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ABSTRACT

Thermoelectric Effect Spectroscopy and Thermally Stimulated Current measurements were used to investigate trapping
levels in semi-insulating CdTe and Cdy..Zn, Te crystals from multiple ingots grown by vertical Bridgman with over pressure
control and high-pressure Bridgman methods. The crystals from different growth methods have different dislocation densities
as well as Zn concentrations. The thermal ionization energies of these levels were extracted using both the variable heating
rate and initial rise methods; the trapping cross sections were then calculated using the temperature maximum method. We
report here that the shallow levels observed at E;=0.11+0.02 and E,=0.17+0.02 eV are intrinsic and the latter level is most
likely related to the dislocation density.

Keywords: Intrinsic defects, Dislocation, CdTe, Cd,.,Zn,Te, TEES.

1. INTRODUCTION

CdTe and Cd;,Zn,Te semi-insulating compounds are promising materials for room temperature, x-ray, and y ray
radiation detector applications’. This potential originates from their high atomic number, which provides good absorption for
high-energy radiation, and their large band gap, which minimizes promotion of charge carriers from the valence band to the
conduction band resulting in lower thermal noise. However, the advancement of these semiconductor compounds as
commercial radiation detectors has been impeded by carrier trapping at localized defect levels within the band gap, which
results in incomplete charge collection and therefore poor detector performace®. The characterization and understanding of
the electrical properties of these localized defect levels isimperative to detector improvement.

The effect of the dislocation generated during crystal growth on the electrical properties of CdTe and Cd,,Zn,Te has not
been thoroughly investigated. The goa of this paper is to show that the shallow levels present in “high purity” semi-
insulating CdTe and Cdy..Zn, Te crystals grown by Vertical Bridgman with Over Pressure control (VBOP) and High Pressure
Bridgman (HPB) methods are intrinsic and related to dislocations or related defects. The crystals from different growth
methods have different dislocation densities as well as Zinc concentrations. The difference in dislocation densities has two
sources. The first source is the difference in the growth technique and the temperature gradient during growth. It has been
reported that HPB grown crystals have more dislocations as compared to crystals grown by the VBOP method because of the
typically steeper temperature gradients used®. The second source is the difference in Zinc concentrations. It is reported that
the higher the ionicity (CdTe has ionicity of 0.71) the smaller the formation energy of dislocations and stacking faults. With
an increasing incorporation of the Zn, the CdTe lattice exhibits higher shear modulus resulting in a lower density of both
dislocations and sub-grains’. We have focused our investigation on two major defect levels observed at approximately
0.11eV and 0.17 eV.



2. METHODOLGY

2.11-V Measurements

The current-voltage (I-V) measurements are used to extract the resistivity of the samples and check the contact’s
ohmicity. I-V measurements are done at room temperature using a Keithley 6105 resistivity adapter and Keithley 273 source
meter. The samples were measured in two different bias ranges (£1V, and £100V). The resistivities of the samples were
calculated from arange of different voltages using the following formula®:

p= E (1a)
L

Where R and A are the resistance and contact area of the sample and L is thickness. The contact’s ohmicity, b, is extracted
from:

I|=atvf (1b)

Where | isthe current, V isthe voltage, and ais material constant. The contact is ohmic whenb 01.
2.2 Thermoelectric Effect Spectroscopy (TEES) M easur ement

In this technique thermal excitation is used to release charge carriers from the localized levels within the band gap to the
valence or conduction band. The charge carriers are swept out of the sample by applying a temperature gradient (TEES)®’
across the sample. TEES mainly offers three advantages. First, TEES extends the sensitivity of the experiment to higher
temperatures where deeper levels can be detected. Second, in principle TEES distinguishes between electron and hole traps.
Third, TEES determines whether the sample is n or p-type. In this technique, the sample is placed on a sapphire stage and is
held stationary with spring-loaded plunger within a closed-cycle cryostat. After placing the sample in the cryostat, the system
is pumped to approximately a pressure of 10 ~° torr; the sample was then cooled to about 10 K in the absence of light. At
about 10 K the sample is illuminated with 1.33 eV photons from an infrared light diode (935 nm), until the photo-excitation
current saturates. The diode is then turned off and the sample is heated at a constant rate up to 350 K causing a gradual
emptying of the localized levels by thermal excitation. The temperature at which a trap empties is related to its thermal
ionization energy. The thermal ionization energy of the localized levelsis calculated by both the variable heating rate and the
initia rise methods.

2.2.2Variable Heating Rate

In this method the traps are emptied at different heating rates while all other parameters are kept constant. The equation
relating the heating rate to the temperature maximum of the current peak is given by ®
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where T, IS the temperature of the current peak maximum, (3 is the heating rate, ky, is Boltzmann's constant, Ey, is the
thermal energy of the trap, w is the escape attempt frequency, N, is the effective density of states in the conduction band, o is
the trapping cross section area, and Vy, is the thermal velocity.

As the heating rate increases from one measurement to another, the centroid of the current peak associated with a trap
shifts to higher temperatures. Using different heating rates, 31, B2, B3, one gets different temperature maximums, T4, To, T3
respectively. Plotting In (Tn?ax | B) versus 1/k,T s results in a straight line with a slope equal to the trap’s thermal energy,

Ey. Also it is important to consider the possibility of retrapping in which the freed charge carriers undergo retrapping by
empty deep levels. This effect will lead to an increase of the magnitude of the measured deep trap current peak relative to the
shallow trap’s current peak, which in turns leads to a change of the concentration of trapped charge.



2.2.3 Initial Rise M ethod

This method relates to the thermal ionization energy according to the following equation ®

E
I(T)=AlLE th
(T) Xp%ﬁ% 3

Hence plotting In (1) versus of 1/k,T produces a straight line at the initial rise of the peak. The slope of this line is equal the
thermal ionization of the trap, Ey.

The extracted thermal energy values from the above methods with corresponding maximum temperatures are used to
cal culate the trapping cross section according to the following equation °.
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Where m’ is the effective mass of the charge carrier. In CdTe m’" = 0.14-m, for electrons and m" = 0.37.m; for holes, with m,
being the charge rest massand h is Planck’ s constant.

3. Dataand SamplesInformation

Three samples were investigated in this paper. Two of them were grown by HPB at eV PRODUCTS and the third was
grown by VBOP at Honeywell Inc. The two HPB samples are CdTe and Cdyg Zny,Te and the VBOP is Cdyggs ZNg 4T €. The
purity data of the samples and the Zn concentration are shown below in table 1.

Element
ppb) .
Sample C |N|O |Na|Mg|Si|Al |[ClI|Ni|Fe |Cu| P |Ga]| Zn

HPB CdTe
(eV) 54 |36(180| 3 |18 4 |13| 2 | 2 |15| 2 |[ND|ND| 0%

HPB CdjgZng,Te

(eV) 26 |17 |76 |[ND|78| 2 |18 |[ND|ND|ND|ND| 2 | 2 | 20%
(Honeywell) 1700[100/930|ND|ND|ND| 5 |ND|ND|ND|ND|ND|ND| 3.4%

Table 1: Impurity concentrations in the samples studied measured by glow discharge mass spectroscopy (GDMYS).
1ppb=3.10%cm™=  ND= Not Detected
Other shallow and deep levels forming elements such as Li, F, In, V, Ti, Co, and Cr are below the detection
limit of the GDM S
"Zn concentration is reported as x value through out the paper

The samples were etched in 5% Br-methanol and Br-ethanol for 2.5 and 1.5 minutes respectively, rinsed with methanol,
and then Au contacts were sputter deposited. Etch pit density studies were done by the suppliers on CdTe grown by HPB and
CdZnTe grown by VBOP. The extracted dislocation densities for the samples are 10%/cm? and 10°/cm? respectively.

4, RESULTSAND DISCUSSION

4.11-V Measurements

The measured current-voltage (I-V) curves are shown in figure 1. Starting from these curves the resistivity and the
contact’ s ohmicity are determined and shown in Table 2.
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Figure 1: -V curves of studied samples

Resistivity Ohmicity coefficient
Sample Qcm b Sample type
HPB CdTe b(+) = 0.97+0.01
(eV) (1.57+ 0.04) x10°| b(-) = 1.02+0.01 p
HPB Cdo_gzno_zTe b(+) =0.88+0.01
(eV) (1.28+ 0.02) x10°|  b(-) = 0.95+0.01 n
VBOP Cd0_9662n0_034Te b(+) =0.92+0.01
(Honeywell) (6.44+ 0.24) x10°|  b(-) = 0.99+0.01 p

Table 2; Calculated resistivity and ohmicity of the studied samples

The resistivity is calculated from a number of voltage ranges to ensure that contact effects do not affect the calculated
bulk resistivity of the samples. -V measurements at £100 V showed a significant leakage current for all three samples;
therefore, no detector performance measurements were done. Also, from the calculated coefficient of ohmicity a dight
asymmetry of the contact is observed. The origin of this asymmetry is undetermined; however, it could possibly due to the
different level of surfaceirregularity or passivation. The signs (+) and (-) next to the b coefficient represent the polarity of the
bias voltage.

From the calculated resistivity, one can see that HPB samples are “high resistivity” semi-insulating. Such a high
resistivity samples are obtained by sufficiently controlling the Cd vacancy concentration during the growth, which can be
accomplished by applying a high-pressure inert gas as in HPB or by using Cd over pressure and post growth annealing in Cd
vapors as in VBOP®. Secondly, the residual Cd vacancies can be eliminated by a compensation mechanism and at these low
impurity concentrations the deep levels control the resistivity of the material .

4.2 TEES M easurements

TEES spectra from the samples are shown in Figure 2. The induced current from the emitted charge is plotted as a
function of sample temperature. The TEES spectra show evidence for several shallow peaks in the range of 40 to 120 K,
including the two shallow peaks, ~65 and ~100 K on which our study focused. The thermal ionization energies of these
two shallow peaks were calculated directly from the above-mentioned two methods. The calculated energies as well as
the trapping cross sections are shown in table 2.
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Figure 2: TEES spectraof the studied samples.
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Energy Trapping Energy
from cross section  calculation | Trapping cross |Average trapping
Variable | Calculation from from section Cross section
Peak heating | Variable heating | Initial rise | calculation from o (cm?)
Temp |rate (VHR)| Rate (VHR) (IR) IR
Sample (K) Ew (eV) o (cm?) En (eV) o (cm?

HPB CdTe 64+1 | 0.14+0.02 |(8.6 + 32.6) x10™*° 0.11+0.01 (2.9 +16.7) x10™"'|(5.8 + 24.6) x10™*°
0% Zn 96+1 | 0.19+0.01 | (2.1 +2.7) x10™°| 0.15+0.02 | (1.3+3.3) x10™® | (1.7+ 3.0) x10™'
VBOP

CdogssZNoosTe | 70+1 | 0.12+0.01 | (2.1 +3.8) x10™""| 0.1 +0.01 [(6.4 +11.4) x10™°| (4.2 + 7.6) x10™®
3.4% Zn 96+1 |0.165+0.02((8.7 + 22.1) x10™®| 0.16+0.02 |(8.7 + 22.1) x10™*¥(8.7+ 22.1) x10*®
HPB

Cd o5 ZNo,Te 66+1 | 0.11+0.01 | (1.4 +2.7) x10™"| 0.1+0.01 | (3.4 + 6.5) x10™° | (2.8 + 4.6) x10™®
20% Zn 101+1 | 0.19+0.01 | (3.0 + 3.6) x10™" | 0.19+0.02 | (5.4 + 6.6) x10™"' | (4.2+ 5.1) x10™"'

Table 3: Calculated thermal ionization energies and trapping cross sections for the levels at 65 K and 100 K in the studied
samples

As is seen from the above table the calculated energy values for the Cdy..Zn,Te crystals from both methods are within
the experimental error except for the HPB CdTe sample. The discrepancy in this sample partialy arises from magnitude of
overlapping peaks interfering with the level under study.

Because of the large magnitude of the error in the calculated trapping cross sections, we verified the values of the by the
analysis of the photocurrent decay curves. This is done as follows: a sample was illuminated with 1.33 eV photons from an
infrared diode under zero bias voltage at different constant temperature below the peak maximum until the photocurrent
saturates. Then the diode is turned off and the decay of photocurrent as a function of time is fitted to extract the trap decay



time, Tq, (i.€. the characteristic time of the thermally activated detrapping) for each temperature. The trap decay rate, /T, IS
related to the trapping cross section and energy by the following expressions®

E
Uty =N IV, @xp%% (5a)
b

or

In(u/t,)= -kEt_hr +In(N, (& 1V, ) (5b)

b

where N, = 1.44. 10" T ¥?cm 2 and V,=2.18. 10°. T*? crvs,

Plotting In (1/14) versus 1k, T resultsin a straight line with a slope equal to the trap thermal energy, E;,, and the intercept
equal to In (Nc. o * V , from where the trapping cross section can be estimated. Note that in this calculation the weaker
temperature dependence of N and Vy, is neglected. The calculated trapping cross section for the first and the second peaks
are 5.65.10 ° and 2.65.10 "~ cm? respectively. This is in reasonable agreement with the values obtained from the TEES
measurements. Figure 3 shows an example of the fitting to extract decay time, slope, and intercept from which the trapping
cross sections are calcul ated.
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Figure 3: @) Photocurrent decay for HPB CdTe measured at 88 K. b) Arrhenius plot of the trap decay time (14) at various
temperatures

The TEES spectra of sample HPB CdygZng,Te are used as an example in order to demonstrate the energy calculations
for both the variable-heating rates and initial rise methods. Figures 4a, and 4b show multiple TEES spectra with different

heating rates, from 0.213 to 0.379 K/s, and plots of In(T.2, / B) versus 1/k,T s for the extracted thermal energies for both

peaks at 65 and 100 K respectively. Figure 5a and 5b show the TEES spectrum with inverted polarity and plots In (1) versus
1/k, T showing the thermal energy extraction using theinitial rise method.
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Figure 4a: TEES spectra with various heating rates ranging from 0.213 to 0.379 K/s.
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Figure 5a. TEES spectrum with inverted polarity used to determine the thermal energy usinginitial rise method
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From table 1, elements with known shallow levels such as F and In are below the detection limit of the glow discharge
mass spectroscopy (GDMS). Shallow level forming elements (i.e. Al) that are detected by GDMS are not present in sufficient
guantities to explain the magnitude of the signals in the TEES spectra. In addition, no donor’s peak is observed in the TEES
spectra to justify the existence of any donor’s level. This lack of shallow-level impurities implies that the levels at 0.11 and
0.17 (eV) areintrinsic. While it may be tempting to associate the level at 0.11 eV with A-centers, thisis already ruled out by
the purity data.

We propose that the second levelsin question could most likely be attributed to dislocations or related defects.

Finally a number of points should be made about the relevance of these peaks to the radiation detector performance. First
high concentrations of shallow levels lead to lower resistivity crystals, which in turn leads to higher noise levels. Secondly, it
has been reported by P. Doty™ that shallow level dislocations tend to organize into low energy configurations of mosaic of
microstructure with dimensions of 100 micron, which directly and negatively affects electron transport within the crystal.

CONCLUSIONS

We have shown that the shallow levelsin “high purity” semi-insulating CdTe and Cdy.,Zn,Te crystals are intrinsic and
related to dislocations or related defects, which have been confused with A-centers in other studies. The extract thermal
ionization energies are 0.11+0.02 and 0.17+0.02 (eV) with trapping cross sections of 1.27 +0.3x10'® and 2.51+0.4x10™"
(cm®) respectively assuming no retrapping which is most likely incorrect for dislocation. We have also correlated the second
shallow level to the Zn concentration and it is effects on the dislocation density. Better control of these levelsis required to
produce high resistivity crystals.
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