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Motto

“All of our days are numbered. We cannot afford

to be idle. To act on a bad idea is better than to not
act at all. Because the worth of the idea never bec omes
apparent until you do it.

Sometimes this idea can be the smallest thing

in the world. A little flame that you hunch over an d cup
with your hand, and pray it will not be extinguishe d
by all the storm that howls about it. If you can ho Id on
to that flame, great things can be constructed arou nd it,

that are massive and powerful and world—changing.

All held up by the tiniest of ideas.”

Nick Cave: 20,000 Days on Earth, Dir. I. Forsytld &Pollard,
Channel 4 DVD, 2014
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Abstrakt:

Telurid kademnaty (CdTe) a jeho steminy jsou perspektivnimi materialy
pro vyrobu nechlazenych detekior vysokoenergetického Nl
Priprava vysledného #aeni je ale ovlivina mnoha parametry jako jsou
materialové nd&stoty a defekty, homogenita afiprava povrchu materialu.
Tato teze obsahuje detailni studii vlivdigravy vzorkKi a jewvi ovliviyjicich
spektralni rozliSeni a praci vysledného detektdtitomnost hlubokych hladin
je zkoumana pomoci fotoluminiscence a korelovamal&mi elektro-optickymi
meétenimi, ktera se zabyvaji vlivem strukturalnich vaakterialu.

Rozbor homogenity odporu a fotovodivosti v porovingudetektivitou vzorku
a jeho elektrickymi vlastnostmi je studovan pomelektrickych néteni transportu
a slgru fotogenerovaného naboje. Ziskané vysledky jsdwanoceny a porovnany
s teoretickym modelem a vy§ty. Nanmgiené jevy jsou objagny pomoci teorie
posunu Fermiho hladiny.

Déle je zkouman vliv fipravy povrchu a jeho oxidace nai®ni odporu
a fotovodivosti a celkové chovani CdTe a CdZnTeouJpozorovany zgmy
vlastnosti detektdrv ¢ase po jejich opracovaniasova zmina velikost svodovych

proudi je korelovana s tloti€ou povrchoveé vrstvy TeO
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Abstract:

Cadmium telluride and its compounds with zinc e material of choice
in spectroscopic room temperature high energy tiadialetectors. The development
of the final device is influenced by many paranmgtancluding material impurities
and defects, homogeneity and surface preparatiohis Tthesis offers
a comprehensive investigation of the detector &altion process
and of the parameters and physical effects influgnthe spectroscopic resolution
and performance of the detector. Structure of deegpls is investigated through
photoluminescence and correlated with other eleoptical measurements dealing
with the impact of structural imperfections of tnaterial and their effect.

The influence of resistivity and photoconductivithomogeneity
on the detector performance is studied throughtrgdat measurement of the charge
carrier transport and charge collection of the dampbtained results are explained
using the Fermi level shift theory and confrontedthwa theoretical model
and calculations.

The impact of surface treatments and oxidatiothefsurface on resistivity,
photoconductivity and the general performance offé€€dind CdZnTe samples
Is investigated. Changes in the attributes of detector over time are observed.
Correlation of studied surface Te@xide layer growth with decreased leakage

current over time after surface etching is made.

Keywords:

CdTe, Deep levels, Space charge, Surface preparatio



Contents

R [0 To [ Tod 10 o PP
1.1 CdTe and CdZnTe
1.2 Detector preparation

1.3 Motivation and goals

2 I 1= 0}

2.1 Energetic levels inside the bandgap
2.2 Origin of the deep levels
2.3 Charge transport
2.4 Charge trapping and recombination
2.5 Charge collection
3 Experimental MethodsS....... ..o
3.1 Photoluminescence
3.2 Contactless resistivity mapping (Corema)
3.3 a—spectroscopy and transient—current—technique (TCT)
3.4 Ellipsometry
3.5 Samples
RESULTS
Deep Level INVeSHgAatioN. . ... e e e
4.1 Photoluminescence
4.2 Photoluminescence of CdTe
4.2.1 Excitation above the bandgé&mgxcir > E¢
4.2.2 Temperature dependence with excitation abanegap
4.2.3 Excitation spectroscopy at 4.6 K
4.2.1 Temperature dependence with excitation béamdgap,
hwexcrr < Eg
4.2.1 Spectral position of PL peaks and PLE spectra
4.2.2 Temperature and excitation dependence ofeakp
4.2.3 Comments on the individual PL components
4.2.4 PL quenching activation energies
4.2.5 Comparison to results in other papers

4.3 Photoluminescence of CdZnTe

10
12
14

17
19
21
23
24

26
26
26
27
30
32

33
35
39
41
44
5 4
47



4.4 Chapter summary 51

5 Charge transport and detector performance...............ccocovviiii i ieieene. 53
5.1 Contactless Sample Characterization 53
5.2 Detector Performance 56
5.2.1 Electron Collection 56
5.2.2 Hole Collection 65
5.3 Theoretical model 70
5.4 Chapter summary 75
6 Surface Preparation........ ..o e e 76
6.1 Surface effects on deep levels 77
6.2 Resistivity and Photoconductivity 81
6.3 Surface effect on detector performance 0 9
6.4 Detailed investigation of contactless resistivi 92
6.5 Surface oxide thickness and growth 98
6.6 Chapter summary 107
7 CONCIUSIONS. . ..t e e e e e e e e e e e e e e 108
REIEIENCES. . . et e 110
LISt Of TaDIES ..o e e 118

Symbols and abbreviations.. ... 119



1. Introduction

“The discovery of semiconductors is one of the gsegentific and technological
breakthroughs of the #0century. It has caused major economic change,hasd
perhaps changed civilization itself. Silicon, fotaenple, now plays as important a
role in our lives as carbon did in the™@entury [...].

The solids known as semiconductors have been theauof very extensive
research over recent decades, not simply becaueiofintrinsic interest but also
because of ever numerous and powerful applicatiaestifiers, transistors,
photoelectric cells, magnetometers, solar cellssagraphy, laser, and so forth [...].
All this industrial development has come into exigte only because physics allows
us to understand the specific properties of sendigotors, and then use this

understanding to create ‘electron machines’ infdine of semiconductor devices.”

Cited from [1] B. Sapoval and C. Hermann,
Physics of semiconductors.
New York: Springer, 1995.

One of the useful applications of semiconductoremals and technology is
the detection of high—energy radiation, meaningXheay and Gamma-ray spectra.
Physical properties of semiconductors must be usedthe detection of such
radiation. There are two main approaches to thectleth of the incoming radiation,
direct and indirect. The latter approach is theveosion of the high—energy radiation
into light in the visible spectra range by absanptirelaxation of the excited charge
carriers and consequent re—emitting of energy thodight at a different
wavelength, usually in the visible range. The cosed radiation is then detected
with a common silicon detector. In this method tkemiconductor serves
as a mediator between the high—energy radiationtheadsilicon detector, hence
being labeled as indirect measurement. Semiconduatith such properties of light
conversion are called scintillators.

Direct approach involves materials with a high egioatom number for a better
absorption which can transform the incoming radratiinto electric charge.
The charge is consequently collected at the caedasurface of the material.



The amount of collected electrons and holes coomdp to the energy

of the measured radiation and when evaluatingettspscopic information can be
obtained. Direct approach of radiation detectionallg has a better spectroscopic,
but worse spatial resolution, when compared totidlaiors. One of the materials

suitable for radiation detection is cadmium tetler{(CdTe) and its compounds with
zinc (CdZnTe) and selenium (CdTeSe, CdZnTeSe).

1.1.CdTe and CdZnTe

Cadmium telluride is a semiconductor of the I[I-Mbgp which is nowadays
mostly used for X-ray and gamma-ray detection [R]falls into the category
of detectors operated at room temperature. It doéhave to be cooled with liquid
nitrogen, in contrast to germanium. CdTe has ativelg high average atomic
number Z = 50), which attest to a good absorption of highrgneadiation, as the
absorption ratio depends of the 4-5 power over gten number § = 7).
The energetic bandgap between the valence and ctmdband was measured
asEg(4.2 K) = 1.606 eV at the temperature of cooled helium.rbom temperature
(295 K) the bandgap was estimatedEat = 1.526 eV[3]. The larger bandgap
(compared to silicon) results in a lower thermalisao of the electrons
in the conduction band. CdTe is a direct semicotutuso electron can be excited
from the valence band into the conduction band authithe assistance of crystal
lattice vibrations, the phonons.

The material is usually grown using the Verticalld@man—Method (VGF)
or the Travelling—Heater—Method (THM). By itselietimaterial can contain various
defects and impurities acting as shallow donoracmeptors and hindering a higher
resistivity of the detector and a lower achievatidek current. The lowest possible
dark current (leakage current) is desirable becausmproves the final spectral
resolution of the detector. The presence of thdlshaenergetic levels can be
counterbalanced with the process of compensationlef#ct of impurity causing
a deep level in the middle of the bandgap is indugée charged electron or holes at
the shallow levels recombine or are trapped atdibep level and are efficiently
compensated. This pins the Fermi level of the senduactor to the middle
of the bandgap and the highest possible resistigitgachieved. The mostly used

dopants for the compensation process are chlonnedum, but many elements
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were tried and the results published. Theoreticalyimated maximal resistivity
value of CdTe is 2x18Q-cm.

With the addition of zinc to the crystal, the baadgf the material increases [4].
This effect is usable in few of the applicationatt@dTe offers. But mostly it is used
to lower the leakage current of the detector evenenand to achieve the resistivity
value up to ~18 Q-cm through the process of compensation. The typimatent
of zinc is about 10%. There are several commereaidors producing CdTe
and CdzZnTe samples, including Acrorad (Japan), &e@Canada), Kromek (USA)
and EURORAD (France). Nevertheless, the invesbgatiof the material
and the optimization of the detector fabricatioil shgages many research centers
and facilities [5].

Nowadays the CdTe and CdZnTe detectors are usepieindy in medical
imaging (in computer tomography, SPECTs etc.), thiet material has found its
application in various fields. Because of its tyzarency in the infrared spectrum,
it is used as windows in infrared optics, includinmdows for CO and CQlasers.
CdTe has a high electro—optic effect and is usedefectro—optical modulators.
With the addition of mercury (HgCdTe) it serves am infrared detector;
and sandwiched with cadmium sulfide (CdS) to formp—&-n structure, it is used

as a photovoltaic cell.

1.2. Detector preparation

The preparation of the final CdTe ionization raidiatdetector contains several
vital steps that need to be investigated. In tlhiesis the process of detector
development is divided into three sections: deegl$e electrical characterization,
and surface treatment.

The growth of CdTe crystals is usually done by aitiGF or THM methods.
The starting material of cadmium and telluride fe&l’ is placed into an ampoule
that is heated up to the melting point of both ¢itumsnts. Afterwards the melt
iIs subjected to a temperature gradient and thraxggiing the crystal is slowly
grown. The growth process takes from days up toksiegepending on the chosen
cooling rate. The intentional doping element usedathieve high resistivity
by compensation is placed into the ampoule priomtglting. After the growth

the crystal is inspected and cut into smaller sampMonocrystalline material is
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expected after a good, successful growth. Otherthiseindividual material grains
must be cut from the ingot. CdTe crystals can o&enibit twin grains or sub—grain
boundaries and may contain inclusions becauseeofi¢viation from stoichiometry
of the melt. As an effect of the segregation ofcziits ratio can vary throughout
the crystal growth axis.

As the crystal growth is a complicated and costlgcpss, the composition
of defects and impurities and their effects must ipeestigated through
e.g. glow—discharge—mass—spectroscopy (GDMS). litigmirand defects can be
embedded from the crystal ampoule, doping, tensibthe crystal surface, etc.
The deep energetic levels are of interest due @& tparticipation in trapping
and recombination of free photogenerated chargeri¢harge is trapped at the deep
level, space charge is induced inside the detestdrthe effect of polarization can
occur. In this phenomenon the inner electric figdd concentrated under one
of the biased electrodes and a dead layer canrbeefbunder the other electrode.
Charge carriers are not accelerated in this patthe@sample and can be transported
only through diffusion. This can hinder the opeliibiof the detector. Publications
suggest a connection between the deep levels foutite spectral range of 1.1 eV
and the effect of polarization of the detector, ehhrenders the device inert to
incoming radiation [6]. Also further effects of larlevel pinning by doping are to
be investigated as it can influence the sensitiaitg performance of the material.
The commonly used methods for the deep level iflgesdn are photoluminescence
(PL), photo—induced current transient spectrosc@pCTS), deep level transient
spectroscopy (DLTS), thermo—electric effect spestiopy (TEES), and others.

After the crystal growth and cutting of the ingota smaller plates, the properties
of the material critical for radiation detectionvieato be evaluated. Usually the wafer
Is cut into small samples and metal contacts orsthitace are prepared for further
measurement. Resistivity of the sample, togethén wiharge carrier concentration
and mobility is investigated by Hall effect measunemts and current—voltage
characteristics. A good value of electron mobifity CdTe is considered at about
1000 cni-V s Resistivity and response to illumination (photedactivity) can
also be obtained by contactless measurement, nohdhdo prepare the metal
contacts. The contactless measurement can correlgiie the Hall effect
measurement and in many cases can predict the rparice of the sample

in the meaning of the electrical noise and resotutivith radiation detection [7].
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The response to the impact wfparticles and gamma-—rays shows manifold spectra
and samples with good detecting abilities can becssd. Of course, scientifically
it is important to investigate the worsened praperin some part of the crystal
and study the effects that led to such behavior.

Lately, the surface preparation effects on CdTepdasnhave been of much
interest. The surface itself can act as a shoduditiand can negatively influence
the detector preparation. The current flowing oa sirface of the detector can be
greater than the bulk current by orders of mageiti8]. As the material undergoes
many technological steps (cutting, lapping, pohsghietching etc.), their influences
are thoroughly investigated. Nevertheless, mangiassuhave shown contradictory
results, and an optimal surface processing iswstdler discussion.

After the preparation of the detector, it is cortedcto an electronic readout
system that can evaluate the current pulses indogeabsorbed radiation. Detailed
information on the electronic part can be found9h The focus of this thesis is
an investigation of fundamental properties of Cdaed CdZnTe material

and of the technological process used for detgutparation.

1.3. Motivation and goals

CdTe and its compounds have been investigated eatirtstitute of Physics
of Charles University in Prague for many years. Tdl®ratory of crystal growth
produces and develops the growth process. Comrhenciterials are investigated
in the department of semiconductors and semiconduoptoelectronics, too.
However, there are many steps leading to the paéiparof a high—quality radiation
detector. In the previous chapter the three mogtortant parts were labeled as:
investigation of deep levels, electrical charaztdron, and surface preparation.

The motivation for this thesis is to investigatesdly the principles, physical
processes and effects of all three detector pramudcteps, and to research their
impact on the final detector performance. The asmta establish a correlation
between the mostly used investigation methods andonnect the results into
a comprehensive study of CdTe physics. One of hesi$ goals is to develop

an optimal material characterization and detectepg@ration method.



2. Theory

“‘Even though some properties of semiconductors weliscovered
experimentally in the course of the ™ @entury, an understanding of the origin

of this behavior had to await the advent of quantoechanics.” [1]
2.1. Energetic levels inside the bandgap

The energetic bands are a result of a perfect gieripotential of the atoms
placed in a crystal lattice [10]. In reality, crgine materials evince many structural
imperfections created in the growth process (bypemature gradient, segregation,
melt convection etc.). Unwanted atoms of differel@ments can also be embedded
into the structure, creating impurity centers affdatively disrupting the periodicity
of the crystal [11]. These defects act as scatiecenters for the charge carriers.
Interestingly enough, the imperfections play aneesal role in modifying
conduction electron concentration. A perfectly oleand pure silicon crystal
in thermal equilibrium would contain only 18 free electrons per one atom [1].
Considering this, it is clear that the majorityfiife electrons in a real semiconductor
material comes from impurities and defects. Sap¢¥thldemonstrates the effect
of impurities on the example of a phosphorus ataesnudting the silicon lattice.
The same example with other defects is shown inZFig

The phosphorus atom, by having one valence eleotane than silicon, has one
remaining electron after creating covalent bondsthwneighboring atoms.
Phosphorus acts like an electron donor. The electam afterwards be excited into
the conduction band. The energy needed for thetatiart depends on the nature
of the impurity atom and can be lower than the lgapd(depending on atom size,
nuclear charge, dielectric constant etc.). This wagew allowed energy state is
created in the bandgap. If the energy for the edaaexcitation in the localized atom
is small compared to the width of the bandgap,défect is called shallow donor.
Otherwise, if the energy level is induced at mdranta few thermal energiésT

from the minimum of the conduction band, it is nandeep level.
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Fig. 21 Example of impurities and defects in a silicon stajline structure.
Phosphorus and boron impurities act as a donor aockeptor, respectively. Further
defects including crystal imperfections can causepdevels.

In contrast to donors, if the impurity consistsaof atom having less valence
electrons than its neighbors, it must take an elacto form the covalent lattice
bond. This way a vacant electron place is created the defect is denoted
as acceptor. As in the case of donor, dependinghenatom and the structure,
shallow and deep acceptors can be distinguishedpl&ischema of deep levels is
depicted in Fig. 2.2.

The distinguishing between shallow levels and desels lies not only
in the distance from the valence or conduction baihe form of a related
wave—function also plays a significant role. Desesitd impurity states causing deep
levels cannot be described using the simple hydrdges atom model. The states
forming the deep levels are more localized and rbastalculated using accordingly
modified wave—functions. The theory behind deepgete levels is more complex
and is described e.g. in [12]. The deep levels pldgrger role in the electron—hole
recombination and trapping than shallow levels; #mely consequently influence

the final semiconductor properties.
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Fig. 2.2 Density of states n(E) in a semiconductor neardgap; simple depiction of
deep levels.

2.2.Origin of the deep levels in CdTe

The deep levels in CdTe and CdZnTe have been stibgienany research groups
through various investigation methods including PEC DTLS, PL, etc. The goal
of the research was to match the deep level tofecder impurity in the crystal
lattice of the material and to modify the growtlogess (induce a different dopant
or adjust the growth parameters) to optimize theaer performance.

Castaldini et. al. [13] and Mathew [14] have both published resuitsnmf
extensive studies of the deep level structure. Mdagp levels can be found inside
the bandgap of CdTe and CdZnTe. The levels witelainfluence can be those with
a higher trapping cross—section. Two main levele dound in most
of the measurements, one being near the middleeobandgap, whereas the other is
in the range around 1.1 eV. The latter deep legeins to be connected with space
charge accumulation and polarization of the detef® and therefore will be
in closer focus in chapter 4 of this thesis, whéne results of a thorough
investigation of photoluminescence band arounV.1s presented. The complexity
of the deep levels issue can be illustrated byekanple of this particular PL band.

Numerous studies done wusing low—-temperature phoiokscence
and/or cathodoluminescence (CL) since the 1950/ Isaown that a broad band
in the spectral region around 1.1 eV is often ole=@rin single crystal,
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high resistivity materials, see [15]. Intensity &rdgoosition of the “1.1 eV” PL band
can be influenced by various treatments, e.g.:

* annealing in Cd vapor [16], [17];

» plastic deformation [17]-[19];

» dislocation — e.g. dislocation induced by inclusipmecipitates [20], [21];

» concentration of extended defects [22];

« composition of an etching agent [23];

and other types of treatments.

PL spectra changes in this spectral range can \@ngn relation to electric
conductivity type and its value [24]—-[26]. Sevetgbes of the 1.1-eV bands were
reported in [27]. Decomposition into two or threemponents by a fitting procedure
was used in [16], [28], [29].

Although the deep levels of CdTe and CdZnTe havenb@vestigated
thoroughly with photoluminescence, the method fitsehnot reveal a precise origin
of the deep levels by assigning them to particulafects. Nevertheless, some
examples of published opinions can be stated. Imyrhaninescence studies, a broad
band around 1.1 eV is visible and dominant. In thissis it is denoted as the “1.1
eV” band, including the spectral contributions fr@® to 1.25 eV. The components
of the “1.1 eV” band were tentatively attributed bative defects, impurities
and extended defects (dislocations and defectisein heighborhood). All “simple”
native defects like vacancidée [27], Vcq [30], antisite Teq [31], interstitials Te
and their complexes [29] were proposed to be thginorof the PL band.
A recombination in donor—acceptor pairs (where ihor and acceptor are deep)
has been proposed. The splitting of the “1.1 eMficbavas suggested to be caused by
the different space distance of a deep donor andeep acceptor; 1.046 eV
and 1.129 eV for the closest arrangement and fersecond closest neighbors,
respectively. As possible candidates for deep doaod deep acceptors vacancies
Ve and interstitials Tiavere suggested, respectively.

Babentsov and James [32] discussed properties dbn arvacancies
in Zn— and Cd-related chalcogenides with the canafuthat the deeper PL band
(at 0.8 eV in CdTe) is due to a recombination a thacancyVy, whereas
the “1.1 eV’ PL band could be caused by either @meination at th&/cq — Vre

vacancy pairs or by some impurity—related level.



A lot of candidates for defects causing deep legatsbe found in papers dealing
with calculation of formation energy for variousfees [33]-[35]. Unfortunately,
the results still remain controversial. Differendegween results of various authors
and the accuracy (usually much worse than 0.1 €¥fjeocalculation do not allow us
the use of the results directly for a credible gmsient of particular deep levels
obtained in experiments.

Some impurities have been found to create PL baeds 1 eV. Moreover, not
only “heavy” atoms like Fe, Sn or Ge can cause deepls. Also “light” atoms
(oxygen, hydrogen) can take part in the generadion deep level. Det al [35]
investigated various configurations of hydrogenrmbto oxygen. Complexes of the
Ore—H type could play an important role in pinning feermi level near the middle
of the bandgap [34], [35] because of a lower foramaenergy than those for native
defects.

Deformation of the crystals is expected to creagous types of dislocations.
Hummelgen and Schroter [36] found that the indémabf the p-type CdTe
generates glide dislocations marked as Te(g) an@)Cdhe dislocations induce
defect levels with ionization energy 0.44 eV and430.eV, respectively.
The complementary energy i — 0.44 eV= 1.17 eV. The Y-line (1.47 eV) was
assigned to a recombination of excitons bound {g)Te

Kim et al [24] reported that a characteristic behavior led DLTS—peak near
1.1 eV (observed for CdMnTe and CdZnTe) correspdndfee carrier trapping
on extended defects (dislocations) because theasicin energy varies with the bias.
The intensity of the I-DLTS (current DLTS) peakléoVs a logarithmic dependence
on the trap filling pulse width. It has been cortedcwith the PL “1.1 eV” band
as well. Babentsoet al [37] discussed the effects of uniaxial plastifod®mation,
indentation, and scribing and stated that movingslodations introduce
one—dimensional chains of defects (e.g. vacandies) are not stable at room
temperature. The result is a higher concentratfdmsual” point defects with levels

in the bandgap.

2.3.Charge transport

The electrons from the valence band can be ex¢itetmally, optically) into

the conduction band. By this excitation they leawsacant place in the valence band.
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After the application of bias, the electrons in tlkenduction band move
in the electric field. Because of the vacant placie valence band, the electrons are
moving in the electric field as well, always figinup the empty quantum state
and creating a new one in their previous positidhe collective movement
of electrons in the valence band can be approxomatel simplified by introduction
of a new quasi—particle, the hole. It has an opposharge to the electron
and an opposite momentum than the electron exditénl the valence band.
By excitation, the pair electron—hole in the copmsding bands is formed.
Both of them are collectively named charge carriers

The charge carriers can be transported in the samhicting material according

to the drift—diffusion equation

Je = enpE + kgTVn +eg VT, (2.1)

wheree is the absolute value of elemental charge of thetron,n is the electron
concentrationE is the electric fieldue is the electron mobility and, is the Soret
coefficient. Please note that this is only the tetecpart of the equation, the transport
for holes would be written accordingly, with contration of holes, hole mobility
etc. The first part of the equation representdtifein an electric field and is usually
described by the conductivigh = enpe and is equivalent to the macroscopic Ohm’s
law. The middle part denotes the diffusion of tiharge carriers in a concentration
gradient. The final part describing the Soret dffas usually neglected
in the calculations.

After excitation and generation of electron—holeirgpathe concentration
of the corresponding charge carrier is increasedhleyaddition of4n electrons.

The electron drift—current will be

Jearise = e(ng + An)u E = engu E + edAnu,E. (2.2)

Depending on the origin of the charge carrier efexcitation, intrinsic (thermal)
and impurity conductivity can be distinguishedtte case on intrinsic conductivity,
caused by band—to—band transition, both electradshales are contributing to the
current. Conductivity can also be caused by exocitabf a charge carrier from
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or to an impurity state, in which case only oneetygb charge carriers can contribute
to the electric current.

2.4. Charge trapping and recombination

The statistics of the generation and recombinatdnelectrons and holes
in a semiconductor is described by the ShockleydRidall model [38], [39].

The energy levels inside the bandgap, formed byitips and defects, act as
charge carriers traps and recombination centerthelftrapping probabilities of the
electron and hole are equal on the specific endeyel, it is denoted as
recombination center. If the trapping probabilifyome carrier type is greater than
the other one, the defect level is called electmohole trap.

Assuming one deep energy levgl with the concentratior\;, the trapping
cross—sections for electrons and holesSr@nd S, respectively. The concentration
of electrons already present on the level insidedgap isn.. The electrons can only
be trapped in an empty state of the deep level.€léetron trapping rate expressed

with the electron speed and the concentration of free electronsill be

SeVe(Ny = ne)n = Ye(Ny — nn. (2.3)

In contrast to electrons, holes can only be trapped state filled with electrons.

The trapping rate of holes can therefore be wrigten

ShURTLD = VpTtD, (2.4)

whereu, is the hole speed ampds the concentration of holes.

The trapped charge carriers can be thermally reteasback
to the corresponding band with the probabitityanday, respectively for electrons
and holes. In the thermodynamic equilibrium (dedoteth the subscription 0)
the free electron concentration does not changereftre the trapping and thermal
release are of the same value and the concentrati@hectron on the deep level

is described as
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N,
Mo = =g (2.5)
Yeno

Electrons follow the Fermi—Dirac statistics and expressed

- — Ne
Neog = Ntf = m. (26)

kgT

Comparing the two previous equations with the ihiagtron for free electrons
the thermal release can be written as

E
aen, = yeNen, exp (- k)TFT) = YeMmy, (2.7)

where N¢c is the concentration of energy states in the cotmolu band andh; is
the concentration of electrons with the Fermi leveing pinned to the deep level.
The equations for holes are derived similarly.

The trapping and de—trapping from the deep leaietiore follows

d
itt =Y (N — ne)n —ypnep — veneng + v (N — ne)p;. (2.8)

d
As mentioned above, the trapped charge carrierse hag options: recombination
with the opposite carrier or thermal excitationnfobasic trapping processes are
depicted in Fig. 2.3.
The trapped carriers do not contribute to the cotidty and the electric current
as they cannot be transported from the localizestesinside the bandgap.
The trapping of a charge carrier forms a spacegeharside the material and can

heavily influence the applications of semicondustor
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e e conduction band e

e deep level E,

h* valence band

Fig. 2.3 Schema of the basic generation, recombination teaqgping processes: 1)
electron—hole pairs generation; 2) electron captare the deep level; 3) electron
thermal escape to the conduction band; 4) hole wapbn the deep level; 5) hole
thermal emission to the valence band; 6) band—-todlvacombination.

2.5. Charge collection

The principle of the increased electron concemmatiafter illumination
of the semiconductor material is utilized in theplagation of radiation detection.
The absorbed radiation excites electrons into tedaction band and generates
electron—hole pairs. The free electrons are acelérin an applied electric field and
are transported to sample surface and a metal@tiectThere the charge is collected
and its amount gives the information of the absontagliation energy as the number
of generated electrons is proportional to the tamhaenergy. The Shockley—Ramo
theorem states that the moving charge inside th@ceaducting material induces
a chargeQ on the collecting electrode [40]. The charge oe #lectrodeQ

and the induced currenbn the electrode are given by

Q= —edy;i=evEy(x), (2.9)

where e is the elemental charge (absolute value correspgndo electrons
and holes)yvis the velocity of the charge carrieh, and E,(x) are the electric
potential and field at the instantaneous positibre in the case that the selected
electrode is at unit potential and all other elmd#s are grounded, all other charge

removed. They are called the weighting potential aeighting field, respectively.
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There are several detector layouts that work whbk tveighting potential

to increase the performance of the radiation speeatquisition. The simplest

electrode arrangement is in the case of a plartecue, see Fig. 2.4.

radiation \‘radlatlon
\ \
\ \ A
/
\ AN / charge
N /7 \ N .
collection
\/ \ h+
\ Al c
cathode h* | e anode
X —0O
recombination/ +V
- trapping
0 X L

planar electrode

Fig. 2.4 Charge collection in a planar detector.

There are other detector layouts, e.g. pixel detgEtrisch grid, coplanar detector
etc. Their weighting potential must be calculatedcoadingly, see [41].
The charge collection is influenced by trapping aadombination inside the bulk
on the defects and impurities as described earlier.

The amount of the collected charge also dependsthenbias applied to
the detector. With a higher electric field the geacarriers become more accelerated
and arrive at the electrode faster, some of thestefethan time needed for their
capture or recombination. The charge collectioitiefficy

L2
CCE = L = kellels <1 —e “e,hfe,h"> (2.10)

Qo L2

describes the dependency on the applied bias. Masge generated by radiation
absorption iQ,, whereas the charge collecteddsThe applied voltage is denoted
as U, the width of the sample ak. The mobility—lifetime productu, .

corresponding to the electron and hole, respegtivelan important characterization

parameter of the detector sample. A high mobilifgttme product marks a good
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performance of the material in the radiation detectTherefore its investigation
falls into standard characterization methods faecters. Charge collection was also

correlated with the photoconductivity measuremégi.|
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3. Experimental Methods

3.1. Photoluminescence

Photoluminescence is one of the important toolsrfaterial characterization and
mainly for the study of shallow and deep energglexreated by defects, impurities
and their complexes. It utilizes the recombinatafncharged carriers after their
excitation through illumination. Photons incomimgrh an excitation source (usually
laser) are absorbed in the studied material ana dgheir energy to atoms
and molecules. In the case of semiconductors, relestor holes are excited into
the conduction or valence band, respectively. A@citation, a non-radiative
relaxation through energy exchange with the crylsttice, assisted by phonons, can
occur. Through the transition of the excited chacgerier to a state with a lower
energy, the energy difference can be releaseddanfdim of a one carrier — one
photon. Basic model of photoluminescence is showiig. 3.1. Detailed description

of the luminescence processes and various luminesdgpes can be found in [43].

electron excitation

A- - - - - - conduction band
non—radiative\ . .
recombination impurity level
laser
illumination

\/\ photoluminescence

¥y impurity level

/
/

v ?  valence band

recombination

Fig. 3.1 Simplified model of the photoluminescence proceassemiconductor.

The luminescence spectra measured under excit@fophotons of energies
above the bandgap (1.606 eV at 4 K) in the sperraje of 1.2 — 1.6 eV represent

standard characteristics of samples.
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Typical structure in the photoluminescence measangnincluding free exciton,
exciton bound to donor/acceptor, exciton bounddpimy element and their phonon
replicas; is observed in CdTe and CdZnTe. Excitomsnd to shallow acceptors like
Na, Li, P, as well as peaks connected with donaejtor pair of the shallow defects
and their phonon replicas are observed in the #ycof the bandgap energy. Around
1.4 eV a broad band composed of several phonorcaspbf the zero phonon line
(ZPL) in the case of CdTe is visible. It tends te &ttributed to special case
of an acceptor: Cd vacancy with shallow donors ®ran donor—acceptor pair.
It is called the A—center. Other acceptors in 8pgctral range are attributed to be
caused by Cu or Ag defects. Below 1.2 eV deep $eokthe material can be found,
however these investigations are published lesgiénetly.

Photoluminescence of semiconductor samples is corymexcited by photons
with energy higher than the bandgap of the matetal;y-;r > E;. Below gap
excitation hwgyxcr < E; has been reported very rarely. The investigation
of donor—acceptor pairs with different space distaof the acceptor from the donor
(so called selective pair luminescence — SPL) bassé below—bandgap excitation.
The SPL has been reported for CdTe crystals ([44d eeferences therein).
An application of excitation at photon energieshat Urbach tail of the absorption
edge (several meV below the bandgap) has beenmpitovbe very useful because
of PL excitation in the bulk of samples. Therefoeehigher PL signal can be
obtained due to partial elimination of surface rabmation [26], [44].

In the setup used in this thesis, the measured Isawgs placed in the helium
flow cryostat Optistat (Oxford Instruments). Thaninescence was excited either
by a red line (638 nm, 1.94 eV) coming from a semductor laser Radius
(Coherent) or from a tunable Ti:Saphire laser Mitie pro 5sJ (Spectra Physics) in
the range of 1.25 eV to 1.7 eV. The luminescencectsp were measured
by the Bruker IFS 66s FTIR spectrometer equippeth vei Cal beamsplitter
and a Si photodiode and liquid nitrogen cooled Gé BaSb detectors. Excitation
radiation was blocked in front of the spectrométgredge low pass filters Semrock
980 nm (1.27 eV), 830 nm (1.49 eV), 808 nm (1.53 axd 785 nm (1.58 eV).
Only a color glass filter in front of the Si detectvas used to eliminate the scattered

light coming from the red laser.
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3.2. Contactless resistivity mapping (Corema)

The principle of the contactless determination ofsemiconductor wafer’s
resistivity was developed at the Frauenhofer—mstin Freiburg, Germany.
R. Stibal [7] published a paper on the measurentbabry and the obtained
resistivity correlation to measurement with cordamh the material GaAs, although
in the publication described as time dependablegehaeasurement (TDCM).

Contactless resistivity measurement of contacttessstivity mapping employs
the dielectric properties of the material as désctiin [7]. The sample (resistariRe
and capacityCy) is placed between two electrodes, laying on thigon one while
having an air gap (capacitf,) between the top electrode and the sample.

The substitute electrical schema of this wiringhswn in Fig. 3.2.

substitute electrical
scheme

Cs

— S

L
Fig. 3.2 Substitute electrical schema in the contactlesstiwity measurement.

After applying bias, the electrodes act as a cémpaend the whole system
consisting of the material and the air gap is cbdrgThe top electrode
is encapsulated in a guard ring electrode thah@&ged evenly with the measuring
top electrode to prevent lateral charge accumulatibvaluating the substitute

electrical schema, the charging should follow apd@mexponential behavior

Q) = Qp + -4 U<1 _ e_%>, (3.1)

Cp+Cg
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where

Ry = —= (3.2)

- CA+C5,

while zs being the charging time of the sample &hds the applied bias. By fitting
of the measured charging curve with the all necgsparameters the sample,

resistivity can be obtained. The resistivity isrtloalculated using

Qo'Ts
)
€0 &r-Qinf

p= (3.3)

where Qo is the dielectric charge of the materidd,s is the total charge

of the capacitorss is the charge relaxation parameter; andnde; are the vacuum

permittivity and material relative permittivity, spectively. Throughout this study
the valuegy = 8.85419-10" F-cm’ is used. The value for relative permittivity
g = 10.6 is taken from [45] and used from now on thieug this thesis. Employing

a x-y stage the resistivity of the sample can b@ped stepwise point by point
and the distribution of the resistivity can be afeal.

The setup used for contactless resistivity measeméns the commercially
available COREMA apparatus by Semimap GmbH. Howekierused setup has
a modified bottom electrode made not from gold bBrdm a transparent
indium—tin—oxide layer on silicon glass. This server illuminating the sample
and for contactless photoconductivity measuremeht. illustrative schema
of the setup is portrayed in Fig. 3.3. The lightree used in this thesis was an SPM2
monochromator.

Photoconductivity was evaluated as the differeneawveen reciprocal values

of resistivity with and without illumination

1 1
= - . 3.4
9 Plight  Pdark ( )
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optic fiber

Fig. 3.3 lllumination setup on the modified contactless istegty mapping
apparatus.

3.3. a—spectroscopy and transient—current—technique (TCT)

For the investigation of the detector performandectdacal characterization
and the measurement of the sample’s response aming radiation must be done.
The simple measurement is the correlation betweerapplied bias and the current
flowing through the electrical circuit with the éetor when kept out of radiation
path. This way the leakage current is determindte €urrent can flow through
the bulk of the material or on the sample’s surfadarchiniet. al. [8] found that
only a fraction of the current flows through thelkpumost of electrons are
transported on the surface. The leakage currentldéhme as low as possible as its
greater amount distorts the resolution of the faetkctor.

The spectroscopic information of the detector'poese to incoming radiation is
usually measured by irradiating the sample with ayssftGamma-—rays/particles
from calibrated sources. The sources are us@Ga#ym, °°Co or'*’Cs. The absorbed
radiation forms electron—hole pairs inside the bok the material which are
transported in bias applied to the detector. Thergsh carrier movement generates
current pulse on the collecting metal electrodee Hmount of the transported
carriers is proportional to the energy of detectatiation.

The current pulse is recorded, amplified, shapedl amalyzed with
a multi-channel analyzer. The current-voltage atarstics were measured

with a Keithley 2410 Sourcemeter for bias on aaetiD0 Q resistor using the
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Keithley 6514 Electrometer. The apparatus for tlpecgoscopic measurement
consisted of a charge sensitive preamplifier, sigapmplifier (3 ps shaping time for
electrons, 10 ps shaping time for holes) and aichalbnel analyzer. The schema for

the apparatus is shown in Fig. 3.4. The voltage sugplied by the Iseg SHQ 122M
supply.

-

multi channel
analyzer (MCA)
[ =
&
¢ hapi =/
shaping
ampl. Zx
—
N digital oscilloscope
R i
B charge sensitive
E pre-amplifier
VElas I

Fig. 3.4 Schema of the spectroscopic detector measurement.

The Transient—Current—Technique (TCT) serves testigate the charge carrier
transport through the detector itself. It measuties current pulses generated
by the carrier movement. Vital detector propertiegluding the mobility
and the space charge deposited on the deep levéie imaterial can be obtained.
The experimental setup using theparticle **’Am source is described in detail
in [46]. The readout electrical circuit consistsahigh frequency bipolar 3—-GHz
Miteq AM-1607-3000R amplifier with the conversicate 6.85 mV/UA. The current
signal is recorded by a 4-GHz digital LeCroy ossilope and the signal is averaged
over 1000 events. The high energy-particles created a great amount
of electron—hole pairs and the influence of thespla effect of the measurement was
visible, hindering a full evaluation of the puls@&herefore the radiation source was
changed to a laser diode with the peak wavelengté6a nm, which was used
in a pulsed-regime with the optical generationhaf tharge carriers. The modified
apparatus should be denoted laser—induced TCT (II:TThe electrical schema

of the measurement setup is shown in Fig. 3.5.
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Fig. 3.5 Electrical schema of the L-TCT readout circuit.

3.4. Ellipsometry

Ellipsometry is a non—destructive optical technigwich proved itself as
an effective tool for derivation of optical propeg of matter and surface layer
thickness [47]. It measures changes in light ppédion upon reflection on the
sample. This polarization change is representeellyysometric angles” and 4,

which are related to Fresnel reflection coefficseiar s— and p—polarized light by

§ =2 = tan(¥) - e (3.5)

T

The measured parametefsand 4 are sensitive to surface conditions, layers
thickness and dielectric functions of investigatedterials. Therefore, with proper
choice of a theoretical model structure one cathitexperimental data and derive
spectrally dependent optical properties of invedéd material as well as the
thickness of the surface oxide layer. A commerdileller matrix ellipsometer
J.A.Woollam RC2 was used to obtain the experimeddtd in the light energy range
from 1.2 to 4 eV. The results were confronted wifie theoretical model and the

mean squared error (MSE) was used to evaluatestiabitity of the fit.
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3.5.Samples

For the investigation several CdTe and CdZnTe sesnplere used. Some were
obtained from various commercial suppliers, someewgrown in the Laboratory
of crystal growth at the Institute of Physics ata@&s University in Prague.
The CdTe sample dimensions and parameters are shown

Table3.1 The CdZnTe samples used are presented in

Table3.2
Sample o Resistivity Dimensions
_ ~ Dopant Origin 3
designation [Q-cm] [mm°]
CT-I Cl  Commercial 4-10 4x4x1.5
CT-lI 9-10 6x6x2
In Prague
CT-lI 9.10 6x6x2
CT-IV In Prague 8.0  7x6.5x2.2

Table 3.1 CdTe samples used for the investigation.

Zinc
Sample o Resistivity Dimensions
_ ~content Dopant  Origin 3
designation [Q-cm] [mm°]
[%0]
CZT- ~10 In  Commercial 2-10° 6.4x2.7x2
CZT-II ~10 In  Commercial 2-10° 18x18x2
CczT-ll  ~10 In  Commercial 1-10° 5x5x2
CZT-IV  ~10 In  Commercial 2-10° Tx4x2
CZT-V 35 none Prague 2°%0  8x5x2

Table 3.2 CdZnTe samples used for the investigation.

24



The parameters shown are taken after mechanicshpal of the sample, prior
to their further preparation. The values for regilst are obtained using
the contactless resistivity mapping apparatus aretage values of each sample
is assessed also prior to chemical etching etc. ddwants and the impurities
composition were measured with glow—discharge—nspestroscopy and are stated
where necessary for the evaluation of the measurerasults.
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Results

4. Deep Level Investigation

4.1. Photoluminescence

In this chapter the attention is fixed on the stigation of deep levels
in the spectral range of 0.9 eV up to 1.25 eV usipgotoluminescence
measurements. Both temperature and excitation Perdkences of all deep level
components contributing were measured. Excitatiprploton energy both above
the bandgap and below the bandgap was utilized.n@mty used above—bandgap
excitation affects only the surface layer of thenpke. Surface (non-radiative)
recombination can affect the results. On the ottserd, below—bandgap excitation
reaches deeper into the bulk of the samples ané m@yrmation on defects inside
the sample can be obtained, including excitatioecBpscopy. Some of the results
presented in this chapter were published in [48]].[

4.2. Photoluminescence of CdTe

The investigation was performed on two neighborindium doped CdTe
samples (named in Table 3.1 as CT-Il and CT-lll)iciwhwere cut off from a single
crystal grown by the Vertical-Gradient—Freeze (VF@gthod. Both samples
dimensions were 6x6x2 nimThe intentional In-doping level was rather low:
5x10®° ¢ in the charge. The sample was mechanically palishging a 1 pm
alumina (AbOs3) abrasive and then etched by immersion into a 3%mine—
methanol (Br—methanol) solution for 2 minutes. Despof the low dopant
concentration, the material is semi—insulating with resistivity value
of p = 9x1@ Q-cm, Hall electron concentratior= 10° cn>, calculated Fermi level
positionEr = E, 4+ 0.861 eV and electron mobilityt = 800 cnf- V- s™ all values
at room temperature. X—ray detectors made fronmterial were of average quality
with mobilitylifetime product of electrongr ~ 5x10* cn- V™. Chemical analysis
(glow discharge mass spectroscopy—GDMS) shows [eerratigh concentration
of sulfur (80 ppb), higher than the indium concetitn in the sample
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(see Table 4.1). One ppb corresponds to concemiratd4x16® cmi>. Rather a low

concentration of shallow acceptors was found (Lia, NP if incorporated

as substituents, but donors if in interstitial piosis). Aluminum should create
shallow donor levels similar to In. Zn and S areelsctronic impurities (both

Zn,Cdi_xTe and CdTe,Sc are ternary crystals), Cu and Ag are usually “éeep

acceptors. Fe, Sn, Sb have been reported to beectmahwith deep levels. Sample
CT-Ill was studied through PL temperature depenelewith excitation energy

above the bandgap (chapter 4.2.2), all other inyatsdbn was performed on sample
CT-IL.

Element Conc. [ppb] Element Conc. [ppb]

Li <11 Fe <25
B <5 Cu 7

Na 1 Zn 8

Al 12 Ag <15
Si <5 In <20
P 2 Sn <20
S 80 Sh <15

Table 41 The most abundant impurities of CdTe-Illl sample determined
by GDMS.

4.2.1. Excitation above the bandgaphwgxcir > Eg¢

The studied sample exhibits typical structures @uTe doped with indium
usually observed in the luminescence spectra wiibve—bandgap excitation,
see Fig. 4.1 and Table 4.1. The luminescence baradked as 1 — 6 and 8 are
accompanied by their well-recognized optical phongplicas. Dominant peak 4
is the so called C-line at 1.584 eV. The "1.45 &¥hd is not single; at least two
components can be distinguished. The well-resolfre¢ and bound exciton
recombination spectra are commonly attributed topdes of good crystalline

quality. On the other hand, detection of a Y-lihews significant effect of lattice
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deformation (dislocations) and rather manifold $@ecf deep levels indicate

the presence of various types of defects.

-
I
o

[arb. u.]

0.01

o
2

inescence

Lum

1.53 1.54 1.55 1.56
Photon energy [eV]
g2io 80

0.01 —

Luminescence [arb. u.]

0.001

T=33K Excitation 1.94 eV

0.0001
1.30 1.35 1.40 1.45 1.50 1.55 1.60

Photon energy [eV]

Fig. 4.1 Luminescence spectra in the range of exciton réeauation (1,2,3,4),
donor-shallow acceptor recombination (5,6), diskbma—bound exciton
recombination (7) and recombination at A—centedeéper acceptors (8). Changes
in the spectral region of shallow acceptors recamakipn with increasing
temperature are outlined in the inset.

Photoluminescence at lower photon energies as tddtdxy the InSb detector
is shown in Fig. 4.2. A broad band around 1.1 e\dasinant in the deep level
spectra. The components of the "1.1 eV" PL bandkethras 9, 10 and 11 are
examined in more detail in the following parts bé tchapter. The intensity of band
12 (0.9 eV) is highly influenced by a surface daesmamd will be investigated
in chapter 6.3 of this thesis. Throughout the aurrehapter will be proven that
the decomposition is necessary for the explanabbrexcitation spectroscopy

and temperature dependence of the observed spectra.
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Position Assignment
at 4K [eV]
1 1.596 FE; dip due to reabsorption by free excitdegcitonic polaritons
2 1.593 (0,X); recombination of excitons bound to neutrahdis
3 1.589 (A X): recombination of excitons bound to neutraegtors
4 1.584 C-line; recombination of excitons bound tanptex defects
containing In
5 1.546 DAP-like; recombination in pairs donor—acoepicomplex
containing cadmium vacancy;
and/or isoelectronic impurity (like oxygen and/ospibly
sulphur)
6 1.539 DAP; recombination in donor — acceptor passgpstitution
possibly Nag
7 1.472 Y-line; recombination of excitons at spediige of dislocations
8 1.451 DAP recombination in pairs donor—deeper acceptors
A centers (Cd vacancy + In donor) and Cu acceptors
1.458 (e,A%) recombination observed at 30 K
9 1.19 ?
10 1.13 ?
11 1.03 ?
12 <0.9 ?
13 0.64 ?
14 <0.55 ?

Table 4.2 Luminescence bands observed in CdTe doped wih 4nK. Sed49] for
references.
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Fig. 4.2 PL spectra recorded by InSb detector with ex@tatat the absorption edge.

4.2.2. Temperature dependence with excitation above bandga

At first the sample will be investigated with thece#ation laser energy above
the bandgap of the materiéwzycr > E;.

The excitonic bands (1 — 4) are shifted to loweerges with increased
temperature; the shift is given by the temperatdependence of the bandgap
E;(T) [3]. The intensity of bound exciton recombinatioectkases monotonically
with the increasing temperature; band 3°¥) diminishes at the highest rate.
Free exciton (FE) structure 1 weakens slowly. Té@ica of FE (FE — 2LO) even
reaches its maximum at 20 K, as can be seen ininket in Fig. 4.1.
The recombination in donor—acceptor pairs (DAR) mmatural behavior of bands 5, 6
and 8:

(D% A%) — (D", A) + hioLum (4.1)
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and it is transformed to recombination of a coniducilectron with an acceptor

(e, A):
e + (D', A% — (D', A) + horum - (4.2)
The corresponding peaks are shifted to higher exggith temperature increase up

to 30 K, as indicated by shift55* in the inset in Fig. 4.1 and by a more pronouhce
shift of band 8.

02 —clomp12 I [ I !
T10F — comp.11 A T Excitation 1.94 eV
—— comp.10

)

g 08 1 ®12.9K
] —— comp. 9

; 06 sum / B
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Eo2f 4
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-

08 09 10 11 12 13
T=23.8 K Photon energy [eV]
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0.8 0.9 1.0 1.1 1.2 1.3

Photon energy [eV]

Fig. 4.3 PL spectra recorded by the Ge LN detector withvabbandgap excitation.
Decomposition of the spectrum at 24 K is preseintéle inset.

PL spectra in the region of the “1.1 eV” band aepidted in Fig. 4.3 for several
temperatures. Spectral position of bare PL maximeaaaous types of excitation
(including thehwgyxcr > E;  excitation) in dependence on temperature are show
in Fig. 4.4. The shift of the PL maxima can be akpd just by different
temperature dependences of separate componentsiii@e The spectra presented
in Fig. 4.3 can be decomposed by fitting procedunts four Gaussian bands,
see inset in Fig. 4.3.

The intensities of both components 9 and 10 rehelr imaxima near 13 K.

It resembles the temperature dependence of theeftegon replica. This can be
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explained by a thermal escape of carriers froml@vdevels supplying the radiative
recombination channels with non—equilibrium cagidnvestigating the spectra at
temperatures above 30 K, it becomes visible thatk peomponent 11 is less
guenched than components 9 and 10 and can be eegasdan independent band.
Both components 9 and 10 are thermally quenchete gapidly; they become very
weak above 30 K. On the contrary, the intensitythef “1.4 eV” band decreases

monotonically with increasing temperature untlex; x-;+ > E; excitation.

120 T T T T | T ]
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(no decomposition by fitting)
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—4A- 194 eV

—O— absorption edge

Positions of luminescence maxima [eV]
o

0 20 40 60 80 100 120 140

Temperature [K]

Fig. 4.4 Position of the luminescence maxima in the spectnage 1.0 — 1.2 eV
versus temperature for several exciting photon giesr Temperature dependence
of Ec—0.482 eV and &-0.577 eV are plotted as well.

4.2.3. Excitation spectroscopy at 4.6 K

Using the tunable Ti:Sapphire laser, the excitaspectroscopy with the incident
photon energy below the bandgabpwgycr < E; ) was measured at a fixed
temperature of 4.6 K.

At excitation well below the absorption edge, tmeensity of luminescence
rapidly decreases with the drop of exciting photenergy due to the fall
of the amount of absorbed light. The forms of tpectra are changed as well.
Very different characteristics for components 9 alfdl are revealed contrary
to excitation at absorption edge and at highertaticn energies. The components 9
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and 10 become well-distinguishable at excitatiolowel.5 eV. In various ranges
|of the excitation photon energy, one of the twadependent bands dominates as can
be seen in Fig. 4.5, where the positions of thee AL maxima are depicted
as a dependence on the exciting photon energy. Guemp 10 (PL near 1.13 eV)
becomes stronger in a rather narrow interval ofitatton photon energies
1.34 eV — 1.42 eV, whereas component 9 (PL ne& &\]) prevails outside of this
interval as shown in Fig. 4.6, where results dinfif decomposition of the spectra are
shown. A noteworthy threshold for components 9 &f@dat 1.45 eV coincidences

with ionization energy of “deeper” acceptors likecgnters or Cu impurity.

4.2.1. Temperature dependence with excitation below bandga

hwgxcrr < Eg

The final investigation of this material was thenfeerature dependence of PL
signal with the excitation laser energy below thadgapiwgxcr < E.

The shapes of the PL spectra are changed with ramope (see Fig. 4.7 for
hwgxcrr =1.39 eV). Component 10 is dominant at a low temperature,
then contribution of component 9 reaches its maxinati 20 K and a rapid fall down
of intensity of component 9 comes with temperatoceeased. This is demonstrated
also by a shift of the luminescence maxima dispglaye Fig. 4.4 where spectral
positions of the measured PL maxima (no decompogitire shown in dependence
on temperature and excitation photon energy. In tese of excitation
at the absorption edge and at higher photon ersertjie “1.4 eV” band (not shown
in Fig. 4.4) and component 11 of the 1.1 eV barddaminant above 30 K, whereas
the excitatiomwgycr < E; induces component 10 as the main contribution @bov
40 K. Results of fitting procedures for excitatigghoton energies 1.32 eV
and 1.39 eV are shown in Fig. 4.8.
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Fig. 45 Position of the bare luminescence maxima (in tlpecsal range
of components 9 and 10) versus exciting photonggrer4.6 K.
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Fig. 4.6 PL excitation spectra — contributions of composefif 10, 11 and 12
to the luminescence at 4.6 K obtained by fittingcedures.
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Fig. 4.7 Luminescence spectra excited at 1.39 eV.

Moreover, the thermal activation of component 1@dnees apparent with
excitation 1.32 eV < hwgxcirmax = 1.38 eV in the case of insufficient exciting
photon energy to reach the maximal PL of comporiéhti.e. below 1.36 eV.
No such effect appears at higher excitation phetmrgy. Activation energy roughly

estimated for very narrow interval at 24 K is 40ve

4.2.1. Spectral position of PL peaks and PLE spectra

It is widely accepted that PL bands are composeghaoinon replicas of zero
phonon lines (ZPL). The replicas are well-distirstpeid in the case of recombination
in donor—acceptor pairs with shallow acceptors dspe range at 1.5 eV)
and in the “1.4 eV” band (at least in crystals afffisient quality at low
temperatures), see Fig. 1. The PL intensity ofrédspective replicas is given by the
Poisson distribution with the Huang—Rhys fackdreing a parameter characterizing

the electron—phonon interaction.
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Fig. 4.8 Temperature dependence of fitted intensitieh@fréspective components
of the luminescence excited at 1.94 eV, 1.39 eV hBd eV. Component 10
at excitation 1.32 eV is four times amplified.

It is expected that the electron—phonon interaci®rstronger for deep,
well-localized states of defects. Thus ZPL enerm@y lbe remarkably different from
the peak of the PL band. Usually no replica stmgcis observed for deep defect
levels including the “1.1 eV” band. No band withpliea pattern was reported
in published papers on CdTe in this spectral rafiderefore, theS parameter
(needed for the estimation of the difference betwde position of the PL peak
and ZPL) cannot be determined directly. An impdriaarameter is the width of PL
bands. However, there are some other contributeading to band broadening like
fluctuations of structure and potential in the ldgaf the defect.

No phonon replicas were resolved for componentd.9.—
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Fig. 49 One of the possible modifications of the schemaggndiagram of the

simplest model of a localized center with two |l electron states (ground GES
and excited EES). A relaxation of atomic arrangememmes after the optical
excitation (red arrow) and the peak of the PL baasdrepresented by the blue

downward arrow. NRR stands for non-radiative retso@m E, represents the

difference between the excited electronic statethedyround electronic state, both
in the case of relaxed atomic arrangemeff,,,, indicates activation energy

(height of a barrier) for internal thermal PL quédring. The red dashed arrow shows
the excitation possible at a higher temperature nvaeen lower photon energy can
excite the electronic state. The Escape and Captm®ws symbolize the

possibilities of charge changes of the center.

The simplest energy diagram for both the excitedl #@he ground state
in photoluminescence phenomena is shown in Fig. 1t @ses the Franck—Condon
principle (vertical arrows represent optical tréiosis with no phonon emission
or absorption). The diagram is drawn for excitingofwn energy lower than
ionization energy of the ground stad&,,y,. The optical excitation is indicated
by the red upward arrow (in principle this energp@dd be observable in excitation
spectra PLE). Then a relaxation of atomic posititms& new equilibrium position
happens. A radiative emission is drawn as the bblmvnward arrow
and it corresponds to the PL peak. The energye#éio—phonon line (ZPL) can be
approximately identified with the energy differeroetween the excited and ground
states of a defect in equilibriumEdg in Fig. 4.9). As one can see
in this simple model, the probable value t; is locatedin the interval between
the PL peak and the PLE band.

37



By increasing the excitation photon energy a regiafecenter ionization
Is realized (bound—to—band transition). This mehas
» either the system of energy levels is changed &aedcenter falls out
of this absorption/emission channel,
e or a charge recapture happens and a relaxatioerei a radiative

or non—radiative process takes place.

Of course, a close link of PL and PLE is then broké/hereas a relatively
narrow excitation band is expected for an innertation of defect states, a threshold
of excitation spectra for the ionization of deepels is expected near the energy
difference between the defect and bottom (top)hef €B (VB). The maximum
of the absorption is expected at much higher phetoergy. In an oversimplified
model of photoionization by Lucovsky [50] (the casfeextremely localized deep
level state), the maximum would appear &twgxcir, max = 2 Ejoniz-
Such a maximum in the PLE spectra is overriddembgh more intensive interband
absorption.

The below—gap excitation produces a low excitatrothe bulk of the sample
(because of the low absorption coefficient) andcesses like internal excitation
inside defects or ionization of defect states (Ag+ hv — A° + & for acceptor)
or both can dominate. Therefore, the PLE local maxn observed for component
10 in Fig. 4.6 is a strong argument for the opinibat the PL component 10
is caused by an internal transition (bound—-to—bpund

Finally, the mostly used experimental implementai®band—to—band excitation
hwgxcrr > E. A simple version of processes in a donor—acceqpdorat above—gap
excitation is outlined illustratively in Fig.1 irb]l] where repeated captures/escapes
of the charge are taken into account as well asnat PL emission and relaxation.
Generally for bulk crystals with a commonly treatedsurface,
the excitation spectra reach their maxima in thecspl region of the absorption
edge (Urbach tail); then sharp structures due teorgbion/reflection spectra
of excitons are observed. The PLE spectra in th@meof higherhiwgycr are not
very spectrally dependent and PL is reduced becafissurface non-radiative

recombination.
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4.2.2. Temperature and excitation dependence of PL peaks

As stated in the beginning of this chapter, theohlte majority of PL
measurements is carried out at above-bandgap ®xgjtawhere generation
of electron—hole pairs in the respective bands (CBB) is dominant.
A non—equilibrium population of defect states wathergy levels in the energy gap
is created by a capture of the electrons and h@¥g. increasing temperature, a PL
intensity decrease (thermal quenching) appears. Maio limit mechanisms can be

distinguished:

1. The quenching is caused by the thermal excitatianaelectron (hole) bound
to the defect that enables to overcome a poteb&igier AE;yr; given by
the dependence of total energies of the excitedgandnd states on atomic
space arrangement as shown in Fig. 4.9. This meshas also possible in
the case of above—gap excitation; see Fig 1b ih [Bie carriers in VB/CB
are captured in a defect state and then they cami@ne non—radiatively by
breaking the barrierAE;yr1. A multiple phonon emission assists the
relaxation/recombination. Because this  process caproceed
in one defect, this mechanism is reported as thee-~oenter model”
or “internal recombination model” (the schema pgabby Seitz and Mott).

2. The quenching is due to a thermal escape of threecsafrom the defect state
back to the energy bands, e.g. escape of a hate daxeptor A >A™ + h.
The escaped carriers can be captured by othertdeflere a recombination
(non-radiative or radiative) proceeds. The carriersCB/VB constitute
a common reservoir for various recombination chénaad a competition
of individual channels comes into play. This is stimes associated with
the effect when thermal quenching of a PL band dsompanied with
an increase of PL in another band. This can resulh non—monotonic
temperature dependence of PL intensity: a therctaladion of the intensity
at low temperatures in the latter band turns it thermal quenching at
higher temperatures. This type of the quenchinghaesm is called the

“multi—-center model” or the Schon—Klasens mecharjshj
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Temperature dependence of PL in an acceptor band asthree—level model
(one shallow donor, one acceptor and one non—raglistcombination center near
the middle of the bandgap) under above—gap exmitatias extensively discussed by
Reshchikov [51] for wide—gap semiconductors and f@rious assumptions
on the ionization energies of donors and acceptbesy concentrations, capture
coefficients of the carriers and generation rates ebectron—hole pairs.
The “multi-center model” results in a great variefyPL temperature dependences:
some of the dependence corresponds to an ingencmusept that “activation
energy” of the quenching should be equal to theizaion energy.
However, sometimes very different behavior (muchedp “activation energy” for
the thermal quenching) can be obtained, particulavhen the concentration
and/or capture coefficients for the middle—gap nelsmation center are high
compared to the values for the donors and accepldns is the case of high
resistivity samples with Fermi level near the madif the bandgap and a result
of the above mentioned common reservoir of carrfersvarious recombination
processes.

A possible schema of some basic processes inubdedtsample is drawn in Fig.
4.10. The luminescence transitions are supposdm toonnected with electrons in
the CB or with electrons bound to states near tBeb@Gttom. A similar chart can be
sketched for holes at the VB top as indicated for Bhe evaluation assumes that
bands 8 — 11 are independent, i.e. that they amaten by different
defects/impurities. Of course, the population ofdatates and localized states is
given by the competition of radiative and non-radé recombination channels

and by the capture and escape of electrons (hiotes)traps.
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Fig. 410 Some of possible processes: a) excitatianyx-;r > E;; b) excitation
at absorption edge; c) excitatiohwgycr < E;, 10nization of the deep level;
d) internal excitation of component 10. Black arsowutline charge carriers
relaxation and transport including capture; NRR $glives non-radiative
recombination. Inclined arrows #8 and #11 indicptessible DAP transitions.

4.2.3. Comments on the individual PL components

Component 9

Components 9 and 10 are not well-resolveitaiy -+ > E; and their joint band
dominates at temperatures below 30 K. On the cgntilae components can be well
distinguished at the excitatiohwgycr < E; (Fig. 4.5, Fig. 4.6, Fig. 4.7).
This encouraged us to decompose components 9 abg a(fitting procedure, see
inset in Fig. 4.3.

Properties of the component 9 with the band 8 @ndmpared. It is commonly
accepted that band 8 (“1.4 eV band”) is caused bgcambination in shallow
donor—deeper acceptor pairs at low temperatures lapda recombination
of an electron in CB with a hole localized at tleeeptor at higher temperatures.
The position of the PL maximum is associated witis tmodification; a shift
of several meV is observed (7 meV for our samp@). the contrary, no shift
of several meV to a higher energy was recognizecbmponent 9 with increasing
temperature. At above—bandgap excitatibrermal quenching of the PL intensity

of component 9 is much faster than that of the wh@nd 8 (together both the DAP
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and (e,A) recombination, see Fig. 4.8). The temperaturecdéence of the PL
intensity of component 9 could resemble rather ahé/component DAP of band 8
(that is effectively quenched above 20 K) thanma 81AP + (e, A).

Thus component 9 can be caused by the transit@mn &n excited state that is
activated by carrier capture. Following the schegngen in Fig. 1 in [51], two
competitive quenching mechanisms described abowk denoted as 4 and 5
in the figure can occur.

1. Escape of the carrier to the CB follows the exmtati.e. the excited state is

very effectively thermally depopulated at tempereguabove 20 K. Either
a shallow “one—electron” trap state with a levehmihe CB bottom (VB top)
or a metastable state (including a possibility lvé s0 called “negative—U
centre”) should be taken into consideration.

2. Or there is a very low energy barrier for non—radearecombination inside

the center resulting in an effective thermal quémghover the potential

barrier.

Of course, both mechanisms can be combined. Takingaccount that the steep
guenching of component 9 is accompanied by notleeahanges in other PL
components (see Fig. 4.8), the possibility of aeneive exchange of the charges
with the CB (or VB) is most likely.

A threshold in PLE spectrum near 1.45 eV is recogple in Fig. 4.6. It is
the energy where ionization of deeper acceptoreéAters, Cu impurities) can make
the concentration of carriers in bands higherslpossible that defects connected
with PL component 9 capture the electrons prefalyt giving raise to excited
states of the defect very near the CB bottom. Thexepopulation of the excited

state with increasing temperature causes the Ripidecrease.
Component 10

The dependence of the PL maxima positions (Fig) 4t results of the PL
spectra decomposition procedures (Fig. 4.6) onta&tkmn photon energy can be
explained using the simplest model with a strongctebn—phonon interaction
(at least at low photon excitation energy, proaess Fig. 4.10), schema depicted in

Fig. 4.9. No charge transfer between the CB oMBeand the defect center may be
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assumed. Thus the excitation in the localized cerge be dominant fadtwgycr <
1.45 eV, while excitation dwgycr > 1.45 eV can cause photoionization (proaess
in Fig. 4.10). The photoionization is followed bygapture of carriers into the excited
state of the center and then PL emission in compal®appears.
Assuming:
1) main broadening of the PL band is given by th®non emission
mechanism;
2) the peak position for absorption (PL excitatict) 1.38 eV follows
the symmetry rule concerning Stokes — anti—Stolaesitions;
3) both excitation and emission processes invdllre same ground

and excited electron states, but in changing at@mangement.

The ZPL position can then be estimated to be & &\2 i.e. the difference
EzpL — hwppag = 6 X hwyp.

In Fig. 4.8 a striking difference between tempeamtudependences
of the intensity of component 10 measured at exaitanear the maximum
of the PLE spectraiwgycr = 1.39 eV) and measured below the maximum
(1.32 eV) is visible. It is possible to explain tbd#ference by a thermal activation
of the ground state; see the dashed upward arrowthé energy schema
of a localized center in Fig. 4.9. The thermal ggesupplies a contribution to
the lacking optical excitation energy. The activatienergy 40 meV for the PL
growth near 24 K at excitation of 1.32 eV was deiaed from the steepness
of the temperature dependence. It is in a reaseradpleement with the difference
70 meV of the two excitations (considering the dtameous thermal quenching).

Component 10 is dominant at higher temperatureserurzklow—bandgap
excitation when a concentration of non—equilibrigarriers in the CB and VB is
low. The excited state of the related defects charthe charge with much lower
probability than component 9. Component 10 winem@etition for charge carriers
under the condition of low optical generation raténigher temperatures; the excited

state is deeper than that of component 9.
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Component 11

Unlike components 9 and 10, component 11 can beredd up to relatively
high temperatures under near— and above—-bandgaptexcwhen carriers in both
energy bands (VB and CB) are generated with a bagitentration (in comparison
with below—bandgap excitation). Component 11 cdaddattributed to an effective
recombination center. Relatively high concentratmnboth electrons and holes

seems to be the condition for dominance of thishapism.

4.2.4. PL quenching activation energies

The activation energy of thermal quenching is asslinto be the ionization
energy in an oversimplified concept. Both experitabnresults and model
calculations [51] show that this is not correctrtigalarly for high resistivity
samples. This inconsistency can be a source ddrdiites between results various
measurements (e.g. PL, PICTS, etc.).

The temperature dependences of the integrated Bnsity are complex.
Spectra fitting using a simple model based on #sei@ption of Gaussian—like peaks
is doubtful and questionable. It should be notedt tthe problem of spectra
evaluation and the zero—phonon-line (ZPL) is ugusilinply “solved” by a choice
hwpgak = hwzpr. The “activation energies” of quenching deduced frghort
temperature intervals at relatively high tempeedlare summarized in

Table 4.3 Only data obtained for above-bandgap excitaticgrewusable.
Assuming that the luminescence would be causedabg-Ho—bound transitions and
the quenching would be caused by a thermal eschpéectrons (holes) into CB
(VB), the values near eithétw,p; or rather atE; — hw,p; should be obtained
according to a simple estimation. However, muchelowalues have been received.
As mentioned above,
if a high—rate recombination (possibly non—-radi&liin materials with Fermi level
near the middle of the bandgap is taken into adcdas in [51]), much lower
“activation energy” can be obtained than the omeesponding to ionization energy
of the center for radiative recombination. Anotpessibility is a quenching caused

by overcoming a barrier either inside the defeige(in Fig. 4.9) or more probably

44



in the case of high concentration of various defdnt breaking barriers between
neighboring defects. However, similar values oftRaion energy” have been
received for various components; and an interliekvMeen temperature dependences
of the respective components is obvious. Thus thHsoven mentioned

“multicenter—model” is preferred for the evaluation

Temperature Activation energy hwpeax FWHM hwzpL
Component
range [K] [meV] [eV] [eV] [eV]
71-115 73
1.43 0.075 1.45+0.001
120-145 77
9 36-60 68 1.19 0.125 1.27+0.04
10 50-80 68 1.13 0.162 1.26+0.01
11 125-145 95 1.03 0.154 1.14+0.08
60-125 70
12 0.83 0.172 1.0£0.1
125-145 78

Table 4.3 Activation energies deduced from PL thermal quemgcht relatively high

temperatures at above—gap excitation compared timated ZPL energies at 4 K
(published in[48]). The values 1.430 and 1.450 are for the strorggemponent of

the band 8.

4.2.5. Comparison to results in other papers

The same sample and its deep level structure wasliedt using
the electro—optical Pockels effect and the resultsre published in [52].
Through spectroscopic measurement, deep levelsonstdpe for the electrical
polarization and depolarization of the sample wetad. The position of the levels
wasEc— 1.09 eV,Ec— 0.84 eV andc: — 0.69 eV, which could correspond to band
10/band 11, band 12 and band 13, respectively.eTémems to be only a single peak
in the spectral range of 1.1 eV, but the resoluttdnthe Pockels measurement
is much more limited than PL investigation. Howeves it has been states
in the previous chapters, the agreement of thetippnsif deep levels found through

different methods is not sufficient for the conatus of the deep levels being
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of the same origin. The paper [52] investigatesdiep levels acting in the electrical
performance of the detector at room—temperature. mieasurement in this thesis
studies the complex behavior of the deep levelevatemperatures and is in no way
connected to electrical measurements.

In some papers, the “1.1 eV” band was decomposed timo components,
typically one with a maximum in the interval 1.1 €Viw,yy; < 1.15 eV
and the second maximum at 1.0<e¥Yw;y; < 1.1 eV. The two components are
reported to reveal different characteristics: défe activation energies of thermal
guenching, distinct dependences of the two compdsranthe excitation power [29],
various time constants at chopped excitation [53].

Stadleret al. [27] observed several components of the “1.1 e&fidin various
samples: 1.145 eV, 1.135 eV, 1.11 eV, 1.05 eV amdorrelation with In—doping
was found. It was also found that the latter typehe PL band (“1.135 eV”) reveals
a shift to higher energies with increasing tempgeatin some samples [27].
They interpreted it as internal recombination (beitited and ground levels are
deep). In the current CdTe measurement, no comparaeaaling such a shift was
recognized. The published FWHM127 meV at low temperature is very similar to
values obtained in this study.

PL spectra with maxima above 1.15 eV (as compo8gate reported relatively
seldom: 1.2 eV in In—-doped CdTe after Xe ion imsion [54]; 1.17 eV in some
unspecified samples [27], [55]; 1.18 eV after ahingaof nominally undoped
material in an inert atmosphere. A strongly asymimdband with a maximum
at 1.17 eV was observed for the bulk crystal aftechanical polishing and chemical
etching [56]. A dependence of the PL peak positinrresistivity in semi—insulating
CdMnTe:In was noticed in [24]: the peak is shiffesim 1.05 eV for samples with
RT resistivity above 8 Q-cm up to 1.21 eV for samples with resistivity belo
16 Q-cm. No correlations of the peak position to Mnteah or In concentration
was reported. It should be noted again that thepédk at 1.19 eV was obtained for
the studied sample with resistivity of almos? @cm.

Only little information in published papers on tesngture dependence
of the intensity of the PL “1.1 eV” band is to lmahd.

The value of activation energy gained for the stddnigh—resistivity sample is
significantly lower than in published literature7]2 [29], [57], [58]: 73 meV

and 77 meV, i.e. about Y2 of the acceptor ionizatoergy. It is in a qualitative
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agreement with the results of the Reshchikov [Saflets: the quenching activation
energy could be approximately equal to the accepbmization energy for
a conductive n—type material with Fermi level nigar CB bottom.

Considering these results for the “1.45 eV” bangk @gannot be surprised that
a great discrepancy between the quenching activatiergy and expected ionization
energies is observed for components of the “1.1lgAfd as well, see

Table 4.3

(if mechanism of radiative band—to—bound recomimmais assumed).

4.3.Photoluminescence of CdZnTe

For the comparison and deep level investigation GdZnTe material,
two neighboring samples CZT-I and CZT-II were inigeged. Both samples were
indium doped.

For measurement the samples were mechanicallyhgadlissing a 1 pm alumina
(Al,03) abrasive and then etched by immersion into a 3%nBthanol solution for 2
minutes, same as with the CdTe samples describédeirprevious chapters. The
material is semi—insulating with a resistivity valof p ~ 2-10° Q-cm, calculated
Fermi level positiorEr = E, + 0.851 eV and electron mobility ~950 cnf-V*.s™
all values at room temperature. X—ray detectorsariaan the material were of good
quality with mobility—lifetime product of electrongiz =~ 1x10° cnf-V™
Chemical analysis (glow discharge mass spectros€epWS) shows a rather high
concentration of sulfur (210 ppb), 1 ppb corresgontb concentration
2.94x10° cnm®. As with the CdTe samples, a rather low conceiomadf shallow
acceptors was found, see

Table 4.4 Both samples were mapped
and photoluminescence was further used in comparisidh other methods,
see chapter 5.1.

The studied samples exhibits typical structuresGdZnTe doped with indium
usually observed in the luminescence spectra wiibve—bandgap excitation,
see Fig. 4.11 and

Table 4.5 The measured spectra show less bands compare€die

measurement. Free exciton is not visible in oudistl samples. On the other hand,
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well-recognized peaks for donor—bound exciton artin€ and its optical phonon
replicas are visible. The "1.45 eV" band, so—calledenter is one broad peak. No
ZPL and phonon replicas (on contrary to CdTe) arsibke, which is
in agreement with published literature. The risePin signal in the region around
1.52 eV could indicate the presence of defect oguihie Y—line peak in CdTe, as its
position is reaching the value of about 135 meV owelthe bandgap,

same as in CdTe.

Element Conc. [ppb] Element Conc. [ppb]

Li <2 Fe <20

B 13 Cu <10

Na <2 In 2000

Al 33 Ag <30

Si 20 Cl 8

P 1 Sn <15
210 Sb <15

Table 4.4 The most abundant impurities of CZT—Il sampleeteminined by GDMS.
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Fig. 4.11 Typical photoluminescence spectrum of CZT—I measwith Si detector
at temperature 4.7 K. Incident photon energy 194 e

Position Assignment
at 4K [eV]
1 1.648 (J,X); recombination of excitons bound to neutrahdis
2 1.637 C—line; recombination of excitons bound tamptex defects
containing In
3 1.526 Y-line; recombination of excitons at spediige of dislocations
4 1.457 DAP recombination in pairs donor—deeper acceptors

A—centers (Cd vacancy + In donor) and Cu acceptors
5 ~1.1 ?

Table 4.5 Luminescence bands observed in CZT-I doped withatiid K.
Sed49] for references.

At first, temperature dependence with the excitatadbove the bandgap was
measured. Fig. 4.12 shows the temperature depemddribe PL spectra measured
with liquid nitrogen cooled germanium detector. dntinuous decrease of the PL
signal with increased temperature is visible. Npasate peaks in the spectral range
around 1.1 eV can be distinguished, as the sigeatedises very systematically
and no persisting peak is observed in the highempégatures. The position
of the maximum of photoluminescence in the speataalge of deep levels in
dependence on temperature is shown in Fig. 4.13.

The excitation spectroscopy was measured usinduthable Ti:Sapphire laser
at fixed temperature of 4.7 K, see Fig. 4.14. Titensity of luminescence decreases
when exciting below the absorption edge. The maraimf photoluminescence
signal shifts closer to 1.1 eV. At higher energies “1.1 eV” band of the CdzZnTe
sample changes its FWHM. With excitation closeht® @absorption edge, the band is
very broad. In a selected region of excitation phatnergies 1.34-1.40 eV, the band
becomes narrower and much more distinct. Howewverchanges in the position

of the PL maxima in dependence on excitation enargyisible.

49



0.35 T T T T T T T T T
I Temperature [K] Position for E,-0.452 eV

0.30 - 4.1 in dependence on temperature
r ——10.9 e
025 ——21.4 :
L ——51.4
020 —111.2

0.15

0.10

Luminescence [arb. u.]

0.05

0.00

0.8 0.9 1.0 11 1.2
Photon energy [eV]

Fig. 412 PL spectra recorded by the Ge LN detector with vabbandgap
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Fig. 4.14 Deep level photoluminescence spectra of CdZnTelejpendence on
the excitation energy at 4.7 K.

At excitation energy around 1.38 eV a narrow baitth WL maxima at 1.08 eV
and FWHM = 0.1 eV dominates. This is in a good @atron with the measurement
on CdTe material. It seems to be a similar tramsias component 10 in Fig. 4.10.
Other components present in CdTe have an intengty with the increased
excitation energy and are not well resolved inRhesignal.

Because of this, no detailed analysis of the deeel Istructure, as presented for

CdTe, can be done in the case of CdZnTe.

4.4.Chapter summary

The deep levels in the bandgap of CdTe:In and CdZwné&re studied through
photoluminescence. The investigation was focusedhenspectral range around
1.1 eV, where deep levels are present that ardlysoanected to polarization of the
final detector. Through PL temperature and exatatdependencies, a unique
and complex structure (compared to published papdrghree major components
contributing to the 1.1 eV band was found in theecaf CdTe. Evaluating the PL
behavior, possible deep level processes connedtbeddefects and impurities were
proposed. Activation energies of the observed caomapts were calculated.
CdzZnTe showed a rather poorer PL spectra compared QdTe.
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A broad band around 1.1 eV was observed and a wapeak is dominant at
excitation energyiw ~ 1.38 eV. This could be a component similar tmponent 10

observed in CdTe. Other peaks could not be digtshgd by used methods.
The results were compared to published literature.
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5. Charge transport and detector performance

5.1. Contactless Sample Characterization

The charge transport properties were investigatedinolium doped n-type
CdznTe samples with a spatial distribution of rgity. As mentioned above, high
resistivity is desired for a better signal-to—naiga#o. Homogeneity of the detector
material is also wanted for a stable detector perémce and a high material yield
in the device fabrication. Sample CZT-I was selk@s a representative specimen
for a detailed charge transport study. At the beigi of the study, the sample was
mechanically polished. No metal contacts were dégbs at this point.
The dimensions of the sample were 6.4x2.7x2 *mifihe resistivity map
of the sample is shown in Fig. 5.1. After the cotiess measurement, Hall
parameters of the sample were measured. While #aet evalues for charge
concentration and mobility are inconclusive becauwde a bad repeatability
of the measurement, the sample was determined tgpen-The sample seems to
have a special distribution of resistivity whilevir)g a homogeneous concentration
of zinc, studied by the position of exciton bounddbnor in the photoluminescence

spectra map.
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Fig. 5.1 Resistivity profile of sample CZT-I. Depictiorpodfile selection.
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Fig. 5.3 Resistivity and photoconductivity correlation afrple CZT—I.

For the photoconductivity map measurement, a lighth a wavelength
of 1050 nm was used. This corresponds to the intiodleoton energy of 1.18 eV and
is well below the bandgap to neglect the surfac®mbination, and yet is still
partially absorbed into the bulk of the materidieTphotoconductivity map is shown
in Fig. 5.2. Some of the points could not have beerasured and appear white
in the map, mostly on the edge of the sample. Témsan for these faulty

measurements can be an insufficient absorption ewmluation into negative
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photoconductivity values or not satisfactory suefgceparation inducing additional
surface recombination of the photo—generated chargeiers. The behavior
of resistivity and photoconductivity was studied cipse in the profile depicted
in Fig. 5.1 and is shown in Fig. 5.3.

Taken from the starting point at x = 0 mm the meaduresistivity has
an apparent anti—correlation with photoconductivity to the point with maximal
resistivity value and a little after that. From abax = 1.5 mm on, there is
a correlation between resistivity and photoconditgti as both of the parameters
decrease towards the end of the profile. This esshme behavior as observed on
CdZnTe samples grown at the Institute of PhysidShatrles University [26] that can
be explained using the Fermi level shift theory.eDw different compensation
conditions the Fermi level shifts within the samptefile and the resistivity changes
[34]. This mechanism also changes the photocondtyciof the material because
of the different deep level occupancy. Fig. 4.1dvehthe map of photoluminescence
using IR light. The changes in the Fermi energyitimscan occur due to different
concentrations of deep levels involved in the camspéon process throughout the
sample. A detailed model explaining the behavior akesistivity
and photoconductivity will be proposed later onhathe comparison of resistivity
to other charge collection parameters.

Photoluminescence of CZT-I shown in Fig. 4.11 iaths peaks typical for
a CdZnTe sample with exciton bound to donor (DX¢i®n bound to complex
defects with In dopant (C) and its phonon repliaad A—center (AC). Free exciton
is not visible, indicating only a mediocre crystad quality of the material. Also no
excitons bound to acceptor are visible in the plnbotinescence spectra. Confronted
with the resistivity and photoconductivity profié Fig. 5.3, the photoluminescence
spectra do not show any relative changes between pégaks in the range
of 1.3-1.7 eV.

While investigating the luminescence with a gerraamidetector and thus
studying the deep levels, two deep level peaks/iasible, see Fig. 5.4. The area of
the peak in the proximity of 1.1 eV increases oslightly throughout the profile
with certain values scattering. The deep level atod.84 eV decreases more clearly
in the latter part of the profile. It should be edtthat the energy positions are meant

as the position of the peak maxima, not ZPL. Charigethe photoluminescence
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of the near midgap level at 0.84 eV can be condedte a concentration
or occupancy change of the defect causing the leeep
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Fig. 5.4 Photoluminescence profile at temperature 4.7 K,asuoeed with
a germanium detector.

5.2.Detector Performance

5.2.1. Electron Collection

For electrical measurements of sample CZT-I, metaltacts were prepared.
Prior to contact deposition the sample was mech#pitapped and consequently
polished in several steps using an@ abrasive with a smaller abrasive size with
each polishing step. The final abrasive particte svas 1 um. Afterwards the sample
was chemically polished in a 1% Br—ethylenglycoluson on a silk pad for
60 seconds on each side and then etched in a 1#aelnanol solution again for
60 seconds. Cleaning was done by rinsing in methaoetone and isopropanol.
Finally, the sample was dried using compressed @&kre final dimensions
of the sample were 6.3x2.6x1.9 rnGold contacts were prepared on both
6.3x2.6 mm planes of the sample using the chemical elecsaleposition.

Through masking the sample was then divided inteetlregions with approx.
homogeneous resistivity (Region A and Region C) anmdgion with the resistivity
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gradient (Region B). The masking of the sampleegiated in Fig. 5.1. The results
of a—spectroscopy usinga’Am source for Region A—C are shown in Fig. 5.5-Fig
5.7, respectively. Only about 300 V bias could haverbapplied in the spectra
investigation. The mobility—lifetime quproduct of the charge carriers is calculated

using the Hecht equation

Ut _ L2
Q=Qo - |1—euu), (5.1)
whereL is the width of the sample ahdis the applied bias.

The **!Am peak is visible even at low bias, which indisa@ good charge
collection efficiency of all regions, correlating ittw the relatively high

mobility—lifetime product.
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Fig. 5.5 Measureda—spectroscopy of Region A. Electron mobility—lifeti product
calculated using the Hecht equation.
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Fig. 5.6 Measureda—spectroscopy of Region B. Electron mobility—Infeti product
calculated using the Hecht equation.
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Fig. 5.7 Measureda—spectroscopy of Region C. Electron mobility—ifegi product
calculated using the Hecht equation.

The evaluated mobility—lifetimepr products have similar values in all
of the regions of the sample. However a slightréisancy is visible.

For a better understanding of the differences batvtbe regions of the sample,
investigation through laser—-induced transient—cuxtechnique (L-TCT) was

implemented. In this method, free charge carrieesggnerated by photo—excitation
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and their transport through the biased sample mpexia current spike at the metal
contacts. A standard L-TCT signal is shown in Bi§.

The L-TCT pulse recognizes several mechanisms mwithe measurement.
At first the photon pulse generated using laselaser diode, usually with incident
photon energy above the bandgap, hits the samgletzarge carriers are generated.
Depending on the bias polarity electrons or hokes loe collected. Afterwards the
generated charge is transported through the miaterila and arrives at the contact
opposite to the irradiated contact. The chargaerarare generated and travel though
the sample in an ensemble. The arrival of the nigjof charge carriers onto the
non—irradiated electrode can be determined thrabghevaluation of the inflection
point of the current curve. At that point the sttiti mean passed through the detector
and the transit time of the charge carriers is q@imed. Detailed description

of the L-TCT measurement is written in [46], [59].
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Fig. 5.8 Typical L-TCT pulse of CZT—-I, biased at 300 Vhwipiction of the pulse
properties and charge transport fit.

eff

With transit timet,, effective mobilityy™ of the carriers can be calculated using

the equation as developed by Ramo [40]

LZ
u en =g (5.2)
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The evaluated mobility is “effective”, as it is iménced by trapping levels, contacts
and space charge in the sample. Throughout théeuadfthe sample, as depicted
in Fig. 5.1, 17 points were taken for the L-TCT s@ament, having a resolution
of approx. 0.35 mm. For this measurement the lasam was focused to have its
diameter smaller than 1 mm to illuminate the m#&yoof the corresponding region
of the sample without illuminating the side of teample. The rather large laser
diameter compared to the profile resolution me&aas the measured point could be
influenced by the other measured points in itsriigi However, it should be noted
that an average signal in the laser diode lighthéizr was measured and the relative
changes in the sample were investigated. Threg9uiare selected for the results
presentation, each one in a different region ofdtmmple. The L-TCT curves with
evaluated electron mobilify are shown in Fig. 5.9 .

Evaluating the L-TCT curve, differences in the #&lmt mobility values are
observed. The point in Region A, which has a higlesistivity, shows a smaller
value of mobility | = 866 cni-V s and has a curved L-TCT signal, whereas
Region C evinces a more constant current aftergehgeneration and has mobility
u®™ = 950 cnt- V1. The value of bulk electron mobility is usuallyferenced
as U~ 1000 cm-V*s™. Suzuki et al. [60] published a decrease of theility
measured with L-TCT pulses as an effect of chaageer capture on shallow levels
in the bandgap, the so called Poole—Frenkel—eftdettrons composing the current
pulse are trapped on shallow levels and are aghermally excited back
to the conduction band in a matter of nanosecomts trapping causes a delay
of the electron bunch arrival to the collectingcélede. The more charge carriers are
trapped for longer time, the lesser seems the aiedu effective mobility.
The concentration of the point defects (shallowpdésvels) can influence the
estimation of the electron mobility. Similarly, alsdefect clusters can delay
the electrons travelling through the sample, fardihe electron to travel a longer
path throughout the sample than in a simple sttdigh. Macroscopic defects also
influence the evaluation of charge carrier mohilifihe curvature of the current
signal is related to the space charge formed byping of free carriers
and to the weighted potential of the electric figddide the bulk of the sample.

The reason for the space charge formation is ystiedldepletion of electrons.
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Fig. 5.9 L-TCT pulse and evaluated mobility at three poatt300 V bias.

If the L-TCT pulse evinces a clear transit timeg fhulse can be fitted using

the equation taken from [46]

1
i(t) = %Lﬂe‘(‘”m)“t o et

(5.3)
wherea is the screening parameter of the electric fi€lgjs the initial field value
under the illuminated electrode a@h is the initial drifting charge. Evaluating
the transit timd; and measuring the mobility—lifetime product, tlypi&tion (labeled
10 in [46]) for the screening parametex can be solved numerically
and the space charge inside the material bulk earaleculated using

(5.4)

where e is the elemental charggande, are the permittivity of vacuum and relative
material permittivity, respectively. N is the chargdensity, normalized

on the elemental charge and it represents rathee raodensity of the amount
of space carriers, having the unit e~&riThis parameter N will be further referenced

only as space charge density.
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Depending on the sign of, positive and negative space charge can

be distinguished. Positive value @imeans positive space charge, whereas negative

value ofa represents negative space charge.
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Fig. 5.10L-TCT pulse at three selected points at 300V Hraset: evaluated space
charge density is depending on applied bias atthests.

From the curvature of the L-TCT pulses, it is Misithat the whole sample has
a positive space charge in its bulk. Region A whigher resistivity and lower
effective electron mobility has twice the valuespface charge density as Region C.
With higher bias, the difference increases evenemOn the other hand, Region C
has the lowest space charge density and evincegherleffective electron mobility.
With regard to [60], the conclusion follows thatgrRen A has a higher concentration
of shallow levels or contains more defect clustenssing the effective mobility to be
lower in this part of the sample.

The slope of the electric field and the screenihtipe charge transport are crucial
in evaluating the differences between the regiohsthe sample. To confirm
the correlations between resistivity, electron rigbiand space charge density,
the parameters in the whole profile are shown ig. B.11 and Fig. 5.12.
As the sample resistivity and the sample itselfrseery inhomogeneous, it is
difficult to ascertain the exact values of the ntiopilifetime product and space
charge density in the specific measured point efsmple profile. Because of this,

the effective mobility values were evaluated with systematic error
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of 20 cnf-V*-s*and the space charge density had an evaluatiomtaimtg of about
ten percent of the calculated value.
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Fig. 5.11 Correlation between resistivity and calculateceefive electron mobility
in the sample profile at 300 V bias.
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Fig. 5.12 Correlation between resistivity and calculated spabarge density in the
sample profile at 300 V bias.

The resistivity measured using the contactless ogetand the calculated
effective electron mobility evaluated from the L-TT@ulses are very close to fully

anti—correlated. Points around the maximal resigtivalues show the lowest
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effective mobility. In the high resistivity regidhe Fermi level is pinpointed near the
middle of the bandgap and this influences the oawcap of the deep levels.
At the end with lower resistivity, the Fermi levsl shifted towards the conduction
band. Region A with higher resistivity seems todnavgreater concentration of either
point defects or defect clusters causing the deeres the evaluated effective
electron mobility.

In contrast to mobility, the space charge densityratates with resistivity.
It follows the transition trend from the high rdsis region towards the region with
lower resistivity and the space charge density evalln this region decreases
approximately by the factor of two compared to Ragh.

The anti—correlation of electron mobility and spabarge density depending on
the bias applied to the sample is shown in Fig3 aiid Fig. 5.14.
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Fig. 5.13 Evaluated effective electron mobility map in defgcte on the position on
the profile of the sample and on the applied bias.
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The evaluated effective mobility is dependent one tlapplied bias.
It systematically increases with higher bias. Tdoafirms the idea that the effective
mobility is influenced by trapping on shallow lesebr travelling a longer path
around defect clusters. With a higher bias, thedairawing the electrons towards
the collecting electrode is stronger. This way,cetns are travelling faster

throughout the sample and cannot be trapped arpgh# is more straight.
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Fig. 5.14 Space charge density map in dependence on th&ogmosn the profile
of the sample and on the applied bias.

5.2.2. Hole Collection

The ability to collect holes is a sign of a goodtedéor performance.
The collection of electrons or holes was changedsWwitching the applied bias
to the opposite polarity. The sample used in thesasurements was the same as
with the electron collection measurement, no distiadjustment was made for
the study of hole collection. The obtainé!Am spectra and the calculated
mobility—lifetime pz for Regions A—C are shown in Fig. 5.15-F3gl7, respectively.

In the measurement of holes much fewer counts awm®rded compared
to the electron collection. Hole collection followthe trend of the electron
measurement in the variance of the obtaipedalues. The lowest mobility—lifetime
product is seen in Region C, whereas the highdaewsas measured in Region B.
But the variance in the values is much smaller timthe electron measurement.
The o—spectroscopy measurement results in all sampl®ngdaving a similar
uz of holes.
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Fig. 5.15 Measured:—spectroscopy of Region A. Hole mobility—lifetimedoict was
calculated using the Hecht equation.
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Fig. 5.16 Measuredx—spectroscopy of Region B. Hole mobility—lifetimedoict was
calculated using the Hecht equation.
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Fig. 5.17 Measured—spectroscopy of Region C. Hole mobility—lifetimedoict was
calculated using the Hecht equation.

As with the electron measurement, L-TCT pulses wsiedied for hole
collection. The typical L-TCT pulse for holes isosm in Fig. 5.18. Holes evince
much greater transit time value than electronsciwig a manifestation of a much
smaller mobility of the positively charged carriefhie L—TCT pulses for holes also
exhibit a greater noise when compared to electrdhs. curvature of the pulse is
opposite to the curvature of measurement with elactas the current here is
increasing throughout the transport. This is caused stronger electric field when
nearing the cathode of the sample and in the pceseha positive space charge
in the sample. After arriving at the non-illumirételectrode and contributing
to the measured current (after transit titne a slow relaxation part is visible.
In this part the captured holes are released traupermal mechanism and produce
a slow relaxation current. This effect also findecp in electron collection,
only the electrons seem to be released much fastérthe relaxation contribution

to the measured current is hardly visible.
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Fig. 5.18 Typical L-TCT pulse of CZT-I, biased at 300 Vhwli¢piction of the pulse
properties and charge transport fit.

Fig. 5.19 and Fig. 5.20 show the values for effectiole mobility and space charge
density, evaluated using equations (a2yl (5.4), respectively.
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Fig. 5.19 Correlation between resistivity and calculatedeefive hole mobility
in the sample profile at 300V bias.
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Fig. 520 Correlation between resistivity and calculated spacharge density
in the sample profile at 300 V bias.

The values of effective hole mobility vary betwet$-50 cmi-V>-s™. The error

of the mobility evaluation was about 5 & s . The similar effective mobility

corresponds  with

the similar mobility—lifetime prod

a—spectroscopy in the profile throughout the sample.
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Fig. 5.21 Evaluated effective hole mobility map in dependenn the position
on the profile of the sample and on the appliedbia
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Fig. 5.22 Space charge density map in dependence on th&opmosn the profile
of the sample and on the applied bias.

The evaluated effective hole mobility correlategshwihe profile of electron
mobility. A region with high effective electron migty also has high effective hole
mobility and vice versa. Only the absolute values #heir variation throughout
the sample differ. The space charge with hole cttia has the same polarity
compared to the collection of electrons. When ctilhg holes, the sample is charged
with the space charge density varying around 2.05x&.cm® The amount
of the space charge is larger than in the collacod electrons. Nevertheless,
the profile of the space charge correlates with gpace charge when measuring
electrons. For comparison, the parameters in degpeedon the applied bias are
displayed in Fig. 5.21 and Fig. 5.22. In the effextole mobility evaluation there
seems to be a semi-saturation of the values whasuriag with 350 V bias.
Even despite of that, the effective hole mobilitydathe evaluated space charge

density are in good anti—correlation as in the adsmllecting electrons.
5.3. Theoretical model
The evaluated results can be explained using thdehad the Fermi level shift

throughout the sample, as used in [26], only siyghnodified. The preconditions for

the theoretical model development are: Region A &dsgher resistivity, higher
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photoconductivity when illuminated by below bandgagdliation, lower effective
mobility and a greater positive space charge, appts Region C.

Two theoretical models can explain the measuredawets in the sample
regions, depending on the lowered photoconductivityRegion C being caused
by concentration decrease of conducting electranfiabes. The decisive factor
is therefore the type of the conductivity, which bgelf cannot be measured
by the COREMA setup. Therefore both theoretical et@avill be discussed here.
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Fig. 5.23 Theoretical model | of the bandgap arrangemenppssing a hole
photoconductivity.

Model | counts with the increased photoconductiuwityRegion A being caused
by holes. The schema of the bandgap trapping antlaggping processes is depicted
in Fig. 5.23. In Region A, there is a higher corication of the deep level close to
the midgap positionEr = Ec — 0.741 eV. This causes that the Fermi level is
positioned closer to midgap and results in a higasistivity of Region A. In Region
C the concentration of the midg&p level is smaller and the Fermi level is shifted
towards the conduction band, resulting in the lowesistivity measured in this
region. The levels are deliberately placed in thmpem part of the bandgap,
because of the sample being an n-type in the Hadlsorements. The midgap level
is set to be the 0.84 eV level, observed in photalescence and placed from the
valence bandEr = Ey + 0.840 eV= Ec — 0.741 eV. The supposed difference

in the concentration of this deep level betweenidted and C is also partially
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supported by photoluminescence, where the sign#iisflevel is greater in Region
A. More charge carriers can be trapped on the lewtl a higher concentration

and this can result into the evaluated greaterespharge density in Region A.
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Fig. 5.24 Theoretical model Il of the bandgap arrangemenpp®sing an electron
photoconductivity.

The shift of the Fermi level also influences thewgation of the deep levélr.
In the case of the Fermi level closer to the midgyel Er, the level is less filled
with electrons and when illuminated, more holes lbarexcited to the valence band
and can cause the increased photoconductivity igidRe A. In Region C,
the occupation of electrons at the midgap levdligher and holes from the deep
level cannot be excited and contribute to conditgtihe changes in the effective
mobility evaluation were discussed in chapter 5a&sla result of charge trapping
at point defects (as described in [60]) or duedfect clusters “prolonging” the path
the charge carriers must travel through the sanipies is depicted in the model as
shallow levelEs placed several meV below the minimum of the conduacband.
Region A has a higher concentration of this shallewel, which is far from
the Fermi level and is not influencing its shifts Inigher concentration results

in a lowered effective mobility.
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Fig. 5.24 shows the other model, model Il, explanithe measured effects.
It is similar to model | assuming that the Fermidleshift is caused by different
concentrations of a near midgap letgl This results in the different space charge
density. The lower effective mobility in Region A then an effect of an increased
electron trapping on shallow defects with endegy

In contrast to model |, the photoconductivity hase caused by electrons.
The decrease of photoconductivity in Region C waggderally be in contradiction
with the bandgap arrangement described by modéletdause with the Fermi level
positioned closer to the conduction band, the devegl is more filled with electrons
and should have a higher photoconductivity. Butdbecentration of the deep level
Er is lowered and photoconductivity is affected byhbconcentration and occupancy
of the level. With specific parameters of the myplgéevel, the decreased
photoconductivity can be explained. However, thdu&aof photoconductivity
decreases almost by one order of magnitude in Redlp see Fig. 5.3.
Because of the rather large decrease of the mehsahae, the presence of a deep
electron trafErp in the bandgap far away from the Fermi level isgpiole. This deep
level would trap the excited electrons and caused#trease of photoconductivity in
Region C. The level is not connected to other nremsents and would have to
be non-radiative and not appearing in the photalestgence measurements.

Both theoretical models | and Il can explain thehdwiors of resistivity
and space charge density in the sample. Calcutatadnthe proposed bandgap
arrangement were done using a computer programlapmce at the Institute
of Physics at Charles University. The program siliee drift equation, Poisson
equation and Shockley—Read—-Hall trapping modeltiier sample simultaneously.
The calculations were made for the measurementlasftrens at 300 V bias.
The input parameters for the calculations withdugtpconductivity and the resulting
steady state outputs are written in Table 3.1.Mbdel assumed the bandgap energy
Ec = 1.581 eV (taken from [4]), the band bending be tmetal-semiconductor
interface ofEc — 0.858 eV, and the capture cross—sections ofrilugap level

Xe=5-10%cnt and i, = 5- 10*3 cnt for electrons and holes, respectively.
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' _ Simulated
Concentration Simulated

' Fermi level o space charge
Sample Region N of deep level resistivity .
position [eV] densityN
Er [cm™] [Q-cm]
[e-cm?
Region A Ec—-0.734 1.1-18 2.43.16° 5.81-16°
Region C Ec—0.715 3.2.18 1.23-16° 2.32.16°

Table 5.1 Parameters for the theoretical model simulatioth&f bandgap effects.

The results obtained from the calculation of thedmap arrangement seem
in good correlation with the observed behaviorssieeFig. 5.12. The calculated
profiles of space charge density for Region A aediBn C are depicted in Fig. 5.25
and Fig. 5.26, respectively.
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Fig. 5.25 Simulated profile space charge density in Region A
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Fig. 5.26 Simulated profile of space charge density in Re@o

The basic outline of the theoretical model of thernki level shift explains
the differences between Region A and Region C sgistigity and space charge
density. For a decisive selection of which modefksofor the photoconductivity
measurement, other measurements must be done.

Poussetet al. [61] published a study where the contribution déctrons
and holes to conductivity can be distinguished ®asuring the L-TCT pulse with
spectral scanning of below—bandgap illuminationel@ngths.

5.4. Chapter summary

A CdZnTe sample with homogeneous Zn concentratimri, inhomogeneous
resistivity distribution was studied. Resistivitydaphotoconductivity were correlated
with photoluminescence and detector performancegmed by—spectroscopy and
L-TCT). The observed behavior of effective electraobility and space charge
density induced after biasing the sample is expthinsing the Fermi level shift
theory. The resistivity and space charge dens#yir#ftuenced by the concentration
change of a near midgap level. This assumption ispparted
by the photoluminescence measurement. The obtalatal were confronted with

theoretical model calculations and were in goodetation.
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6. Surface Preparation

The focus of this chapter lies on a study of inficee of surface preparation
in the final detector development.

Recent research shows that the surface leakagentuis very dependent
on the surface treatment prior to contacts depwsif62]. Different mechanical
and chemical treatments of the CdTe/CdZnTe samguelead to different leakage
currents [8], [63]-[66]. It has been shown that sueface treatment on the lateral
sides can significantly influence the detector geniance [66]-[69]. Procedures
commonly used during fabrication of detectors dme surface polishing with
different-size abrasives and chemical etching irrialde solutions, mostly
Br—methanol [70], [71]. The impact of mechanicaligling and chemical etching
in Br—methanol solutions has been studied by measemts of IV characteristics
and photocurrent [8], [72]-[74], while the surfao®rphology was investigated
using optical microscopy, interferometry and X-rplgotoelectron spectroscopy
(XPS) measurements [62], [70], [75].

A number of publications indicate an increased am@fleakage current after
chemical treatment than the mechanical one [76]].[However, the published
results did not present a clear conclusion abouwpimal surface treatment process
from the detector performance viewpoint.

All of the published investigations of the surfateatments on the material
and detector performance have been measured qulathe used for metal contacts
by current—voltage characteristics and X-ray spatiapping with a gold strip
or plane contacts [64], [72], [74], [78], [79]. tl& attention for investigation
of the surface without gold contact has been paid.

Bensouiciet al. [75] investigated the plane surface roughnessr dfieping
and polishing using AFM and contactless resistivitgasurement. With a greater
focus on surface morphology they observed a chahgesistivity during chemical
etching, but the results were only briefly mentidne

Photoluminescence measurement has been done o liaw resistive material,
material doped with Sn, Ge or Fe; polycrystallimeepitaxial material [56], [80]—
[82].
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This chapter offers a complex study of contactlessistivity, contactless
photoconductivity [7], [83] and photoluminescenagnal of both shallow and deep
energy levels in dependence on the surface préparain semi—insulating
detector—grade CdTe and CdZnTe samples. This enti#eresearch of the material
parameters independent of metallization, which banuseful for understanding

the variations in detector’s performance.

6.1. Surface effects on deep levels

The effect of surface preparation of the CdTe amrde samples on deep
levels is difficult to ascertain, as the effect dansmall and the standard methods
(PICTS, DLTS, etc.) have insufficient resolution thre effect can be covered
by the effects of metallization of the surface irontact development.
Optical methods are therefore useful in the suréagacterization.

The effects of surface treatments on shallow levalsphotoluminescence
measurement are substantial. If the surface lagyyatamaged, the charge excited
by illumination recombines on the structural dededeaving the PL structure
on shallow donors and acceptors completely disloriéne mechanically damaged
layer must be removed in order to get a clear Bhadj see Fig. 6.1.

However, the effects of intentionally induced sérés the crystalline lattice done
by “scratching” the surface with a pyramid diamomdienter was investigated
in [84]. This way, linear trenches were carved itite material, causing a great
mechanical stress. It resulted in the increasestigdlow level called the Y-line.

The focus of the present chapter is to study tfecedf preparation procedures
usually employed for detector preparation, such raschanical polishing
and chemical etching. With mechanical polishing whele surface area is exposed
to mechanical stress that is smaller than whengusin indenter, but reaches
the whole sample surface. The focus lies here @n abolution of the signal
originating from the deep energy levels as a refit surface treatment
(photoluminescence in the range of 0.7-1.4 eV).

Sample CT-Il was used for the investigation. Theistaity of the sample
p ~ 818 Q.cm was measured using the contactless method (®BRE

After cutting from the ingot with a diamond wireetlsample was lapped and then
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polished in several steps using,®4 abrasive. The intention was to remove with
each polishing a layer three times thicker thangten size used in the previous
step. The last used grain size was 1 um. After ih@al measurement
of the photoluminescence of the polished samplesy twere chemically etched
by immersion into a 1% Br—-methanol solution for InnSample CT-IlI was etched
successively four times and was used for spectralysis, resistivity and detector
performance measurement; sample CT-Ill was etchexk tand was used only to
study the temperature dependence of photoluminescéree chapter 4.2.2).
The thickness of the samples was measured usingital dndicator. The material
removal was determined by the difference of thekimess of the sample with
polished surface and the thickness after the charrgatment.

Sample CT-lIl was wused to measure the spectral depea
of photoluminescence after each surface treatmtag &olishing and etching)
applying the laser with excitation energy 1.94 d@\g. 6.1 shows the spectra
measured with Si detector for the as—polished sangid the sample after
subsequent etching done by immersion into the 1%nBthanol solution for 60 s.

The description of the measured peaks is presém{Eable 4.2.
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Fig. 6.1 Photoluminescence spectra of sample CT-IlI, medswith Si detector at
4.6 K using excitation energy 1.94 eV.

The measurement of the as—polished sample shows ueh naistorted
photoluminescence spectrum in comparison with Ricp of high quality samples.
This is caused by the damaged surface layer prafientmechanical treatment of the
sample. However, the Y-line (peak 7) at 1.472 e\tlearly dominant in this

78



measurement. In literature, this peak is often dihkto plastic deformation
and is assigned to an exciton bound to Te glidechsions [85]-[88]. After a slight
etching of the sample the photoluminescence oftexsiand donor—acceptor pairs
becomes clearly visible, showing a good qualityhef studied crystal.

The photoluminescence spectrum related to deepislewas obtained with
a liquid-nitrogen cooled germanium detector. Thectqa show a rather broad signal
in the range of 0.8-1.3 eV. The chapter 4.2 of thesis deals with the evaluation
of the detailed measurement on the sample aftbimetcin chapter 4.2 there is also
the investigation of the composition of the broaepul level peak and concludes into
the evaluation of four different contribution tcetdeep levels in this spectral range,

see Fig. 4.2, Fig. 4.3.
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Fig. 6.2 Photoluminescence spectra of sample CT-Il measwigdGe detector at
4.6 K with excitation 1.94 eV.

The deep level spectra depending on the amountabérial etched away from
the surface are shown in Fig. 6.2. To evaluate tldependence
of the photoluminescence spectrum on surface texdttthe deep level peaks 9-12
were fitted using the Gaussian function. The fiftiprocedures took into account
the position of the peaks found in the best quitityspectra obtained for the etched
surfaces. The errors were calculated as the fdratself and an estimated error
in fitting of the peaks position that could chang&hout greatly influencing
the cumulative peak fit. An example of fitting tilspectra is shown in the inset

in Fig. 6.3. The fitted peak area was used as aiffignt parameter to evaluate
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the photoluminescence. Fig. 6.3 shows the depeedenhdhe fitted peak areas
on the thickness of the surface layer removed leynital etching on sample CT—II.
The sample with as—polished surface shows theadrpaak 12 at ~ 0.9 eV greater
than the area of the other fitted peaks. With oblyum surface layer removal
the luminescence of peaks 9—-11 increases rapidltheAsame time the area of peak
12 diminishes. With further etching the lumineseenaf peaks 9-11 reaches
the maximum and then slightly decreases. Througtiuation of the spectra it is
assumed that peaks 9-11 are connected to bulk telefbat are present
in an increased concentration in the surface lapeto 15 um. The signal of peak 12
remains practically the same with further surfaeatments and is much lower than
the signal of other measured deep levels. Figskolvs the Y-line remaining almost
unchanged during the etching treatments while trea aof peak 12 changes.
As the Y-line is often described as caused by iplaitformation and linked to
tellurium dislocations and in this measuremens itndependent on the area of peak
12, peak 12 seems to be connected with radiatigcembination of carriers on
another type of defects related to lattice disoidea thin surface layer (< 5 pm).
Both point defects (possibly connected with a $teimetry deviation) and more
extended defects due to the strain (or a combimatidoth effects) should be taken

into account as origin of the PL band at ~ 0.9 eV.
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Fig. 6.3 Area dependence of bands 9-12 on total thicknéskyer removed
by consecutive chemical etching.
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Luminescence bands with a maximum near 0.9 eV eperted rather rarely,
bands near and below 0.8 eV are observed much oft@® A broad luminescence
band with components 0.85, 0.9, and 1.1 eV wasrebddoy cathodoluminescence
at 80 K in a deformed region (plastic deformatignibdentation; low resistivity,
nominally undoped sample) after annealing in irsrmosphere [18], [89], where
a Cd—deficit in very disturbed material could b@mased. Doping with Ge induces
a luminescence band in this region as well [18bi&zerskiet al. [23] observed
a double luminescence band 0.875, 0.925 eV onutiace of p—type samples etched
by Br—methanol; XPS showed that the surface waklhigd—deficient (Te—rich).
At the same time almost stoichiometry Cd/Te ratiofaxe generated PL spectra
where “1.1-eV” and “1.4—eV” bands prevailed [23]n Ghe contrary, in this
investigation the mechanically polished surfacegemghband 12 was more visible,
had a better stoichiometry ratio than the surfdtss ahemical etching. The chemical
treatment produced a more Te-rich surface, butltin@nescence of band 12
decreased upon such preparation.

The mechanical treatment induces the damaged Ildhat is shown
in photoluminescence and can possibly influence fith@ detector performance.
The thickness of the layer evaluated from photohgstence measurement is up to
5 micrometers, but it is possible to vary withie tbrder of magnitude.

The measurements of the PL spectra with InSb detéeive shown a band with
a peak near 0.65 eV that is well separated from~th® eV band. The PL spectra
above 1.3 eV are dominated by the “1.4 eV-bandkipgaat 1.43 eV. lIts tail
in the spectral range of the 1.2 eV can be consttas minor. It can increase an
error of integral intensity of the band 9, but ianoot substantially change

the used interpretation.

6.2. Resistivity and Photoconductivity

Sample CZT-V was used for the investigation of thfuence of surface
preparation on the resistivity. The single—crysgtallsample was cut from an ingot
grown by the Vertical-Gradient—Freeze method (VGIRe sample dimensions were
8x5x2 mm. The sample was of a semi—triangular shape. Tise dut was done

using a diamond-wire saw. Both of the large 8xBnpiane surfaces of the sample
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(usually contact surfaces) were then prepared udiifgrent treatments. Lapping by
Al ;O3 with grain size 9 um and 4 um (LAP9 and LAP4),igiohg using AJO3 with
grain size 3 um, 1 um, 0.3 um, and 0.05 pm (POA, IR POLO.3, and POLO0.05,
respectively) were used. As a final step, the sarm@s immersed into a chemical
0.5% Br—methanol solution for 45 s (CHE1) and afteds into a 1% Br—methanol
solution for 180 s (CHE2). The summary of used axefpreparation treatments
is shown in

Table6.1.

From this point on it should be noted that by usihg contactless resistivity
mapping for the sample characterization, only “appd values
of the resistivity and photoconductivity are obtaln These values represent only
the best mono—exponential fit of the measured e¢hgrgurve and can differ from
the bulk resistivity and photoconductivity valuddhe issue of correct evaluation
of the contactless measurement data will be discudater on in chapter 6.4.
For now, however, the terms for resistivity and tplsonductivity will be used
without the adjective “apparent” and the meaningll woe the best fit
of the exponential data in the contactless resigtewaluation.

The resistivity of the sample was mapped after eacface preparation process.
Photoconductivity of the sample after differentface preparations was measured
on the polished and chemically etched surfaces. latezal sides were protected
during the surface preparation and did not changeng the measurements.
No passivation was used for the plane surfaces.

RMS Oxide
Method Abrasive, Etchant Abbreviation Roughness Thickness

[nm] [nm]
Lapping 9 um AJO; LAP9 — o
Lapping 4 um AlO; LAP4 — —
Polishing 3 pum AIO; POL3 11.62 10.75
Polishing 1 pum AIO; POL1 4.99 —_—
Polishing 0.3 um A3 POLO.3 2.06 4.52
Polishing 0.05 pum AD; POLO0.05 2.27 —
Etching  0.5% Br—methanol for 45 s CHE1l 3.86 0.78
Etching 1% Br—methanol for 180 s CHE2 — 0.69

82



Table 6.1 Surface preparation methods and parameters.

The surface roughness of the treated surfaces veasured by a noncontact
three—dimensional surface profiler (Zygo, USA), g¥hiuses noncontact scanning
white—light interferometry to acquire ultrahigh+esolution images. Only good
reflective surface can be measured by this metide surface roughness was
therefore evaluated using this method on all tygfesurfaces except of LAP9, LAP4
and CHEZ2 (

Table 6.1). The values of the root-mean—square (RMS) surfaaghness are
also shown in the

Table6.1.
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Fig. 6.4 Surface morphology after polishing with 0.3 pmes@umina (POLO.3).
Scanning area is 0.352x0.264 rim
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Fig. 6.5 Surface morphology after chemical etching witt® Br—methanol solution
for 45 s. Scanning area is 0.352x0.264 m
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Two selected morphology representations of thectimtaample after lapping
with 0.3 um A$O3 (LAPO.3) and after etching in a 0.5% Br—methandlison for 45
s (CHE1) are presented in Fig. 6.4 and Fig. 6.5dntrast to mechanical lapping,
lots of thin and very high peaks are visible afB#iE1 procedure. This is due to
the different etching velocity of these spots cdudsg stoichiometry deviation
and/or structural defects of the crystal.

Right after each surface preparation procedureiatigty map of the sample
was measured. An area of 10x10 fmhich covers the whole sample, was mapped
with the resolution of 64%x64 pixels. Fig. 6.6 shoavsesistivity map of the sample
after polishing the surfaces with 0.3 um alumingasaive (POLO.3).

POLO0.3um - mechanically polished with 0.3 um abrasive
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Fig. 6.6 Resistivity map of the sample CZT-V plane surfaten polished
with 0.3 um alumina abrasive.

The sample has high resistivity and its maximum anthimum values
of the resistivity distribution lie on the edgestbé sample. For polished and etched
surface, the photoconductivity map was measurece Tight source used for
the photoconductivity measurements was a commek@i@bP090 laser diode with
a peak wavelength at 785 nm1.58 eV) with FWHM wavelength 20 nm and output
power 90 mW at 120 mA operating current. This tyjethe diode was chosen
because of the maximum power at a wavelength ofighé close to the maximum
of spectral dependence of photoconductivity. I8 ttase, the light penetrates to such
a depth below the surface, where the surface reic@atntn is still negligible,

but the electron—hole pairs are generated only raeyem below the contact.
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A representative photoconductivity map is showrFig. 6.7. Photoconductivity is
calculated as the difference of reciprocal redistiwhen illuminated and in dark,
as described in chapter 3.2.

In the case of a polished surface with 1 um alumiahrasive
the photoconductivity is very homogeneous througioe surface area.

By mapping the sample, statistical ensemble of tpmeasurements throughout
the surface preparations is obtained.

Comparing the values of resistivity of measured ni®oibetween surface
treatments, it can be observed that although theresome deviations the resistivity
has a strongly correlated development, see Figatdd-ig. 6.9.

POL1 - mechanically polished with 1 um abrasive

10 . ; . ; ; . ; . ; . . I 5.000E-09

1.057E-09 «

L LY 2.236E-10
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y

4.729E-11

0 L 1 " 1 s 1 L Il s I 1.000E-11

0 2 4 6 8 10
Position X [mm]

1
Photoconductivity ["-cm

Fig. 6.7 Photoconductivity map of the sample CZT-V polishéd 1 um alumina
abrasive. lllumination source was a laser diodehwieak wavelength at 785 nm.
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Fig. 6.8 Comparison of resistivity values of POL1 and PQGLifeatments.

Resistivity of CHE1 [Q-cm]

10"

resistivity correlation

I polished surface with 0.05um alumina
: vs. etched surface with 0.5% Br-MeOH for 45 s
n

2x10° 3x10°

4x10° 5x10° 6x10°

Resistivity of POL0.05 [Q-cm]

Fig. 6.9 Comparison of resistivity values of POL0.05 andEIHreatments.

The dependence of resistivity and photoconductieitysurface morphology can

be investigated on each measured point of the Gdivgle. Because the resistivity

is correlated between the treatments (see Figa®dBFig. 6.9), the average values

can be used as a representation of the sampleon&lsurface preparation. Fig. 6.10

shows the development of the average resistivigr #ie different treatments.

86



3x10° — T 4 —— I 3x10°
mechanical mechanical chemical
lapping polishing etching
E 0.5% Br-methanol
o 9|  —m—average | .
c 2x10 resistivity _  m 457 2x10
= ] TTT—nm
/ N ~
2 . -
=
z | / _
k) |
(O]
m /
1x10° m 1% Br-methanol - 1x10°
180 s
' ' 1 Ao [T Lo ffu 1 1
77 77
10 5 1 0.1

Abrasive size [um]

Fig. 6.10 Average sample resistivity dependence on surfeqgapation method.

The difference in the absolute value of resistivitgn be up to 100%.
Large increase of the resistivity is observed betw&AP9, LAP4 and POLS3.
In the other treatments there are only slightefetkhces in the resistivity.
The maximum average resistivity is observed forgheld surface with 0.3 pm Ad;
abrasive. With chemically etched surface, the ayeereesistivity is about 20%
smaller than that with POLO0.3 treatment. Etchingtronger Br—methanol solution
for longer time (CHEZ2) decreases the average nagyseven further. The average
photoconductivity depending on the surface treatmisshown in Fig. 6.11.

The minimum average photoconductivity value is obseé at polished surface
with 0.3 um abrasive. Other mechanically polishedages show higher values
of photoconductivity, an anti—correlation with &siity is observable. A great
increase of photoconductivity was measured with chemically etched surfaces.
The difference to the polished surfaces is up ®ander of magnitude.
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Fig. 6.11 Average sample photoconductivity dependence osutace preparation
method. The illumination source was a laser diodh peak wavelength at 785 nm.

To investigate the reason of the resistivity bebgvihe sample treated with
POLO0.3 (maximum resistivity) and CHE1 was studieihg X-ray photoelectron
spectroscopy (XPS). Fig. 6.12 shows Te3d XPS spdaken after two selected
treatments. In a doublet structure of the Te3d omegithere are two peaks
corresponding to the Te elemental state (doubléi7at5 and 582.9 eV) and two
other peaks corresponding to the Te oxide statabldb at 576.1 and 586.5 eV).
The evaluated Te oxide/Te elemental atomic ratopsirapidly from the value of 1.1
(treatment POLO.3) to 0.05 after the chemical mesitt CHE1. The concentration
of surface oxides thus diminished after chemiczthieg.

To support the results, further investigations lod sample were made using
a spectroscopic ellipsometer to determine the tldsk of the oxide layer
on the sample surface after the treatments. Olitageerimental results were
confronted with a simple theoretical model struetconsisting of an oxide—damaged
layer (containing Te@oxide) on the CdZnTe bulk and the least squaremization
was used to determine the surface layer thickrisssd in

Table6.1).
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Fig. 6.12 Te3d photoelectron spectra taken after two diffeteeatments of CdZnTe
sample. Te3d spectrum is composed of oxide (doat$at6.1 and 586.5 eV) and
elemental (doublet at 572.5 and 582.9 eV) companent

The measured oxide thickness correlates with tifac roughness within the
technological step of mechanical polishing of thenple. With lower RMS and less
surface oxides the resistivity value increases apits maximum at POLO.3.
After chemical etching, fewer oxides are presenttlom surface with the higher
roughness. This leads to lower values of resigtiWtith the change of the surface
oxide ratio upon chemical etching, the photocondiigtincreases over an order
of magnitude. This indicates that the oxide layetrorgly decreases
the photoconductivity of the material. The oxidé&kiness and its evaluation using
spectroscopic ellipsometry measurement will beistuturther in chapter 6.5.

The presence of a maximum in the resistivity depand and a minimum
in the photoconductivity dependence can be expliaae a result of the influence
of two independent effects.

With increased surface roughness (higher RMS) thaluated resistivity
decreases. This can be caused by the damagednageucing conducting channels
into the semi—insulating material. On the other chanthicker oxide layer was
observed on surfaces with higher RMS results ilghdr measured resistivity value.
These two trends thus act in opposite directiond anmaximum of resistivity
in dependence on surface roughness (Fig. 6.10peaseen. Overall the maximum

value of average resistivity correlates with theabest measured surface roughness.
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The results of this study without contacts are irgemeral agreement with
the research published in [90], where samples Aitltontacts were investigated.

6.3. Surface effect on detector performance

As mentioned in chapter 6.1, sample CT-IIl wasirat inechanically polished
and consequently etched in Br—-methanol solutiometbove a surface damaged
layer. Throughout these technological steps the map resistivity
and photoconductivity was measured. Fig. 6.13 shdke sample resistivity
measurement at room temperature with a polishefhaiinitial state) and when
a 10 um surface layer was etched away. Averagstirgi and photoconductivity
with illumination above the bandgap was calculaediescribed in chapter 6.2 and
is shown in Table 6.2. Upon etching, the sampleistiggy changes
and the photoconductivity using above bandgap kghirce (at ~1.77 eV) increases
by almost one order of magnitude.

The detector properties of the sample were meadoyed-spectroscopy with
Am?* radiation source with both surface preparationsecmnical polishing
and subsequent chemical etching), shown in Fig4.6With polished surface
a broader and smaller peak with low—energy tail lnmeer multi-channel-analyzer
(MCA) channel is visible. In contrast to that, arroav peak at higher energy is
measured with the etched sample surface, concluingtter charge collection and
detectivity of the sample when using chemical etghiThe depreciation of the MCA
channel maximum by30 amounting to=3% reduction of the collected charge
in polished detector reflects the enhanced photoieca trapping and recombination
in the surface damage layer. The low—energy tantpdo exiting regions with even
much stronger damage represented by cracks andcalisin aggregates. This is
consistent with results published in [83] and pn¢sé in the previous chapters 6.1
and 6.2, where resistivity dependence of CdZnTe enat was studied.
The influence of the used surface preparation tgpd method on the detector
performance was investigated further in [8], [1B}L], [92] and the results support

the evident importance of the surface treatment.
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Surface preparationResistivity [2-cm]  Photoconductivityp ™ cm™]
Polished ~7.6-10 ~5.2-10'
Etched — 10um ~8.6-40 ~1.3-10°

Table 6.2 Average resistivity and photoconductivity values ample No. 2 with
different surface preparation.

1.100E+09
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4r Polished Surface |

| Etched Surface - 10um ‘

7.130E+08

Resistivity [Q-cmj

6.334E+08

5.628E+08

5.000E+08

Fig. 6.13 Contactless resistivity of sample CT-Ill with tvdifferent surface
preparations — a mechanically polished surface andace after removal of 10 um
by etching.
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Fig. 6.14 Detector performance measurementubgpectroscopy at 300 V bias with
mechanically polished surface (red dots) and consetly etched surface (black
dots). The lines between points serve as guide only

6.4. Detailed investigation of contactless resistivity

From the results of chapters 6.2 and 6.3 it sedmat the sample resistivity
changes upon surface preparation. However, one rbestcareful in such
a conclusion as the method used for the obsensmati@s the contactless resistivity
mapping. This method has significant theoreticauagtions and by inspecting
those, the results of the measurement can beiethof better explained.

Contactless resistivity mapping employs the timepemelent charge
measurement, as presented by Stibal in [7]. It epspla simple model
of the material being charged between two elecgodlhe material charging should
follow a simple exponential curve as calculatecebgluating the substitute electrical
schema of the system. However, samples that ddofotv this theory and their
resistivity evaluation is affected with a certaimroe have been encountered.
Previously (in chapter 6.2) it was mentioned tHat tvaluated resistivity after
surface treatment was only “apparent” and the \&ere not necessarily the values
of the bulk. The evaluated resistivity was the lesifl the best fit of the sample

charging and can be influenced by surface layetghi& point, the charging of the
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sample itself will be investigated and the encourdé non-standard charging
behaviors will be reported.

The used method and experimental setup are dedaibthe beginning of this
thesis. It employs the dielectric properties of timaterial as described in [7].
The sample (resistance; Bnd capacity € is placed between two electrodes, laying
on the bottom one while having an air gap (capaCiy between the top electrode
and the sample. Evaluating the substitute elettschema (see inset in Fig. 6.15)

the charging should follow a simple exponentialdebr, see Fig. 6.15.
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o
o

Adj. R = 0.9999
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Time [s]
Fig. 6.15 Sample CdTe-IV following single—exponential chaggiccording tq7].

Through fitting of the measured charge curve wli $ingle—exponential theory,
all parameters needed to evaluate the sampleivégistsing the equation (3.3) are
obtained. This way a bulk resistivity of the maaéis measured. Employing an x-y
stage the resistivity distribution can be mapped.

Sample CdTe-IV follows the mono—exponential chaggiroposed by Stibal [7].
However, several CdTe and CdZnTe samples, all dopdd indium, have been
investigated and did not follow the theoreticalveurAll of the samples were lapped
and mechanically polished consequently using a lsmabrasive until the RMS
value, measured via the Zygo interferometer, wbmia2 nm. The sample charging
curves were investigated using the COREMA setupmé&Ssamples were then
chemically etched or chemo—mechanically polishessifivity was measured after

the surface preparation.
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A representative sample CZT-Il was chosen for thelys of the charging
characteristics. Resistivity at one point in theitee of the sample was measured

after mechanical polishing, see Fig. 6.16.
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Fig. 6.16 Depiction of non mono—exponential charging ofghmple.

The mono-exponential curve cannot be fitted cdyemhd the simple model
of the substitute electrical schema does not dascthe charging behavior.
Two stages of charging are measured: fast compomenb ~ 15 ms and slow
component from then on. This is well described gsthe double—exponential

function

t

Q(t) = Qo+ A -{1 — exp (——)} + A, -{1 — exp (—é)}, (6.1)

TR1

However, this function does not have much physioahning at this point.

The sample was chemically etched by immersionan®®s Br—methanol solution
for two minutes and consequently the charging dtarstics were measured,
see Fig. 6.17.

An apparent faster charging of the sample aftehied; resulting in lower
evaluated resistivity, is observed. Moreover a laghe Qi value, which represents
the total charge that is able to be deposited ensdmple, is visible. The overall
goodness of the fit has worsened, which can indittedt the change in the resistivity

value can be attributed to surface modifications.
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Fig. 6.17 Sample charging characteristics after surface rficglion by chemical
etching.

The evaluated resistivity value is therefore orparent and does not represent
the accurate bulk resistivity. The deviation frolre tmono—exponential behavior
is relatively small, but it can influence the ahdelvalues of the evaluated resistivity.
The dependence of the resistivity upon surfacdrreat, visible in Fig. 6.10, can
reflect the deviations from the theoretical bullaxding and not the bulk resistivity
itself. Nevertheless, even the deviations and gesslrof fit dependence can show
substantial changes in the surface of the samgieghvwhave to be considered while
preparing the final CdTe detector.

The changes in the sample behavior upon surfacepoiation are usually
attributed to a development of a damaged layercaie layer growth. Changes in
the photoluminescence spectra and charge collegtficiency between polished
and etched samples have also been presentedpretvieus chapters.

The charge characteristics were further investijatetime dependence after
the surface etching. For a better depiction of tinge influence the relaxation

parametetr as a function of time after etching was evaluasee, Fig. 6.18.
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Fig. 6.18 Time evolution of relaxation parametgrafter surface treatment.

An increase of the relaxation parameter value meti when evaluating
with the mono—exponential model, is observed. Themeter is almost doubled
after 20 days. While evaluating using the doublgeaential fitting, the faster
component (connected with resistivity valug = 1-1G Q-cm) remains relatively
stable within 20 days after etching, whereas tbavast component (connected with
resistivity value ~p = 1-13° Q-cm) value increases in time. This is then refttete
a resistivity increase, when evaluating with the noeexponential theory.
With the assumption of a dielectric oxide layerwgtio on the sample surface, the
slower component can be attributed to this growtte surface oxide is a dielectric
and has a higher resistivity than the sample buitke faster component seems
to be connected with the bulk of the sample. Howetree correct bulk resistivity
in this case is not the valye= 1-1§ Q-cm. The double—exponential evaluation is
also not correct and only serves to fit the expental data and to investigate
the behavior. It points out that the actual com¢ast resistivity measurement can be
influenced by surface preparation and that theuatad resistivity serves only as an
“apparent” value. Nevertheless, the values of tieis upon surface treatment
change almost only within one order of magnitudethis case the correct resistivity
value is thought not to be very different from tnealuated one. It is possible to
operate with the single—exponentially evaluatedste#ty values. But in that case,
it is necessary to assume that they are chargédsathe measurement error.
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The surface layer of the sample (consisting of dggdand oxide layers) induces
charge occupation changes. Different charge canplaeed onto the sample
with variously thick oxide layers. These changesoainfluence the resistivity
measurement. Sample CT-IV was further studied mighal contacts deposited onto
the large planes. The contact material was gold @xa indium (In), both of them
were deposited through thermal evaporation. Thetacts induce bending
of the valence and conduction bands. Fig. 6.19 shoeasurements in two different
arrangements, either the gold contact faces the diggtrode (Au on Top)
or the indium contact does. The two metals cauBereint band bending. Fig. 6.19
shows similar double-exponential behavior of them@a charging
as the measurement without contacts. This conclidgshe surface states achieved
through mechanical and chemical sample preparatiams induce band bending

similar to the case with the metal contact depasiti

0.8
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S, 06 Measured Data: A
?9)’ Auon Top
&8 . In on Top
© Fit:
£=13.19-10° Q-cm —-=AuonTop
0.4 p=3.99-10° Q-cm — —InonTop -
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Fig. 6.19 Sample charging characteristics with metals degedsonto the surface.

Using the contactless resistivity measurement,gibedness of fit must also be
studied to evaluate the measurement error of thiacgi preparation. For an exact
charge characteristics evaluation, a new theory witmodified sample structure
must be investigated. When counting—in the sampiase, the new structure must
consist of the bottom electrode, bottom sampleasarbxide layer, sample bulk, top

sample surface oxide layer, and air gap, see F2§. 6
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Fig. 6.20 Proposed corrected structure for evaluation of testless resistivity
measurement.

6.5. Surface oxide thickness and growth

On several occasions time evolution of the leakageent and of the detector
quality was observed [70], [77] as it was presentedthe previous chapter.
The sample evolution has been attributed to oxidinaof the detector surface.
Even without any passivation a thin layer of oxgtews on the CdTe surface when
exposed to ambient air. Already published XPS tsssiliggest that the oxygen is
almost exclusively bound to tellurium [70], [93]priming a layer consisting
of mainly TeQ and CdTe@ Several studies have been made employing
spectroscopic ellipsometry to evaluate the surfager thickness in dependence on
preparation techniques used and on the oxide atoatio obtained by XPS
measurements [94]-[96]. However, a systematic stfdthe dynamics of native
oxide formation and oxide layer thickness evolutwith respect to the time after
the surface treatment has not been reported yetkiibwledge of this dynamics may
help to better understand the process of the sudaitle formation, which is crucial
for the development of a suitable surface treatnectinique and to ensure a long
time functional stability of the detectors. Thisapker presents a systematic study
of the evolution of the surface oxide layer thickmi@n various CdTe and CdZnTe

samples, with respect to the time (up to 30 dafgs) the sample treatment.
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Two CdTe samples (CT-I and CT-Ill) and two CdZn&mple (CZT-IIl, CZT-IV)
were used for this investigation. For sample patarsesee

Table3.1and

Table3.2

All samples, except of CZT-IV, had no contacts. e with the largest
surface area was used in the measurements. Alllsamgre chemo—mechanically
polished on a silk pad using a 3% Br—ethylenglysolution for 60 seconds.
Afterwards they were chemically etched by immersioto a 3% Br—methanol
solution for 60 seconds. On average 20 um offapeof each sample were removed
after the chemical polishing and etching, which wasasured by a digital indicator
with the resolution of 1 um. The samples were keptambient air at room
temperature after the surface treatment and betmeaisurements.

The optical response of the samples by spectrosebippsometry with respect to
the time after etching was studied. A proper thioak model structure must be
devised and used for the fitting of the experimexf@a. Through measurement
evaluation, spectrally dependent optical propeniasvestigated material as well as
the thickness of the surface oxide layer can bévekdr In the presented case the
model structure consisted of a semi-infinite bul{T€ material with the surface
oxide layer of a certain thickness and roughness.agsumption of semi-infinite
CdTe is justifiable owing to its high absorptionefficient in the investigated
spectral region and a large thickness of the samfjlerespect to the surface layer.
Sample CZT-IV was selected for electrical IV measwgnts and their correlation
with the oxide evolution. Gold contacts were chatijcdeposited at the 4x2 nfm
lateral sides of this sample by immersion into gnemus Aud solution for one
minute.

Ellipsometry was measured in reflection for threeident anglesd = 55°, 60°
and 65°, respectively. The use of variable—angleetspscopic—ellipsometry (VASE)
was necessary to determine the surface layer tbgskwith good accuracy. Fig. 6.21
shows a typical evolution of paramete¥s and 4 with time after the surface
treatment. The incident light spot diameter wasm. In this case, practically most
of the sample was illuminated and the gatheredrimétion was averaged over
the whole surface. From Fig. 6.21 one can see nifisgnt impact of time

on the spectra of the¢ parameter. Sincg describes the phase shift of the light wave
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induced by the reflection on the sample, the chasfginis parameter during time
suggests certain changes at the surface.
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Fig. 6.21 Evolution of ellipsometric parametet® (full lines) and4 (dashed lines)
for Sample 3 after the surface treatment. The detee acquired at incident angle
of 60°.

To justify the assumption of the oxide layer grow¥PS was measured on
Sample CZT-IV and the results are shown in Fig2 6T23d spectra were measured
after the initial preparation by mechanical polghi red line in Fig. 6.22. A peak
doublet of elemental tellurium is visible at enegyb73 eV and 583 eV, marked as
“elemental”. Another peak doublet related to theggen bound to tellurium is also
visible in Fig. 6.22, marked as “oxide”. Because ttoublet shift is about 3.3 eV,
the measurement indicates a formation of thezTlla@er [95], [97]. Then the sample
was chemically etched and the XPS experiment wesmpged again within an hour
after the etching. The XPS spectrum shows no sigihakygen bound to tellurium —
green line in Fig. 6.22. After three weeks of expesof the sample to ambient air
XPS was measured again (see Fig. 6.22, line c).speetra showed oxidization
of the sample. The peaks of oxygen bound to teifanvere clearly visible. This way
a formation of an oxide surface layer after keepihg sample three weeks on

ambient air at room temperature was confirmed.
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Fig. 6.22 XPS spectra of CZT-IV (a) for mechanically pole&siserface, (b) surface
etched with Br—-methanol within an hour after thegaration and (c) three weeks
after chemical etching. The ratio of oxygen boundedlurium to elemental tellurium
is (a) 0.55, (b) 0.02 and (c) 0.30, showing tha¢ tthamaged layer after the
mechanical polishing which contains oxygen can henaved by etching
in Br—methanol; three weeks after etching the ojager bound to tellurium is again
established.

The growth of the surface oxide layer and the datien between the oxide
thickness evaluated with ellipsometry and “oxideak height and width in XPS was
proven already by Badarei al. [95]. However, a detailed insight into the dynasnic
and the growth rate after the chemical preparatiam not been published yet.
This study concentrates on the evaluation of thdeolayer thickness in time after
etching. It is focused on determining the impacaiofexposure of the CdTe/CdZnTe
samples during the fabrication process on the tigisk of the surface oxide layer.
To evaluate the thickness of the oxide layer thpegrmental data had to be
confronted with a theoretical model of the surfateicture. Yaoet al. [94] used
a simple layer of CdTe—oxide and an intermix of t@dTe—oxide and void
on a CdTe substrate. Badagtoal. [95] used a more complicated structure consisting
of the substrate, intermix layer, metallic tellumuayer, oxide layer, and surface
roughness. Both approaches were tried and invéstigdout the resulting fits
of experimental data were not of a sufficient levdter implementing these models
in the experimental data processing, a compromise ah both approaches was

selected and a model with three components — thé-gdinite CdTe bulk, the layer
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consisting of bulk CdTe and the oxide layer, ddémati by effective—medium—
approximation (EMA), and the surface roughness rlayaas proposed.

The schema of the model is shown in Fig. 6.23.

d, roughness
dy

| d CdTe oxide A
Y

A B

Fig. 6.23 Theoretical model — A: simple model (not usedunevaluation), B — the
used model with an effective—medium—-approxima&A): coupled substrate and
CdTe oxide.

In EMA the optical constants of the consisting mate are mixed with the ratio
from O to 100%. This approach practically substisud non—uniform surface layer
with material peaks and trenches. Moreover, thécapparameters of bulk CdTe
material were coupled to the parameters used irEMA layer. The idea was that
the CdTe bulk itself has a non—uniform surface #redoxide layer grows upon its
roughness. The angular spread on the sample suvigalso taken into account.

To fit the experimental data, the CompleteEASE veafe was used. The initial
optical parameters of bulk CdTe and of the CdTelexivere taken from the database
supplied by Woollam Co. Inc. The CdTe bulk was peetized using Lorentz
oscillators and the CdTe oxide was parametrizeth wie Cauchy approximation.
The experimental data were analyzed using Multi48erfnalysis (MSA).

In the studied case the analysis consisted of pieltneasurements performed on
each sample with respect to the time after theasarftreatment. The optical
parameters of the bulk and of the EMA layer werketise same for the whole data
ensemble. Only the composition ratio of the EMAg thickness of the EMA layer d
and the roughness @ould change individually in each measurement-itn 6.24
the scatter points show measured data of sample-&Zand the full lines represent
the fit using the model structure described above.
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Fig. 6.24 Representative plot of the fitting of measuredaddthe scatter points
represent the data measured on sample CZT-IV dfibt surface preparation. The
full red lines demonstrate the fit agreement with ineasurement. Selected dataset
had the highest MSE, remaining fits showed evderfgtreliability.

Because of the interface roughness between the éuotk the oxide layer,
the overall surface layer thickness as the thickredgshe EMA layerd; and a half
of the roughnesd, (d = d;+0.5xd,) was evaluated, as shown schematically in Fig.
6.23-B. The time evolution of the surface layeckhiesses for all samples is shown
in Fig. 6.25. CdTe samples exhibit almost no seflyyer right after the surface
treatment, whereas CdZnTe samples show surface Vafe thickness around 0.5
nm right after the surface etching. The presendd@fturface oxide layer right after
the surface treatment in CdZnTe samples is negedsaachieve the best MSE
of the fit. Interestingly, this is only necessarghnthe CdZnTe samples. On the other
hand, in CdTe samples the presence of the initigdeolayer is not necessary to
achieve the fit with similar MSE. Therefore, onenceonclude that the CdZnTe
samples have a fast initial oxidation of the swegfaompared to CdTe samples.
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Multi-sample-analysis, substrate/EMA/roughness
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Fig. 6.25 Time dependent surface layer thicknesafter the surface preparation
treatment.

The growth rate of the surface layer on all samplgkin one month is visible
in Fig. 6.25. A semi-saturation of the surface taygowth can be seen
in about 5 days for all of the samples. Within théisst 5 days a fast oxidation
of the surface occurs and is slowed afterwardshivibne month after the chemical
treatment, all the samples show about 3 nm thiakase layer. The fit error
increases with larger layer thicknesses. This aqagicate that the parameters
of the theoretical model can vary, e.g. the evaagbrogram cannot decide whether
a layer thickness should increase or the opticahrpaters (index of refraction
and extinction coefficient) of the layer are chamygiso that the layer becomes more
absorbent. In the evaluation the oxide layer opt@aameters were kept constant
in the whole evolution datasets. Even so, the dycsmf the oxide layer growth
is clearly visible. It was also found that withimet first growth phase (up to 5 five
days) the evolution of the EMA layer thickneds has the greatest contribution
to the surface layer thicknesk After the semi—saturation both the EMA layer
thicknessd; and the surface roughneds are increasing similarly. The reason
of the increase in roughness might be attributednezhanical stress and lattice

mismatch of the oxide layer, resulting in non—uniiccolumnar surface structure.
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Fig. 6.26 Current evolution of sample CZT-IV biased at 10®ath polarities) with
time after the chemical etching. Lines between oreasents serve as guidelines
only.

The IV characteristics of sample CZT-IV were meadurand correlated
with the surface layer thickness evolution. Fig@6and Fig. 6.27 show the evolution
of the measured current within 31 days after thdasa treatment. The current
through the sample relaxes over the time towardedwalues. The semi—saturation
after about five days is also clearly visible. Tdwnclusion follows that the thicker
surface layer influences the detector by passigdie lateral sides and decreases
the leakage current, because the decreased cwa@rgs correlate with thicker
surface layer evaluated from ellipsometry.

While determining the surface layer thicknessess tptical parameters
of the bulk CdTe and CdZnTe were also evaluatedaa@ghown in Fig. 6.28.

Fig. 6.28 shows the absorption edge moving towaldgher energies
in the samples with higher zinc concentrationssTiiin agreement with theoretical

predictions and another measurements [4], andateBcthe correctness of the data
fitting.
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Fig. 6.28 Optical parameters of bulk part of the investightamples determined by
VASE.

106



6.6. Chapter summary

The effects of surface treatment on the final Cdhd CdZnTe detector were
investigated. The changes in the deep level PL tspeapon mechanical
and chemical etching point to a more pronouncecedefvith surface polishing.
Changes in the resistivity and photoconductivitghwdifferent sample treatments
were attributed to the effect of damaged layer surfhice oxidation. The mechanical
polishing influence on o—spectroscopy was established. The growth rate
and thickness of TeQayer formed in time after chemical etching of gzenple was
measured and correlated with the decrease of Hiade current flowing through
the detector. The influence of the oxide formatmm the contactless resistivity
measurement was investigated. The oxide layer,rgpr@s a passivation, affects
the charging of the detector sample and disturb®taluation of the resistivity using
the COREMA system. The correlation between chamngése charging parameters

and the oxide growth was observed.
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7. Conclusions

The detector preparation process can be dividedtihmee stages: semiconductor
crystal growth and characterization, surface ppar and detector performance.
All the stages have been investigated in detaibaus on the influence on the final
spectroscopic device. Various CdTe and CdZnTe sesnpave been investigated
through contactless resistivity mapping, photolsstence measurement,
laser—induced transient—current—technique and [&fatdteristics in dependence on
material type, quality and surface preparation.

After the growth process the structure of the bapd@nd the influence
of impurities and defects were investigated througptical measurement.
The structure of the photoluminescence signal enrdgion of 1.1 eV was studied.
The deep level in the vicinitc — 1.1 eV was previously found to have a great
influence on the polarization and the functionality the radiation detector.
However, it was found that the deep lekg|1 = Ec—1.1eV seems to have a rather
complex structure. With extensive luminescence nmmeasent of excitation
and temperature dependencies, three distinct daegbslwere found in the region
around 1.1 eV. The three levels have energies &M91.13 eV and 1.03 eV,
respectively. Though the analysis does not giveatissver of the origin of these deep
levels, their structure and possible connectionali@ady investigated published
defects is given. The measured data of CdTe wenepaced with measurement
of CdZnTe, where the deep level structure and #bakior are rather poor.
Comparison with the already published studies le@s Imade and commented.

For the investigation of detector performance, malte resistivity
and photoconductivity was compared with photoluregemce measurement.
Correlation and anti—correlation of the studied gt quantities were explained
using theory of the Fermi level shift inside thentigap. Concentration changes
of a near midgap deep level influence the chargepemsation conditions and results
in the Fermi level shift. This has a further effect the material photoconductivity
and space charge formation in the detector. Theiatea data were confronted with
a theoretical model and calculations. Impact of tleep levels on the detector
performance was established. Resistivity was atseelated to mobility of charge
carriers studied through transient—current—techsigeasurement.
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With CdTe and CdZnTe the surface preparation wasmdoto be crucial for
optimal detector performance. Resistivity and |ggkaurrent were investigated
in dependence on the surface preparation and otintieeafter the final preparation
step. Resistivity changes with different mechaniaal chemical processes were
attributed to the competition of two effects: sudfadamaged layer thickness
and surface oxide thickness. These effects can gehdhe sample resistivity
by a small amount, but greatly influence the photatuctivity and illumination
response, proving to be vital in the detector penémce.

Surface influence was investigated through XPS, Bharacteristics
and optical ellipsometry measurement. With ellipstmyn a theoretical model for
measurement evaluation was proposed. The natie dayer thickness and growth
rate was determined in dependence on time aftaniché etching of the sample.
The layer growth was correlated with leakage cdrreeasurement and concludes
that the surface layer thickness decreases theadealcurrent and stabilizes
the detector in the signal-to—noise ratio. Nativede® growth was compared to
purposefully oxidized surface and seems to havédasieffect.

The contactless resistivity measurement was cotddom the sight of oxides
formation on the material surface. Theoreticallye thontactless measurement
calculates only with one bulk material of a singkesponse to electric bias
application. In real conditions, having a sandwsthucture of oxide—bulk—oxide
results in a non—linear charge transport throughstimple. The consequence to this
is the non—exponential charging character of théedatlers in the contactless
resistivity measurement which can be falsely ewananto an incorrect resistivity
value. This has been investigated and an explantieoretical model was devised.

Summarizing the results from different characteérmma methods a revised
approach to detector preparation for a better tmtguerformance is suggested:
Homogeneous material with a stable spatial conagair of the midgap deep is
optimal for preparation of radiation detectors.ekfinechanical surface treatment the
sample should be etched. Afterwards it should biéeedapproximately five days for
the surface oxide layer to be formed and the leakagrent decrease to be saturated.

A comprehensive study of the spectroscopic highrggneadiation CdTe-based

detector development was made.

109



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]
[11]
[12]
[13]

[14]

B. Sapoval and C. Hermanhysics of SemiconductoiSpringer-Verlag New
York Inc., 1995.

R. B. James and T. E. Schlesing8emiconductors for room-temperature
nuclear detector applicatiorSan Diego: Academic Press, 1995.

P. Horodysky and P. Hlidek, “Free-exciton alpgmm in bulk CdTe:
Temperature dependenc®hys. Status Soli@43 2006, p. 494-501.

J. Franc, R. Grill, P. Hlidek, and P. HorodyskWMapping of Zinc Content in
Cd1-xZnxTe by Optical Methods,J. Electron. Mater.35, 2006, p. 1491
1494.

J. Franc, L. Sedivy, E. Belas, M. Bugar, J. Zaka, J. Pekarek, S. Uxa, P.
Hoschl, and R. Fesh, “Melt growth and post-grownneaiing of
semiinsulating (Cdzn)Te by vertical gradient freanethod,” Cryst. Res.
Technol48, 2013, p. 214-220.

J. Franc, V. Dedic, M. Rejhon, J. ZazvorkaPaus, J. Tous, and P. J. Sellin,
“Control of electric field in CdZnTe radiation deters by above-bandgap
light,” J. Appl. Phys117, 2015, p. 165702.

R. Stibal, J. Windscheif, and W. Jantz, “Cotliegs evaluation of semi-
insulating GaAs wafer resistivity using the timesdadent charge
measurement,Semicond. Sci. Techn@l. 1999, p. 995-1001.

L. Marchini, A. Zappettini, E. Gombia, R. Mosdsl. Lanata, and M. Pavesi,
“Study of surface treatment effects on the metala€ice interface,”|IEEE
Trans. Nucl. Sci56, 2009, p. 1823-1826.

G. F. Knoll, Radiation Detection and Measuremedtdhn Wiley & Sons, Ltd,
2000.

A. I. Anselm,Introduction to semiconductor theoriyraha: Academia, 1967.
C. Kittel, Introduction to Solid State Physid®raha: Academia, 2004.

A. G. Milnes,Deep impurities in semiconductofdew York: Wiley, 1973.

A. Castaldini, A. Cavallini, B. Fraboni, P. trandez, and J. Piqueras, “Deep
energy levels in CdTe and CdZnTd,”Appl. Phys83, 1998, p. 2121.

X. Mathew, “Photo-induced current transienesjposcopic study of the traps
in CdTe,”Sol. Energy Mater. Sol. Celi6, 2003, pp. 225-242.

110



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

D. de Nobel, “Phase Equilibria and SemiconagtProperties of Cadmium
Telluride,” Philips Res. Reports4, 1959, p. 361-399.

S. Gurumurthy, K. S. R. K. Rao, A. K. Sreedhdr L. Bhat, B. Sundersheshu,
R. K. Bagai, and V. Kumar, “Influence of deviatibrom stoichiometry on the
photoluminescence in CdTe doped with indiuBuill. Mater. Scil7, 1994, p.
1057-1064.

K. Guergouri, N. Brihi, Y. Marfaing, and R. iboulet, “Optical study of
interactions of hydrogen with dislocations in CdTé&, Cryst. Growth256,
2003, p. 230-236.

P. Fernandez, “Defect structure and lumineseegproperties of CdTe based
compounds,J. Optoelectron. Adv. Mateb, 2003, p. 369-388.

V. Babentsov, V. Boiko, G. A. Schepelskii, B. James, J. Franc, J.
Prochazka, and P. Hlidek, “Photoluminescence amdtret spectroscopy of
dislocation-induced electronic levels in semi-irdetl CdTe and CdZnTeJ.
Lumin.130, 2010, p. 1425-1430.

N. Zambelli, L. Marchini, G. Benassi, D. Caimsi, and A. Zappettini,
“Modification of the Iluminescence properties of CZdrystals around
tellurium inclusions,1EEE Trans. Nucl. Scb9, 2012, p. 1526-1530.

K. H. Kim, J. H. Choi, A. E. Bolotnikov, G..Samarda, A. Hossain, G.
Yang, Y. Cui, and R. B. James, “New insight inte th.1-eV trap level in
CdTe-based semiconductod,”Korean Phys. S062, 2013, p. 623—-627.

A. A. Pruchkina, N. S. Nikolaev, V. S. KrivokpoV. S. Bagaev, E. E.
Onishchenko, Y. V. Klevkov, and S. A. Kolosov, “Bft of annealing in
liquid cadmium upon photoluminescence in polycjisia cadmium telluride
grown under nonequilibrium conditionsSemiconductorg8, 2014, p. 292—
298.

Z. Sobiesierski, I. M. Dharmadasa, and R. Hillisns, “Correlation of
photoluminescence measurements with the composidod electronic
properties of chemically etched CdTe surfacégpl. Phys. Lett53, 1988, p.
2623-2625.

K. H. Kim, A. E. Bolotinikov, G. S. Camarda,. Aossain, R. Gul, G. Yang,
Y. Cui, J. Prochazka, J. Franc, J. Hong, and RlaBnes, “Defect levels of
semi-insulating CdMnTe:In crystals]. Appl. Phys109 2011, p. 113715.

N. Armani, C. Ferrari, G. Salviati, F. Bissd\Wl. Zha, and L. Zanaotti, “Crystal

111



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

defects and optical transitions in high purity, higsistivity CdTe for device
applications,”Mater. Sci. Eng. B Solid-State Mater. Adv. Tech84dk-92
2002, p. 353-357.

J. Zazvorka, J. Franc, P. Hlidek, and R. GrifPhotoluminescence
spectroscopy of semi-insulating CdZnTe and itseatation to resistivity and
photoconductivity,”J. Lumin.143 2013, pp. 382-387.

W. Stadler, D. M. Hofmann, H. C. Alt, T. MuskhB. K. Meyer, E. Weigel,
G. Muller-Vogt, M. Salk, E. Rupp, and K. W. Bengytical investigations of
defects in Cd1-xZnxTe Phys. Rev. B1, 1995, p. 10619-10630.

R. C. Bowman and D. E. Cooper, “Detection dfut iron impurities in
CdTe,”Appl. Phys. Letts3, 1988, p. 1521.

J. Krustok, V. Valdna, K. Hjelt, and H. CollatDeep center luminescence in
p-type CdTe,d. Appl. Phys80, 1996, p. 1756-1762.

P. Emanuelsson, P. Omling, B. K. Meyer, M. Waeke, and M. Schenk,
“Identification of the cadmium vacancy in CdTe bheatron paramagnetic
resonance,Phys. Rev. B7, 1993, p. 15578-15580.

D. Verstraeten, C. Longeaud, A. Ben Mahmadd,). Von Bardeleben, J. C.
Launay, O. Viraphong, and P. C. Lemaire, “A comdifi®R and modulated
photocurrent study of native defects in Bridgmaowgr vanadium doped
cadmium telluride: the case of the tellurium atgig§iSemicond. Sci. Technol.
18, 2003, p. 919-926.

V. Babentsov and R. B. James, “Anion vacandredl-VI chalcogenides:
Review and critical analysisJ. Cryst. Growtl879 2013, p. 21-27.

A. Carvalho, A. K. Tagantsev, S. Oberg, P. Biddon, and N. Setter,
“Cation-site intrinsic defects in Zn-doped CdT&hys. Rev. B1, 2010, p.
075215.

K. Biswas and M. H. Du, “What causes high sasity in CdTe,” New J.
Phys.14, 2012, p. 063020.

M. H. Du, H. Takenaka, and D. J. Singh, “Carrcompensation in semi-
insulating CdTe: First-principles calculationg?hys. Rev. Br7, 2008, p.
094122.

I. A, Himmelgen and W. Schréter, “Deformatiomduced deep levels in p-
CdTe,” Appl. Phys. Lett62, 1993, p. 2703.

V. Babentsov, V. Boiko, R. Grill, J. Franc,das. A. Shepelskii, “Point and

112



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

nanoscale defects in Cd(S, Se, Te) crystals indbgeplastic deformation,”
Phys. Status Solidi Curr. Top. Solid State Piay2010, p. 1492-1494.

W. Shockley and W. T. Read, “Statistics of Recombination of Holes and
Electrons,”Phys. Rev87, 1952, p. 835-842.

R. N. Hall, “Electron-Hole Recombination in fBeanium,” Phys. Rev87,
1952, p. 387-387.

S. Ramo, “Currents Induced by Electron MotidAroc. IRE27, 1939, p. 0-1.
Z. He, “Review of the Shockley-Ramo theoremdaits application in
semiconductor gamma-ray detectorfllicl. Instruments Methods Phys. Res.
Sect. A Accel. Spectrometers, Detect. Assoc. E4p$p2001, p. 250-267.

Y. Cui, M. Groza, D. Hillman, A. Burger, and B. James, “Study of surface
recombination velocity of Cd(1-x)Zn(x)Te radiatiotetectors by direct
current photoconductivity,J. Appl. Phys92, 2002, p. 2556.

I. Pelant and J. Valentd,uminescence spectroscopy of semiconductors
Oxford: Oxford University Press, 2012.

J. Prochazka, P. Hlidek, J. Franc, R. Grilll[Belas, M. Bugar, V. Babentsov,
and R. B. James, “Selective pair luminescence m i-eV band of
CdTe:In,”J. Appl. Phys110, 2011, p. 093103.

D. R. Vij, Handbook of Electroluminescent MateriaGRC Press, 2004.

S. Uxa, E. Belas, R. Grill, P. Praus, and R.JBmes, “Determination of
electric-field profile in CdTe and CdZnTe detectarsing transient-current
technique,TEEE Trans. Nucl. Scb9, 2012, p. 2402—-2408.

H. Fujiwara, Spectroscopic Ellipsometry: Principles and Applioas
Chichester, UK: John Wiley & Sons, Ltd, 2007.

J. Zazvorka, P. Hlidek, R. Grill, J. Francdda. Belas, “Photoluminescence of
CdTe:In the spectral range around 1.1e¥,Lumin.177, 2016, p. 71-81.

J. Zazvorka, P. Hlidek, J. Franc, J. Pekaagkd R. Grill, “Photoluminescence
study of surface treatment effects on detectorg@dTe In,” Semicond. Sci.
Technol .31, 2016, p. 25014.

G. Lucovsky, “On the photoionization of deepnpurity centers in
semiconductors,Solid State CommuB, 1965, p. 299-302.

M. A. Reshchikov, “Temperature dependence ofefedt-related
photoluminescence in 1lI-V and 1I-VI semiconductérs. Appl. Phys115
2014, p. 012010.

113



[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

J. Zazvorka, J. Franc, V. Dedic, and M. Hdlectric field response to
infrared illumination in CdTe/CdZnTe detectors]” Instrum.9, 2014, p.
C04038.

R. Kernocker, K. Lischka, and L. Palmetshofityminescence of Fe+-
implanted CdTe,J. Cryst. Growtl86, 1990, p. 625-628.

C. B. Norris, “Cathodoluminescence studiegpotrange defect introduction
from ion implantation in CdSeJ. Appl. Phys53, 1982, p. 5177-5181.

B. K. Meyer, H. Linke, P. Omling, M. Salk, akd W. Benz, “Determination
of the iron acceptor level in CdTeylater. Sci. Eng. B6, 1993, p. 243-245.
S. R. Das, J. G. Cook, N. L. Rowell, and M.Apuadi, “Photoluminescence
spectroscopy of CdTe epilayers grown by rf magmesputtering,”J. Appl.
Phys.68, 1990, p. 5796-5803.

J. Lee, N. C. Giles, D. Rajavel, and C. J. $ers, “Donor-acceptor pair
luminescence involving the iodine a center in CtiDe Appl. Phys78, 1995,
p. 5669-5674.

D. Kuciauskas, P. Dippo, Z. Zhao, L. ChengKanevce, W. K. Metzger, and
M. Gloeckler, “Recombination Analysis in Cadmiumlliede Photovoltaic
Solar Cells With Photoluminescence SpectroscolsEE J. Photovoltaics,
2015, p. 313-318.

S. Uxa, R. Grill, and E. Belas, “Evaluationtbe mobility-lifetime product in
CdTe and CdZnTe detectors by the transient-cuteshinique,”J. Appl. Phys.
114, 2013 p. 094511.

K. Suzuki, T. Sawada, and K. Imai, “Effect ODC bias field on the time-of-
flight current waveforms of CdTe and CdZnTe detegtdEEE Trans. Nucl.
Sci.58, 2011, p. 1958-1963.

J. Pousset, |. Farella, S. Gambino, and A.aCtbubgap time of flight: A
spectroscopic study of deep levels in semi-insudp@dTe:Cl,"J. Appl. Phys.
119 2016, p. 105701.

A. Hossain, A. E. Bolotnikov, G. S. Camarda,Gui, S. Babalola, A. Burger,
and R. B. James, “Effects of surface processinghenresponse of CZT
gamma detectors: Studies with a collimated synobmoiX-ray beam,”J.
Electron. Mater37, 2008, p. 1356—-1361.

J. Crocco, H. Bensalah, Q. Zheng, F. Dierteiiidalgo, J. Carrascal, O. Vela,
J. Piqueras, and E. Dieguez, “Study of the effeétedge morphology on

114



[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

detector performance by leakage current and cathouloescence,” iIHEEE
Trans. Nucl. Scis8, 2011, p. 1935-1941.

G. Zha, W. Jie, T. Tan, and X. Wang, “Effedtsurface treatments on the
electrical and optical properties of CdZnTe singfigstal,” Nucl. Instruments
Methods Phys. Res. Sect. A Accel. SpectrometetsctDAssoc. Equib66,
2006, p. 495-499.

J. Crocco, H. Bensalah, Q. Zheng, V. Corregi@ Avles, A. Castaldini, B.
Fraboni, D. Cavalcoli, A. Cavallini, O. Vela, and BPieguez, “Study of
asymmetries of Cd(Zn)Te devices investigated ugihgto-induced current
transient spectroscopy, Rutherford backscatterisigrface photo-voltage
spectroscopy, and gamma ray spectroscopiesAppl. Phys112 2012, p.
074503.

V. A. Gnatyuk, O. I. Vlasenko, S. N. Levytsky. Dieguez, J. Crocco, H.
Bensalah, M. Fiederle, A. Fauler, and T. Aoki, ‘e processing of
CdznTe crystals,Proc. SPIE8507, 2012, p. 85071S.

A. Burger, H. Chen, K. Chattopadhyay, D. Shi,H. Morgan, W. E. Collins,
and R. B. James, “Characterization of metal costact and surfaces of
cadmium zinc telluride,Nucl. Instruments Methods Phys. Res. Sect. A Accel.
Spectrometers, Detect. Assoc. Eqd8 1999, p. 8-13.

A. J. Nelson, A. M. Conway, C. E. ReinhardtLJFerreira, R. J. Nikolic, and
S. A. Payne, “X-ray photoemission analysis of pagsid Cd(1 - x)ZnxTe
surfaces for improved radiation detectoiddter. Lett.63, 2009, p. 180-181.
Q. Zheng, F. Dierre, J. Franc, J. Crocco, En&alah, V. Corregidor, E. Alves,
E. Ruiz, O. Vela, J. M. Perez, and E. Dieguez, éstigation of generation of
defects due to metallization on CdZnTe detectatsPhys. D. Appl. Phyg5,
2012, p. 175102.

S. Tari, F. Agariden, Y. Chang, C. Grein, J. and N. Kioussis, “Impact of
surface treatment on the structural and electrgmimperties of polished
CdznTe surfaces for radiation detectors,” Electron. Mater.42, 2013, p.
3252-3258.

V. G. Ivanitska, P. Moravec, J. Franc, Z. Femfashik, P. I. Feychuk, V. M.
Tomashik, L. P. Shcherbak, K. Masek, and P. Hos€&temical Etching of
CdTe in Aqueous Solutions of H202-HI-Citric Acid]” Electron. Mater36,
2007, p. 1021-1024.

115



[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Y. Cui, M. Groza, A. Burger, and R. B. Jam#&ffects of Surface Processing
on the Perfonnance of Cdl-xZnxTe Radiation DetegtdEEE Trans. Nucl.
Sci.51, 2004, p. 1172-1175.

M. C. Duff, D. B. Hunter, A. Burger, M. Groz¥, Buliga, and D. R. Black,
“Effect of surface preparation technique on theatoh detector performance
of CdZnTe,”Appl. Surf. Sci254, 2008, p. 2889-2892.

H. Bensalah, J. L. Plaza, J. Crocco, Q. Zh&hdZarcelen, A. Bensouici, and
E. Dieguez, “The effect of etching time on the C@g&rsurface,’Appl. Surf.
Sci.257, 2011, p. 4633-4636.

A. Bensouici, V. Carcelen, J. L. Plaza, S.Des, N. Vijayan, J. Crocco, and
H. Bensalah, “Study of effects of polishing andhetg processes on Cdl-
xZnxTe surface quality,J. Cryst. Growt812, 2010, p. 2098-2102.

G. Zha, W. Jie, T. Tan, and P. Li, “The suddeakage currents of CdZnTe
wafers,” Appl. Surf. Sci253 2007, p. 3476-3479.

W. Xiaogin, J. Wanqi, L. Qiang, and G. Zhi,u$ace passivation of CdZnTe
wafers,”Mater. Sci. Semicond. Proce8s2005, p. 615-621.

H. Yoon, J. M. V. A. N. Scyoc, and M. S. Gokys “Investigation of the
Effects of Polishing and Etching on the QualityGif1-xZnxTe Using Spatial
Mapping Techniques,J. Electron. Mater26, 1997, p. 529-533.

M. Prokesch and C. Szeles, “Accurate measunénté electrical bulk
resistivity and surface leakage of CdZnTe radiatletector crystals,J. Appl.
Phys.100, 2006, p. 014503.

J. Krustok, H. Collan, K. Hijelt, J. Madassorand V. Valdna,
“Photoluminescence from deep acceptor-deep donmplexes in CdTe,J.
Lumin.72-74 1997, p. 103-105.

J. Franc, M. Fiederle, V. Babentsov, A. Faule. W. Benz, and R. James,
“Defect structure of Sn-doped CdTel’ Electron. Mater32, 2003, p. 772—
777.

J. Franc, H. Elhadidy, V. Babentsov, A. Fauland M. Fiederle,
“Comparative study of vertical gradient freeze gno@dTe with variable Sn
concentration,J. Mater. Res21, 2006, p. 1025-1032.

J. Zazvorka, J. Franc, P. Moravec, E. Jesensk&edivy, J. Ulrych, and K.
Masek, “Contactless resistivity and photoconduttiviorrelation to surface
preparation of CdZnTeAppl. Surf. Sci315 2014, p. 144-148.

116



[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

V. Babentsov, V. Boiko, G. A. Schepelskii, B. James, J. Franc, J.
Prochazka, and P. Hlidek, “Photoluminescence amdtret spectroscopy of
dislocation-induced electronic levels in semi-iréetl CdTe and CdZnTeJ.
Lumin.130, 2010, p. 1425-1430.

F. Halle, L. Pacs, G. L. I. Other, S. Hildebd#, H. Uniewski, J. Schreiber,
and H. S. Leipner, “Localization Telluride of Y Lumescence at Glide
Dislocations in Cadmium,J. Phys. lll France/, 1997, p. 1505-1514.

J. Schreiber, L. Horing, H. Uniewski, S. Hilmlandt, and H. S. Leipner,
“Recognition and distribution of A(g) and B(g) dishtions in indentation
deformation zones on {111} and {110} surfaces offéd Phys. Status Solidi
Appl. Res171, 1999, p. 89-97.

D. P. Halliday, M. D. G. Potter, J. T. Mullinsand A. W. Brinkman,
“Photoluminescence study of a bulk vapour grown €dfystal,”J. Cryst.
Growth220, 2000, p. 30-38.

M. Cardenas-Garcia, J. Aguilar-Hernandez, éxdContreras-Puente, “Study
of the radiative mechanism of the 1.471-eV Ilumieasc band in
polycrystalline CdTe films,Thin Solid Films480-481 2005, p. 269-272.

P. Hidalgo, J. Piqueras, N. V. Sochinskii, Mbellan, E. Saucedo, and E.
Dieguez, “Cathodoluminescence study of CdTe crystiped with Bi and
Bi:Yb,” J. Mater. Sci43, 2008, p. 5605-5608.

A. Hossain, A. Dowdy, A. E. Bolotnikov, G. €amarda, Y. Cui, U. N. Roy,
R. Tappero, X. Tong, G. Yang, and R. B. James, tboaphic evaluation of
the effect of passivation in improving the perforroa of CdZnTe detectors,”
J. Electron. Mater43, 2014, p. 2941-2946.

S. U. Egarievwe, A. Hossain, I. O. Okwechinf®e, Gul, and R. B. James,
“Effects of Chemomechanical Polishing on CdZnTea¥-and Gamma-Ray
Detectors,”J. Electron. Mater44, 2015, p. 3194-3201.

G. Wright, Y. Cui, U. N. Roy, C. Barnett, K.eRd, A. Burger, F. Lu, L. Li,
and R. B. James, “The Effects of Chemical Etchingtlee Charge Nuclear
Radiation Detectors [EEE Trans. Nucl. Sc#d9, 2002, p. 2521-2525.

S. S. Choi, “Native oxide formation on CdTe]! Vac. Sci. Technol. B
Microelectron. Nanom. Strudd, 1988, p. 1198.

H. W. Yao, J. C. Erickson, H. B. Barber, R. Bames, and H. Hermon,
“Optical properties of Cd0.9Zn0.1 Te studied byiale angle spectroscopic

117



[95]

[96]

[97]

ellipsometry between 0.75 and 6.24 eV, ’Electron. Mater28, 1999, p. 760—
765.

G. Badano, A. Million, B. Canava, P. Tran-Vamd A. Etcheberry, “Fast
detection of precipitates and oxides on CdZnTeased by spectroscopic
ellipsometry,”J. Electron. Mater36, 2007, p. 1077-1084.

M. E. Ozsan, P. J. Sellin, P. Veeramani, SHiader, M. L. T. Monnier, G.
Prekas, A. Lohstroh, and M. A. Baker, “Chemicalhgtg and surface
oxidation studies of cadmium zinc telluride radati detectors,” Surf.
Interface Anal42, 2010, p. 795-798.

M. K. Bahl, R. L. Watson, and K. J. IrgolicX“ray photoemission studies of
tellurium and some of its compounds,”"Chem. Phy<$6, 1977, p. 5526.

118



List of Tables

Table 3.1 CdTe samples used for the investigation..................cooooevv v 24

Table 3.2 CdZnTe samples used for the investigation.....................ceceeenes 24
Table 4.1 The most abundant impurities of CdTe-lll sample determined
DY GDIMS..... ettt s a e et e bt e e ne b na e e nennas 27
Table 4.2 Luminescence bands observed in CdTe doped wah4rK. See [49] for
=] (=TT a1t TSRS 29

Table 4.3 Activation energies deduced from PL thermal quemgcht relatively high
temperatures at above—gap excitation compared timated ZPL energies at 4 K
(published in [48]). The values 1.430 and 1.450 famethe stronger component of

TNE DAND 8. s 45
Table 4.4 The most abundant impurities of CZT-Il sample aserhined by
(1 1Y SRS 48
Table 4.5 Luminescence bands observed in CZT-I doped withatird K.
Se€ [A9]fOr FEIEIENCES.......eeeeee ettt nes 49

Table 5.1 Parameters for the theoretical model simulation tbe bandgap
LS 1 (=0 TSR 74
Table 6.1 Surface preparation methods and parameters..........cccoevveveeciieennnnn, 83

Table 6.2 Average resistivity and photoconductivity values Sample No. 2 with

119



Symbols and abbreviations

Ec
Z
VGF
THM
SPECT
GDMS
PL
PICTS

DLTS,
[-DLTS

TEES

Ec, Bv

Ep, Ea
n(E)

Jen

n,p
Me,r

Zn,r

Ohyr

Ve r

bandgap energy
atomic number

vertical-gradient—freeze
travelling—heater—method

single—photon emission computed tomography
glow—discharge mass spectroscopy
photoluminescence

photo—induced current transient spectroscopy

deep level transient spectroscopy, current indidenS

thermo—electric effect spectroscopy
Boltzmann constant
temperature

minimal value of conduction band and maximal valtigalence
band, respectively

energy of deep donor and acceptor, respectively

density of states

electrical current density for electrons and halespectively
elemental charge

concentration of free electrons and holes, resgsyti
mobility of electron and holes, respectively

electric field

Soret coefficient for electrons and holes, respebti
conductivity of electrons and holes, respectively

electron concentration of a non—illuminated sample
addition electron concentration created by samipimination
deep level energy

deep level concentration

trapping cross—section for electrons and holepeas/ely
concentration of electrons present on deep level
electron and hole trapping speed, respectively

trapping rate of electrons and holes, respectively
probability of a thermal release for electrons hobbs

120




Ten
ZPL
hw
SPL
COREMA
TDCM
Rs
Cs,Ca
Ts
p
€0, Er
g
TCT, L-TCT
MSE
Er
DAP
FE
(D°X);
(A°X);
LN
PLE
CB,VvB

amount of energy states in conduction band
charge

electric potential

charge carrier velocity

electrical current

charge collection efficiency

electrical bias

sample width

lifetime of electrons and holes, respectively
zero phonon line

energy of light with distinct wavelength
selective pair luminescence

contactless resistivity mapping

time dependent charge measurement
sample resistance

capacity of sample and air gap, respectively
charging time

resistivity

vacuum and relative permittivity, respectively

photoconductivity obtained by the contactless mgtho

transient—current—technique, laser—idU€CT
mean squared error

Fermi level

donor—acceptor pair

free exciton

recombination of excitons bound to neutral oien
recombination of excitons bound to neutralegators
liquid nitrogen

excitation dependent photoluminescence
conduction band and valence band, respectively
photon flux

infrared

current—voltage

transit time

effective mobility

121




AFM
Br—methanol
RMS
EMA
MSA
VASE

screening parameter

normalized charge density

shallow level energy

capture cross—section for electrons and holeseotisply
X—ray photoelectron spectroscopy

atomic force microscopy
bromine—methanol

root mean square

effective medium approximation

multi-sample—analysis

variable angle spectroscopic ellipsometry

122




Epilogue

“In the end, | am not interested in that which |

fully understand. The words | have written over the years
are just a veneer. There are truths that lie beneat h the
surface of the words. Truths that rise up without w arning
like the humps of the seamonster and then disappear . What
[science and research] is to me is finding a way to tempt
the monster to the surface. To create a space where the
creature can break through what is real and what is known

to us. This shimmering space, where imagination and
reality intersect [...]. This is the place. This is w here
we live.”

Nick Cave: 20,000 Days on Earth, Dir. |. Forsytl &Pollard,
Channel 4 DVD, 2014



