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ABSTRACY

In this work we measured the crystal defect levels and fested the performence of CdinTe detectors by diverse
methoedologies, viz., Current Deep Level Transient Spectroscopy (SDLTS), Transient Cwrent Technigue (TCT),
Current and Capacitance versus Voltage measurements (I-V and C-V), and garoma-ray specizoscopy. Two imporiant
charscteristics of I-DLTS technigue for advancing this research are (1) it is applicable for high-resistivity materials (>10°
Q-cmy}, and, (2) the minimum temperature for measurerents can be as low as 18 X, Such low-temperature capability is
excelient for obiaining measurements at shallow levels.

We acquired CdZnTe crystals grown by different technigues from two different vendors and characterized them for point
defects and their response to photons. I-DLTS studies encompassed measuring the parameters of the defects, such as the
energy levels in the band gap, the carrier capture cross-sections and their densities. The current induced by the laser-
generated carriers and the charge collected (or number of electrons collected) were obtained using TCT that also
provides the transport properties, such as the carrer life time and mobility of the detectors under study. The detector’s
electrical characteristics were explored, and its performance tesied using -V, C-V and gamma-ray speciroscopy.
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i. INTRODUCTION

For the past two decades CdZnTe has been considered as an attractive and suitable candidate for rcom-temperature x-ray
and gamma-ray detectors. Its high band gap, relatively high density and atomic weight, high resistivity entailing a low
leakage current, and, perhaps most importantly, its electron drift length have brought it to the attention of researchers and
entrepreneurs. CdZnTe detectors are known for their high radiation-detection efficiency, position sensitivity, high
stopping power, good energy-resolution, low power- consumption, low electronic-noise and portability at room
temperature. All these required characteristics for a reliable radiation detector make CdZnTe a good materiat for x- ray-
and gamma-ray-detectors in a variety of fields, such as medical imaging, space and astronomy, environmental- and
national security- applications.

CdZnTe detectors were fabricated for the first time in 1990s, and subseguently, tremendous efforts [1] have been made
to raise their efficiency and performance. They encompass improving techniques to grow CdZnTe crystals with minimal
fabrication-related  defects, increasing the effective radiation interaction area, optimizing the performance,
characterization, and stability of devices, and attempting to make them more compact and durable,

In our research, we investigated the defects in two CdZnTe detector crystals from different manufacturers, eV Products
and a local crystal grower at BNL, and explored their electrical- and radiation-response. The first sample, CZT l-ev,
from eV Products, was grown by the high-pressure Bridgman Technigue [2-3]. The second crystal, CZT-21-2, was
fabricated by the Floating Method at BNL (Gu et al [4]. This study is focused on measuring point-defect parameters,
such as energy levels, £, in the band gap, carrier caplure cross-sections o, and defect densities N, within the band gap
using the FDLTS techniquel5.6]. Electron life time ., mobility g, space charge density N, and induced current caused
by the laser generated carriers and collected charge {or number of electrons collected) using TCT [7]. We investigated
the detector’s electrical characteristics and tested its detection performance tests by using IV, C-V and y-Ray
Spectroscopy.



Z. EXPERIMENTAL
The two samples we characierized for defect-related parameters were CZT-1-ev and CZT-21-2; the latter includes 12.5
ppr In as a dopant. The dimensions of the detectors are about 10x10x2 em’ for CZT-1-ev, and 8x8x2 cm’ for CZT-21-2.
Au contacts are placed on their back and front sides. . A thin (10 nm), 2mun diameter electronically active window is cut
into the middle on the front side o allow laser light to penetrate into the detector, which helps in generating the free
carriers needed for the -DLTS- and TCT- measurements.

The sysiem we used to study the deep levels in the crystals is a current DLTS system, especially designed for high-
resistivity materials, such as CdZnTe and heavily irradiated Si. These materials’ very low capacitance along with their
frequency dependence imposes Hmits on using other technigues, such as capacitance DLTS. The main components of
BNL's I-DLTS system are the following: 1} A cryogenic cooling system, consisting of a He cryostat (8-350K) with
temperature controiler SI965G; 2) an illumination system for defect filling, consisting of a laser- pulse generator HP
8110A that drives lasers with various wavelengths {660 nm to 1030 am); 3) a Keithley 487 power supply to provide bias
on samples; 4) a Keithley 428 current amplifier to amplify the current transient signal obtained from the charges emitted
from filled defect levels; and, 5) a Tek-77044A oscilloscope to record the current transients. For our study on the CZT
samples, the eleciron filling of the defect levels is done with by a 822sm IR laser, which has an absorption length in CZT
equaling the sampie’s thickness {~ | mm). We cobserved that this wavelength, with 10V bias and 4.5 m W power,
maximizes the number of electrons generated (for filling defect levels) in the I-DLTS measurements. All systems were
controlled by a PC running the LabView program and analyzed using sofiware.

The second main experiment we underiock employed TCT. The setup consists of a Keithley 237 power supply; a
LeCroy 1GHz Oscilloscope; and an Agilent 81110A puise generator. The illumination system contains a 660nm red
laser, operated by the Agilent 81110A pulse generator at parameters of 10 V in biasing, 10 ms in period, and 5 ns in
pulse width. This illumination system generates sufficient numbers of charge carriers at the exposed surface (through
the thin metal window) of the detector.

3. RESULTS AND DISCUSSIONS

We measured the detector’s electrical response in the dark as well as in white light. There 13 a remarkable shift between
them in the leakage cumrent and capacitance, indicating that samples’ light-sensing response is good. Fig. la and b,
respectively, show the I-V and C-V characteristic plots for sample CZT-1-ev. The leakage current in the light is 1060
times more than that in dark, while the capacitance increases by almost a factor of two. The measured capacitance is
about 1072 F. The second sample, CZT-21-2 showed a similar type of behavior for I-V and C-V characteristics (Fig. 2a
and 2b).Resistivity calculated from the I-V measurement for CZT-1-ev and CZT-21-2, respectively, is 7.20x10° Q em
and 2.62x10'° Q cm. The depletion voltage was determined from TCT measurements that are depicted later in Figs. 4b
and 5b. Sample CZT-1-ev is depleted at about 80C V, and sample CZT-21-2 at about 600 V.
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Fig. 1. Charactenistic plots for the CZT-1-ev detector, a) Leakage current as a function of the applied bias voltage: b) Capacitance-
voliage (C-V) plots in the dark and in white light.
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Fig. 2. Characteristic plots for the CZT-21-2 detector, a) Leakage current as a function of the applied bias voliage; b) Capacitance-
volizge {C-V) plots in the dark and in white light.

The speciroscopic responses o gamima radiation of both samples were measured by using a standard Am** source. Figs.
3a and 3b show the recorded spectra for the 59.6 keV photo peak.
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Fig 3: Energy spectrum measurements of 59.6 keV photo peak of
Am™ by a} CZT-1-ev detector at 10 V and 300 V bias; b) CZT21-2

detector at 300 V bias; and, ¢) Detection of photo peak {(position) as a ‘ 4001 Radiation Respense oYl
function of bias voltage for the two detectors. [ o ‘ s
ﬁ 350 PR S
Figures 3a and 3b show the shift in the position of the photo | & 1 ,fg/& ‘
peak with increasing bias, i.e., is the normal behavior of the | .2 3001 /
detectors. The detector’s photo detection response at various | '@ : }é ,
applied voltages across the devices is plotted in Fig. 3c. The | & 250 j
pz, for the first saraple, CZT-1-ev, calculated from the Am? - . & e * =
gamma ray  speclioscopy  is *4.9:&10'3 e /V. The | g 200 - f e CZiier
manufacturer’s vatue is 7.8x10” cm™/V. The ur, for CZ1-21-2 & CZT-212|
also determined from gamma ray speciroscopy is 1.Ixig” 1590 T
cm™/V, while that quoted by the manufacturer is 1.5x107 ¢ e v 200 308

cm’/V. The ur, product is determined from classical Hecht
equation below;
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Fere, (V) is charge collection efficiency, V is the applied bias voltage, and L is the detector’s thickness. .

3.5 TCY results

We collected the data by applying voltage, starting at 100 V and going up to 1100 V. This range of applied voltage is
comparatively four times higher than that for 51 detectors. We recorded with 2n oscilloscope the owrrent signal indeced
by the drift of the electzon sheet, gmem&ed within one micron of the defector’s surface, by he red laser illumination on
the surface of the detector. Fig.4a illustrates the shape of the eleciron transient current at an applied bias of 1100 V for
CZT-1-ev; the current falls with tme, indicating a decreasing electric field from the front to the back side of the detector,
or a positive space charge [8]. The second sample, CZT-21-2, exhibited similar behavior(Fig. 5a), slthough there is flat
region near the end of the transient, indicating a spac‘s&hame region of much lower ceme‘lfrmm near the back side
than that near the front side. The maximum number of electrons collected are 4x10° and 2x10°, ciively, at 850 V
and 600 V, while the maximum charge collected is, respectively, 7x1¢"" C and 3x10° 0 C ’?1gs 4b and 5b}.
Correspondingly, the average number of electrons in the saturation region is 4 .14x10% and 1.76x10°.
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Fig. 4. TCT measurements for CZT-1-ev. a) Laser-induced transient current signal at 1100V bias veitage; b) Charge collection by the
detector as a function of the applied voltage.
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Fig. 5. TCT measurements for CZT-21-2. &) Laser-induced transient current signal at 1100V bias voltage; b} Charge collection by the
detector as a function of the appled voltage.



We used the TCT data to determine the electric transport property, g, the electron mobility, and 1. the electron life time.

By measuring the transient time (i) of clectrons (which is the width of the current transient pulse) at various bias
& el ’ by

voltages (V) larger than the full depletion voltage, we can calculated electron mobility (u) using the following

expressions:
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where & is the detector’s thickness. By plotting —— vs. ¥ , as shown in Figs. 6a and 6b, we obtain the value of 4, which

Is.ir'
is the slope of the plot.
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Fig. 6. Linear plots of d%/t,, as a function of the applied voltage to determine the mobility of electrons for 2) CZT-1-¢v; and, b) CZT-
21-2.

The value for the u obtained from these plots is 902 cm/sV for CZT-1-ev and 718 em’/s V for CZT-21-2. Blectron life
time, 7, calculated from the gz, product measured previously is 8.655x10° ¢ for CZT-21-1, while for CZT-21-2 it is
2.09x10°°s. Table 1 summarizes the parameters determined from these data.

Table. 1. Data obiained from 1V, C-V and TCT experiments. The collected charge for CZT-1-ev and CZT-21-2 were recorded
at 1100V and 400V, respectively

2 #r i1 i Average Collected
Sample (1g*® {em 7Y} {3as} emsY #ole Charge
£3ome} Cotlected )
CZT-1-ev 7.20 3.9x10° 4.33 902 4.14x10° 6.82x107"
CZT-21-2 2.62 1ix107 1.53 718 1.76x10°
AR AR &




3.2. L-DBLTS results

To obtain knowledge about the point defects through I-
DLTS data, we first cooled the detector to about 10 K,
and then heated it up af a constant rate to about 350 K.
The ramp-up temperature step was about 1-1.2 K. At
each temperature, the defect levels in a sample were first
filied 2t O bias voltage and irradisted for 2 ms (pulse
width) with an IR laser of 822 nm with a period of 45 ms
and biased at 10V laser bias. Then, during the time when
the faser is on for 2 Jaser pulsing cycle (45 ms - 2 ms= 43
ms), a bias voltage was applied to the sample (o
efficiently de-trapping the charges from previously filled
defect levels. The resulting fransient current was recorded
by the oscilloscope and the PC. We obtained the I-DLTS
signal by sampling the difference in the current transient
at two sampling times: 1; and #, &t each temperature. The
sampling time f; was increased in sieps from 0.2 ms t0 3
ms, while the sampling time ¢, was taken as 4¢;. Li gives
more details of -DLTS principles and modeling °. The
energy levels, calculated from the tramsient I-DLTS
signal, are electron traps and their energies are measured
from the edge of the crystal’s conduction band.

Fig.7a. plots the I-DLTS specira for CZT-i-ev. There are
three main peaks. Most traps are in the upper quarter of
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Fig.7. Defect information for CZT-1-ev by using 1-DLTS; 2) Identification of defect levels using different time windows. The plot
also records the energy lovels, carrier capiure cross-sections, and the corresponding defect densities ; b) Arrhenius plots; ¢) Charge
capture cross-sections as a function of energy; and, &) Defect densities as a function of energy.

The first shallow level, observed in most CZT detectors, is 35 meV with a orof 5.02x10™ cm® and very low trap density
of 4.57x10% em™. In the middle region of ternperature, there are two very distinctive main deep levels of 156 meV and
222 meV with o of 1.06x107" cm’ and 7.00x10™ cm” respectively. The trap densities are in the same range, viz.,
7.35x10° cm” and 6.20x10° cm™, respectively. The o for the three traps is around 1077 cm’. Figs 7 ¢ and 7d plot the



Table 2. Summary of the findings from | DLTS experiments

Trap E & N,
Sample # (meV} () (ers ™)
1 35 5.02x107" 4.57x16°
CZT-Lepy 2 156 t.06x10 7.35x310°
3 232 70010 6.20x10°
i 11 1.82x10°7 1.36x10"
2 14 29010 9.5ix10"
CET21-3 3 173 2795307 6.88x1G"
4 244 4.20x10° 3.34x10"
5 270 1.22x10°"% 1.57x10"
6 456 7.46x107°° . 8.82x10"

4. CONCLUSIOGKS
I We investigated two detectors fabricated by two different technigues, i.e., the high-pressure Bridgman Technigue, and
the Floating Method. Both detectors have different numbers and types of electron trap levels in their crystal. Gur
compariscn of their I-DLTS results suggests that the defect levels for the ¢V Product detector are half those of the other
crystal grown at BNL. There are shallow- and middle-level traps in the crystal of the second detector. In the CZT-1-evl
etector, the defect levels mostly are shallow electron traps, while, for the second detector, in addition to shaliow-level
traps, there are deep electron traps close to the mid band gap.

The electrical- and spectroscopic-responses of the detectors are quite different. There are clear correlations between the
defect density and detector properties: the sample with fewer defects (CZT-1-ev) has an electron lifetime four times
larger than the BNL one (CZT-21-2). The parameters of the point defects and the response of each detector to light, bias,
and gamma radiations are related to the fabrication technique and growth environment of the crystails.
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