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ABSTRACT

The charge transport properties and radiation detector performance of semi-insulating CdTe single crystals grown by
the conventional vertical Bridgman technique are reported in this paper. The measured room-temperature electrical
resistivity of the crystals (ρ ≅  3.0×109 Ωcm) is below the theoretical maximum allowed by the band gap of CdTe (ρ
≅  1.0×1010 Ωcm) indicating incomplete electrical compensation of the material. The crystals show excellent
spectroscopic performance in the 15 keV – 662 keV energy range, with reduced low-energy tailing in the
photopeaks. The energy resolution of the best detectors was 2.7 keV full width half maximum (FWHM) at 59.5 keV
(4.7 %), 4.5 keV FWHM at 122 keV (3.7 %) and 20.1 keV FWHM at 662 keV (3.0 %). This improved performance
is attributed to the improved hole transport over the typical HPB CdZnTe. The measured mobility-lifetime product
of holes, µτh ≅  2.3×10-4 cm2/V, is significantly higher than that typical for HPB CdZnTe crystals [µτh

HPB ≅  (0.5 –
5.0)×10-5 cm2/V]. The measured electron µτe ≅  1.6×10-3 cm2/V of these CdTe crystals suggests somewhat poorer
electron transport than in a spectroscopic grade HPB material (µτe

HPB ≥ 3.0×10-3 cm2/V).

Keywords: semi-insulating Cadmium Telluride (CdTe), nuclear radiation detectors, Bridgman technique, X-ray and
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1. INTRODUCTION

Semi-insulating (SI) Cadmium Zinc Telluride (Cd1-xZnxTe) 0 ≤ x ≤ 1 offers an interesting combination of
physical properties that makes it attractive in many room-temperature, X-ray and γ-ray radiation detector
applications. The high atomic number of the constituents, wide band gap, good carrier transport and long term
stability of this material allow the fabrication of high efficiency, high-resolution nuclear radiation detectors with
negligible polarization and long term drift at room temperature. CdZnTe is a useful alternative where good
spectroscopic performance is desired but high-purity germanium detectors, with their bulky cooling systems, are not
practical solutions. CdZnTe detector technology is rapidly gaining popularity in numerous fields, including medical
X-ray and γ-ray imaging, industrial gauging and non-destructive testing in addition to high-resolution spectroscopic
nuclear safeguards and non-proliferation applications.1,2

Today, the majority of the CdZnTe crystals used in these detectors and imaging devices are grown by the high-
pressure Bridgman (HPB) technique.3,4,5  These crystals typically contain Zn in the 8 - 15 % concentration range and
display high electrical resistivity ρ = (1.0 − 4.0)×1010 Ωcm and good electron transport µτe = (0.5 − 5.0)×10-3 cm2/V,
but poor hole transport µτh = (0.2 − 5.0)×10-5 cm2/V at room temperature. µτe and µτh denote the product of the
mobility and lifetime of electrons and holes, respectively. These properties allow the operation of CdZnTe detectors,
at room temperature, with low leakage current and good charge collection to attain adequate energy resolutions.
Since the bulk resistivity of HPB CdZnTe is typically close to the theoretical maximum allowed by the band gap (i.e.
3.0×1010 Ωcm for CdZnTe with 10% Zn content), the material is fully compensated and the Fermi level is at the
middle of the band gap at room temperature. Under these conditions, good electron transport indicates low
concentration of electron traps at the top half of the band gap while the poor hole transport shows higher
concentration of hole traps in the bottom half of the band gap.

The semi-insulating CdZnTe crystals grown by the HPB technique have been known to be hampered by the
incorporation of macroscopic and microscopic crystal defects such as cracks, pipes, grain boundaries, twin
boundaries and Te inclusions.5,6 Although significant progress has been achieved lately in suppressing the formation
of pipes and macroscopic cracks, the presence of large angle grain boundaries, twin boundaries and Te inclusions
still severely impedes the uniformity of HPB CdZnTe detectors.

Extensive studies indicate that, among the large defects, grain boundaries decorated with Te inclusions have the
most deteriorating effect on carrier transport in CdZnTe.6,7 Due to the relatively high conductivity of Te inclusions,
decorated grain boundaries serve as paths for increased leakage current or distortion of the electric field in the



detector. As a result, strongly non-uniform charge collection and increased detector noise is often observed in
detectors fabricated from polycrystalline CdZnTe. With the better understanding of the adverse effect of grain
boundaries on charge collection, the demand is rapidly shifting from polycrystalline material to detector-grade
CdZnTe single crystals. Both the large area (≥ 20×20 mm2) X-ray and γ-ray imaging and the large-volume (≥ 1 cm3)
spectroscopic applications benefit considerably from the increased uniformity of the single crystal material.

Substantial progress has been made in the growth of Cd1-xZnxTe (x = 0.04) crystals for infra-red (IR) detector
applications in the last 10 years.8,9 Today, single crystal wafers of > 50×70 mm2 surface area and 1 – 4 mm thickness
are routinely grown by conventional vertical and horizontal Bridgman techniques. These lattice matched CdZnTe
wafers are extensively used to manufacture HgCdTe IR focal plane array (FPA) detectors using liquid phase epitaxy
(LPE) or molecular beam epitaxy (MBE). The properties of these single crystals are optimized for high IR
transmission, low dislocation, low Te precipitate and low twin densities. The crystals, however, typically display low
electrical resistivity and poor carrier transport properties and cannot be directly used as X-ray and γ-ray detectors.

Recently, the growth of semi-insulating Cd1-xZnxTe (0.12 > x > 0.04) with good carrier transport properties was
demonstrated by the modified horizontal Bridgman technique.10 These crystals were intentionally doped with In to
obtain electrical resistivity in excess of 5×109 Ωcm. It is to be noted that this value of the bulk resistivity is nearly an
order of magnitude lower than the theoretical maximum allowed by the band gap, indicating incomplete electrical
compensation of the material. The reported, relatively low, mobility-lifetime product of the electrons µτe ≥ 1.0×10-3

cm2/V suggests the presence of electron traps in the material in excess those typically observed in HPB grown
CdZnTe. This may be associated with the lower purity starting materials used to grow these crystals.10

Recent experiments to obtain SI CdZnTe crystals with good carrier transport properties by post-growth
annealing of modified vertical Bridgman-grown CdZnTe crystals has produced some promising results.11 The
performance of these devices, however, suggests that these detectors suffer from poor depletion and the active
volume of the detectors is limited.

In this paper, we report on the charge transport and radiation detection properties of experimental semi-
insulating CdTe single crystals grown by the conventional vertical Bridgman technique. Although the crystals are not
fully compensated [ρ ≅  (0.5 – 6.0)×109 Ωcm], they could be depleted using Pt and Au Schottky contacts and show
excellent spectroscopic performance in the 15 keV to 662 keV energy range. The energy resolution of the best
detectors was 2.7 keV full width half maximum (FWHM) at 59.5 keV (4.7 %), 4.5 keV FWHM at 122 keV (3.7 %)
and 20.1 keV FWHM at 662 keV (3.0 %). The improved performance is attributed to the improved hole transport
over typical HPB CdZnTe characterized by a hole mobility lifetime product as high as µτh ≅  2.3×10-4 cm2/V.

2. CRYSTAL GROWTH

The single crystal CdTe detectors studied in the present work were fabricated from a CdTe ingot that was
grown in a conventional vertical Bridgman furnace, equipped with an overpressure, zone using a glassy carbon

crucible (Fig. 1). This furnace configuration allows a fine
control of the stoichiometry of the CdTe ingot by using a
molten Cd source to control the Cd partial pressure in the
ampoule during the growth. In our case, the growth was
performed on the Te rich side of the phase diagram12 and no
attempt was made to control the Cd partial pressure during
the growth. Under these conditions, due to the retrograde
solubility of Te in CdTe and the small Cd loss to the vapor
space during the growth, small amounts of excess Te were
incorporated to the ingot in the form of Te inclusions. The
ingot was grown from polycrystalline CdTe, synthesized
from high purity (6N) Cd and Te, in a quartz ampoule using
a separate vertical Bridgman furnace. In this process, the
exposure of the molten CdTe to the wall of the quartz
ampoule allows the incorporation of undesired impurities in
the material. Glow discharge mass spectroscopy (GDMS)
measurements revealed the presence of impurities such as
Li (300–1000 at. ppb), Na (100–1200 at. ppb) and Cu (110
at. ppb) that are typically not observed in HPB-grown
CdZnTe. These impurities are shallow acceptors13 in CdTe
and cause uncontrolled doping of the lattice. We believe
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Fig. 1. Typical three-zone vertical Bridgman furnace
with Cd partial pressure control zone.



these impurities are primarily responsible for the incomplete compensation and relatively low bulk electrical
resistivity of the material.

Sections of the 50 mm diameter, 130 mm long ingot are shown in Fig. 2. Although in the early stage of the
solidification numerous grains were nucleated, three large primary grains occupy 90% of the volume of the ingot. A
radial slice taken at the last to freeze section (heel) of the ingot shows one primary grain occupying nearly 85% of
the slice volume. Although there are few twins in the ingot, a large fraction of the primary grains is free of twin
boundaries. The ingot contains no macroscopic cracks or pipe defects that are often observed in HPB-grown semi-
insulating CdZnTe ingots.

Fig. 3 shows an infra-red micrograph taken through a 50 mm thick central section of the ingot. The image
reveals the presence of Te inclusions both inside the grains and along large-angle grain boundaries. Te rich
inclusions originate from morphological instabilities at the growth interface as Te-rich melt droplets are captured
from the boundary layer ahead of the interface.14 Typically they are much larger than Te precipitates with an average
diameter in the 1 − 50 µm range. In contrast to inclusions, Te precipitates originate during the cooling process due to

the retrograde slope of the solidus line and their growth is controlled by atomic diffusion. The average diameter of
Te precipitates is 10 − 30 nm. The large agglomeration of Te inclusions visible in the image is from the region of the
ingot where three large angle grain boundaries intersect. Although most of the Te inclusions are positioned along the
grain boundaries, randomly distributed inclusions are also present inside the grains.

3. CARRIER TRANSPORT MEASUREMENTS

To study the charge transport properties of the material, 5×5×5 mm3 and 5×5×2 mm3 single crystal samples
were fabricated from radial slices cut close to the tip and heel sections of the ingot. The samples were etched in
dilute Br2 - methanol solution to remove the surface damage introduced during cutting. The electrodes on the 5×5×5

Fig. 2a. Photograph of the CdTe ingot.

 

Fig. 2b. Radial slices taken from the heel (left panel) and tip (right
panel) section of the CdTe ingot.

Fig. 3. Infra-red micrograph through a 50 mm thick central
section of the CdTe ingot.



mm3 crystals were prepared by Pt sputtering. The 5×5×2 mm3 crystals were fabricated with Au electrodes using
AuCl3 solution.

Although the current-voltage characteristics of the devices are reasonably linear in a wide range of the applied
electric field (Fig. 4a.), careful examination of the J-E curves at low bias voltages reveals that the Pt and Au
electrodes form Schottky junctions (Fig. 4b.). The electrical resistivity of the material was estimated from a linear fit
of the low voltage region of the J-E curves, where bulk conductivity dominates the carrier transport in the device.
The average room-temperature bulk resistivity of the CdTe ingot (ρ ≅  (3.0± 3.0)×109 Ωcm) is well below the
theoretical maximum allowed by the band gap (ρ ≅  1.0×1010 Ωcm), indicating incomplete electrical compensation of
the material. No systematic variation of the bulk resistivity was found from the tip to the heel of the ingot. It is to be
noted, however, that a ~8 mm thick section both from the tip and the heel of the ingot was excluded from this
analysis. A significantly larger variation of the electrical resistivity is expected in these regions due to the strong
segregation of impurities.

The mobility-lifetime product (µτ) of the charge carriers was determined from the bias dependence of the
charge collection efficiency. To evaluate the collection efficiency, the shift of the 59.5 keV photopeak from 241Am
was measured as a function of the bias voltage. The analysis is based upon the assumptions that recombination and
trapping is negligible and that the charge carriers generated by the external radiation drift toward the electrodes in a
uniform electric field. Under these conditions, the average charge integrated in an external circuit for a single
photon, interacting at a distance x from the positive electrode and producing on average N0 electron-hole pairs, is
given by the Hecht equation15

[ ]Q x
qN

L
x L xn n n p p p( ) exp( / ) exp( ( ) / ) ,= − − + − − −0 λ λ λ λ λ λ

where L is the distance between the electrodes and λn and λp are the drift lengths of electrons and holes, respectively.
Assuming that the carriers are generated at the negative electrode (x = L) the integrated charge is due to the drift of
electrons:

( )( )Q L
qN

L
Ln n( ) exp /= − −0 1λ λ .

If the carriers are generated at the positive electrode (x = 0) the charge is induced by the drift of holes:

( )( )Q L
qN

L
Lp p( ) exp /= − −0 1λ λ .
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Fig. 4. J-E curve deduced from current-voltage (I-V) measurements on a 5×5×5 mm3 sample with
sputtered Pt electrodes. The bulk resistivity of the material was estimated from a linear fit of the J-E curve
at low voltages (a). The logarithmic plot of the current density (b) shows the existence of a Schottky
barrier at the electrodes.



Since the drift lengths are equal to λ = µτE = µτV/L, where E is the electric field and V is the bias voltage, the above
equation can be rewritten as

( )[ ]Q V
Q V

L
L V( ) exp /= − −0

2
21

µτ
µτ

where Q0 = qN0. The charge collection efficiency is defined as the ratio of the integrated charge at a given bias
voltage to the total electron or hole charge generated by the external radiation Q(V)/Q0. We used this equation to
evaluate the bias dependence (V) of the voltage pulse corresponding to the integrated charge (Q) by the charge
sensitive preamplifier (Fig. 5.). For this purpose, the peak channel of the 59.5 keV photopeak was measured as a
function of the bias voltage at 3 µs shaping time.

Fig. 5. shows the typical electron (a) and hole collection efficiency (b) of the CdTe single crystals studied here.
The mobility-lifetime product of the electrons was found to lie in the 8.0×10-4 cm2/V – 1.6×10-3 cm2/V range. This
value is lower than the mobility-lifetime product of spectrometer grade HPB CdZnTe (≥3.0×10-3 cm2/V). The hole
mobility-lifetime product of the material (~ 2.3×10-4 cm2/V), on the other hand, is higher than the characteristic µτh

of the best HPB CdZnTe (~5.0×10-5 cm2/V). These results show higher concentration of electron traps and lower
concentration of hole traps in the material than found in HPB CdZnTe crystals.

4. DETECTOR PERFORMANCE

Over 200 single crystal 5×5×5 mm3 and 5×5×2 mm3 radiation detectors were fabricated from various sections
of the CdTe ingot. All of the detectors were tested in the parallel plate configuration equipped with 5×5 mm2 planar
electrodes at the opposite surfaces using Pt and Au electrodes. No attempt was made to enhance the spectroscopic
performance by signal processing, exploiting the small pixel effect or use of collimators. The performance of the
detectors was tested using a light-tight fixture, eV-550 preamplifier and a standard nuclear spectroscopy system at
2000 V/cm applied electric field and 0.5 µs shaping time.

Fig. 6 shows the spectroscopic performance of three 5×5×5 mm3 CdTe detectors with Pt electrodes for 241Am,
57Co and 137Cs γ-ray sources. Results for a typical spectrometer grade HPB CdZnTe detector are also shown for
comparison. The pulse height resolution of the best detectors were 2.7 keV FWHM at 59.5 keV (4.7 %), 4.5 keV
FWHM at 122 keV (3.7 %) and 20.1 keV FWHM at 662 keV (3.0 %). The best detectors show an energy resolution
that is equivalent to or better than the energy resolution of spectrometer grade HPB CdZnTe. In order to measure the
relative efficiency of the individual, detectors the measurements were performed in a well defined source-detector
geometry. Table I. lists the energy resolution and the full-energy efficiency (photopeak efficiency) for 59.5 keV, 122
keV and 662 keV. The photopeak efficiency is defined as the number of counts in the photopeak area relative to the
total number of counts in the pulse height spectrum.
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Fig. 5. Charge collection efficiency as a function of bias voltage for the 59.5 keV photopeak of 241Am. The
data were obtained at room temperature on 5×5×5 mm3 samples with 3 µs shaping time.



0 20 40 60 80
Energy (keV)

0

5000

10000

15000

20000

25000

30000

35000

C
ou

n
ts

0 20 40 60 80 100120140
Energy (keV)

0

2000

4000

6000

8000

10000

300 400 500 600 700
Energy (keV)

0

500

1000

1500

2000

x

Sam ple #3-16

57Co
137Cs

241Am

0 20 40 60 80
Energy (keV)

0

5000

10000

15000

20000

25000

30000

35000

C
ou

n
ts

0 20 40 60 80 100120140
Energy (keV)

0

2000

4000

6000

8000

10000

300 400 500 600 700
Energy (keV)

0

500

1000

1500

2000

x

S am p le  #3 -32

241Am
57Co

137Cs

0 20 40 60 80
Energy (keV)

0

5000

10000

15000

20000

25000

30000

35000

C
ou

n
ts

0 20 40 60 80 100120140
Energy (keV)

0

2000

4000

6000

8000

10000

12000

300 400 500 600 700
Energy (keV)

0

500

1000

1500

2000

x

Sam ple #3-49

241Am
57Co

137Cs

0 20 40 60 80
Energy (keV)

0

5000

10000

15000

20000

25000

30000

35000

C
ou

n
ts

0 20 40 60 80 100120140
Energy (keV)

0

2000

4000

6000

8000

10000

300 400 500 600 700
Energy (keV)

0

500

1000

1500

2000

x

HPB reference

241Am
57Co

137Cs

Fig. 6. Pulse height spectra of three single crystal CdTe detectors compared to a HPB spectrometer grade single
crystal CdZnTe detector for 241Am, 57Co and 137Cs. The spectra were taken in identical source-detector
geometry at 2000 V/cm electric field and 0.5 µs shaping time.



While the performance of the three conventional Bridgman CdTe single crystals and the HPB CdZnTe detector
is nearly identical at 59.5 keV, with energy resolution around 4.3 % – 4.8 % and relative photopeak efficiency 53.8
% – 57.9 %, there are large differences at higher energies, where hole transport has a more significant effect on the
shape of the photopeaks. At 122 keV, the energy resolution of the CdTe crystals (3.7 % – 4.7%) is significantly
better than the energy resolution of the HPB CdZnTe crystal (6.3 %). It is clear from Fig. 6 that the lower energy
resolution of the HPB CdZnTe material is due to low energy tailing and not to increased leakage current. The lower
photpeak efficiency of the HPB material (51.3 % vs ~ 57.7 % in CdTe at 122 keV) also shows the effect of worse
hole collection in this material. The difference in hole transport has the most dramatic effect on the photopeak
efficiency at 662 keV. Here, the photopeak efficiency of the CdTe single crystals is ~ 4 %, in sharp contrast to the
HPB CdZnTe crystal where it is only ~ 0.3 %. Apparently, only electrons contribute to the 662 keV photopeak in
HPB CdZnTe while both electrons and holes contribute to the photopeak in the conventional Bridgman CdTe single
crystals.

Table I. Energy resolution and photopeak efficiency of three CdTe detectors compared to a HPB CdZnTe detector.

Detector FWHM at
59.5 keV

(%)

Photopeak
Efficiency at
59.5 keV (%)

FWHM at
122 keV

(%)

Photopeak
Efficiency at
122 keV (%)

FWHM at
662 keV

(%)

Photopeak
Efficiency at
662 keV (%)

#3-16 4.8% 57.9 3.7 57.7 5.0 4.2
#3-32 4.7% 54.7 4.6 58.1 7.4 4.2
#3-49 4.7% 53.8 4.7 56.6 3.0 3.9

HPB Ref. 4.3% 55.1 6.3 51.3 5.6 0.3

The detector performance of the CdTe ingot is reasonably uniform within the single crystal grains, despite
variations in the Te inclusion density and distribution. A decreasing yield of good energy resolution detector
elements was found from the first-to-freeze (tip) to the last-to-freeze (heel) of the ingot. This is possibly due to the
increasing concentration of detrimental impurities incorporated to the CdTe lattice in the latter stage of solidification.

5. CONCLUSIONS

The growth, of large semi-insulating CdTe single crystals with excellent charge transport properties was
demonstrated using the conventional vertical Bridgman technique. The room-temperature electrical resistivity of the
crystals (ρ ≅  3.0×109 Ωcm) is below the theoretical maximum allowed by the band gap of CdTe (ρ ≅  1.0×1010 Ωcm),
indicating incomplete electrical compensation of the material. Schottky junction Pt and Au electrodes with high
breakdown voltage allow full depletion of the material and operation of the crystals as parallel plate radiation
detector devices. These experimental CdTe single crystals show excellent spectroscopic performance in the 15 keV –
662 keV energy range, with reduced low-energy tailing in the photopeaks. The energy resolution of the best detectors
was 2.7 keV FWHM at 59.5 keV (4.7 %), 4.5 keV FWHM at 122 keV (3.7 %) and 20.1 keV FWHM at 662 keV
(3.0 %). The improved performance is attributed to the better hole transport than seen in a typical HPB CdZnTe
material, characterized by a mobility-lifetime product as high as 2.3×10-4 cm2/V.  The measured result for electrons
(µτe ≅  1.6×10-3 cm2/V) suggests somewhat poorer electron transport in these crystals than in a spectroscopic grade
HPB material.
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