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l. Introduction

Research problem. Silicon (Si) is one of the most widely used
semiconductor materials in microelectronics, induation of semiconductor
power devices, of solar cells and ionizing radmatdetectors, etc. due to its
well examined fundamental properties and well deyet technology and
relatively low price. Many nowadays applicationsjuige power devices that
are capable to control large amount of energy duswmitching cycle, to ensure
high blocking voltage and low leakage current, taintain low voltage drop
during on-state regime, and those are capabledmtgat high switching rates
with soft reverse recovery behaviour. Power devies needed for systems
that operate at wide spectrum of power levels aaduencies. Thyristors are
usually applied for low frequency and high poweplagations, while Insulated
Gate Bipolar Transistors (IGBTs) are exploited ttee medium frequency and
power applications, and power Metal Oxide Semicahulu Field Effect
Transistors (MOSFETs) are employed for high freqyerapplications.
However, there is no common device that would biéalsle for the whole
range of applications. Power rectifiers are usedawer electronic circuits to
control the direction of the current flow. Schotttipdes are capable to operate
at high frequencies, however high voltage (>20@WMplocking regime can not
be achieved as the width of the drift region shdmédincreased that would
result in undesirable enhancement of the voltage dr the on-state regime.
Rectifiers designed opin structures are capable to support high voltage8 (2
— 5000 V) at blocking regime and operate at fregie=nhigher than tenths of
MHz. However, appropriate material properties (earrlifetime, doping
densities and profiles) must be chosen and thecdesiructure should be
designed to maintain the desired static and dynaaniameters of devices in a
compromise way. Reverse recovery time (RRT) of podevices is usually
controlled by introducing recombination centreithe active region of the
device. These recombination centres are usuallpodoted by gold or

platinum doping or irradiation with electrons oofmns beam or implantation
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of necessary elements. The shape of the reverseeamccurrent transient and
symmetry of the reverse recovery characteristiciclviis also an important
parameter of the power device, can be controllegdsitioning and profiling

of the enhanced recombination layer within an a&ctegion of the device.

In many high energy physics experiments at Eurofi@aanization for
Nuclear Research (CERN), high resistivity Si pdetibetectors opin structure
operating at full depletion (diode base is fullypli#ed due to sufficient
external electric field applied) regime are emptbj@r tracking of the ionizing
particles. These detectors should be capable tavsuradiation fluences up to
10" cm®. However, radiation induced defects within Si miafethat act as
generation/recombination and carrier capture centtensequently affect the
detector functional parameters. Therefore, a wariet experiments are
performed and different techniques are applied Yaluate the radiation
damage mechanisms and their impact on detectortibmat parameters.
Furthermore, it is necessary to search for the approaches on how to
suppress or control the degradation process oftuess as well as to design
advanced detector structures.

Evaluation of the mechanisms of radiation damagpaoficle detectors
in the range of high fluences is commonly implerednby combining of
several techniques. Examination of leakage currehtcarrier generation
lifetime is performed by thermally stimulated cunréTSC), by capacitance
deep level transient spectroscopy (DLTS) and byogtkpg measurements of
drift current transients (TCT) in analysis of thespirradiation state of devices.
However, capacitance and depletion based measutenfehTS, C-V and
TCT) become complicated when high resistivity matefwith rather small
doping density) is exploited in fabrication of pelg detectors. Then, heavily
irradiated diodes may experience a transition tongnlating substance state
with rather small free carrier concentration (daehtgh density of different
type carrier capture centres) insufficient to smsta depletion boundary, by
exhibiting a long dielectric relaxation time. Thine, evaluation of carrier

capture and generation lifetimes as well as of roihgortant parameters
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becomes a complicated task when depletion widthedagchniques are
employed. Although, concerted analysis and the dediucharacteristics in
lightly irradiated structures might be useful taiepate trends and primary
understanding of the radiation induced defect cemgsd and their impact on
functional characteristics of particle detectorewdver, in the range of high
irradiation fluences (>1@ cm?), application of the above-mentioned
techniques is complicated since the radiation defimnsity significantly
overpasses the concentration of dopants, and clasteation may become the
dominant mechanism in radiation damaged detectdenmaa Additionally,
measurements carried out after irradiation do nowide direct information on
the evolution and interactions within the denselgiation damaged material.

Particle detectors are designed referring to Rantibésorem which
describes the induced current flowing in the exknwrcuit when the particle
crosses the detector volume. This theorem wasnaligi formulated for the
linear medium in design of vacuum tubes and dod¢sdascribe the current
components caused by charge relaxation, generatidrcapture processes that
are inherent for the irradiated semiconductor detsc Furthermore, the
analysis of current transient flowing in the exsdrrircuit becomes more
complicated if the diode is not fully depleted.

Hence, it is important to develop the techniquest twould allow
revealing of parameters of the material and devicesdiated with high
fluences ¢=10" cm?), radiation damage mechanisms and evolution afaief

during irradiation.

Objectives of research. The aim of this work is addressed to
technological developments for optimization of filo@ctional parameters of
pin power diodes, when radiation technologies are eyapl, as well as
developments of materials science and defect eaegnge by creation of
novel techniques for the characterization of hgawiadiated diodes and

models capable to reveal peculiarities of the vang in carrier transport,



generation/recombination and capture parametersnadietectors irradiated by
high fluences.

The main objectives were concentrated on:
- optimization of the regimes of protons irradiat@pplied to powepin diodes
for enhancement of the switching rates to hundreflshanoseconds by
maintaining the high blocking and low on-state ag#s,
- simulation of irradiation regimes for the optimion of the device static and
dynamic parameters by formation thé& or triangle shape enhanced
recombination layers and comparative analysis cdipaters after irradiation,
- creation of the techniques capable to unveilatzmihn damage mechanisms in
heavily irradiated Si detectors after irradiatiomddo monitor the evolution of
defects during irradiation,
- development of techniques for tire situ control of the device operational
parameters during modification by protons beam,
- design of the techniques for spectroscopy ofatamh induced carrier traps
and for profiling of depth-distribution of radiatiodefects within layered
device structures,
- analysis of the regimes for suppression of ramhadefects by anneals

technologies.

Relevance and scientific noveltyDetail analysis of different device operation
factors to reach a trade-off and optimization oé tktatic and dynamic
parameters of poweqain diodes by varying the protons irradiation regiraad
by formation of various profiles of the enhancedorabination layers& or
triangle shape) as well as their location withimd#i base region comprise
novelty in this work. Comprehensive control teclhud@g and regimes of
thermal anneal procedures in suppression and nlatigou of the electrical
activity of the radiation induced defects also eamd technological novelty.
Development of the techniques allowing of time situ monitoring of the
modification of material parameters as well as etroh of radiation defects
during irradiation is a new approach and technalalgisolution. Models
10



describing displacement, drift and diffusion cutre@omponents and their
impact on the pulsed operation characteristicshefitradiated detectors are
proposed and approved for analysis of carrier frarisand capture/generation
parameters, comprising scientific and measurenssminblogy novelties. New
measurement techniques for spectroscopy and pmigpfif dopants and for
analysis of radiation defects have been designetl implemented in fast

characterization of layered device structures.

Practical importance. The designed irradiation/anneal procedures within
modification of parameters of the power rectifiargl techniques for control of
dynamic characteristics of devices performed omstrabl structures comprise
the technological importance of this study. Theadration regimes for
profiling of enhanced recombination layers and dowerning of the reverse
recovery characteristics might be included into eehhological route of
production of the power devices.

The techniques developed for the situ monitoring of variations of
material parameters during hadrons irradiationngolantation of ions can be
applied in practice for the design of radiationhtemlogies in modification of
parameters of power devices and for the on-linanaesy of background
irradiations within accelerator facilities.

The proposed model for separation of current coraptin irradiated
diodes, when using different pulsed excitation dmdsing regimes, is
beneficial for the analysis of registered signgklnerated by detectors during
their operation. The revealed peculiarities of degtion of the detectors
caused by the increase of generation current amtkietion width should be
considered within design of novel and radiatioetaht detectors.

It has been shown that the developed pulsed tegésifpr spectroscopy
and profiling of impurities and other defects, lmheam concerted analysis of
barrier and storage capacitance transients as asllof various current

components, is a powerful tool for fast analysigdifferent device structures
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and can be applied for technological control ofiaadn detectors, solar cells,

power switches and other junction structures.

Statements in defenceThe main statements in defence of this thesisaare
follows:

1. The proposed model of pulsed charging current iats by analyzing
the displacement as well as carrier drift, diffssiand generation
components within changes of barrier and storageaatance of
junction structures, can be applied for a desigtrarisient techniques
for evaluation of the operational particle detestgrarameters and
irradiated material characteristics in a wide ramfenduced charge
densities.

2. The designed technique of barrier and storage dapae changes
under linearly increasing voltage pulses, impleraérity combining of
varied pulse durations, of primaring by dc voltdgas, by varying of
sample temperature and by applying either cw orsquul bias
illumination of different intensity as well as opexctral range, can be
applied for spectroscopy and profiling of impumti@nd radiation
defects in Si junction structures.

3. The designed technology of combined measurementsbasfier
capacitance charging current and of induced chaugeent pulsed
transients as a function of irradiation fluencaldas one to examine
situ an evolution of radiation defects and to detearardegradation of
operational characteristics of device structurest-poadiation, by
evaluating the changes of depletion width and akage current device
characteristics and of simultaneous variationsamier recombination,
generation and transport parameters in the irradliahaterial.

4. The combined modelling and measurements of thergeveecovery
time, of recovery softness and of forward voltaggpdcharacteristics in
Si power diodes show that these parameters stratepgnd on values

of carrier lifetime at high injection and on thdepth-distribution within
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diode base region, while the desired trends inatians of these
parameters dependent on carrier lifetime appear diatrepant
tendencies. Therefore optimization of dynamic diodgeration
characteristics can be only achieved by tradesfng formation of
strongly localized and predictably distributed netination centres by
proton beams when stabilized extended radiatioeatiefare created.
To reach a trade-off between the dynamic and stitide parameters,
the radiation induced traps with short low-levelrea lifetime should
be annealed, however creation of different speeaied densities of
protons beam induced defects makes the annealiragegure

complicated.

Author’'s contribution. Over this study author prepared samples for the
irradiations and performed simulations of irradiatiregimes to creaté and
triangle shape enhanced recombination profiles tfeg modification of

parameters of power diodes. Author performed measents on reverse

recovery time, on-state voltage drop, current-\g@tacapacitance-voltage
characteristics, part of DLTS and proposed theaserfpassivation procedures
of Si wafer samples for the control of carrier netination lifetime. Author
contributed within creation of contact techniques the evaluation of barrier
and transport parameters, made the main experifreamdasimulation research
presented in this dissertation. The main resultevpeesented at a number of
international (RESMDD2010, IWORID13, etc.) and oatl (LNFK38,
LNFK39) conferences and several drafts of manusci@re prepared by the
author.

Measurements of recombination characteristics waeeformed in
collaboration with PHD student A. Uleckas. Also,Weckas created software
for data analysis and control of measurements wistudy of barrier and
transport characteristics and considerably helpgthd in situ experiments.
All the investigations, data analysis and preparatif manuscripts were made
under supervision of Dr. Sc. E. Gaubas.
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The powerpin diode structures were produced and Si wafer safiestr
samples were provided by enterprise “Vilniaus VerRaislaidininkiai”. Proton
irradiations of power diodes anih situ experiments of carrier transport
parameters were performed at Helsinki Universitgélerator Laboratoryin
situ experiments of barrier capacitance variationsrduprotons implantation
were performed by ion accelerator installed ateéSRésearch Institute Centre
for Physical Sciences and Technology, Vilnius. Tieeitron irradiated Spin
detectors for measurements of fluence dependeniatioms of barrier
parameters were prepared within CERN RD50 projesihg Ljubljana TRIGA

reactor.
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II. Survey on power device and particle detectors merational
characteristics
2.1. Radiation induced interactions and damage meahnisms in Si

Since radiation related technologies is the mabjesi of this thesis, it
is first necessary to discuss the radiation intewacand damage mechanisms
in material.

Radiation damage is basically ascribed to ionisamgl displacement
damage [1, 2]. lonising events happen when radiatieates the electron-hole
pairs, while displacement damage, which requiresensingle event energy,
appears via dissipation of the radiation and idionaphenomena as well as of
nuclear reactions, - when lattice atoms are knodkenh their sights, thus,
creating vacancies and interstitials.

lonisation damage.Three basic types of radiation interaction with
material dependent on photons energy may occuAi3ow (of a few keV's)
energies the whole energy of the photon is absorbsdlting in creation of
electron-hole pairs. This effect is called phototle effect. In Si the threshold
energy value for electron-hole pair creation isudlif, =3.6 eV. In the range
of intermediate photon energies Compton effect dateis. After absorption of
incident photon, the lower energy photon is emitigtich can further be
absorbed if it possesses sufficient energy fortelaehole pair creation. IEy,
is the energy of incident photon théf/E.., electron-hole pairs will be
created.

For high energy photons electron-positron pair potidn dominates.
The probability of manifestation of radiation irdetion mechanisms is

presented in Fig. 2.1.
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Fig. 2.1. Three types of radiation interaction withterial. The solid lines correspond
to equal possibilities of neighbouring energy leeschanisms. The dashed line
highlights the effects in Si (with atomic numberlZ;. [3]

Displacement damageThe energy of particles is dissipated via elastic
inelastic collisions. This energy might be high eglo to knock directly the
atom from its lattice site. In such a situation thgplacement damage appears
through cascade energy transfer processes, whelagheisplacement event
(with activation energy of about 15 eV for Si le#t) creates a vacancy (V) at
the same time forming an interstitial (I). Suchita defects are called point
defects. These primarily created defects are mdiileoom temperature and
might migrate. They are able to recombine or catrdyged by impurity atoms
and form more stable secondary defects or compldXessible reactions of
primary defects with impurity atoms and other padefects are presented in
table 2.1 [4-6].

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

V+l - Si I+l 15

V+V -V, +V,-V
V+Vo- V3 1+V3-Vs
V+O-VO I+VO - 0O
V+VO - V0 +V,0-VO
V+V,0-V30 I+V30-V,0
V+P - VP +VP- P
V+lo- 1 [+Cs- C
V+ICC - CC I+CC- ICC
V+ICO - CO [+CO- ICO
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The symbols in table 2.1 represent, V5 — divacancy and trivacancy
defects, respectively, Is complex of two interstitials, O, P and C arerdeed
to oxygen, phosphorus and carbon impurity atonspeetively. Gand G are
carbon atoms in interstitial and substitutionalifi@ss. For energetic ions only
a fraction of<0.1% goes into displacement damage. For very higgrgy
particles inelastic nuclear collision may occur.efihenergetic particles are
absorbed by nucleus and nucleons (alpha partictes ygphotons) are
eradiated. The fraction of energy which goes iatide damage is called Non
lonising Energy Loss (NIEL).

For neutron irradiations the ionizing and Ruthetftype interactions
can be neglected as most of the energy loss isedalsy inelastic
displacements. Then neutron transmutation dopingD)Nmay occur, which
can be depicted by the reaction [1, 7]:

0SiMn,) > ¥si> P+ 4. (2.1)
Here thermal neutrons are absorbed by Si nuclebghwbecomes unstable
isotope and transforms into P donor atom after giomsof an electron).
The starting material for NTD is p-type Si whichcbenes n-type after certain
neutron exposure duration. In this case very homeges distribution of

resistivity can be achieved.

2.2. Radiation technologies for the optimization o&i power devices

The optimization of static and dynamic parametdérpawer devices is
achieved by the modification of carrier lifetime thie device material. There
are different technologies employed for the lifetitechnological control, such
as gold or platinum diffusion, gamma, electron e@otpn irradiation, or
implantation of necessary elements into the aateggon of power devices to
produce recombination centres [7].

The in-diffusion of gold or platinum impurities @mmonly performed
in fabrication of power devices, but before metaliion electrodes are formed.
To achieve uniform distribution of recombinationntres the temperature is

kept in the range of 800-90C. The in-diffused concentration of impurities is
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controlled by varying the temperature because ahd solubility of the Au, Pt
impurities depends on temperature. Wafer tempegatwst be reduced rapidly
after a certain time of diffusion to lock the impi@s within crystal lattice.
Electrodes can only be formed after gold or platindiffusion. Thus, the
device parameters can not be tested before perigrmifetime control
procedures. Moreover, even small variations of &nmajure during diffusion
procedure can produce large variations of deviceamaters [7]. These
problems can be avoided by high energy irradiaigahnologies.

Irradiation using high energy particles causesickattdamage by
displacement of Si atoms from their sites, consetiyiecreating excess
vacancies and interstitials [1]. These primary diesfeare not stable, as they
migrate within crystal and form complexes with imipy atoms. The latter
complexes produce various carrier trap levels withe bandgap [8]. There
are many advantages in applications of radiatichrtejues [7], namely: i) the
irradiation can be performed at room temperaturel after complete
fabrication (including metallization) of the devjcand thereby the device
characteristics can be tested before irradiatioml ammediately after
irradiation; ii) the lifetime can be precisely coited by monitoring the
irradiation dose; iii) the irradiations can be penfied in steps by testing the
device parameters after each step until desireahpeters are achieved; iv) the
irradiation procedures are cleaner by comparingh witiffusion when
contaminant together with gold or platinum atomgmhibe introduced; v) the
enhanced recombination layer can be positionedaabws depths within
device structures by implantation of certain ata@ingarious energies.

Radiation defects enrich the bandgap with a var@ftylevels that
modify the recombination parameters of a materdlgnd consequently the
parameters of a power device [7]. Therefore it éxassary to discuss the
influence of defect levels for the modificationrecombination characteristics
and, consequently, the power device parameters.

In semiconductors under thermal equilibrium cowdis, a detalil

balance between the generation and recombinationr@cExternal stimulus
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disturbs this equilibrium by creation of excessieas. After external stimulus
is removed, the excess carrier density returngjtdibrium value. The rate of
recovery is governed by the minority carrier lifieé (within Shockley-Read-
Hall recombination statistics approach [9]). Theoseery to equilibrium may
occur via several simultaneous processes [10], lyamg the interband
recombination (in Si radiation processes are ivate due to indirect
bandgap); i) the phonon assisted recombinationdaap levels; iii) three
particle Auger recombination (is important in hégawdoped Si or at very high
excitation levels); iv) surface recombination daetrface traps.
The recombination rate via a single level is cdigtb by minority

carrier lifetime and described by Shockley-Readtiraddel [9]. Then, carrier
lifetime is expressed as:

r:é:rpo T+ * N +7., Pot Pyt : (2.2)
U Ny + P + N Ny + P + N

Heredn is an excess electron concentration equal to exoales concentration
; U — recombination rateg,, and r,o — minority carrier lifetimes in heavily
doped n-type and p-type conductivity semiconduatespectively.n, and py
are the equilibrium concentrations for the elecdr@md holes, respectively.
N=Ncexp(E-Ec)/keT)=niexp(E-E)/keT)  and  pi=Nvexp(Ev-E)/ksT)=
nexp(Ei-E,)/ksT) represent the equilibrium electron and hole daesssi
respectively, when Fermi level position coincidathvthe recombination level
position, withNc andNy — the density of states in the conduction andncde
bands, respectively. Her&c, E,, E, and E; denote the conduction band,
recombination level, the valence band and intriesiergy levels, respectively.
ks denotes Boltzmann's constant, ahd the absolute temperature. In n-type

material carrier pair lifetime can be written as

Lz{“ 1 e(E—EF)/kBT}F{ h , 1 e(za—a—Ep)/kBT](Z_g)
Tpo (1+h) @+h)  @+h)

Here E¢ is Fermi energy level positiod=1,¢/ 7, is the ratio of the minority
carrier lifetimes in heavily doped p-type and ndymaterial, anch=dn/ny

denotes the injection level.
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The minority carrier lifetime in heavily doped pe®y and n-type
material is dependent on the capture cross-sectwredectrons €,) and holes

(cp) at the recombination centre and expressed as:

fp=—t—=— (2.4)
CnNr VTI"IO-CnNI’
and
1 1
foo = = — (2.5)
Cp r VTpa-cp r

Herevr, andvy, are the thermal velocities for electrons and halespectively,
andN; is the density of recombination centres.
At low injection levels (h<<1), according to Eq.3} carrier lifetime is

independent of carrier density and acquires a aohstlue:

L:[1+e(E"EF)”‘BT]+Z[e(ZE‘E*‘EF)”‘BT]. (2.6)
Tho

At high injection levels (h>>1), the lifetime agafrom Eq. (2.3) is

independent of injection level and in this casexgressed as
Ti =940, 2.7)
pO

From equations (2.6) and (2.7), it can be seenzthas the shortest one when
the recombination centre is located in the middléhe bandgap and . value
increases if recombination level moves towards ¢baduction or valence
band, whilez,, is independent of recombination level positionwdweer, 7
depends on parameter

Carrier generation lifetime, expressed as [7]

] ) , (2.8)
r, = Tpo[e(E' EMT 4 za(E Er)/kBT]

strongly depends on recombination level positiome Bhortesty is obtained
when recombination level is situated in the midafiehe bandgap. A reduction
of generation lifetime leads to an increase of lgekage current, which is

related tory as

27



n
l, =quV\(jZ_—'. (2.9)

g
Here, ge is the elementary charg& — an area of the junctiowy — the
depletion widthn; — the intrinsic carrier concentration.

Therefore, 7., T4, Tsc can be controlled by varying the recombination
level position or value of. This can be achieved by employing radiation
techniques, as these techniques are suitable éocdhtrol of introduction of
vast variety of defects [1].

In power devices, the ratig, /7, should be kept large in order to
maximize the concentration of injected minorityrears and to modulate the
conductivity of the base region during current floMnis is achieved when the
recombination level is positioned in the middletloé bangap. However, large
Iy /1, ratio opposes the low leakage current. Thereftsems inducing the
deep levels and characterized by rather largeecatepture cross-section are
desirable. Furthermore, reverse recovery timeand peak reverse currdib
values are reduced when, is short and also depends on recombination layer
position within diode structure. Therefore, optiation of the parameters of
power devices can only be achieved in a compromee by engineering the
dominant recombination levels and by positioningre€ombination layers
within diode base region.

The modification of recombination characteristies the control of
dynamic parameters of power devices is commonly leyed using
irradiations by electrons, protons, alpha partidesombining irradiations of
several species. Electron irradiations create hemegus damage within
sample bulk. Meanwhile, protons or alpha particlasmage is inhomogeneous
because secondary displacements near the siteeoprtmary displacement
occur [1, 5]. Protons or ions dissipate most ofrteeergy at their projectile
depth, thus creating high density of defects airtlseopping range. The
penetration depth within the material depends eretiergy of ions. Therefore,

implantation of certain ions allows of modifyingchlly the distribution of
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defects and consequently the recombination parasetghin the depth of
device structure [1, 11, 12].

Protons, electrons and alpha particles producetiadi defects such as
single or double charged divacanciesVor V,”, respectively, vacancy—
oxygen pairs VO, and carbon—oxygen interstitialrpaGO; [13, 14, 15].
During protons implantation (opposite to electramsl alphas) the hydrogen
related defects, such as VOH are also producedeTlleeels have a negligible
influence on carrier generation and recombinatibiow irradiation fluences
due to their low values of carrier capture crossisas [16]. The dominant
centres are VO complexes, responsible for therietat high injection level
and \,™ responsible for the recombination at low injectlemel and carrier
generation within a depletion region [13]. Howeveaf high proton
implantation fluences, VOH centres start to donaraue to high density of the
implanted hydrogen atoms [17, 18].

It has been shown that applied proton implantatmoside 3-10 times
lower leakage current than those obtained for stahélpha implantations,
evaluated for the equivalent reduction of reversgent peak [19]. This is
explained by lower production of divacancies. Ine tltkase of proton
irradiations, divacancies dominate in creationha& tarrier generation current
within the depletion region. Hydrogen atoms, whigte implanted at the
projectile range during protons irradiation, alsbmslate annealing of
divacancies by suppressing formation 0OV complexes. Therefore, the
leakage current of proton irradiated diodes is ificantly reduced after
annealing at 350C. While, this current of diodes irradiated witlpteas
sustains its high value. On the other hand, sonthods demonstrated a
reduction of breakdown voltage in protons [20, a2hfl helium ions [22, 23]
implanted diodes after post-irradiation annealstha range of 350-500C
temperatures. This result was explained [20-23] ftwynation of thermal
donors which increase positive charge within spabarge region and,

consequently, cause an enhancement of the el@ietdcand accelerate impact
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lonization. It was shown that the possibility oetlavalanche breakdown is
reduced by shifting the recombination layer awayrfithe junction [24].

It was reported that ion irradiated diodes exhiniger leakage current
compared to those irradiated by electrons due ¢ohigher production of
divacancies in the case of ion irradiation [21}edEton irradiations lead to the
increase of forward voltage drofJd). Contrary, the lifetime local Kkilling
techniques provide reduction of reverse recoveaygdh collectiorkeeping the
lower voltage drop value. However, the higher dpse#iected within a low
doped n-base region, result in sharp and undesirglgrease olUg. This
happens if conditions of high-level injection aielated within location of the
largest damage. Electron irradiations can not pigshape the diode recovery
characteristics which stay qualitatively identitalthat of the non-irradiated
diode [21]. Control of carrier local lifetime bying ion irradiations can speed-
up the diode switching and soften the recoverydawing enough charge on
the cathode side. However, manipulation of the llddatime, if applied
exceptionally to the anode junction, does not deitee desirable carrier
distribution within the n-base during forward contian regime, leaving the
rather large injected charge in the middle of baskh. This charge enhances
the switching losses and the probability of dynaavalanche. For this reason,
local lifetime control has to be applied in comhioa with an additional local
lifetime control or uniform lifetime control treagnt. The only reasonable way
for optimization of the ON-state losses is a preastting of the axial lifetime
profile. This lifetime distribution profile is dewed to decrease the excess
carrier plasma density only in the necessary looatand, at the same time, to
guarantee that the conditions of high-level ingetwvill not be violated [21].

Platinum impurity atoms introduced within a suhgtdgnal site of Si
lattice are the ideal recombination centres for thedification of
recombination parameters [7]. Diffusion of platinuatoms occurs via
interstitial configurations. A stable Pt impurittag is in its sustitutional site.
Pt atoms acquire a substitutional state via reasta P#V < Pts . Therefore,
profiling of distribution of platinum atoms withinliode structure can be
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implemented by profiling of vacancies. The lattechnique is successfully
implemented by implantation of He ions [25]. Thischnique allows a
reduction of the reverse current pedkp) which appears during switching
from forward conduction to the reverse blockingimeg and avoiding of
current swinging during recovery process. Thesenpimena are inherent for
reverse recovery processes in standard He implatgedes. Also, the lower
leakage current values are obtained in Pt in-défudevices [26]. Therefore,
combined platinum in-diffusion and radiation medadt(enhanced due to
excess vacancies) formation of electrically actRe traps technology is
employed. However, a controllability of radiatiomhanced platinum in-
diffusion from Pt/Si source is limited. As a resuhappropriate scatter of
dynamic parameters (especially of reverse peakeot)rris obtained for
radiation enhanced Pt in-diffusion modified devices

It has been also reported that breakdown voltagebeaincreased by
compensating of the n-base doping close to theeajuttion of power device
[27]. This is achieved by local lifetime controling radiation enhanced
palladium in-diffusion. Irradiations are performiegl alpha particles at energies
proper to achieve the stopping range in the bagemeclose to the junction.
Besides the compensation effect, the reduced califetime values are
obtained within the palladium in-diffusion modifiedgion, and this serves for
reduction of the peak recovery current (consequenfl recovery losses) and
provides soft recovery [28]. The introduced recamkion centres show high
thermal stability, however this technology requitee multiple procedures
(diffusion, irradiation, anneals).

Hazdra et. al. reported that hydrogenation of plati atoms can be
implemented by protons irradiation [29]. Hydrogemat appears within
protons projectile depth forming centres and comgserelated to Pt and H. It
is also shown that Pt atoms accelerate annealwaicancies and vacancy—
oxygen complexes. This provides another approaah efiogineering of
recombination centre parameters. However, againtipteul procedures of
diffusion, implantation and thermal anneals areinegl.
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2.3. Peculiarities of the operational characteristis in particle detectors

In high energy physics experiments semiconductaigba detectors of
pin structure operating at full depletion regime aoenmonly employed for
tracking the ionising particles. Semiconductor iohetdetectors were designed
based on Ramo’s theorem [30] which was first foated for the design of
vacuum tubes. The theorem is formulated from thevingo charge and
electrode electrostatic energy balance equa@iV,=-qV, for the linear
medium conditions to derive currents induced iremdl circuit by a moving

charge in an ionising chamber:

:dQA__que_ q

dV, dx

Do Xl _ e (2v.. ) (2.10
“TTa TV, dt Vidx dt} W (Vo). (2:10)

with the weighting fieldE, =1/Na(dVy/dX)=1/d, at charged particle motion
velocitiesv, yin<<c/n. The other symbols represe@; is the induced charge on
electrodesyV, is a potential on electrode, whi\g, is a potential of a moving
chargeg. Ramo’s theorem describes the induced currerdadimear medium. It
was shown [31-34] that Ramo’s theorem can not lpdieap straightforwardly
for the non-linear medium (semiconductor detectdrbBus the inhomogeneity
of electric field, of charge relaxation, of recomdiion/generation and
diffusion processes should be included. Furthermiire analysis of current
transients becomes more complicated in partiallpleted detectors when
variations of depletion boundary due to mentionegc@sses must be taken
into account.

lonising radiation creates the defects in semicotatuvhich provide a
wide variety of levels within the bandgap that affthe detectors operational
parameters [35-37]. The shallow levels change itfiecttve doping WNef)
density thus influencing the full depletion voItangD:dzquefJZ££o.
Moderately deep levels act as capture centres iglibe charge collection
efficiency CCE-Q(t)=Qoexp({/1c) with carrier capture lifetimec=1/0cv(N+-
nr(t)). Deep levels act as generation centres incrgafia leakage current
l&=0.NWgS 7y with generation lifetime 7i;=2coshEr-E)/ocviNy which is a

source of noise within registered signal. The otheantities within above
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expressions are as follow®(t) — the collected charg€),(t) — the generated
charge, oc — carrier capture cross section, — thermal velocity,N; — the
density of trapsn(t) — density of filled trapsge — the elementary charge,—
intrinsic carrier densityyy — depletion width of the drift regiois— the area of
the junction,E; — the energy of trap level within bandgdp,— the intrinsic
energy level position. Therefore, it is necessararalyze the peculiarities of
defects in irradiated diodes, their evolution, sfanmations, and to search for
new approaches of improving the detectors stru@undeoperational regimes.

Generation current and consequently parametersamiec generation
centres are controlled by measurements and analjsiarrent-voltage (I-V)
characteristics. Value of full depletion voltadéd-£) is determined either as a
saturation point on the C-V characteristic [38] ly the transient current
technique (TCT) using a kink-point on the charaster of voltage dependent
variations of the injected charge drift transiefg8-43]. Having determined
Urp by the mentioned measurement procedures, thetigéedoping density
Neff is calculated using the relatimﬁUdeoUFD/qedz, which is valid only for a
perfect diode. Carrier capture, emission parametenmsell as concentration of
defects are evaluated by Deep Level Transient 8macipy (DLTS) [44] or
Thermo Stimulated Currents (TSC) [44-47] techniqliee latter DLTS and
TCT techniques are based on measurements and iar@lyse capacitance or
current changes caused by variations of the theemagsion rate of carriers
from defect levels.

The straightforward analysis of C-V characterisst®wed a decrease
of Ugp at lightly irradiated n-type diodes and then arrémse at higher (>10
cm?) fluences for detectors of high resistivity maaérj38]. Then it was
inferred that effective doping concentration desesaat small irradiation
fluences, changes its sign to p-type and finallgrtst to increase with
enhancement of fluence. Furthermore the dependeintep (extracted from
C-V characteristics) on ac test signal of LRC netgas observed in heavily
irradiated diodes [38], which clearly indicates th#uence of carrier capture
and emission processes for the measured C-V ckastics.
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Current transients measured in heavily irradiatedles by employing
the TCT technique are obtained to be of double gbalke [48-50] which was
proposed to be originating from the double pealctate field distribution
within diode ofpin structure drift region with its highest valuesta p'n and
nn" junctions [51, 52]. The origin of this double peslkctric field distribution
was explained [50] by deep levels trapping of tredlyngenerated electrons
and holes at different sides of the drift regiole¢gons nearbyin® junction
and holes nearby th#n junction) and consequently, resulting in differsign
of space charge nearby thgn andnn” junctions. It was also proposed that the
double junction effect at applied reverse voltagelsw Urp appears [49, 50].

However, it is necessary to notice that the appticaof the above
mentioned techniques becomes complicated at higHiation fluences. Then
C-V characteristics measured become distorted lsecaf the phase shift
measured by LRC meter is determined by generatio®t not by the change
of capacitance, and simple models [53] based oivaigmt circuits should not
be applied for description of C-V characteristitbe model of TCT technique
based on Ramo’s theorem [30] has been also shoWsB4B not to be
applicable for the analysis of under depleted doé&@rthermore, when defects
density exceeds that of dopantX>Np), the radiation induced traps can only
be partially filled. This phenomenon is illustratedFig. 2.2, where simulated
variations of carrier capturad) and emissionz,) times as a function of trap
level position in material wittNp=10"2 cmi® are presented for different density
of traps (1) [A13]. It can be seen that only deep traps wihk< 7., can only
be filled whenN>>Np. Thus, DLTS and TCS techniques can not be applied

high irradiation fluences for correct evaluationmaips parameters.
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Figure 2.2. Carrier emissionf) and capturerc) lifetimes as functions of deep level
positionEr in the upper half of forbidden-gap in the n-typp£10*2 cmi®) material.
Capture lifetimes are presented f=8x10" cmi*< Np and forN;=10"* cmi®>> Np
[A13].

Therefore, techniques capable to characterize Ilyeaviadiated
detectors, models capable to describe the pedidmof current transients in
detectors (taking into account the dielectric reteon, trapping and
recombination processes) and verification of widatgepted phenomenon of

space charge sign inversion, are needed.
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lll. Sample preparation and characterization techngues

In this work several techniques were combined lier dnalysis of deep
level spectra and of their variations with irraghat fluence and thermal
anneals, for evaluation of the generation/reconilmnand trapping as well as
transport parameters in irradiated power diodes detdctors. In this section
basic principles of operation of these techniquespaesented. First, sample

preparation, surface passivation and primary chariaation are described.

3.1 Preparation, passivation and primary characterzation of samples

The preparation of samples for the irradiationsprder to modify the
recombination and functional parameters of deviisean important procedure.
In this work initial material float zone (FZ) n-8ivhich is employed for the
production of diodes) wafer samples were prepared the control of
recombination parameters after irradiation whilenptetely fabricated diode
samples were prepared for the control of staticdymhmic characteristics of a
device.

The structure of FZ n-Si wafer substrates is sketah Fig. 3.1 (a), and
contains such layers: 6dm — thickness n-Si layer of relatively large25
Qcm resistivity and oNp=1.7410"cm dopants density, and'+8i 200pum -
thick layer ofp=0.04Qcm low resistivity, containinéNp=3.3710"cm’ donors
density.

The diode structures were produced at enterprisini&¥is Ventos
Puslaidininkiai” and had a structure, shown in F3gl (b), with layers as
follows (from left to right, in Fig. 3.1 (b)): Allectrode of 2Qum thickness, p
Si layer of resistivity of p=0.004 Qcm with acceptors density of
Na=2.7-10"cm?®, and of thickness of 18m; n-Si layer of resistivity op=25
Qcm, of donors density dfip=1.7410" cm®, and of thickness of 4dm; n'-Si
layer of resistivity 0fp=0.04Qcm, of donors density dfi,=3.3710"cm* and
of thickness of 18m; n"*-Si layer of resistivity ofp=0.002Qcm, of donors
density ofNp=3.410"cm and of thickness of 1pm; Cr/Ni/Ag electrode of
20 um thickness.
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Fig. 3.1. Structure of FZ n-Si wafer samples (&)l aindes with indicated and
triangle shape enhanced recombination regions (b).

The produced diode plates on 4 inch wafer subsivate cut into diode
blocks of dimensions 21.04 mm19.95 mm each containing 20 diodes (Fig.
3.2 (a)), since only samples of that geometry vwaaralable to mount inside
the irradiation chamber at Helsinki University Atrator Laboratory
(HUAL). Only six diodes (which is enough for chaextsation), set in the
centre of the block (highlighted in Fig. 3.2 (ajere irradiated, to reduce the
exposure procedure. The picture of the single diegeesented in Fig. 3.2 b.
Samples of the initial FZ n-type Si for the irrathas were cut into blocks of
the same dimensions as diode sample blocks. Thike ditocks 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 prepameggfotons irradiation. The irradiated
area in the middle of the block is emphasized.ittuRe of the diode.
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Primary characterization of recombination paranseiter=Z n-Si wafer
samples was carried out by employing microwave @dophotoconductivity
transient technique. Carrier lifetime measuremetitsv one to evaluate the
presence of technological defects (that might bieoduced during each
technological step especially when thermal opematie- as diffusion of
dopants, etc. are performed) and radiation defgets When bulk carrier
lifetime is relatively long, it can only be evaledt correctly when carrier
surface recombination is suppressed by passivtemgurface of the structure.
Surface passivation might be implemented by growtimgrmal oxide [54].
However, the mentioned procedure is not very praktiespecially, when
carrier lifetime needs to be measured within eaathriological operation
during production process of the device.

In our experiments, a wet surface passivation ghoee by iodine-
ethanol solution has been proposed. First, Si waf@re etched for 5 minutes
in HF : HNG; : H;COOH = 28 : 4 : 10 mixture to remove oxide and atef
defects. Then Si wafers were placed into the plas#g filled with iodine
ethanol solution of the ratio 100 ml ethanol : todine. The plastic bag and
passivating iodine-ethanol thin layers are trarepiafor infrared excitation
light and for microwaves probing the photoconduttivransients. Carrier
recombination parameters had been extracted byumegsthe microwave

probed photoconductivity decays on thesitu passivated samples.
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3.2. Standard device characterization techniques
3.2.1. Current-voltage and capacitance-voltage tenigues

Diode current-voltage (I-V) characteristic for tideal case is expressed
by Shockley equation which consists of diffusiomreats of holes,) and ()

electrons [7,55]:

_ _ q.U
Jp=J,+3J, _J{ex;{kB—T]—l} (3.1)
where
D D D .2 .2
Jo = 925 Pro + 9e2n o = 9B + 9D . (32)
|_p Ln LpND I-nNA

Here g. is the elementary chargél — voltage appliedks — Boltzmann's
constant,T — absolute temperatur®, andD,, — diffusion coefficients of holes
and electrons, respectively, — intrinsic carrier density,, andL, — diffusion
lengths of holes and electrons, respectivBly,and N, — donor and acceptor
concentrations, respectively.

For real diode structure, current in the forwardsed junction consists
of current components determined by generation/ibaoation
Jr=0egWs=(deniwy/ Ty)exp(OeU/2ksT) (Whereg is the generation rate), diffusion
(eq. 3.1), high injectiod+=20en,,d/ 7. (With average carrier concentratiog,
within diode drift region at high injection conditis) and series resistance
(associated with the finite resistivity within quagutral regions) effects. For a
reverse biased junction, the curreigtqwyni/7, is determined by generation
processes within the depleted region. Therefor@smmements and analysis of
I-V characteristics allows of controlling the redoimation/generation and
diffusion parameters.

Differential of small signal capacitance is expegkas:

C=Slim (ﬁj -s9Q (3.3)
AU )T S du

whereS — the area of the junctiodU=dUgr+dUy; with Uy,; — barrier heightUg

— applied reverse voltage. Assumitdy; remains independent of external
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voltage the capacitance can be measured in terrnie afhange of the applied
voltagedUr.

C-V characteristics are analyzed using depletiopr@pmation [44]
which must satisfy the following assumptions: ierd# are no free carriers
within space charge region; ii) non-depleted belfion is everywhere neutral,
iii) the boundary between the two mentioned regimsharp. Then barrier
capacitance of asymmetrigp'n junction is expressed by depletion

approximation [44]:

C= (3.4)
Wy
Here
Wd :\/2£SO(UR +Ubi) (35)
quD

is the depletion width at applied reverse voltage AssumingUg>>Uy,;, the

slope ofC? vs. Uk provides the effective doping concentration:

Neyr (X) = 2 (C_Zj_ . (3.6)

In reality, the boundary between depleted and aéug&gions is not

abrupt. Free carrier density decreases approxiynagbonentially with the
square of the distance from the boundary withindépletion region, at a rate
characterized by the Debye lengih

1
ee k. T )2
L, =| =28 | . 3.7
D (qezNDj ( )

In applications of the profiling methods, the efiee density of dopantsle is
evaluated by controlling the slope of characteri€f’-Ug, and the resolution
of depth variations of dopants density has a furetdai limit of the order of
magnitude ottLp [44].

A profile of the effective doping distribution ihé base of a device can
be routinely determined by exploiting wf, dependence on voltagey ~Ug"2

However, carrier generation from deep levels iss@né in the irradiated
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material, therefore barrier capacitance chargingeot changes should be
supplemented by generation current variatigy¥g].nSwy/ 7y with depletion
width and carrier generation lifeting. In common LRC-meters, capacitance
evaluation is based on measurements of smallsasignalu phase shifts due
to displacement current, when amplitude of the aasp and of the reference
signals are actually controlled at fixed ac pelimgtants, and then capacitance
values are extracted by simple algebra calculati@oasequently, the presence
of the leakage -current introduces considerable icdiffes for direct
interpretation of the C-V profiling results. Nevsetess, the profiling technique
can be based on phenomenological analysis of duremponents: the
displacement currentc=C(Ug)(dwdt) and generation current=qanSJ 1y,
respectively. The latter component accounts forgéeeration current within
o-width layer of enhanced defect density, which pisvwithin full current
It=ictHi g glig>>ic, at relatively large dc voltagég. Thus, position of the tested
layer is determined bWer(X,Ug), while a peak ofiy may appear due tp.
Magnitude of the LRC-meter response signal, whscproportional to this test
current peak, is caused by a width of damaged layerd by the ratio of test
signal frequencyvand generation lifetime,, i.e. wr.

C-V characteristics are commonly measured by enmpdogmall signal
impedance measurements based techniques. Sinaeidiadn-linear element,
equivalent circuits are employed for the extractainparameters [56]. The
equivalent circuit of the diode is comprised of gtion capacitanceC,
conductancesG and serial resistanag (Fig. 3.3 (a)) [45]. The conductance
depends on diode leakage current. A serial resistanis determined by the
volume and electrodes resistance. The capacitancee& measured employing
two regimes assuming that it has parallel conduetaor serial resistance
(Figs. 3.3 (b) and (c)).
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Fig. 3.3. Equivalent circuit opin diode (a), equivalent circuits of measurement
regimes by employing LRC meter — parallel (b) aexdas (c).

The quantities o€y, Gp, CsandRs can be expressed as:

= c . G, =G+ rG) +rg(aC)’ . (3.8)
P T A IG) H (@l P (A+1G) + (raC) .
= 21. _ 1
CS_ C[1+(G/a£) ]’ Rs_rs+G[l+(aD/G)2] ' (39)

Here, w=2zf — angular frequency of the ac signal of LRC mefEne
admittance of parallel circuiYp and impedance of a serial circud are

expressed as:

Y, =G, + jaC,; Zi=R+1/jaCq, (3.10)
SinceYp=1/Z, then:
_ 1 . _ b 1
C. = 1+ D2 Cs; Gp= DR (3.11)

Here,D=wCgRs is a dissipation factor. Similarly:

D 1
C.=@+D3C,; R = n E)Z o (3.12)
P P

In the case of parallel circuit, the dissipatiorctéa is Dpzfg . The
P

dissipation factor of parallel and serial regimas @lso be expressed through
guality factorQ, which is a reciprocal quantity :

1 1 1 _aC,
== L Q== 3.13
Qs D. " WiCR Q b, G, (3.13)




It has been shown [45] that measurement of diogaatnce is correct when
Q>5. ThenCp coincides withCs. WhenQ<5, a difference betweeb, andCs
appears. Then the capacitance measurement is ptalglee The quality factor
might be small due to largé or rs. The increase of is obtained in heavily
irradiated diodes containing generation centres.

Measurements of |-V characteristics in this studgrevperformed by
employing a commercial sub-femtoamp source-meterithiey 6430
instrument. C-V characteristics were examined hyngushe small ac signal
impedance measurement technique implemented kyhgonécision QuadTech
7600 LRC-meter. A computer controlled voltage lsasrce for the range of O-
500 V made of a set of batteries connected in sevithin a shielded box was
exploited in order to arrange noiseless and gabedlyi insulated
measurements. The latter source is inevitable feasurements of small ac
signals within frequency range of 20 Hz — 2 MHzdmploying high precision
LRC-meter. Temperature dependent measurementspedi@med by placing

a sample into a liquid nitrogen cryostat.

3.2.2. Deep level transient spectroscopy technique

Deep level transient spectroscopy (DLTS) technigll@wvs evaluating
the activation energy, concentration and captuossssection of traps [44].
This technique is based on measurements and anafysapacitance transients
caused by trapping and emission of free carrierdddgct associated levels. A

diagram of the carrier capture and emission praseissshown in Fig. 3.4.

Electron T
energy
Electron density n
OOOtitllntnch
nr electrons e :!L-jj-_? e Er
c T

n €n

Cp ep

9 & o o 6 0 0 0 0 EV

Hole density p

Figure 3.4. Diagram of carriers capture and emmspiocesses for a trap with energy
level Er and densityNy containingny electrons [44].
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Interaction between free carriers and deep censragescribed by the rate

equations:
c, =0, (v,)n, (3.14)
E.-E
e, =0,(v,)N¢ exp{— CkBT Tj : (3.15)
C, = Jp<Vp>p, (3.16)
E —
e, = ap<vp>NV ex;{—TkT_F"j : (3.17)

Here, c,, ¢, are electron and hole capture rates, respectiwglye, denote
electron and hole emission rates, respectivaly.g, are electron and hole
capture cross-sections, respectively,, (v,) represent thermal velocities of
electrons and holes, respectivatyp denote free carrier density for electrons
and holes, respectively§c, Ny represent density of states in conduction and
valence bands, respectivelfec is energy ascribed to conduction band
minimum, while other symbols represent such quastiE, — valence band
maximum,E; — trap position within the bandgag, — Boltzmann's constari,

— absolute temperature. It can be seen that caa@ure rates depend on free
carrier density while carrier emission rates dependrap position within the
bandgap and on temperature. Thus carrier captutes rare the basic
parameters of DLTS technique. Sifeg), (v,) are dependent 0 2 and while
N, Ny are dependent off’%, thene,, e, are proportional td>.

Variation of electron occupancy with time is exses as:

dd_n'[T:(Cn-l-ep)(NT_nT)_(en+Cp)nT' (3.18)

and a solution of Eqg. (3.18) is:

c, te e, tC
t) = L N, + P N, exg-Ic, +e +c_+e k|. (3.19
" C,+e,+C,+6, | C +e,+Cc +e F{(” PP ”)[]( )

It can be seen that, when the occupancy is devifited equilibrium, ny

relaxes exponentially to its steady state withta canstanlfl:cn+ep+cp+en.
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Considering an asymmetrip'n junction, the DLTS technique is
implemented for the case of majority carrier trapsuch a sequence. In the
absence of reverse bias, traps are filled as carapture process dominates
(cr>e)). When appliedUg causes a depletion region change, the emission
process starts to dominate. The emitted electram®xéracted by the electric
field from the depleted region by increasing thaifnee space charge in the
depletion region, which increases the barrier ciég@ace. In asymptotic
equilibrium ¢=c) when deep donors are empty within depletion regibarge
of deep donors contributes to the shallow donoesgsh Then, capacitance is

expressed as:

(3.20)

1
feOSZ(ND+NT)}2.

C(“):{ 20, +U,)

For non-equilibrium case, when a system relaxesr @fap filling, temporal

variation of capacitance due to carrier emissicgxgessed as:

C(t) - ggOSZ(ND + NT _n]'(t)) 2 :C(OO) 1_ r]T(t) 2 (3 21)
2(U,; +UR) N, +N; ) '

A square root term in Eq. 3.21 can be expandedr@aagNy, Ny << Np. Using
Eqg. 3.19 ana,, &, ¢,=0 conditions, the change of capacitam&(t)=C(t)-

C(0) can be expressed for the transient relaxation as:

AC(t) _ N,
) ZNDexp( et). (3.22)

It can be deduced that a differential capacitanaker varies exponentially
approaching toC(w), as the carriers are emitted from the traps. fime
constant of the capacitance transient gives themiddeemission rate, and the
amplitude of the transiemtC(0)/C(), being equal tdN/2Np, gives a measure
for traps concentration.

A peculiarity of DLTS method is to apply the “rateindow” to a
measured transient, which provides maximum outghg#mtime constant is

equal to a known preset time constagpt
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Fig. 3.5. Variations of the transient time constar,* with reciprocal temperature
for two different traps (a) and deep level spectrwinich is produced by a rate

window with reference time constand:[44].

The principle of operation of rate window is preeehin Fig. 3.5. In the
principle demonstration case, there are two diffeteaps characterized by the
linear relation between I and T*, however, having different activation
energyE,, and capture cross-sectiop, values. As the emission rate increases
with temperature, the peak occurs in the rate windotput asr=e,(T) by
passing througlt,s for each trap. By repeated scans with differemties of
Ter, SEts ofe, values at fixed peak temperaturBg are obtained. These data
sets are employed to plot the Arrhenius curvesressmting the Irg,"T?)
dependence ofi.. These Arrhenius plots are exploited for evaluaiid E,
and g,, parameters, determined for each trap. Either tbes of InE,"T?)
versusT? or the sets oE,, andd;,, of parameters are called “trap signatures”.
In this work capacitance deep level transient specopy
measurements were performed by using a commematr®meter DLS-82E,
to identify carrier generation centres. A tempamatscan regime is usually

employed to register spectra of deep levels.

3.2.3. Reverse recovery and forward voltage drop aluation techniques
The reverse recovery transients were examined Img wan industrial
tester TA2050 installed at enterprise “Vilniaus YenPuslaidininkiai”. This
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tester is designed for measurements of the revecswery timergg values in
the range from 10 ns to 4 ps. Reverse recovery iimwodes is commonly
determined at 10 or 25% level relatively to theemse recovery currenkp
peak value. Forward current peak values withingsulsf duration of 30 us for
the reverse recovery time measurements can bedvaiikin a range of 0.5 —
15 A. The ramp of current drod/dt is usually varied in the range of 10-50
A/us. The reverse voltage of diodgrin this instrument can be fixed at values
of 30 V, 50 V and 100 V.

Measurements of the forward voltage didp are also performed by
another industrial tester. Values Ot on diodes are measured by applying
current pulses of duration of milliseconds to pravihe tested diode against

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

3.3. The developed device characterization technigs
3.3.1. Microwave probed photoconductivity transientechnique

Microwave probed photoconductivity transient (MW-BGechnique is
commonly employed in our laboratory for the diraoeasurements and
extraction of carrier lifetime values [54]. The sfe instrumentation is
designed and exploited for contactless scans afecdifetime in the simple
carrier decay situations. The improved measurenmiegimes have been
employed in this work for consideration of compgtimecombination processes
in the systems of distributed parameters betweediaca and material bulk as
well as for redistribution of carrier capture flowstween recombination and
trapping centres, by analyzing the shape and ¢oaests of the
photoconductivity relaxation transients.

MW-PCT technique is based on interaction of elenagnetic radiation
and material, actually, the MW-PCT characteristar® modified due to
absorption of microwaves by free carriers. For owave region this
interaction is described by Drude—Lorentz model nvh@crowave frequency
www IS much smaller than inverse lifetime of carriecatering 7sca

(WmwTsca<<1). In this case, strength of interaction can daluated by
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employing the absorption coefficieot,, parameter, as the coefficient of free
carrier absorption is nearly independent of fregyenbeing far from
resonances. However, dispersion of the free caabeporption determines the
enhanced values afyy relatively to that for infrared light frequenciesnge
Qr, .. ayw >> ar. Meanwhile absorption coefficient for infrared }IR
radiationair is a function of frequency Wz 7sca) . Thus, the higher sensitivity
of registered signals is achieved for microwavebprg regime compared to
that for IR frequencies.

Variations of carrier concentration within the mak modify the
absorbed or reflected microwave radiation powere @mplitude of response
of microwave probed photoconductivity transietdg,, as a function of
excitation density and microwave radiation intensdn be written:

Uy =A11L,AK =11, (3.23)
where |, is the intensity of MW radiationl, — the intensity of scattered
radiation noisex — the electrical signal transmission function of Miatector.
The coefficiendK of MW power modulation due to light induced vanat of

material conductivity is expressed:
Md[ [t o g mam}
& 2§, 4e,
2 2!
{1+(100d 'UOJ:I {1+(1(0'0+A0)d 'UOH
2 & 2 &,

where&, L are dielectric and magnetic permittivities, respety, d — sample

(3.24)

thickness. At equilibriunK depends on material conductivity when sample
thickness and MW frequency are constant. At equuiib, functionK(w) is at
resonance when the denominator of Eq. 3.24 is naihifrhe resonance of the
MW system is achieved by adjusting the MW bridge varying the distance
between sample and MW probe or by varying the M&{gdiency.

For the case o#ldlgy<<l and AK/K<<1, the change of MW power
modulation is a linear function of conductivity clgesUy,w4o04n, where

An is a concentration of excess carriers. WiHkno,>1, the characteristic of
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MW absorption/reflection is a sub-linear curve,. idK/K=1, thus the
amplitude of photoresponse saturates. MW-PCT measemts should be
performed using a linear characteristic’s regimemfial gy<<1.

The measured transient photoconductivity respandgetermined by the
decay of excess carrier concentration.

A sketch of instrumentation for implementation dfet MW-PCT
technique is shown in Fig. 3.6.

. . Attenuator
Microchip laser STA-01 of light density  sjiding short

Texc~900 ps, Eg <10 J |

sample

MW slit

antenna

Sliding short |
G |Sliding short
MW oscillator
with adjustable power
and frequency 0.5 GHz

U=<1 mV/pd

MW detector M i—>
Amplifier (>50) Rioad TDS-5104

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

The instrument consists of the microwave bridgeneated to either a slit or
needle-tip antenna, of a microwave generator (Gdiode), of a resonance
chamber with microwave detector. Excess carriegsganerated by a STA-01
microchip YAG:Nd laser with pulse duration of 508 at wavelength of 1062
nm. Excitation at 531 nm wavelength via single mdither is also applied

when carrier lifetime variations within depth of f@aor layered samples are
scanned on cross-sectional boundary of the sampieexcited area of the
sample is probed by microwaves at 22 GHz by usitigerea slit antenna for

depth integrated lifetime measurements or a netgulleoaxial antenna for
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cross-sectional scans to achieve high spatial wesnol The MW bridge is
attenuated using sliding shorts to achieve a resmnaf the MW system. The
excess carrier decay transients are registeredsing @ 1 GHz oscilloscope
TDS-5104. A PC computer is employed for control tbé measurement
procedure, and for data sampling, acquisition a&ednding.

In this work a surface passivation tecbggl has been proposed and
approved for MW-PCT measurements in rather thinpasnwith inherent
rather long recombination lifetimes, when surfaeeombination cannot be
neglected. For fast characterization of materiabnebination properties within
the system of distributed parameters, the effeclifetime 7.4 approach is
commonly used.

The effective lifetimery; can be approximated by the phenomenological
expression

T =Ullr, +1(r +1,)] (3.25)

being a result of both the bulkn) and the surfacer) recombination
components. The surface recombination can procted @arriers diffuse to
the surface during timap=def/77D. On the other handr=d.s can be
expressed via surface recombination velodtyHere, dsis is the effective
sample thickness aridlis a coefficient ofthe carrier diffusion. Absolute values
of 7. are rather good characteristics of the materidl @rsurface passivation
efficiency within qualitative analysis of recombiiua rates.

Values of carrier lifetimes of the 5.2 yus and o ®70 ps for non-
passivated and surface passivated, respectivelg, een obtained on pure FZ
substrates by employing this IR microwave probedot@tonductivity
technique. Excess carrier decay transients measuretbn-passivated wafer
samples and samples passivated with iodine etlsntolion are presented in
Fig. 3.7. The parameter of surface recombinatidacity s has been evaluated
being equal to 5.8xf0cm/s and 81 cm/s for non-passivated and passivated

with iodine solution samples, respectively. The uathn of surface
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recombination velocity to the value less th&l©0 cm/s indicates that surface

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

Excess carrier decay transients measured on ptssivaend non-
passivated initial FZ n-Si wafer samples (employedthis work) before
irradiation are presented in Fig. 3.8.
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Fig. 3.8. Excess carrier decay transients measuaredssivated and non-passivated
FZ n-Si wafer samples.
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It can be clearly seen that measured carriernifetis significantly increased in
passivated sample, having value mE58 us, relatively to a non-passivated
sample, with7z=1.2 ps. After evaluation of bulk lifetime, the conceniva
Ni=1Ar0, r=1.6x10" cmi® of intrinsic defects is evaluated, usimg-10’ cm/s
and¢.<10* cnt values as known parameters. This intrinsic comaéion of
recombination centres is >10 times lower than dtgaconcentration
(Np=1.74x10" cmi®). Thus the initial FZ n-Si material is of suffigiequality

for the formation of semiconductor devices.

3.3.2. Technique of barrier evaluation by linearlyincreasing voltage pulse

Barrier evaluation by linearly increasing voltadgE(IV) technique is
based on measurements and analysis of barrieringamgd charge extraction
current transients. A sketch of measurement cimcddr implementation of
different BELIV regimes is illustrated in Fig. 3.9he measurement circuitry
contains an adjusted output of a generator of fipeencreasing voltage
(GLIV), a diode under investigation, and a loadistes connected in series.
Current transients are registered using &5Xxternal resistor or load input of
the Agilent Technologies DSO6102A oscilloscope. Diieer channel of the
digital oscilloscope is exploited for synchronoasicol of linearity of a GLIV
signal using a signal differentiating procedure tatied within DSO
oscilloscope. Linearity of the GLIV signal is essahwithin implementations
of the BELIV technique.

/1 i cryo-chamber :
GLIV = | | pin diode E
:II lllllll.llllllll:
—1_ LIV NC
Oscilloscope
DSO-6012A R =50Q

2

Fig. 3.9. Sketch of the measurement circuitry fmplementation of the BELIV
technique. GLIV - generator of linearly increasirajtage.
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The diode under test is mounted on a cold fingeghiwia vacuumed cryo-
chamber for examination of the temperature dependamations of BELIV

characteristics, as sketched in Fig. 3.9.

3.3.2.1 Modelling of barrier charging pulsed charateristics

BELIV technique is implemented by analysis of cotrdransients
measured for reverse and forward biased junction.réverse biased diodes,
the BELIV technique is based on the analysis ofribarcapacitance Q)
changes with a linearly increasing voltddeAt pulse. TheC, dependence on
voltage and thereby on timé can be described using the depletion
approximation [44] in the analysis of charge eximctransients in the trap-
free material. This approximation leads to the demprelation
Co=Cpo(1+U/Uy,) ™2 for an abruptp'n junction in thepin diode, where the
barrier capacitanceC,y for the non-biased diode of aréais given by
Coo=E60IWo= (£655°0eNp /2Up) Y. Here, & is the vacuum dielectric constat
the material permittivityge the elementary chargély,; the built-in potential
barrier,WO:(Z&a‘oUbi/quD)l’2 is the width of depletion for non-biased junction,
andA=Up/ 15, the ramp of the LIV pulse with amplituder and of duration
TpL.

The time dependent changes of the chapg€,U within the junction,

determine the current transiegft):

L Yclt) . A

. dg_ U oC,)_ dU 2U,, 2U,,
Ic(t)z d_?:E( , +U anj: ™ Cio 5 (t; o DACbOTba/z' (3.26)

1+ = 1+ —

ST

This transient contains an initia=Q) stepAG,o due to displacement current
and a descending component governed by chargeceatraFig. 3.10 (a)).
The latter component gives an additional relatmrextractU,; by taking the
ratio r,=ic(0)/ic(t,)21 at a fixed timet,. Subsequently the value oy
(Npef=Np-N,) Is evaluated by substituting the extractggin the initial current

expressionic(0)=AC,, To extract the barrier parameters more precidéeky,
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above mentioned procedure can be applied afterdtfiasion current is

evaluated.
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Fig. 3.10. Simulated barrier charging and chargeaeionic, generationg, and total
iRy current transients at reverse biased diode (a@idbomponent simulated using a
convolution integral withRC=20 ns is also shown. Simulated barriegg(f)),
diffusion (storage) capacitance charging:qf(t)), recombination ig(t)) and
injection/diffusion {gitr(t)) currents at forward biased diode (b).

The diffusion currenty [A11l, A13, Al4] stabilises rapidly with reverseabi
voltage. In reality, a delay in the initial part tfe transient appears due to
external circuit time constant and serial processkdglielectric relaxation
within a boundary at quasi-neutral range of the-depleted n-layer, drift and
diffusion of carriers to complete the circuit. Thesulting 7zrc modifies

crucially the initial current step:(0) by decreasing its amplitude(0) by a
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factor exp(t/71rc). The modified currenicy(t) transient, caused byrc, is
described by using the Green’s function method 8]/ which leads to a
convolution integral (withtk=mRCdependent on the precision required)

t _
o (0 = —— fic (9 expl- - ydx
TRCO TrRc

(3.27)

The qualitative changes of the transients, simdléte using Eqgs. 3.26
and 3.27, are illustrated in Fig. 3.10 (a). Itlsacly seen that both a reduction
and a shift of thecy(t) peak appear. Fitting of the experimental transicy(t)
by Eq. (3.27) withrrc as fitting parameter, allows extractibg; andCyy.

3.3.2.2. Modelling of trap impact on barrier charging characteristics

In materials containing a considerable density afep traps,
modification oficy(t) transient byrrc within the initial part appears to be more
complicated whemnrc is governed by carrier capture/release procedgggs |

Radiation induced traps are responsible for a geioer current [All,
Al3, Al4] within the depletion region. This current
i()=gen Sw(1+At/Uy) %/ 7, increases with voltage)(t) and can exceed the
barrier charging current in the ulterior range ofsed transient [A11, Al3,
Al4] when the carrier generation lifetinggis rather short. In a more detailed
analysis of the impact of traps [44] on barriera@f@ance changes with time,
traps located below the mid-gap are assumed tthdedmpensation centres
which modify the effective doping density (in thepeessions fowg andCy).
While deep centres, located in the upper-half & bfand-gap, are able to
rapidly response by majority carrier capture/emissihich modifies the space
charge in the time scale of the dielectric relaati

The transient of the total reverse current (inetgdihe diffusion current
ire(t)) is described [Al4] by the sum of thé&s(t)= ic(t)+ ign(t)+ ig(t))

currents:
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(1+U (t))s/z T U

g bi
bi

In the diffusion current expression within equat{Br28)igit.~0eSN2Lpy/Np I,
wherelLp,=(Dp7,) "

The descending charge extraction and ascendingragere current
variation with LIV pulse time (voltage) implies [A1A13, Al4] the existence
of a current minimum within the transient. The timestantt. for this
extremum can be found by usingrs/d|=0 condition. This leads (at
assumption dgix(t)/&=0 for t=>>kgT/g-A) to a relation for an extremum time
instantt, and to a minimal total current value, expressednitial values of

barrier chargingc(0) and generatio(0) currents [Al1l, Al4] as

U,

. 0) c0,,.3
Aol O J( )+ i.@i,@].  (3.29)

The initial current componentg{(t) =ic(t)+igi(t)>>ig(0) for t<<t¢) can
be used to determine the barriek; by using Eqgs. (3.26) and (3.27).
Subsequently, the carrier generation lifetime candbtermined by using Eq.
(3.29). For a reverse bias LIV, a main voltage dappears on the diode, and
errors due to voltage distribution between diodd krad resistolR. can be
ignored for small leakage currents, for small LIMtages and for diodes with
rather small barrier capacitance. The value of @4V voltage should be
replaced byJ(t)=At-R_irs(t) and voltage sharing between the load resistor and
diode with consequent delay idc(t) should be used during the second
iteration of modelling. In a more rigorous approaitte non-linear differential
equations and transcendental equations should hedsdo simulate the
variations of the BELIV transients.

Barrier current transients and their analysis bexamre complicated at
forward biasing of a diode (a regime of minorityré injection). In this case
the voltage drop on a load resistor should be awagluded: Ug(t)=At-

R (1), to avoid phantom roots and poles within modelagpns. Generally,
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current appears to be composed of the barrigt)) and of the diffusion
(storage) capacitance charginggf(t)) currents and of recombinatiork(f))
and injection/diffusionif(t)) ones, as (Fig. 3.10 (b))
_Ue®

(@ )
. . . . . U, (t U,
e (1) =ice (1) +iggn () +i1g () +ige () = F()[ bo S
ot Ur (t)y3r2
a- )
U bi
Ve (1)
et U bS Ue(t),12 t : t
+Cannle 1 (4 -+ AN @ Do Oygunmar i, eurorer
(3.30)
Here, additional symbols represent: 7x=[1+2(n/ng)coshEr-

E)) 0oviNi=1/0viNr, idie=0eSN°Dp INo "%, Cito= i itro/(AUIAY) i/ A. The
storage  (diffusion) capacitance is routinely asslimeto be
Cair=d (Bligiro(exp@U(t )/ksT)-1)dt')/dU. At forward bias LIV, the initial stage
of the BELIV transient is governed by a barrier aatance current (first
constituent in Eq. (3.30)), which rather slowlyneases withJg(t). At t(D, i.e.
for gUr(t)/kgT = O, diffusion capacitance and diffusion current al@se to
zero. Thus, at low injection level regime, the k@Arcapacitance component
prevails over the diffusion and recombination corm@nstituents within initial
stage of the current transient. The geometricalaciéggnce determines the
initial step and capacitor like BELIV transient la@four, when a diode is fully
depleted without external voltage. However, contrar reverse biasing (Eq.
(3.28), where charge extraction causes a negatnstituentUg(dG,/dUg), the
barrier capacitance current component shows a ip®sitderivative
UrdGy/dU>0 for the forward biased diode. This is determinegd a
denominator function within the first constitueritieg. (3.30). The amplitude
of the BELIV current, during rearward phase of BELturrent transient,
exponentially increases due itg; andig for the short LIV pulses. Thereby
both the barrier capacitance:(t)) charging current and the total current
(ise(t)) increase with LIV. Actual voltage drop on a deodg(t)=At -R.i s=(t)
deviates from a linear increase, whigg(t) is enhanced, even in the case when

GLIV signal is perfect. This requires a solutionwfltage sharing equation.
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Then, the initial increase oice(t) is additionally modified by theRGy
parameter of a circuit. Actually, only numericahsilations of time-dependent
currentisg(t) variations should be employed for the precise etaos of

barrier parameters at elevated voltages.

3.3.3. Induced charge collection current techniques

Induced charge diode current (ICDC) and injectedrgh collection
current (IChCC) techniques are based on measureraadtanalysis of current
transients due to light induced surface charge dorphoto-generated by a
short laser pulse. This method allows evaluatingieradrift, diffusion and
recombination parameters in diodes after and durnagliation. The circuitry

for the implementation of current transient teclueigs presented in Fig 3.11.

NS

Oscilloscope

Voltage
source

Pulsed
excitation

——

Fig. 3.11. ICDC/IChCC measurement circuitry. DUThe diode under test.

The reverse bias on the diode is applied by a saolifamp source-
meter Keithley 6430. Excess carriers are generbted5TA-01 microchip
YAG:Nd laser pulse of duration of 500 ps at wavgténof 1062 nm for bulk
and at 531 nm for surface excitation. The currearigients are measured on 50
Q load resistor and registered by Tektronix oscidge TDS-5104.

To determine the peculiarities of currents, it ec@ssary to examine
variations of current transients as a functionhef teverse voltaggy at fixed
excitation densityne, (Fig. 3.12 (a)) and varying excitation intensityfixed
reverse voltage (Fig. 3.12 (b)). The enhancementdo$hortens the duration

and increases the amplitude of current transiert tdularger charge=CUr
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which can be extracted by electric field. Hek@, is geometrical diode
capacitance. The enhancementngfincreases the amplitude and duration in
the rearward part of transient whgr>CUg, because only charge=CUg can

be extracted by the electric field. The leftoverriess screen the electric field
and diffuse towards the electrode before beingaeitd. In the presence of

recombination centres, diffusion and recombinapoycesses compete.
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Fig. 3.12. Current transients measured in non-@tad diode as a function of reverse

voltageUg at constant excitation density (a) and as a fanatif excitation density at
fixed Ug=70 V (b).
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3.3.3.1 Modelling of the induced charge pulsed cuent characteristics

In order to understand the nearly independent slaayleduration of
ICDC transients and to validate the procedures usecxtract material
parameters, the formation of the injected chargeded diode current (ICDC)
transients require a more detailed discussion.

A sketch of the electric field distribution withthe n-base of the diode
under injected excess carrier paing&£pe,) is shown in Fig. 3.13. For applied
voltagesUr<Ugp, current flows in the external circuit due to sltaneous
extraction of majority carriers from the electrigaheutral n-base and™p
regions caused by separation of the injected sxcarier pairs due to the
steady-state field and extraction of excess hotas the n-base region into the

p" region. During this process, the first peak witthia ICDC transient appears.

‘ -
el -
“ -
-y . - .
H -
™
L]
Sy
E Y . -

...................................................................... ." LT A
(Ug-Ugp)/d
Ugp/d

Wq Wo.rp Wo-FD

d

Fig. 3.13. A sketch of electric field distributiadue to induced surface charge for
different applied dc voltage valueSg<Ugp — dotted and solid line$)Jr/Wrp and

wq=d — dashed lineUr>Urp dash-dotted line. FAdr<Ugp, the enlarged details of
field distribution are shown, where dotted lineaitsributed to an induced surface-

charge fieldge /€& , while the solid line represents an excess agacharge domain
of width 4.

The separation process induces a change of depletidth w, (an

increase relative to its steady-state valgedue to the surface domain field —
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Je.{&€ Of excess electrons. The extracted excess hoteseld at the pside
produce the same value of surface field. Thus, aerall charge balance
(WpJ,N'A,FH:WnN*D,n together withgy, p+Xo p+=0e Xo,n) in the diode is maintained
where X, o+ and Xo , - separation lengths of surface charges witHiraqpd n
regions, respectively. This balance in the n-basaipported by the applied dc
voltage Ur), together with the surface chargg,./&ée (in the g layer,
Xo,p+<Xom), if the g., domain is separated B , from metallurgic boundary
within the depleted regiomy, of the n-base. Then foUg<Ugp, using the
standard depletion approximation in device physics [7, 44], the depletion
width is

2¢€, (£)q
= U, + 2L X,) . 3.31
Wq \/quDeff ( " ‘9‘90 0) ( )

A sketch of the electric field distribution is ifitrated in Fig. 3.13 by the
dotted-line, for a surface chargg, separated by a lengtk, Here, a
“depletion width” (v, W) means trivially that the material is electrically
neutral (the potential together with the electredd are zero) at this point, e.g.
[44]. The ICDC flows duringje (t) relaxation, (for instance due to capture by
deep centres of excess electrons within the depletbase region)and
changing of the separation length(t) (e.g., due to capture of excess holes in
the depleted pregion and drift), untilv, recovers tonp. The latter relaxation
process can be found using condition for a durabiothe domain drift within
the space charge regio?%dt :]'v[ll HE(X,0.,, Xo)]dx. The temporal variation of

2t 0
the surface charge domain is clearly non-exponiemtnal should be described

by the solution of a transcendental equation

0eNper Xo (t)
qe,n(t):quDefqu(t)_ —e Del- 00 .
F{t+t0J
1-ex

Ty

(3.32)

Here,ty is the duration of the induced carriers separadioth formation of the
Oe.n domain, 7y=&&QeNperile IS the dielectric relaxation timé&pes =ng is the
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effective doping density. Infinitely narrow injedtsurface-charge, sketched by
the dotted-line in Fig. 3.13, is an idealization.

In reality, a close to exponentially decreasingfifgoof the excess
carrier density is induced by a light pulse. Thile excess carrier domain
induced surface field can be found by combining Bwsson and Gauss

integrals, and it can be evaluated as

E= qenexoa-lw_ (3.33)
£

Here, a is the light absorption coefficient at the exciatiwavelengthne,g is
the excess carrier density photo-generated atabke layer surface antlis the
effective width of the light injected charge domaline latter should be taken
asA=5q" if the averaged carrier density is to be contobiléth a precision of
1% relative tone,o The solid line in Fig. 3.13 shows the electrieldi
distribution including the spreading of the injet®urface charge domain. This
spreading of the injected surface charge domaith@smain reason for the
transient of double peak shape formation, if thpliad voltage approaches
Urp.

The first peak in the ICDC signal is again asseciawith excess hole
extraction into the Payer and simultaneous majorityo hole extraction from
the electrically neutral’payer (withw,, increment) towards metallic electrode
and the external circuit. The second peak in tH2GGransient appears due to
We=d=wg rp at full depletion. At full depletion voltageJgp), the steady-state
electric field is zero atep= Wq rp- Wo,rp. Thus, the last stage of excess carrier
extraction runs within the increasing field regiare. self-acceleration of
excess electrons appears to collapse the excessr @omain at the external
electrode (h layer) (relatively to the base region). A simil@ut opposite)
effect appears in the extraction of excess holes fihe n-base. These holes,
extracted and localized at thé fayer ,,+< Xo.), reduce the steady-state
field at x=0 (by an extenfuPexo /&£ and slow down their later extraction
Therefore the ICDC initial peak is smoothed. Thaule peak transients

inherent for ICDC are observed [A12, A16, 39]. Ascdssed above, a rather
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“corrugated” electric field distribution appears fapplied voltages$Jgr<Ugp.
An enhancement oflr above Ugp leads to an approximately uniform field
distribution through the base of than diode, and the electric field is supported
by planes of charge located at the external conégers. The parallel plate
condenser approximation can then be employed.fiked external voltage the
electric field distribution within the consideralyer-depleted base of tipan
detector approaches a constant value, independem¢pth within the base
region. Operation of the diode with injected chaogeomes similar to that of a
capacitor in this case.

The smoothing of the field aUg>Ugp enables one to simplify
evaluation of the mobility of excess carriers byngshe well-known relation
ue:dzlanR and drift time z, measurements within the ICDC pulse. To
evaluate changes of material during irradiation,asaeements of carrier
mobility at excess carrier densiti@s,<ny, close to that values in dark are
preferable, therefore the least possible excitatiensities were maintained in
our e measurements. Commonly the drift time is evaluatethe time interval
for the time of flight (TOF) pulse (&1g>Up, Wwhen i< 7).

The ICD current, associated with the injected exoglectron charge
domain, forUgrsUgp, varies due to temporal changesw(t). As wy(t) contains
the product of the induced charge relaxatipi(t) (due to carrier capture to
traps) and the pair separation leng{t) parameters and the space charge
density Npeft) changes (due to fast thermal emission from filleaps), the
ICD current is generally composed of three comptmddsing the depletion

approximation, this is [A12]

C(t)UR((Wq(t)lUR:o)Z Ve 1 Wi (t) | (), () 1

2w X0 " T (0], f Mo ®© 7un | (3.34)

hep (1) =

Here additional symbols represefi(t)=&eSWq(t), Tcapt iS the excess carrier
(0ge,n) capture lifetime within depleted region,is the carrier thermal emission
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lifetime within depleted regiomy(t)=nqeexpft/ ) is the density of carriers

trapped on the fast emission centr[z(%(t)l 1= 20 Xo/0Npers S is the

UR=0
area of a junction. The first component iigp(t) represents variations of
separation length (fow,=dXy/dt20), and it is analogous to Ramo’s [30]
current within dielectric space between plates apacitor. To keep this
analogy, possibility of bothH) directions of drift current is denoted in Eq.
(3.34), depending on induced charge sign and actilin of charged particle
motion. The expression of this displacement curcemiponent, due to drift of
charge domain within space charge region of a disd®ore complicated than
that for the Ramao’s currenit=Qv/w) [30, 32], and it is governed by the barrier
capacitanceC(t) temporal changes and depends on the ratio otiépéetion
width changes caused by the moving charge domairand normalized to
space chargeeNper, as R0, Xo/0eNperl/[(2 £65/0eNper) (UrtOe X/ £&0)].  The
second component of current within Eq. (3.34) isribed to excess carriers
capture process (fodge {dt=0c0nex ddt=-0cNex d Tcap) Within the depleted n-
base region. It can be also deduced, that an eahmamnt of excess carrier
density (of the 8.y /0eNp) would be preferential to clarify the excess
electrons trapping processes. The third compomeRgi (3.34) appears, when
an influence of the fast carrier generation centriglsin space charge region is
significant. Here, both#) donor (+) and acceptor (-) type traps can be
involved. Impact of the slow (deep) generation mEntappears as a leakage
current ig(t)=genwy(t)S 7. Including recombination/diffusiong [7] currents
within n*and g layers, the total diode currei{t) can be expressed through a
sum of the mentioned componeritgt)=icp(t)+i4 (t)+ig(t).

There are several regimes of ICD current measursm@a clarify
carrier capture/diffusion), depending on the rajin./q.Np. The ne, density
also determines the fraction of carriers,)( which can be moved by the
electrical field of the depleted barrier capaciand¢or ne,—ne=Np and
UrsUrp, the current contains componerds, /dt and dXy/dt, due to the
external electric field during initial instants atite ambipolar diffusion of the
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guasi-neutral domain of excess carriers afterdlastric field is screened. As a
measure for the ratio of the carrier density whadcays through carrier
diffusion-recombinationrp.g) and of that disappears from the depletion region
via drift (ny) can be a threshold value of charge affordablghiti by applied

dc external voltage. Carrier density involved iraice transit is evaluated by
using the depletion approximation for a parallgtelcapacitor of areg and
expressed as

_ &g

. 3.35
QA (3.35)

r

Actually, the external electric field is rapidly reened (during a
dielectric relaxation or transit timg,= d%uUg for carriers of mobilityy, if
;<< Tg) owing to light generated excess carriesg, andn, vanishesrg, — 0)

within the initial transient stagesng,o=ng is sufficiently large.

3.3.3.2 Modelling of the charge collection pulsecharacteristics

The light induced domain of excess electrons ajdatensity is able to
dissipate through (be collected at) theetectrode due to diffusion across the
base and carrier extraction by the electric figldhe external electrode. The
simplified approximation of carrier domain driftgudiffusion process can be
described by a classical expression [59] for cad@nsity variations dependent

on time and position as:

(x=4E9* |, t

neop (68 = (N0 e (1) J%exp{—[ o (3.36)
A

Here,ne, o is the initial (=0) density of bipolar photo-excited carriel, is the
coefficient of carrier ambipolar diffusion. Dependion the probing (either
through electrodes — IChCC or by microwave anterm#é-PCT-E) regime,
the signal is sensitive either to carrier densityttee collecting electrode
(nr-p(t,d)) or depth integrated carrier densityd);ldan_D(t,x)dx for IChCC or
MW-PCT-E response, respectively. In tp@ diode, fi electrode collects
electrons (and blocks holes), hence the injecteargeh collection current
(IChCC) is measured. The MW-PCT-E transient appaara relaxation pulse
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with a vertex characterized by the descending stdpe trapezium-like pulse
serving for the extraction of recombination lifeém

At a rather high excitation densitygh.,4>CUg, and low applied
voltage the IChC current transient acquires agigieak pulse shape with very
small amplitude at initial instants and effectivietime at the IChCC pulse
vertex evaluated ags=(mp'+7x)™ with carrier recombination 7§) and
diffusion 7o /0%47D4 times.

The modelled and discussed peculiarities of induwdetge determined
current transients and of charge collection trarisiagree well with those

experimentally recorded pulse variations, illusdain Fig. 3.12.

Summary of the main results described in the chapte
[Al, All, A13, Al4, Al16, Al19, A20]

The proposed and employed in this work chemicdlaser passivation
technique by iodine ethanol solution increases dffective recombination
lifetime 7.4 from 1.2 us for non-passivated to 58 for passivated FZ n-Si
wafer layer of 6Qum width. This surface passivation technique isceft for
characterization of thin samples with rather loagier bulk lifetime by using
MW-PCT contactless technique. The developed measne technique
enabled evaluating of the concentration of intandefectsN; of the order of
magnitude of 1.810™ cmi®.

A number of standard material and device charaaton techniques
(I-v, C-V, DLTS) employed in this work have beenidhly described by
demonstrating application range and restrictions iftentification of the
induced defects and their distribution within lagerstructures as well as for
evaluation of operational device characteristics.

Several new techniques (BELIV, ICDC, IChCC) basead mulsed
current transient measurements, grounded on indobacge domain and of
pulsed biasing modification of current pulses, haeen proposed, approved
and applied.
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The models of pulsed charging current transienys,abalyzing the
displacement as well as carrier drift, diffusiondageneration components
within changes of barrier and storage capacitamganeation structures, have
been created for a design of transient techniquesekaluation of the
operational particle detectors parameters andiated material characteristics
in a wide range of induced charge densities andieapbias voltage pulse
parameters. It has been demonstrated that fastrieldéeld redistributions
either by the barrier capacitance charging or byiced surface charge domain
can be efficiently considered by using approacheofporal changes of the
depletion width or surface charge on electrodesiwijunction structures. In
the case of induced surface charge domain causeentyulses contain the
displacement component equivalent to Ramo’s curiidmd drift and diffusion
current components, appearing due to carrier cefttirmal emission or other
factors, scale the boundary of depletion width Weenn the space charge and
neutral layers within structure with temporally iear 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)yogn, high
resistivity Sip'nn" pad-detectors with active area of 5x5 fimadiated by
reactor neutrons with flueno® in the range of 18 - 10'° cm? was examined
to clarify displacement damage factors and theipaat on the operational
characteristics of detectors.

The structure and a picture of detector are ptedan Figs. 4.1 (a) and
(b), respectively.

p* n n+

Al mesh
Al electrode electrode

T~

B e EEEE—— L

1pm 300pum 1pm

a

Fig. 4.1. The structure (a) and view (b) of invgated particle detectors.

The detector structure is composed of 3@ thick high resistivity Kp~10"

cm®) base region and fim thick highly doped pand i regions which are
formed by implantation. The structure has a soletaiized and the mesh Al
electrodes on anode and cathode sides, respectikdbitionally, the pad-
detectors contain a non-metallized hole of a diameft ~1 mm within a centre

of the main junction electrode for light excitation

4.2. Current-voltage and capacitance-voltage charaeristics

The |-V characteristics measured at room tempezahyr a Keithly-
6430 electrometer show an increase of leakage rdwwi¢h irradiation fluence
within a reverse bias branch (Fig. 4.2 (a)). Fleedependent variations of
leakage current (values measuredgt100V andUg=200V) are presented in

Fig. 4.2 (b). An increase of leakage current inglée reduction of carrier
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generation/recombination lifetime (Fig. 4.2 (b)) as is reciprocally
proportional to the leakage currendy«1/,) [A13, 7]. This results in the
consequent enhancement of recombination currerioratard bias and the
earlier saturation of the forward current as carobsgerved in Fig. 4.2 (a). At
irradiation fluence®=10" cnmi” the 1-V characteristic becomes symmetric. The
observed decrease of the forward current in theilyearadiated diodes hints

to the reduction of the injection capability of fla@ction.
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Fig. 4.2. a- Fluence dependent |-V characteristiesasured in neutron irradiated
MCZ Si diodes at room temperature (T=300 K); b- Kagge current variations in
neutron irradiated diodes obtained from a reversdtage branch of IV
characteristics dt/g=100V andUr=200V compared with reciprocal leakage current
1/||_"‘Tg.

The C-V characteristics, measured at room and wat (6=120 K)

temperatures and using both the paral)) @nd serial Cs) circuit regimes at
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100 kHz test signal frequency by a QuadTech-7600BCimeter, are
illustrated in Fig. 4.3.
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Fig. 4.3. a- Fluence dependent C-V characterishessured in neutron irradiated
MCZ Si diodes at room temperature (T=300 K) and parad with the one measured
at low temperature (T=120 K) in neutron irradiasd fluence of 18 n/cnf MCZ Si
diode. b- C-V characteristics measured in non-iated MCZ Si diode at room
(T=300 K) and at low (T=120 K) temperatures in @leaind parallel regimes.

The ac test signal was kept as small as possili¥®, mV. The parallel
(Cp) and serial €5 circuit regimes have been used to control thelireqent
of low parallel conductance and of low series tasise, as discussed in [44],

for correct C measurements. It is clearly observed that @e and Cg
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dependencies on reverse voltage as well as thesaiCp, Cs coincide for
samples irradiated witl®<10" n/cnf (Fig. 4.3 (a)) and the absolute value of
Cs decreases with increasing fluence. However, sgant differences between
Cp andCg appear in heavier#> 10" n/cnf) irradiated diodes. This result is in
a guantitative agreement with published data cediated Si detectors [38],
taking into account the differences in frequenclge Tifferences betweeds
and Cg indicate that the standard analysis for the etitacf C values is no
longer valid for the diodesradiated with @>10" n/cnf. The main reason is
the generation current and a non-linear voltagerirsipabetween circuit
elements within the LRC-meter due to the diode umelst. The capacitance at
low temperatures (120 K) appears to be indeperafevititage for moderately
irradiated @~10" n/cnf) diodes (Fig. 4.3 (a)) with its value equal to the
geometrical onéCyeo,=10-15 pF. This result indicates that the diodéully
depleted starting from the lowest dc reverse vekaghen carrier generation
centres (via an enhancement of the thermal emiddeiime) are suppressed
by a temperature decrease, in diodes irradiateld @10 n/cnf. However,
the capacitance in non-irradiated diode at room ahdow temperatures
measured IlCp andCg regimes coincide and satisfies the relatiu? (Fig.
4.3 (b)).

The measurements of C-V characteristics by emptp@arnRC meter
can not further be applied for the characterizatbheavily irradiated diodes.
So, other technigues capable to resolve carrietuoap generation and
recombination parameters should be used for clearaation 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 apglythe linearly
increasing voltage pulse (BELIV) at reverse andvBod biasing in neutron

irradiated detectors are presented in Figs. 4.4id) (b), respectively. These
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characteristics show clear dependence on neutradliation fluence. The
BELIV characteristics are modified by radiation uced carrier capture and
generation centres.

Generation centres can be observed within BELIVidients either due
to depletion width modification (changing the etecfield distribution) or by
collected charge when depletion width is increaseth LIV pulse. The
modification of depletion width, accompanied wilkadric field redistribution,
appears due to temporal variation of effective dgpi

Nper (t) = No{l_ﬁn = (I\E Sl (t)))} (4.1)

Here,Np is doping density of non-irradiated materldl,, — density of radiation
induced acceptors in n-type material within thedowalf of the bandgaiNg*
— density of donor (+) or acceptor (-) type trapshim upper half of the
bandgap with their temporal fillingy(t). Temporal variation oNper(t) results
in temporal variation of barrier capacitance as

C(t) =C \/1_ (Nan + (Nc;_r Ny (t))) X
b0 ND

» (4.2)

x{1+ ul [U (t)+Xel In(l— o, (NG -, (t))m E

bi0 e ND

Here,Cyg is expressed by the parameters of the non-ireedlidiode. Then, the

BELIV current can be derived as a time differemithtesponse

(4.3)

i(t) =

AU x[C(t) +uc(t){

dC dw, , dC dw, dn, D
dt '

dw, dU. dw, dn, dU.

It is important to note that this regime is proleablhen single type fast traps
dominate. In this regime measured transients pstfeee and containing traps
material coincide at the initial instants. For ttlearge collection regime, the
generation current component is determined byearthat are collected from
the depleted bulk during evolution of LIV pulse arekpressed as
ig(t):qeniSV\b(l"‘UC(t)/Ubi)l/Z/ I. This component can increase the current

starting from the very beginning of the BELIV traaTd.
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Fig. 4.4. Variations of barrier (a) and diffusioh) (capacitance charging currents
dependent on irradiation fluence in [@n detectors at reverse and forward biasing,
respectively.

The charge extraction and generation current coewsncan be
determined from the fluence dependent experimeBELIV transients for
reverse LIV pulses (Fig. 4.4 (a)). The reverseddaBELIV transient contains
an initial peak ascribed to the equilibrium bargapacitance&,, followed by
a descending component of the charge extractioacti@mce and an increasing
component attributed to the generation current. T®meration current
component becomes dominant for higher voltagk&@.7 V, corresponding to
t>200 ns for a single transient) within transientsasured on reverse LIV
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pulsed diodes irradiated wité#> 10" n/cnf, as illustrated in Fig. 4.4 (a). The
fluence range for the dominance of the generatisreat is in agreement with
that obtained when a separation betw€grand Cs characteristics appears in
the C-V characteristics (Fig. 4.3 (a)). Thus, theletion of the BELIV
transients (Fig. 4.4 (a)) shows a monotonic inaezfsthe generation current
with increasing® which is corroborated by the reverse bias |-V abtaristics
(Fig. 4.2). The range of the dominance of genematiarrent in BELIV and I-V
characteristics corresponds well to the region h# tinversion sign” of
effective doping [35, 36]. The dominance of the eation current
hides/disturbs the current phase shift measurengfdrgsncreased current due
to generation of carriers in the space charge relgiads to the seeming phase
shift) by the LRC technique, due to which erronewakies ofUrp and Npes
are extracted. The dominance of generation cumghin BELIV transients
indicates fast capture of carriers by high densityadiation induced traps
(before emission). The decrease of the effectivesithe of free carriers, caused
by fast carrier capture, leads to an increase aemal resistance (in the
electrically neutral material) and to the reductadrine current for the forward
voltage branch (Fig. 4.2 (a)).

The barrier and storage capacitance currents doeniwehin forward
biased BELIV transients (Fig. 4.4 (b)), in the disdirradiated with the
smallest fluences ofp<10™ n/cnf. The barrier capacitance, revealed by the
initial amplitude for both the reverse and forwdbthsed diode BELIV
transients (Figs. 4.4 (a) and 4.4 (b), respect)yadgcreases with increasing
fluence. For perfect diodes, the storage capa@taumminates in the ulterior
stages of the BELIV transient. This is in agreemeith measurements on the
lowest fluence@~10" n/cnf irradiated diodes. For the storage capacitance
induced current component, a fast current incresitle time is observed.
However, this storage capacitance component dexseasth increasing
fluence and it fully disappears fo>10" n/cnf. It is out-rivalled by the

recombination current component, which shows alyd@ear increase with
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LIV voltage (for @>10" n/cnf). This result shows, that even for the
moderately irradiated diodes, the forward voltagesidnot govern the junction
and the carrier injection. This can happen, if dicede is completely depleted
at equilibrium. Then the diode behaves like a capgcwhere the initial
BELIV step represents the geometrical capacitaoce® 10" n/cnf.

Thus, the observed fluence dependent variationg. @4 (b)) of the
forward biased BELIV transients, fop>10" n/cnf, are in agreement with
changes in the I-V characteristics for the forwanttage (FV) branch (Fig. 4.2
(a)): the decrease of the forward current relativeits values in the less
irradiated diodes and the possibility to apply latreely large forward voltage
on heavily irradiated diodes indicate the full agjgn conditions. Built-in full
depletion can be reached when radiation defectgpensate completely the
dopants. In that case nearly all “native” dopingluced free carriers are
captured by the large density of radiation indutregbs, while only a small
fraction of these traps are filled due to lack ofef carriers. The routine
interpretation of C-V measurements is incorrecsuich a situation, as the ac
voltage only mediates the recombination—generatamrent variations,
especially if ac signal amplitude>ksT/qe. The dielectric relaxation time for
fully compensated material becomes very long.

The total BELIV current for the above described tidpletion voltages
can be calculated (similarly to the method usefAitd, 44]) by considering
the conductivity and displacement current companeover the sample
thicknesd for variable voltage and surface charge changesdemtrodes using
standard boundary conditions (for electric fi@fl-q = 0, dE/dx|-q = O and
potentialV|y=g =0). This solution is expressed as

IO = g3 (404 9Py 4 £6S AU

P (4.4)
2°dt dt’ d dt

The solution (for over-depleted diode and nearlyagéaarrier transit, and
thermal emission r,, lifetimes, r~7.,, as well as using relations

|dn/d{=ny/ 7e,=No/ Ti;, N=N=Np), can be approximated as
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. d n, du S dU, (t)
i)y = QqS——2+Co—>=0q—nu U (1) +C — 4.5
( )FD qe 2 geom dt qe 2d nO/'ln C( ) geom dt ( )

i
Hereby, it is assumed that the geometrical capmmt&,eom is given by
Cgeorm&ESd, 1, is mobility of electrons, ren=1/0vtNcexptEqyksT),
rtrEblzl,unU. It is clear that for insulating material the BELiransient takes the
shape typical for a pure capacitor with a curreadti® oficpp=Cgeon(dUc/dt).
The voltage drop on a load resistor (being a smudif current equation for RC
circuit with LIV pulse) represents the square-wawdse ifC is constant. For
compensated material full of traps, a further iaseeof the voltage abové-p
shows the current enhancement transigm(t)=0.(S2d)ny,Uc(t) which is
added tdcep.

A similar situation appears in C-V characteristicg harmonic ac
voltages of frequencly capable of ensuring the necessarily short cainagsit
time 704U < o{J f*. The emission timer., for trapped ff;) carriers
depends on the capture cross-sectigrand thermal velocityy and on the
effective density of band statdk as well as on the thermal activation energy
Eq of the trap. Then, if the dc voltage is sufficig¢atcollect all the trapped
charge (of value close to equilibrium densiy of “native” carriers) within
built-in fully depleted material, the measured Or&5ponse saturates. This
voltage seems to be wrongly ascribed to a full ekgph state and to the space

charge sign inversion effect in [35-39].

4.3.2. Temperature and bias illumination dependenBELIV transients

For the non-capsulated diode structures, trap mhgted modifications
of the BELIV current transients af(t) can be suppressed through the priming
of the trap filling by infra-red (IR) continuous wa& illumination. Additionally,
the initial component of BELIV current transientnche manipulated by a
pedestal of varied polarity of the dc voltage prnimg together with a LIV
pulse. Variations of the mentioned external factoam be combined with

temperature variations to modify filling of the psa
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In Fig. 4.5 (a), variations of BELIV current traests (for reverse

biased diode) measured with and without bias ilhation (Bl) are presented.
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Fig. 4.5. a- Bias illumination (Bl) dependent chargxtraction current transients
measured atp =1.4 us and 75, =30 us LIV pulse durations on the same irradiated
diode. Transients measured /at=30 us pulse duration are normalized to the peak
amplitude. b- Variations of BELIV transients andlaft of the barrier capacitance
charging current peak position within transientsorded in ®=10" cm? neutron
irradiated diode for reverse biased LIV dependenfasward dc voltage biasJg qo)
pedestal.

The primary steady-state illumination modifies thiéial filling of traps

for electrons and holes. Depending on durationl¥fjlses and on density of
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traps, the time scale of carrier generation praesan be highlighted, as
illustrated in Fig. 4.5 (a). The absolute valudtd initial amplitude of BELIV
current transient for a reverse biased diode isg®groportionally to the
intensity of the bias illumination. Simultaneoustycomponent of generation
current within ulterior stages of transient is gased with Bl. Increment of
generation current is more obvious for the nornealito the amplitude of the
initial step) transients, shown in Fig. 4.5 (a).isThesult clearly proves that
generation current is caused by several traps cleaized by a wide spectrum
of levels within the upper half of band-gap, asdssed in chapter 4.3.1. For
rather long LIV pulse, duration of which correspsrd the thermal emission
time scale (characteristic for a definite samleg, generation current becomes
dominant within the rearward component of a tramsieBELIV current
transients for reverse bias LIV pulses can be maaipd by the external light
only in diodes irradiated by rather moderate fle=ne 10 n/cnf, at room
temperature.

Complementarily, filling of the minority carrier @ can be
implemented by dc forward voltage pededtiy. combined with BELIV
current transient measurements using the reveesedilLlV pulses. Injection
of minority carriers enables one to eliminate mityoicarrier traps (those
seems to be efficient as the compensation centitbgva lower half of band-
gap), and to regenerate barrier capacitance, asinshin Fig. 4.5 (b).
Enhancement of a forward dc voltage pedestal léaddling of these traps.
This determines an increase of the BELIV curreghai amplitude and a shift
of the peak to the initial time instants within eartsient. However, a
suppression of compensating centres at room teroperaas been reached
only for moderately irradiatec{ 0** n/cnf) diodes.

An impact of radiation induced generation centremn de also
suppressed by reduction of temperature, as canmssion lifetime increases
about exponentially with reduction of temperaturee temperature dependent
BELIV current transients are illustrated in Fig64a) for heavily irradiated

(10** and 16° cm®) and reverse biasquin diodes. It is clearly seen that the
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component of the carrier generation current deeseasith reduction of
temperature. Then BELIV current transient approactee that inherent for
dielectric capacitor, at 172 K. Thus, heavily iieddd diode is fully depleted at
equilibrium, although at room temperature this capainherent characteristic

Is masked by the large generation current component
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Fig. 4.6. a- Temperature dependent variations dflBEurrent transients in heavily
(10** and 16° n/cnf) irradiated Sipin diodes. b- Temperature and bias illumination
dependent variations of the BELIV current transent
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With reduction of temperature, which leads to aseguent increment
of carrier emission time and to a decrease of temdithe empty capture-
emission centres, the steady-state bias illuminabecomes sufficient for
suppression of the carrier capture centres. Itlwarseen in Fig. 4.6 (b), the
barrier capacitance in moderately irradiatedL(™* n/cnf) diodes restores to
values inherent for lightly irradiated diodes whancombined conditioning
made by the temperature lowering and additionaimihation is applied.
However, neither steady-state biasing by dc forwasliage nor continuous
wave illumination is sufficient to suppress chaenpensation and carrier

capture/generation centres in heavily irradiated @ n/cnf) diodes.

4.3.3. Evaluation of barrier and generation currentparameters

Analysis of different aspects in the measured BEtrBhsient changes,
shown in Figs. 4.4, 4.5, 4.6, provide qualitatiméormation about the fluence
and temperature dependent variations of the jumctiarameters and their
possible modifications by external conditioning (daltage/IR illumination
priming and temperature). To extract the barrietapeeters more precisely,
fitting of the measured transients by simulatedsoiseinevitable. There are
several approaches in implementation of fittingcedures dependent on the
observed initial delays relatively to LIV pulse, the regularity of LIV pulses,
on the values of applied LIV voltages, on the valaé barrier capacitance
(area of junction) and on the prevailing process#kin junction (impact of
space charge generation current, of rapid caraptuce/emission by fast deep
centres in the upper half of band-gap, etc.). HIs® necessary to discuss the
impact of nonlinear voltage sharing within nonlind®C circuit elements of
load resistoR_ for registration of the BELIV current transientsdadiode with
barrier capacitanc€y,.

The solution of a simple differential equatiBydi/dt+(1/C)i=A, derived
for the linear elements, as a capacirand a resistoR =R connected in
serial, and for a LIV puls&=At, when using an initial condition oft=0)=0,
leads to the expressions:
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_t
i(t)= ACl—e RC),
t

Un()=ACRI-e ") = Flecne | (4.6)
t>>

t 2
b t
Uc(t) = At —RC(@-e RC)] :{ ASRe k<<rc
At - RC) OAt|>5re

Equations (4.6) imply that the linear voltage dowpa capacitor (and on
a diode under test - DUT) appears for time instamntsRC. The maximal
barrier capacitanc€,, for DUT is obtained during the initial instants lofV
pulse (whemAt<Uy). Thus, the fastest initial component of the BELdirent
transient is determined by the transition time tamsRG,,. The linearRGy
modifications (for instance, a shift) of the init@irrent stepc(t=0) in equation
(3.26) can be roughly emulated by a convolutiorgnal (3.27). A kink (at
t=RC) within the initial rise front of the simulated BE/ transient and a peak
position of the experimental one might be emploj@dthe evaluation of the
Cyo using rough linear approximation (by a convolutiotegral) of a BELIV
transient.

However, variation of the voltage drofe(t)=A(t-R(t)) on a nonlinear
DUT can be assumed being a linear functionaily in time scalé>2RC (Eq.
(4.6)). For the precise description of BELIV traard a generalized non-linear

differential equation
Uc(b)
1+—=C
du. (1) ( 2Ubi) _U,0UM
dt (1+ Uc(t))3/2 RQ)O

bi

with the initial conditionsUy(t=0)=0 and Uc(t=0)=0 should be solved to

4.7)

determine Uc(t). This equation (Eq. 4.7) is derived assuming timee-

dependent voltage drops on DUT, @gt) =U(t)-Ug(t). Only the numerical
solutions of the Eq. (4.7) can be obtained. UsirsplationUc (t) of equation
(4.7), a voltage drop on the load resistorUas(t) =U,(t)- U (t), represents

the simulated BELIV transient. Thus, a fitting pedare, of the numerically
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simulated BELIV transientbg (t) to the experimental ones, is inevitable and

should be employed for precise extraction of timejion parameters.

Fig. 4.7. a- Numerically simulated BELIV voltagamsientdJr (t) as a function of a
LIV pulse peak voltageUpr compared with those simulated by analytical
approximation (c). b- Numerically simulated BELIV voltage transistly (t) as a
function of initial barrier capacitance valu€g, compared with those simulated by
analytical approximationlc).

Comparison of the simulated voltage transientsnfutlg (t) obtained
by solution of Eq. (4.7), and usind(t) (Eqg. (4.6)) values evaluated for fixed
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C using analytical approximations (Eqgs. (3.26) aB@7), forRC=20 ns) are
presented as a function of LIV pulse peak voltdgand as a function of value
of the equilibrium barrier capacitanCg, in Figs. 4.7 (a) and (b), respectively.
It can be noticed that a deviation from the anehjty simulated curves
appears in the range of the BELIV voltage peaksTaviation increases with
increment ofUp and ofC, values. These deviations can be explained by the
relative enhancement of barrier charging currertubh the load resistor. This
current increase modifies non-linearly the voltalyeps (as included in Eq.
(4.7)) on a load resistor and on a diode. Thus,atmaytical approximation
(Egs. (3.26, 3.27 and 4.3)) can be exploited fanary analysis of the BELIV
transients only in the range of smalcurrents, includindrC shift.

A sketch of fitting procedure applied on BELIV tea@nts measured at
295 K temperature on a diode irradiated witH*1€m? neutron fluence is
presented in Fig. 4.8. The impact of traps on spawege generation and
diffusion currents is estimated from the primargalative analysis. In order to
have a closed system of equations, the set of LdWtage varied BELIV
transients (Fig. 4.8 (a)) are simultaneously fittédeping a fixed set of
adjustable parameterl{, 7y, andigit,). The fitting procedure is finished when
the best fit of required precision (controlled b tnon-linear least square
(NLS) algorithm) is obtained for all the includeih Fig. 4.8 (a)) transients,
and values oNp, 1y andigi. are simultaneously extracted.

The input of the required set of independent equatitransients) and
parameters in the optimization of fitting task etermined by the primary step
of fitting. This procedure is illustrated in Fig.84(b). There a possibility to fit
the experimental transient with minimal current eoments and their
parameters is analyzed. In the discussed fittinggxure, the barrier charging
current, the generation current and the diffusiament components (shown by
the broken curves in Fig. 4.8 (b)) should be inedlvIt is assumed that
parameters, aby;, Gy, Wo are defined by an adjustable valueNy for ic(t)

simulations using Eq. 3.27. There, a simple satutiba linear RC-circuit for a
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LIV pulse, leading to a time-dependent voltage doopa barrier under test,

expressed at)c(t)=A[t-RO(1-exp(t/RC)], is usedNp, 74 andigi.. values.
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Fig. 4.8. a- A set of barrier capacitance chargingent transients (dots), measured
by the BELIV technique at different (3, 4 and 5 M)V voltages on a Si diode
irradiated with neutron fluence of f0cm?, simultaneously fitted by simulated
(using Egs. 3.26, 3.27) ones (lines), keepingedfiset of adjustable paramete\s:
=1.05¢10"* cm®, 7;=0.23 ps andigi= 6 PA. b- Comparison of the barrier
capacitance charging current transient (dots) medsior a 3 V LIV pulse with the
simulated total barrier current (solid line), cormpd of the barrier capacitance
charging current (dash-dot), of the diffusion catrgshort-dash) and of the generation
(short-dot) current.

It is worth noting, that for a pure capacitor and ime instant$>>RC

(after the initial rising), a voltage on a load isésr
84



Ur(t)=ACR[1-exp({/RO)]|=>rcARC is invariable, due to the exact
compensation of voltage changes on capacitor ancesistor (at every time
instant). Thus, for a LIV pulséy(t)=At, the RC circuit with linear elements of
R andC exhibits a step-like transient shape with a flatt@x. This can be an
indication (Fig. 4.6 (a)) for degradation of a leriof diode, when material of
a diode base mutates from the semiconducting &tate insulating one, due to
heavy irradiation. The parametBC is defined by the characteristics of the
load resistor and of the diode under test. Thes tridinsient for the fixed LIV
pulse is simulated to fit the experimental transadthe total current shown in
Fig. 4.8 (b) and to get the primary set of

The extracted set of parameters reveals a reducfidl to 1.0510"
cm® (compared to the value for a non-irradiated didtie=2.3x10" cm®), an
increase of generation (witj=0.23us) and of diffusionifx.=6 PA) currents,
after neutron irradiation with a fluence of‘3@m?. This fitting approach
works even better for diodes irradiated with lovilelences, whereby larger

values ofNp are obtained.
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Fig. 4.9. Comparison of the fluence dependent trariaof serial capacitancesC
(circles) at reverse voltage of about 0.3 V measwsng 10 kHz (open circles) as
well as 100 kHz (solid circles) at 300 K and 12(dfen squares) temperatures, of
the barrier capacitand@, measured by BELIV technique using both reversargpt
and forward (crosses) LIV pulses (left scale) aBd®& K, and of leakage current
(right scale) extracted from |-V characteristic@0 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-¥ratteristics, and of the
initial barrier capacitanc&,, evaluated by both reverse and forward LIV
pulses are generalized in Fig. 4.9.

It is obvious, that the barrier capacitance eseahaby the BELIV
technique approaches to the geometriCgl,m for fluences @>10" n/cnf.
TheseC, values are significantly smaller th&y extracted from the C-V
characteristics alr c.y~0.3 V values comparable to the BELIV regime for
t<200 ns. This result can be understood by the &dvgeneration currents and
the significantly increased dielectric relaxatiane in the C-V characteristics.
The Cs values measured by C-V at small reverse voltage 42) do not show
any clear dependence on fluence and the measuges\w@nsiderably depend
on test signal frequency, while experimental eravesrather large. The initial
barrier capacitanc€,, evaluated by both the reverse and forward BELIV
pulses lies within the measurement errors that aloemceed the size of the
symbols in Fig. 4.9. This result represents a dledication of the decrease of

absoluteCypvalues due to the increase of depletion width.

Summary of the main results described in the chapte
[All, A13, Al4]

Analysis of the neutron irradiated Si detectorscbynbining C-V, I-V
and BELIV techniques enabled us to clarify the ¢ools of the full depletion
in heavily irradiated Si detectors. It has beermghthat built-in full depletion
(the insulating state) is inherent for 3@ thick n-type Si diodes doped with
10" cmi® donors and irradiated with hadron fluences abd@@ dm?. In other
words, high resistivity material irradiated withudinces @>10" n/cnf,
becomes an insulator, and common concepts (usdétkimnalysis of device
and of junction operation) such as depletion widitiective doping density

should be used with care.
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It has been shown that the barrier evaluation leylitrearly increasing
voltage (BELIV) method can be a useful extensionransient techniques for
the separation of barrier charging and carrier wa¢mission currents. The
BELIV pulsed technique enables one to clarify a f@gnificant aspects: to
identify the charge extraction regime and to edinthe barrier capacitance, to
clarify the competition between barrier and storaggpacitance and the
generation/recombination currents, and to clarifg full depletion state for
heavily irradiated diodes.

Procedures for the precise extraction of the sdtaofier and depletion
layer parameters by using BELIV technique have lsEsmonstrated.

It has been shown that radiation defects induceatesgharge sign
inversion effects and fatally elevated voltagefutifdepletion are artefacts due
to the application of the standard C-V measuremiarttse complicated case of
transition from semiconductor to insulator, whemriea emission and capture

currents approach values of the barrier chargimgeats.
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V. Examination of evolution of the radiation defecs during irradiation
5.1. Instrumentation and arrangements of then situ experiments

The experimental arrangement for the remote meamnts of the
microwave probed photoconductivity (MW-PCT-E) anduced charge diode
current (ICDC) signals is sketched in Fig. 5.1.

Accelerator
laboratory

Fiber guide

P ositioning
system

MW system [ waveguide

Oscilloscope '
Pm v M TDSS]M | T,
for controel of f E
eXp eriments
Keithley
LAN Ug-source-
nA-mA- meter

Fig. 5.1. Instrumentation for the remote controtafrier transport and recombination
parameters.

The transient MW-PCT-E and ICDC signals are syncbusly
registered outside the accelerator control areaiffarent channels of the 1
GHz Tektronix oscilloscope TDS-5104, using Q0load resistors. A proton
beam current has been kept rather small (of ab&uhA) to decrease noises
within ICDC signals and to avoid excess carrieucet the impact ionization
avalanche breakdown effect, inherent for the etxlgbroton fluxes €0].
Various regimes of the simultaneous measurementthefinjected charge
induced diode current (ICDC) and injected chargéecton current (IChCC)

transients have been employed.
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A special sample holder was designed to enableeprelectrodes for
the electrical circuitry, containing windows fortiproton beam and for optical
excitation. A freshly cleaved cross-sectional bargf a pad-detector broken
into halves was used for perpendicular bulk exotatand MW-PCT-E
probing by the coaxial needle-tip MW antenna usan8D step-motor driven
stage containing a flexible bellow.

For barrier capacitance charging current measuresnapin diode was
mounted on a sample holder (which was attachedhéo kiottom of the
irradiation chamber) and connected by the electode an external
measurement circuitry by a coaxial cable, as sketdn Fig. 5.2. Current
transients have been registered using th&€30ad input of the DSO6102A
oscilloscope. The measurement circuitry containsadjusted output of a
linearly increasing voltage generator (GLIV) and thode under investigation,
connected in series.

1

E..I.r.r.él.d.i.éii..o.ﬁ.IIIIIIII II:———————————:
: chamber i !
Sample b oions beam i
1
1
1
1

GLIV S —

: !

Needle Accelerator
Sample hold

: P .er eIectrodeITandetron 4110A,
1 LV I\ic
Oscilloscope
DS0-6012A R =50 Q

?

Fig. 5.2. Sketch of the experimental setup forithsitu measurements of the barrier
capacitance charging current.

5.2. Evaluation of carrier transport and recombinaion parameters

In order to understand the nearly independent slaaye duration of
ICDC transients and to validate the procedures useckxtract material
parameters, the formation of the injected chargeded diode current (ICDC)
transients have been examined. The double peasidrda inherent for ICDC

are observed in Fig. 5.3 (a). As discussed in @ma@t3.3.1, a rather
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“corrugated” electric field distribution appears fapplied voltages$Jgr<Ugp.
An enhancement oflr above Ugp leads to an approximately uniform field
distribution through the base of than diode, and the electric field is supported
by planes of charge located at the external conégers. The parallel plate
condenser approximation can then be employed.fiked external voltage the
electric field distribution within the consideralyer-depleted base of tipan
detector approaches a constant value, independem¢pth within the base
region. Operation of the diode with injected chaogeomes similar to that of a
capacitor in this case.

The smoothing of the field aUg>Ugp enables one to simplify
evaluation of the mobility of excess carriers byngshe well-known relation
ue:dzlanR and drift time z, measurements within the ICDC pulse. To
evaluate changes of material during irradiation,asaeements of carrier
mobility at excess carrier densiti@s,< ng, close to that values in dark are
preferable, therefore the least possible excitatiensities were maintained in
our e measurements. Commonly the drift time is evaluatethe time interval
for the time of flight (TOF) pulse (atg>Ufrp, When r;<7y). In our case,
however an initial delay appears within the risetifiihis delay is caused by
excess carrier temporal variations during laserseulr)) and by the
measurement circuitry time const&€=0.6 ns. Actually, the risetime to peak
i should be taken ag =5RC, to increase precisio’\ value of ; =2.5-3 ns is
obtained in practice (Fig. 5.3 (a)). Thereforeti@re reliable way to extrac
Is from an estimation of the time interval betwabe ICDC peaks, which
really indicate the steady state excess carriegrgéion and separation process.
The extracted values of electron mobiliiy=d? 7,Ug (1300 cri/Vs (for a
non-irradiated sample) validate the chosen interf@ the drift time
measurement. The ICDC current amplitudes slightlgrelase with irradiation
exposure time (due to capture of carriers on remtainduced traps), while
drift time is nearly invariant, as shown in Fig35b). The mobility value

variations Ap/p<20%, estimated from the dispersion gf values during
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irradiation and illustrated in Fig. 5.3 (b), shometsmall impact of irradiation
on the carrier scattering parameters. This is ialitptive agreement with
results published in Refs. [41-43], while absoladues ofjl, obtained during
irradiation appear to be lower than the valye=1600-2000 ciiVs evaluated
after irradiation [41, 43] angi. =1000-1200 cAiVs published in Ref. [42].
The explanation might be the different models exptbfor extraction ofue

values and the injected excess carrier domain width
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Fig. 5.3. Variations of the induced charge diodeent (ICDC) transients (a) and of
ICDC signal amplitude as well as excess carrieft diine (b) as a function of
exposure time measured for 8 MeV protons usingtittace excitation regime when
carriers are generated in vicinity of tpén region of the diode structure (drift of
electrons).
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At a rather high excitation densitygh.,4>CUg, and low applied
voltage the IChC current transient acquires agigieak pulse shape with very
small amplitude at initial instants and effectivietime at the IChCC pulse
vertex evaluated ags=(mp '+ ") with carrier recombination 7%) and

diffusion 7o /0%/47D4 times.
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Fig. 5.4. Variations of the injected charge coll@ttcurrent (IChCC) (a) and
microwave-probed photoconductivity (MW-PCT-E) (barisients registereith situ
during 8 MeV proton irradiation of a Si pad-deteatdien the bulk excitation density
and applied bias voltadé=>Urp were fixed.

Values ofr=f(1, 7r) estimated from the IChCC transients (Fig. 5.4 (a))
and the parameters measured by the MW-PCT-E tegbr(ig) (Fig. 5.4 (b))
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and (, 1p) estimated from ICDC transients (Fig. 5.3 (a)g ahown in Fig. 5.5
as a function of irradiation exposure tingy.sue Here leakage current,
proportional to the thermal emission/carrier deyiag within the space
charge region current, is presented. The recipmecaimbination lifetime (Fig.
5.5) increases with exposure time (irradiation fficee is assumed to be
proportional to exposure time) nearly linearly dgriinitial irradiation stages.
At elevated fluences, however, values of the effectecombination lifetime
Ir measured by the MW-PCT-E technique on diodes apiplied electric field
start to saturate. This can be easily understooad Inyanifestation of multi-
trapping effects, when several (recombination arapping) centres act
together, due to effective point defect generationng irradiation by protons.
Saturation of the effective recombination lifetinfghich averages the carrier
recombination and multi-trapping rate), correlatesl with enhancement of

leakage current relative to the irradiation expediume scale.

® 2
40-0 4.0x10%  80x102 1.2x10° P (CM”)

Experiment:
¥ leakage current
o MW-PCT-E
® |ChCC
Extracted parameters:
------- 1, (MW-PCT-E, IChCC)
1 1

A_g -1, oL
T —(TD +T, )

o
leakage

1 1 1 = O.

0 200 400 600 800 _
texposure (S)

Fig. 5.5. Correlation among the carrier drift/dgfon, recombination and generation
characteristics measurad situ (symbols) and extracted parameters (lines) ones.
These characteristics were measured during 8 Metbprirradiation of a Si detector
by using the induced charge diode current (ICDQJ amected charge collection
current (IChCC) transient method (circles) andhmy technique of microwave probed

photoconductivity with applied electric field (MWEH-E) (squares), respectively.
Leakage current variations with fluence (stars)adse presented.

The presented techniques enable an estimation wétieas of the

excess carrier drift and trapping parameters. Hewewnproved precision in

93



extracting parameters on high resistivity matasdimited by the long Debye
length for Si (£p=40 um for 1 KQcm Si)in the evaluation of the steady-state
depletion width, and by the finite width of theenjed excess carrier domain
(4>6 um for excitation wavelength 531 nm add80 um for red light). These

widths also limit the precision in evaluating theptetion voltage values.

5.3. Variations of barrier capacitance parameters dring implantation

The evolution of barrier capacitance charging aurreansients (Fig
5.6) was measured on diodes pih structure during 1.5 MeV protons
implantation. The protons beam current was Kggpi=1 nA. Evolution of
barrier capacitance charging current transientl wradiation exposure time
can be explained by simultaneous increase of theespharge (SC) region
generation current, of the dielectric relaxatiomdi and of the consequent
enhancement of series resistance within diode kegen, as can be seen in
Fig. 5.6. For the very initial irradiation stagéise typical barrier capacitance
charging currenti§(t)) transients are observed (Fig. 5.6 (a)) for titbar short
(4.5 us) LIV pulses. These transients indicate rathetr deeectric relaxation
processes witlty,<< 7. An increase of the irradiation exposure time leads to
the enhancement of the SC generation current atigetancrease of the total
current, observed as the increment of the BELI\ha&igamplitude in Fig. 5.6
(a). For rather short LIV pulses this amplitudeusaties, asyc is increased,
due to enhanced series resistance within eledtricalutral region (ENR), as
the density of equilibrium carriers rapidly fallewin through recombination,
when the density of radiation induced defects iases with fluence. This also
leads to an elongation @f,. Therefore the typical transients of barrier civagg
currents can be observed only when the duratiornthef LIV pulses is
significantly increased (Fig. 5.6 (b)). The SC gatien current also increases
and it is observed as an increment of the BELIVnaigamplitude. The
prevailing of SC generation current over barrigpamatance charging current

can be resolved for LIV pulses in the time scalgmp=450pus (Fig. 5.6 (b)).
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Then, the time instant, for which total current mmom (.00 150 us) is

reached, can be separated.
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Fig. 5.6. Evolution of BELIV current transients thg 1.5 MeV protons implantation
at different LIV pulse durations: 5 us (a) and $G0(b).

The decrement of carrier recombination lifetime JAlrevealed by the
MW-PCT measurements, leads to a reduction of dujwitn carrier density
within ENR and to an increase of generation currdaé to emission of these
captured carriers within SC region. So, the resulfs these in situ
measurements of the MW-PCT and BELIV charactegstmrelate well, when

comparing the controlled characteristics as a fanatf irradiation fluence.
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5.4.1n situ control of leakage current characteristics

Control of the leakage current in diode structudesing thein situ
experiments was employed to follow changes of #greefrating particléen situ
generated excess carriers, of impact of the nuchidactions and relaxation as

well as of the cumulative increase of the leakageent due to collected
irradiation fluence.
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Fig. 5.7. a- Diode leakage current as a functioniraidiation time. The steps
correspond to increase of the proton flux. b- Leakeurrent relaxation due to radio-
nuclide decay just after proton beam is switchdd-of

During the initial irradiation stages, a proton imeaurrent was kept
rather small (of about 0.5 nA) to decrease noiseb the impact ionization
avalanche breakdown effects, inherent for the édelvgroton fluxes [60].
During the irradiations also the beam current {luex) was altered to measure

more precisely variations of the carrier recombordtransport parameters
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within the diode base material ascribed to differerposure instants. The
simultaneous monitoring of the leakage current agagkthe corresponding (to
change of proton beam current) clear steps of gakarrent increase, as seen
in Fig. 5.7 (a).

These changes appear due to excess carrier genebgtiprotons [60,
61], and due to enhanced thermal emission fromat@di induced carrier
traps. Control of the total leakage current is alseful for estimating the
impact of radio-isotopes produced by nuclear reastiduring the proton
bombardment. The impact can be deduced by measuhegrelaxation
characteristic of leakage current (Fig. 5.7 (b¥her in between of beam

current change steps or just after switching a#fghotons beam.

Summary of the main results described in the chapte
[A10, A12, A16, A17, A19]

A multi-functional instrument and techniques sugafor the in situ
(during procedure of irradiation by high energy tprs) and simultaneous
(combining various techniques) monitoring of theolation of radiation
defects and of changing of functional charactesstf Si particle detectors
have been proposed, designed and approved. THeegcteristics measured
by techniques based on microwave probed variatdrearrier recombination
parameters with applied electric field, and thogang@ned by the current
transients and based on charge collection due rieecalrift-diffusion flows
correlate well. Changes of the operational pararsetdé the Si detector
structures have been additionally monitored durimgadiations by
measurements of leakage current which is remotsiyralled.

Thereby, the designed technology of combined measenmts of barrier
capacitance charging current and of induced cheugeent pulsed transients
as a function of irradiation fluence enables onexaminen situ an evolution
of radiation defects and to determine a degradatan operational
characteristics of device structures post-irradigtby evaluating the changes

of depletion width and of leakage current devicearabteristics and of
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simultaneous variations in carrier recombinatioeneyation and transport
parameters in the irradiated material.

A small impact of radiation defects on both signriea drift/diffusion
parameters and more complex variations of excessecaecombination
trapping lifetimes during irradiation have beenaaed. The excess carrier
transit, recombination and diffusion lifetimes haveeen evaluated by
combining ICDC/IChCC current and microwave probdubtpconductivity
transient techniques. It has been revealed thamesalof the effective
recombination lifetime measured by the MW-PCT-Ehteque on diodes with
applied electric field start to saturate. This saion is explained by
manifestation of multi-trapping effect, when seVeentres of different species
act together. Saturation of the effective recomibomdifetime (which averages
the carrier recombination and multi-trapping raw)rrelates well with
enhancement of leakage current relatively to thadiation exposure time
scale.

In situ experiments of barrier capacitance charging cisren
measurements during protons implantation revedlatidarrier recombination
processes determine the increase of dielectricxagm time within
electrically neutral region (ENR) of a diode bas$his leads to the elongated
time scale of stabilization of depletion width. @Gar capture/emission
processes within space charge (SC) and transdiger (between ENR and SC)
regions lead to an increase of generation/recortibmacurrents in the

irradiated diode.
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VI. Spectroscopy and profiling of defects in devicstructures
6.1. C-DLTS and C-V techniques

The distribution of defects within semiconductorustures strongly
determines the functional characteristics of a aeviThe distribution of
defects and certain impurities within structurestaming pn junction can be
resolved by C-V and C-DLTS techniques.

C-V technique for the resolving of defects disttiba profile is applied
by analysis of the ac small test signal respdr(&#;) dependence on applied
voltage. TheR(Ug) dependence for a non-irradiatpoh diode sample, shown

by black circles (Fig. 6.1), exhibits almost noia&on.

O non-irradiated
o-profile:
A Ep =2.0 MeV,

[ e=7x10" plcm’

- % Ep =2.3 MeV,

A P=7x10" p/cm2

A triangle profile:

* E =2.0-2.7MevV,
®=(5-15)x10"" p/cm’

Response signal (a.u.)

Us (V)

Fig. 6.1. Response signal dependence on appliethgeolof the irradiated and
reference industrial FZ $in diodes.

The response peaks at 14.5V and 147.5V appdbese dependences
for samples irradiated with 2.0 MeV (grey trianglasd 2.3 MeV (light grey
diamond symbols) protons, respectively (Fig. 6ad9mplementary, a profile
of respons& variations obtained for the sample with a triargh@pe radiation
damage profile, is represented by dark grey starBig. 6.1 and shows an
increase oR going from the metallurgic junction to the mostrémed layer
position.R reaches a maximum at the same voltage, as detafrfang.0 MeV
protons. Then, signd& slowly decreases with enhancement of depletioarlay

width over the rest base region. These observatayasexplained by the
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competing impact of the displacement and generatiorents orR, when dc
voltage Ur governed depletion boundary crosses the diffgreddmaged
material layers.

Variations of DLS signal corresponding the disttibn of density of S
impurities for majority carrier traps and C, Cu fine minority carrier traps
within depth &) of technologicalpnp structure, obtained by differential C-
DLTS technique, is presented in Fig. 6.2. Measuremwere performed by
controlling the variations of peaks within DLTS sfrem ascribed to S, C and
Cu impurities. Variations of the amplitudes ofptrlling pulses allowed of

scanning of 2@um depth within the base regionpnp structures.
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Fig. 6.2. Variations of the DLS signal correspomgdin a distribution of density of
impurities within depth ofpnp structure obtained. The distance is measured in
respect to thenjunction.

It can be seen that density distribution of mayoc#rrier traps is almost
homogeneous within structure while minority cartiexps exhibit a diffusive
profile. This result indicates that S impuritiesgimi have been existed within
initial Si substrate, while C and Cu impurities hignave been unintentionally

introduced during high temperature technologicatpdures.
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100 T Protons irradiated diode:
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Fig. 6.3. Variations of DLS response signal coroesiing the distribution of density
of divacancies Y (0.43-0.46 eV) within diode base region irradiatsd2.0-2.7
MeV protons at a fluence @=(5-15)x10" cm?.

Variations of the DLS signal, correspondent to striiution of density
of divacancies (¥") in Sipin diodes with induced triangle defects distribution
profile of radiation defects, formed by the 2.0-2MfeV protons with
@=(5-15%10" cmi? fluence irradiation, is presented in Fig. 6.3décrease of
density of W™ is observed moving away from the metallurgic jimrct
However, the voltage source for the depletion ef blase region provides 20
V, therefore the diode base can not be fully depleind the signal is reduced
at higher depletion voltages. Nevertheless, th& Wensity distribution within

vertex of the triangle profile can be easily dedltem Fig. 6.3.

6.2. Photo-ionization spectra probed using BELIV tehnique

Deep level transient spectroscopy is traditionallged for the
monitoring and characterization of deep levelsemigonductors by measuring
changes of either capacitance [44, 62] or currég]. [ Photo-ionization
spectroscopy [64] can be an alternative tool witle advantage that the
measurements can be performed at room temper&oremon measurement
regimes in application of the mentioned method$uthe temperature scans or
low temperature experiments, when only processesanier emission from

deep levels are controlled. In this section, anepke for spectroscopy of deep
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levels within junction device structures based oeasurements of barrier
capacitance charging current transient changestauadditional spectrally
resolved pulsed illumination is proposed. Thidhteque allows simultaneous
monitoring of the changes of excess carrier cagnceshort emission lifetime
based on spectrally varied deep level filling/enmpdyin the junction structures
of semiconductor devices.

To describe principles of the BELIV-IR (infraredlilped spectroscopy
technique, a common depletion approximation [44]applied. Then, the
barrier capacitanc€y(t) = e5Swy(t) temporal {) changes under LIV pulse in
n-type junction layer is ascribed (within this siifipd approach) to variation
of a depletion width

2e£,(U,, + At) 2
Ge(Np +(Ny —ny ()"

Without additional IR illumination, the time depend changes of the charge

(®)

w, (t) =[

g=CU within the junction, determine the current transig(t):

At
1+
v dg_ diG,mu)] _ 20, t n,0
0= g = e A R N, ) 0P
Ubi

This transient contains the displacement and cdnaliyccurrent components.
The latter component arises within transitionaklagdue to free carrier “tail”)
at depletion boundary caused by prevailing of eathiermal generation (from
Ny traps) with increase of the depletion widtl(t) under reverse bias LIV.
Here, it is assumed that trapped (&) carriers are released according to
ng(t)=ngeexpct/ ), with steady-state Ny filling) concentration ng. The
thermal generation lifetime,,=1/[ ggmvrNcexp(E4ksT)] is a function of the
emission cross-sectiogy,, of the thermal velocityy, of the density of states
in the conduction bandc, and of activationEy) as well as of thermakgT)
energy. As usually, several trap species of diffetgpes appear. Generation

currents from slower and deeper traps contributeisaneously to the leakage
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current, which is expressed agt)=qenwy(t)S7, through the averaged
lifetimery as well as through intrinsic carrier density

At room temperature, values of carrier thermal gatmen lifetimes,
even for moderately deef;€Eq<Ec) donor-type centres in Si, appear to be in
the range from a few ns s (Fig. 6.4 (a)) for traps witlry, in the range of
10 — 10™ cnf. Therefore, only traps with short carrier captiifetimes
(Teapl Ten< 1) can be filled. Carrier capture lifetintg,y, is a reciprocal function
of the trap densityNy: Tap—1/0smviNg. Thus, impact of generation current
ascribed to the single type traps can be obsenalen initial recess within
the BELIV transients when density of these tragsra@aches to or exceeds the
concentrationNp of shallow dopants. The simulated (using Eq. ®ELIV
transients (curves 1-3) obtained varymgare illustrated in Fig. 6.4 (b). It can
be noticed in Fig. 6.4 (b), that initial recesshimntthe barrier charging current
transient is observed when rather large densitgitélly filled traps exists. In
the opposite case, when several species of trapgpeate in capturing free
carriers, only partial and rather low filling ofetbe traps is possible (carriers of
low density are redistributed among different tyag$ien, generation-leakage
currentiy increases with LIV voltagéit, and can exceed the barrier charging
current in the rearward phase of the transient. Tescending charge
extraction (displacement current) component andaseending generatiag
current component imply the existence of a curramtimum in the current
transient [A12], which can be highlighted usingreased LIV pulse duration.

Photo-ionization of trapped carrierg by using short (fs) pulses of
spectrally well resolved IR light enables one ttedmine parameters of deep
traps and state of their filling. Short IR pulsdahwincidenthv energy photons
of surface densiti(hv) integrated per pulse duration makegshape (~0.2 ps
within scale of BELIVus pulses) optical emission of trapped carrierkyifits

to Ey and cross-sectiod,, . of photon-electron interaction is sufficient.
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Fig. 6.4. a- Simulated thermal emission lifetimésl&0 K (1,2) and 300 K (3,4)
temperatures for traps with emission cross-sectims10'® cn?® (1,3) and
0=10"c? (2,4), respectively. b- Simulated barrigipE7x10" cm®) charging
current transients when carriers of different dignsjo trapped at deep donor centres
(Ng=1.2x10* cm®) are released thermally (1-3 curves) and by sRolight pulse (4).

The cross-sectiom,. . for electrons located in deep levels is widely,[44
64] described by the Lucovsky model [65]:

BE(Z;.IZ (hV _ Ed)3/2

0,.(hv)= (h)?

(6.3)

where B is a multiplicative factor. The spectral changes leé tibsorption
coefficienta(hv) due to photo-ionization can be described by
athv)=o . (hv)ng,. (6.4)
104



This change of the absorption coefficient can b&rofied byhv light induced

optical transmission measurements. IR induced ahear measurements are
performed in nearly wave-guide regime within laykrdevice structures.
lllumination by IR light pulse of surface denskyhv) leads to density of the

photo-emitted carriers:
ng =0, (hv)n,F(hv). (6.5)

By substitutingny Eq. (6.5) (withng =ng(t)), into Eq. (6.1), a value for the
barrier capacitance charging current due to phaizgation can be extracted.
The simulated (using Egs. 6.1 and 6.5) BELIV transicurve 4) is illustrated
in Fig. 6.4 (b). The filling factorng/Ny can be controlled by combined
measurements of peak value or(hv) (as well amng) as a function of},,,
and saturation of these characteristics indicdtescomplete photo-ionization
of Ny traps. Generation current parameters can be exttraoy combined
analysis of the BELIV current transients measureith vand without IR
illumination. Photo-ionization within electricallpeutral region leads to a
reduction of the dielectric relaxation time andtbé serial resistance in the
junction structure. The enhanced density of excessers within electrically
neutral region decreases duration of the initse to peak current, as discussed
elsewhere [A14], and results in a thinner Debye@tlerof the transitional layer
nearby the depletion boundary.

Activation energy E; of Ny traps can be evaluated by spectral
measurements of changes in BELIV current transshiaipe and initial peak
amplitude and using Egs. (6.3-6.5). These speatealsurements are as usually
started from the long wavelength wing to avoid diameous trap
filling/emission from deeper centres. ValueEfcan be evaluated as quantum
energy hv for which the red-threshold of the IR modified increase is
observed. AlternativelyEy; and o,4{hv) can be estimated by combining
simulations of the BELIV current amplitudes based=ms. 6.3-6.5.

The simplified description of principles of the leeque of photo-

lonization probed barrier capacitance chargingsiearis is presented above by
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analyzing the donor type traps. Both acceptor amubd type defects acting
together can be found in real experimental prac#gelysis of such models
(when acceptors behave like compensating centre#e wWonors are able to
follow fast changes in pulsed voltage) could benfbe.g. in monograph [44].
The BELIV-IR (infrared) pulsed spectroscopy techuaqis preferential to
evaluate material characteristics at room tempegattnen density of traps is
large. However, an impact of the electron-phonderactions within room-
temperature photo-ionization spectroscopy should elsémated. In high
resistivity materials, deep traps of high density gartially filled due to lack of

free carriers.

6.3. Instrumentation for pulsed spectroscopy
A schematical representation of the measurementiseteeded for

implementation of BELIV-IR pulsed spectroscopyh®wn in Fig. 6.5.

EF;::_”E:G ) Mono-polar photoconductivity
i change of E-l.'l-;:ll'gE' ﬂ;e capacitance
CL-
—{ coupling DUT- device —————
laser e S ==
Ry osan—= [ |
-

OPO-optical DF G- differential el = =
parametric frequency
oscillator nerator

SPG - /1 GLIV- generator
synchro-pulse of linearly
generator incre as’ng voltage

——
Fig. 6.5. Schematic representation of the measuremmetup. In the inset (i) the

illustration of monopolar excess carrier generattosketched.

The barrier charging current transients have beed as a probe for the
analysis of the excitation spectrum resulting frpoised illumination with
variable wavelength light of the device under teshg a differential frequency
generator (DFG) coupled with an optical parametiscillator (OPO). The
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OPO-DFG laser system enables to vary the illumamatvavelength A) in the
range between 1.2 and futh with a precision of 100 nm using 100 fs pulses of
the main coupling laser (CL). The triggering systefmthe main laser also
generates synchronization pulse which starts th€ generator (GLIV)
through a synchronization pulse generator (SPG).

The SPG forms a pulse of suitable duration to etk sequence of
LIV pulses and, thus, the optical (OPO-DFG) ancteleal (LIV) pulses are
synchronized. The OPO-DFG illumination of the deviender test (DUT)
leads to photo-ionization of carriers from theefilldeep traps. The pulsed light
biasing has been used to modify the occupationhef ttap states and to
highlight the dominant components of current. Theamination wavelength
range of 2 to 1Qum determines a monopolar excess carrier genergisn
sketched in the inset of Fig. 6.5), which causet lBogeneration curreniy)
within the space charge region (SCR) of the jumctemd a monopolar
photoconductivity within the electrically neutraégion (ENR). The photo-
lonization caused current changes are analyzeailyat of the shape and the
amplitude of the barrier capacitance charging cur(BCC) transients. These
BCC transients are registered using a ®0load input of a DSO6012A
oscilloscope. Additionally, the measurement cimguitontains the adjustable
output of a generator of linearly increasing vo#ta@LI1V) and the device
under test (DUT), connected in series. The otheanohkl of the digital
oscilloscope is used for synchronous control oflithesarity of the GLIV signal

using a signal differentiating procedure installethe DSO oscilloscope.

6.4. Deep level spectra in thyristor structures andradiated detectors

The BELIV-IR (infrared) pulsed spectroscopy teclugigvas applied to
analysis of deep level spectra in the Si thyristod pin detector structures.
Industrial non-capsulated Si thyristetpnp structures with well defined layer
thicknesses and dopindlg=7x10" cm?®, phosphorus doped n-layer) densities

were used for recording deep level spectra in a|BBthick n-Si layer. The

107



tentative measurements on deep level transienttrsgeopy (C-DLTS) in
these n"pnp structures showed technological contaminants ghificant
density within n-layer. Also, a set gfin diodes of CERN standard were

investigated.

6.4.1 Deep level spectra in thyristor structures

For an n-layer containing a high density of deempdr the barrier
capacitance charging (BCC) current transieAt @nd C-type transients
illustrated in Fig. 6.6 (a)) contains an initiacess. This recess within a BCC
transient indicates a reduc&dC,(t/0) barrier charging current due to trap
filling. It can be seen in Fig. 6.6 (aB-type transients), that an illumination
pulse of fixed density and at a fixed wavelength4 um) restores the initial
peak associated with the barrier charging curfBms happens when emptying
of the carrier capture donor-type centres in thdemal is saturated by a
sufficient density of illumination K(hv)). Due to the emptied centres, the
initial recess disappears in the BELIV transiehtcdn be also inferred that
value of the carrier capture lifetime determines thlaxation of the value of
the initial current peak associated with the bawtearging (Fig. 6.6 (aB-type
transients). The photoconductivity current can bditeonally estimated by
analysis of the pedestal signal between the segsarf®-type transients. The
amplitude of this pedestal signal decreases togetlih that of the BCC
signal. The evolution of BCC transients illustrated-ig. 6.6 is obtained only
for fixed wavelengths of IR illumination.

Varying the wavelength of this OPO-DFG IR pulsédniination, a
spectrum of deep levels is obtained. Additional soeaments of the
capacitance voltage (C-V) and current-voltage (leWaracteristics on thyristor
structures, by separately connecting the diffejamttions of the structures to a
measurement circuitry and by using the same samplelscated a large
leakage current. The capacitance dependence oactlest signal frequency
suggests that the characteristic lifetimes of earcapture are of the order of

magnitudel] 1 us. This is directly corroborated by the analysishef shape of
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BCC transients observed for different intensitiek tbe OPO-DFG IR

illumination, whereby the generation (leakage) entrdominates over the

barrier capacitance current for GLIV pulse duragionzs >1 ps.
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Fig. 6.6. a- A sequence of BCC transients measumed Si thyristor junction
structure A indicates a typical transient determined by ca#pture into deep traps
before IR illumination pulseB shows a modified BCC transient just after IR
illumination (=4 um) by 100 fs pulse, and illustrates the recovered BCC transient
after photo-ionized carriers are re-trapped by dmsyires. b- Relaxation of the initial
amplitude of the B-type transients within semilaglse and evaluation of the carrier
recombination/capture lifetime. c- Generation cotras a function of (1d(t)/Uy)Y?
and LIV pulse duration. d- C-DLTS spectrum measurethe Si thyristor junction
structure. The DLTS peak ascribed to a single a@twhsylphur (S) dominates, and S
—-S as well as sulphur vacancy (S-V) associated peaksipreted according to
[66-68], are also denoted.

To verify the existence of defects in the n-baggore and to identify
the traps responsible for the generation curreADLTS spectra have also
been recorded on the same device structures (Fagdp. The prevailing peak
in the range of 150 -200 K is obtained in the C-BL3$pectrum which is

ascribed to the sulphur contaminant impurities §86-with activation energy
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of 0.3 eV and cross-section a@fy~5%x10"° cnf. Due to high density of
technological contaminants, only qualitative evara of trap concentration
and other DLTS signatures is possible when trapsitierapproaches to or
exceeds the doping density.

The obtained DLTS spectra actually corroboratedettistence of deep
traps as revealed by the BELIV-IR spectroscopy mmessents. Our results
illustrates that the proposed BELIV-IR pulsed spesstopy technique permits
time resolved spectroscopy with the simultaneouterdenation of carrier
capture and emission lifetimes. Calibration of ilhemination density at each
wavelength (simultaneously measured in our expeariglewould enable to
determine the concentration of each of the degpstrasolved as a spectral

peak in the n-layer of th& pnp structures.

6.4.2 Deep level spectra in the irradiated detecter

Prevailing of the barrier charging current (Figl)has been observed in
Si pin detectors irradiated with a rather low fluence refctor neutrons
(@<10" n/cnf). The photo-ionization peaks probed by the BELIwtrent
transients are determined varying illumination daduv.

Evolution of the barrier capacitance charging (BCGansients,
illustrated in figure 6.7 (a), as a function of ihemination wavelength for the
same quanta flux (calibrated OPO-DFG energy pesg)ukhows photo-
ionization peaks. These peaks associated with aitiiv energy values of
E;=0.3£0.02 eV, E,=0.41+0.01 eV andE;=0.51+0.01 eV (ascribed to
divacancies of different charge state, 'V V., and defect clusters,
respectively) have been revealed in an n-Si layén & dopant density of
Np~10'* cm® irradiated with ®=10" n/cnf. The best fit of these peaks,
simulated by using Egs. 6.1-6.5 (aidb{(N,-n,(t))] when necessary, witN,
the density of acceptor-type traps and their temp@iling ny(t)) can be
associated with well-known [5] deep centres asdriteeradiation defects. In

Fig. 6.7 (a), it can also be noticed, that the wagplifetime varies for different
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deep traps, as deduced from the BCC amplitude teducate within a

sequence of transients at fixed illumination wangté.
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In Si pin detectors irradiated witl=10" n/cnf fluence, when the deep
trap density exceeds that of the shallow dopafis, generation curren
dominates in the BCC transients, even when usieghilghest illumination
density of the OPO-DFG source, being the IR spattluightest laser, and
rather short LIV pulses. The evolution of the BGansients shown in Fig. 6.7
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(b) can be explained by a simultaneous increagsbeoSC generation current
(iy) and of the dielectric relaxation time. This leddsan increase of series
resistance of the ENR n-Si region. A high densftgeep traps also leads to a
partial filling of the different deep centres dweatlack of “native” equilibrium
carriers which is determined by the shallow doparitsow (Np=10"2 cmi®)
concentration. Then, deep traps characterized &éyahgest carrier emission
lifetime (i.e. the deepest centres) which excebdscarrier capture lifetime can
be filled. This prediction is proven in our expeemnts on the Spin detectors
heavily irradiated with neutron fluences in thegarof ®=10"to 10° n/cnf,
when a threshold for photo-ionization is observeddguanta of energyv&0.5
eV. The BELIV-IR spectral peak revealed in Fig. @Y can only be obtained
for an OPO illumination wavelength ak1.2 um, which is close to the inter-
band excess carrier photo-generation. This illtstrathat the BELIV-IR
spectroscopy technique is applicable even in tke oéa high density of traps.
One of the limiting factors in extracting the aetion energy value
(when using threshold wavelength for photo-ionmatiof definite traps) is
spectral width4(hv) of OPO radiation. The spectral broadening of dtsged
radiation is aboutd(hv)=10-80 meV, and this broadening increases with
wavelength. However, at room temperature, relativehallow levels are
thermally ionized, andi(hv)/hvi12-20 % for the observed peaks. OPO pulses
of ps duration are preferential to reduce sped@adening of tuneable
wavelength IR illumination. Actually, illuminationat peak wavelength
dominates within photo-ionization of trapped cagievhen using fs pulses.
The BELIV-IR spectroscopy technique is preferentiilen traditionally used
methods (e.g. TSC — thermally stimulated curren®08 K and DLTS at high
density of several species traps in samples wiieleeakage 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 aficfions within
layered structures can be resolved by employingghdli modified
measurement setup of the BELIV technique. A skefameasurement setup is
presented in Fig. 6.8. Current transients are mmedsusing a 50Q load
resistance and measured by oscilloscope. Addilgnahe measurement
circuitry contains an adjusted output of a generatb linearly increasing

voltage (LIV) and a junction structure under invgation, connected in series.

metallized
electrode

¢

needle probe
i ses0 %4 precise

under test

4 |.|:| R.=50 Q
metallized electrode oscilloscope

Q

Fig. 6.8. Sketch of the circuitry for the implemaindn of BELIV profiling.

LS - cw IR light bias

The cross-sectional boundary of a layered junctgructure is
scanned by a gold needle-tip positioned by a peei® stepper. The micro-
structure of the needle-tip (making a slightly mawmic electrical contact)
determines the appearance of the spreading curbemgeen the main plate
electrode (a deposited metal layer) of a relatiVatge area and the needle-tip
on a boundary of a structure located (perpendilsutar the main electrode)
within a definite layer and at definite depth poifdthe electrical contact
between the needle-tip probe and sample is coettoby reaching the
maximum current and manipulated by pressing thelleegrobe. Position of
the probe on boundary is changed by pull-shiftgm@®cedures in sequence
using a 3D stage and keeping a fixed pressure @mepiThe boundary of the

samples for depth profiling must be as smooth asipte. The needle-tip is
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sharpened by mechanical/chemical procedures. A leongntary continuous-
wave infrared (IR) light source, either a laserhwitavelengths in the range of
1 - 5um or a photo-metric 350 W lamp, is employed to e/ filling of deep
centres.

6.6. Profiling of pin and thyristor structures using BELIV technique

The models presented in chapter 3.3.2 (for parakelfiguration of
plate electrodes) are employed to describe the umegstransients. For
electrodes of the perpendicular configuration, whemeedle-tip is positioned
on the cross-sectional boundary of a parallel-diatered structure, the current
spreading effect should be included. The spreadfngurrent in a material of
resistivity o acts as a serial resist®&=0d/S; introduced into the BELIV
measurement circuit. Herggs and Sy are the effective length integrated over
the current trajectories and an effective areamimétion of spreading currents,
respectively. The latter is very sensitiveRg changes. The simulated (using
TCAD software for specific configuration of probeb$tribution of potential is
illustrated in Fig. 6.9.

plate metal electrode Si

€ 1001
= 1 Electrostatic potential (V)
i 2.0<10'
80+ 1.7x10'
. 1.4<10'
1 N 1.1x10
il 8.6+10°
60f 5.8x10°
i 3.0x10°
{ 2.3x10™
40+
20
0- _
100
(um)

Fig. 6.9. The simulated (using TCAD software foeagfic configuration of probes)
distribution of potential.
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For a high symmetry of the measurement configunats in common
spreading resistance measurements, the approxmig#ifi.;=1/2a (herea is
the diameter of the probe) can be used. Actudily,rather low symmetry of
the geometrical configuration used in the presdntlys does not allow
simplifications. Therefore, complicated numericah@ations (starting from
the solution of the Poisson equation) are inev@ablmodel the changes of the
transients during profiling. It can be noticed iig.F6.9 that the concentration
of the electric field and consequently of the cotrdensity is significantly
enhanced at the beginning (edges) of the probes,Ttha spatial resolution of
profiling can be higher than that evaluated ushregdiameterd) of the needle-
tip-probe. To evaluate the ratio QRffS.+ and the absolute values B§ Np a
calibration procedure should be used which cands&pned by varyindJp,
In,, R and using a set of material samples combined witkefinite probe
system.

This profiling technique was applied for th@n diode structures
(presented in Fig. 3.1 (b)) for evaluation of dagagistribution and depths of
junctions. The specific variation of the BELIV tsaents is illustrated in Fig.
6.10 (a).

Profiles of the peak amplitudes and of durationghef BELIV pulse
TeeLv @re shown in Fig. 6.10 (bige v is the time interval between the barrier
charging current peak and the end of LIV pulse whgrthese peculiar points
can be distinguished precisely. For locations ofAanprobe within a cross-
sectional boundary (shifting the probe by 3D stame}he vicinity of the
metallic plate electrode and of the high condustivémitter (p) layer, the
amplitude and shape of the BELIV transient is clusé¢hat of the LIV pulse
(Fig. 6.10 (a)). The decrease of the peak amplitaderobe locations within a
relatively high resistivity layer is determined the spreading resistance (due
to the needle-tip probe). Thus, the BELIV transisngoverned by the main

junction of the diode under investigation.
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Fig. 6.10. a - Variations of the BELIV transientsdap’'nn’ structure of gin diode
for a probe positionedk) within different layers. b- Variations of the alitypde and
the BELIV pulse duration, obtained by depth-scarth®p nn’ structure.

The shape of the registered transient is inhemmnthie diode which is
reverse biased by the LIV pulse, in this case. nTleerise of this current is
either significantly stretched within the initiabht of the BELIV pulse or even
shifted over the time scale (Fig. 6.10 (a), cufieedocation of probe at 50 and
100 um) causing a shortening @g . An increment oRC, induces a shift
of the current peakAGC,, towards the longer time scale relatively to the

beginning ofzp; and to the initial step aUp/dt for the LIV pulse.

116



pnp structure
' " . 1 in dark
—~ | With bias
5 901 5 illumination density:
© [ 2===-1=0.03x|
N—r’ 40 - l max
= _ 3—--1=0.22xI__
% 30t 4 4= =1=0.34xI
) l/ ?/~ 2f2= ;-:’.T'.S.T:.—JZ:IT%—
5 - './.--""-J" * ]
] 10H,~ 1 .
m O . 1 . 1 . 1 a -
0 4 8 12
t (us)
= 10— 500
3. % Q|
% % " pnp structure s g%(' 450 _
S 10°tF @~ e Amplitude | U:}_
%- ° % * +TBELIV * ? S
e pnpn’ structure 8 | >
% 10' o o Amplitude < 81400 m
’ MOOB o 8 [o] C.) o C.) o **3 i m
T 10° %’*’3 9f§ "
c o #1350
_(%) 10_1 ® RSMRLUP/UampI b ..‘

0 100 200 300 400
Probe position (um)

Fig. 6.11 a- Bias illumination (Bl) density depentecharge extraction current
transients measured at a fixed position of a nepdibe (within the n-type bulk of
the pnp structure) for the same reverdéy) voltage of LIV pulses. b- Comparison of
the amplitude (black solid symbols) amgk v (grey stars) profiles fopnp (solid
symbols) and completely fabricated thyristor (opgmbols) structures.

The amplitude and duratiornz€, ) of the BELIV transient are restored
(Fig. 6.10 (b)), by moving the probe from the higtheesistance (n-base) region
towards enhanced conductivity layer)(nThe regeneration of the amplitude
and the reduction of the delay for transients teggsl behind the nirinterface
are caused by the decrease of the resistivity withe ri-layer and by the
decrement oRs. Then, nearly the whole rinterface acts as another parallel-

plate electrode leading to an increased effectiga.arhe range of the inherent
117



changes in the BELIV transient (for both the anudé andzzg ),) clearly
indicates the geometrical dimension of the layethef highest resistivity over
the structure, Fig. 6.10 (b). Fitting of the simath characteristics to the
experimental data enables to extract the parametesjsreading resistance and
of barrier parameters.

A crucial impact of impurities induced deep centmes the BELIV
profiling has been found withipnp structures and on commercial’pnp)
thyristor structures. Therefore, the BELIV techraduas been applied in this
case using also additional steady-state infrared ldiumination (Bl). For
layers containing a high density of traps, the BElttansient (illustrated in
Fig. 6.11 (a)) recorded for a single scan pointt@mis an initial recess. The
latter observation indicates a redu@ed,q barrier charging current due to traps
filling, if density of Bl is insufficient. This imact of traps can be highlighted
or suppressed by the enhancement of the steady-Bitatensity. The initial
recess in the BELIV transient disappears with iasireg IR light density, Fig.
6.11 (a). The disappearance of the initial recesshe BELIV transient
indicates that carrier capture centres are fillad eecombination current is
reduced. The profiles of the amplitude of the BELBSponse (measured with
proper BI) obtained fopnpandn’pnpstructures are illustrated in Fig. 6.11 (b).
These scanned profiles are associated with thete(deatial dimension) of the
doped layers and of interfacegn(and np) between them. The drop of the
BELIV amplitude, obtained going from p- to n-layeepresents a change in

doping from 16" to 10" cm®.

Summary of the main results described in the chapte
[Al14, A15, A18, A20]

It has been demonstrated that distribution of defand of certain traps
can be alternatively evaluated by employing C-V @ADLTS techniques.

The proposed BELIV-IR pulsed spectroscopy techniquan be
employed as a powerful tool for the examinatiordeép levels in the junction
area of semiconductor device structures at roonpéeature. This technique
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allows for the simultaneous measurements of thescarrier capture and
short emission lifetime within the resistive jurmctilayer of a semiconductor
device structure. Spectra measured by the BELI\piRsed technique have
been compared with those registered by C-DLTS @ dhme Si thyristor
structures in the case that the dopant densitylasecto that of the trap
concentration showing good agreement between botinitques.

The activation energy of the trap within bandgas waaluated to be
0.3 eV and ascribed to sulphur impurity within S@mple ofp"npn structure.
The photo-ionization peaks (within measured spetwith activation energy
values ofE;=0.3+0.02 eV E,=0.41+0.01 eV and;=0.51+0.01 eV in an n-Si
layer with a dopant density 6f;~10" cmi® irradiated with@=10" n/cnf were
obtained.

The distribution of dopants density as well asdkpth of junctions of
layered structures can be evaluated by employiegBtELIV technique for a
cross-sectional scan of the boundary of the stractith a needle-tip probe.

Thus, the designed BELIV technique of barrier c#pace changes
under linearly increasing voltage pulses and imsé&mntation, implemented by
applying either cw or pulsed bias illumination afferent intensity as well as
of spectral range, can be employed for spectrosapy for profiling of

impurities and radiation defects in Si junctiorustures.
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VII. Modification of the switching characteristics of power pin rectifiers

The switching characteristics gbin rectifiers can be effectively
modified by employing protons implantation at vasso depths and
consequently creating various profiles of enhancedombination region
within the diode base. In this chapter results o¥estigations of the

modifications of switching characteristicspm diodes are presented.

7.1. Irradiation regimes

Commonly gold diffusion procedure is included withiechnological
route of production of these diodes for the modiien of reverse recovery
time (RRT) parameters. However, gold diffusion mdure was omitted from
the technological route of production of these dasipThese samples were
irradiated by protons at Helsinki University Acaa®r Laboratory (HUAL) in
order to achieve fast (~140 ns) switching rates angbft reverse recovery
characteristic. The irradiation regimes were siaday employing the SRIM
— Stopping and Range of lons in Matter softwarg.[6Be penetration depth of
protons into a sample is dependent on protons gnasgshown in Fig. 7.1 (a)
for Si and Al targets. The irradiation regimes wemaulated to create th&
shape (when protons energy is kept constant) aadgte shape enhanced
recombination regions (when protons energy is darigithin n-base of the
diode. The profiles of the> and triangle shape enhanced recombination
regions within diode base are sketched in Fig. TRe simulated depth
distribution of defects irpin diode structure, when protons energyEjs2.0
MeV, is presented in Fig. 7.1 (b).
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Fig. 7.1. a- Simulated penetration depth in Al &dlependence on protons energy.
b- Simulated depth distribution of defectspim diode structure when protons energy
E,=2.0 MeV.
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Fig. 7.2. Structure of diode with indicated and triangle shape enhanced
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The triangle shape enhanced recombination regioresed by varying
protons energy and fluence, as shown in Fig. 7h8.ifradiation is started with
the highest energy (2.7 MeV) to create damageeafuttinermost region of the
base. Then, value of protons energy is decreasedke vithe fluence is
intentionally increased at the same time. Findlg, energy is decreased to 2.0

MeV which ensures damage nearby pfie junction.
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Fig. 7.3. lllustration of formation of triangle gile of enhanced recombination region
within diodes base by varying protons energy inrdrege of 2.0-2.7 MeV.

The irradiation fluence strongly governs the cartigetime changes.
The technically needed carrier lifetime valmel40 ns determines the required
irradiation fluence. Then, the necessary density radiation defects is
evaluated as:

N, = B . (7.1)

Here @ is irradiation fluencef - defects introduction rate which is commonly
evaluated by analysis of recombination lifetimeakigge current, etc.
parameters in samples after irradiation. In Si,itlk@duction rate is evaluated

to be in the range oﬂp:102+1 cmi'. Carrier lifetime relation with defects

density is expressed [44] as
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r=—t (7.2)
VT |]:Tn ENdef

Here,vy is carrier thermal velocitys, — carrier capture cross section. Using Eq.

(7.2) the concentration of defects in Si is expedsss

1
N, , =——— | 7.3
def v, [ [ (7.3)

Typical r values, needed to modify the samples under desig=140 ns,
while other parameters are assumed tossd0’ cm/s,0,<10"* cnt. Then,
density of the radiation induced defects should be
N, =—— =7.1410% cm® (7.4)
v; o, [T

T n

Assuming the defects introduction rgg=10"cm, the irradiation fluence is

evaluated to be:

N
o =—2=7.1410" cm?. (7.5)
B

P
Since defects introduction rate is not well definadvarious conductivity
materials when various species of defects are emeahe samples were
irradiated at various fluences to empirically chedle optimal irradiation
regime. All irradiation regimes are listed in tabel (for &-shape enhanced
recombination region) and in table 7.2 (for trismghape enhanced

recombination region).

Table 7.1. Irradiation regimes whekshape enhanced recombination layer within
diode base is formed.

Sample No | Ep,, MeV | @, plcm™
1. 2.C 7-10%
2. 2.C 7-10%
3. 2.C 7-10¢"
4. 2.2 7-10%
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Table 7.2. Irradiation regimes when triangle-shapdanced recombination layer
within diode base is formed.

Sample 1 Sample 2 Sample 3 Sample 4
Ep, ®x10", ®x10 ®x10" ®x10",
MeV p/cm? p/cm? plcm? p/cm?
2.7 5 1 1 2
2.6 5 1 1 2
2.5 8 15 15 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 athe irradiated diodes
The reverse recovery process is determined by ¢neoval of the
minority carriers from diode drift region during gghing from the forward
conduction to reverse blocking mode. The typical &nearly approximated
reverse recovery current transients and carridrilgigion at different time
instants during recovery process are presentedigs. .4 (a) and (b),

respectively.

n(-d)

T av
RR t

7
di/dt=a

IPR

a b

Fig. 7.4. Typical linearly approximated reverseonssry current waveforms (a) and
change of carrier distribution during reverse rexg\yb).

To reach the soft reverse recovery current trahswmch is described
by the ratio of durations otg) and ¢,) within reverse recovery transient, the
recombination level position within drift region dagarrier lifetime should be
optimized. The softness parame$as expressed as [7]:
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ty (4d "2
S=t=|—-1|= 7.6
t, (b j b7 I, (7.6)
2 d |4
Here used quantities are expressed as:
29gD,|n; —n
bzw; (7.7)
e
nav .
IPR = ZanTi (7-8)
r, D
| e =0 7.9
PR bd F ( )
r.=2r, I'—F - %. (7.10)
PR n

Here, additional symbols are as followsd B geometrical width of drift
region, b is the range where the injected minority carriengity reaches the
average value,, (presented in Fig. 7.4 (b)R, is the diffusion coefficient of
the majority carriersyy. — carrier lifetime at high injection level, andp, —
electron and hole mobilities, respectively. The \ebh@xpressions enable to
relate the reverse recovery duratiaggs reverse current peakgr value at
certain forward current determined by external current generator.

It can be seen that the peak reverse recoveryntwras be reduced by
decreasing they, lifetime in the middle of the drift region. Theater reverse
recovery time can be achieved by reducing ghelifetime and by increasing
the peak reverse current. Assuming that parantetan be varied by lifetime
local killing techniques whem coincides with the enhanced recombination
layer, the optimization of parameters can be reddhe a trade—off. If the
enhanced recombination layer is positioned neahieynbetallurgic junction,
thenS andlrp acquire the largest values, whilgs leads to the shortest RRT
process. If the layer of enhanced recombinatiorshited away from the
junction, thenS andlgp decreases antir increases. Homogeneous or triangle
shape (with shortest recombination lifetime neahsp’n junction and largest

at the end of base region) of induced enhancednreication layer would
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result in fastest switching rates and lowggt However, it is necessary to
evaluate the forward voltage drdagy: dependent on recombination lifetime
profile and its position within the diode base cegi

Forward voltage drogJe within diode base region is evaluated by
integrating the electric field [7] determined byifdrand diffusion current
components as
I kT dAp(x)

Es(X) =
Qe + 4)AP(X)  20.Ap(X)  dx

(7.11)

Here  Adp(X)=4p.exp(-i/ (X))xexp(x/Ly) is the excess carrier
Apn=poreXpOUp/keT) distribution within n-base regiokl,, — voltage drop on
p'n junction due to carrier injection. Then, the fordavoltage drop on
junction and on base regidh=Ug+U,, for a diode with homogeneous defect

distribution profile is expressed as

Uk pom = d: L exg L |-g|+eT] 4 v |4y . (7.12)
‘ r,) " L 20.( L, 74 P
e, + 1, J0p, ex o ’ ’

R

Forward voltage drop in diode wiikprofile of enhanced recombination layer
Is expressed by separate analysis of current coemperfor the diode base

separate regions with appropriateandL, parameters as shown in Fig. 7.5 (a).

+ n + T
P n R p+ n n+
Tr(x=d)--{------o oo
TRav[™
TR(X=0)- |-
Ax, Axg
3 - _
x=0 5 x=d x=0 o x=d
a

Fig. 7.5. Sketch of diode structure with positidndedamage layer (a) and variation
of recombination lifetime diode with triangle enlsad recombination profile (b).

Taking the boundary conditions for excess carnigtribution as
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Ap |x:0 = Apn

Ap |x=Ax1: Apn |x=0 exl{ — AXl ] eX[{_—THJ
Lpl TRl
-3 (-7, (7.13)
Ap |x:Ax1+6= Apn |x:Ax1 eXF{L—] ex;{_"j
p2 Tr2

Ap |X:d = Apn |x:Ax1+6 ex _AX3 exr{__rtrj
Lp3 Trs

the forward voltage drop for a diode wiffshape defects distribution profile is

expressed:

L €X Doy Loz €X AX17+6—ex & Lps| €X AX1+6
U = | F Lpl + i LPZ Lpz L
FJo — + - -
@l + 14 AP, | X P, s €X AP, | s X
Tr Try Tra

kBT{Ax1 5, ( 1 +1+1H+Um

2q, Lp2 Los I T Tg

(7.14)
For a diode containing a triangle defects distrdoutprofile, Ug ; can be
evaluated using (7.12) expression after inserthng dverage recombination
lifetime valuer o= r(X=0)/15(X=d) instead ofzg, as sketched in Fig. (7.5 (b)).
The simulated variations dil- and its components as a function mfare
presented in Fig. 7.6 (a) for homogeneous disiobutof recombination
lifetime within 40 pm base region at forward cutrdansity of 100 A/crhand
at correspondent injection conditions. VariatiodisUz are compared for a
homogeneous, triangle amiishape enhanced recombination profiles within
base region in Fig. 7.6 (b).

Simulations were performed assuming that recomioinatifetime
nearby thep'n junction 7x(x=0) is the shortest and its value increases ligearl
going to the end of the base region and reachedatiyest value equal
R(x=d)=1.57z for a triangle recombination profile. For a&-shape
recombination profile it was assumed that it isifi@sed in the middle of the

base region with recombination lifetingg and width of 3 pm and with lifetime
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of 71z within pedestal between tipén junction and the> layer. It can be seen
that the lowestJr values are achieved whershape recombination profile is

produced while the largest values are within homegesly damaged base

region.
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Fig. 7.6. Forward voltage drop, composed of diffasidrift andp’n junction voltage
drop components (a) and comparidda with homogeneous, triangle arEshape
defects distribution profiles (b) as a functiomr@combination lifetime.

Variations ofUg with positioning ofd-shape defects layer of width of 3
pum within base region are presented in Fig. 7. A&vious 7z values. It can be
noticed, thatUg increases with reduction ak and with shifting thed-shape

layer away from the metallurgig’n junction due to the increase of width of
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region with the lower recombination lifetime pedggtelatively to that of the

non-irradiated region behind tlde layer).
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Fig. 7.7. Simulated forward voltage drop variationgh positioning of dshape
recombination layer forg values of 50, 100 and 200 ns.

Therefore local lifetime modification should be ereered by varying the
position, profile or creating multiple layers withstructure to reach trade-off

between the statidJeg) and dynamic 1zg) parameters of a device.

7.3. Experimental diode parameters after irradiation
7.3.1. Variations of carrier lifetime parameters ater irradiation

Carrier recombination lifetime variations with fhee measured by
microwave probed photoconductivity techniqgue (MWIRPGn 2.0 MeV
protons irradiated Si wafer samples are presentedrig. 7.8. The latter
lifetimes are compared with those obtained in F&irsamples of the same
thickness diodes irradiated with penetrative prstof 50 MeV — 24 GeV
energies. It can be noticed that lifetime valueB42m-Si wafers irradiated with
2.0 MeV protons are significantly reduced relatw that before irradiation
(TR, non-irad=60 HS) and decreases almost linearly from ternftimsuooseconds to
1 ns by varying of protons fluence in the range7sf0'*4x10"* p/cnf.
Moreover, recombination lifetime values in 2.0 Mexbtons irradiated FZ n-

Si wafers are considerably shorter than those mddain samples irradiated
129



with penetrative protons and neutrons [70] of thens fluence. This result
proves that radiation damage is more efficient mith stopping range of

protons than that achieved under irradiation weheirative hadrons.

Protons irradiated Si
10°———————— ¥ MCZ 20-50MeV
FK % Vv sFz 24 GeV/c
i S e A DOFZ 24GeVic
~
—~ 10°F X~ W’ VVP FZ 2 MeV
(2] ¢ N
S ~Y
L ~
e ~ A
1013 1014 1015
2
® (p/cm?)

Fig. 7.8. Carrier recombination lifetime as a fuowctof fluence measured in 2.0 MeV
protons irradiated Si wafer samples and compardial tvose obtained in samples of
various thickness irradiated by penetrative prowingarious energies.

Fluence dependent variations of deep level spéntvemalized to the
most intensive peak amplitude) obtained in protamadiated pin diode
structures withd and triangle-shape of enhanced recombination Ipsofire
presented in Fig. 7.9 (a) and (b), respectively.

In order to separate the overlapping of carrierssian peaks within
DLTS spectra, as well as to avoid seeming theift siie to emerging
additional traps under increased radiation damagé Wluence or defect
transforms due to heat treatments, within intricgpectrum, it should be
simulated by Gauss function. Such a peak separptmeedure is illustrated in
Fig. 7.10 for the diode irradiated with 2.0 MeV fmos at fluence of 16 cmi?.
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Fig. 7.9. Fluence dependent variations of normdlideep level spectra measured in
diode samples containing(a) and triangle (b) shape enhanced recombin&i@rs.
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Five main DLTS peaks within temperature ranges&®8 K, 90-110
K, 130-150 K, 150-170 K, and 200-220 K, have bebtained at the same
lock-in filtering and for carrier injection paranees in the as irradiated samples
containing thed- and triangle-shaped enhanced recombination peofilThe
dominant DLTS peaks are commonly ascribed to a n@caxygen (VO)
complex (E peak), to a carbon interstitial-substitutionalmsocomplex (E
peak), to a di-vacancy of different charged stéfgsind E peaks for ¥~ and
V., respectively), and to a vacancy-oxygen-hydroge®H) complex (&
peak). Non-penetrating protons create efficiently tefects within stopping
range due to the large interaction cross-sectiagh Hlensity of implanted
hydrogen H is a reason for intense generation of the VOH dergs within
stopping range [17, 18]. Therefore, the latter @geak observed at 170 K
prevails with enhancement of fluence in 2.0 MeVtpng irradiated diodes
containing the enhanced recombination layer netitey’n junction. For 2.3
MeV protons irradiated diode, containing an enhdrreeombination layer at a
half-width of the base region, a reduction of akpBais observed relatively to
the di-vacancy ascribed peaks &1d E. This result implies that a depth
integrated DLTS signal exposes an enhanced rotkeoirradiated pedestal of
defects, relatively to a narrodvshape layer. The pedestal prevails in the DLTS
spectrum measured for the as-irradiated diode Wy ®eV protons.
Furthermore, a peak in the temperature range of2DB80K is observed to be
overlapped with additional component within the Hag temperature wing
which is debated [71, 72] as a trap associated wattancy clusters (Y. In
diodes containing a triangle defects distributioafipe, the overlapping multi-
o-shape layers are formed by gradual step-like aharigprotons energy and
fluence. In diode irradiated with lowest protonseiice two DLTS peaks
(ascribed to VOH complexes and vacancy clusters abserved in the
temperature range of 150-180 K compete, as careqe i Fig. 7.9 (b). For
the higher fluences irradiated diode, a peaktarts to be dominating relatively

to a peak associated with,\¢lusters. This might be explained by a more
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intensive production of VOH complexes (due to ahkigdensity of hydrogen
H™) instead of  clusters.

7.3.2. Variations of static and dynamic characteriscs
Reverse recovery time variations dependent on fawaurrent in
diodes, containing a-shape radiation induced layer and a triangle-shape

profile of enhanced recombination region in diodesdy are compared in Fig.

7.11 (a).
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Fig 7.11. Reverse recovery time (a) and forwardaga drop (b) as a function of the
forward current in diodes witld-shape and triangle profiles of radiation defects
distribution.

Value of the forward current in diode represents the density of excess
carriers Ap=l¢/(ge(HetHp)E) (herepe and p, — electron and hole mobilities,
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respectively andE — the electric field within drift region during riward
conduction mode) which should be extracted durimigciover process, in this
case.

Reverse recovery timgyy strongly depends on the layer profile and on
location of the layer containing deep recombinatientres. Values ofzr are
decreased after using all the employed irradiatgimes relatively to the non-
irradiated diodes, as shown in Fig. 7.11 (a). lndiodes containing &shape
2.0 MeV proton radiation-induced layer, the domingecombination centres
determine an increase of recombination lifetimehweicitation level (t).
These deep centres do not govern the short higHl &arrier recombination
lifetime 7y or their density is too low. Enhancement of iredidin fluence (of
2.0 MeV protons) reduces;,. and consequently, thig at largelgs. A shift of
the o-shape layer (induced by the same protons flueogegrts the half-width
of the diode base by the increased 2.3 MeV enefgyaions accelerates the
rate of diode recovery by reducing the absolutee/alf 7zr, as can be deduced
from the comparison of respectivgg-lr dependences in Fig. 7.11 (a). This
might be caused by an enhancement of the densi¥fOotomplexes (which
reducery ) in diode containing a-shape defects distribution profile in the
middle of the base region, relatively to that lacad nearby the junction.
Moreover, the excess carriers recombine immediaféy switching the diode
from on-state to the blocking regime when theshape defects layer is
positioned in the middle of the base region, withneed do diffuse (which
increaseggg) towards the recombination layer (before recommghwhen it is
localized nearby the junction. Formation of a tglenprofile of radiation-
induced recombination centres significantly reduties 7zg values that are
obtained to be the shortest ones, relatively tosdhobtained in diodes
containing ad-shape defects distribution profile, and are neswgriable with
Ie. Physical reasons of the discussed variationggodan be the competition of

the point-like and the cluster-type radiation desd@8] and caused by their
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distribution within entire base region, that ensareapid recombination after
the diode is switched into the blocking regime.

However, due to radiation induced defects, the émdwoltage drofJ-
increases with irradiation fluence for all the feundefect profiles and their
locations (Fig. 7.11 (b)). The largest valueslWyf are obtained for heavily
irradiated &-shape layer located at the half-width of diodeebdkghis can be
explained by the increased integral resistivitytloé base material over its
length and by the serial redistribution of forwaaltage drops on junction and
on elevated resistivity base, when the efficiendy carrier injection is
significantly reduced. Location of a vertex of trgge profile of induced layer
nearby the metallurgical junction concentratesapglied field at junction, but
the enhancement of defects density over the whatihwof diode base
increases the integral resistivity of the base mateand, consequently, the
value ofUr appears to be elevated.

The effect of protons induced defects to leakageeati can be easily
resolved by measuring the I-V characteristics, llastrated in Fig. 7.12 for
diodes irradiated by various protons fluences amergges. An almost linear
increase of a leakage current is clearly observiglil enhancement of fluence
measured in 2.0 MeV protons irradiated diodes (Fig2 (a)), that is explained
by an increase of radiation induced generationresnt

A steep increase of a leakage current has beenl fauelevated reverse
voltages, those values exceed a threshold of >56 W®iodes irradiated by
protons of fluence >7x1® p/cnf (Fig. 7.12 (a), grey dotted curve). A
threshold value of the reverse voltage for detactb this component of the
steep leakage current increase is reduced withneaneement of irradiation
fluence (Fig. 7.12 (a), light grey dash-dotted egrvhis peculiarity might be
cursorily explained as a manifestation of the Peienkel effect due to
emission of carriers from the deep levels at aigafit electric field due to
reduction of a potential barrier at a local trameDo an increase of resistivity
of the locally radiation damaged material areap@all enhancement of the
strength of the electric field is very probable whe depth distribution of a
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voltage drop exists within very narrow (few micrpiode base region. Then
the threshold reverse voltage value (for the steakage current increase) is
reduced if the increment of resistivity is proponl to the irradiation fluence.
Alternatively, the steep leakage current increas® e understood by
involving the current percolation effects for a dayad range of a diode base.
It is well known that large values of an interanticross-section in Si for 2—3
MeV protons is a reason for rather short penematiepth of these particles
and for creation of a high density of cluster defegithin a stopping range of
2-3 MeV protons. The existence of sharply inhomegeis distribution of
density of these cluster defects, with a rather gledestal within the proton
penetration path and @&shape peak density at proton stopping length, ats
extended defects with the local-field-governed spacharge regions
surrounding the cluster cores. Then, the applidthge drop distributes among
the space-charge areas of clusters, while the @bndy current can be
ascribed to areas free of clusters, those contaiy jgoint defects. It is the
latter component that determines the magnitude qgbeecolative current
flowing along the random paths of the non-damagesternal. A cross-
sectional area of these channels of a relativelydamaged material depends
on density of clusters and on applied externalagdt which modifies the
extent of space-charge regions surrounding theerkisThe parallel and serial
linkage of components of inhomogeneously damageasadetermines the
total leakage current. Thus, an increase of cludéssity within a pedestal
component of the damage depth distribution can t@&ason for reduction of a
threshold voltage to observe the steep leakageemuincrease if applied

voltage enhances an integral diameter of percolai@nnels.
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Fig. 7.12. (a) I-V characteristics in diodes iratdd by 2.0 MeV protons of different
fluences, (b) comparison of |-V characteristics suegad in non-irradiated diode and
in diodes containing radiation inducedl (nearby the metallurgic junction) and
triangle shape defects profiles irradiated by cliisences of protons. (c) comparison
of I-V characteristics measured in diodes contgmadiation induced (nearby the
metallurgic junction and in the middle of the basgion) and triangle shape defects
profiles irradiated by close fluences of protons.

The |-V characteristics measured on diodes comtgiulifferent defect
distribution profiles formed by proton beam eitloérfixed (2.0 MeV) energy
or of multi-step gradually varied energy in the ganof 2.7-2.0 MeV are
compared in Fig. 7.12 (b) for reverse biasing binasoof the |-V dependences.
Here, |-V characteristics obtained for the small@sadiation fluences
employed in this work are presented. Also, thesenites are of nearly the
same peak value fod and triangle-shape defects distribution profil€ébe
increase for leakage current is obtained in thadiated diodes when
comparing with that for a non-irradiated materiabd®. A rather smooth
variation of the I-V curves in the typical |-V sedtion regions indicates the

prevailing of the point defects. The impact of geme deep levels can be
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implied, when their action as generation/trappiegtes is inherent. These
generation centres increase the leakage current.

However, the discussed segment of the steep irecrehs leakage
current inevitably appears for the elevated revedages in diodes irradiated
by higher proton fluences. The threshold reverdtage value, for which the
steep increase of a leakage current is detectddypends on irradiation fluence,
on defect distribution profile, and on locationasoflamaged layer relatively to a
metallurgical junction, as illustrated in Fig. 7.4d. The segment of the steep
increase of a leakage current starts at a thresholtse voltage value which is
the smaller the larger irradiation fluence (FiglZ/(a)) or a closer location of
the damaged layer relatively to junction (Fig. 7(t® is. A reduction of the
threshold reverse voltage with a closer locatioa pkeak of the damaged layer
to metallurgical junction implies that the impadt the extended radiation
defects, containing space-charge surroundings,eescthat of the generation
centres in the increase of leakage current depéydam the local strength of
electric field. The latter is weaker in the middiea diode base relatively to
that at junction. Therefore, for the same radiatinduced defects profiles
formed by 2.0 and 2.3 MeV protons, the observedstiold reverse voltages
differ significantly, when comparing the respectl¥’s in Fig. 7.12 (c) for a
layer, located at junction, and for a layer witthe half-width of a diode base.
With enhancing the cluster density when the lagtgmroportional to irradiation
fluence, the cluster-surrounding space-charge sphdend to overlap.
Consequently, an external applied field governspieolation current or the
local field. Direction of local fields is dependean the polarity of space
charge and is caused by the cluster core strudturthe space-charge it
surrounds. Then, a leakage current increase isdlpither to that of a forward
biased junction or to avalanche processes evolveniva local strong field.

Thus, the improvement of dynamiczf) and static (g, |,) parameters
of the pin switchers can be reached only as a trade-off anbecignological

procedures. Therefore, isochronous 24 h annealiriigei temperature range of
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80—-400°C have been performed in order to reduce the fatwaitage drop

and the leakage current.

7.4. Diode parameters after isochronal anneals

To reduce an increased leakage current and forwatage drop, which
IS obtained after irradiations, the isochronal 24armeal procedures were
carried out for Si wafer and diode samples. Cameéeombination/generation
and static as well as dynamic parameters of diedae examined after each

annealing step.

7.4.1. Anneal induced variations of carrier lifetimes

Carrier recombination lifetime variations measureg MW-PCT
technique after isochronal 24 h anneal steps abwsrtemperatures are
presented in Fig. 7.13. The higher increase obrmdxnation lifetime with
anneal temperature is observed in samples irratiati¢h higher fluences
while in the lowest fluence irradiated samplesieatifetime is obtained to be

almost invariable.

2.0 MeV protons irradiated
FZ n-Si wafer samples

@ B as irradiated

10'F - Annealed 24 h at:

80°C

160°C
240°C
320°C

< %

T, (ns)

10°

S, *<o >0

(I)13 1614
® (p/cm)

Fig. 7.13. Comparison of fluence dependent recoatiain lifetime variations after
various steps of isochronal anneal proceduresjrauatan FZ n-Si wafer samples.

Variations of the DLTS spectra, of peak amplitudgues and of
relative capture cross-section values as a funaid# hour isochronal anneal
temperature are presented in Fig. 7.14 and Fi¢ fad diodes containing-

profile of radiation induced defects nearby thecfion and in the middle of the
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base region, respectively, and in Fig. 7idrGa diode containing triangle profile of
radiation induced defects. A seeming shift of pegiqsears after each heating step in
both irradiation profiles containing diodes. Aclyalthese shifts are determined by
variation of different overlapping peaks.

In diode with ad-shape recombination layer localized nearby thetjan, the
most significant changes are observed at thep&ak, associated with VOH

complexes (Fig. 7.14).

2.0 MeV protons irradiated
®=7x10" cm?
as-irradiated
Annealed 24 h at:

80°C
160°C
200°C
240°C
320°C

T (K)

g |

2.0 MeV protons irradiated
®=7x10" cm”

peak

~® (E) 87-89K
—k— (E,) 89-102K
A (E) 145-151 K
- ¥ (E)159-169 K
—¥— (E,) 195-205 K

0 100 200 300 400
(0]
Tanneal ( C)

Fig. 7.14. Variation of the DLTS spectra (a) and pgfak amplitude (b) values
measured on diode containing radiation inducétshape profile of defects
distribution nearby the junction after various step 24 h isochronal anneal.
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Density of the VOH complexes, detected as variatioh E peak
amplitude, behaves non-monotonically. ThepBak amplitude decreases after
annealing step at 80 and overlaps with additional peak located at d&igh
scanning temperature wing which might be associatgt V, clusters.
Transform of the VOH centre to a component VO maydsponsible for the
changes of E At the same time the peak,Eascribed to v decreases as
well. Further enhancement of temperature-1@@C) leads to a complete
disappearance of Mlusters, which is a product for VOH and’V/defects. At
the highest anneal temperatures (*#)0the VO, VOH and divacancy related
traps (o~ and \b"°) anneal out, as deduced from the reduction ofpieek
amplitudes within DLTS spectrum. Meanwhile, compgex of carbon
interstitial and substitutional atoms,dg are formed, as observed from an
increase of Epeak amplitude.

In diode with a (-shape layer localized in the ntedadf the base region,
the E4 peak and consequently the density of VOHptexes decreases with
enhancement of anneal temperature and these peakdetely vanishes at
temperatures 160°C (Fig. 7.15).

The VOH decay is accompanied by formation of divates via Vn.
After anneal at the highest temperatures, the Cadgplexes dominate.

Quialitatively similar picture of the heat treatmérduced transforms of
the DLTS spectra has been also observed for dicdataining a triangle
profile of defect distribution. Here, a slight difence relatively to the diodes,
containing the (-shape layer, can be revealed mvahwing 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 atofk (b) values
measured on diode containing radiation inducétshape profile of defects
distribution in the middle of the base region aftarious steps of 24 h isochronal

anneal.
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Fig. 7.16.Variation of the DLTS spectra (a) and of peak atngk (b) values
measured on diode containing radiation inducedgieprofile of defects distribution
within base region after various steps of 24 hhsocal anneal.

An additional hydrogen related complexgEcan be resolved via
annealing dependent variations of an amplitude lOf ® signal within a range
of the & peak. An origin of this Epeak is debated as being associated with
divacancy-hydrogen (QH) complex [71, 73, 74]. Appearance of the latter E
peak in diodes with the triangle defect distribntfrofile can be explained by
a decay scenario of a dense area of VOH complexbsnwthe base region,
when creation of YH complexes is preferable relatively to pure divames
due to weaker escape of hydrogen. At highest arteegperatures a peak at
120 K prevails, which might be ascribed t&€Ccomplexes.
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7.4.2. Anneal dependent variations of operationalharacteristics

For pin diodes, both with adshape layer (2 MeV protons) and
containing a triangle profile (gradually varied ege2.7-2.0 MeV of protons)
created with average fluence of 7x1@/cnt, the reverse recovery timgg
increases after each step of 24 h heat treatmenitustrated in Fig. 7.17 (a).
After final (in this investigation) 406C annealing step, the value aofy at
elevated injection levels [g) in diodes containing @shape layer is almost
completely restored to that measured in the nadhated diode, Fig. 7.17 (a).
In diodes containing a triangle profile of defeestdbution along the base
(Fig. 7.17 (b)), irradiated by the smallest fluengg is also restored to that
measured in the non-irradiated diode. Howeverdfodes irradiated by larger
fluences, the restoration akgr values is incomplete, and restoration level
depends on irradiation fluence. In additigpg in heat treated diodes becomes
to be dependent on injection level, as showngigHe plots for as-irradiated
and heat treated diodes, Fig. 7.17 (b). The obdemaiations of rrg-Ir
characteristic can be explained by different immdgtoint-like complexes and
of extended clusters. The revealed decay of thetyike VOH complexes (in
DLTS spectra) determines the high injection levakrier recombination
lifetime 7y, due to the change of type of the dominant deefreg The re-
arrangement of a space-charge sphere (surroundumgjer) during heat
treatments causes a redistribution of carriers andnited filling of deep
centres. The forward voltage drbjp decreases after each temperature step of
employed heat treatments, as illustrated in Fiy7 {c). However, values &f-
in the annealed diodes do not reach that valuehénnon-irradiated ones.
Although, the observedr reduction shows a beneficial impact of annealing i
the correction of static parameters of the irratlgtin diodes. The revealed
behaviour can be explained by radiation and heatrirent-induced variations
of resistivity of the base region material. Annegldetermines a reduction of

this resistivity, and, subsequentlydf values.
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Fig. 7.17. Reverse recovery time (a, b) and forwaenthge drop (c) as a function of
forward current. These characteristics are comptmegin diodes containing either

the dshape (a,c) or triangle profile (b) of irradiatidefects distribution. Variations

of these characteristics obtained by varying hesdtment temperature are shown
relatively to those measured in non-irradiated aswiradiated the sanpen diodes.

Evolution of |-V characteristics for diodes irradid by 2.0 MeV
protons of fluence 7x1® p/cnf after several temperature steps within
isochronous 24 h heat treatment is illustratedign ¥.18. The leakage current
Is reduced in all the applied reverse voltage raredatively to the current
values obtained in the as-irradiated diode. Thepstrrent increase due to
percolation and to avalanche current effects disaggpin the whole range of
applied bias voltages. However, an enhancementhef Heat treatment
temperature above 16C leads to an increase of leakage current at eldvat
reverse voltages. This implies a shift of the steapent increase segment

towards the range of higher voltages, exceedingethemployed in this
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investigation. The course of leakage current viamatvith Ug in the diode
heated at 320C remains similar to that obtained after annealih@40°C.
Therefore, a beneficial annealing of radiation defecan be implemented in

the temperature range of 20-2

~~ :
< F emenee 2.0 MeV protons irradiated
~ 3 13 -2
R ®=7x10""cm
— 10 as-irradiated E
. Annealed 24 h at: 4
-10 — —160° ]
107} 1600C
3 === 240°C

0 50 100 150 _ 200
U, (V)

Fig. 7.18. Variations of the I-V characteristicsAr® MeV protons irradiated diodes
after various temperature steps of the isochrofdl Beat treatment.

Summary of the main results described in the chapte
[A2-A9, A20]

It has been obtained that recombination lifetimereases almost
linearly from tenths of nanoseconds to 1 ns by imagryhe protons fluence in
the range of ¥10'%-4x10" p/cnf and lifetime values are obtained to be shorter
relatively to values obtained in Si samples irrgatiaby penetrative protons.
After isochronal 24 h anneal a higher increaseecbmbination lifetime with
anneal temperature is observed in samples irrabiai¢gh higher fluences
while in the lowest fluence irradiated samples ieartifetime is almost
invariable.

The VOH complexes are dominant within the stoppertge of protons
in the as-irradiated diodes. Isochronous 24 h treatments of the irradiated
diodes indicate an efficient annealing of the VQdtnplexes by transforms to
other divacancy associated deep centres via vaadnsters V. An additional
hydrogen related complex associated with divacdrydrogen (\dH) complex
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Is observed in diodes containing triangle defeasdridution profile. These
anneal induced transforms of defects are explalmed decay scenario of
dense area of VOH complexes within the base regiutven creation of YH
complexes is preferable relatively to generationpafe divacancies due to
weaker escape of hydrogen. At the highest anneapeaeatures >320C
divacancy associated defects anneal out, and theorcaGCs complexes
become prevailing.

Reverse recovery timarr decreases with irradiation fluence and
strongly depends on the layer profile and on lacabf this layer containing
deep recombination centres. The fastest switchag is achieved in diodes
containing the triangle defects distribution prefillThe forward voltage drop
Ur increases with irradiation fluence abd’'s value is the largest for a diode
containing thes-shape defects profile located at the half-widthtloé base
region, due to increased integral resistivity witdamaged region. An increase
of rr and a decrease diir values were observed in diodes after heat
treatments.

Concerted analysis of changes of the |-V charatiesi inpin diodes
with radiation damaged layers of various profileseiled a different impact of
point and of cluster type radiation defects on gfarms of diode electrical
characteristics. Point-like radiation induced aratancy-ascribed complexes
are responsible for the increase of leakage cuinethe range of small reverse
voltages. Extended clusters, owing to a space-ehaphere surrounding a
cluster with inherent charging of cluster core, mhothe |-V characteristics
when radiation damaged layers are located neasbynétallurgic junction. A
steep leakage current increase in |-V characterggipears to be caused by
forward biased space-charge regions around clustegeneration of micro-
plasma in local strong fields. The local field etlfe caused by the extended
radiation defects, depend on cluster density graslieand these effects are
more pronounced in diodes containing a nargshape radiation damaged
layer within the diode base. Annealing of pointet#$ within a material that

surrounds the cluster space charge spheres isynpstbable and observable
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after heat treatments in the temperature rangeé-e820°C, when the density
of clusters is rather small.

Therefore, improvement of dynamicrrf) and of static Wg, 1)
parameters of th@in switchers can be reached only as a trade-off among
irradiation and heat treatment technological procesl

In summary, the combined modelling and measurenwdriise reverse
recovery time, of recovery softness and of forwastlage drop characteristics
in Si power diodes show that these parametersgratepend on values of
carrier lifetime at high injection and on their dejlistribution within diode
base region, while the desired trends in variati@isthese parameters
dependent on carrier lifetime appear at discrepgantlencies. Therefore
optimization of dynamic diode operation charactegscan be only achieved
by trade-off, using formation of strongly localizadd predictably distributed
recombination centres by proton beams when stabiliextended radiation
defects are created. To reach a trade-off betweelfnamic and static diode
parameters, the radiation induced traps with slowtlevel carrier lifetime
(7.) should be annealed, however creation of diffespricies and densities of
protons beam induced defects makes a program faading procedures to be

complicated.
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Summary of dissertation results and conclusions

Measurement technoloqy results

1.

Surface passivation by iodine ethanol solution eases recombination
lifetime from 1.2 us to 58 ps for the investigafémht zone (FZ) n-Si
samples.

Barrier evaluation by linearly increasing voltag8E(IV) pulsed
technique approved to be a useful extension osieantechniques for the
separation of barrier charging and carrier captunedsion current
components and for the fast estimation of the impatraps.

The models for under-depleted diode with induceargé and of current
transients at low and high densities of the phoitted excess carrier
domain within diode base region have been proposediaterial with
small density of traps the displacement Ramo’s erurmprevails. In
heavily irradiated diodes carrier capture and ensscomponents
become dominant.

The BELIV technique has been approved for the spsobpy of deep
levels and for profiling of dopants concentratiordalepth of junctions
within layered structures. The instrument for spesztopy and profiling

has been designed and approved.

Spectroscopy results

5.

Spectra measured by the BELIV-IR pulsed techniquveh been

compared with those registered by C-DLTS on the es&n thyristor

structures in the case that the dopant densityosedo that of the trap
concentration showing good agreement between hkathniques. The
activation energy of the trap within bandgap wasleated to be 0.3 eV
and ascribed to sulphur impurity.

The photo-ionization peaks with activation energyues ofE;=0.3+0.02

eV, E;=0.41+0.01 eV andE;=0.51+0.01 eV (ascribed to divacancies of

different charge stateV, V'° and defect clusters, respectively) in an n-Si
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layer with a dopant density df,~10"* cm® irradiated withd®=10" n/cnf
were obtained by BELIV-IR pulsed measurements.

The distribution of dopants density as well asdbpth of junctions have
been evaluated by employing the BELIV techniquedaross-sectional
scan of the boundary of the structure with a negaglerobe withinpnp,
pnpn and pin structures. Also the distribution of ST, withinpnpand
pnpn structures and of Mraps withinpin structure has been determined

by employing the C-V and C-DLTS techniques.

Results of investigation of radiation induced dé&fec

8.

10.

11.

Combined analysis of C-V, |-V and barrier capaatharging currents
revealed that barrier capacitance decreases witltrame irradiation
fluence and reaches its geometrical vallig,,=9 pF at the highest
fluences ¢>10" cm?) in 300um thick n-type Si diodes doped with'f0
cm® donors due to radiation induced carrier traps thatice free carriers
concentration.
Values of the effective recombination lifetime measl in situ during 8
MeV protons irradiation by the MW-PCT-E technique diodes with
applied electric field start to saturate. This sation is explained by
manifestation of multi-trapping effect, when seVearantres of different
species act together. Saturation of the effecte@mbination lifetime
correlates well with enhancement of leakage currefdtively to the
irradiation exposure time scale.
A small impact of irradiation on the carrier scetig parameters was
unveiled during 8 MeV protons irradiation when @rcapture processes
prevail. Electrons mobility was evaluated topae1300 cri/Vs.
In situ experiments of barrier capacitance charging ctimegasurements
during protons implantation revealed that carremombination processes
determine the increase of dielectric relaxationetimithin electrically
neutral region (ENR) of a diode base. This leadth&oelongated time
scale of stabilization of depletion width. Carrie@apture/emission
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processes within space charge (SC) and transitiger |(between ENR
and SC) regions lead to the increase of generaticovhbination currents

in the irradiated diode.

Results of optimization of device parameters byatamh techniques

12.

13.

14.

The combined modelling and measurements of thasewecovery time,
of the recovery softness and of the forward voltdigg characteristics in
Si power diodes show that these parameters stralgggnd on values of
carrier lifetime at high injection level and on ithelepth-distribution
within diode base region, while the desired treimdsariations of these
parameters dependent on carrier lifetime appedisatepant tendencies.
Reverse recovery time decreases with reductioheohigh injection level
carrier lifetime ry.. Reduction ofry. causes an increase of the forward
voltage drop.
The VOH complexes are dominant within the stoppimgge of protons
in the as-irradiated diodes. Isochronous 24 h hesdtments of the
irradiated diodes indicate an efficient annealifighe VOH complexes
by transforms to other divacancy associated deepemediated by the
vacancy cluster Ytransforms. An additional hydrogen related complex
associated with divacancy-hydrogenil complex is observed in diodes
containing a triangle defects distribution profilehese anneal induced
transforms of defects are explained by a decayasitenf dense area of
VOH complexes within the base region, when creatioW,H complexes
is preferable relatively to generation of pure davacies due to a weaker
escape of hydrogen. At the highest anneal tempesaty320°C, the
divacancy associated defects anneal out, and therc&;Cs complexes
become prevailing.
Optimization of dynamic diode operation charactass can be only
achieved by trade-off, using formation of stronglycalized and
predictably distributed recombination centres byt@n beams when
stabilized extended radiation defects are creat&d. reach a trade-off
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between the dynamic and static diode parametegsratiiation induced

traps with short low-level carrier lifetime;() should be annealed.
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