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Abstract

Defect structure in high resistivity CdTe samples doped with shallow (In, Cl) and
deep (Sn, Ge) donors from crystals grown by vertical gradient freeze method have been
investigated by several characterization techniques, to identify which defects act as strong
traps or recombination centers that deteriorate the mobility-lifetime product (pt) of the
carriers in order to eliminate them from the technological process.

Thermoelectric effect spectroscopy (TEES) and photo-induced current transient
spectroscopy (PICTS) methods have been used in comparative study of various samples
and showed that near midgap levels in samples doped with shallow donors (Cl, In) have a
low value of capture cross-section and are hole traps. Traps in samples doped with a deep
donor (Ge, Sn) have higher capture cross section of the midgap level, and act as an
electron trap which results in a substantial deterioration of detector performance. TEES
measurement using Fermi-level scanning revealed the conversion of the Sn defect from the
electron trap in the lower resistivity sample to the hole trap in the higher resistivity one.

Photoluminescence (PL), Photocurrent (PC), PICTS, and resistivity and
photoconductivity techniques have been used in a complex study of Sn doped CdTe
samples. It was found out that the middle-gap Sn related donor level is responsible for
pinning of Fermi-level and for both compensation and photoconductivity. Two deep
acceptor levels located lower in the band gap than the Sn donor level were found to be
responsible for the photoconductivity at room temperature. While two deep electron traps,
which deteriorate the detector ability of CdTe were identified as native complex defects

A detailed study of In doped CdTe samples using TEES and the mobility-lifetime
product values have shown , that deterioration of the mobility-lifetime product of electrons
can be caused by electron trap at Ec-(0.6-0.7)eV, which clarifies why some In doped CdTe
samples are good detector and others are not detecting samples even both have hole
midgap level. This electron trap was identified as a native defect. Therefore, annealing is
expected to eliminate it from the technological process and this way to improve the yield
of usable material. Maximum concentrations of these levels in the samples were estimated
based on a combination of TEES and mobility-lifetime product measurements.

A comparative study of CdTe:Sn and CdTe:In using the PL and mobility lifetime
measurements were done. A very intensive PL luminescence on deep levels is observed in
case of CdTe:Sn samples. The intensity is approximately two orders of magnitude higher,
than in In doped samples. Approximately 7-15% of radiative recombination occurs
through deep levels in case of CdTe:Sn samples and 0.2-1% in case of CdTe:In . A
correlation between the detection ability and the integral PL intensity at deep levels was
observed.

A correlation between integral PL intensity of A-centers and deep levels in
CdTe:In samples was found out. This fact supports the idea, that deep levels in these
samples are primarily complexes formed together with A-centers.

TEES simulation model was presented based on the numerical solution of a set of
kinetic equations introduced in the Shockley-Read-Hall model. The influences of trap
parameters on the simulated TEES were investigated. Checking the validity of different
methods for analysis of glow curves showed that the Variation of the heating rate method
which ignored the retrapping process is the best method to analyze the TEES glow cures.



Chapter 1

General Survey

1.1 Introduction

The interest in non-cooled and portable spectrometric X and gamma-ray detectors
increased remarkably in the last years. There are two reasons for this development:

1. Medical applications developed as a result of more strict demands on secure radiation
dose and a necessity to improve image resolution. It was clearly demonstrated, that
semiconductor detectors having ability to use advanced integration technology exhibit a
key device for mapping of human organs.

2. Possible terrorist attacks represent huge risks due to a possible application of a “dirty”
nuclear bomb. Only a sufficiently dense and sensitive monitoring system based on
semiconducting detectors in places, where large amounts of people are concentrated, can
remove this type of risk.

Semi-insulating CdTe and CdZnTe have long been known to have great potential
in room-temperature X-ray and gamma ray semiconductor detector applications [1, 2]. The
high atomic number and density of these compounds provide strong absorption and high
detection efficiency of high energy photons. The wide band gap of the materials allows the
fabrication of highly resistive devices enabling large depletion depths and low leakage
currents, when the material is brought into the semiinsulating state with electrical
compensation techniques. The moderately high mobility and lifetime of charge carriers
(particularly electrons) allow good charge transport in devices depleted to several mm or
even cm thickness. The full potential of these compounds for high-energy photon detection
applications, however, was not exploited for many decades due to the limited commercial
availability of high-quality crystals [3] . This situation has changed dramatically during the
mid nineties with the emergence of few small companies committed to the advancement
and commercialization of the CdZnTe based radiation detector technology. The main
crystal producers are concentrated in USA (eV Products, Saxonburg, PA), Japan (Nikko),
France (LETI, Eurorad) and Canada (Redlen).

Semiconductor detectors, Fig. 1-1, consists of a slab of a semiconductor material
with electrodes on the opposite faces, which can be both ohmic or one of them is Schottky
in order to further decrease the dark current. High-energy photons from an outside
radioactive source or X-ray tube induce electron-hole pairs in the semiconductor volume
through photoelectric or Compton interactions, with numbers proportional to the photon
energy (for the photoelectric effect). The electrons and holes are separated and moved in
the outside applied electric field, creating a current through the device. This current is
typically integrated by a charge sensitive preamplifier to measure the total charge induced
by the outside radiation and produces a voltage pulse, which collected as a histogram in a
multi-channel analyzer (MCA). Photons with various energies produce voltage pulses in
the preamplifier with various amplitude and individual peaks with various peak positions
in MCA. Charge loss in the detector due to trapping or recombination results in reduced
pulse amplitude and a low energy tail in the energy peak.

In order to transport the charge carriers through devices several mm or cm thick,
the mobility (1) and lifetime (1) of the carriers has to be sufficiently high to avoid carrier
trapping and recombination. While the electron mobility (p = 1000-800 ¢cm?*Vs) and
lifetime [1, = (1-5) x10°° 5] are relatively high, the hole mobility (y, = 80-30 cm?/Vs) and



lifetime (1, =10°~10" s) are typically very low in CdTe and CdZnTe [3]. In most
applications requiring good spectral resolution, CdZnTe detectors with read-out schemes
that use only (or largely) the electron signal and suppress the hole contribution are used [4-
6].

For detectors with good signal to noise ratio working at room temperature, the
leakage current should not exceed few nA. This requires free carrier concentration in the
10° cm™ range and/or semi-insulating crystals with bulk electrical resistivity in the 10"
Qcm range. In practice, barrier devices are fabricated using semi-insulating crystals. Most
of the devices fabricated today use semi-insulating CdTe and CdZnTe crystals with metal
electrodes (Pt, Au, In) that form Schottky-barrier devices [3].
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Fig. 1.1 Operation principle of semiconductor detectors [3]
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The performance of room temperature semiconductor detectors is determined by
the charge transport and structural properties of the available crystals.

The charge transport properties determine the collection efficiency of free carriers
induced by the incident high energy photons and the various sources of noise in the
crystals. There are two aspects of the charge transport properties that are extremely
important for room temperature semiconductor detector devices. The materials have to be
semi-insulating and the concentration of residual electrically active defects has to be low to
provide sufficiently high carrier mobility and lifetime.

Structural properties of the materials control the uniformity of the charge transport.
Non-uniform distribution of structural defects causes non-uniform charge trapping and
electric field distribution, and lead to charge transport non-uniformity in detector. The
various structural defects that adversely affect charge transport in CdZnTe [7, 8] are grain
boundaries, twins, Te inclusions, dislocations and sub-grain boundaries. These defects can
act as sites for the impurities and native defects segregation. This phenomenon deteriorates
significantly the condition of a strong compensation in the working volume of material.



1.2 Goal of the Study

To make the design of detectors more scientific a lot of information has to be
collected about the defects in the fabricated material. Defects in the bandgap of such
material are controlling the charge transport properties of the material which reflects the
performance of the detector.

The goal of study of this thesis is to investigate in detail the defect levels in the
bandgap of high resistivity CdTe doped with shallow and deep donors for detector
applications. Determination of the different trapping parameters of these defect levels and
their correlation to the charge collection properties of the material are looked for. The goal
is to analyze and to identify which defects act as strong traps or recombination centers that
deteriorate the mobility-lifetime product (put) of the carriers in order to eliminate them
from the technological process and this way to improve the yield of usable material.

1.3  Basic characteristics of CdTe

CdTe has been known for a long time as a promising semiconductor with
applications as gamma and x-ray detectors. The lattice match and chemical compatibility
between CdZnTe and various compositions of HgCdTe make CdZnTe prime candidate as
substrate material for HgCdTe epitaxy. CdTe is also one of the leading semiconducting
materials in photovoltaic research. It demonstrated more than 15% efficiency in various
laboratories and more than 10% efficiency measurement in industrial applications.

Many physical properties are controlled to some extent by the relative position of
the energy levels within forbidden gap associated with the native defects or impurities.
Both energy levels close to the band edges and deep levels play an important role in
determining the electrical and optical properties of the material. It was observed that
majority of these defect levels form several bands in the band gap with each band
consisting of many discrete levels. Even though it is difficult to draw a clear line to
distinguish between shallow and deep levels, we considered the trap levels having
activation energy more than 0.2e¢V as a deep level and those levels with energies lower
than 0.2eV as a shallow level.

1.3.1 Not intentionally doped CdTe

Not intentionally CdTe samples, prepared on the Te part of the phase diagram (low
Cd pressure), have normally p-type conductivity with carrier concentrations typically
about 10"°cm™. CdTe in uncompensated form is a low-resistivity semiconductor due to the
intrinsic defects and residual impurities. In undoped CdTe we can observe several native
defects, which can be donors or acceptors. The high resistivity of undoped CdTe indicates
relatively few electrically active impurities. In general, the simplest native defects are
vacancies, antisites and interstitial atoms and their complexes such as vacancy-antisite
pairs.

An equilibrium ab initio defect study found that under Te rich conditions, CdTe at
high temperatures is a highly compensated p-type with cadmium vacancy, V¢4 , as the
dominant acceptor and tellurium on cadmium site, Tecq, as the compensating donor [9].

Under Cd rich conditions, interstitial Cd; is expected to dominate and make the
material n-type. Complexes of native defects are formed due to the native acceptors (e.g.



Vcd) and native donors (e.g. Tecq). Overview of the native level and native complexes
energies in undoped CdTe recently calculated using the first-principles band-structure
methods [10, 11] is illustrated in Figl-2.

CBM
Cd,, 240 ———— 0.10
Te,, #0——— 0.34
cd 2#0—— 0.45
Tegy 24/4 ———— 0.59
V., 240—— .71 2/3-——— 0.90
S 0.77
(Te(:d+vcu) 0/-— 0.70
Te, 02— 0.57
-/2- 0.40
(Te(:d+2vcu) 0-—— 0.32
/2-—————0.21
Ve 0-——0.13
VBM
(a) (b)

Fig. 1-2. Forbidden bandgap of the undoped CdTe with native defects (a) donor transition
energy levels, and (b) acceptor transition energy levels, calculated theoretically using the
first-principles band-structure methods.

However, the most recent (2008) first-principles calculations show that intrinsic
defects may not have a significant effect on the carrier compensation either due to the lack
of deep levels near midgap or to low defect concentration [12]. It was demonstrated, also,
that an extrinsic defect, Or.-H complex, may play an important role in the carrier
compensation in CdTe because of it induces a (+/-) transition level near the midgap
(Ec-0.73 eV) with amphoteric character and reasonably high concentration. The clear
discrepancy between two latest ab initio studies shows that this type of calculations should
be taken with caution mainly due to a relatively large computational error.

Experimentally, various methods were used to levels detection: Photo-EPR (photo
electron paramagnetic resonance), DLTS (deep level transient spectroscopy), PICTS
(photo induced current transient spectroscopy), TEES (thermoelectric effect spectroscopy),
PL (photoluminescence), ODMR (optically detected magnetic resonance), SPS (surface
plasmon spectroscopy), CPM (constant photocurrent method), TSC (Thermally stimulated
current spectroscopy), Hall (Hall measurement) or TDL (tunable diode laser
spectroscopy). Review about these experimental methods will be given in 1.4.1. List of
levels observed in undoped samples is shown in Table 1-1. Main native defects presented
in samples are V¢q, , Tecq, Ter, Vre , Cdy, and the complex of Tecq - Ve,

Both the isolated Cd and Te vacancies were identified in CdTe [13, 14] by EPR and
photo-EPR methods. The Cd and Te vacancy concentrations in CdTe were found to be less

than 1x10'° cm™. The Vé;, position was found be less than 0.47 eV above the valence
band, the uncertainty being due to lattice relaxation energy.

Positron lifetime spectroscopy was used to measure the neutral and negatively
charged vacancy concentrations in CdTe grown by vertical Bridgmann technique [15] and

found mostly neutral Vg4 complexes in the high 10'® cm™ range.



Table 1-1. Energies related to native defects in CdTe

Ener Capture cross- Donor /

Defect [eVigy selc)tion [em?] Acceptor Method Reference
Vea <0.47 Acceptor EPR, Photo-EPR [13, 14]
Ved 0.100 Acceptor DLTS, PICTS [16]
Vea 0.100 (6.4-8.4)x 10™® Acceptor TEES [11]
Ved 0.21 Acceptor TEES [17]
Vea  0.23-0.25 (1.8-9)x 10®  Acceptor TEES [11]
Ved 0.400 Acceptor DLTS, PICTS [16]
Ved 0.430 Acceptor TEES [18]
Ve 0.730 Donor TEES [17]
Ved 0.730 Acceptor TEES [19,20]
Ved 0.760 Acceptor DLTS, PICTS [16]
Vea 0.78 4x 10" Acceptor PICTS [21,22]
Teca  0.39-0.43 (2.3-4.9)x 10®  Donor TEES [11]
Tecq 0.74 Donor TEES [19, 20]

Teca-2Vea 0.43-49  1.1x 10" Acceptor TEES [11]
Teca-2Vea 0.69-0.71 (1.8-4.7) x 107" Acceptor TEES [11]
Tece-Vea 0.85-0.73  1.58x10"*  Acceptor TEES [11]
Ve 1.400 Donor Photo-EPR [23]
Vre 1.100 Donor  DLTS, PICTS [16]
Ve 0.400 Donor Theory [9]
Vre 0.500 1x10"° Donor Theory [24, 25]
Cd 0.640 4x 10" Donor  DLTS, PICTS [16, 22]
Cd, 0.540 Donor PICTS [26]
Unknown  0.250 2-3x10™"° [25]
Unknown  0.240 2-6x10™" DLTS [27]
Unknown  0.880 1.2x10" [25]

1.3.2 Intentionally doped CdTe

Many applications of the CdTe, like electro-optical devices, require that the
material has high resistivity and minimum concentration of carrier traps that contribute to
incomplete charge collection and broadening in the photopeak for radiation detector
applications. While the resistivity above 10° Qcm is desirable, the minimum resistivity
approximately 10° Qcm is acceptable [28]. For most materials, the achievement of high
resistivity material by purification is unrealistic, where even in the crystals prepared from
high purity (7N) materials, still there are several part per billion (ppb) of chemical
impurities and the deal of native defects, introducing localized levels in the gap acting as
donors or acceptors. Therefore it is necessary to introduce dopants or defects that
compensate the existing impurities. There are two main manners to the doping of samples
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1.3.2.1 Doping with transition metal elements

Doping with these elements is promising for the material photorefractive effect and
applications in optoelectronics. For materials used as radiation detectors, they appear to be
important in making the material semi-insulating [29]. Such dopants, normally occupy the
Cd site, act as deep donors and form near midgap levels. As a result of doping the residual
acceptors are compensated, the Fermi level is pinned at the midgap position which results
in high resistivity material. A summary of the ionization energies of transition metal
impurities is given in Table 1-3.

Vanadium, V, doping study showed that doping with V in the range of (1-10) x10'®
cm” can make CdZnTe semi-insulating with resistivities in the 10°-10' Qcm range [29].
Overview of defect levels connected to deep dopants in CdTe is given in Ref. [30].

Due to the fact that both its diffusivity and solid solubility is high [21] Cu has
potential role in compensation and trapping in CdTe. The role of Cu in CdTe was in detail
investigated in many Refs, e.g. [21, 26, 31]. It was shown that, the level with energy 0.35 -
0.37eV above the valence band corresponds to Cu occupying Cd sublattice and acts
therefore as an acceptor, resulting in substantial improvements in the resistivity, but it
reduced the carrier lifetimes [21]. Clearly, Cu doping leads to a deep state that is effective
at trapping of charge and help to pin the Fermi-level closer to the mid bandgap position.

Theoretically, ab intio calculations of the defect levels in the bandgap of the doped
CdTe with some extrinsic impurity from these elements including the formation of
complexes are illustrated in Fig. 1-3.

Table 1-2. Energies of transition metal elements in CdTe

Energy Donor / Experimental
Dopant [eV] Acceptor method Reference
Ag 0.108 Acceptor PL [32]
Au 0.263 Acceptor PL [33]
Co 1.250 Acceptor EPR, ODMR,PL [34]
Cr 1.340 Acceptor EPR, ODMR,PL [35]
Cu 0.146 Acceptor PL [36]
Cu 0.360 Acceptor PICTS [31]
Cu 0.370 Acceptor PICTS [26]
Fe 0.150 Acceptor SPS [37]
Fe 0.200 Acceptor CPM [30]
Fe 0.350 Acceptor EPR, ODMR,PL [38]
Fe 0.430 Acceptor TSC [30]
Fe 1.450 Donor Photo-EPR [39]
Mn 0.050 Donor Hall [40]
Mn 0.730 Donor Hall [40]
Ni 0.760 Donor CPM [30]
Ni 0.920 Acceptor EPR, ODMR,PL [38]
Sc 0.011 Donor PL [32]
Ti 0.730 Donor PL, TDH [32]
Ti 0.830 Donor DLTS [41]
\"% 0.510 Acceptor TSC [30]
\Y% 0.670 Donor Photo-EPR [42]
\Y 0.740 Acceptor Theory [43]
\Y 0.950 Donor DLTS [44]
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1.3.2.2 Doping with elements from groups I, III, IV, V and VII

Due to the fact, that the dopants used in this thesis belong to these groups,
especially the elements In and Sn, the features of this doping will be discussed here in
detail. Energy levels related to major impurities of elements from groups I, III, IV, V and
VII and their complexes with native defects are shown in Table 1-3. Theoretically, defect
levels in the bandgap of the doped CdTe with some extrinsic impurity from these groups
including the formation of complexes is calculated [10] using the first-principles band-
structure methods and illustrated in Fig.1-3.

III-  Shallow doping

Due to the small ionization energy of the elements from groups I, III, V and VI (<
0.2 eV) their doping can be referred to as shallow doping. Group I elements, like Li and
Na act as acceptors when occupying the Cd sites, but, on interstitial sites, they act as
donors [45]. Group III elements, like In, Ga and Al, on the Cd sites and VII elements like
Cl, Br and I, on the Te sites are donor states. Substitutional group V elements, like P, Sb,
and Bi, on Te sites are acceptor states. Therefore, doping with these elements (groups I,
III, V and VII) creates either shallow donors, or acceptor states, which should compensate
the impurities and native defect in the pure material.

The most important feature of the shallow donor doping in CdTe is the formation
of the donor-vacancy (Vcq) complex, which is called an A-center, and the self-
compensation process. It was observed that for In-doped CdTe, Incq is a shallow donor.
The free carrier concentration, n, increased linearly with Ny, indicating 100% doping
efficiency at low In concentrations. At above Ny, of 2x10'® cm™ the increase stops [46].
Since the solubility limit of In is known to be 1x10" cm™ or higher, this effect is seen as
evidence of self-compensation, that is, by creation of Cd-vacancies when high
concentration of Indium is introduced. A more detailed study of this phenomenon has
shown, that at high In concentration the Fermi level is positioned close to the C-band and
the electron energy is sufficient to form the Cd vacancy. The A-center consisting of Cd
vacancy and Incq was supposed to be created (In&y — VEg)™ [47].

The same results were also reported in a MBE study of In doping of CdZnTe under
Cd over - pressure. In donor of 100% activation efficiency was found between 2x10'® and
1x10"® ecm™, but strong self-compensation behavior was observed for higher concentrations
[48]. The formation of the In-V¢4 complex is also confirmed in [19, 49, 50] and showed,
by using the positron lifetime measurements, that it is either neutral or negatively charged.
The acceptor level of this complex in CdTe:In was found out by PL measurements at E -
1.465 [47]. The chemical structure of Indium based A-centers in CdTe was confirmed by
X-ray methods [51].

For compensation to work without excessive trapping there must be a mechanism
by which a delicate balance between donors and acceptors can be achieved. In most
material, including CdTe, there is no easy way to achieve a precise balance between
shallow donors and acceptors. In spite of this high resistivity state is often observed with
shallow donor doing. A theoretical model explaining the role of shallow donors in
formation of high resistivity state, when a midgap level with a very low concentration
Ndeep<1013cm'3 is present, was proposed [52]. The model is based on processes of self-
compensation and precipitation of Cd vacancies in CdTe doped with shallow donors (In,
Cl) during cooling to room temperature.
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At the same time the compensation is achieved by the presence of deep levels, they
may also act as carrier trapping centers and thus the study of both compensation and
carrier traps is critical in determining the potential of this material as a radiation detector
[53].

A detailed investigation of distribution of point defects in high resistivity In doped
CdTe prepared by vertical gradient freeze method was performed by Franc et al [54] by a
set of optical, photoelectrical and electrical methods. It was found, that the defect located
1.05eV below the conduction band represents a center of photosensitivity. A deep level
probably responsible for pinning of the Fermi level near the middle of the gap was found
by PICTS at 0.8 eV.

Cl has been employed in CdTe to produce high resistivity material [21], where Cl .
is a shallow donor with a level detected at 0.14 eV below the Ec. In addition, PL showed
the chlorine A-center at energy Ev+0.12 eV, and optically detected magnetic-resonance
technique verified the A-center to consist of a V¢4 vacancy and a Cly, donor [55]. A near
proportionality was found between the concentration of A-centers and the concentration of
Cl using positron lifetime measurements [50].

Because of the importance of compensation and trapping in CdTe for nuclear
detector applications, and because of a broader interest in semi-insulating materials for
applications for epitaxial substrates and electro-optical devices, there is considerable
interest in this thesis in trying to understand the mechanism of compensation, including the
origin, concentration, and the trapping properties of these deep levels in the case of
shallow donors doping.

IV-  Deep doping

The possibility to prepare high-resistivity CdTe by doping with IV group elements
(Ge, Sn) was demonstrated in the past [56, 57]. These elements appear to introduce both
shallow and deep levels. Si and C doped CdTe were also prepared, but showed little
electrical activity [58]. Electron paramagnetic resonance (EPR) measurements [59]
directly registered the Ge*"/Ge’ and the Sn>*/Sn’* donor levels 0.95 eV and 0.85 eV
below the conduction band, respectively. Therefore, both dopants are potentially
interesting for fabrication of detector grade CdTe in case that shallow acceptors prevail
over shallow donors. Also, EPR studies of Pb and Ge doped CdTe have been reported
[60]. Observation of many shallow and deep levels in Sn, P, Cs doped CdTe as
characterized by DLTS, PICTS and PC has been reported [61].

A complex investigation of defect structure of high-resistivity, Sn-doped CdTe
grown by vertical-gradient freeze and Bridgman methods by a number of optical,
photoelectrical, and electrical methods was performed by Franc et al [62] and concluded
that, besides Sn, which naturally acts as a deep donor and plays a major role in pinning of
the Fermi level near the mid-gap, Fe related defects and Cd vacancies act as principal
recombination and trapping centers.

There is an interest in this thesis to study the defect structure of Sn doped CdTe
with special attention paid to deep levels substantially influencing the mobility-lifetime
product and response time of the material, which can be considered as a promising one for
fabrication of x-ray detectors.
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Table 1-3. Energies of elements from groups I, 111, IV, and VII in CdTe

Energy Capture cross- Donor/ Experimental

Dopant [eV] section Acceptor method Reference
Al 0,014 Donor PL [63]
As 0,092 Acceptor PL [64]
Cl 0,014 Donor EPR [65]
Cl 0,015 Donor PL [63]
CIl-DX1 0,220 Donor Theory [66]
Cl-DX2 0,470 Donor Theory [66]
CIl-DX3 0,210 Donor Theory [66]
Cl-vCd 0,120 Acceptor PL, ODMR [55]
F 0,014 Donor PL [63]
Ga 0,014 Donor PL [63]
Ge 0,730 Acceptor Photo-EPR [64]
Ge 0,950 Donor Photo-EPR [38]
In 0,014 Donor PL [63]
In 0,220 8.6x107" Acceptor DLTS [27]
In 0,230 2x 1077 Acceptor QTS [22]
In 0,230 3-4x10™" Acceptor [67]
In 0,280 2x107" Acceptor [67]
In 0,320 2x107™ Acceptor QTS [22]
In 0,340 1-5.5x10"  Acceptor DLTS [27]
In 0,340 1x10™" Acceptor [67]
In 0,380 4.9x10™" Acceptor [67]
In 0,470 2x 10" Acceptor [67]
In 0,580 2x 107 Acceptor DLTS [27]
In 0,680 3x 107" Acceptor DLTS [27]
In 0,800 5x 107" Acceptor QTS [22]
In, undoped 0,210 5x10™ Acceptor DLTS [27]
In, undoped 0,280 6.5x107" Acceptor DLTS [27]
In, undoped 0,380 3x107 Acceptor DLTS [27]
In, undoped 0,460 4x10™ Acceptor DLTS [27]
In, undoped 0,740 1-6x10™  Acceptor [67]
In, undoped 0,860 2x 10" Acceptor DLTS [27]
Li 0,058 Acceptor PL [68]
N 0,056 Acceptor PL [64]
Na 0,059 Acceptor PL [68]
P 0,068 Acceptor PL [64]
Pb 1,280 Donor Photo-EPR [38]
Sn 0,380 0.9x10™" Acceptor QTS [22]
Sn 0,430 4x10™ Donor QTS [22]
Sn 0,510 1x10™ Acceptor QTS [22]
Sn 0,550 Acceptor TEES [19]
Sn 0,850 Donor Photo-EPR [38]
Sn 0,890 5x 10" Donor QTS [22]
Sn 0,900 Donor DLTS [61]
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Fig. 1-3. Theoretically calculated energy levels using the first-principles band-structure
methods in doped CdTe with extrinsic impurities, where (.....) are energy of donor levels
with (+/0) transition, and (—) are acceptor energy levels with (0/-) transition,
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14  Study of defect states in CdTe compounds.

1.4.1 Methods used to study the defects states.

There are many methods used for defect studies. A brief review of some of the
most popular methods used to study CdTe is presented here.

Electron paramagnetic resonance (EPR) has been used for both the shallow and the
deep levels to infer the electronic states of the impurities. However, photoluminescence
(PL) has been used with a large degree of success to measure the ground state and excited
state energies of the shallow levels.

Many methods were applied to study the deep levels, but the investigations are
made difficult by the high resistivity of the material, difficulty with determination of the
trap types (whether electron or hole), and difficulty of making metal/semiconductor
contacts. Some of the most widely used methods are thermally stimulated current (TSC)
and related methods [69, 70], thermoelectric emission spectroscopy (TEES) [71], deep
level transient spectroscopy (DLTS) [72], photo-DLTS [73], photoinduced current
transient spectroscopy (PICTS) [74], temperature-dependent Hall-effect (TDH) [75] and
thermoelectric voltage spectroscopy (TEVS) [76].

However, for n-type SI CdTe, their high resistivity are on the order of 10° Q ¢cm
and their typical RT electron mobility is about 1000 cm?/V s, implying free carrier
concentrations on the order of 6x 10° cm™. Methods such as DLTS and TDH cannot be
used for samples with these resistivities since these methods require the free carrier
concentration to exceed the impurity concentration. To circumvent this problem, photo-
DLTS was developed, and it allows study of deep levels when combined with optical
spectroscopy [73]. PICTS has also been used to study defects in CdTe and CdZnTe [16,
26, 31, 54, 62, 77-83],

In addition to the difficulties posed by high resistivity, the trap types are difficult to
establish. TSC is a well-established method for studying SI materials, however, it is
difficult to recognize the trap type from TSC because both electron and hole traps give
signals having the same polarity. By using Schottky contacts and biasing, one can try to
measure only majority carrier traps, but defects due to the contact electrodes compete with
the bulk defects of interest [84, 85] . Furthermore, the Schottky contact resistance
increases exponentially with decreasing temperature, which can severely distort the TSC
spectra. The same considerations apply to DLTS and other methods. TSC has been used to
study SI CdTe and CdZnTe materials [11, 18, 19, 58, 76, 77, 82, 86-90].

TEES [71] is described to be suitable for the study the deep levels in SI materials.
It gives similar information on the energy position and the concentration of the traps as
TSC, but in addition TEES is also capable to resolve hole traps from electron traps. It is
also shown that the combination of TEES and TSC can reveal the trap influence on
peculiar transit phenomena of some other quantities like photoconductivity [71]. TEES has
proven to be a very powerful method for the study of deep levels defects in SI material. It
was used in the investigation of SI-CdTe and CdZnTe samples in several Ref. [11, 17-20,
53, 76-78, 87-94]
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1.4.2 Defect levels in SI CdTe.

Due to their important roles in various electrical and optical properties of
semiinsulating CdTe and CdZnTe semiconductors, many groups have studied defect levels
in the forbidden gap. Here, a brief review about the recent studies on the defect levels, in
SI CdTe will be presented.

N. Krsmanovic et al. [19] used TEES method to study the effects of two intrinsic
deep levels on electrical compensation in SI CdTe and CdZnTe crystals. The first level
observed at Ey + 0.735 eV and assigned to Ved acceptor, and the second level at
Ev + 0.743 eV and identified as Tecq , which is thought to be complexed with a vacancy
(Ved). Therefore, they demonstrated that high-resistivity crystals can be grown by
conventional Bridgman and high pressure Bridgman techniques from high-purity
materials, such that either method reduces the Cd vacancy concentration during crystal
growth, or by post-growth thermal processing, to a level at which it can be compensated by
the second observed intrinsic defect (Tecq ).

TEES and TSC methods have been used by N. Krsmanovic et al. [20] in the studies
of deep trapping levels in undoped and Sn-doped CdZnTe. Temperature maximum,
varying heating rate and initial rise methods were used to extract activation energies and
trapping cross sections of the deep trapping levels in the samples. The pure sample had
deep trapping levels with ionization energies of Eyv + 0.73 eV and Ey + 0.74 eV, which
were assigned to intrinsic defects due to Cd vacancies and Te antisites respectively. In the
Sn doped samples deep levels at Ey + 0.34 eV, Ey + 0.55 eV and Ey + 0.73 eV were
observed. The level at Ey + 0.55 eV was assigned to Sn, while the other levels to Cd
vacancies. The pulse height measurements on these samples indicated that Sn doping did
not improve the detector performance.

TEES and TSC were used by S. Awadalla et al. [90] to investigate trapping levels
in SI CdTe and CdZnTe crystals grown by vertical Bridgman with over pressure control
and high-pressure Bridgman methods. The thermal ionization energies of these levels were
extracted using both the variable heating rate and initial rise methods. It was reported that
the shallow levels observed at 0.11 and 0.17 eV are intrinsic and the latter level is most
likely related to the dislocation density and better control of these levels is required to
produce high resistivity crystals.

TSC and PICTS techniques were used in another study related to shallow defect
levels in CdTe material [82]. It was reported about the origin of the 0.15 to 0.20 eV defect
levels in undoped, chlorine and copper doped CdTe crystals grown by THM, and some of
the studied samples were irradiated by a strong y-ray source. The results showed that the
defects origin is more complicated than generally considered.

TEES and TSC techniques were used to identify the defect levels in undoped and
Al doped CdTe samples grown by high-pressure Bridgman [11]. Together 10 defect levels
were identified in the crystals, such that their ionization energy and trapping cross section
were extracted using the initial rise and variable heating rate methods. The ionization
energy values obtained were compared to theoretical values of the transition-energy levels
of intrinsic and extrinsic defects and defect complexes in CdTe determined by first-
principles band-structure calculations. On the basis of this comparison, the observed defect
levels were assigned to various native defects and impurity complexes.

By using TEES and TSC experiments, Cs. Szeles et al. [18] have observed hole
trapping and thermal emission from a deep acceptor level created during thermal annealing
of CdZnTe crystal grown by the high-pressure Bridgman technique. This deep level was
assigned to the 2-/- acceptor level of isolated Cd (Zn) vacancies. The thermal ionization
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energy of the level is 0.436 eV, and the trapping cross-section was found to be
2x107° em”,

The TEES method was used to investigate the role of cadmium vacancy-related
defects in CdTe nuclear detectors by Z.C. Huang et al. [17]. It was reported on the deep
level which is responsible for the degrading performance of CdTe nuclear detectors. Three
CdTe wafers, undoped, Al-doped, and Zn-alloyed (Zn = 10%) were prepared by high
pressure Bridgman technique. The cadmium vacancy (V cq)-related defects, behaving as
electron trap at Ec - 0.73 eV, was found to be responsible for the degrading performance of
the detectors. The best detector was found to be from the material with the lowest
concentration of this defect. This electron trap acts as hole recombination center,
decreasing the hole collection efficiency in the photocurrent measurement. A V ¢4-related
hole trap, at Ey + 0.21 eV, was also observed in these samples. It was suggested that
alloying with zinc could be effective in eliminating these V cg-related deep levels, and
hence improving the detector performance. On the other hand, deep electronic levels were
studied as a function of Zn concentration in CdZnTe crystals grown by the high-pressure
Bridgman technique using TEES [91]. It was reported that, hole traps are the dominant
deep levels and a strong increase of the thermal ionization energies of hole traps was
observed with increasing Zn content of the compound. The higher ionization energies
explain the observed stronger hole trapping and much shorter hole lifetime in CdZnTe as
compared to CdTe. The behavior also suggests increased carrier recombination and
explains the strong deterioration of electron collection in detectors fabricated from
CdZnTe of high Zn concentration.

Another effect of the Zn have been reported by S. Awadalla et al. [93]. Data
obtained by TEES together with the first-principles total-energy calculations were used to
investigate the cation vacancy—isoelectronic oxygen pair (V cd/zn) -Ote) in CdZnTe crystals
compared to it is behavior in CdTe. It was reported that, the thermal ionization energy
E=Ey + 0.184 £0.011 eV and trapping cross section S=(7 + 4)10™"" cm® of the (—/2-)
transition for the V¢¢-Or. pair are identical to those found in CdTe. In addition the
concentration of the pair is much smaller in CdZnTe than in CdTe crystal for samples with
the same nominal oxygen concentration, due to the formation energy of substitutional O e
is larger in CdZnTe than in CdTe. This indicates that the addition of Zn to CdTe reduces
the Or. concentration that form Vcg/zn)-Ore pair.

The TEES, TSC, and PICTS methods were used by M. Ayoub et al. [77] to
investigate the defects in the CdTe:Cl crystals grown by traveling heater method under
different annealing conditions. It was observed that an increase of the resistivity after a
thermal treatment of samples under argon pressure.

A. Castaldini et al. [16] investigated the deep levels present in semiconducting
cathodoluminescence, DLTS, PICTS, and photo-DLTS were used. The latter two methods,
which can be applied to SI materials, allow characterizing of the deep traps located up to
midgap. Together 12 different traps were identified, some common to all the investigated
samples, some peculiar to one of them. The analysis the SI compounds enlightened the
role played by the defects involved in the compensation process namely A center and the
deep traps located near midgap.

of the electrical properties of the material. The combination of the PICTS, and photo-
DLTS have been used to determine the character of deep trap, labeled H, as an acceptor at
Ev+0.76eV, and an electron trap, labeled E, at Ec - 0.79¢V. Level H was common to all
investigated compounds and has been attributed to a deep acceptor complex related to
Ved, while E is present only in CdTe:Cl samples. This provides clear experimental
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evidence of the presence of a deep trap in CdTe:Cl, which could be a good candidate for
the deep donor level needed to explain the compensation process of SI CdTe:Cl.

On the other hand, A. Cavallini et al. [95] studied the compensation processes in
CdTe-based compounds. In this study, PICTS and P-DLTS analyses together with DLTS
analyses were carried out to deepen understanding the behavior of the these deep levels as
a function of the position of the Fermi level since they are critical for the compensation
process. They concluded that, in CdZnTe the level H at Eyv+0.75 eV has a donor-like
character. The possible extension of the donor-like character of this defect to CdTe:Cl
should be positively considered.
induced in SI- CdTe:Cl and CdZnTe detectors by high and low energy neutron irradiation.
Together 14 deep traps were observed, such that their relative concentration varies
significantly as does their behavior under increasing neutron fluence. By correlating the
evolution of each trap in the two investigated materials, it was possible to discuss
hypotheses on the origin of most of the observed deep levels and on the role they play in
the charge collection and material compensation properties.

Defect levels in CdTe doped with Bi were studied [79] by low temperature PL,
PICTS, PC measurements, and optical absorption. Two centers associated with the doping
with Bi were reported. The first one, a deep level located at E+0.71 eV, only present at
low dopant concentrations, has donor character and hole-trap properties, and is mainly
responsible for the high resistivity and very high photoconductivity of the samples. The
second one, an acceptor center located at Ev+0.30 eV, assigned to Bir. species, is only
present at high dopant concentrations and is mainly responsible for the low resistivity and
poor photoconductivity of these samples.

Franc et al. [96] investigated the defect structure of CdTe doped with Yb and co-
doped with Ge, grown by Bridgman method, by a set of optical (PL, absorption, PC),
galvanomagnetic and thermoelectric methods. It was explained that Yb acts as a deep
donor with the energy level at Eyv+0.3 eV corresponding to the Yb*'Yb* electronic
transition. Introduction of Yb with concentration 10" cm™ in the melt results in a decrease
of electrically and optically active acceptor defects in the as-grown crystals and causes a
decrease of electrical resistivity of CdTe:Ge

In this thesis, defect structure of shallow (In, Cl) and deep (Sn, Ge) doped CdTe
will be studied in details by performing a set of complementary measuring techniques. We
will analyze the mechanism of compensation, including the origin, concentration, and the
trapping properties of these defects with special attention paid to deep levels substantially
influencing the mobility-lifetime product and response time of the material, which can be
considered as a promising one for fabrication of x-ray and gamma ray detectors.
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Chapter 2
Theory

2.1 Shockley-Read-Hall model

The band diagram of the perfect single crystal semiconductor consists of a valence
band and a conduction band separated by the forbidden band. When the periodicity of the
single crystal is perturbed by foreign atoms or crystal defects, discrete energy levels are
introduced into the band gap. Each energy level created from such defects can be
represented by energy Er and concentration of centers Nt. The Shockley-Read-Hall (SRH)
model [97] was introduced to describe the statistics of generation-recombination of
electron-hole pairs in crystal semiconductors occurring through the trapping mechanism of
electrons on the generation-recombination centers in the forbidden band (deep-level
impurities).

The transfer of electrons from the valence band to the conduction band is referred
to the generation of electron-hole pairs (or pair-generation process), since not only a free
electron is created in the conduction band, but also a hole in the valence band which can
contribute to the charge current. The inverse process is the thermal recombination of
electron-hole pairs. A third event, which is neither recombination nor generation, is the
trapping event. In either case, a carrier (electron or hole) is captured and subsequently
emitted back to the band from which it came. Only one of the two bands and the center
participate. The basic mechanisms are illustrated in Fig. 2-1.

Generally, the center can act as a recombination center when there are excess
carriers in the semiconductor and as a generation center when the carrier density is below
its equilibrium value. These centers can be obtained due to metallic impurities or as the
result of the crystal imperfections (dislocations, precipitates, vacancies or interstitials),
most of them are undesirable [97, 98]. The electron emission rate for centers in the upper
half of the band gap is much higher than the hole emission rate. This is in contrast with
emission rates for centers in the lower half of the band gap. For most centers one emission
rate dominates, and the other can frequently be neglected. The concentration of G-R
centers occupied by electronsn,, and holes p, must equal the total concentration of

centers Ny.

n+p = Nr (2.1)

Basic assumptions of SRH model are:

1) free charge carriers can be only described with concentration and mid-thermal
velocity

2) all crossings are immediate processes

3) parameters of trapping centers do not depend on state of surrounding system and
correspond to equilibrium states

4) the drift-diffusion is assumed for the transport of electrons and holes

5) one trap level in the forbidden band

6) the dynamics of the trapped electrons is quasi-stationary, which can be motivated
by the smallness of the density of trapped states compared to typical carrier
densities
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Fig. 2-1. Bandgap model with six basic processes of recombination with one deep level
(I-generation of e'h’ pair, 2-capture of electron on trap, 3-capture of hole on trap,

4-excitation of electron from trap, S-excitation of hole from trap, 6- bandgap
recombination)

The rate equations for the densities of electrons in the conduction band, n,
holes in the valence band, p, and trapped electrons on the center, n,, due to the
generation-recombination process after taking account the band to band process [99]
are described as:

dn/dt=G+S,vnn —S,v,(N, —n)n+ Cg(n,> —np) (2.2)
dp!dt =G +S,v,(N, —n,)p; - Syvun, p+Cy(n —np) (2.3)
dn,/dt =S,v,(N, —n)n—S,vnn; +S,v,(N, —n,)p;—Syvin,p (2.4)
An+An, = Ap (2.5)

Where

Sy 18 electrons (hole) capture coefficient of the center.

Ve 18 €lectron (hole) thermal velocity

n; ( py) 1s electron (hole) concentrations when £, = E, .
G is the generation rate; Cp is the direct G-R rate between VB and CB.
Since there are excellent references of this model, e. g. [97, 98, 100], we outline

only some of its basic conclusions, which are related to the carriers lifetime.
In thermal equilibrium, where the densities of electrons and holes in bands is »,

and p, respectively, the relaxation time of free electrons (hole) on trap is defined as
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1
Te(h) = S (26)

(Ve P (1)
In non-thermal equilibrium, there are two cases

1- Low concentrations of centers:

In this case, it is assumed that the majority carrier density under equilibrium
conditions is large compared to the center density, so that we may neglect the change in
charge density produced by changing concentrations in the trap center. This case is valid
if any one of the four quantities n,, p,, n;, p; is large compared to ~,. So the deviation
of electrons and hole densities from their thermal equilibrium must be equal to preserve
electrical neutrality. If An represents this deviation, then

n=n,+An, p=p,+An(=Ap) 2.7
And the lifetime for both electrons and holes on the trap is

— ny +n; +An ‘e, Po+p +Ap (2.8)
ng+po+An " ng+ py+An

Where z,,(z;,) correspond to lifetime for electrons (holes) to totally empty (totally full of
electrons) level.

Different formulas were obtained from eqn. (2.8) in Ref. [97] depending on
whether the sample is n-type (n,))p,) or p-type ( p,)n,), and the position of the center in

the bandgap.

2- High center concentrations:

In this case, the concentrations An # Ap, and consequently, the electron and hole lifetimes
are unequal. The lifetime of the minority carrier has the form:

o=t (+71) (prtype) 7 =1, (1471 (n-type) 29)
0 0

2.2 PICTS theory

PICTS (photo-induced current transient spectroscopy) is one of the methods used
for investigation of deep levels in high-resistivity bulk materials. The method is based on
storing and processing data of photocurrent decay after illumination by laser LED diode
for various temperatures. In this theory we consider single trapping level configuration and
negligible retrapping, which is the ideal model. We assume that period of darkness is long
enough so that traps are empty at time of new beam flash. The current i(z,) is thus the dark
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current. According to the assumption made the current induced by de-trapping can be
written as [101]

i(6) = gAEp,7, p, <0)Tiexp[—ri] +i(t,), (2.10)

t

Where p,(0) is the initial density of filled traps (here holes are considered), p, and T, are
respectively the mobility and recombination lifetime of free holes, ¢ is the electronic
charge, E the applied electrical field. The constant 4 depends on the illumination surface
between the electrodes and on the penetration depth of the light. The relaxation time of
holes 7 is related to the depth of the light E; of the level (with respect to the top of the
valence band) and to capture cross section of trap centers S; by the expression

1 E
L =Sy, Ny exp[- 11, 2.11
=Syl 1] @11

Where Ny is the effective density of states in the valence band and, v,is the thermal
velocity of the holes. Similar expressions are valid for the case of electrons ( [102]).

In reality current decay is the sum of more than one exponential. There can be seen three
regions of decay in the Fig. 2-2.

a) Rapid decay region corresponds to the carriers released by the traps with large
emission cross section — needn’t to be the finest as there can be artifacts due to
the non-zero cut-off time of the exciting light beam.

a) Intermediate decay region that is relied to the traps which are in the thermal
resonance at the measuring temperature.

b) A slow decay region corresponds to the carriers released by traps with small
emission cross- section — Evaluation of this part is often problematic due to
interference of the weak signal with the background.

1Y
104 1(@)
Y
3
<
g 13
(b)
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T T T T 1
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Time [s]

Fig. 2-2. Semilogarithmic plot of a transient signal received from an Au/CdTe contact at
95K
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2.2.1 Two-gate methods for PICTS evaluation

The basic two-gate method for transient’s evaluation consists of plotting of the
difference

ALi(T) =i(t)—i(t,) (2.12)

as a function of temperature, where t; and t, are two delay times at which the readings are
taken from transient. Usually t, is chosen large with respect to t;. After processing we get
set of spectra from which we need to get temperature T, of maximum; they can be
expressed as

. - 1 ¢t —t t
Aipy(T,,)) = gAE 7, p, (0)— —2—L exp[-—] (2.13)
™ t2 _tm 7y

The dependence of the amplitude of the maximum on the temperature T, may
provide an independent method for determination of the trap parameters.

The important point for using double-gate processing is to make sure, that the
initial filling p«(0) of the traps remains constant over the temperature range of interest. This
condition may in principle be fulfilled by using high photo-excitation in order to saturate
the traps. One of the most important problems in bulk samples is that the lifetime and
possibly the mobility of the thermally released carriers may depend on temperature in a
manner, which cannot be expressed in a simple analytical form.

2.2.2 Four gate methods for PICTS evaluation

The way to solve this problem is to compute the ratio Ai,(T)/Ai, (T), which

means to normalize PICTS signal. The heights of the peaks in a normalized spectrum then
reflect the relative concentrations for the various types of traps present in the material.

For data evaluation I used this method (4-gate) PICTS signal processing. The
double-gate method has the following drawbacks:

a) It is, in general, not easy to take into account possible thermal variations of mobility
and recombination lifetime, especially if the thermally released carriers are not of the
same type as the photocarriers.

b) One cannot be sure that p,(0) remains constant over the whole temperature range.

¢) Owing to some uncertainty concerning the presence or absence of the 1/7; in the pre-
exponential factor.

Four-gate processing consist in the recordings at four different times #), ¢, £, #; and in
computing the ratio

_ i(tl) _ i(tz)
Y[T’(T)]_—i(to)—i(g)’ (2.14)

Where optional parameters ¢, /¢, =2 and t,/t, =3 were fixed for the data processing.

For plotting the Arrhenius diagram it is necessary to compute the relaxation time 7, for
each PICTS spectrum corresponding to the temperatures 7,, at which the maximum occurs.
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- o (2.15)

Z' = b
" In[(s, —t,) (1, — 1,)]

Points in Arrhenius diagram (10°/7}, as x axis, T Tm as y axis) are then interlaid by the
linear apparent fit from which we can acquire values of capture cross sections S; and
activation energies of the traps AE = Ec-Er for electrons and AE = Ey-Et for holes [102].
This apparent fit can be expressed by formula

y=A+Bx (2.16)
Activation energies can be computed from equation
AE = Bk.10° (2.17)

where & is Boltzmann constant. Capture cross sections for electrons and holes are
calculated from

3
Sezrfszm exp(~4) (2.18)
h3
S, =——=—-exp(-4 2.19
h \/%kzmh p( ) ( )

where # is Planck constant and m,, m;, are effective masses of electrons and holes.

2.3 Evaluation of electron trapping parameters from conductivity
glow curves

The plot of current versus temperature of semi-insulting materials, as in Fig. 2-3, is
described as either a ‘thermally stimulated current’ or a ‘conductivity glow’ curve. In
principle the measurement of a single glow curve suffices to determine the entire trapping
parameters, i.e. trap depth, £,, and trap capture cross section for electron (hole), S, . In
practice the evaluation of glow curve data can be very complicated, and is often
accompanied by uncertainties which render the method of greater qualitative than
quantitative value [103].

To analyze the glow curves it is necessary to make various simplifying
assumptions. Many analyzing methods are published depending on these assumptions, and
on nature of the recombination process, which depends on the relative magnitudes of the
capture cross sections S, and S, of the trapping and recombination centers. Since there is
very good summary about these methods [103], and, recently, discussions with numerical
calculations are in many Ref. (e.g. [104]), a brief summary about the methods we have
utilized to evaluate our results is presented here.
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Fig. 2.3 Conductivity glow curve when including trap level of depth E, with Sr, and
heating rate R . The parameters of the curve are the temperature, Ty, of the maximum

current, Iy, and the temperatures T; and T, at which the current attains the value 0.51) on
either side of Ty

1-Grossweiner's method [105]:

This method supposed no retrapping occurs, and recombination is assumed
(i.e. S,<<S). To obtain the trap depth E, it is only necessary to determine 7y, and 77, as

E, =1.5kTy T, (T, - Ty) (2.20)
And the expression for the §; is
S, =3kT,EXP(E/ kTy;)/ 2N v, (Ty, —T)) (2.21)

Where, N¢ is the effective density of states in the conduction band, v, is the electron
thermal velocity

2-Variation of the heating rate method [106]:

Also, this method ignored the retrapping and assumed recombination process, (i.e
S, <<S8g). The relation between E,, S, and R is

E, = KTy, In(S,v,NcKT{ | RE,) (2.22)

This can be rewritten as
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In(T3 / R) = (E, | kTyy) — In(S,v,Nck / E,)

If several heating rates are used and 7,, is determined as a function of R, It is
possible to derive E; from the slope of the straight line which should be obtained by

plotting In(77 /R) against1/KT,,. Knowing E, the carrier cross section values can be
obtained from eqn. (2.22)

3-The initial rise method [107]:
This method is independent of the recombination mechanism. It depends on the
fact that, when the traps begin to empty as the temperature is raised, and the current is
described as,

I=Aexp(=E, / kTy;) (2.23)

Where A is constant.
Eqn. (2.23), can be rewritten as

In(/)=(—E,/kT )+ Const. (2.24)
In practice the initial portion only of the peak is measured, i.e. doesn’t depend on Ty,
A plot of the In(I) against 1/T should yield a straight line with a slope of -E.

4-Haering and Adams method [108]:

They deduced expression for the peak maximum /), in the two extreme cases of no
retrapping (i.e. S,<<Sgr) and fast retrapping (i.e. S,>>Sg). They concluded that at both
limits

E
I, =4 -—L -1 2.25
= Aot g (229)

Where A4 is a different constant in each limit.
Eqn. (2.25), can be rewritten as

Infy = (- k’;; 1)+ Const. (2.26)

Application of this method requires the measurement of a number of glow curves at
a variety of heating rates, after which In(Iy )is plotted as a function of 1/Ty to produce a
straight line.
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2.4 Resistivity mapping.

The resistivity mapping instrument uses a contactless, consequently, non
destructive method, based on the capacitive relaxation of the sample called «Time
Dependent Charge Measurements» (TDCM) invented by Stibal et al [109]. It is well
known that a homogenous semiconductor material can be characterized by the dielectric
relaxation ( z, ), which is related to the dielectric constant ( ¢ ) and the resistivity ( p) of the

material and expressed by
T, =&yEp (227)

Where ¢, is the dielectric constant of vacuum. The planar semiconductor sample,
Fig. 2-3, is represented by the parallel association of a capacitor Cg and a resistor Ry as

A d
Co=gpe™, Re=p—
s =&0€ p s =P y
Where 4 and d are the area and the thickness of the sample. In this case, the
relaxation time is simply expressed by 7, = R¢C and the resistivity becomes, according to
(2.27)
R¢C
p="1sCs
&

(2.28)

By applying a voltage step to the detector, through the additional capacitance C,,,
the total charge flowing into the capacitors is represented [109] by

— Caz — %E
o@)= C +Cq V(l—e "£)+Q(0) (2.29)
Where
_ _ CaCS
g =RS(C, +Cy) , Q(O)—7Ca+CSV

and C, represents the total series capacitance of the contact resulting from the space
between the sample and the electrode. With the above relations, (2.27) can be rewritten as
p= Cs7k _ O(0)r g (2.30)
(C, +Cg) QO(o)gye

Where Q(w0)=C,V .

Experimentally, measuring the charges, Q(),(0(0),and the time r; corresponding
t0 O(r) = 0.63[0(0) — O(0)] + O(0), from charge time dependence signal, resistivity can be
evaluated

The TDCM model was validated by Stibal et al. [109], who demonstrated the
correlation between the resistivity data measured by TDCM and that of the Van de Pau
Hall technique. A very satisfactory correlation between TDCM and the classical ohmic
contact measurements was also studies in Ref. [110].
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C,—— IR‘
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T

Fig. 2-3. Parallel capacitor Cg and a resistor Ry equivalent to a planar semiconductor

sample, C, represents the total series capacitance of the contact resulting from the space
between the sample and the electrode.
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Chapter 3

Experimental

3.1 Crystal descriptions

CdTe crystals of diameter 50 mm doped with various dopants were grown from
melt by the vertical gradient freeze (VGF) method, at our laboratory, at Institute of
Physics, Charles University (Prague, Czech Republic). The CdTe was synthesized from
stoichiometrically mixing 6N-purity Cd and Te in the same ampoule. The optimal Cd
pressure for CdTe growth was 1.2 atm at an axial temperature gradient of 5 °C/cm and a
cooling rate of 0.5 °C/h.

3.2 Sample preparations

All the high-resistivity CdTe crystals investigated in this PhD thesis were prepared
by vertical gradient freeze method, and by growth from Te solvent. They were doped by
various dopants (In, Cl, Sn, Ge). Wafers for different mapping (resistivity,
photoconductivity, photoluminescence) had dimensions about 50 x 40 mm®. They were
obtained by cutting the as-grown ingots along the direction of growth, after which they
were mechanically lapped, polished, and finally chemically-mechanically polished with a
bromine/methanol solution.

Samples for measurement of thermoelectric effect spectroscopy (TEES),
Photoluminescence (PL), Photo-induced current transient spectroscopy (PICTS), and
Photocurrent spectroscopy (PCS) had dimensions about 10x10x1.5mm’. The samples were
chemically and mechanically etched in 1% Br-methanol solution prior to contact
fabrication. Ohmic contacts on both the front and back surfaces were fabricated by
chemical deposition using of a 0.5% AuCl; solution applied for 15s.

V-A characteristics of contacts in dark were ohmic with a maximum deviation of
1% from ideal course as is shown in the Fig. 3-1.

The CdTe sample with Au contacts on front and back sides was fastened to a plate
in different measuring setups by high heat conductivity Ag paste and then to the cryostat
handle with high vacuum grease.

5x10° 4
4x10°

3x10°

I(A)

2x10° 4

1x10°

Fig. 3- 1. V-V characteristic for Au contacts in dark
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3.3 Measuring methods:

3.3.1 Thermoelectric Effect Spectroscopy method:

The basic idea of the Thermoelectric Effect Spectroscopy (TEES) method [71] is
based on the temperature gradient induced diffusion of free charge carriers towards the
electric contact at the cold end of the sample. If the deep traps are filled by illumination at
low temperature, the subsequent rise of temperature causes the release of trapped carriers.
Therefore, application of the thermal gradient across the sample results in “thermoelectric
current” (Itgg) in the outer circuit. TEES spectrum shows the dependence of Itgg current
measured as a function of the sample temperature (T). The different sign of peaks in TEES
curves corresponds to the different types of charge carriers.

Due to the low thermal conductivity of our semi-insulating samples, sufficient
natural temperature difference (2-10 K/cm) is obtained during heating the samples at
heating rate below 0.16 K/s.

High performance temperature control system of liquid nitrogen cooled cryostat
had to be designed to obtain good-quality TEES spectra at different temperature gradients.
Temperature gradient stability for various rates which sustains in the whole measured
range is the main prerequisite of highly resolved spectra recording. Data acquisition
electronics system has also been assembled to record and store the spectra.

An experimental setup for TEES measurements (see Fig. 3-2) is based on a liquid
nitrogen cooled cryostat operating in the temperature range of 80 — 400 K. High resistivity
sample to be measured is placed inside of the cryostat by using a holder and its electrical
contacts are fed via vacuum coaxial feed trough. The sample is cooled down to = 90 K in
the absence of light, where the traps are filled by optical excitation using a 25 mW He—Ne
laser. The duration of irradiation was 1200 second. Temperature dependence of nascent
thermoelectric current (Itgg), which is generated by the temperature gradient during the
sample warming up, is measured by using an electrometer (Keithley, model 6574). The
sample temperature is precisely measured by milivoltmeter (Keithley, model 2000).
Control computer is used for data acquisition and storing by using GPIB interface bus.

Temperature control system: Precise system was required for such a type of
experiment. It has been designed at our institute by using a high grade PID type
controller/setpoint programmer (see Fig. 3-3a). The controller is a modular assembly type
with possibility of free wiring of the internal structure. The sample temperature to be
controlled is measured by a linearized Si diode powered by 10 pA current source. Very
precise and linear temperature warming up ramp with high rate is required to perform
TEES measurement. It enables minimum deformation in the temperature dependence of
generated thermoelectric current to be obtained. Relatively long and highly temperature
dependent heating response time constant of the cryostat rather complicates the control
task. However, the linearity deviation does not exceed 1 K ordinarily even in case of using
the highest temperature change rates for a precisely tuned control system. PID parameters
scheduling was inevitable for our control system to overcome the temperature dependence
of the time constant. A linear high power DC amplifier has been constructed to transmit
the controller DC output to the heating element. Different heating rates R have to be
employed during the experiment.

Fig. 3-3b shows the performance of the temperature control system for different
heating rates required to record TEES spectra. Excellent linear response of the control
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system has been obtained. The Temperature deviation usually does not exceed 0.5 K in the
heating rates between 5-15 K/min (see Fig.3-3b).

LN, Cryostat
r"f --f.;
CdTe Chip
P
(i
' He-Ne Laser
Temperature control
systam
Current Source
R5485
A meter
Thermoelectric
current N
GFIB Bus
DAQ
L mV meter Computer
o Temperature

Fig.3-2. Schematic drawing of Thermoelectric Effect Spectroscopy experimental setup
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LN5 Cryostat Power Linear
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CdTe chip
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Impust

Modular programmable
PID Controller

(a)

Temperature (K)

50 T T T T T T T T T 1
00 02 04 06 08 10

Time (h)

(b)
Fig. 3-3. a: Temperature control system of the cryostat, b: Temperature course in the
cryostat for required rates, shows the performance of the temperature control system.
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3.3.2 Photo-induced current transient spectroscopy method:

The Photo-induced current transient spectroscopy (PICTS) measurements were
performed during my stay at Albert-Ludwigs-University in Freiburg. Figure 3-4. shows the
scheme of the PICTS setup. It consists of a cryostat with a LED laser diode emitting light
at 830nm, an amplifier and a computer for measurement control. The cryostat was cooled
with liquid nitrogen. The maximum temperature range we could use for the PICTS
measurement was from 77K to 380K. The sandwich configuration can be used for
analyzing the transient signal under positive and negative polarities. Practically the
metallic contact can be an ohmic or a blocking Schottky type. We used ohmic type of
contacts, because it was difficult to make Schottky type of contacts on high resistivity
material. Schottky type would be preferable for the advantage that PICTS measurement
gives better results than in case of injecting contacts. This is due to the fact that in blocking
contacts the baseline for the transient is low hence the ratio signal/noise is high. The
applied electric field in sample at sandwich orientation was depending on the sample itself,
the maximum value was 200V cm™. The sample with semitransparent Au contact was
pressed down to copper part of cryostat functioning as well as bottom contact and fixed
with liquid silver. Light from the LED diode was flashing near Au contacts with spot
approximately 1mm?.

Liquid

/ Cryostat
nitrogen

Source
_/i./’\ Amplifier - Q
CdTe 4] g \
sample \ %

Metal Data storage
contact

\

Flashing
LED

Fig. 3-4.Scheme of PICTS apparatus with cryostat cross-section

The transient signals during the dark interval were captured at each temperature so
that one whole experiment could be realized in a single temperature scan and the
transients’ data were stored in the texts file. The behavior of the light from LED diode and
current with time is shown in Fig 3-5.
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Fig. 3- 5.Light and current behavior in PICTS experiment [102]

3.3.3 Resistivity mapping method:

The resistivity mapping instrument uses a contactless, consequently, non
destructive method, called «Time Dependent Charge Measurements» (TDCM) [109]. The
sample acts as a capacitor and the resistivity is evaluated by measuring a time dependent
charge transient observed after application of a voltage step. The measurement is
contactless; it allows the examination of wafers without degrading surface quality.

The CdTe wafer is inserted between a 2.5 mm diameter measurement electrode,
surrounded by an extended guard electrode, and a back electrode (Fig 3-6a). The
equivalent circuit of this arrangement (see Fig 2-3) comprises a lossy dielectric capacitor
Cs and an air capacitor C,. The measurement routine is initiated with a voltage step
instantaneously charging the capacitors connected in series. Cs is discharged with a
characteristic time constant 1 such that eventually the equivalent circuit is reduced to C,.
The charge redistribution is recorded as shown in Fig 3-6b. Using the measured charges
Q(0) (after application of the step voltage), Q(0) (after completed charge transfer to C,)
and 1 the substrate resistivity can be evaluated according to

p=0(0)[O(0)eg, ] (3.1)

Where ¢ is the dielectric constant of the sample, and ¢ is the permittivity of vacuum. The
measurement circuit of TDCM is schematically shown in Fig 3-7. The charge amplifier,
essentially comprising an operational amplifier and feedback capacitor C; provides an
output voltage U(t) = Q(t)/C; proportional to the time-dependent charge Q(t).

35



[
ELECTRODE Q)

Qo) [z
Q) /7

QO |

b i

Tune

(@) (b)

Fig. 3-6. Electrode configuration (a), equivalent circuit (b) The quantities to be measured
are the instantaneous step Q(0), the asymptotic value Q(») and time tg corresponding to
O(zg), as shown in equation (3.1).
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Fig. 3-7. Block diagram for TDCM measurements
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3.3.4 Photoluminescence method:

Photoluminescence (PL) spectra were measured by cadmium mercury telluride
(HgCdTe) detector in a configuration, when Ti-sapphire laser beam with energy ~1W used for
exciting the samples, while the PL was collected in the Bruker Fourier spectrometer detector
from backside. The reason for such a configuration was the fact that the sample itself served as
a filter for the strong Ti-sapphire laser beam. The schematic setup for the photoluminescence is
shown in Fig 3-8. The laser beam was reflected by a spherical mirror to illuminate the front part
of the sample attached in the liquid Helium (4.2K) Cryostat Oxford instruments. Detection of
low energy PL signal was available by using HgCdTe detector (small bandgap), typical 0.3 —
1.6 eV spectra range was measured.

Interterometer

laser

—

crvostat

[E] [detactnor

O

Spectrometer

Fig. 3-8. Schematic setup for the photoluminescence (PL) measurements.

3.3.5 Photocurrent spectroscopy (PCS) methods:

The experimental set up used for the PCS is shown in Fig. 3-9. The source of the
light we used was a high emission discharge lamp. The light beam from it was reflected by
a spherical mirror to the chopper followed by the double grating monochromator. A light
beam was chopped with a frequency 5-20Hz and the monochromator limited photons
energy from 0.91eV to 1.9¢V. Behind the monochromator output was the second harmonic
(SH) filter. Behind the SH filter was the beam finally lead to the cryostat through the glass
window. The closed-cycle He cryostat was used for measurement in the range of 10-300K.
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The photovoltage values on the sample were received by the Lock-In amplifier and
then read manually or by computer from the Keithley multimeter. The constant value of
voltage on the sample was monitored by Keithley electrometer.

Cryostat
with
sample

Step motor

Second I

harmonic
filter Monochromator

Chopper

Light
source

Fig. 3-9. The experimental setup with monochromator for PCS, and PL measurements

During our measurement the photovoltage Upc on the sample was measured by
Lock-In amplifier. To compute photocurrent values the following equation was used.

(R, +R)(R. — R, — AR)

L.=U
e T SR..R(R,—AR)

; (3.2)

Where Ry is resistance of the sample in the dark and AR is change of sample resistance
after area S illumination.
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Chapter 4

Results and discussion

Generally, CdTe undoped crystals grown from a stoichiometric or slightly Te-
rich melt exhibit a low p-type resistivity due to the presence of residual acceptors and
native acceptor defects. One of the possible ways to increase resistivity of CdTe is the
compensation of these acceptors by shallow or deep level donors (D) [111, 112] . Shallow
donors are typically elements from the III group occupying Cd positions (like In) and
elements of the VII group occupying Te positions (like Cl, Br, I). Deep donors are
elements occupying Cd positions and have ionization energy in the midgap of CdTe like,
Ge, Sn, V, Ti, Pb, etc. Depending on the concentrations of the dopants donors, they can
compensate acceptors, €.g., a cadmium vacancy V ¢q, creating the A-center complex (Vca—
D) [113]. Stabilization of the compensation condition against variation of the
donor/acceptor concentration can be reached with a mid-gap native, or impurity donor
level [56, 59, 114-121].

In this part of the thesis, the results of the study of defect levels in the band gap of
CdTe doped by two shallow (In, CI), and two deep (Sn, Ge), impurities will be presented.
One can trace the results starting by the comparative study between the shallow and deep
impurities, a complex study of one deep donor (Sn), and of one shallow donor (In).
Discussion and summary followed every study, while the final conclusion will be at the
end of this part.

4.1 Comparative study of CdTe doped by shallow and deep impurities

In this study, five CdTe ingots with different dopants (undoped, In, Cl, Sn, and Ge)
have been grown by vertical gradient freeze method and labeled as (AV, Al, KA, VG3,
and KV), respectively. The CdTe was synthesised from 6N purity Cd and Te in the same
ampoule. The different dopants concentration in the melt is shown in table 4.1. The
optimal Cd pressure for the CdTe growth was found to be of 1.2 atm at the axial
temperature gradient of 5 °C/cm and cooling rate of 0.5 °C/h.

Table 4.1. Dopants concentrations in melt and solid phase of the CdTe crystals

Ingot (dopant) | Dopant conc. in melt (cm™) | Dopant conc. in solid (cm™)
AV Undoped
Al (In) 10" ~5x10"
KA (C]) 10’ ~10"
VG3 (Sn) 10 ~5x10™
KV (Ge) 10" ~10™
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4.1.1

Actual impurity content was measured in samples taken from the middle part of the
ingots by glow discharge mass spectroscopy (GDMS). The concentration of impurities in
the undoped, In (shallow donor), and Sn (deep donor) doped samples is presented in table

4.2

One can see that the concentration of residual impurities normally does not exceed
the value of several ppb. The concentration of only two impurities, Na and Cu, reaches
100-200 ppb. Contamination with these impurities originates from the quartz, ampoule
preparation process, or the starting 6N materials. The dopant elements were practically
absent in the undoped AV ingot, while their concentration in the solid phase in their ingots

are presented in table 4.2.

Content of the impurities

Table 4.2. Concentration of impurities.

Undoped | In doped | Sn doped
|l TEWY | A | ves)
Element [Conc. (ppb)|Conc. (ppb)|Conc. (ppb)
1 Li <2 <2 <1.6
2 B 7 50 220
3 Na 160 200 100
4 Mg 20 90 50
5 Al 5 22 8
6 Si <5 13 43
7 P 2 4 12
8 S 50 160 48
9 K <8 <4 <3
10 Ca <25 10 <15
11 \Y <0.2 <0.2 <0.1
12 Cr 7 2 5
13 Mn <18 <15 <10
14 Fe <30 30 26
15 Co 0.7 <0.2 <0.2
16 Ni 8 2 0.7
17 Cu 120 13 30
18 Zn 5 170 2
19 Ge <7 <8 <6
20 As <100 <300 <70
21 Se <8 <6 <6
22 Br <7 <6 <8
23 Ag <30 <12 <10
24 In <20 1600 <15
25 Sn <20 <17 460
26 Sb <20 <2 <13
27 Hg <1 <2 <0.7
28 Tl <0.2 <0.2 <0.1
29 Pb <0.4 <0.2 <0.4
30 Bi <0.1 <0.3 <0.1
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However, the GDMS analysis provides only rough information about impurity and
dopant concentrations in the studied ingots and certainly cannot describe their axial and
radial distributions. More information about distribution of dopants and defects will be
estimated from a set of maps (next sections) and characterization methods. For these
purposes, all the prepared ingots were cut along the growth direction, and obtained wafers
were mechanically lapped, polished, and finally chemo-mechanically polished with
Br/methanol solution.

In this study, two spectroscopic methods, TEES (thermoelectric effect
spectroscopy) and photoinduced current transient spectroscopy (PICTS) were used to
study of deep levels in samples doped by shallow donors (In, Cl) and deep impurities (Sn,
Ge) in order to get a deeper insight in midgap levels responsible for the pinning of the
Fermi energy, and to compare the expected influence of these deep dependent dopants
levels on the charge collection efficiency in detectors.

4.1.2 TEES measurements.

Four samples were cut from the wafers, whose origins were the Al, KA, VG3, and
KV ingots. The undoped sample couldn’t be characterized by this method, because it has a
low resistivity value (10> Q.cm), and TEES method is used for high resistivity materials.
The samples had dimensions about 10 x 10 x 1 mm’. Ohmic contacts were prepared by
chemical deposition from 0.5% AuCl; on both the front and back surfaces. The samples
were cooled in the absence of light to = 90 K, where the traps were filled by optical
excitation using a 25 mW He-Ne laser. The duration of irradiation was 1200 s. The
samples were then warmed up with at least three different heating rates up to 400 K.

4.1.2.1 Samples doped with shallow donors.

Figure 4-1a. shows the results of TEES spectra measured at three different rates in
CdTe:In. One can note that all observed peaks are positive, which means that all
corresponding traps are hole traps. It is noted that that there is a shift of the peak positions
towards the higher heating rate. Figure 4-1(b), (c), (d), and (e) show the Arrhenius plots,
from which the trap’s energy and hence their capture cross section can calculated using
Eqn.( 2.21). The calculated values of the energy and capture cross section of these traps
are presented in table 4.3, and shown also in each Arrhenius graph.

The near midgap level (E4 = 0.83 eV) responsible for pinning of the Fermi level
has a relatively low value of the capture cross section (=~ 10> cm?) and it is hole trap. i.e.
it lies below the Fermi level, and therefore it is almost filled ( or partially empty) by
electrons.
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Fig. 4-1. (a) TEES spectra of CdTe:In at three different rates. Sample illuminated at
90K by 1.96eV photons for 1200s. (b), (c), (d), (e) Arrhenius plots showing the thermal
ionization energy and trap cross section of peak 1, 2, 3, 4 respectively, in (a).
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Results of measurements of TEES of the CdTe:Cl sample are given in figures 4-2
and 4-3, where two peaks shifting with the heating rate were observed. One is related to
electron trap and the other related to hole trap. The energy and the capture cross section of
these both traps are calculated and presented in table 4.3.

The near midgap level (0.63 eV) is again a hole trap with a small capture cross
section (= 1077 cm®). The differences in energies and capture cross sections of near
midgap levels in samples doped by In and Cl indicate a different chemical origin of the
corresponding defects.
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Fig. 4-2. Variable heating rate TEES plots of the current peak of the (a) electronic
trap, (b) hole trap in sample CdTe:Cl . (c), (d) Arrhenius plots showing the thermal
ionization energy and cross-section of the electron, hole trap, respectively.
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4.1.2.2 Samples doped with deep donors.

The TEES spectra of the CdTe:Sn is shown in Fig. 4-3. It is characterized by two
hole traps (L1, L2), electronic one (L3), and the near midgap is electronic trap (L4).
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Fig. 4-3. TEES spectra at 0.166K/s from CdTe:Sn. Sample illuminated at 90K by 1.96eV
photons for 1200s.

A Variable heating rate method was applied for all the observed traps, Fig. 4-4, to
determine the trap’s energy and capture cross section by using Arrhenius method. The

calculated values are presented in table 4.3, and in the Arrhenius plots related to these traps
in fig. 4-5.

One can note that, the near midgap level (E4 =0.73 eV) is an electron one with a
relatively high capture cross section (10"3¢m?). The same result is obtained when the

other deep donor sample, CdTe:Ge, is investigated. The spectrum is dominated by signal
from one trap. The result of measurements is shown in Fig. 4-6 (a) and (b). The trap is

0.76 eV deep and also electronic with a high capture cross section (3.6x10 2cm?).
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Fig. 4-4. Variable heating rate TEES plots of the current peak of the (a) L1, L2, L3, (b)

midean tran L4 in sample CdTe:Sn.
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Fig. 4-5. (a), (b), (c), ,(d) are Arrhenius plots of the trap levels L1, L2, L3, and L4
respectively in the TEES spectra from CdTe:Sn sample in fig 4.4.
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Fig. 4-6. (a) Variable heating rate TEES plot of the current peak of the unique trap in

sample CdTe:Ge . (b) Arrhenius plot showing the thermal ionization energy and the
cross-section of this trap.
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4.1.3 PICTS measurements

To confirm the obtained values of both the energy and capture cross section in the
different studied samples, the same four samples were measured by the PICTS technique.
The operating temperature range of the PICTS setup was from 77K up to 350K.
Practically we didn’t start heating from the lowest reachable temperature, because it was
timely demanding to reach it and only very shallow levels should be revealed in the
temperature range 77-100K. Typical PICTS spectrum of the In (shallow donor) doped and
Sn (deep donor) doped samples are shown in Fig. 4-7. The summary of energy levels and
their capture-cross section for all samples is given in Table 4.3.
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Fig. 4.7. Typical PICTS spectrum of the sample (a) CdTe:In, and (b) CdTe:Sn
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Table 4.3. Ionization energy, trap’s sign, and average capture cross-section for
different studied samples.
Sample  E((eV) Trap’s sign Cross section s (cm?) E((eV)  Cross section s
(cm?)

(TEES) (TEES) (PICTS) (PICTS)
l.In 0.14 h 1.0x107 0.17 4.0x10™%°
0.40 h 5.6x10"® 0.34 8.0x10™"
0.67 h 2.8x10™" Not observed
0.83 h 1.0x10™" 0.82 4.0x10™"?
2.Cl 0.51 e 1.1x10™ 0.50 2.4x10™"?
0.63 h 3.5x10"7 Not observed
3.Sn 0.25 h 6.7x107' 026 3.1x107"¢
0.29 h 2.4x107"° 0.32 2.0x1071°
0.72 e 9.7x10™ 0.83 7.4x107™"
4. Ge 0.77 e 3.6x10°" 0.75 1.0x10™"
Not observed 0.45 6.5x107%

The summary of energy levels and their capture-cross sections by both the TEES
and the PICTS methods for all samples is given in Table 4.3. The results are in good
agreement with the previously published data [54, 62] on CdTe:In and CdTe:Sn samples
cut from crystals produced by the same preparation techniques in our lab.

4.1.4 Summary

It can be seen, that near midgap levels in samples doped with shallow donors (Cl,
In) have a low value of capture cross-section (~107'7¢m?)and are hole traps. Samples
doped with a deep donor (Ge, Sn) have a much higher capture cross section of the midgap
level (~10"3¢m?), which acts as an electron trap. Both the higher capture cross-section
and trap type (electron) in case of Ge and Sn doping are negative factors from the point of
view of charge collection efficiency in detectors. Collection of holes is in general
problematic due to their low mobility. Therefore detectors with read-out schemes that use
only the electron signal and suppress the hole contribution are used [6]. Presence of an
electron trap with a high capture cross-section, which was observed in CdTe:Ge sample
No.3, results in a substantial deterioration of detector performance.

A comparison between results by TEES with that obtained by photo-induced
current transient spectroscopy (PICTS) is also shown in Table 4.3. Good agreement of the
trap energies obtained from both methods was found out. There is, however, a difference
of the capture cross-section values up to two orders of magnitude. The answer why the
capture cross-section by TEES is smaller than that by PICTS will be discussed in the next
sections.

The deep trap near the middle of the gap was reported by a number of authors being
common for doped and intentionally undoped CdTe and CdZnTe. It was attributed to a
deep acceptor complex involving Vg4 acting as a recombination center (labeled H/HO in
the reference [80]). Another deep donor level (E) lying slightly above the H/HO level was
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found in CdTe:Cl samples [80]. Recently a midgap level (~0.7eV) in both undoped and
Al-doped CdTe was identified as a complex of Cd vacancy and Te antisite based on ab-
initio calculations [11]. The capture cross-section of this level is ~10"°cm?® and it is an
electron trap. These results may seem to be contradictory to our data from In-doped CdTe,
where a midgap hole trap with a small capture cross-section ~10™*cm” was observed. Due
to the midgap position of the level, however, emission of electrons or holes from the level
can be seen in the TEES experiment in dependence of the filling factor of the level.
Therefore the data from Ref. [11] and our results can correspond to the same level, if we
suppose that in our samples the level is more filled by electrons and the emission of holes
from the valence band therefore prevails in the TEES experiment.

It is generally accepted, that Ge and Sn occupy Cd position in the lattice and
introduce deep levels near the midgap [59, 122], which compensate the residual acceptors
(e.g. Vuq) and fix the Fermi level in the midgap position. Therefore, high resistivity (Semi-
insulting) materials can be achieved. The distribution of the defects in the ingot and their
influence on the Fermi level position and therefore, on the sign of the TEES signal and the
charge collection need more discussion. It will be the goal of the complex study of deep
donors in the next two sections (4.2, 4.3).

On the other hand, the compensation mechanism in case of shallow donor is not
fully clear; especially it is not known what is the origin of the midgap levels fixing the
Fermi level and what is their concentration, distribution in the ingots, and their correlation
to charge collection properties. It will be the goal of the deep study of CdTe crystal doped
by shallow donors in the 4.4 and 4.5 sections.
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4.2 Complex study of CdTe:Sn crystals

In this part, a detailed study of the compensation of CdTe with Sn impurity, which
has a donor level in the mid-gap, and whose atomic number (50) is between that of Cd
(48) and Te (52)[59], will be given. The results obtained on several CdTe ingots grown
with various Sn concentrations in the melt will be presented. The purpose of this study is
to increase understanding of defect structure of CdTe:Sn with special attention paid to
deep levels substantially influencing the mobility-lifetime product and response time of
the material, which can be considered as a promising one for fabrication of x-ray
detectors.

Four ingots were included in this study, three doped ingots VG2, VG3 and VG4,
and the undoped AV from the previous study. There was a gradually increasing
concentration of the Sn impurity in the ingots (see table 4.4). All ingots were cut along the
growth direction. The obtained wafers were mechanically lapped, polished, and finally
chemo-mechanically polished with Br/methanol solution. These wafers were characterized
by several techniques to visualize the distribution of defects.

Table 4.4. General properties of the CdTe crystals.

Sn concentration Max. resistivity Photoconductivity Type of
in melt(cm™) (Q.cm) or 6g(Q'em™) Photoconductivity”
AV Undoped 10° Not registered e
VG2 2x10"7 3x10’ 2x10™° n-type
VG3 10" 6x10° 1x10” n-type
VG4 10" 10" 7x107"° n-type

“Type of photoconductivity in the area of maximum resistivity in dark (pa).

4.2.1 Content of impurities

Actual impurity content was measured in samples taken from the middle part of the
ingots by glow discharge mass spectroscopy (GDMS). The concentration of impurities in
CdTe samples is presented in table 4.5. The impurities in the AV, and VG3 were presented
in table 4.2 in the last chapter. The overview is shown also here to complete picture of the
impurities in all Sn doped CdTe studied samples. It is noted that the concentration of
residual impurities normally does not exceed the value of several ppb. Again, the
concentration of the two impurities, Na and Cu, reach 100200 ppb. Contamination with
these impurities originates from the quartz, ampoule preparation process, or the starting 6N
materials. The VG4 ingot was occasionally contaminated with the B and Fe impurities.
The Sn impurity was practically absent in the undoped AV ingot, and its concentration
gradually increased in the VG2, VG3 and VG4 ingots due to its higher concentration in the
melt according to the doping protocol (see Table 4.4).

The GDMS measurement shows that the incorporation of Sn to the crystal is poor.
Sn content in the melt in the range 10'"~10""cm™ results in the concentration of 10'*—
10cm™ in the solid phase. The reason for this behavior is not clear. However, the low Sn
melting point (231.9 °C) could lead to nonhomogeneous distribution and precipitation of
this dopant, and this may influence the material properties throughout the ingot [102, 123].
The information about distribution of Sn will be estimated from the presented maps of
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resistivity, photoconductivity, and photoluminescence based on the fact that the
segregation coefficient of Sn is less than one. The Sn concentration is therefore supposed

to increase along the growth direction.

Table 4.5. Concentration of impurities in the CdTe:Sn crystals.
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Crystal Undoped | Sn doped | Sn doped | Sn doped
N (AYV) (VG2) (VG3) (VG4)
Element [Conc. (ppb)| Conc. (ppb) |Conc. (ppb)|Conc. (ppb)

1 Li <2 <1.5 <1.6 <l.5
2 B 7 20 220 890
3 Na 160 130 100 130
4 | Mg 20 15 50 25
5 Al 5 1.2 8 5

6 Si <5 <5 43 8

7 P 2 2 12 <0.4
8 S 50 30 48 48
9 K <® <6 <3 <7
10 Ca <25 <20 <15 <12
11 \Y <0.2 <0.1 <0.1 <0.1
12 Cr 7 23 5 23
13 Mn <18 <18 <10 <16
14 Fe <30 <20 26 100
15 Co 0.7 0.5 <0.2 1.7
16 Ni 8 25 0.7 40
17 Cu 120 160 30 180
18 Zn 5 7 2 10
19 Ge <7 <8 <6 <8
20 As <100 <100 <70 <100
21 Se <8 <6 <6 <6
22 Br <7 <8 <8 <7
23 | Ag <30 <20 <10 <15
24 In <20 <20 <15 <20
25 Sn <20 260 460 520
26 Sb <20 <30 <13 <16
27 Hg <1 <1 <0.7 <1
28 Tl <0.2 <0.2 <0.1 <0.2
29 Pb <0.4 <0.4 <0.4 <0.3
30 | Bi <0.1 <0.1 <0.1 <0.1




4.2.2 Resistivity and photoconductivity mapping

Resistivity (pdark) and photoconductivity (PCM), defined as AG = G jigh— G dark, Were
mapped by the non-contact time dependent charge measurements (TDCM) method [109].
The PCM mapping was performed at room temperature (RT) with band gap excitation
(750 nm, 1-5 mW).

The conductivity type at light was measured at RT by thermoelectric effect
measurements on samples cut from the area of maximum resistivity in dark (pg), it was
performed with ohmic contacts deposited onto the front and back surface of the samples
from the AuBr; solution. The results are shown in table 4.4.

The undoped AV ingot was low resistivity CdTe (~10° Qcm) with p-type
conductivity. Resistivity of the VG2 ingot, grown with the lowest Sn concentration in the
melt, was also low (10°~10° Q cm), except for the last-to-freeze zone with resistivity of 3 x
10° Q cm and high photoconductivity (see table 4.4 and Fig. 4-8). Concentration of Sn was
increased in the VG3 ingot. High resistivity and photoconductivity were obtained
throughout the crystal (Fig. 4-9). The maximum resistivity of 9 x 10° Q cm was reached in
the last-to-freeze zone. Resistivity and photoconductivity in this crystal were rather
inhomogeneous.

The VG4 crystal shows an improved uniformity of the resistivity and
photoconductivity distributions (see Fig. 4.8). The maximum resistivity of 10'° Q cm and
photoconductivity 7x10™"° Q ™' em ™ was reached. The GDMS analysis shows that crystal
VG4 was contaminated with B, which in the measured sample exceeded the concentration
of Sn. The question therefore arises, whether boron can be responsible for high resistivity
of crystal VG4 instead of Sn. Study of boron behavior in CdTe [124] at concentrations
comparable and higher than the one present in the VG4 crystal has shown that boron is not
electrically active and it is mostly concentrated in inclusions. Nuclear magnetic resonance
(NMR) experiments [125] revealed that a fraction of about 20% of boron is incorporated
on a substitutional site in the Te sublattice at room temperature and is supposed to act as an
acceptor. We connect therefore the increase of resistivity in the crystals with the increasing
content of Sn in the melt rather than with occasional contamination with boron.

In summary, the results of resistivity and photoconductivity measurements (Fig. 4-
8) demonstrate that the high resistivity well correlates with photoconductivity in case of
crystal VG4. We shall analyze the reasons for such behavior, namely, through the study of
defect levels in the band gap of CdTe:Sn.

4.2.3 Defect levels in bandgap of CdTe:Sn

Photoluminescence (PL) spectra and mapping, Photocurrent spectroscopy (PCS),
and Photo-induced capacity transit spectroscopy (PICTS) [102] were used with the
previous maps to analyze the defect levels in the bandgap of Sn doped CdTe.

PL spectra were measured at 80 K in a cryostat attached to an X-Y translation
stage with 0.5 mm step. An argon laser (488 nm) was used for excitation. PCS was
measured in a conventional mode of excitation (1-5 mW) with the 20 Hz chopper. PCS
and PICTS were performed with ohmic contacts deposited onto the front and back surface
of the wafer from the AuBr; solution.
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Fig. 4-8. Axial resistivity (paar) and photoconductivity (Ao) profiles measured in the VG2
and VG4 ingots at room temperature.
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Fig. 4-9. Room-temperature resistivity (p) and photoconductivity (Ac) maps of the long
length cut of the VG3 ingot.

4.2.3.1 Photoluminescence and Photocurrent spectra:

The typical low — temperature PL spectra on wafers cut from the middle of the AV,
VG2, and VG3 ingots are shown in Fig. 4-10. They contain two shallow and two deep
emission bands, which are labeled as D-h, A-center, 1.06 ¢V, and 0.83 eV.

The intensity of the 0.83 eV transition, which is negligible in the undoped AV
crystal, increases with the increasing content of Sn in the crystals. The zero phonon line
(ZPL) [47] of this PL band is at Ec-0.94, i.e at Eyv+0.66 eV. The origin of midgap level at
Ev + 0.76 eV is often ascribed in the literature to complexes of Cd vacancy and foreign
impurities [16, 126]. It seems therefore reasonable to connect the 0.83 eV PL band with a
complex of Cd vacancy and Sn defect, e.g., (Vca—Sncq). The difference of energies [i.e.
ZPL of the 0.83 eV PL band, at Ey + 0.66 ¢V, from our PL data and Ey + 0.76 ¢V from
PICTS and DLTS the literature] can be explained by interaction with lattice (absorption of
phonons). Part of the difference can be also caused by an energy gap larger at 77 K (PL
measurements) than that at 300-330 K (PICTS measurements).

The A-center band is due to the recombination of electrons from the conduction
band with holes on the (VD) acceptor [47], and the 1.06 eV band is due to Fe or Cu
[125]. A significant signature of these samples is the D-h band, which dominated the PL
spectra of crystals AV, VG2, and VG3. The D-h band arises due to the recombination of
free excitons and of electrons on shallow donors with free holes [127].
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Fig. 4-10. Representative photoluminescence spectra of AV, VG2, and VG3 crystals at 80
K.
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The PL and PC spectra measured in the most photosensitive part of the VG4 crystal
are presented in Fig. 4-11. The PL spectrum of the VG4 crystal is dominated by the 1.06
eV emission (Fig. 4-11). This fact can be explained by a higher integral concentration of
impurities having energy levels in this spectral region (Cu, Fe) in case of crystal VG4
(table 4.5).
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Fig. 4-11. Comparison of the photoluminescence and photoconductivity spectra of the VG4
crystal at 80K.

One can see in Fig. 4-11, that the PL emission is well resolved in the same spectral
region, where the PCS signal is high (1-1.2 eV). In general, the zero phonon line (ZPL) of
an emission corresponds to the photoionisation thresholds of the electronic level.
Following the analysis made in Ref. [115], the position of the zero phonon line (ZPL) for
1.06 eV emission is at 1.2 eV ( i.e. Eyv + 0.4 ). The role of Cu in CdTe was in detail
investigated in Ref. [128]. It was shown, that the level at Ey + 0.35 eV corresponds to Cu
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occupying Cd sublattice and acting therefore as acceptor. We therefore suppose that part of
the intensity of the 1.06 eV corresponds to electron transitions from conduction band to the
Ev + 0.35 eV level of Cucq. Transitions of electrons from conduction band to the Vg™
acceptor level (Eyv + 0.43 eV) [102, 123] can also contribute to the observed PL signal.
From the results of analysis of PL spectra, we attribute the 1.06 eV PL band to acceptor
defects, which must be compensated by the introduced Sn to achieve high resistivity.

The ZPL of the 0.83 eV band is located at Ec-(0.9 — 0.95) eV. This deep level is
revealed in the PCS spectrum as the photoionisation threshold for electrons at 0.93 eV.
The hole trapping level, consequently, is at Ey + (0.65 — 0.7) eV. This energy of the level
is shifted too far from the midgap to be responsible for the Fermi level pinning and the
observed resistivity ~10'" Q cm. We therefore suppose that Sn is mainly incorporated in
the Cd sublattice and acts as a donor. The energy level of Sncg®””" transition was
determined by photo-electron paramagnetic resonance (EPR) at Ec-0.85 eV [59]. This
energy is higher than the energy Ec-0.95eV observed from our photoluminescence and
photoconductivity spectra. In this scheme, the deep Sn donor at E¢-0.85 eV compensates
shallow acceptors like Na, Li, and deep acceptors (corresponding to 1.06 eV and possibly
0.83 eV PL bands) resulting in pinning of the Fermi level in the midgap and high
resistivity. The scheme of midgap levels is shown in Fig. 4-12. The ZPL of the 1.06 eV
band (Ec-1.2 eV) and 0.83 ¢V band (Ec-0.95 eV are used).

Conduction band
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Fig 4-12.  Schematic illustration of deep levels in CdTe:Sn deduced from
photoluminescence and photoconductivity data of this paper and from Ref. [59].
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4.2.3.2 Photoluminescence mapping:

The PL mapping was preformed and the results were compared with the resistivity
and photoconductivity maps to establish whether any correlation exists between the PL
band intensities and the resistivity.

Figure 4-13 shows the PL maps of the VG3 crystal, which were compared with the
maps of resistivity and photoconductivity from Fig. 4-9. This comparison reveals that the
1.06 and 0.83 eV emissions correlate with resistivity and photoconductivity maps. The
levels located at Ev + (Eg-1.06 V) and Ey + (Eg-0.83 eV) are in the dark completely (1.06
eV) and at least partially (0.83 eV) filled with electrons. These levels lying below the dark
Fermi level are the R-centers. They have a large probability of trapping for photoholes and
a small one for photoelectrons because they are occupied with electrons in high-resistivity
samples. They are negatively charged in photoconductive CdTe [129, 130].

These levels at light trap photoholes, which slowly recombine with photoelectrons
from the C-band. Thus, resistivity at light decreases due to photoelectrons. The higher the
concentration of photoholes trapped by these levels, the higher the photoconductivity of
the sample is. The midgap level corresponding to the 0.83 eV transition is in the area of
high resistivity more filled with electrons, and it can more easily trap photoholes resulting
in the increased PL intensity.
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Fig.4-13. Photoluminescence map at 80 K of the long length cut of the VG3 crystal.

It has been mentioned already that high compensation of the VG2 crystal was
achieved only at the very end. This is the region where concentrations of the deep Sn
donor and of the shallow and deep acceptors reach maximum values. The VG3 and VG4
crystals with resistivity all throughout close to 10"’ Q cm were similar to this case. This is
due to an increased concentration of Sn, which effectively compensated acceptors.

Our results demonstrate also (Fig. 4-9), that photoconductivity can be low in high
resistivity CdTe. This is the case of low concentration of the R-centers populated with
electrons, either due to low concentration of donors, which compensate these acceptors or
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due to low concentration of acceptors in comparison with the concentration of photoholes.
In this case, other defects are responsible for resistivity.

4.2.3.3 PICTS measurements:

To identify other defect levels, we present a comprehensive analysis of the hole
and electron traps in the Sn doped CdTe. This analysis is based on the complementary data
obtained with various techniques such as PICTS, DLTS, PL, and PCS.

The PICTS technique has been often used for characterization of high resistivity
CdTe and results have been recently reviewed [131]. It is, however, difficult to make
conclusion about the electron or hole character of the trap using only this technique. This
difficulty can be overcome by the complementary study of the traps in low resistivity
CdTe obtained by DLTS or photo-DLTS [22, 61]. In addition, we compared the PICTS
spectra from the photosensitive and non-photosensitive areas of our CdTe:Sn crystals. The
traps found in various CdTe crystals are listed in table 4.6.

Two normalized PICTS spectra from the VG3 crystal are shown in Fig. 4-14. The
measurements were performed in the areas PICTS1 and PICTS2, which are shown on the
photoconductivity map (see Fig. 4-9). They demonstrate that the 0.75 eV peak dominates
the spectrum in a photosensitive area while the 0.52 eV peak is more pronounced in a non-
photosensitive area. This tendency was found in all CdTe crystals doped with Sn.
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Fig. 4-14. Representative PICTS spectra from the photosensitive and non-photosensitive
areas of the VG3 crystal

59



Four electron traps have been identified previously in the n-type CdTe:Sn, which
can be classified according to Ref. [132] as P3 (0.32-0.38 ¢V), P4 (0.4-0.43 eV), P5 (0.5—
0.56 V), and P7 (0.75-0.85 eV). These traps are also present in our CdTe:Sn crystals (see
table 4.6). An additional trap detected in our crystals is P2 (0.21— 0.25 eV) and it also has
been identified in the past as an electron trap [27, 133-137].

Table 4.6. Identification of traps by comparison of PICTS, DLTS, and photo DLTS data.

Identification H-trap H-trap  E-trap E-trap

PO P1 P2 P3 P4 P5 P7
PICTS (this work) VG2 PCarea  0.08 0.2 0.56 0.95
VG3 PC area 0.073  0.13 0.47 0.51 0.75
VG3 nonPC  0.095 0.14 0.32 0.52
VG4 PC area 0.11  0.21 0.32 0.85

VGdnonPC  0.09  0.14

] ]

E-trap [22

E-trap[zz] E-trap [22

]

The energies of the P7 trap found in the VG3 and VG4 crystals (0.75, 0.85 eV)
coincide within the experimental error of the PICTS method with the energy of the Sn*"**
transition [59]. The 0.95 eV transition revealed by PICTS in case of the VG2 crystals
energetically coincides with the transition of the E ¢-0.95 eV ZPL of the 0.83 eV PL band.
The fact, that the Ec-0.85 eV transition was not observed in crystal VG2 can be explained
by the lower concentration of Sn in this crystal.

4.2.4 Summary

In this part, four CdTe ingots, one undoped and three doped with Sn were grown by
the vertical gradient freeze technique. The Sn concentration was gradually increased in this
experiment. A thorough study of material properties was performed by a number of
complementary techniques: analytical (glow discharge mass spectroscopy), electrical,
thermo- and photo-electrical (resistivity, photo-induced current transient spectroscopy, and
photoconductivity), and photoluminescence.

It was shown that the Sn impurity strongly influences the material properties. The
concentration of Sn must be equal to or higher than the total concentration of
uncompensated acceptors to reach precise compensation. The deep donor level of Sn
located, at Ec—0.85 eV is responsible both for compensation and photoconductivity. The
resistivity of 10'” Q cm can be achieved at precise compensation. The Fermi-level is in this
case pinned on the middle-gap donor level.

Electronic levels in the band gap were studied by several complementary
techniques. Two deep acceptor levels are responsible for the photoconductivity at room
temperature. They are located lower in the band gap than the Sn donor level, namely, at Ev
+(0.66 to 0.7) eV and Ey + 0.39 eV. Two deep electron traps at Ec—0.47 eV and Ec—0.52
eV, which deteriorate the detector ability of CdTe were identified as native complex
defects.
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4.3 Dependence of TEES of CdTe:Sn on Fermi level position

In last sections, we used Sn impurities to demonstrate the importance of the
concentration of chemical impurities and compensation in high-resistivity CdTe. It was
concluded that the neutral deep donor level of Sn, Sncy, is responsible for compensation
and photoconductivity, resulting in pining of the Fermi level in the midgap and resistivity
of 10'°Q cm can be achieved.

In this section, we focus on the critical role of the Fermi-level position in the
trapping of free charges. We also analyze, for the first time, the charge states of Sncq, and
its dependence on the Fermi level variation in high resistivity CdTe:Sn. Earlier works
[138, 139] showed that the position of the Fermi-level energy across the gap is governed
by variations in the axial segregation of the concentration of shallow impurities along the
direction of growth.

In undertaking this work, we relied on the power inherent in a combination of the
several spectroscopic methods. We used resistivity mapping and TEES methods.

The CdTe:Sn samples investigated in this study were from the ingot grown with
10" ¢m™ Sn concentration in melt. The content of impurities was measured by glow
discharge mass spectrometer in samples taken from the middle of the ingot and presented
in table 4.5. The concentration of Sn in the grown ingots varied along the direction of
crystal growth because of axial segregation, resulting in a gradual change in the resistivity
values from those that are usual for undoped p-type CdTe (10°-10* Q cm) to those typical
of semi-insulating samples (5 x 10°-10"" Q cm).

4.3.1 Measurement of the type of conductivity

The conductivity type was determined from the thermoelectric- effect
measurements obtained at room temperature. Here, it was necessary to consider thermal
transitions from shallow acceptors into the C band, and the much higher mobility of
electrons than that of holes. It was difficult to distinguish in semi-insulating samples the p-
type conductivity due to a small concentration of free holes, or n-type due to band-to-band
transitions. In the studied CdTe, crystal resistivity was relatively low in the parts taken
from the beginning of the ingots (10°-10* Q cm), and gradually increased up to 5 x 10° Q
cm in those from the end of the ingots. In this case, it was easier to determine p-
conductivity of the material. It means, that acceptors were not fully compensated by rhe
deep donor Sncy. The compensation was dependent on the deep donor concentration, Npp,
and the shallow impurity surplus, No — Np, where Na and Np are the concentrations of
shallow acceptors and donors, respectively. The increase in resistivity of crystal reflected
the more favorable segregation coefficients for Sn (0.025) and the residual impurities
present, compare to Na and Cu (~10"° em)[140].

4.3.2 Resistivity map
A representative resistivity map of the CdTe:Sn wafer is shown in Fig. 4-15. A
resistivity varies along the crystal length in the range of 5x10° - 8x10° Q cm. The

maximum resistivity was reached without overcompensation the sample with the deep
donor level of tin. The conductivity of the whole sample was of the p-type, i.e even in the
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area of highest resistivity the conductivity was of p-type. This fact was important for the
calculation of the Fermi-level position in respect with the V-band maximum.

I 8.0x10°
I 5.5x10°
I 4.5x10°
I 3.5x10°
2.0x10°
1.5x10°
4.5x10°

Crystal length (mm)

10 20 30 40 50
Diameter (mm)

Fig. 4-15. Resistivity map of the p-type CdTe:Sn crystals measured at room temperature

4.3.3 Calculation of the position of the Fermi level

The Fermi-level position in respect with the V -band edge was calculated using the
measured resistivity values, p, and the following set of equations:

1

P — (41)
e(uny + 1, p,)

where e is the charge of an electron, ny and py, are the concentrations of free electrons and
holes in equilibrium, z. = 0.1 m*/Vs and p, = 8x10° m*/Vs are the motilities of electrons
and holes in CdTe, respectively. For the equilibrium concentration of electrons and hole
the well known expressions are used:

3/2
E -E 2 kT
n, =N exp| ——£—° |, N =2 e ; 42
0 c p( kT ] c ( h2 J ( )
E 2em kT
Tm
Po=N, exp(— k;?)a N, = 2( hzh J > 4.3)

where: Nc (300K) = 7. 925x10"7 cm™ , Ny (300K) = 1. 165x10" cm™ are the densities of
states in C and V-bands, and E, (300K)= 1.5 eV; k-is the Boltzmann constant, T-is
absolute temperature. At room temperature the intrinsic carrier concentration is 2.8x10°
cm® , with values of me* =0.1and m," = 0.6; where: me* and mp* are the electron and hole
effective masses. The ranges of these values are m, = (0.096- 0.1) and mp*: (0.4-0.8); see,
for example [141].

From equations 4.1- 4.3 we get a solution for the Fermi-level
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With this equation we calculated the Fermi-level position in all cross-sections of our
samples. With the above mentioned parameters, the maximum value of resistivity in CdTe
can reach 2x10' Q cm, when the Fermi level is located slightly above the midgap. The
maximum value of resistivity in our p-type crystals was 8x10° Q cm, this means that the
Fermi-level was located in the lower part of the bandgap.

4.3.4 Fermi level position and the TEES of CdTe:Sn.

4.3.4.1  Fermi level position

From the resistivity map and eq. 4.4, one can conclude that the position of the
Fermi-level in respect to the V-band maximum varied along the length of the crystals. This
variation influenced the population of deep levels of Sn, the position of which Jantsch and
Hendorfer [59] had determined earlier from their photoelectron paramagnetic study. The
graphical comparison of a change in the relative positions of the Fermi-level and the
energy level of Sn is presented in Fig. 4-16. From this figure one can see that the Fermi-
level crosses the energy level of Sn at energy Ev+ 0.63 eV.
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Fig. 4-16. A graphic representation of the band gap of CdTe:Sn comparing the positions of
the Fermi level and the energy level of Sn. Here D and A are, respectively, shallow donors
and acceptors, Er is the Fermi level, and Es, represents the positions of deep donor Snc,.
The arrow shows the position at which the Fermi level crosses the position of Es,.

When a degree of occupation of a deep level is changed, a trapping rate is also
changed, and a ‘kink’ in the measured characteristic (i.e., photo-current, photo-
luminescence, photo voltage, or thermoelectric current) appears. So far, there have been
few comprehensive studies on the compensation and trapping in CdTe and CdZnTe [88,
90, 142] and, to our knowledge no results was published on the dependence of trapping on
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the Fermi-level position. In a recent study on deep levels in CdTe doped by various
impurities (In, CI, Sn, and Ge) we, in section 4.1, and others observed a correlation
between the deep level peaks in the TEES and PICTS spectra for the case when the
character of traps was well defined [143, 144].

The Fermi-level dependent conversion of a charge state of the midgap level Sn ***

defect changing its ability to trap either an electron or hole, is demonstrated in the present
work for the first time.

43.42  TEES spectra

Two samples were cut from the wafer in Fig. 4-15., the first sample, S, had lower
resistivity, about 5x10% Q cm, while the other one, Sy, had higher resistivity, 5x10° Q cm.
Therefore, the Fermi-level is at different position in the both samples, i.e., it is located
below and above the deep level of tin, Ec — 0.85 eV (i.e, Ev + 0.63 eV , E,(CdTe) = 1.48
eV at RT) in S; and Sy, respectively.

The TEES spectra of the sample S was shown in the Fig 4-3 (section 4.1), where
this sample was studied in that section. Here, we present it again to compare it with the
TEES spectra of Sy as in Fig. 4-17. One can see that besides several small peaks
corresponding to shallow traps a strong emission with a maximum at ~ 250K dominates
the spectrum in both samples. The measurements were repeated with several heating rates.
Energy and capture cross section were found out by the heating rate method [144]. The
hole trapping character of the deep level is obvious in the area of high resistivity (Ev+ 0.72
eV with oz = 9.7x10"*cm?), while the same deep trap manifests itself as an electron trap
in the area of lower resistivity(Ec- 0.73eV with 614=1.77x10™"* cm®. This is an unequivocal
evidence of the Fermi-level dependent conversion of the charge state of a Sn defect.
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Fig. 4-17. Signal of the thermoelectric effect measured from the samples with lower
resistivity, Sy, (5x10° Qem) and higher resistivity, Sy, (5x10° Qem).
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4.3.5 Summary

Although the deep donor level, introduced by Sn, is needed to compensate for a
surplus of acceptors in the CdTe; its concentration should be minimized as far as practical,;
otherwise, electron trapping is high. TEES measurement using Fermi-level scanning
revealed the conversion of the Sn defect from the electron trap in the lower resistivity
sample to the hole trap in the higher resistivity one.
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4.4 Detailed characterization of defects in CdTe:In by TEES

It was observed in section 4.1, that the midgap level in the shallow donor (In, CI)
doped CdTe is hole trap with a relatively low capture cross section, which is one of the
positive factors for detection properties of such material. But, still a lot of study is required
to confirm the good charge collection in the shallow donor doped CdTe, especially, the
compensation mechanism in this case is not fully clear. It is not known, also, what is the
origin of the midgap level fixing the Fermi level and what is its concentration, its
distribution in the ingots, and its correlation to charge collection properties.

In this section, the characterization of the defect level in the bandgap of the In
doped CdTe will be studied in more detail. The primary goal to study of defects in high
resistivity CdTe is to analyze and identify which defects act as strong traps or
recombination centers in order to eliminate them from the technological process and this
way to improve the yield of usable material. Deeper study of these materials will be also in
the next section 4.5.

The material included in this study were three CdTe:In ingots, labeled as A, B, C,
grown from the melt by the vertical gradient freeze method in our laboratory. The content
of In in the doped crystals was analyzed by GDMS method. It was in the range of 5x10'°-
7x10"" ¢cm™, while in an undoped crystal it was approximately ~2-4x10'* e¢m™. These
values are valid for central parts of the ingots. The resistivity of doped crystals was in the
range of (10°-10° Qcm). Therefore we can conclude that shallow acceptors in these crystals
are compensated by the shallow donors-Incg. TEES technique was used to study the defect
levels in a set of samples from the grown crystals. Correlation between the measured
TEES spectra and the mobility-lifetime product of electrons is looked for

Results of the measurements

4.4.1 TEES measurements.

Figure 4-18a presents the TEES data of three samples S1, S2, and S3 from the
same crystal A, and Figure 4-18b shows the TEES data of two samples S4 and S5 from the
other two crystals B and C, respectively. We observed a set of different defect levels P0O,
PO, P1, P2, P3, P4 (electron traps) and P05, P5, P50 (hole traps). Only four or less of these
defect levels were found to be present in one sample. The variable heating rate method was
used to determine the ionization energy and capture cross section of traps [144]. Summary
of the results is shown in the Table 4.7.

Figures 4-19(a) and (b) present the TEES data on the samples S1 and S2,
respectively, at various heating rates. A shift of the peak to a higher temperature with an
increase of the heating was observed for defect levels P1, P2, P3, P5 and P50. Using
Arrhenius plot, the ionization energy and the capture cross section of these levels were
calculated and presented in Table 4.7. Examples of Arrhenius plots are shown in Figures
4-19(c) (the level P1 in sample S1) and 4-19(d) (the level P2 of sample S2).
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Fig. 4-18. (a) TEES spectra from samples S1 at 0.083 K/s, S2 at 0.166 K/s, and S3 at 0.25
K/s. (b) TEES spectra from samples S4 at 0.25K/s, and S4 at 0.183 K/s. Samples
illuminated at 90K by 1.96eV photons for 1200s.
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Fig. 4-19. (a), (b) TEES spectra at various different rates on samples Si, S2 respectively.
(c), (d) Arrhenius plots from which the energy and capture cross section of the defect
levels P1 of S1, P2 of S2 are calculated.
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The TEES data measured with a variable heating rate on samples S3 and S4 are
presented in Figure 4-20 (a) and (b) respectively. They are characterized by 3 defect levels
—P1, P2 and PS5 in the sample S3 and PO, P3 and P05 in the sample S4. The values of the
ionization energy and capture-cross section of the observed defect levels were calculated
using Arrhenius method and listed in Table 4.7. The Arrhenius plots from which the
energy and capture cross section of the trap levels P5 (sample S3) and P3 (sample S4)
were calculated are presented in Figure 4.-20(c) and 4-20(d).

The TEES spectra of sample S5 (Fig. 4-18) are characterized by two defect levels —
P00 and P4. The summary of results is given in Table 4.7.
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Figure 4-20. (a) and (b) Variable heating rate on samples S3 and S4 respectively.
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Table 4.7. Thermal ionization energies E(eV), Sign, and capture cross section s(cm’) of the
defect levels in the studied samples by TEES method.

P00 PO P1 P2 P3 P4 P05 P5 P50
s1 0.26, ¢ 0.40,¢ | 0.63,¢ 0.87,h
9.3x10°"° | 2.4x107" | 9x107"? 6.9x107"
$2 0.25, ¢ 038,¢ | 0.59,¢ 0.80, h
3.8x10°"° | 5.6x10™ | 9x107"? 9.6x107"°
3 027, ¢ 039, ¢ 0.78,h
1.2x10™ | 7.5x10" 4.7x10™"
0.57,¢
0.28, ¢ i 0.73,h
S4 1.1x10°'® 3.2x10 1.1x107'
0.15,¢ 0.68,¢
SS | 27x10™ 1.2x10°"
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4.4.2 Origin of the traps

The level labeled P1 observed in the first 3 samples has energy 0.25-0.27 eV. A
level with the same energy was reported by TEES method in Ref. [11]. It was assigned
there to the second ionization level of Cd vacancy. This assignment seems to be
questionable, because this peak is negative and should be therefore calculated in respect to
the conduction band and not to the valence band, as in Ref. [11]. We therefore identify this
level as an electron trap 0.25-0.27¢V from the conduction band. The PO defect observed in
the sample S3 has practically the same energy as the defect P1, but its capture-cross
section is four orders of magnitude smaller. It has therefore a different macroscopic origin.
The ab initio calculations have shown the first ionization level of tellurium antisite
(Teca)”" at energy Ec ~0.35eV. Taking into account a possible interaction with the lattice
during the thermal transition as well as the experimental and theoretical error, the PO or P1
levels could be tentatively interpreted as related to the first ionization level of Tecq. We
also attribute the electron trap level P00 (0.15 eV) observed in the sample S5 to intrinsic
defects related to dislocations , which is in agreement with the defect level of the same
energy observed in Ref [90].

The level P2 was observed in three samples, all coming from crystal A. It was not
present in samples from crystal B and C. We attribute this trap to some foreign impurity or
a complex including a foreign impurity atom.

Level P3 was observed in several studied samples. A level (~0.6eV) in CdTe was
based on ab-initio calculations [11] attributed to the second ionization energy of tellurium
antisite (Tecq) 7.

The P4 level was only observed in sample S5, coming from crystal C. It is therefore
probably related to some impurity or a complex including a foreign impurity atom. Ref.
[11] predicts one of the transitions related to the (Tecq-Vea) complex at ~ 0.70 eV, too.

Several deep levels near the midgap (0.73-0.87¢V) were observed in different
samples. The origin of the levels (named P05, P5 and P50 in Table I) can be attributed to a
complex of Cd vacancy with donors [80]. Complexes with different donors will result in
slightly different defect energies, which is in agreement with our experiment. Ab initio
calculations in Ref. [11] found also energy of a complex of Cd vacancy and Te antisite at
this energy. It is important from the point of view of electron transport in detectors, that all
observed deep levels near the midgap are hole traps. Therefore, they are mostly filled with
electrons at equilibrium and do not influence the electron lifetime substantially.

4.4.3 Traps and the charge collections properties.

Correlation between the measured TEES and the mobility-lifetime product of
electrons was looked for. The highest mobility-lifetime product pt.~10*cm?*/Vs had the
sample S3, while the pit, was smaller than 10°cm?/Vs in case of the other 4 samples.

Comparison of results of TEES measurements shows, that the main difference
among detecting sample S3 and not-detecting samples S1, S2, S4 and S5 was the absence
of electron traps of energy E~0.6-0.7¢V (P3 and P4). The capture cross-section of the P3
trap is very high (~10"°cm?) acting as a typical “lifetime killer” even at very low
concentrations. The electron capture cross-section of the P4 trap is smaller; however the
trap is deeper than the P3 trap and can therefore effectively trap electrons as well. This
explains the low mobility-lifetime product of sample S5.

The results of TEES measurements together with data of mobility-lifetime product
of electrons enable to make rough estimates of maximum concentrations of deep levels in
some samples. We will at first assume that the midgap level P5 is fixing the Fermi level

71



and is therefore partially occupied by electrons at equilibrium. Using the simple formula
for trapping time of the level t'=1/c,vin(Ni-n,) results in N~4x10"cm™ for pt'= 107
*em?/Vs observed in sample S3 (supposing 50% trap occupation in equilibrium). Taking
into account, that the P2 trap present in the sample can also participate in electron trapping
without returning the electron back to the conduction band, this value represents an upper
concentration estimate.

Apparently the most deteriorating effect on detector performance will have the
level P3, because it is localized above the Fermi level. It is therefore almost empty and has
a large capture cross-section for electrons. It is present in samples having the pt'<10°
’em?’/Vs. Here the calculations lead to N> 6x10''em™ to explain the observed mobility-
lifetime product. Taking into account that also other deep levels trapping electrons are
present, this value represents again the upper estimate.

This analysis shows, that electron traps P3 and P4 with energy E=0.4-0.7¢V in
CdTe:In and a very low concentration of ~10''-10"2cm™ may be responsible for the
deterioration of the electron mobility lifetime product in CdTe:In semi-insulating
materials. On the other hand, the midgap level P5, which is fixing the Fermi level can be
present at 1-2 orders of magnitude higher concentration, before it starts to influence the
charge collection efficiency substantially. This is caused by a higher filling factor of the
level, which is apparent from the fact, that this midgap trap appears as a hole trap in the
TEES experiment.

4.4.4 Summary

The high resistivity CdTe In doped samples were characterized using
thermoelectric effect spectroscopy. The thermal ionization energies and capture cross-
sections were calculated using the variable heating method. Comparison of results of
TEES shows, that deterioration of the mobility-lifetime product of electrons can be caused
by electron traps at Ec-0.6-0.7¢V and Ec-0.4eV. Recently published ab-initio calculations
show a complex of Te antisite and Cd vacancy at ~E-0.7eV. Maximum concentrations of
these levels in the samples were estimated based on a combination of TEES and mobility-
lifetime product measurements.
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4.5 Photoluminescence study of CdTe:Sn and CdTe:In by Ti-sapphire
laser and HgCdTe detector

Unfortunately, the detection properties of the deep-donor-doped, e. g. Sn and Ge,
crystals are normally not good; the trapping time is too short due to the high capture cross
section and high concentration of the midgap level introduced by such donors. It was
observed, section 4.1, that both deep donors (Sn, Ge) have a high capture cross section of
electrons, which is negative for detection properties of the detector. The situation was
improved (section 4.3) when the Fermi level converted these electronic deep level into
hole one in the higher resistivity samples. One the other hand, the correlation between
deep levels in shallow donor doped CdTe and ability of detection is not fully clear.

Photoluminescence (PL) reflects the intensity of capture of carriers and thus the
loss of photo-generated carriers in detectors. PL is a popular optical method for
investigation the defect levels in semiconductors. It has been used to investigate shallow
levels in many studies, however, a relatively low number of studies was devoted to PL
study of deep levels in semiinsulating CdTe.

The purpose of this chapter is to make a comparative study of deep PL in
seminsulating CdTe doped by shallow donor (In ) and deep donor (Sn), and to correlate it
to their ability to detect radiation. Two groups of samples were included in this study. One
group was doped with Sn having a deep level near the middle of the forbidden gap, the
samples of this group obtained from the crystals investigated in section 4.2. The second
group was doped with In, the samples were obtained from the crystals studied in the
previous section, 4.4.

4.5.1 Experimental Results

Summary of results of all studied samples is shown in Table 4.8. Two groups of
samples were subject of investigation. The first group consists of 4 samples doped by
shallow donors (In). Figure 4-21 shows a spectral region of deep traps (0.5-1eV).
Samples No.l and 3 have only a very weak signal from deep levels. Sample No.2 has also
a weak PL signal; there is a measurable signal from a transition centered at 0.77¢V. Sample
No.4 has a relatively strong PL signal centered at 0.87eV. Together three levels (0.63eV,
0.77e¢V and 0.87¢V) with a varying intensity were observed in CdTe:In samples in the
spectral range of 0.5-1eV.

Results of measurement in the spectral range <0.5¢V for sample No.4 are shown in
Fig. 4-22. The measurement of sample No.1 and 3 is practically a straight line with a small
peak at 0.28¢V. Sample No.2 has practically the same course of PL in this spectral range.
Two regions of peaks can be seen in the PL spectra, a series of sharp transitions at
0.36-0.38¢V and a peak centered at 0.4eV. Sample No.2 has similar character of the PL
signal as sample No.4 shown in Fig.2-22. Sharp transitions at 0.36-0.38e¢V probably
correspond to internal transitions of some transitional element. Similar series of lines was
observed in CdTe:Fe at ~0.28¢V [145].
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Fig.4-21. Typical PL spectra in 0.5-1 eV range of the CdTe:In studied samples.
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Fig.4-22. Typical PL spectra in the range < 0.5 eV of CdTe:In sample No.4.
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In order to compare PL intensity in CdTe doped by shallow donors and by
impurities having a deep level in the bandgap, measurements were performed under the
same experimental conditions on several CdTe:Sn samples. The results are shown on
Fig.4-23. A very intensive PL luminescence on deep levels is observed in case of these
samples. The intensity is approximately two orders of magnitude higher, than in In doped
samples. The substantially higher recombination traffic through deep levels can be caused
by a higher concentration of corresponding defects or their higher capture cross-section. It
fully corresponds to the very low mobility-lifetime product of free electrons, which is
demonstrated by the fact, that these samples practically do not detect gamma radiation
(Table 4.8).

10"F  ——No5 .
E --—---No.6 CdTe:Sn 3
5 E - --No7
o L
g 107 E
c E
o u =i~
(%} L e NN
(%) Y d N\
o L
€ 10°
S F N S T s e,
o
0 Remnime
O
10 E' NN
E Seoe v
[ ‘\\;
L VY
10-5 \ ! . ! . ! .
0.4 0.6 0.8 1.0 1.2
E (eV)

Fig. 4-23. Typical PL spectra in 0.4-1.2 eV range of the CdTe:Sn studied samples

The photoluminescence signal was integrated in the whole measured spectral region
(0.5-1.6eV). The results are shown in Table 4.8. The integral PL intensity of In doped
samples is very similar ~2x10~a.u. Also the integral PL intensity of CdTe:Sn samples is
approximately the same (1-7x107a.u.). This result shows that the recombination activity
through non-radiative channels differs only slightly among the studied samples. The goal
of the integration was to obtain a simple parameter characterizing recombination activity
on deep levels in each sample. Using such a parameter in further considerations is
substantiated by the assumption, that loss of photo-generated carriers by recombination and
trapping in X- and gamma ray detectors is caused by the deep levels contributing to
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integral PL intensity. This assumption is valid for samples having a similar intensity of
non-radiative transitions.

The results for all measured samples are summarized in Table 4.8 together with the
overview of observed PL maxima and their intensities. Comparison of the radiative
recombination activity through deep levels (0.3-1.2eV) with the total PL signal (0.3-1.6eV)
shows that approx. 0.2-1% of radiative recombination occurs through deep levels in case of
CdTe:In samples and 7-15% in case of CdTe:Sn.

Table 4.8. Summary of the PL study of CdTe:In and CdTe:Sn samples

Energy | Energy | Energy | Energy | Energy | Integrated | Integrated | Integrated TN
(eV) (eV) (eV) (eV) (eV) PL (au) | PL(au) PL(a.u)
No. PL PL PL PL PL (cm*/Vs)
intensity | intensity | intensity | intensity | intensity | (0.5-1.6eV) | (0.5-1eV) | (0.5-1.2¢V)
(a.u) (a.u) (a.u) (a.u) (a.u)
1-In L 60;130_5 2.8x10° | 6.7x10° 1x10™
0.4 0.77 3 5 -5
2-In 6x107 2.6x10° 2.0x10 1.26x10 ~10
0.63
3-In 1.2x10° 2.5x10° | 7.1x10° 1x10™
0.4 0.86 3 5 -5
4-In 6.1x10 5 1x10° 1.8x10 1.47x10 10
0.47 0.77 1.03 3 4 6
5-Sn 9X10-4 5.4X10-4 2.0X10-3 1.6x10 1.1x10 <10
0.76 1.05 3 4 6
6-Sn 4x10° 5 0x10% 2.4x10 6.7x10 <10
0.76 1.05 3 4 6
7-Sn 35x10° 12x10% 6.7x10 6.5x10 <10

The fact that a high PL in the spectral range of deep levels observed in case of
CdTe:Sn can serve as an indicator of poor charge collection efficiency is certainly not
surprising taking into account the relatively high difference of the integral PL from deep
levels between CdTe:Sn and CdTe:In samples group (Table 4.8). More interesting is the
apparent correlation between the integral PL intensity of deep levels and the charge
collection efficiency in case of CdTe:In samples, i.e. in the case when the total PL signal in
the range of 0.5-1 eV is very low. This comparison was done on samples Nol-4 originating
from the same crystal. The spectra were normalized with respect to the intensity of PL at
the energy of free exciton. Two studied samples (No.l and No.3) being able to detect
gamma radiation  (ute~10"cm?/Vs) had the lowest integral PL (~5-7x10°a.u), while the
PL signal of other CdTe:In samples was in the range of (1.2-2x107a.u.). Therefore the
integral PL in the spectral range of deep levels could indicate the sample quality from the
point of view of its suitability for detectors of gamma and X-ray radiation.

The integral PL is certainly only a rough guide and a more detailed analysis of the
PL spectra is desirable. Deep levels below midgap are mostly occupied by electrons at
equilibrium and do not trap photo-generated electrons. The levels in the upper part of the
gap are free and act as strong electron traps. These traps were investigated in details in
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section 4.4. by TEES method. Therefore the level at 0.4eV and 0.6 eV are probably mostly
responsible for the poor charge collection efficiency of CdTe:In samples No 2., No.4.

Correlation analysis of PL intensity of CdTe:In samples No.1-4 in the range of 1.3-
1.48eV (A centers) (Fig.4-24) and 0.5-1.2¢V (deep levels) was performed. A-centers are
shallow complexes of Cd vacancy and shallow donors (In). It was observed in our
laboratory in the past, that samples having a high concentration of A-centers are bad
detectors. This result was difficult to understand. A-centers are hole traps being located
~150meV from the valence band. They should have therefore a negligible effect on
transport of electrons being practically fully occupied at operating conditions. The results
of correlation are presented in Fig.4-25. They clearly show that with an increasing PL
signal from A-centers the PL of deep levels also increases. In this sense high radiative
recombination at A-centers indicates presence of deep levels influencing the charge
collection efficiency of electrons. The observed correlation can be explained by the
assumption that deep levels in CdTe:In samples are also complexes. Krustok at el. [146]
studied in detail CdTe:Cu:Cl samples by PL in the spectral range 0.6-1.2¢V, they observed
two deep levels (0.72¢V and 0.81eV). Based on the behavior of the integral PL of each of
the bands with annealing Te or Cd overpressure they came to the conclusion, that these
levels are formed by donor-acceptor complexes. It is supposed, that at high pressures of Te
(Cd) acceptors (donors) are neutralized due to the shifts of high temperature Fermi level.
As aresult of neutralization of one of the partners complexes are not formed at high Te and
Cd pressures. Therefore optimal annealing and cooling conditions (Te overpressure and
cooling speed) could lead to a reduced concentration of deep levels and thus to fabrication
of detector-grade material.

0.06 —— No.1 -
---No.2 CdTe:In

0.03 -

Photoluminescence (a.u.)

- -
--.-'"

- ! | ! | h
1.30 1.35 1.40 1.45 1.50
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Fig.4-24. Typical PL spectra in the A-center range (1.3-1.5 eV) of the CdTe:In studied
samples No.1-4.
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Fig. 4-25. Correlation between the integral PL in the deep levels and A-centers spectral
range.

We can conclude from this comparative study of deep PL in semi-insulating CdTe
doped shallow donor (In) and deep donor (Sn) the following:

1. Very intensive PL luminescence on deep levels is observed in case of CdTe:Sn
samples. The intensity is approximately two orders of magnitude higher, than in In doped
samples.

2. Correlation between the detection ability and the integral PL intensity at deep
levels was observed.

3. Correlation between integral PL intensity of A-centers and deep levels in
CdTe:In samples was found out. This fact supports the idea, that deep levels in these
samples are primarily complexes formed together with A-centers.

4. The integral PL in the spectral range of deep levels can serve as an indicator of
sample quality from the point of view of their suitability for detectors of gamma and X-ray
radiation.
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4.6 Numerical simulation of TEES

In the previous sections in the results and discussion part, the properties of the deep
defect level like their energy, sign, capture cross section for the dominate carrier, origin,
ionization states, rough estimation of the their densities and their correlation to the charge
collection properties of the different studied material were looked for.

The densities of shallow impurities, over a limited range of concentrations, have
been evaluated using PL measurements (e. g.[147, 148]) and by Hall-technique (e.g.
[149]), however, still no easy way to evaluate the accurate densities of deep traps, and to
our knowledge, no information about the trap capture cross section for the minority carrier
have been published.

In this part of study, TEES simulation model is presented, which can give a lot of
information about the defect traps in the bandgap. Comparison of the simulated TEES and
experimental results will be one of our future activities. Here, we will show outline of the
model and some influence of the trap’s parameters on the TEES spectra.

4.6.1 Outlines of the model

4.6.1.1 Theory

The change of concentration of electrons (n) in conduction band, concentration of
electrons on centers (n;), and holes (p) in valence due to the generation-recombination
process are described by the following kinetic equations (see 4.1):

dnldt=G+v,Y. Syngny —vend. S (Ny —ny)+C(n;” —np) (4.5)
J J

dp/ldt=G+v, Y S);(N; =n;)py —v,p Y. Sy + Cy(n> =np) (4.6)
J J

dny | dt =v,nS ;i (Ny —ny) = v, Sengny +v, Sy (Ny —ny) py — vy pSpiny 4.7)

And neutrality condition

An+ ZAntj =Ap (4.8)
J
There
Sej (Si;) are capture cross sections of j-th level for electrons (holes).
ve (vi) 1s electron (hole) thermal velocity ( = Sk*T .
TMe(h)

ny; (pyy) are electron (hole) concentrations when Ey= Ej;
G is the generation rate; Cj is the direct G-R rate between VB and CB.

Fortran code for numerical solution of this set of equations (4.5-4.8) was composed

(author R. Grill) and the time evolution of n, p, and n,; are obtained for given Ny, S, and
Shj-
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4.6.1.2 Model output

The model is to calculate the thermal current (Itgg) as a function of temperature by
computing the conductivity ¢ and the thermoelectric power K, using the following
equations [99]

Keae + Khah ﬂ _ Ke/'len + Kh:uhp ﬂ
o,+0, dx M+ pyyp  dx

(4.9)

Tgg =
Where
K, =- E[r + 1n(&)] s Kﬂ = E[r + 1n(&)] (4.10)
e n e p

r is a parameter depending on the scattering mechanism. r =5/2 corresponding to low-
temperature optical phonon scattering is used in the code. Due to the fact that only relative
quantities are watched in the experiment, r has a minor effect on the results and it is not
studied in detail in this thesis.

e Concentrations #, p come from the numerical solution of the equations (4.5-4.7),

o Drift motilities 4=x(7), obtained by fitting of experimental data in CdTe, [150],
have the form

1, =5.632(T) *[exp(261/T)—1.33] (cm*/Vs)
w, =5Texp(252/T)-1]  (cm?/Vs)

e N, (N,) is the effective density of states in the conduction band (valence band)

Ney =4.829x10°[T(K)m, , / mgP'* (em™),  my =0.096my, mj, =0.83m.

4.6.1.3 Model Inputs

Position of Fermi level relative to CB.
Number of levels, their position from CB, densities and capture cross sections for
both electrons and holes.

Gap energy E,(T), In CdTe, [52], has the form

E (T)=1.622-3.5x10"*T - 1.1x1077?
o Heating rate
Note: For each N levels, there are as maximum N-/ peaks. The last depleted level is filled

automatically within previous heating due to the necessity to fulfill the neutrality condition
(4.8), i.e. to get peak for midgap level it is necessary to include two midgap levels at least.
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4.6.1.4 Model Approximations

1-Illumination is assumed to be homogenous. Otherwise, if a strong recombination center
exists in the sample, the generated carriers recombine on that and do not penetrate into the
sample.

2- Both donor- acceptor (DA) and other inter-defect transitions are neglected. Otherwise,
relaxation of the generated trapped charge would take place from the beginning.

4.6.2 Validity of the some glow curves evaluations methods:

By comparing the values of the input trapping parameters with that obtained from
the analysis of the output TEES curve, one can check the validity of different evaluation
methods. The validity of methods presented in section 2.3 is checked here.

Fig. 4-26 represents the TEES simulated signal at four different heating rates, from
acceptor level at EA=Ev+0.3Eg (=Ec-0.7Eg), when a midgap level and Fermi level are
located in the middle of the bandgap (-0.5Eg). The input parameters are:

1-Hole trap at Ex=E\+0.3Eg, (i.e. 0.465¢V), with concentration N = 1x10"’cm™ and
equal capture cross sections for both electrons and holes as Se=10""= $;=10""cm?

2-Deep level (hidden) at (-0.5Eg) with N=10"*cm™, S;=10"° cm® and S;=10"".

4x10™

—0.1K/s

3x10™

2x10™

I, [A/Kem]

1x10

T T T T 1
150 200 250 300

Fig. 4-26 TEES simulated signal at different heating rates. Emission takes place from
acceptor level at E /=Ey+0.3Eg, when a midgap level and Fermi level are in the middle of
the gap E,=-0.5Eg = Er
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Analysis of the curves in the above figure to evaluate the energy and capture cross
section by different method was done; the result is presented in Table 4.9.

Table 4.9: shows the Ionization Energy, E,, and the capture cross section ,S), ,obtained

by several analyzing method from the simulated TEES curves of Fig. 4-26.
Method Description E«(eV) Sh(cm?)
1-Grossweiner[105] no refrapping 0.498 5067
(recombination)
2-Variable heating no retrapping 17
rate[106] (recombination) 0.466 I.1E
3-Initial rise[107] Independent of 0.363 Not included
recombination
Independent of
. recombination
4-Haering& and no/fast 0.467 Not included
Adams[108] .
retrapping
assumed

Comparing the different values in the table with the input energy, 0.465eV, and
input capture cross section, 1x10™"7 cm®, one can note that, the methods that assumed no
retrapping process, while recombination occurs give a very good agreement with the input
parameters. Therefore, the trapping of conduction electron back to the defect trap has a
very low probability in the studied experiment. On the other hand, the result from the
initial rise method, which is independent of the recombination kinetic, is in bad agreement
with the input values. Therefore recombination processes via the trap defect should be
taken into account.

From the experimental view, the variable heating rate method is one of the best
methods to analyze the TEES curves, due to the fact that the evaluated values come from
the plot of many TEES curves at different heating rate, while the other methods used T,
T,, and T, from the glow curve, see 2.3. Therefore any errors in these values could cause
very big error in the evaluated values

4.6.3  Study the influences of trapping parameters on the TEES signal.
4.6.3.1 The influence of the concentration of the traps on their TEES signals.

Three levels are supposed to be in the bandgap:
e Midgap level (hidden) at E, = Ez=-0.5Eg, and N= 10"%cm™, with equal
capturing radii for electrons and holes S;=S,=10""cm™
e Donor level at position -0.2Eg, with  S=10"° cm?, and $;=10""® cm”.

e Acceptor level at -0.65Eg with S;=10"° cm?, and S,=10"" cm”.
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The calculations have been done for different concentration of the donor and acceptor
levels, in the range of Np= N,=10""- 10" cm™ The output spectra are presented in Fig. 4-
27. One can see that:

1- As the density of the level increases, its signal increases, and the peak position is
shifted to a higher temperature

2- Even if the deep level has equal values of the capturing radii for electrons and holes,
electron peak is larger than the hole one. This might be explained by about 10 times
larger mobility of electrons than that of holes, and with the filling of the midgap level E,,
by electrons excited from donor level which enhances the capturing of holes excited
from acceptor level at higher T.

5.0x10™% 4
——N,=N,=10"cm”
— N,=N,=10"cm”
N,=N,=10"cm™
——N,=N,=10"cm”
€
S
< 004
<
w
_#
-5.0x10™ . . . . . . . . . . . .
50 100 150 200 250 300 350

Fig.4-27. The TEES simulated spectra from donor level at Ec- 0.2Eg and acceptor
level at Ec-0.65Eg, for different densities of the donor and the acceptor

4.6.3.2 The influences of the capture radii of the deep level on the TEES signal from
donor and acceptor level.

Three levels are suggested to be in the bandgap, as
. Donor level at -0.2Eg, with Np= 2x10" ¢m™, S=10" em?, and S;=10"'® cm?.
. Acceptor level at -0.65Eg with Na= 2x10"* cm™, S.=10""° cm?, and S,=10"" cm”.
. Midgap level (hidden) at E, = Ez=-0.5Eg, and N=10"*cm
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The calculations have been done for different values of capture radii of the midgap
level. The output spectra are presented in Fig. 4-28, one can note that the midgap level
capture cross section value has a strong influence on the signal from both donor and
acceptor levels. The value of 10™"° cm? capture cross section of the midgap level was
enough to cancel the signal from both the donor and acceptor levels.

2.50x10"

A

T
o
3
<
-+ \ Deep level E = -0.5Eg with:
N ——5,=10"%,8,=10""cm’
——8,=10"",5,=10"°cm’
-2.50x10" , T T T T T
50 100 150 200 250 300 350
T(K)

Fig. 4-28. the TEES simulated signal from donor level at Ep=-0.2Eg, and acceptor
level at E =-0.65Eg. The spectra simulated for different deep level capturing radii for
electron, S,, and holes, Sy, when E,= Er =-0.5Eg

4.6.3.3 Influences of the midgap level position on the TEES signal from donor and
acceptor level.

Three levels are supposed to be in the bandgap, as
° Donor level at -0.2Eg with Np=2x10"2cm™ , S:=10" ¢m? and S,=10"'%cm?
. Acceptor level at -0.65Eg with NA=2x10"%cm™, Se=107'° cm? and S;=10"" cm?.
e Midgap level with N=8x10"cm™, and Se=S;=10"® cm?
The calculations were done at different positions of the midgap level, E+, between -
0.45Eg and -0.55Eg. The output is shown in Fig. 4-29, where 8 =E-Er .We can note that:

For 6>0 (E, above Ep) i.e. the midgap level is closer to the donor level than the
acceptor level,

1-The signal from the acceptor level, hole signal, is higher than the that from the donor

level, and as J increases the maximum of the hole peak increases while it decreases for
electronic one.

2- The conduction at higher temperature is dominated by holes.
3- The peak position is shifted to higher temperature as its maximum increases.
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For 8<0 ( E; at or Ep) i.e. the midgap level is closer to the acceptor level than the
donor level,
1-The TEES signal from the donor level, electron signal, is higher than that from the
acceptor level, and as § increases (in —ve) the maximum of the electron peak increases
while it decreases for the hole one.
2- The conduction at higher temperatures is dominated by electrons.
3- The peak position is shifted to higher temperatures as its maximum increases.

These results might be explained if we suggest that the capturing probability of
midgap level for carriers increases when it becomes closer to their level position and
decreases when it will be away from this position. Higher capturing probability of the
midgap level for one carrier decreases its signal, and let the other carrier to be dominant.

Gx1 0-12 _
SEE, 3(-) means E belowE,
-006Eg  §(+) means E above E
-0.04Eg SN
—— -0.03Eg :
3x10" -0.025Eg
——-0.02Eg
-0.015Eg
——-001Eg
——-0.005Eg

N =2x10" 45,
o -2Eg(s,s,)=(10",10™)

(Fixed) E_=49Eg
NX10" £ b moven) E(s,=5,=10")
N,=2x10"

-B5Eg(s,s )=(10",10")

6104 ‘ ‘ ‘ T (S

Fig.4-29. TEES simulated spectra from donor level at 0.2Eg, and acceptor level at
-0.65Eg for different midgap level positions, with Se = S,= 10" em’ | and Er =-0.49Eg.

4.6.4 Summary

TEES simulation model based on the numerical solution of a set of kinetic
equations introduced in the SR model to describe the generation —recombination process
through a set of defect levels in the bandgap is presented. Using this model, it is
concluded that:

1- Checking the validity of different method for analyzing glow curves, showed that the
Variation of the heating rate method which ignored the retrapping process is one of the
best methods to analyze the TEES glow cures.

2- As the concentration of a bandgap level increase, the intensity of the TEES signal
from this level increases, and position of its maximum temperature moves towards the
higher concentration, while the ionization energy of the level remains the same.
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3- Not all the bandgap levels can show TEES signal. If there is a midgap level with a
higher carrier capture cross section, it can deteriorate the TEES signal of this carrier.

4- The area under the TEES signal from bandgap level doesn’t depend on his properties
only, but on the relative positions of the midgap level and Fermi level. The positions
of these two levels are also found to be responsible for the conductivity type at room
temperature.
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CONCLUSION

Defect structure in high resistivity CdTe samples doped with shallow (In, Cl) and
deep (Sn, Ge) donors from crystals grown by vertical gradient freeze method have been
investigated by several characterizing techniques. Different trapping parameters of these
defect levels and their correlation to the charge collection properties of the material are
evaluated to identify which defects act as strong traps or recombination centers that
deteriorate the mobility-lifetime product (put) of the carriers in order to eliminate them
from the technological process.

Comparative study by TEES and PICTS methods of various samples have shown
that near midgap levels in samples doped with shallow donors (Cl, In) have a low value of
capture cross-section and are hole traps. Samples doped with a deep donor (Ge, Sn) have
higher capture cross section of the midgap level, and act as electron trap which results in a
substantial deterioration of detector performance. TEES measurement using Fermi-level
scanning revealed the conversion of the Sn defect from the electron trap in the lower
resistivity sample to the hole trap in the higher resistivity one

A complex investigation by several complementary techniques of the CdTe
samples doped with different concentration of Sn showed that the Sn impurity strongly
influences the material properties. The concentration of Sn must be equal to or higher than
the total concentration of uncompensated acceptors to reach precise compensation, and
therefore resistivity of 10'° Q cm can be achieved. The middle-gap donor level of Sn
located, at Ec—0.85 eV found to be responsible for pinning of Fermi-level and for both
compensation and photoconductivity.

Two deep acceptor levels located lower in the band gap than the Sn donor
level at Ey + (0.66 to 0.7) eV and Ey + 0.39 eV, are identified and found to be responsible
for the photoconductivity at room temperature. Two deep electron traps at E-0.47 eV and
Ec-0.52 eV, which deteriorate the detector ability of CdTe were identified as native
complex defects.

The high resistivity In doped CdTe samples were in detail characterized using
TEES and mobility-lifetime measurements. Comparison of results of the studied samples
showed, that deterioration of the mobility-lifetime product of electrons can be caused by
electron traps at E¢-(0.6-0.7) eV. This clarifies why some In doped CdTe sample is good
detector and others are not detecting samples. This electron trap was identified as a native
defect complex of Te antisite and Cd. Therefore, annealing effect is expected to eliminate
it from the technological process and this way to improve the yield of usable material.
Maximum concentrations of these levels in the samples were estimated based on a
combination of TEES and mobility-lifetime product measurements.

Since the photoluminescence reflects the loss of carries in a radiative
recombination, and therefore the detection properties of the material, a comparative study
of CdTe:Sn and CdTe:In have done. A very intensive PL luminescence on deep levels is
observed in case of CdTe:Sn samples. The intensity is almost two orders of magnitude
higher, than in In doped samples. Approximately 7-15% of radiative recombination occurs
through deep levels in case of CdTe:Sn samples and 0.2-1% in case of CdTe:In . A
correlation between the detection ability and the integral PL intensity at deep levels was
observed. Therefore integral PL in the spectral range of deep levels can serve as an
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indicator of sample quality from the point of view of their suitability for detectors of
gamma and X-ray radiation.

A correlation between integral PL intensity of A-centers and deep levels in
CdTe:In samples was found out. This fact supports the idea, that deep levels in these
samples are primarily complexes formed together with A-centers.

The TEES simulation model is presented based on the numerical solution of a set
of kinetic equations introduced in the SR model to describe the generation — recombination
process through a set of defect levels in the bandgap. The influences of trap parameters on
the simulated TEES are observed. Checking the validity of different methods for analyzing
glow curves showed that the Variation of the heating rate method which ignored the
retrapping process is one of the best methods to analyze the TEES glow curves.
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