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Abstract—High-performance semi-insulating single crystals
of n-type Cdg 9Zng, Te (CZT) were grown using the traveling
heater method (THM). X-ray and ~-ray detector configura-
tions fabricated from this material have a room-temperature
mean energy resolution of 43% FWHM for a ° Co source
(122 keV) and uniform pixel-to-pixel response on monolithic
20 X 20 Xx 5 mm® pixellated detectors. Energy resolution of
<1% FWHM for 3 Cs (662 keV) has been measured on virtual
Frisch-grid 4 x 4 x 11 mm?® devices useful for homeland security
applications. Additional characterization techniques including
mobility-lifetime measurements, infrared microscopy, X-ray
topography, and OPTICAL Deep Level Transient Spectroscopy
(ODLTS) have demonstrated the superior quality of this THM
CZT.

Index Terms—CdZnTe, CZT, homeland security, medical
imaging, Optical Deep Level Transient Spectroscopy (ODLTS),
pixellated detectors, Te inclusion, Traveling Heater Method.

I. INTRODUCTION

FTER MORE THAN a decade of intense research in the

field of room temperature semiconductor radiation detec-
tion for the optimum material, CdZnTe (CZT) continues to be
the material of choice for commercial high-Z materials. In ad-
dition to being compact and having high detection efficiency,
CZT offers good energy resolution without the need of liquid-
nitrogen cooling. It thus overcomes the major drawbacks of
scintillators and high purity germanium (HPGe).

High pressure Bridgman (HPB), Low pressure Bridgman
(LPB), and physical vapor transport (PVT) [1]-[10] still remain
as the three popularly known methods of CZT crystal growth.
Only the first two methods, however, have been known to
produce CZT materials suitable for high-resolution X-ray and
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Fig. 2. Mole % ZnTe concentration profile over 40mm growth-length in THM
grown CZT (Error bars are 20 based on counting statistics).

Fig. 3. Last-to-freeze surface of representative THM CZT ingot showing
undistorted growth steps, macro-defect free (twins and grain boundary) single
crystal growth.

of Zn% ranges from 2% to 4% in Bridgman growth depending
on the Zn concentration [13].

Fig. 3 shows the symmetrical growth interface of the last-to-
freeze (LTF) section of the process. This LTF from a decanted
interface growth of the ingot highlights the overall low level of
macro-defects. The growth is mono-crystal, free of twin and
grain boundary. The level of crystal perfection is clearly in-
dicated by the undistorted growth steps. This typical growth
quality can rarely be grown by the Bridgman methods.

I11. DETECTOR PERFORMANCE

Fig. 4 shows standard 20 x 20 x 5 mm?, 8 x 8 pixels, de-
tector with Au contact. The pixel size is 2x2 mm with
2.46 mm pitch. The detectors have been fabricated from
crystals that have gone through post-growth processing. The
voltage-current (I-V) measurement is used to extract the re-
sistivity of the detectors. In house, room temperature -V
measurement was done using a Keithley 487 source meter and
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Fig. 4. Standard 20 x 20 x 5 mm?, 8 x 8 pixels, 2 x 2 mm? pixel, 2.46 mm
pitch pixellated detector.

Fig. 5. I-V measurement of an standard 20 x 20 x 5 mm? pixellated detector
8 x 8 pixels, 2 x 2 mm? pixel, 2.46 mm pitch.

SRS-PS350 power supply. Measurements were also conducted
through an outside vendor, Lakeshore, using a Hall effect
Model 7707 A. Both measurements confirm a resistivity greater
than 1 x10° Ohm.cm. Hall effect measurements also confirm
that all detectors are n-type materials [14]. The resistivity of
the detectors was determined in the region near the zero point
from — 5 to +5 V minimizing the contribution of surface
effects to the measurements of the bulk resistivity. This result
is an indication that THM method is capable of producing high
quality semi-insulating CZT crystals.

Fig. 5 shows the total leakage current for a 20 x 20 x 5 mm?
pixellated detector (measured over all 8 x 8 = 64 pixels) is less
than 20 nA or less than 0.31 nA per pixel at 500 V bias, allowing
the device to be operated at much higher bias as needed.

Fig. 6 is an aliquot of a 20 x 20 x 5 mm? detector showing
a typical section of °7Co 122 keV responses. The spectra of all
pixels were obtained simultaneously via ASIC readout without
any signal processing correction scheme. The good energy reso-
lution, of the material can be clearly seen from the well resolved
136 keV photo-peaks as well as the good energy resolution of
all the pixels at 122 keV. The average energy resolution is 4.3%
including those of the edges. The performance of the edge pixels
could be further enhanced using shielding cathode or guard ring
design to shape the electric field, enhancing the charge collec-
tion efficiency around the edges. Nevertheless, the pixel-to-pixel
uniformity is clearly seen in Fig. 6 and summarized in Table I.

One of the important detector’s parameters that Table | con-
tains is the peak-to-valley ratio (PR). PR is the ratio of the photo-
peak counts at the center channel to 5 full-width—half-maximum
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Fig. 6. Sectional area of second edge and central pixels of Room temperature
57Co of 122 keV of a typical 20 x 20 x 5 mm? pixellated detector (700 V bias,
no signal processing correction).

TABLE |
PERFORMANCE SUMMARY OF THE PIXELLATED DETECTOR RESPONSE
SHOWN IN FIG. 6

Number of Pixels 64
Pixels with FWHM <5% 60
Pixels with FWHM <6% 62
Pixels with FWHM <8% 64
Average Peak to Valley ratio 12
Mean FWHM 4.3%
Peak area Relative variation 15.2%
Pixels with FWHM within +56 96.9%

(FWHM) of the peak below the center. A PR value greater than
10isanindication of good photo-peak efficiency. This measure-
ment is obtained without any correction scheme. To validate the
result, several detectors were pixellated and their spectroscopic
performance was measured in house using our ASIC system.
The detectors were then sent to our collaborator to do the same
testing in their ASIC system. Their result of the same detector
showed a better FWHM by 0.2% to 0.4% in the center pixels
and 0.6% to 2% of the edge and corner pixels. This result leads
us to believe that our ASIC system has fairly high electronic
noise level, which limits the energy resolution thus the above
tabulated values represent the high limit of the detector’s energy
resolution parameters.

Of high interest especially with regard to applications in
homeland security is the performance of this material at high
energy gamma such as 37Cs of 662 keV. Fig. 7 demonstrates
a 37Cs spectral response of a 4 x 4 x 11 mm? virtual Frisch
Grid device fabricated by using a simple technique described
in [15] and [16]. The energy resolution measured for this
sample at room temperature is less than 0.8% FWHM-the best
reported to date for a CZT detector of its size. The cathode
bias was 2000 V. The left and right channels of the selected
region-of-interest for Gaussian fitting corresponded to 0.3 and
0.01 of the peak’s height. The higher level on the left was
chosen to eliminate contribution of the low-energy tail caused
by the specific geometry of the device. If the low energy tail
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Fig. 7. Room temperature Cs-137 response of a Redlen 4 x 4 x 11 mm? vir-
tual Frisch-grid detector measured at BNL.
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Fig. 8. Pulse-height spectra measured for 14-mm long detector biased at
2800 V.

portion is included the FWHM is still less than 1%. It should
be mentioned, that no charge-loss correcting techniques were
used.

Fig. 8 shows a pulse-height spectrum measured for a
5 x 5 x 14 mm? long sample configured as virtual Frisch-grid
device. It also has an excellent response having < 1.5% FWHM
at 662 keV. As before, the energy resolution is determined by
the competing electron trapping and shielding inefficiency and
can be improved by applying drift time correction techniques
and better detector design.

The (u )e product for this particular sample is
>2x 10~ cm /V. Despite this, charge loss due to trapping
does not appear to contribute to the broadening of the peak’s
width, even though the effect of trapping was only partially
compensated due to inefficient shielding provided by the virtual
grid. It means that the contribution of material non-uniformity
(including the fluctuation in the electron trapping) is almost
negligible in this sample. This is very important feature
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Fig. 9. (a) Pulse-height spectra measured for 14-mm long detector biased at
2800 V. (b) Bi-parametric distribution.

illustrating the high-quality of the material. As for the
unavoidable electron trapping; it can always be corrected
electronically by using drift time measuring techniques.

Fig. 9(a) and (b) shows the pulse-height spectrum measured
from a ¢ Ge (511 keV) source and the corresponding signal
amplitude versus drift time distribution (bi-parametric plot). A
small broadening of the total-energy-deposition curve at long
drift times indicates device response variations due to specific
geometry of the Frisch-grid devices. Using the slope of the line
in Fig. 9(b), we estimate the electron lifetime to be > 20 pus.

Certainly, in addition to good bulk material properties, de-
vice fabrication also plays an important role in obtaining these
detector performance results. The importance of fabrication in
CZT devices has long been reported in the literature [18]-[23].

IV. MATERIAL CHARACTERIZATION

A. IR Microscopy

IR Transmission Microscopy has been known to be one of
the most effective ways of detecting Te inclusions/precipitates in
CZT. The presence of Te inclusions/precipitates in CZT crystals
can severely degrade the device performance. The deteriorating
effect of the very large size, > 50 um, inclusions, which trap sig-
nificant amounts of charge from the electron clouds generated
by incident radiation was recognized long ago. Today, commer-
cial high-quality CZT single crystals are specially grown and
carefully selected to provide customers with material free from
large-size inclusions. The somewhat smaller but still quite sig-
nificant, 10-25 um, precipitates are present in CZT crystals at
much high concentrations, which make the selection of precip-
itate-free material almost impossible. Individually, they are al-
most invisible for hard X- and gamma-ray because of the strong
broadening of the electron clouds in CZT material but their cu-
mulative effect, which depends on their size and concentration,
can still degrade the energy resolution, especially in thick detec-
tors. Commercially available CZT, especially Bridgman, typi-
cally exhibits relatively high densities of large size inclusions/
precipitates, particularly the 10-25 um range. IR measurements
at BNL show that Redlen CZT detectors have very small Te pre-
cipitates, < 3 um, typically 1-2 um, with concentration of IR
visible inclusions/precipitates of less than 106 cm —2. Fig. 10
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(2) (b)

Fig. 10. IR images showing the relative comparison in sizes and density of
Te-inclusions/precipitates in commercial CZT products (a) in Redlen (< 3 m),
(b) in Bridgman (10-25 m). Both IR images are under the same magnification
of x100. The images are both 0.83 x 1.12 mm?.

illustrates a relative comparison between Te inclusions/precipi-
tates levels observed in our THM CZT and that of commercially
available Bridgman grown CZT.

Furthermore, measurements conducted at BNL revealed that
Te precipitates with sizes of <3 pm and concentrations of
< 10% cm —3 can be tolerated in CZT detectors with thick-
nesses up to 15 mm. This conclusion is based on testing of
CZT samples grown by different techniques and also supported
based on the modeling of the cumulative effects of small-size
Te inclusions/precipitates. The IR image shown in Fig. 10(a)
is that detector that gives 0.8% FWHM energy resolution at
662 keV shown in Fig. 7.

B. X-Ray Topography

X-ray topography [24]-[28] is another characterization tech-
nique that can be used to study Te-inclusions/precipitates in
CZT. The work has also been carried out at BNL. High spa-
tial resolution X-ray mapping can generally resolve inclusions
of size larger than 3 um. The resulting measurement on THM
grown CZT generally showed totally clear mappings without
any inclusions while the 10-25 um size were well evidenced
in Bridgman grown CZT. Fig. 11 demonstrates such a rela-
tive comparison. In this specific example, the THM grown was
measured with 10 pum resolution (200 x 200 pixels) and the
Bridgman with 25 ym (100 x 100 pixels). Clearly, the response
in the THM material is very uniform neglecting some defects
on the surface while “holes of Te-inclusions” can very easily
be observed in Bridgman material. This mapping result further
supports the IR microscopy observations previously discussed.

C. Optical Deep Level Transient Spectroscopy (ODLTS)

The purpose of this measurement is to identify the trapping
levels present in the standard crystal growth and possibly to
correlate their effect on the detector performance. Single CZT
crystal tiles, from our standard growth, with dimension of
10 x 10 x 3 mm3 were fabricated to have 1 mm pitch pixel,
0.9 x 0.9 mm pixel and 0.1 mm gap. The tiles were first tested
with 57Co for the energy performance before being charac-
terized for trapping levels by Optical Deep Level Transient
Spectroscopy (ODLTS) [29], [30]. During ODLTS measure-
ments, the sample was cooled down to ~ 35 K then a light
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(b)

Fig.11. X-ray topography mapping of commercial CZT materials: (a) Redlen-
THM; (b) Bridgman.
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Fig. 12. Transient capacitance as a function of sample temperature with
ratewindow of 356 Hz. ODLTS spectra are shown for four different pixels from
one device.

emitting diode of 940 nm was used to illuminate the sample to
fill the traps. The diode was subsequently turned off and the
sample was heated at constant rate causing gradual emptying of
trap levels. The emission rate is strongly temperature dependent
and thus produces a transient which was sampled at —1 V. The
transient is monitored through a rate window to give ODLTS
spectrum. Fig. 12 shows the ODLTS spectra with rate window
of 356/s where negative peaks correspond to minority traps.
Four different pixels were characterized to have better statistics.
The above ODLTS spectra reveals the existence of two major
trapping levels at 90 K and 210 K. Fitting the transients for
multiple exponential components revealed the existence of two
additional traps at the lower shoulder of both the 90 K and
210 K traps.

The thermal ionization energy which gives the position of
the defect with respect to the bandgap is extracted by repeating
the measurement for several rate window settings, which allows
the temperature of the peak maximum to shift position. Fig. 13
illustrates the Arrhenius plot and the extracted traps where over-
lapping in the emission spectra exist, while Table Il summa-
rizes the trap characteristics. Arrhenius plots of In(7" /e) versus
1/kT, where T' = peak maximum temperature and e = emis-
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Fig. 13. Arrhenius plot of In( 2 ) versus 1/KT generated from fitting the
emission rate to determine the trap ionization energy.

TABLE Il
IONIZATION ENERGY AND TRAPPING CROSS SECTION FOUND IN THE DETECTOR
INVESTIGATED. ND = NOT DETERMINED

sion rate result in straight lines whose slopes are equal to the
thermal ionization energies associated the trap (Fig. 13). The
trap cross section (o), which gives information about the gen-
eration and recombination behavior of the defect is calculated
from the activation energy of the defect and emission rate using
o= (ex BEy)/(Cxm**«T*) xE p(Ew/ky * T) with C =
4% k3(6m3)Y/ /b [31], where Ey;, = activation energy, m* =
the effective mass of charge carriers, T = peak maximum tem-
perature, k; is Boltzmann constant, h = Plank constant.

The assignment of the above traps is based on our doping
profile and other post crystal growth techniques as well as
previous publications [32]-[35]. Perhaps it is noteworthy from
the ODLTS spectra that there are no deep trapping levels; only
rather shallow acceptors are detected; unlike those reported
in the literature grown by other crystal methods such as HPB,
which have higher inclusion/precipitate concentration that in-
creases the point defect densities by functioning as sources for
impurities leading to a higher amount of deep trapping, which
in turn leads to the degradation of the crystal performance as a
detector.

The nuclear performance of the tile was acquired at 300 V ap-
plied bias using ®”Co source. The photo-peak’s characteristics
of the pixels that were characterized with ODLTS, in Fig. 12, is
summarized in Table 111

A comparison of the trapping level amplitudes, Fig. 12, which
vary randomly from pixel to pixel and the photo-peak character-
istics of the pixels such as FWHM, peak ratio (PR), peak count
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TABLE 111
PHOTO-PEAK’S CHARACTERISTICS OF PIXELS
THAT WERE CHARACTERIZED WITH ODLTS

Pixel FWHM Peak Peak to Peak
Number (%) Count | valley ratio Position

(PC) (PR) (keV)

1-2 6.6 229 8 114.1

1-3 5.7 227 11 119.9

4-5 7.7 950 8 114.3

5-5 6.7 258 16 120.6

(PC), and peak position (PP) shows no correlation; therefore,
the difference in the nuclear performance is not related to am-
plitude of the traps. In addition, since all four pixels contain the
same trapping levels and have a fair nuclear response; these trap-
ping levels are not detrimental to the detector performance. This
finding is in good agreement with the findings of Zerrai et al.
[36]. It is noteworthy that all pixels characterized by ODLTS
are edge pixels and their photo-peak response can be improved
by the addition of guard ring design.

V. CONCLUSION

Large single crystal CZT grown by Redlen Technologies’
THM method has been demonstrated to exhibit excellent spec-
troscopic performance at both low and high energy gammas
as well as in both thick single channel and large area array
forms. The material is free of macro-defects, has very high re-
sistivity and has electron mobility-lifetime superior to any pre-
viously reported for CZT. The reliable production of CZT with
excellent room temperature spectral response over a wide en-
ergy range combined with the attractive economics of Redlen’s
THM process provides viable solution for mass scale produc-
tion of room temperature nuclear radiation detectors for medical
imaging and homeland security applications.
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