scale of BELIV µs pulses) optical emission of trapped carriers, if hν fits 

to Ed and cross-section σp-e of photon-electron interaction is sufficient. 
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Fig. 6.4. a- Simulated thermal emission lifetimes at 150 K (1,2) and 300 K (3,4) 
temperatures for traps with emission cross-section σe=10-16 cm2 (1,3) and           
σe=10-14cm2 (2,4), respectively. b- Simulated barrier (ND=7×1013 cm-3) charging 
current transients when carriers of different density nd0 trapped at deep donor centres 
(Nd=1.2×1014 cm-3) are released thermally (1-3 curves) and by short IR light pulse (4).  
 

The cross-section σp-e for electrons located in deep levels is widely [44, 

64] described by the Lucovsky model [65]: 
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where B is a multiplicative factor.  The spectral changes of the absorption 

coefficient α(hν) due to photo-ionization can be described by  

0)()( dep nhh νσνα −= .                                    (6.4) 
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This change of the absorption coefficient can be controlled by hν light induced 

optical transmission measurements. IR induced absorption measurements are 

performed in nearly wave-guide regime within layered device structures. 

Illumination by IR light pulse of surface density F(hν) leads to density of the 

photo-emitted carriers: 

)()( 0
* ννσ hFnhn depd −= .  (6.5) 

By substituting nd
* Eq. (6.5) (with nd

*=nd(t)), into Eq. (6.1), a value for the  

barrier capacitance charging current due to photo-ionization  can be extracted. 

The simulated (using Eqs. 6.1 and 6.5) BELIV transient (curve 4) is illustrated 

in Fig. 6.4 (b). The filling factor nd/Nd can be controlled by combined 

measurements of iC peak value or α(hν) (as well as nd
*) as a function of F|hν, 

and saturation of these characteristics indicates the complete photo-ionization 

of Nd traps. Generation current parameters can be extracted by combined 

analysis of the BELIV current transients measured with and without IR 

illumination. Photo-ionization within electrically neutral region leads to a 

reduction of the dielectric relaxation time and of the serial resistance in the 

junction structure. The enhanced density of excess carriers within electrically 

neutral region decreases duration of the initial rise to peak current, as discussed 

elsewhere [A14], and results in a thinner Debye length of the transitional layer 

nearby the depletion boundary. 

Activation energy Ed of Nd traps can be evaluated by spectral 

measurements of changes in BELIV current transient shape and initial peak 

amplitude and using Eqs. (6.3-6.5). These spectral measurements are as usually 

started from the long wavelength wing to avoid simultaneous trap 

filling/emission from deeper centres. Value of Ed can be evaluated as quantum 

energy hν for which the red-threshold of the IR modified iC increase is 

observed. Alternatively, Ed and σp-e(hν) can be estimated by combining 

simulations of the BELIV current amplitudes based on Eqs. 6.3-6.5.  

The simplified description of principles of the technique of photo-

ionization probed barrier capacitance charging transients is presented above by 
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analyzing the donor type traps. Both acceptor and donor type defects acting 

together can be found in real experimental practice. Analysis of such models 

(when acceptors behave like compensating centres, while donors are able to 

follow fast changes in pulsed voltage) could be found e.g. in monograph [44]. 

The BELIV-IR (infrared) pulsed spectroscopy technique is preferential to 

evaluate material characteristics at room temperature when density of traps is 

large. However, an impact of the electron-phonon interactions within room-

temperature photo-ionization spectroscopy should be estimated. In high 

resistivity materials, deep traps of high density are partially filled due to lack of 

free carriers. 

 

6.3. Instrumentation for pulsed spectroscopy  

A schematical representation of the measurement set-up needed for 

implementation of BELIV-IR pulsed spectroscopy is shown in Fig. 6.5.  

 
Fig. 6.5. Schematic representation of the measurement setup. In the inset (i) the 
illustration of monopolar excess carrier generation is sketched. 

 

The barrier charging current transients have been used as a probe for the 

analysis of the excitation spectrum resulting from pulsed illumination with 

variable wavelength light of the device under test using a differential frequency 

generator (DFG) coupled with an optical parametric oscillator (OPO). The 
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OPO-DFG laser system enables to vary the illumination wavelength (λ) in the 

range between 1.2 and 10 µm with a precision of 100 nm using 100 fs pulses of 

the main coupling laser (CL). The triggering system of the main laser also 

generates synchronization pulse which starts the LIV generator (GLIV) 

through a synchronization pulse generator (SPG). 

The SPG forms a pulse of suitable duration to handle the sequence of 

LIV pulses and, thus, the optical (OPO-DFG) and electrical (LIV) pulses are 

synchronized. The OPO-DFG illumination of the device under test (DUT) 

leads to photo-ionization of carriers from the filled deep traps. The pulsed light 

biasing has been used to modify the occupation of the trap states and to 

highlight the dominant components of current. The illumination wavelength 

range of 2 to 10 µm determines a monopolar excess carrier generation (as 

sketched in the inset of Fig. 6.5), which causes both a generation current (ig) 

within the space charge region (SCR) of the junction and a monopolar 

photoconductivity within the electrically neutral region (ENR). The photo-

ionization caused current changes are analyzed by control of the shape and the 

amplitude of the barrier capacitance charging current (BCC) transients. These 

BCC transients are registered using a 50 Ω load input of a DSO6012A 

oscilloscope. Additionally, the measurement circuitry contains the adjustable 

output of a generator of linearly increasing voltage (GLIV) and the device 

under test (DUT), connected in series. The other channel of the digital 

oscilloscope is used for synchronous control of the linearity of the GLIV signal 

using a signal differentiating procedure installed in the DSO oscilloscope.  

 

6.4. Deep level spectra in thyristor structures and irradiated detectors 

The BELIV-IR (infrared) pulsed spectroscopy technique was applied to 

analysis of deep level spectra in the Si thyristor and pin detector structures. 

Industrial non-capsulated Si thyristor n+pnp structures with well defined layer 

thicknesses and doping (ND=7×1013 cm-3, phosphorus doped n-layer) densities 

were used for recording deep level spectra in a 350 µm thick n-Si layer. The 
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tentative measurements on deep level transient spectroscopy (C-DLTS) in 

these n+pnp structures showed technological contaminants of significant 

density within n-layer. Also, a set of pin diodes of CERN standard were 

investigated. 

 

6.4.1 Deep level spectra in thyristor structures 

For an n-layer containing a high density of deep traps, the barrier 

capacitance charging (BCC) current transient (A- and C-type transients 

illustrated in Fig. 6.6 (a)) contains an initial recess. This recess within a BCC 

transient indicates a reduced ACb(t≅0) barrier charging current due to trap 

filling. It can be seen in Fig. 6.6 (a) (B-type transients), that an illumination 

pulse of fixed density and at a fixed wavelength (λ=4 µm) restores the initial 

peak associated with the barrier charging current. This happens when emptying 

of the carrier capture donor-type centres in the material is saturated by a 

sufficient density of illumination (F(hν)). Due to the emptied centres, the 

initial recess disappears in the BELIV transient. It can be also inferred that 

value of the carrier capture lifetime determines the relaxation of the value of 

the initial current peak associated with the barrier charging (Fig. 6.6 (a), B-type 

transients). The photoconductivity current can be additionally estimated by 

analysis of the pedestal signal between the sequences of B-type transients. The 

amplitude of this pedestal signal decreases together with that of the BCC 

signal. The evolution of BCC transients illustrated in Fig. 6.6 is obtained only 

for fixed wavelengths of IR illumination. 

Varying the wavelength of this OPO-DFG IR pulsed illumination, a 

spectrum of deep levels is obtained. Additional measurements of the 

capacitance voltage (C-V) and current-voltage (I-V) characteristics on thyristor 

structures, by separately connecting the different junctions of the structures to a 

measurement circuitry and by using the same samples, indicated a large 

leakage current. The capacitance dependence on the ac test signal frequency 

suggests that the characteristic lifetimes of carrier capture are of the order of 

magnitude ∼ 1 µs. This is directly corroborated by the analysis of the shape of 



 109 

BCC transients observed for different intensities of the OPO-DFG IR 

illumination, whereby the generation (leakage) current dominates over the 

barrier capacitance current for GLIV pulse durations of τPL>1 µs.  
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Fig. 6.6. a- A sequence of BCC transients measured in a Si thyristor junction 
structure. A indicates a typical transient determined by carrier capture into deep traps 
before IR illumination pulse, B shows a modified BCC transient just after IR 
illumination (λ=4 µm) by 100 fs pulse, and C illustrates the recovered BCC transient 
after photo-ionized carriers are re-trapped by deep centres. b- Relaxation of the initial 
amplitude of the B-type transients within semilog scale and evaluation of the carrier 
recombination/capture lifetime. c- Generation current as a function of (1+U(t)/Ubi)

1/2 
and LIV pulse duration. d- C-DLTS spectrum measured in the Si thyristor junction 
structure. The DLTS peak ascribed to a single charged sulphur (S) dominates, and Si 
–Ss as well as sulphur vacancy (S-V) associated peaks, interpreted according to     
[66-68], are also denoted. 

 

To verify the existence of defects in the n-base region and to identify 

the traps responsible for the generation current, C-DLTS spectra have also 

been recorded on the same device structures (Fig. 6.6 (d)). The prevailing peak 

in the range of 150 -200 K is obtained in the C-DLTS spectrum which is 

ascribed to the sulphur contaminant impurities [66-68] with activation energy 
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of 0.3 eV and cross-section of σdth~5×10-16 cm2. Due to high density of 

technological contaminants, only qualitative evaluation of trap concentration 

and other DLTS signatures is possible when trap density approaches to or 

exceeds the doping density. 

The obtained DLTS spectra actually corroborated the existence of deep 

traps as revealed by the BELIV-IR spectroscopy measurements. Our results 

illustrates that the proposed BELIV-IR pulsed spectroscopy technique permits 

time resolved spectroscopy with the simultaneous determination of carrier 

capture and emission lifetimes. Calibration of the illumination density at each 

wavelength (simultaneously measured in our experiments) would enable to 

determine the concentration of each of the deep traps resolved as a spectral 

peak in the n-layer of the n+pnp structures. 

 

6.4.2 Deep level spectra in the irradiated detectors 

Prevailing of the barrier charging current (Fig. 6.7) has been observed in 

Si pin detectors irradiated with a rather low fluence of reactor neutrons 

(Φ≤1013 n/cm2). The photo-ionization peaks probed by the BELIV current 

transients are determined varying illumination quanta hν. 

Evolution of the barrier capacitance charging (BCC) transients, 

illustrated in figure 6.7 (a), as a function of the illumination wavelength for the 

same quanta flux (calibrated OPO-DFG energy per pulse) shows photo-

ionization peaks. These peaks associated with activation energy values of 

E1=0.3±0.02 eV, E2=0.41±0.01 eV and E3=0.51±0.01 eV (ascribed to 

divacancies of different charge state V2
=/-, V2

-/0 and defect clusters, 

respectively) have been revealed in an n-Si layer with a dopant density of 

ND≈1012 cm-3 irradiated with Φ=1013 n/cm2. The best fit of these peaks, 

simulated by using Eqs. 6.1-6.5 (and [ND-(Na-na(t))] when necessary, with Na 

the density of acceptor-type traps and their temporal filling na(t)) can be 

associated with well-known [5] deep centres ascribed to radiation defects. In 

Fig. 6.7 (a), it can also be noticed, that the capture lifetime varies for different 
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deep traps, as deduced from the BCC amplitude reduction rate within a 

sequence of transients at fixed illumination wavelength. 
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Fig. 6.7. BCC transients as a function of wavelength and time measured in Si pin 
detector structures irradiated with 1013 (a) and 1014 (b) n/cm2 reactor neutrons 
fluence. 
 

In Si pin detectors irradiated with Φ≥1014 n/cm2 fluence, when the deep 

trap density exceeds that of the shallow dopants, the generation current ig 

dominates in the BCC transients, even when using the highest illumination 

density of the OPO-DFG source, being the IR spectrum brightest laser, and 

rather short LIV pulses. The evolution of the BCC transients shown in Fig. 6.7 
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(b) can be explained by a simultaneous increase of the SC generation current 

(ig) and of the dielectric relaxation time. This leads to an increase of series 

resistance of the ENR n-Si region. A high density of deep traps also leads to a 

partial filling of the different deep centres due to a lack of “native” equilibrium 

carriers which is determined by the shallow dopants of low (ND≈1012 cm-3) 

concentration. Then, deep traps characterized by the longest carrier emission 

lifetime (i.e. the deepest centres) which exceeds the carrier capture lifetime can 

be filled. This prediction is proven in our experiments on the Si pin detectors 

heavily irradiated with neutron fluences in the range of Φ=1014 to 1016 n/cm2, 

when a threshold for photo-ionization is observed for quanta of energy hν≥0.5 

eV. The BELIV-IR spectral peak revealed in Fig. 6.7 (b) can only be obtained 

for an OPO illumination wavelength of λ≈1.2 µm, which is close to the inter-

band excess carrier photo-generation. This illustrates that the BELIV-IR 

spectroscopy technique is applicable even in the case of a high density of traps. 

One of the limiting factors in extracting the activation energy value 

(when using threshold wavelength for photo-ionization of definite traps) is 

spectral width ∆(hν) of OPO radiation. The spectral broadening of fs pulsed 

radiation is about ∆(hν)=10-80 meV, and this broadening increases with 

wavelength. However, at room temperature, relatively shallow levels are 

thermally ionized, and ∆(hν)/hν≅ 2-20 % for the observed peaks. OPO pulses 

of ps duration are preferential to reduce spectral broadening of tuneable 

wavelength IR illumination. Actually, illumination at peak wavelength 

dominates within photo-ionization of trapped carriers when using fs pulses. 

The BELIV-IR spectroscopy technique is preferential when traditionally used 

methods (e.g. TSC – thermally stimulated currents at 300 K and DLTS at high 

density of several species traps in samples with large leakage currents) are non-

operational. 
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6.5. Instrumentation for pulsed profiling of dopants and traps 

The distribution of dopants density and depth of junctions within 

layered structures can be resolved by employing slightly modified 

measurement setup of the BELIV technique. A sketch of measurement setup is 

presented in Fig. 6.8. Current transients are measured using a 50 Ω load 

resistance and measured by oscilloscope. Additionally, the measurement 

circuitry contains an adjusted output of a generator of linearly increasing 

voltage (LIV) and a junction structure under investigation, connected in series. 

 
Fig. 6.8. Sketch of the circuitry for the implementation of BELIV profiling. 
 

The cross-sectional boundary of a layered junction structure is 

scanned by a gold needle-tip positioned by a precise 3-D stepper. The micro-

structure of the needle-tip (making a slightly non-ohmic electrical contact) 

determines the appearance of the spreading currents between the main plate 

electrode (a deposited metal layer) of a relatively large area and the needle-tip 

on a boundary of a structure located (perpendicularly to the main electrode) 

within a definite layer and at definite depth point. The electrical contact 

between the needle-tip probe and sample is controlled by reaching the 

maximum current and manipulated by pressing the needle probe. Position of 

the probe on boundary is changed by pull-shift-press procedures in sequence 

using a 3D stage and keeping a fixed pressure on probe. The boundary of the 

samples for depth profiling must be as smooth as possible. The needle-tip is 
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sharpened by mechanical/chemical procedures. A complementary continuous-

wave infrared (IR) light source, either a laser with wavelengths in the range of 

1 - 5 µm or a photo-metric 350 W lamp, is employed to vary the filling of deep 

centres. 

 

6.6. Profiling of pin and thyristor structures using BELIV technique 

The models presented in chapter 3.3.2 (for parallel configuration of 

plate electrodes) are employed to describe the measured transients. For 

electrodes of the perpendicular configuration, when a needle-tip is positioned 

on the cross-sectional boundary of a parallel-plate layered structure, the current 

spreading effect should be included. The spreading of current in a material of 

resistivity ρ acts as a serial resistor RS=ρleff/Seff introduced into the BELIV 

measurement circuit. Here, leff and Seff are the effective length integrated over 

the current trajectories and an effective area in formation of spreading currents, 

respectively. The latter is very sensitive to RS changes. The simulated (using 

TCAD software for specific configuration of probes) distribution of potential is 

illustrated in Fig. 6.9. 

 

Fig. 6.9. The simulated (using TCAD software for specific configuration of probes) 
distribution of potential. 
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For a high symmetry of the measurement configuration, as in common 

spreading resistance measurements, the approximation leff/Seff=1/2a (here a is 

the diameter of the probe) can be used. Actually, the rather low symmetry of 

the geometrical configuration used in the present study, does not allow 

simplifications. Therefore, complicated numerical simulations (starting from 

the solution of the Poisson equation) are inevitable to model the changes of the 

transients during profiling. It can be noticed in Fig. 6.9 that the concentration 

of the electric field and consequently of the current density is significantly 

enhanced at the beginning (edges) of the probe. Thus, the spatial resolution of 

profiling can be higher than that evaluated using the diameter (a) of the needle-

tip-probe. To evaluate the ratio of leff/Seff and the absolute values of RS, ND, a 

calibration procedure should be used which can be performed by varying UP, 

τPL, RL and using a set of material samples combined with a definite probe 

system. 

This profiling technique was applied for the pin diode structures 

(presented in Fig. 3.1 (b)) for evaluation of dopants distribution and depths of 

junctions. The specific variation of the BELIV transients is illustrated in Fig. 

6.10 (a). 

Profiles of the peak amplitudes and of durations of the BELIV pulse 

τBELIV are shown in Fig. 6.10 (b). τBELIV is the time interval between the barrier 

charging current peak and the end of LIV pulse whereby these peculiar points 

can be distinguished precisely. For locations of an Au probe within a cross-

sectional boundary (shifting the probe by 3D stage) in the vicinity of the 

metallic plate electrode and of the high conductivity emitter (p+) layer, the 

amplitude and shape of the BELIV transient is close to that of the LIV pulse 

(Fig. 6.10 (a)). The decrease of the peak amplitude for probe locations within a 

relatively high resistivity layer is determined by the spreading resistance (due 

to the needle-tip probe). Thus, the BELIV transient is governed by the main 

junction of the diode under investigation. 
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Fig. 6.10. a - Variations of the BELIV transients in a p+nn+ structure of a pin diode 
for a probe positioned (x) within different layers. b- Variations of the amplitude and 
the BELIV pulse duration, obtained by depth-scans of the p+nn+ structure. 
  

The shape of the registered transient is inherent for the diode which is 

reverse biased by the LIV pulse, in this case.  Then, a rise of this current is 

either significantly stretched within the initial front of the BELIV pulse or even 

shifted over the time scale (Fig. 6.10 (a), curves for location of probe at 50 and 

100 µm) causing a shortening of τBELIV. An increment of RSCb0 induces a shift 

of the current peak (ACb0) towards the longer time scale relatively to the 

beginning of τPL and to the initial step of dUP/dt for the LIV pulse. 
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Fig. 6.11 a- Bias illumination (BI) density dependent charge extraction current 
transients measured at a fixed position of a needle probe (within the n-type bulk of 
the pnp structure) for the same reverse (UP) voltage of LIV pulses. b- Comparison of 
the amplitude (black solid symbols) and τBELIV (grey stars) profiles for pnp (solid 
symbols) and completely fabricated thyristor (open symbols) structures. 
 

The amplitude and duration (τBELIV) of the BELIV transient are restored 

(Fig. 6.10 (b)), by moving the probe from the highest resistance (n-base) region 

towards enhanced conductivity layer (n+). The regeneration of the amplitude 

and the reduction of the delay for transients registered behind the n/n+ interface 

are caused by the decrease of the resistivity within the n+-layer and by the 

decrement of RS. Then, nearly the whole n/n+ interface acts as another parallel-

plate electrode leading to an increased effective area. The range of the inherent 
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changes in the BELIV transient (for both the amplitude and τBELIV) clearly 

indicates the geometrical dimension of the layer of the highest resistivity over 

the structure, Fig. 6.10 (b). Fitting of the simulated characteristics to the 

experimental data enables to extract the parameters of spreading resistance and 

of barrier parameters. 

A crucial impact of impurities induced deep centres on the BELIV 

profiling has been found within pnp structures and on commercial (n+pnp) 

thyristor structures. Therefore, the BELIV technique has been applied in this 

case using also additional steady-state infrared bias illumination (BI). For 

layers containing a high density of traps, the BELIV transient (illustrated in 

Fig. 6.11 (a)) recorded for a single scan point contains an initial recess. The 

latter observation indicates a reduced ACb0 barrier charging current due to traps 

filling, if density of BI is insufficient. This impact of traps can be highlighted 

or suppressed by the enhancement of the steady–state BI density.  The initial 

recess in the BELIV transient disappears with increasing IR light density, Fig. 

6.11 (a). The disappearance of the initial recess in the BELIV transient 

indicates that carrier capture centres are filled and recombination current is 

reduced. The profiles of the amplitude of the BELIV response (measured with 

proper BI) obtained for pnp and n+pnp structures are illustrated in Fig. 6.11 (b). 

These scanned profiles are associated with the extent (spatial dimension) of the 

doped layers and of interfaces (pn and np) between them. The drop of the 

BELIV amplitude, obtained going from p- to n-layer, represents a change in 

doping from 1017 to 1013 cm-3. 

 

Summary of the main results described in the chapter 

[A14, A15, A18, A20] 

It has been demonstrated that distribution of defects and of certain traps 

can be alternatively evaluated by employing C-V and C-DLTS techniques. 

The proposed BELIV-IR pulsed spectroscopy technique can be 

employed as a powerful tool for the examination of deep levels in the junction 

area of semiconductor device structures at room temperature. This technique 
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allows for the simultaneous measurements of the excess carrier capture and 

short emission lifetime within the resistive junction layer of a semiconductor 

device structure. Spectra measured by the BELIV-IR pulsed technique have 

been compared with those registered by C-DLTS on the same Si thyristor 

structures in the case that the dopant density is close to that of the trap 

concentration showing good agreement between both techniques.  

The activation energy of the trap within bandgap was evaluated to be 

0.3 eV and ascribed to sulphur impurity within the sample of p+npn structure. 

The photo-ionization peaks (within measured spectrum) with activation energy 

values of E1=0.3±0.02 eV, E2=0.41±0.01 eV and E3=0.51±0.01 eV in an n-Si 

layer with a dopant density of ND≈1012 cm-3 irradiated with Φ=1013 n/cm2 were 

obtained. 

The distribution of dopants density as well as the depth of junctions of 

layered structures can be evaluated by employing the BELIV technique for a 

cross-sectional scan of the boundary of the structure with a needle-tip probe. 

Thus, the designed BELIV technique of barrier capacitance changes 

under linearly increasing voltage pulses and instrumentation, implemented by 

applying either cw or pulsed bias illumination of different intensity as well as 

of spectral range, can be employed for spectroscopy and for profiling of 

impurities and radiation defects in Si junction structures. 
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VII. Modification of the switching characteristics of power pin rectifiers 

The switching characteristics of pin rectifiers can be effectively 

modified by employing protons implantation at various depths and 

consequently creating various profiles of enhanced recombination region 

within the diode base. In this chapter results of investigations of the 

modifications of switching characteristics in pin diodes are presented.  

 

7.1. Irradiation regimes 

Commonly gold diffusion procedure is included within technological 

route of production of these diodes for the modification of reverse recovery 

time (RRT) parameters. However, gold diffusion procedure was omitted from 

the technological route of production of these samples. These samples were 

irradiated by protons at Helsinki University Accelerator Laboratory (HUAL) in 

order to achieve fast (~140 ns) switching rates and a soft reverse recovery 

characteristic. The irradiation regimes were simulated by employing the SRIM 

– Stopping and Range of Ions in Matter software [69]. The penetration depth of 

protons into a sample is dependent on protons energy, as shown in Fig. 7.1 (a) 

for Si and Al targets. The irradiation regimes were simulated to create the δ-

shape (when protons energy is kept constant) and triangle shape enhanced 

recombination regions (when protons energy is varied) within n-base of the 

diode. The profiles of the δ- and triangle shape enhanced recombination 

regions within diode base are sketched in Fig. 7.2. The simulated depth 

distribution of defects in pin diode structure, when protons energy is Ep=2.0 

MeV, is presented in Fig. 7.1 (b). 
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Fig. 7.1. a- Simulated penetration depth in Al and Si dependence on protons energy. 
b- Simulated depth distribution of defects in pin diode structure when protons energy 
Ep=2.0 MeV. 
  

 
 
Fig. 7.2. Structure of diode with indicated δ- and triangle shape enhanced 
recombination regions. 
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The triangle shape enhanced recombination region is created by varying 

protons energy and fluence, as shown in Fig. 7.3. The irradiation is started with 

the highest energy (2.7 MeV) to create damage at the furthermost region of the 

base. Then, value of protons energy is decreased while the fluence is 

intentionally increased at the same time. Finally, the energy is decreased to 2.0 

MeV which ensures damage nearby the p+n junction. 
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Fig. 7.3. Illustration of formation of triangle profile of enhanced recombination region 
within diodes base by varying protons energy in the range of 2.0–2.7 MeV. 

 

The irradiation fluence strongly governs the carrier lifetime changes. 

The technically needed carrier lifetime value τ≈140 ns determines the required 

irradiation fluence. Then, the necessary density of radiation defects is 

evaluated as: 

.Φ⋅= βdefN     (7.1) 

Here Φ is irradiation fluence, β - defects introduction rate which is commonly 

evaluated by analysis of recombination lifetime, leakage current, etc. 

parameters in samples after irradiation. In Si, the introduction rate is evaluated 

to be in the range of pβ =10-2÷1 cm-1. Carrier lifetime relation with defects 

density is expressed [44] as 
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defnT Nv ⋅⋅
=

σ
τ 1

.    (7.2) 

Here, vT is carrier thermal velocity, σn – carrier capture cross section. Using Eq. 

(7.2) the concentration of defects in Si is expressed as 

.
1

τσ ⋅⋅
=

nT
def v

N     (7.3) 

Typical τ values, needed to modify the samples under design, are τ=140 ns, 

while other parameters are assumed to be vT=107 cm/s, σn≤10-14 cm2. Then, 

density of the radiation induced defects should be 

τσ ⋅⋅
=

nT
def v

N
1

=7.14·1013 cm-3.   (7.4) 

Assuming the defects introduction rate pβ =10-1 cm-1, the irradiation fluence is 

evaluated to be: 

p

defN

β
=Φ =7.14·1014 cm-2.   (7.5) 

Since defects introduction rate is not well defined in various conductivity 

materials when various species of defects are created, the samples were 

irradiated at various fluences to empirically choose the optimal irradiation 

regime. All irradiation regimes are listed in table 7.1 (for δ-shape enhanced 

recombination region) and in table 7.2 (for triangle-shape enhanced 

recombination region). 

 
Table 7.1. Irradiation regimes when δ-shape enhanced recombination layer within 
diode base is formed. 
Sample No. Ep, MeV Φ, p/cm-2 

1. 2.0 7·1012 
2. 2.0 7·1013 
3. 2.0 7·1014 
4. 2.3 7·1013 
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Table 7.2. Irradiation regimes when triangle-shape enhanced recombination layer 
within diode base is formed. 

 Sample 1 Sample 2 Sample 3 Sample 4 
Ep, 

MeV 
Φ××××1011, 
p/cm2 

Φ××××1012, 
p/cm2 

Φ××××1013, 
p/cm2 

Φ××××1013, 
p/cm2 

2.7 5 1 1 2 
2.6 5 1 1 2 
2.5 8 1.5 1.5 3 
2.4 10 2  2 4 
2.3 10 2.1 2.1 4.2 
2.2 12 2.4 2.4 4.8 
2.1 13 2.6 2.6 5.2 
2.0 15 3 3 6 

Total 80 15.6 15.6 31.2 
 

7.2. Modelling of static and dynamic parameters of the irradiated diodes 

The reverse recovery process is determined by the removal of the 

minority carriers from diode drift region during switching from the forward 

conduction to reverse blocking mode. The typical and linearly approximated 

reverse recovery current transients and carrier distribution at different time 

instants during recovery process are presented in Figs. 7.4 (a) and (b), 

respectively. 

 

t
tA tB

τRR
IF

0

IPR

dI/dt=a

t0 t1 t2

t
tA tB

τRR
IF

0

IPR

dI/dt=a

t0 t1 t2

 

a 

x
b0

n(-d) t=0

t0

t1

nav

x
b0

n(-d) t=0

t0

t1

nav

 

 

b 

Fig. 7.4. Typical linearly approximated reverse recovery current waveforms (a) and 
change of carrier distribution during reverse recovery (b). 
 

To reach the soft reverse recovery current transient, which is described 

by the ratio of durations of (tB) and (tA) within reverse recovery transient, the 

recombination level position within drift region and carrier lifetime should be 

optimized. The softness parameter S is expressed as [7]: 
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Here used quantities are expressed as: 
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Here, additional symbols are as follows: 2d is geometrical width of drift 

region, b is the range where the injected minority carrier density reaches the 

average value nav (presented in Fig. 7.4 (b)), Dn is the diffusion coefficient of  

the majority carriers, τHL – carrier lifetime at high injection level, µn and µp – 

electron and hole mobilities, respectively. The above expressions enable to 

relate the reverse recovery duration τRR, reverse current peak IPR value at 

certain forward current IF determined by external current generator. 

It can be seen that the peak reverse recovery current can be reduced by 

decreasing the τHL lifetime in the middle of the drift region. The shorter reverse 

recovery time can be achieved by reducing the τHL lifetime and by increasing 

the peak reverse current. Assuming that parameter b can be varied by lifetime 

local killing techniques when b coincides with the enhanced recombination 

layer, the optimization of parameters can be reached by a trade–off. If the 

enhanced recombination layer is positioned nearby the metallurgic junction, 

then S and IRP acquire the largest values, while τRR leads to the shortest RRT 

process. If the layer of enhanced recombination is shifted away from the 

junction, then S and IRP decreases and τRR increases. Homogeneous or triangle 

shape (with shortest recombination lifetime nearby the p+n junction and largest 

at the end of base region) of induced enhanced recombination layer would 
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result in fastest switching rates and lowest IRR. However, it is necessary to 

evaluate the forward voltage drop UF dependent on recombination lifetime 

profile and its position within the diode base region. 

Forward voltage drop UF within diode base region is evaluated by 

integrating the electric field [7] determined by drift and diffusion current 

components as  

dx

xpd

xpq

Tk

xpq

I
xE

e

B

pne

F
B

)(

)(2)()(
)(

∆
∆

−
∆+

=
µµ

. (7.11) 

 Here ∆p(x)=∆pnexp(-τtr/τR(x))×exp(-x/Lp) is the excess carrier 

∆pn=p0nexp(qeUpn/kBT) distribution within n-base region, Upn – voltage drop on 

p+n junction due to carrier injection. Then, the forward voltage drop on 

junction and on base region UF=UB+Upn for a diode with homogeneous defect 

distribution profile is expressed as 
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Forward voltage drop in diode with δ-profile of enhanced recombination layer 

is expressed by separate analysis of current components for the diode base 

separate regions with appropriate τR and Lp parameters as shown in Fig. 7.5 (a). 
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Fig. 7.5. Sketch of diode structure with position of δ-damage layer (a) and variation 
of recombination lifetime diode with triangle enhanced recombination profile (b). 
 

Taking the boundary conditions for excess carrier distribution as 
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the forward voltage drop for a diode with δ-shape defects distribution profile is 

expressed: 
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For a diode containing a triangle defects distribution profile, UF,∧ can be 

evaluated using (7.12) expression after inserting the average recombination 

lifetime value τR av=τR(x=0)/τR(x=d) instead of τR, as sketched in Fig. (7.5 (b)).  

The simulated variations of UF and its components as a function of τR are 

presented in Fig. 7.6 (a) for homogeneous distribution of recombination 

lifetime within 40 µm base region at forward current density of 100 A/cm2 and 

at correspondent injection conditions. Variations of UF are compared for a 

homogeneous, triangle and δ-shape enhanced recombination profiles within 

base region in Fig. 7.6 (b).  

Simulations were performed assuming that recombination lifetime 

nearby the p+n junction τR(x=0) is the shortest and its value increases linearly 

going to the end of the base region and reaches the largest value equal 

τR(x=d)=1.5τR for a triangle recombination profile. For a δ-shape 

recombination profile it was assumed that it is positioned in the middle of the 

base region with recombination lifetime τR and width of 3 µm and with lifetime 
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of 7τR within pedestal between the p+n junction and the δ- layer. It can be seen 

that the lowest UF values are achieved when δ-shape recombination profile is 

produced while the largest values are within homogeneously damaged base 

region. 
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Fig. 7.6. Forward voltage drop, composed of diffusion, drift and p+n junction voltage 
drop components (a) and comparison UF with homogeneous, triangle and δ-shape 
defects distribution profiles (b) as a function or recombination lifetime. 

 

Variations of UF with positioning of δ-shape defects layer of width of 3 

µm within base region are presented in Fig. 7.7 for various τR values. It can be 

noticed, that UF increases with reduction of τR and with shifting the δ-shape 

layer away from the metallurgic p+n junction due to the increase of width of 
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region with the lower recombination lifetime pedestal (relatively to that of the 

non-irradiated region behind the δ- layer). 
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Fig. 7.7. Simulated forward voltage drop variations with positioning of δ-shape 
recombination layer for τR values of 50, 100 and 200 ns. 
 

Therefore local lifetime modification should be engineered by varying the 

position, profile or creating multiple layers within structure to reach trade-off 

between the static (UF) and dynamic (τRR) parameters of a device. 

 

7.3. Experimental diode parameters after irradiation 

7.3.1. Variations of carrier lifetime parameters after irradiation 

Carrier recombination lifetime variations with fluence measured by 

microwave probed photoconductivity technique (MW-PCT) in 2.0 MeV 

protons irradiated Si wafer samples are presented in Fig. 7.8. The latter 

lifetimes are compared with those obtained in FZ n-Si samples of the same 

thickness diodes irradiated with penetrative protons of 50 MeV – 24 GeV 

energies. It can be noticed that lifetime values in FZ n-Si wafers irradiated with 

2.0 MeV protons are significantly reduced relatively to that before irradiation 

(τR, non-irrad=60 µs) and decreases almost linearly from tenths of nanoseconds to 

1 ns by varying of protons fluence in the range of 7×1012-4×1014 p/cm2. 

Moreover, recombination lifetime values in 2.0 MeV protons irradiated FZ n-

Si wafers are considerably shorter than those obtained in samples irradiated 
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with penetrative protons and neutrons [70] of the same fluence. This result 

proves that radiation damage is more efficient within a stopping range of 

protons than that achieved under irradiation with penetrative hadrons. 
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Fig. 7.8. Carrier recombination lifetime as a function of fluence measured in 2.0 MeV 
protons irradiated Si wafer samples and compared with those obtained in samples of 
various thickness irradiated by penetrative protons of various energies. 

 

Fluence dependent variations of deep level spectra (normalized to the 

most intensive peak amplitude) obtained in protons irradiated pin diode 

structures with δ- and triangle-shape of enhanced recombination profiles are 

presented in Fig. 7.9 (a) and (b), respectively. 

In order to separate the overlapping of carrier emission peaks within 

DLTS spectra, as well as to avoid seeming their shift due to emerging 

additional traps under increased radiation damage with fluence or defect 

transforms due to heat treatments, within intricate spectrum, it should be 

simulated by Gauss function. Such a peak separation procedure is illustrated in 

Fig. 7.10 for the diode irradiated with 2.0 MeV protons at fluence of 1013 cm-2.  
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Fig. 7.9. Fluence dependent variations of normalized deep level spectra measured in 
diode samples containing δ (a) and triangle (b) shape enhanced recombination layers.  
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Fig. 7.10. Simulated DLTS spectrum peaks by using a Gauss function for a diode 
irradiated by 2.0 MeV protons of fluence of Φ=7×1013 cm-2. 



 132 

 

Five main DLTS peaks within temperature ranges of 88-90 K, 90-110 

K, 130-150 K, 150-170 K, and 200-220 K, have been obtained at the same 

lock-in filtering and for carrier injection parameters in the as irradiated samples 

containing the δ- and triangle-shaped enhanced recombination profiles. The 

dominant DLTS peaks are commonly ascribed to a vacancy-oxygen (VO) 

complex (E1 peak), to a carbon interstitial-substitutional atoms complex (E2 

peak), to a di-vacancy of different charged states (E3 and E5 peaks for V2
=/- and 

V2
-/0, respectively), and to a vacancy-oxygen-hydrogen (VOH) complex (E4 

peak). Non-penetrating protons create efficiently the defects within stopping 

range due to the large interaction cross-section. High density of implanted 

hydrogen H+ is a reason for intense generation of the VOH complexes within 

stopping range [17, 18]. Therefore, the latter E4 peak observed at 170 K 

prevails with enhancement of fluence in 2.0 MeV protons irradiated diodes 

containing the enhanced recombination layer nearby the p+n junction. For 2.3 

MeV protons irradiated diode, containing an enhanced recombination layer at a 

half-width of the base region, a reduction of a peak E4 is observed relatively to 

the di-vacancy ascribed peaks E3 and E5. This result implies that a depth 

integrated DLTS signal exposes an enhanced role of the irradiated pedestal of 

defects, relatively to a narrow δ-shape layer. The pedestal prevails in the DLTS 

spectrum measured for the as-irradiated diode by 2.0 MeV protons. 

Furthermore, a peak in the temperature range of 160-200 K is observed to be 

overlapped with additional component within the higher temperature wing 

which is debated [71, 72] as a trap associated with vacancy clusters (Vn). In 

diodes containing a triangle defects distribution profile, the overlapping multi-

δ-shape layers are formed by gradual step-like change of protons energy and 

fluence. In diode irradiated with lowest protons fluence two DLTS peaks 

(ascribed to VOH complexes and vacancy clusters Vn) observed in the 

temperature range of 150-180 K compete, as can be seen in Fig. 7.9 (b). For 

the higher fluences irradiated diode, a peak E4 starts to be dominating relatively 

to a peak associated with Vn clusters. This might be explained by a more 
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intensive production of VOH complexes (due to a higher density of hydrogen 

H+) instead of Vn clusters. 

 

7.3.2. Variations of static and dynamic characteristics  

Reverse recovery time variations dependent on forward current in 

diodes, containing a δ-shape radiation induced layer and a triangle-shape 

profile of enhanced recombination region in diode base, are compared in Fig. 

7.11 (a). 
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Fig 7.11. Reverse recovery time (a) and forward voltage drop (b) as a function of the 
forward current in diodes with δ−shape and triangle profiles of radiation defects 
distribution. 
 

Value of the forward current IF in diode represents the density of excess 

carriers ∆pn=IF/(qe(µe+µp)E) (here µe and µp – electron and hole mobilities, 
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respectively and E – the electric field within drift region during forward 

conduction mode) which should be extracted during switchover process, in this 

case. 

Reverse recovery time τRR strongly depends on the layer profile and on 

location of the layer containing deep recombination centres. Values of τRR are 

decreased after using all the employed irradiation regimes relatively to the non-

irradiated diodes, as shown in Fig. 7.11 (a). In the diodes containing a δ-shape 

2.0 MeV proton radiation-induced layer, the dominant recombination centres 

determine an increase of recombination lifetime with excitation level (~IF). 

These deep centres do not govern the short high level carrier recombination 

lifetime τHL or their density is too low. Enhancement of irradiation fluence (of 

2.0 MeV protons) reduces τHL and consequently, the τRR at large IFs. A shift of  

the δ-shape layer (induced by the same protons fluence) towards the half-width 

of the diode base by the increased 2.3 MeV energy of protons accelerates the 

rate of diode recovery by reducing the absolute value of τRR, as can be deduced 

from the comparison of respective τRR–IF dependences in Fig. 7.11 (a). This 

might be caused by an enhancement of the density of VO complexes (which 

reduce τHL) in diode containing a δ-shape defects distribution profile in the 

middle of the base region, relatively to that localized nearby the junction. 

Moreover, the excess carriers recombine immediately after switching the diode 

from on-state to the blocking regime when the δ-shape defects layer is 

positioned in the middle of the base region, with no need do diffuse (which 

increases τRR) towards the recombination layer (before recombining) when it is 

localized nearby the junction. Formation of a triangle profile of radiation-

induced recombination centres significantly reduces the τRR values that are 

obtained to be the shortest ones, relatively to those obtained in diodes 

containing a δ-shape defects distribution profile, and are nearly invariable with 

IF. Physical reasons of the discussed variations of τRR can be the competition of 

the point-like and the cluster-type radiation defects [A8] and caused by their 
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distribution within entire base region, that ensure a rapid recombination after 

the diode is switched into the blocking regime. 

However, due to radiation induced defects, the forward voltage drop UF 

increases with irradiation fluence for all the formed defect profiles and their 

locations (Fig. 7.11 (b)). The largest values of UF are obtained for heavily 

irradiated δ-shape layer located at the half-width of diode base. This can be 

explained by the increased integral resistivity of the base material over its 

length and by the serial redistribution of forward voltage drops on junction and 

on elevated resistivity base, when the efficiency of carrier injection is 

significantly reduced. Location of a vertex of triangle profile of induced layer 

nearby the metallurgical junction concentrates the applied field at junction, but 

the enhancement of defects density over the whole width of diode base 

increases the integral resistivity of the base material, and, consequently, the 

value of UF appears to be elevated. 

The effect of protons induced defects to leakage current can be easily 

resolved by measuring the I-V characteristics, as illustrated in Fig. 7.12 for 

diodes irradiated by various protons fluences and energies. An almost linear 

increase of a leakage current is clearly observed with enhancement of fluence 

measured in 2.0 MeV protons irradiated diodes (Fig. 7.12 (a)), that is explained 

by an increase of radiation induced generation centres. 

A steep increase of a leakage current has been found at elevated reverse 

voltages, those values exceed a threshold of >50 V in diodes irradiated by 

protons of fluence >7×1013 p/cm2 (Fig. 7.12 (a), grey dotted curve). A 

threshold value of the reverse voltage for detection of this component of the 

steep leakage current increase is reduced with an enhancement of irradiation 

fluence (Fig. 7.12 (a), light grey dash-dotted curve). This peculiarity might be 

cursorily explained as a manifestation of the Poole–Frenkel effect due to 

emission of carriers from the deep levels at a sufficient electric field due to 

reduction of a potential barrier at a local trap. Due to an increase of resistivity 

of the locally radiation damaged material area, a local enhancement of the 

strength of the electric field is very probable when a depth distribution of a 
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voltage drop exists within very narrow (few microns) diode base region. Then 

the threshold reverse voltage value (for the steep leakage current increase) is 

reduced if the increment of resistivity is proportional to the irradiation fluence. 

Alternatively, the steep leakage current increase can be understood by 

involving the current percolation effects for a damaged range of a diode base. 

It is well known that large values of an interaction cross-section in Si for 2–3 

MeV protons is a reason for rather short penetration depth of these particles 

and for creation of a high density of cluster defects within a stopping range of 

2–3 MeV protons. The existence of sharply inhomogeneous distribution of 

density of these cluster defects, with a rather flat pedestal within the proton 

penetration path and a δ-shape peak density at proton stopping length, acts as 

extended defects with the local-field-governed space charge regions 

surrounding the cluster cores. Then, the applied voltage drop distributes among 

the space-charge areas of clusters, while the conductivity current can be 

ascribed to areas free of clusters, those contain only point defects. It is the 

latter component that determines the magnitude of a percolative current 

flowing along the random paths of the non-damaged material. A cross-

sectional area of these channels of a relatively non-damaged material depends 

on density of clusters and on applied external voltage which modifies the 

extent of space-charge regions surrounding the clusters. The parallel and serial 

linkage of components of inhomogeneously damaged areas determines the 

total leakage current. Thus, an increase of cluster density within a pedestal 

component of the damage depth distribution can be a reason for reduction of a 

threshold voltage to observe the steep leakage current increase if applied 

voltage enhances an integral diameter of percolation channels. 
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Fig. 7.12. (a) I-V characteristics in diodes irradiated by 2.0 MeV protons of different 
fluences, (b) comparison of I-V characteristics measured in non-irradiated diode and 
in diodes containing radiation induced δ (nearby the metallurgic junction) and 
triangle shape defects profiles irradiated by close fluences of protons. (c) comparison 
of I-V characteristics measured in diodes containing radiation induced δ (nearby the 
metallurgic junction and in the middle of the base region) and triangle shape defects 
profiles irradiated by close fluences of protons. 

 

The I-V characteristics measured on diodes containing different defect 

distribution profiles formed by proton beam either of fixed (2.0 MeV) energy 

or of multi-step gradually varied energy in the range of 2.7–2.0 MeV are 

compared in Fig. 7.12 (b) for reverse biasing branches of the I–V dependences. 

Here, I–V characteristics obtained for the smallest irradiation fluences 

employed in this work are presented. Also, these fluences are of nearly the 

same peak value for δ- and triangle-shape defects distribution profiles. The 

increase for leakage current is obtained in the irradiated diodes when 

comparing with that for a non-irradiated material diode. A rather smooth 

variation of the I–V curves in the typical I–V saturation regions indicates the 

prevailing of the point defects. The impact of the same deep levels can be 



 138 

implied, when their action as generation/trapping centres is inherent. These 

generation centres increase the leakage current. 

However, the discussed segment of the steep increase of a leakage 

current inevitably appears for the elevated reverse voltages in diodes irradiated 

by higher proton fluences. The threshold reverse voltage value, for which the 

steep increase of a leakage current is detectable, depends on irradiation fluence, 

on defect distribution profile, and on location of a damaged layer relatively to a 

metallurgical junction, as illustrated in Fig. 7.12 (c). The segment of the steep 

increase of a leakage current starts at a threshold reverse voltage value which is 

the smaller the larger irradiation fluence (Fig. 7.12 (a)) or a closer location of 

the damaged layer relatively to junction (Fig. 7.12 (c)) is. A reduction of the 

threshold reverse voltage with a closer location of a peak of the damaged layer 

to metallurgical junction implies that the impact of the extended radiation 

defects, containing space-charge surroundings, exceeds that of the generation 

centres in the increase of leakage current dependently on the local strength of 

electric field. The latter is weaker in the middle of a diode base relatively to 

that at junction. Therefore, for the same radiation induced defects profiles 

formed by 2.0 and 2.3 MeV protons, the observed threshold reverse voltages 

differ significantly, when comparing the respective I–V’s in Fig. 7.12 (c) for a 

layer, located at junction, and for a layer within the half-width of a diode base. 

With enhancing the cluster density when the latter is proportional to irradiation 

fluence, the cluster-surrounding space-charge spheres tend to overlap. 

Consequently, an external applied field governs the percolation current or the 

local field. Direction of local fields is dependent on the polarity of space 

charge and is caused by the cluster core structure in the space-charge it 

surrounds. Then, a leakage current increase is typical either to that of a forward 

biased junction or to avalanche processes evolved within a local strong field. 

Thus, the improvement of dynamic (τRR) and static (UF, IL) parameters 

of the pin switchers can be reached only as a trade-off among technological 

procedures. Therefore, isochronous 24 h annealing in the temperature range of 
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80–400 oC have been performed in order to reduce the forward voltage drop 

and the leakage current.  

 

7.4. Diode parameters after isochronal anneals 

To reduce an increased leakage current and forward voltage drop, which 

is obtained after irradiations, the isochronal 24 h anneal procedures were 

carried out for Si wafer and diode samples. Carrier recombination/generation 

and static as well as dynamic parameters of diodes were examined after each 

annealing step.  

 

7.4.1. Anneal induced variations of carrier lifetimes 

Carrier recombination lifetime variations measured by MW-PCT 

technique after isochronal 24 h anneal steps at various temperatures are 

presented in Fig. 7.13. The  higher increase of recombination lifetime with 

anneal temperature is observed in samples irradiated with higher fluences 

while in the lowest fluence irradiated samples carrier lifetime is obtained to be 

almost invariable.  
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Fig. 7.13. Comparison of fluence dependent recombination lifetime variations after 
various steps of isochronal anneal procedures, obtained in FZ n-Si wafer samples. 
 

Variations of the DLTS spectra, of peak amplitude values and of 

relative capture cross-section values as a function of 24 hour isochronal anneal 

temperature are presented in Fig. 7.14 and Fig. 7.15 for diodes containing δ-

profile of radiation induced defects nearby the junction and in the middle of the 
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base region, respectively, and in Fig. 7.16 for a diode containing triangle profile of 

radiation induced defects. A seeming shift of peaks appears after each heating step in 

both irradiation profiles containing diodes. Actually, these shifts are determined by 

variation of different overlapping peaks. 

In diode with a δ-shape recombination layer localized nearby the junction, the 

most significant changes are observed at the E4 peak, associated with VOH 

complexes (Fig. 7.14). 
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Fig. 7.14. Variation of the DLTS spectra (a) and of peak amplitude (b) values 
measured on diode containing radiation induced δ−shape profile of defects 
distribution nearby the junction after various steps of 24 h isochronal anneal. 
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Density of the VOH complexes, detected as variations of E4 peak 

amplitude, behaves non-monotonically. The E4 peak amplitude decreases after 

annealing step at 80oC and overlaps with additional peak located at higher 

scanning temperature wing which might be associated with Vn clusters. 

Transform of the VOH centre to a component VO may be responsible for the 

changes of E1. At the same time the peak E5, ascribed to V2
-/0, decreases as 

well. Further enhancement of temperature (T≥160oC) leads to a complete 

disappearance of Vn clusters, which is a product for VOH and V2
-/0 defects. At 

the highest anneal temperatures (>240oC), the VO, VOH and divacancy related 

traps (V2
=/- and V2

-/0) anneal out, as deduced from the reduction of the peak 

amplitudes within DLTS spectrum. Meanwhile, complexes of carbon 

interstitial and substitutional atoms CiCs are formed, as observed from an 

increase of E2 peak amplitude. 

In diode with a (-shape layer localized in the middle of the base region, 

the E4 peak and consequently the density of VOH complexes decreases with 

enhancement of anneal temperature and these peaks completely vanishes at 

temperatures T≥160 oC (Fig. 7.15). 

The VOH decay is accompanied by formation of divacancies via Vn. 

After anneal at the highest temperatures, the CiCs complexes dominate. 

Qualitatively similar picture of the heat treatment-induced transforms of 

the DLTS spectra has been also observed for diodes containing a triangle 

profile of defect distribution. Here, a slight difference relatively to the diodes, 

containing the (-shape layer, can be revealed within a wing of the elevated scan 

temperatures in DLTS spectra (Fig. 7.16). 
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Fig. 7.15. Variation of the DLTS spectra (a) and of peak amplitude (b) values 
measured on diode containing radiation induced δ−shape profile of defects 
distribution in the middle of the base region after various steps of 24 h isochronal 
anneal. 
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Fig. 7.16. Variation of the DLTS spectra (a) and of peak amplitude (b) values 
measured on diode containing radiation induced triangle profile of defects distribution 
within base region after various steps of 24 h isochronal anneal. 
 

An additional hydrogen related complex (E6) can be resolved via 

annealing dependent variations of an amplitude of DLTS signal within a range 

of the E5 peak. An origin of this E6 peak is debated as being associated with 

divacancy-hydrogen (V2H) complex [71, 73, 74]. Appearance of the latter E6 

peak in diodes with the triangle defect distribution profile can be explained by 

a decay scenario of a dense area of VOH complexes within the base region, 

when creation of V2H complexes is preferable relatively to pure divacancies 

due to weaker escape of hydrogen. At highest anneal temperatures a peak at 

120 K prevails, which might be ascribed to CiCs complexes. 

 



 144 

7.4.2. Anneal dependent variations of operational characteristics 

For pin diodes, both with a δ-shape layer (2 MeV protons) and 

containing a triangle profile (gradually varied energy 2.7–2.0 MeV of protons) 

created with average fluence of 7×1013 p/cm2, the reverse recovery time τRR 

increases after each step of 24 h heat treatment, as illustrated in Fig. 7.17 (a). 

After final (in this investigation) 400 oC annealing step, the value of τRR at 

elevated injection levels (~IF) in diodes containing a δ-shape layer is almost 

completely restored to that measured in the non-irradiated diode, Fig. 7.17 (a). 

In diodes containing a triangle profile of defect distribution along the base 

(Fig. 7.17 (b)), irradiated by the smallest fluence, τRR is also restored to that 

measured in the non-irradiated diode. However, for diodes irradiated by larger 

fluences, the restoration of τRR values is incomplete, and restoration level 

depends on irradiation fluence. In addition, τRR in heat treated diodes becomes 

to be dependent on injection level, as shown in τRR–IF plots for as-irradiated 

and heat treated diodes, Fig. 7.17 (b). The observed variations of τRR–IF 

characteristic can be explained by different impact of point-like complexes and 

of extended clusters. The revealed decay of the point-like VOH complexes (in 

DLTS spectra) determines the high injection level carrier recombination 

lifetime τHL, due to the change of type of the dominant deep centres. The re-

arrangement of a space-charge sphere (surrounding cluster) during heat 

treatments causes a redistribution of carriers and a limited filling of deep 

centres. The forward voltage drop UF decreases after each temperature step of 

employed heat treatments, as illustrated in Fig. 7.17 (c). However, values of UF 

in the annealed diodes do not reach that value in the non-irradiated ones. 

Although, the observed UF reduction shows a beneficial impact of annealing in 

the correction of static parameters of the irradiated pin diodes. The revealed 

behaviour can be explained by radiation and heat treatment-induced variations 

of resistivity of the base region material. Annealing determines a reduction of 

this resistivity, and, subsequently of UF values. 



 145 

0 2 4 6 8 10 12

102

103

I
F
 (A)

τ R
R
 (

ns
)

 

 

 non-irradiated
2.0 MeV protons irradiated
Φ=7×1013 p/cm2

   as-irradiated
Annealed 24 h at: 

        240 oC
        320 oC

a

 

3 6 9 12
102

103

 

 

τ R
R
 (

ns
)

I
F
 (A)

 non-irradiated
2.7-2.0 MeV protons irradiated
Annealed 24 h at 400oC

 (1-3)×1012 p/cm2

 (1-3)×1013 p/cm2

 (2-6)×1013 p/cm2 

b

 

0 5 10 15 20
0.5

1.0

1.5

2.0

2.5

3.0

 

 

 

 

U
F
 (

V
)

I
F
 (A)

2.0 MeV protons irradiated
Φ=7×1013 p/cm2

  as-irradiated
Annealed 24 h at:

       240oC
       320oC

c

 
Fig. 7.17. Reverse recovery time (a, b) and forward voltage drop (c) as a function of 
forward current. These characteristics are compared for pin diodes containing either 
the δ-shape (a,c) or triangle profile (b) of irradiation defects distribution. Variations 
of these characteristics obtained by varying heat treatment temperature are shown 
relatively to those measured in non-irradiated and as-irradiated the same pin diodes. 
 

Evolution of I–V characteristics for diodes irradiated by 2.0 MeV 

protons of fluence 7×1013 p/cm2 after several temperature steps within 

isochronous 24 h heat treatment is illustrated in Fig. 7.18. The leakage current 

is reduced in all the applied reverse voltage range relatively to the current 

values obtained in the as-irradiated diode. The steep current increase due to 

percolation and to avalanche current effects disappears in the whole range of 

applied bias voltages. However, an enhancement of the heat treatment 

temperature above 160 oC leads to an increase of leakage current at elevated 

reverse voltages. This implies a shift of the steep current increase segment 

towards the range of higher voltages, exceeding those employed in this 
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investigation. The course of leakage current variation with UR in the diode 

heated at 320 oC remains similar to that obtained after annealing at 240 oC. 

Therefore, a beneficial annealing of radiation defects can be implemented in 

the temperature range of 20–200 oC. 
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Fig. 7.18. Variations of the I-V characteristics in 2.0 MeV protons irradiated diodes 
after various temperature steps of the isochronal 24 h heat treatment. 
 

Summary of the main results described in the chapter 

[A2-A9, A20] 

It has been obtained that recombination lifetime decreases almost 

linearly from tenths of nanoseconds to 1 ns by varying the protons fluence in 

the range of 7×1012-4×1014 p/cm2 and lifetime values are obtained to be shorter 

relatively to values obtained in Si samples irradiated by penetrative protons. 

After isochronal 24 h anneal a higher increase of recombination lifetime with 

anneal temperature is observed in samples irradiated with higher fluences 

while in the lowest fluence irradiated samples carrier lifetime is almost 

invariable. 

The VOH complexes are dominant within the stopping range of protons 

in the as-irradiated diodes. Isochronous 24 h heat treatments of the irradiated 

diodes indicate an efficient annealing of the VOH complexes by transforms to 

other divacancy associated deep centres via vacancy clusters Vn. An additional 

hydrogen related complex associated with divacancy-hydrogen (V2H) complex 
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is observed in diodes containing triangle defects distribution profile. These 

anneal induced transforms of defects are explained by a decay scenario of 

dense area of VOH complexes within the base region, when creation of V2H 

complexes is preferable relatively to generation of pure divacancies due to 

weaker escape of hydrogen. At the highest anneal temperatures >320 oC 

divacancy associated defects anneal out, and the carbon CiCs complexes 

become prevailing. 

Reverse recovery time τRR decreases with irradiation fluence and 

strongly depends on the layer profile and on location of this layer containing 

deep recombination centres. The fastest switching rate is achieved in diodes 

containing the triangle defects distribution profile. The forward voltage drop 

UF increases with irradiation fluence and UF’s value is the largest for a diode 

containing the δ-shape defects profile located at the half-width of the base 

region, due to increased integral resistivity within damaged region. An increase 

of τRR and a decrease of UF values were observed in diodes after heat 

treatments. 

Concerted analysis of changes of the I–V characteristics in pin diodes 

with radiation damaged layers of various profiles unveiled a different impact of 

point and of cluster type radiation defects on transforms of diode electrical 

characteristics. Point-like radiation induced and vacancy-ascribed complexes 

are responsible for the increase of leakage current in the range of small reverse 

voltages. Extended clusters, owing to a space-charge sphere surrounding a 

cluster with inherent charging of cluster core, modify the I–V characteristics 

when radiation damaged layers are located nearby the metallurgic junction. A 

steep leakage current increase in I–V characteristic appears to be caused by 

forward biased space-charge regions around clusters or generation of micro-

plasma in local strong fields. The local field effects, caused by the extended 

radiation defects, depend on cluster density gradients, and these effects are 

more pronounced in diodes containing a narrow δ-shape radiation damaged 

layer within the diode base. Annealing of point defects within a material that 

surrounds the cluster space charge spheres is mostly probable and observable 
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after heat treatments in the temperature range of 20–320 oC, when the density 

of clusters is rather small. 

Therefore, improvement of dynamic (τRR) and of static (UF, IL) 

parameters of the pin switchers can be reached only as a trade-off among 

irradiation and heat treatment technological procedures. 

In summary, the combined modelling and measurements of the reverse 

recovery time, of recovery softness and of forward voltage drop characteristics 

in Si power diodes show that these parameters strongly depend on values of 

carrier lifetime at high injection and on their depth-distribution within diode 

base region, while the desired trends in variations of these parameters 

dependent on carrier lifetime appear at discrepant tendencies. Therefore 

optimization of dynamic diode operation characteristics can be only achieved 

by trade-off, using formation of strongly localized and predictably distributed 

recombination centres by proton beams when stabilized extended radiation 

defects are created. To reach a trade-off between the dynamic and static diode 

parameters, the radiation induced traps with short low-level carrier lifetime 

(τLL) should be annealed, however creation of different species and densities of 

protons beam induced defects makes a program for annealing procedures to be 

complicated. 
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Summary of dissertation results and conclusions 

Measurement technology results 

1. Surface passivation by iodine ethanol solution increases recombination 

lifetime from 1.2 µs to 58 µs for the investigated float zone (FZ) n-Si 

samples. 

2. Barrier evaluation by linearly increasing voltage (BELIV) pulsed 

technique approved to be a useful extension of transient techniques for the 

separation of barrier charging and carrier capture/emission current 

components and for the fast estimation of the impact of traps. 

3. The models for under-depleted diode with induced charge and of current 

transients at low and high densities of the photo-excited excess carrier 

domain within diode base region have been proposed. In material with 

small density of traps the displacement Ramo’s current prevails. In 

heavily irradiated diodes carrier capture and emission components 

become dominant. 

4. The BELIV technique has been approved for the spectroscopy of deep 

levels and for profiling of dopants concentration and depth of junctions 

within layered structures. The instrument for spectroscopy and profiling 

has been designed and approved. 

 

Spectroscopy results 

5. Spectra measured by the BELIV-IR pulsed technique have been 

compared with those registered by C-DLTS on the same Si thyristor 

structures in the case that the dopant density is close to that of the trap 

concentration showing good agreement between both techniques. The 

activation energy of the trap within bandgap was evaluated to be 0.3 eV 

and ascribed to sulphur impurity. 

6. The photo-ionization peaks with activation energy values of E1=0.3±0.02 

eV, E2=0.41±0.01 eV and E3=0.51±0.01 eV (ascribed to divacancies of 

different charge state V=/-, V-/0 and defect clusters, respectively) in an n-Si 
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layer with a dopant density of ND≈1012 cm-3 irradiated with Φ=1013 n/cm2 

were obtained by BELIV-IR pulsed measurements. 

7. The distribution of dopants density as well as the depth of junctions have 

been evaluated by employing the BELIV technique for a cross-sectional 

scan of the boundary of the structure with a needle-tip probe within pnp, 

pnpn+ and pin structures. Also the distribution of S, C, Cu within pnp and 

pnpn+ structures and of V2 traps within pin structure has been determined 

by employing the C-V and C-DLTS techniques. 

 

Results of investigation of radiation induced defects  

8. Combined analysis of C-V, I-V and barrier capacitance charging currents 

revealed that barrier capacitance decreases with neutron irradiation 

fluence and reaches its geometrical value Cgeom=9 pF at the highest 

fluences (Ф≥1016 cm-2) in 300 µm thick n-type Si diodes doped with 1012 

cm-3 donors due to radiation induced carrier traps that reduce free carriers 

concentration. 

9. Values of the effective recombination lifetime measured in situ during 8 

MeV protons irradiation by the MW-PCT-E technique on diodes with 

applied electric field start to saturate. This saturation is explained by 

manifestation of multi-trapping effect, when several centres of different 

species act together. Saturation of the effective recombination lifetime 

correlates well with enhancement of leakage current relatively to the 

irradiation exposure time scale. 

10. A small impact of irradiation on the carrier scattering parameters was 

unveiled during 8 MeV protons irradiation when carrier capture processes 

prevail. Electrons mobility was evaluated to be µe=1300 cm2/Vs. 

11. In situ experiments of barrier capacitance charging current measurements 

during protons implantation revealed that carrier recombination processes 

determine the increase of dielectric relaxation time within electrically 

neutral region (ENR) of a diode base. This leads to the elongated time 

scale of stabilization of depletion width. Carrier capture/emission 
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processes within space charge (SC) and transition layer (between ENR 

and SC) regions lead to the increase of generation/recombination currents 

in the irradiated diode. 

 

Results of optimization of device parameters by radiation techniques 

12. The combined modelling and measurements of the reverse recovery time, 

of the recovery softness and of the forward voltage drop characteristics in 

Si power diodes show that these parameters strongly depend on values of 

carrier lifetime at high injection level and on their depth-distribution 

within diode base region, while the desired trends in variations of these 

parameters dependent on carrier lifetime appear at discrepant tendencies. 

Reverse recovery time decreases with reduction of the high injection level 

carrier lifetime τHL. Reduction of τHL causes an increase of the forward 

voltage drop. 

13. The VOH complexes are dominant within the stopping range of protons 

in the as-irradiated diodes. Isochronous 24 h heat treatments of the 

irradiated diodes indicate an efficient annealing of the VOH complexes 

by transforms to other divacancy associated deep centres mediated by the 

vacancy cluster Vn transforms. An additional hydrogen related complex 

associated with divacancy-hydrogen (V2H) complex is observed in diodes 

containing a triangle defects distribution profile. These anneal induced 

transforms of defects are explained by a decay scenario of dense area of 

VOH complexes within the base region, when creation of V2H complexes 

is preferable relatively to generation of pure divacancies due to a weaker 

escape of hydrogen. At the highest anneal temperatures >320 oC, the 

divacancy associated defects anneal out, and the carbon CiCs complexes 

become prevailing. 

14. Optimization of dynamic diode operation characteristics can be only 

achieved by trade-off, using formation of strongly localized and 

predictably distributed recombination centres by proton beams when 

stabilized extended radiation defects are created.  To reach a trade-off 
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between the dynamic and static diode parameters, the radiation induced 

traps with short low-level carrier lifetime (τLL) should be annealed. 
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