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Abstract 

The behavior of deep electronic levels was studied as a function of Zn 

concentration in CdZnTe crystals grown by the high-pressure Bridgman 

technique using thermoelectric effect spectroscopy. A significant increase 

of the thermal ionization energies of hole traps was observed with the 

increasing Zn content of the ternary compound. The effect explains the 

stronger hole trapping and the resulting much shorter hole lifetime usually 

observed 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. 

1 .  Introduction 

Owing to their high atomic numbers and relatively wide band gaps CdTe and 

CdZnTe were long considered as materials with high potentials for room temperature 

radiation detectors. Recent improvements in the growth techniques revitalized the interest 

in these materials [l]. The central properties of materials intended for radiation detectors 

are high resistivity, carrier lifetime and mobility. None of these properties are, however, 

intrinsic to CdTe and CdZnTe. All of the melt-growth techniques of CdTe and CdZnTe 
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are hampered by the instability of the crystals against decomposition and the formation of 

stoichiometric defects, the presence of residual impurities, extended defects and impurity- 

defect complexes. The electrically active defects cause detrimental doping and carrier 

trapping severely deteriorating resistivity and charge collection. In particular, undoped 

CdTe and CdZnTe crystals are commonlyp-type due to the presence of deep acceptors 

such as Cd vacancies. Doping the crystals with column I11 or VI1 donors such as In or C1 

is the usual procedure to compensate the deep acceptors and achieve semi-insulating 

material. Compensated CdTe of resistivity better than lo9 Qcm is routinely grown by the 

traveling heater method (THM) [2,3]. Recently the high-pressure Bridgman (HPB) 
technique produced large-size, high-resistivity CdTe crystals [4]. 

- 

The interest in the last couple of years shifted to the ternary compound CdZnTe as 

its wider band-gap offers higher resistivity at room temperature. Crystals with resistivity 

exceeding 10" Qcm have been grown by the HPB technique [5]. It has been, however, 

soon realized that the higher resistivity comes at a price of a much reduced hole lifetime 

resulting deteriorated hole collection relative to CdTe. The origin of this enhanced hole 

trapping in CdZnTe has not yet been systematically studied and is not well understood at 

present. We show here that alloying CdTe with Zn increases the thermal ionization 

energies of hole traps. As a result the ternary compound CdZnTe exhibits an intrinsically 

stronger hole trapping and fundamentally limits hole lifetime even without contribution 

fiom impurity-related traps. 

2. Experimental 

2.1 Samples 

The Cd,,ZnxTe (x=O, 0.12, 0.49, 0.60) materials have been grown from melt by 

the high-pressure Bridgman technique [4,5] in a vertical furnace and graphite crucibles 

using high-purity starting materials. The Zn composition of the samples was measured by 

energy dispersive spectroscopy of X-rays (EDS) using a scanning electron microscopy 

setup. Samples with dimensions 2x10~10 mm3 were saw cut fiom the 90 mm diameter 
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ingots and etched in 5% Br-MeOH solution. Gold electrodes, 8x8 mm2, were sputtered 

onto the opposite surfaces. One electrode had a 2 mm diameter hole in the middle as an 

entrance for the light used in the TEES experiments. 

2.2 Thermoelectric effect spectroscopy 

Thermally stimulated spectroscopies use the thermal excitation of charge carriers, 

from localized energy levels to the conduction (or valence) band, to determine the energy 

levels. density, and capture cross sections of localized carrier traps. The charge emanating 

from the traps is proportional to the trap density and the temperature of maximum trap 

emptying is related to the ionization energy of the localized levels. Here we used 

Thermoclectric Effect Spectroscopy (TEES) [6] to study the deep levels in Cdl_xZnxTe 

(x=O. 0.12. 0.49, 0.60). TEES is a variant of Thermally Stimulated Current (TSC) 

experiments where the charge emitted by the traps modulates the current produced by an 

exteml bias. In TEES experiments the thermoelectric current induced by the temperature 

diffcrence across the sample is measured. The few degrees temperature difference 

induced across the sample generates few PA currents for this type of experiments. Owing 

to the low thermal conductivity of CdTe and CdZnTe, sufficiently large temperature 

difference (AT = 1-8 K) is obtained during heating the samples at heating rates above 0.05 

Us and the TEES experiments can be performed without a second heater [7,8]. 

Thermoelectric currents are usually much smaller than the currents in TSC experiments 

and pose more stringent requirements on the noise of the experimental setup. The smaller 

currents, however, extend the sensitivity of the experiments to higher temperatures. The 

high currents from intrinsic conductivity or from deep dopants usually limit detection of 

current peaks up to about 200-250 K in TSC experiments. In TEES on the other hand the 

onset of intrinsic conductivity shifts to 280-300 K in semi-insulating CdTe and CdZnTe. 

The main advantage of TEES over TSC experiments is, however, the ability to directly 

distinguish between electron and hole traps. This is due to the fact that both fiee carriers 

di&se to the same direction, from the high temperature end to the low temperature end 

of the sample, resulting currents of the opposite sign for holes and electrons. 
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The experimental setup shown in Fig. 1 consists of a sample holder enclosed in a 

cryostat operating in the 10-400 K temperature range. A temperature controller, light 

source, Keitley 617 electrometer and control and data acquisition system complete the 

system. The samples are cooled in the absence of light to 10 K where the traps are filled 

by illuminating with 1.33 eV photons from an infra-red light-emitting diode. To avoid 

space charge effects and preferential sampling of defects close to the electrodes it is very 

important to ensure spatially uniform filling of the defect levels. This was achieved by 

sub b&d gap illumination with 1.33 eV photons that enables trap filling in the whole 

volume of the samples. The samples were heated with a pseudo-linear rate to sequentially 

empty the traps. The sample temperature and temperature difference between the bottom 

and the top of the sample were continuously recorded. The true heating rate was 

calculated to extract the thermal ionization energies of the traps at any given temperature. 

Provided, retrapping of the liberated carriers is negligible and the recombination 

rate is high and slowly varying function of temperature, the ionization energy (E,) of 

localized levels is related to the peak maximum temperature (Tm) by the expression [9] 

1 +lnmp- lnE,  , 

where 0 is the carrier capture rate, md is the effective mass of the charge carriers, and p 
the heating rate. The ionization energy can be determined by solving the (1) nonlinear 

equation provided the capture cross section is known. As a rule of thumb, an order of 

magnitude error in the carrier capture cross section translates to a 10% error in the 

estimated ionization energy. 

2.3 Pulse height measurements 

The performance of the CdZnTe crystals as radiation detector has been tested 

using standard nuclear electronics and 59.5 keV t4'Am) and 122 keV ("Co) photons. 



The samples were mounted in a light-tight test fixture coupled to an eV Products 550 

preamplifier and Canberra 2020 spectroscopy amplifier, with variable shaping times. 

3. Results and discussion 

Fig. 2 shows TEES spectra of Cdl,,Zn,Te (x=O, 0.12, 0.49, 0.60) samples 

illuminated at 10 K by 1.33 eV photons for 1000 s taken at an average heating rate of 

0.36 Ws. The spectra display rich structure of current peaks corresponding mostly to hole 

traps. Although, there are dramatic differences between TEES spectra of the various 

samples a number of common peaks can be recognized-in all spectra (T1, T4, T6 and T7). 
They are most clearly resolved in the x = 0.49 sample at 85 K, 160 K, 202 K, and 248 K. 

The peaks gradually shift to higher temperatures with increasing Zn concentration. 

Fig. 3 shows the behavior of the ionization energies of hole traps corresponding to 

peaks TI, T4, T6 and T7 as a function of Zn concentration. The ionization energies were 

calculated by solving Eq. (1) for c = cm2. The error bars indicate two orders of 

magnitude variation of the capture cross section (A0 = - lo-'' cm2) which is the 

most sensitive parameter in the equation. 

Fig. 4 shows the pulse height spectra of the CdTe, Cdo.88Zq,12Te and 
Cdo.51Zn,-,49Te crystals for a 241Am source. The CdTe crystal shows lower resolution and 

higher leakage current due to its lower resistivity. The Cd,,88Zq.12Te crystal exhibits a 

pronounced low-energy tail at the 59.5 keV y photopeak indicating incomplete charge 

collection. The Cdo.slZq,49Te crystal exhibits diminished pulse amplitudes indicating 

strongly deteriorated electron collection. 

The shift of the peaks to higher temperatures indicates an increase of the 

ionization energies of  the traps with increasing Zn concentration. This indicates an 

increasing difference between the energy of the deep level and the valence band 

maximum (VBM) for hole traps, and an increasing difference between the energy of the 

deep level and the conduction band minimum for electron traps. Similar shifts in the 

thermal ionization energies of impurity-related deep donor (ox) centers with pressure and 

Zn concentration were observed in CdZnTe. They were associated with the atomic-like 



character of deep states and their relative insensitivity to changes occurring in the band 

structure of CdZnTe [ lO, l  11. The assumption of atomic-like character perturbed only 

weakly by the lattice, however, cannot explain the large increase of the ionization 

energies of deep hole traps observed in our experiments. The increasing difference 

between the energy of the deep level and the VBM indicates that either the energy of the 

deep level, or the energy of the VBM or both are changing with increasing Zn 

concentration of the compound. This means that either the inert atomic-like character of 

localized levels or the small valence bad offset often assumed between CdTe and ZnTe 

[12,13], or both are invalid for the deep levels observed in this study. The origin of the 

increasing ionization energies .of hole traps with Zn concentration will be discussed in 

another publication. Here we focus on the implications of this behavior on the charge 

transport properties of the crystals. 

The effect of the increasing ionization energies of hole traps on free carrier 

transport is threefold. First, the trapping rate increases and the carrier lifetime decreases 

with increasing binding energy of the charge carriers to the traps. Second, the increasing 

binding energy decreases the thermal detrapping probabilities of trapped holes at room 

temperature. As a result the effective hole lifetime becomes shorter with the increasing 

Zn character of the compound. The increasing ionization energy of singly ionized hole 

traps may also fleet electron transport in the crystal. Namely, when a hole is trapped at 

the center the trap undergoes a transition from negative to neutral charge state and is no 

longer repulsive to electrons. As the localized level moves deeper to the band gap the 

detrapping probability of holes decreases dramatically. When it falls below the trapping 

probability of electrons the defect acts as recombination center reducing the collection 

probability of electrons at the electrodes. 

. 

The increasing ionization energy of hole traps also affects the compensation 

conditions in the samples. TEES spectra are dominated by a semi-exponentially 

increasing current due to intrinsic conductivity or ionization of deep donor or acceptor 

levels above room temperature. The sign of the thermoelectric current indicates the type 

while the magnitude of the current at 300 K gives an estimate of the room temperature 

conductivity of the material. Fig. 1 shows that there is a transition from the n type 
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conductivity in the CdTe and Cdo.88Zq,12Te samples top type conductivity in the high Zn 

samples. Moreover the conductivity shows a minimum for the C&.,,Zq,,,Te material 

indicating the highest degree of compensation between the acceptor and donor levels in 

this sample. 

4. Conclusions 

Deep electronic levels were studied as a function of Zn concentration in CdZnTe 

crystals grown by the high-pressiue Bridgman technique using thermoelectric effect 

spectroscopy. The TEES spectra show that hole traps are the dominant deep levels in 

HPB grown CdZnTe. A strong increase of the thermal ionization energies of hole traps, 

namely an increasing difference between the energy of the deep level and the valence- 

band maximum, was observed with increasing Zn content of the compound. The 

increasing ionization energies explain the observed stronger hole trapping and much 

shorter hole lifetime in CdZnTe as compared to CdTe. The shift of the ionization energies 

deeper to the band gap also modifies the compensation condition of CdZnTe crystals 

grown with the same nominal impurity concentration. This was shown by the observed 

increasingly p-type conductivity of CdZnTe with increasing Zn concentration. The 

behavior also explains the strong deterioration of electron collection in detectors 

fabricated from CdZnTe of high Zn concentration 
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Figure captions 

Fig. 1 Schematic diagram of the TEESRSC experimental setup. The sample holder was 

placed in a 10-470 K cryostat of a close-cycle refrigerator. The light source was a 

1.33 eV infra-red light-emitting diode. 

Fig. 2 TEES spectra of Cdl_xZnxTe (x=O, 0.12, 0.49, 0.60) samples illuminated at 10 K 
by 1.33 eV photons for 1000 s taken at an average heating rate of 0.36 Ws. The 

circles indicate the common hole trap levels T1, T4, T6 and T7. 

Fig. 3 Ionization energies of deep levels using Eq. (2) and CF = cm2 for the hole 

traps corresponding to peaks TI, T4, T6 and T7 as a function of Zn concentration. 

The error bars indicate two orders of magnitude variation of the capture cross 

section (AG = 1 0 - l ~  - 10-l~ cm2>. 

Fig. 4 The pulse height spectra of the CdTe, Cdo.&q,12Te and Cdo.51Zq,49Te crystals 

for a 2 4 ' ~  source. 

9 





- _ - - - -  .- 
Temperature 

Sensors - - - - - _ _ _  

DC Power I 
I 
I 
I 
I 
! -  
I . .  .l 

V I 
, -  

sample;.:: , -  ' I -TI , I 
I I I Electrometer 
I 
I 
I 

---> 

Figure 1. 
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