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Abstract

The detector in single-photon emission computed tomography has played a key role in the quality of the images. Over the past
few decades, developments in semiconductor detector technology provided an appropriate substitution for scintillation detectors
in terms of high sensitivity, better energy resolution, and also high spatial resolution. One of the considered detectors is cadmium
telluride (CdTe). The purpose of this paper is to review the CdTe semiconductor detector used in preclinical studies, small organ
and small animal imaging, also research in nuclear medicine and other medical imaging modalities by a complete inspect on the
material characteristics, irradiation principles, applications, and epitaxial growth method.
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Introduction

There are different approaches and also materials
to construct a detector for single-photon emission
computed tomography (SPECT) imaging system.
Irrespective of the approach, the aim is to transform the
energy of gamma-ray photons into an electrical signal.!"
There are two common groups of solid materials applied
to a detector system including scintillators and
semiconductors.?! Currently, the scintillators are
generally used in nuclear medicine. There are usually
either inorganic salts or organic substances in the forms
of solid crystals.’¥ Thallium-doped sodium iodide
[NaI(Tl)] or thallium-doped cesium iodide and so
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bismuth germinate and lanthanum bromide activated
by cerium are the examples of scintillation substrate.
The scintillator detectors convert the gamma-ray
photons to the visible photons, and then, the visible
photons are converted into an electrical signal. Besides,
semiconductor materials such as cadmium telluride
(CdTe) and cadmium zinc telluride (CdZnTe) are
important alternatives for the scintillation detector,
known as solid state detectors. In the detectors,
gamma-ray photons caused electron-hole pairs and
electrical charge drift to opposite directions using an
electric field, then induce signals on electrodes, and
directly create electrical current.+* On the other hand,
ionization detectors and ionization chambers use gas as
the interested medium. Gas detectors convert absorbed
photon energy into electron-ion pairs that move toward
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electrodes. The detectors are low-efficiency detectors
for counting gamma rays because of their low light
interaction chance and their poor capability to quantify
the energy of photons. However, this approach is not
used in SPECT imaging systems.>!

Many studies have been done for improvement of
SPECT devices and the image quality.”® Detector plays
a critical role in the quality of the created images in the
medical imaging system. Furthermore, it is responsible
for absorbing and detecting the high-energy photons
emitted from the patient and also providing the location
of the photon interaction for the photomultiplier tube
(PMT) circuit.?!

Conventional SPECT system is mostly based on Nal(TI)
as main component of photon interaction, with a
high luminous efficiency, and is costly effective.l*
However, it has some limitations such as low-energy
resolution, low intrinsic spatial resolution, and
hygroscopic.1%1 The low intrinsic spatial resolution
is confined by its low density (3.76 g/cm?)l1%1%14 and
low-energy resolution related to the abundant PMTs
needed for the positioning circuit. Due to the large
and massive scheme of the conventional camera, it is
generally difficult to position it as near the organ and
to obtain the appropriate view. This complication is
exacerbated by the essence of a dead zone of some
centimeter at the sides of the camera. In cases of
small organ and small animal imaging, the limitation
is especially important.?!% Some characteristics of
the scintillators which are used, or under study and
progress, for gamma-ray detection in medical imaging
are presented in Table 1.0

One of the initial goals of medical imaging is to reach high
detection efficiency with maintenance of a proper energy
resolution. Today, research on semiconductor detectors
is increasing to improve the energy resolution and
intrinsic spatial resolution of the imaging systems.>”1!
The main objective of this paper is to review CdTe
semiconductor with a favorable feature that has been
used in clinical and preclinical nuclear medicine imaging
and also other fields.

Semiconductor Detectors

Semiconductor detectors are the main substitute for the
scintillation detectors in medical imaging systems.[!
Silicon (Si) and germanium (Ge) materials were old
semiconductors studied by Van Heerden in 1945 as
radiation detectors.'”! These detectors, in comparison
with the scintillators, have a lower carrier creation energy
and low scatter count.”?"! Unfortunately, Si with a low
stopping power for high-energy photons is restricted
to low-energy photons. Besides, Ge works at cryogenic
temperatures because of its small band gap.['***%! For
these reasons, materials with a high atomic number
and ability to function at room temperature such as
compound semiconductors were introduced. Table 2
shows the physical features of the semiconductors that
were commonly used for radiation detection.'” CdTe and
CdZnTe are probable materials for using in X and gamma
rays detectors.??!! The strong absorption and great
detection efficiency for energetic photons were provided
by the high effective atomic number and density."!
Compound semiconductors are commonly taken from
the atoms of Groups Il and VI (e.g. CdTe) and Groups
Il and V (e.g. gallium arsenide [GaAs]) in the periodic
table."”? When the material reaches to the semi-insulating
condition with electrical compensation, the wide band
gap of the materials permits to the formation of highly
resistive tools, great depletion depths, and a few leakage
currents.?221 Most band gaps for semiconductors as
radiation detectors fall within the ranges of 0.7 to about
3 eV.l Ogawa et al. assessed an ultra-high resolution
SPECT system equipped with a semiconductor detector.
71 They found that the energy resolution of the detector
is superior to the Nal(T1) scintillation detector; also the
related intrinsic resolution was found to be the same as the
pixel size due to the individual collection of the photon
per pixel.' Improvement in energy resolution would
be advantageous for an appropriate discrimination of
the gamma rays that arrive to the detector and would
be scored as a method for scatter rejection to improve
SPECT measurements. Besides, the excellent sensitivity
of these detectors caused to decrease in statistical noise
and to increase in the count rate and possibly imaging
at a little time with low administered radiation dose. In

Table 1: Some important characteristics of scintillator crystals under development and currently used to create
imaging detectors (used with some modification from the references 12 and 16)

Properties Nal(TI) CsI(TI) BGO LSO:Ce LaBr_:Ce YAP:Ce
Density (g/cm?®) 3.76 4.5 713 7.35 5.29 5.37
Atomic number (Z_) 51 54 74 66 46.9 34
Energy resolution '¥’Cs (%) 7 9 9.5 12 - 11
Decay/ns 230 1000 300 42 16 25
Light output (photons/Mev) 38,000 60,000 8000 25,000 63,000 16,000
Hygroscopic Strong Slight No No No No

Nal(Tl): Thallium-activated sodium iodide; Csl(Tl): Thallium-activated cesium iodide; BGO: Bismuth germinate; LSO:Ce: Cesium-activated Lithium orthophosphate; LaBr3:Ce: Lanthanum
bromide activated by cerium; YAP:Ce: Cesium-activated yttrium aluminum garnet (used with permission from the author)
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Table 2: Physical properties of the typical semiconductors at 25°C (used with some modification from the
references 16 and 17)

Property Si Ge GaAs CdTe CdZnTe
Crystal structure Cubic Cubic Cubic (ZB) Cubic (ZB) Cubic (ZB)
Growth method* C C CVvD THM HPB, THM
Atomic number 14 32 31,33 48,52 48,30,52
Density (g/cm®) 2.33 5.33 5.32 6.20 578
Band gap (ev) 1.12 0.67 1.43 1.44 1.57
Pair creation energy (ev) 3.62 2.96 4.2 4.43 4.6
Resistivity (Q cm) 104 50 107 107 10'°
M,T, (cm?/V) >1 >1 10°° 107 1071072
M,T, (cm?/V) ~ >1 10 107 107

*The common growth methods - C: Czochralski; CVD: Chemical vapor deposition; THM: Traveler heater method; GaAs: Gallium arsenide; BM: Bridgman method; HPB: High-pressure
Bridgman; Si: Silicon; Ge: Germanium; VAM: Vertical ampoule method (used with permission from the author)

addition, semiconductor detector eliminates the need
for bulky PMTs and so provides a thin and lightweight
camera head with decreased shielding so flexible to
design the camera in different shapes; besides, SPECT
imaging scanners with semiconductor detector can be
built very compact due to direct photon conversion and
haVe not PMTS.[1’10’13’16’18’26’27’29’30]

Cadmium Telluride Detector

CdTe has been studied as the detector material since
1960s.171 CdTe is cubic zinc blende. Its useful properties
consist of a wide band gap (1.44 eV) with a high
resistance (10° Q),”! high atomic number (Cd: 48 and
Te: 52), and high density (5.85 g/cm?®) which provide
a better absorption characteristics.**? Because of the
high absorption, CdTe can be applied for detection of
energetic photons. Absorption of photons in the material
can be computed by the following formula:

Ly =1, [1-¢™]

where [ is the primary intensity of photon flow, p is
the linear attenuation coefficient, and t the thickness
of the absorber. For gamma-ray interactions, the linear
attenuation coefficient demonstrates the absorption
ability of the material per unit thickness. Commonly,
the attenuation is indicated by the mass attenuation
coefficient, u/p, wherein p is the density of the substrate
(g/cm?®).5¥! Figure 1 shows the linear attenuation
coefficients as a function of photon energy for CdTe,
Nal(Tl), Ge, and Si detector materials."!! To obtain
excellent detection efficiency with a partly thin crystal,
the attenuation coefficient must be sufficient.!! As
shown in Figure 1, for similar conditions, attenuation
coefficient in CdTe is higher than the others.'!l The
detection efficiency for a radiation detector determines
the percentage of incident detectable photons.” The
intrinsic performance of detection is controlled by the
different approaches; first, detection efficiency increases
with the detector thickness. The detection efficiency
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Figure 1: Linear attenuation coeffcients of cadmium telluride,
thallium-activated sodium iodide, germanium, and silicon materials.
The dashed lines are results for the mass energy-absorption
coefficient. Cadmium telluride has a higher photoelectric attenuation
coeffcient than do the other materials (used with permission
from the author)

of the materials versus detector thickness is shown in
Figure 2. CdTe detector with various thicknesses at 140
KeV gamma rays has a greater photoelectric attenuation
coefficient which gives excellent detection efficiency.
Figure 3 illustrates the efficiency of 1 mm CdTe detector
as a function of photon energy. In practice, this detector
has approximately 32% efficiency for 140 KeV gamma
rays.' Second, the efficiency rises with a mass density
of the substrate. Ultimately, the efficiency generally
increases with the atomic number (Z). In a study on
the performances of CdTe semiconductor and Nal(Tl)
scintillation detectors, Limousin found that utilizing
CdTe had benefits of improving count rate, excellent
linearity, and great stability in comparison with
Nal(T1).19%1 The detector high-efficiency yields from high
atomic number and a wide band gap specify the required
time and amount of injected radioactivity.'® The lower
mobility and the related carrier lifetime of holes (u, T,
=107 cm?/V) in comparison with electrons (u t, = 107
cm?/ V) lead to a restricted collection efficiency and low
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hole transport and trapping and is a factor that restricts
detection efficiency.[7%34

While energy resolution of Nal(Tl) was determined
approximately 9% full width at half maximum
(FWHM) at 140 KeV, it was reported about 4 %; hence,
the detectors could be simply pixelated and read out
straightly > Having a high intrinsic sensitivity
reduces the detector thickness for obtaining suitable
sensitivity and subsequently improves the spatial
resolution.”””! Park et al. evaluated the quality of
reconstructed images from CdTe and Nal(Tl) detectors
in a small animal SPECT imaging system. The spatial
resolution of the detectors was found 2.27 mm and 3.21
mm FWHM, respectively.”! Meanwhile, a thickness of
5 mm was needed for CdTe to stopping power of 75%
with ®™Tc at 140 KeV.[" Jambi et al. have studied the
function of the XRI-UNO CdTe detectors and found
that the XRI-UNO had acceptable performance for
energies lower than 30 KeV, and partly thin CdTe
layer could not be proper for imaging with energetic
radionuclides.

A main problem of CdTe detectors is polarization
effect, which is related to every variations in function
of the detector under the biasing condition.[.26:27.3
The polarization makes difficult maintaining the
performances of CdTe detectors without some
depolarization methods in high temperature conditions.
The technique of periodical turning off the bias voltage
has been developed to depolarize the detector (called
“refreshing”). The other drawbacks include higher cost
and operational complexity. Thus, CdTe is appealing for
gamma-ray detection applications.”
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Figure 2: Detection effciency for 140-keV gamma rays for various
thicknesses of cadmium telluride, thallium-activated sodium iodide,
germanium, and silicon detectors. The drawn lines are results for
the total detection effciency; the dashed lines are results for the
photoelectric detection effciency (used with permission from the
author)

Radiation Interaction in
Semiconductor

Perceiving the charge transport procedure is basic in the
improvement of semiconductor detectors.®! Figure 4
shows a typical planar semiconductor detector schema
with metal electrodes on the opposite faces.'? When
a photon interacts with a biased semiconductor, one
or more high-energy electrons were created following
photoelectric and Compton interactions.*! Through
the operative external electric field lines made by the
bias voltage, charge flow was created in the sensitive
volume and moved in opposite directions toward
the electrodes and lead to a transient circuit signal.
The electrons loss their energies by two processes:
ionization and photon creation. Semiconductor
detector acts like an ionization chamber. In the
detector, the electron-hole pair is generated instead
of the electron-ion pair in the gas detector. Electrons
and holes, as negative and positive charges, drift to
the anode and cathode electrodes, respectively.>3637]
In a semiconductor, valence band was filled and
conduction band was empty and the space between
the bands is band gap. Valence band abandoned when
the electrons excited into the conduction band, and
hence, a hole was created in valence band e. If E and
w define the photon energy and average pair creation
energy, respectively, the number of electron-hole
pairs (N) will be E/w. Due to defects and impurities
in the detector, charge carrier transport features are
different between the electrons and the holes. These
characteristics are weak in holes and make both their
mobility (u,) and lifetime (t,) lower than electrons
(1, T,). Thus, the detector thickness must be measured
less than 1,7, E which limits the maximum thickness
and energy range of the detector; therefore, usual
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Figure 3: (color online) Detection effciency of the cadmium telluride

pixelated semiconductor detector at different energies; the dashed

lines are results for the photoelectric detection effciency (used with
permission from the author)
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operation of semiconductor detectors is based on
the collection efficiency of the charges generated by
photon interactions.!#17.22242

Medical Imaging with Cadmium
Telluride Detector

CdTe semiconductor is the most probable detector for
medical imaging devices.?**! Applications of CdTe
detectors in nuclear medicine were investigated by
Scheiber in 2000.0'®! CdTe sensors, as X and gamma-ray
spectrometers, are really comparable with traditional
systems on the basis of solid scintillators, Si and Ge
detectors. The main applications of these detectors have
defined for gamma cameras with small field of views
that may be applied as appropriate small-organ imaging
systems such as cardiac, breast, and brain imaging,
sentinel lymph node intraoperative mapping, thyroid
or parathyroid, and small animal imaging.!6193
Furthermore, the CdTe semiconductor detector was
developed for simultaneous dual-radioisotopes
imaging in SPECT and positron emission tomography.
The imaging of dual-radioisotopes will provide two
functional images without time difference and position
error by a single scan.’™* The planar images of a brain
phantom from both CdTe and Nal(Tl) detectors are
demonstrated in in Figure 5. The images from CdTe
detector have higher contrast and sharpness due to
well scatter rejection.”” CdTe was also used in digital
radiography, digital mammography, dental digital
radiography, boron neutron capture therapy (BNCT-
SPECT), bone densitometry, chest X-ray imaging,
electronic portal imaging systems, tomography,
computed tomography, and astronomy.['71926313343,44]
Moreover, these detectors can be used as nuclear probes
that measure blood flow, evaluation of renal function,
pathophysiological cardiac conditions or ambulatory
situations, and in the identification of small amounts of
tissues (malignant) in the radio-guided surgery such as
melanoma and breast cancer.?!
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Figure 4: Planar configuration of a semiconductor detector.
Electron-hole pairs, generated by radiation, are swept toward the
appropriate electrode by the electric field (used with permission from
the author)

Epitaxial Growth Methods for
Cadmium Telluride Detectors

In the recent decade, several epitaxial growth methods
were established for thick or thin deposition of the CdTe
detectors. To optimize the electrical characteristics and to
miniaturize a diverse heterogeneity of CdTe crystals,74!
a thick detector deposition was introduced,” so that the
detector function has highly improved.#!- Meanwhile, a
proper epitaxial growth technique for providing single
crystalline thick film with the following properties
was used: (1) a growth rate ranged from 1 to about 100
um/h; (2) uniformity formation and steady temperature
growth, to make homogeneity and perfectly, freeness
from defects that would strictly decline the device’s
performance; (3) the source materials shall be economical
in the market.*! The growth of a flat crystal with a large
area has already been a challenging job.!*! The epitaxial
growth of a thick CdTe layer on great-area substrates, for
instance, GaAs or Si, is a favorable way to provide the
large-area detectors."#! Consequently, the Si substrate
is better than the GaAs substrates for improving detector
performance and attaining an even larger area. However,
there is some limitation for the effective growth of epitaxial
layers with superior crystalline quality including a great
diversity in the thermal expansion coefficients of Si and
CdTe, their great lattice-stable inconformity, and the
valence mismatch. Typically, the grown layers show poor
substrate connection. To keep the uniformity growth
on Si substrates, Niraula ef al. heated the substrates in a
separate chamber with environment hydrogen together
with fragments of GaAs at 800°C-900°C.[*I One of the
epitaxial growth methods of CdTe on Si substrates is
metalorganic vapor phase epitaxy (MOVPE) which is
an important method in creating a large area, with high
growth rate and a well homogeneity. Therefore, the
detector properties by employing thicker CdTe with
thickness up to 100 um film with low dark current were
improved. The use of higher bias voltage by MOVPE

Figure 5: N-isopropyl-p-[123I] lodoamphetamine (IMP) of brain
phantom (a), planar image by cadmium telluride detector module
(b) and by anger-type (c), the distance from the phantom surface
to collimator surface was 50 mm. The image of cadmium telluride

detector (b) is superior in contrast and sharpness than of anger-type
(used with permission from the author)
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method which related to decrease the electronic noise
develops the collection efficiency. The main problem of the
method is to optimize the thickness of the grown crystals
accordingly to get good detection efficiency.[!#464851]
Traveling heater method (THM) constructed the best
spectrometric class of polycrystalline detectors.® It
could be reduced hole trapping, but two main drawbacks
including a small size detector and high leakage current
restricted its employment field."”! Another technique is
vertical Bridgman method that creates large volume and
area of the detector and deduces the hole trapping.!>3!
Besides, high-pressure Bridgman method, advanced by
Digirad and eV-Products, incorporates the high transfer
properties of THM grown substrate and the great volume
and area of BM method. This method was considered as
an important step in achieving high resistance and low
price CdTe detector, but mobility lifetime of the holes
was poor.l'0133131 Fyrthermore, close space sublimation
(CSS) method is both relatively inexpensive and able to
large deposition rates. Accordingly, it is widely applied
in preparing polycrystalline CdTe by growing thick single
crystal CdTe layer on GaAs and Ge substrate for high
energy radiation detectors in solar cells. Jiang et al. showed
that CSS is economical, with a high qualified growth, and
as a responsible epitaxial deposition method.*”! Recent
progress in large area requisitions of CdTe has shifted this
photoconductor to the boundary of thin-film fabricating. "
The thin-film deposition method derives from that CdTe
detector utilizes platinum or indium thin films to creates
an ohmic contact (photoconductive) or a Schottky diode
(blocking contact), respectively.*?%! CdTe detector with
an ohmic contact showed an established response over
long times and reasonable energy resolution, while CdTe
detector with Schottky contact provided higher count rate
capabilities and energy resolution. For Schottky CdTe
detector, soon after using the detector bias voltage, the
energy resolution, sensitivity, and photopeak channel
decrease, and the procedures persist for some hours
after the start of functioning, so-called polarization
phenomenon. Moreover, this effect manipulates the
electric field profile and the space-charge distribution in
the detector and also imposes a reduction in the thickness
of the space charge carrier in a semiconductor detector.
To overcome this effect, it proposed periodic switching
of the bias in low temperature (-25°C to —20°C).[17:26:27353]
Development in energy resolution could be gated by
constructing PIN diodes forms with the CdTe material.
PIN diodes decrease the charge introduction from
metallic contacts by application of greater electric fields
and provide a better charge collection efficiency. MOVPE
growth is an initial technological footstep toward the
production of CdTe based on PIN diode gamma/X-ray
detectors. However, it needs considerable amounts of
costly source materials for extended growth. Meanwhile,
appropriate methods for thin-film deposition are
commercially possible.[1745474951]

Conclusion

CdTe semiconductor detector has generally some
preferences to the scintillator in energy resolution,
spatial resolution, sensitivity, and detection efficiency.
As a whole, a high quantum efficiency and a high-
energy resolution suggest the CdTe semiconductor in
comparison with the conventional detector, Nal(T1), as an
appropriate candidate for detection of photons in range
of 10-500 KeV, which leads to an improved quality of
the images in the imaging system.
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