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Abstract
Si and Ge single crystals are the most common semiconductor radiation detectors. However, they need to work at cryogenic
temperatures to decrease their noise levels. In contrast, compound semiconductors can be operated at room temperature
due to their ability to grow compound materials with tunable densities, band gaps and atomic numbers. Highly efficient
room temperature hard radiation detectors can be utilized in biomedical diagnostics, nuclear safety and homeland security
applications. In this review, we discuss room temperature compound semiconductors. Since the field of radiation detection
is broad and a discussion of all compound materials for radiation sensing is impossible, we discuss the most important
materials for the detection of hard radiation with a focus on binary heavy metal semiconductors and ternary and quaternary
chalcogenide compounds.
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1 Introduction
1.1 Types of Radiation
After the discovery of X-rays by Röntgen [1] and gamma
rays by Marie Curie [2], technologies related to radiation
generation, application and detection grew tremendously.
The term radiation refers to the emission and propagation
of energy through space or a material medium [3]. Based
on physical properties, radiation is categorized into electromagnetic radiation like X-rays and γ-rays (Fig. 1) and
particle radiation (electrons, alpha particles, neutrons, etc.).
The energies of X-rays are in the range of 1–100 keV, while
gamma energies are in the range of 100 keV–10 MeV. The
energies of alpha particles are in the range of 3–7 MeV.
Electron energies fall in the range of a few keV to 100 MeV
[5]. Generally speaking, X-ray and γ-ray radiations can be
easily detected due to their high penetration rates. In contrast, it is much more difficult to detect particle radiation
due to their slow penetration rates in spite of their high energies [4]. Gamma rays can be emitted by the excitation of a
nucleus when it relaxes to a lower energy state or from the
annihilation of electrons and positrons. When fast electrons
transfer their kinetic energy to photons through interactions
with the medium in which they are moving, continuous
X-rays can be generated. X-rays with discrete energies can
be generated when an excited orbital electron of an atom
relaxes to a lower energy state [5].

1.2 Definition of Radiation Detectors
There is a need for devices that effectively detect different
types of radiation, so-called radiation detectors. Radiation
detectors convert part of the energy lost by an incident radiation into a measurable electrical signal. In other words,
a radiation detector is a device capable of measuring the
presence of a particular type of radiation. It is worth noting that there is no detector that is sensitive to all forms
of radiation. The criteria of which detector is suitable for

Fig. 1  The electromagnetic spectrum [6]

13

Electronic Materials Letters (2018) 14:261–287

a given application strongly depends on the energy range,
where the detector should work [6]. However, some radiation detectors are capable of detecting both nuclear particles
and electromagnetic radiation and are referred to as nucleonic detectors [7].

1.3 Need for Radiation Detectors
There is an urgent need for inexpensive and simple to use
radiation detectors because there are nearly 500 power reactors currently operating in the world, and these are accompanied by problems associated with the storage of nuclear
wastes and possible leaks. In particular, the development of
highly efficient radiation detectors has become important
after the Fukushima nuclear disaster. Therefore, the installation of radiation detectors close to nuclear reactors is necessary, but it is also beneficial to install them in public places
to decrease risk of radiological or nuclear terrorist attacks
for national security purposes [8]. Inexpensive solid state
detectors operating at room temperature are also needed in a
number of other applications such as medical imaging, medical treatment, space technology, and scientific research [7, 9,
10]. From a safety standpoint, all humans may be exposed to
different doses of radiation from natural or artificial sources,
which can have effects such as tissue reactions, cell death, or
stochastic effects like cancer and heritable mutation diseases
due to permanent damage in the DNA of cells [6].

1.4 Scope of This Review
The development of novel radiation detectors is a very active
field of study. So far, X-rays and gamma rays have been
detected by different materials such as bio-inspired materials [11, 12], diamond [13], metal oxides [14] and compound
semiconductors [15] using various techniques [16–19].
However, this review deals with compound semiconductor
materials that are mostly based on metal chalcogenides or
high atomic number compounds for hard radiation (X-ray
and γ-ray) detection. This review is mainly focused on the
different materials which are needed for fabrication of a
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radiation detector. Even though liquid and gaseous detectors
can also be utilized for hard radiation detection [20, 21], this
review will focus on solid state compound semiconductors.

1.5 Why Solid State Detectors?
Hard radiation has different effects on detector materials.
Therefore, different radiation detectors have been introduced, and the most common ones are as follows [10]. (1)
Semiconductor Si and Ge detectors and metal-oxide semiconductor field effect transistor (MOSFET) detectors [22]
offer on-line and time resolved data. Both Si and Ge detectors offer high efficiency and high resolution, nevertheless,
they must be operated at very low temperatures. MOSFET
detectors have high sensitivity and can offer a good resolution. Nevertheless, their properties degrade over time.
(2) Thermoluminescence detectors (TLDs) [23] have been
produced, but these generally do not offer real-time data.
Nevertheless, they are compact, low in price and are robust.
Moreover, their operation is easy and they do not need an
external power supply. (3) Detector films [24] are a type
of X-ray film that are not reusable and require more development. They are a good choice when a very high spatial
resolution or real-time data are not needed. (4) Ionization
chambers have also been developed [25].
Three types of ionization detectors exist for ionization
chambers: (1) gas filled detectors, (2) scintillation detectors
and (3) solid-state semiconductor detectors. Among these,
the latter detectors are most common due to their outstanding energy resolution and high efficiency [26]. In general,
solid state detectors are divided into two categories based
on their chemical compositions. Single detectors are mostly
fabricated from Si and Ge single crystals, while compound
detectors have at least two elements in their chemical composition. The history of compound solid state detectors goes
back to 1945, when Van Heerden discovered that silver chloride (AgCl) crystals at very low temperatures can detect
γ-rays, α-particles and β-particles [27].
In semiconductor materials, incident radiation can create
a very large number of electron–hole pairs since the energy
needed to create one electron–hole pair is relatively low (3
to 6 eV) depending on the band gap and other properties of
the detector. Since many electron–hole pairs are typically
produced, semiconductor detectors have some advantages
over gas filled detectors, where the ionization of an atom is
required and ionization energies are on the order of 30 eV.
The larger quantity of charge makes the detection operation simpler and allows for the detection of smaller energies.
Also, the resolution is higher and hence fluctuations in the
pulse height originating from purely statistical sources are
reduced. The relatively small energy required generating
electron–hole pairs in semiconductors and the high efficiencies are two main advantages of semiconductor detectors.
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Furthermore, the density of semiconductors is far higher
than that of gas filled detectors, and the probability of an
interaction taking place between the detector and incident
radiation is much higher [5]. This will result in solid-state
detectors with smaller dimensions than the gas-filled detector since the density of the solids are one thousand times
greater than that of the gases [28]. Additionally, they have
fast timing characteristics, small size, and a controllable
thickness that can be controlled to satisfy the requirements
of a specific application [28].
Even though scintillation detectors are extensively applied
for hard radiation detection [29, 30], the main disadvantage
of scintillation detectors is poor energy resolution. In fact,
the different steps needed to convert the incident radiation
energy to light and then to an signal are not very efficient.
Accordingly, the energy required to generate a photoelectron is about 100 eV, and the total number of photoelectrons
generated in a radiation interaction is limited to only a few
thousand. Therefore, they have poor energy resolution and
nothing can be done about improving the energy resolution
beyond this point [28].

1.6 Definition of Some Important Terms
1.6.1 Stopping Power
The rate of loss of energy E with distance traversed is known
as the stopping power of the material, which is given by the
following relation [31]:

−

2e4 Z 2 NA z
dE
=
B
dx
mv2 A

(1)

Here, NA/A is the number of atoms of atomic number Z per
unit volume ( NA = 6 × 1023 atoms per mole), A is the atomic
mass, z and v are the charge number (1 for an electron) and
velocity of the incident particle, respectively, and x is the
path length or distance measured along the track of an electron. B is known as the stopping power, and it varies with
particle energy as follows [31]:
(
)
]
[
v2
v2
2mv2
− ln 1 − 2 − 2
B = Z ln
(2)
I
c
c
Here, I is the average excitation and ionization potential of
the material, and it is experimentally determined for each
element. The stopping power of a material directly depends
on the atomic number Z of material and also to the energy
(E) of the ray used ( Z4/E3). Even though Si detectors are
commercialized for X-ray detection, their sensitivity is
relatively low at high energies owing to the small atomic
number of Si. For sufficient stopping power for high-energy
photons, compounds containing both high density and high
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Z elements such as heavy metals (e.g., Cd, Hg, In, Tl, Sn,
Pb, Sb, and Bi) are required [32].
1.6.2 Resolution
Resolution is one of the most important parameters for radiation detectors. The energy resolution is calculated as the
full width at half maximum of the response signal (FWHM)
divided by the location of the peak centered at an incident
energy of H0 [6, 28]:

Resolution =

FWHM
H0

(3)

The formal definition of detector energy resolution is
shown in Fig. 2. It should be noticed that the energy resolution is a dimensionless fraction, which is usually reported as
a percentage. However sometimes it is reported by mentioning of FWHM at a specific energy. Typical energy resolution values for a detector with good resolution are fractions
of a percent. Solid-state semiconductor detectors can have
an energy resolution less than 1%, whereas scintillation
detectors used in gamma-ray spectroscopy normally show
an energy resolution in the range of 3–10%. Native defects
can degrade the energy resolution of detectors by causing
increased dark current and charge trapping [33].
1.6.3 Mobility‑Lifetime (μτ) Product
The mobility-lifetime (μτ) product of carriers is a figure
of merit of radiation detectors. This parameter is directly
associated to the mean drift length λ = μτE. Mean drift
length represents the mean value of the displacement of
the charge carriers moved under influence of E. In fact, the
electrons and holes generated by the incident radiation must
have a large enough λ to collect in the electrodes before

recombination or trapping in detector material. Accordingly,
a higher μτ product guarantees a higher detection efficiency
[34]. A low μτ product results in a shorter λ, which limits the
maximum size and energy range of the detector [35]. Values
of λ for Si and Ge are ∼ 1 m, for CdTe ∼ 1 mm and for H
 gI2
and PbI2 are ∼ 1 μm [36]. For elemental semiconductors, μτ
is in the order of 1 cm2 V−1 for electrons and holes, while
for compound semiconductors, this value is typically on the
order of 10−4 and 10−5 cm2 V−1 for electrons and holes,
respectively. Generally for a detector material a μτ product
of > 10−4 cm2 V−1 is desirable [36]. Table 1 [9, 35, 37–47]
lists the μτ products of various semiconductors used for hard
radiation detection, along with their densities and band gaps.

1.6.4 Charge Collection Efficiency (CCE)
The charge efficiency collection (CCE) of a planar detector is the ratio of the electrical charge Q generated in the
external circuit divided to the charge Q
 0 generated by incident radiation on the detector. CCE can be calculated by the
Hecht equation [48, 49]:
)]
[ (
) 𝜆 (
𝜆h
Q
− 𝜆x
− L−x
e
𝜆
=
1−e h +
1−e h
CCE (𝜂) =
(4)
Q0
L
L
Here, L is the detector thickness and λ h = μ hτ hE and
λe = μeτeE are the mean drift lengths of the holes and electrons, respectively. Accordingly, the CCE depends on λh and
λe, as well as the incoming photon interaction position x
(i.e., the distance between the created electrons and holes
and the electrodes). Small λ/L ratios decrease the CCE and
increase the influence of the interaction position. In the
ideal case, we must have a detector with λ ≫ L to guarantee
complete charge collection. This is possible for electrons
in some detectors, however it is not generally possible for
holes. Accordingly, detectors generally have incomplete hole
collection, resulting in a lower CCE and a reduced current
pulse. As a result, the photo peak in the pulse height spectrum broadens to the low energy side and the resolution of
the detector decrease. To effectively collect the generated
charges, the detector should have a large μτ value to ensure
a large λ and a high CCE at a given electric field [32].

1.6.5 Leakage Currents

Fig. 2  Definition of detector resolution [28]
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The band gap energy and the device structure primarily
determine the leakage current of a radiation detector. In
fact, the leakage current depends on the intrinsic carrier
concentration, which is determined by the band gap of
the material. Semiconductors with small band gap energies, like Ge and Si, should be work at low temperatures
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Table 1  Mobility-lifetime (μτ)
products of the compound
semiconductors [9, 35, 37–47]
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Material

Density (g cm−3)

Band Gap (eV)

(μτ)e (cm2 V−1)

(μτ)h (cm2 V−1)

CZT
TlBr
Tl6SeI4
Cs2Hg6S7
α-HgI2
CsHgInS3
SbSeI
CsPbBr3
Tl6SI4
CsCdInTe3
Tl4CdI6
β-Hg3S2Cl2
PbI2
TlHgInS3
TlGaSe2
GaSe
CsInS2
Hg3S2I2
Hg3Se2I2
Hg3Te2I2
BiI3
Pb2P2Se6
Cs2Hg3S4

5.78
7.56
7.38
6.94
6.4
5.16
5.80
2.25
7.3
5.195
6.87
6.8
6.2
7.24
6.4
5.5
4.12
7.04
7.38
7.58
5.78
6.14
6.29

1.57
2.68
1.86
1.63
2.15
2.30
1.70

2.3 × 10−2
6.5 × 10−3
7.1 × 10−3
1.2 × 10−3
8.0 × 10−4
3.6 × 10−5
4.4 × 10−4
1.7 × 10−3
2.1 × 10−3
1.1 × 10−4
6.05 × 10−4
1.4 × 10−4
8 × 10−6
3.6 × 10−4
6 × 10−5
6.8 × 10−6
N/A
1.6 × 10−6
∼1 × 10−5
3.3 × 10−6
N/A
3.5 × 10−5
4.2 × 10−4

2.4 × 10−5
∼ 10−4
5.9 × 10−4
1.0 × 10−4
3.0 × 10−5
2.9 × 10−5
3.5 × 10−4
1.3 × 10−3
2.3 × 10−5
1.3 × 10−5
1.0 × 10−4
7.5 × 10−5
9 × 10−7
2.0 × 10−4
9.2 × 10−6
5.3 × 10−7
N/A
N/A
N/A
N/A
N/A
N/A
5.82 × 10−5

to decrease the carrier concentrations and decrease low
noises. Large band gaps (> 1.5 eV) are required to obtain a
low intrinsic carrier concentration and maintain low leakage current during detector operation at room temperature
[50]. In addition, the number of carrier trapping centers
(such as defects and cracks) in the semiconductor must be
extremely low. Grain boundaries, dislocations, cracks and
other defects can act as charge recombination centers or
traps and can accordingly decrease the CCE of a detector
[39]. Furthermore, impurities and defects can decrease the
resistivity of the detector and increase the leakage current
noise level [26].
1.6.6 Polarization Effect
The term “polarization effect” refers to any long term
change in the performance of the semiconductor detector
that results from the application of the bias field. These
polarization effects can cause a change in the electric field
within the detector. Often this change tends to decrease
the effect of the applied external field as internal fields
are developed. These internal fields lead to a decrease in
the CCE of the detector. Such a process may occur, for
example, as carriers are trapped in defect centers, or if
mobile ions drift under the effect of the applied field [5].

2.04
1.78
2.8
2.56
2.32
1.74
1.93
2.02
3.4
2.25
2.12
1.93
1.3
1.88
2.8

1.7 General Requirements for Solid State Detector
Materials
Some specific material properties for a good detector are
as follows [27, 39, 51, 52].
1. A high atomic number (Z, generally > 40) is needed for
efficient radiation-atomic interactions. Higher atomic
number elements have higher atomic interactions with
incident rays because the cross section for photoelectric
absorption varies as Zn, where 4 < n < 5. Some weighted
average of the atomic number of the components would
be used for compound materials, where the weight
depends on the strength of each scattering mechanism.
Therefore, materials with high atomic mass will generally have significantly higher sensitivity to gamma and
X-ray photons than low atomic mass materials [5].
2. A reasonably large band gap energy (> 1.5 eV) is needed
to decrease the leakage current as much as possible, particularly in the presence of high electric fields. Also,
large band gaps are required to control the thermally
induced currents and loss of energy resolution.
3. The compound also must have a close packed crystal
structure geometry to optimize density.
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4. Small electron–hole pair generation energies are
required. This is needed to obtain large enough electron–hole pairs to have a high signal to noise ratio.
5. Homogeneous, high-purity and defect-free single-crystal
materials are needed. These are required to obtain the
highest possible CCE, high energy resolution and low
leakage current. Single crystals are needed to avoid deleterious effects of grain boundaries.
6. High intrinsic mean drift length (λ) is also a key property
of a good detector. A high λ for both electrons and holes
is needed to obtain the highest CCE and high energy
resolution in the detector.
7. A high thermal conductivity is advantageous for detector fabrication, because the heat generated as a result of
incident photons can be easily transferred. Additionally,
a detector with a high thermal conductivity can provide
easy control of the operating temperature.
8. Collecting all the information is necessary to obtain the
highest possible energy resolution owing to the transit
of both electrons and holes. In particular, the thickness
of the detector must be smaller than the λ of the holes
due to their small λ. In fact, if a detector with a higher
thickness is used, only a fraction of the generated signal
charge is induced at the detector electrode, resulting in
a low CCE [53].

2 Growth Methods
Defects in detector materials are always detrimental. They
act as trapping centers for electrons and holes, leading to a
decrease in the CCE. Also, the charge states of defects in the
detector may change or distort the E within the detector. Furthermore, defects increase the leakage currents. Accordingly,
fabrication of large detector-grade crystals during crystal
growth is vital to obtain complete charge collection and
high-energy resolution for compound semiconductor crystals in the hard radiation detector industry [54]. The wafers
must meet the following criteria for successful fabrication
of binary, ternary or quaternary compound semiconductors
[55]. (1) Large single crystal wafers must be producible and
available. This requires optimization of a specific detector
structure using special geometries (2) Since the variations
in composition of a detector lead to differences in the final
detector properties, the spatial compositional inhomogeneity in the crystal must be minimized. (3) Wafers must be
free from cracks, inclusions, segregation and multi-phase
regions. (4) The dislocation density must be comparable
to that of commercial detectors (less than 1000 cm−2). (5)
Doping should be possible to achieve electrical properties.
For example, the electrical resistivity can be changed by
doping the bulk crystal. (6) Since ternary and quaternary
crystals tend to be brittle, they can be damaged during wafer
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processing. (7) The final fabricated wafers should not be
more expensive than those of commercially available detectors [55].
Most commercial semiconductor crystals are currently
grown using the Czochralski, Bridgman, and physical vapor
transport (PVT) methods. Since room temperature detectors
have very strict electrical requirements and must have very
high structural perfection, the preferred method of crystal
growth is the high pressure Bridgman (HPB) method. Different variants of the low pressure Bridgman technique (LPB)
are also popular for the fabrication of detectors with high
spectrographic quality. PVT is also becoming popular for
avoiding the inherent deficiencies in the Bridgman method.

2.1 Bridgman Method
One of the oldest methods for the growth of crystals is the
Bridgman method, in which the crystal growth can be performed in either a vertical or horizontal system configuration
[56]. The wafers grown from the vertical Bridgman method
have a perfect circular shape, while wafers grown from the
horizontal Bridgman system have a D shape. The main benefits of the horizontal Bridgman method are the high crystal
quality, homogeneity as well as stoichiometry control.
Crystal growth using the Bridgman method is based on
directional solidification by moving a melt from the hot to
the cold zone of the furnace in the presence of an inert gas.
A crucible with a charge and seed is put inside the growth
chamber. Subsequently, the temperature is increased above
the melting point (Tm) of the charge. Afterwards, the crucible is slowly moved into the hot zone of furnace to completely melt the charge and bring it into direct contact with
the seed. As a result, a part of the seed is remelted to expose
a fresh growth interface. The melt is completely mixed by
rotating the crucible and by natural convection and diffusion in the melt. After complete mixing of the melt, crystal
growth is started by slowly cooling the melt by moving the
crucible into a cooler part of the furnace. Then, the temperature at the bottom of the crucible falls below the Tm of the
charge, and the melt starts to become a solid at the interface
between the seed and melt. The entire melt will be converted
to a solid ingot after the melt is completely cooled below the
Tm of the charge [55].
In case of high vapor pressure charges, closed vessels are
needed, and the HPB technique is often used [57]. In the
HPB method, a high pressure inert gas ( N2 or Ar as high as
100 atm) is kept over the melt to suppress the loss of volatile
components [58]. The HPB method reduces volatility and
suppresses vacancies. In the growth of cadmium zinc telluride (CZT) compound semiconductors, HBP minimizes loss
of Cd to the vapor phase and also equalizes the volatility of
the Cd and Tl [57].
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2.2 Physical Vapor Transport (PVT)
Another popular method for growth of radiation-grade single
crystals is PVT method. In particular, crystal growth using
PVT is a useful approach when melt growth is impossible,
for example when the melt reacts with the crucible, the T
m
of charge is too high or the charge decomposes before melting. In a PVT process, a charge is sublimed within a closed
crucible. Subsequently, the vapors are transported in an N2
atmosphere through a temperature gradient to a cooler part,
where they can be recrystallized into large crystals [55].

2.3 Czochralski Method
In the Czochralski method, a charge is melted in a crucible
where the melt is kept above the Tm and then the temperature is slightly decreased to above the solidification point.
Afterwards, the temperature is gradually lowered, a seed is
inserted into the melt, and then the pulling process begins
and the seed acts as a crystallization center. During growth,
the melt must not be overheated because the crystals will
dissolve [55]. Two necessary conditions for a material to be
grown by the Czochralski method are (1) a relatively low
vapor pressure for the material and (2) an inert crucible with
respect to the melt above its Tm.

3 Detector Fabrication
Different steps are needed to fabricate a detector. These
include the growth of a sufficiently large semiconducting
crystal, slicing, polishing of the surfaces, deposition of electrodes, surface passivation and packaging to the external
electronic circuit [51]. Room temperature semiconductor
detectors oftentimes have one of the three common configurations shown in Fig. 3a–c, depending on the particular
application. These include a simple planar configuration, a
co-planar grid configuration and a pixelated array configuration. The planar configuration is the simplest configuration for implementation, while the latter configuration can
result in higher spectral resolution [39]. Planar geometry
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devices are the most common configuration for compound
semiconductor radiation detectors because of process difficulties imposed by either the small crystal sizes or other
material issues [28].

4 Photodetector and Solid‑State Ionization
Chamber
Radiation detectors based on semiconductors are generally
operated either by employing the photoconduction properties or by operating the detector as a solid state ionization
chamber. Photoconductors were extensively used in early
works, but they are now being replaced by ionization chambers because the latter offers many advantages, such as
combining the ability to precisely resolve the spectral and
temporal radiation signatures [59].

4.1 Photoconductors
Photoconductors are the simplest types of radiation detectors. In a photodetector, incident radiation with an energy of
E, which is larger than the Eg of the detector, generates free
charge carriers in the detector, eventually changing its conductivity in a way that is measurable using an external electric circuit. Figure 4 schematically shows a typical photodetector. Incident photons on the detector create electron–hole
pairs and increase the conductivity of the photodetector. The
generated current can be measured by applying an external
voltage across the detector via two contacts. These devices
are traditionally used in the far infrared and ultraviolet (UV)
range [59, 60]. Often, the semiconductor is doped to increase
its conductivity, which reduces the Johnson noise, improves
contacting, and extends response to longer wavelengths.

4.2 The Solid‑State Ionization Chamber
For energies much larger than band gap of detector material, radiation detectors operate as solid state ionization
chambers. The operation of semiconductor detectors is
similar to that of photodetectors, however, because X-ray

Fig. 3  Schematic representation of three basic nuclear detector geometries: a single element planar detector, b co-planar grid detector, c pixellated detector for imaging applications [39]
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the spectrum correspond to the energies of the incident
photons [39].

5 General Operation Mechanism
of Solid‑State Detectors

Fig. 4  Schematic of a photoconductor detector consisting of a highly
conductive semiconductor bar

Fig. 5  Schematic illustration of a simple planar detector

photons have a much stronger penetration depth, a much
thicker detector is required to stop X-rays [32]. Figure 5
shows the geometry of a simple planar solid state ionization chamber detector. Typically, a high voltage is applied
across the detector, and the incident high energy photons
interact with detector, creating electrons and holes. The
created electron and holes drift across the detector volume,
generating a current in the external circuit. With increasing the energy of incident phonons, higher current can
be induced in the external circuit. The feedback of the
detector is a pulse height spectrum, where the peaks in
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In general, all semiconductor detectors of hard radiation
operate on the principle that incident radiation will, through
some interaction in the detector volume, create a charge
pulse that can be detected. This charge pulse consists of
electrons and holes that are then separated under the influence of an applied E, and the current is detected by an external circuit. Therefore, when considering detector operation,
we must be concerned with the nature of the interactions
between the incident radiation and the volume of the detector material where the charge is generated. The detector
noise, the nature and efficiency of the interactions between
the particular incident radiation, and the detector volume and
the charge collection process will determine what materials
may be employed for the fabrication of detectors that can
operate at room temperature [5].
Electromagnetic radiation interacts with a material
through four mechanisms [5]: (1) elastic scattering, (2)
Compton scattering, (3) photo-electric absorption and (4)
pair production. These phenomena generate photoelectrons,
Auger electrons, Compton electrons, etc. The energy of the
interacting rays and the composition of the material determine the results of the interactions and the dominant interaction mechanism [10].
During elastic scattering, the energy of the incident photon is not changed, and the photon is only deflected out of
the incident beam. Thus, this process does not deposit any
energy in the detector, and it is important only because it
may contribute to the detector efficiency. The last three processes each involve the deposition of all or part of the energy
of the incident photon within the detector volume. Compton
scattering may be regarded as a collision between an incident photon and an orbital electron. The photon’s direction
and energy change, and some of its energy is lost to the electron with which it collided. This electron will then lose its
energy through the creation of electron–hole pairs. A photon
does not transfer all of its energy to an electron in a Compton
scattering event, and the number of electron–hole pairs produced in the detector varies significantly between different
Compton events [5]. In photoelectric absorption, the incident
photon loses all the energy in form of adsorption by one
of the orbital electrons of the atoms of the detector material. Thus, photoelectric absorption is the ideal process for
detector operation. The generated photoelectron then loses
the kinetic energy via Coulomb interactions that generate
numerous electron–hole pairs, resulting in the creation of
current pulses. The detection of current pulses by external
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circuits makes it possible to construct a histogram of pulse
heights, known as the pulse height spectrum [39, 51]. In the
case of pair production, a photon with high energy interacts
within the Coulomb field of the nucleus to produce an electron and positron pair. The photoelectric effect dominates
in the energy region up to ~ 200 keV, while the Compton
effect dominates up to a few MeV and pair production is
the dominant process at energies larger than ~ 6 MeV [27].
Charged particle radiation like electrons, protons, or alpha
particles may also be detected with semiconductor detectors.
These particles may interact directly with the electrons of
the detector material through coulomb scattering or may be
involved in nuclear reactions. Uncharged neutrons can be
also detected through the use of nuclear reactions in which
an incident neutron initiates a nuclear reaction that produces
a charged particle or gamma ray. Thus, neutron detectors
must include a target material chosen to produce the desired
nuclear reaction [5].

6 Elemental Semiconductor Detectors
6.1 Silicon
Silicon was the first elemental semiconductor material for
radiation detection purposes [49]. Si wafer processing technology is well understood, and Si wafers are readily available with perfect crystal quality. Si detectors are mechanically
and chemically robust. Furthermore, low leakage currents
can be obtained in Si detectors. Accordingly, Si detectors are
widely used detectors for the low energy range (< 30 keV).
Nevertheless, the X-ray absorption efficiency of Si is limited
at high energies. The Si detectors with a thickness of 500 μm
provide 90% photoelectric absorption efficiency at 12 keV;
nevertheless, their efficiency decreases at higher photon
energies (Fig. 6) [54]. X-rays have a penetration depth of
several tens of mm in Si, and therefore the X-ray detection
efficiency of a Si detector is less than 1% [61].
Intrinsic silicon has limited applications as a gamma ray
detector, since most intrinsic silicon detectors have a 300 μm
thickness, which is the standard thickness of the semiconducting industry. Accordingly, Si has a very low efficiency
for stopping γ- rays [62]. A better result can be obtained
using lithium-doped silicon, but this still requires operation
at liquid nitrogen temperature [62].

6.2 Germanium
The low atomic number of Si (Z = 14) makes it unsuitable
for efficiently detecting photons of energy > 30 keV. Germanium (Ge)-based detectors are employed for higher energy
photons. High purity Germanium (HPGe) detectors have
high-resolution and high-efficiency for the detection of hard
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Fig. 6  Photoelectric x-ray absorption efficiencies of common semiconductor detector materials, assuming 500-μm sensor thickness. Ge
and GaAs have similar absorption efficiencies, so one curve (Ge) is
plotted; likewise, one curve is plotted for CdTe and CZT [54]

radiations owing to the high mobility of electrons and holes,
the relatively high atomic number of Ge (Z = 32), the high
density of Ge (5.32 g cm−3), and the availability of pure,
and high quality Ge single crystals. An energy resolution of
0.36 keV can be obtained at a 60 keV photon energy. However, because of the relatively low band gap of Ge (0.7 eV),
HPGe detectors (like Si detectors) should be cryogenically
cooled to decrease the large leakage current from thermally
generated charge carriers [54]. Diamond is another alternative for the realization of highly efficient radiation detectors;
nevertheless it is very expensive [53].

7 Compound Detectors
The need for operation of elemental detectors at very low
temperatures has motivated researchers to find alternative
materials that have good detection efficiency at room temperature. A high resolution hard radiation detector should
be fabricated from a material with excellent charge transport
properties that is able to operate at room temperature. Such
a detector should have a wide band gap, high density, low
concentrations of impurities and defect, high resistivity, a
high μτ product for electrons and holes, and availability in
the form of high purity single crystals at a low price [37].
Some compound semiconductors can satisfy the above conditions. In fact, compound semiconductors have some unique
benefits over elemental detectors due to the wide range of
stopping power and possibility of band gap engineering. The
composition of compound semiconductors can be modified
to optimize their band gaps. By modification the composition of a compound semiconductor, the band-gap energy
can be changed to an optimized value [27]. Selection of
materials with high stopping power enables the fabrication
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of thinner detectors with a lower price and lower leakage
currents. This is very attractive for space research because
smaller detectors can be realized without losing spectral acuity by using denser materials with optimized band gaps and
stopping power. Detectors with a very wide dynamic range
having good resolution in both X-ray and γ-ray energies can
be realized by careful selection of a compound semiconductor with optimized band gaps and stopping power. In the
following sections, we discuss the most important binary,
ternary and quaternary compound semiconductors used for
detector fabrication.

8 Binary Compounds
Binary compound semiconductors that have especially high
density and high atomic numbers such as thallium bromide
(TlBr), mercuric iodide ( HgI2), lead iodide ( PbI2) and bismuth triiodide ( BiI3), have great potential for the development of room temperature detectors. Due to the high stopping power of these binary compounds, detectors with much
lower thicknesses than those of Si and Ge detectors can be
used for practical applications. High stopping power along
with the typically higher density of high atomic number
compounds results in good detection efficiencies in these
binary detectors at room temperature [57].

8.1 Thallium Bromide (TlBr)
TlBr with a CsCl crystal structure, high effective Z ( ZTl = 81,
Z Br = 35), large band gap (2.68 eV) and high density
(7.56 g cm−3), is especially attractive for the detection of
γ-rays because of the high photon stopping power. In fact,
TlBr has a greater stopping power than all common detectors
and scintillators at 511 keV. It is possible to directly grow
TlBr crystal from the melt due to its congruent melting point
of 460 °C and the lack of destructive phase transitions below
its Tm. TlBr has high resistivity due to its large band gap
and therefore it can work at room temperature. Accordingly,
TlBr has been employed as a radiation detector [63, 64].
Reported values of the μτ products for electrons and holes in
TlBr crystals have increased due to enhanced crystal growth
and purification techniques over the years (Fig. 7). However,
TlBr detectors show a polarization effect, which limits their
use [63]. Also, TlBr is a soft material, which lead to some
problems during detector fabrication [28].
It is possible to modify the band gap in a TlBr detector by doping TlBr with iodine and chlorine. TlBrxI1-x and
TlBrxCl1-x were examined for room temperature γ-ray detection. The resistivity values of TlBrxI1-x and TlBrxCl1-x crystals were reported to be 9.9 × 109 Ω cm and 2 × 1010 Ω cm,
respectively [65]. A pulse height spectrum of 109Cd was
obtained from a TlBr0.35I0.65 planar detector. In another
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Fig. 7  Mobility-lifetime (μτ) products for electrons and holes in TlBr
crystals as a function of year reported [63]

study, a TlBrCl pixelated detector provided an energy resolution of 2.3% FWHM at 662 keV [65].

8.2 Bismuth Iodide (BiI3)
Bismuth triiodide ( BiI3) with a hexagonal crystal structure,
is binary compound with a high density (5.78 g cm−3) and
a band gap of 1.7 eV, which allows room temperature working of a fabricated detector. Nason and his co-workers [66]
grew BiI3 single crystals by a PVT method, and a detector (1.2 × 1.2 × 0.4 cm3) was fabricated from a diced crystal
by applying appropriate electrodes. It had a resistivity of
2 × 109 Ω cm. However no γ-ray detection was reported.
In another study [67], BiI3 crystals with a resistivity of
2 × 1012 Ω cm were produced and small detectors with thicknesses ranging from 50 to 80 µm were able to detect 60 keV
γ-rays. Matsumoto et al. [68], grew BiI3 crystals via the
Bridgman technique using commercially available powders.
Radiation detectors with thicknesses of 100 µm were fabricated, and Pd electrodes were deposited by a vacuum on its
surface in a planar geometry configuration. The measured
resistivity was reported to be 2 × 1010 Ω cm. The detector
was able to detect alpha particles with a FWHM energy resolution of 2.2 MeV at 5.5 MeV.
However, the detector performance degrades over time
 i3+ and I− ions
due to the ionic conductivity of BiI3. When B
drift under an applied electric field, an internal electric field
is generated in the opposite direction of the applied field.
The ionic conduction of B
 iI3 is due to the presence of a high
concentration of I − vacancies due to the high volatility of
iodine. When there are a large number of iodine vacancies,
the resistivity of BiI3 decreases, and the leakage current and
polarization effects increase, resulting in degradation in the
radiation performance of the detector. Dopants can control
the ionic conductivity in B
 iI3. In this context, Han et al. [43],
grew Sb-doped BiI3 (SBI) single crystals via the vertical
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Bridgman method. Doping reactions can be visualized as
follows:
BiI3

SbI3 → SbxBi + 3IIx

(5)

BiI3
3
2SbI3 → Sb..VI + SbXBi + 3IIx + I2 (g) + 2e−
2

(6)

When Sb is substituted into the Bi-site, the substituted Sb
atoms increased the formation energy of iodine vacancies by
creating stronger bonds between Sb and iodine ions. Additionally, the diffusion of iodine vacancies decreases based
on the above equations, which ultimately improves the performance of the detector.
The response of the SBI detector to a 241Am α-source
were studied at room temperature. α-particles were used
since they have a well-defined range, therefore the electrons
are created at the same depth within the detector, therefore
mobility and lifetimes of electrons can be directly measured.
A distinct α-spectrum was obtained under an electric field
of 532 V cm−1 after 5 min. Interestingly, the α-spectrum of
the BiI3 detector disappeared after 90 min under an electric
filed owing to the high leakage current and the polarization
effect in the detector at long times (Fig. 8a). In contrast, a
clear α-spectrum was obtained for the SBI detector after 8 h
under an electric field of 532 V cm−1 (Fig. 8b). Therefore,
the polarization effects in an SBI detector are much lower
than those in a B
 iI3 detector, which results in enhanced SBI
detector stability. The resolution of the SBI detector was
reported to be 62.66% for 5 min of biasing, and it improved
to 32.96% for 8 h after biasing due to reduced and stabilized leakage currents in the detector with time. However,
the resolution of the SBI detector was not comparable with
that of commercial CZT detectors.

8.3 Mercuric Iodide (HgI2)
Red mercuric iodide (α-HgI2) is another room temperature
radiation detector. It consists of high average atomic number
elements (ZHg = 80, ZI = 53), making it highly efficient at
stopping high energy photons. Also, the room-temperature
band gap of 2.13 eV results in a resistivity on the order of
1014 Ω cm and a small leakage current, which is one advantage of this detector [69].
Problems remain with HgI2 that restrict its widespread
application, including low hole mobility, short λ, polarization, and surface degradation. The buildup of trapped
charges can contribute to polarization, in which the electric
field is distorted, and efficient charge collection is further
disturbed [70]. Also, that the presence of Ag degrades the
performance of the detector over time [71]. The material
should therefore be encapsulated to reduce deterioration of
the crystal surfaces over extended periods of time [72]. The

Fig. 8  241Am α-source radiation response tests for a BiI3 and b SBI
single crystal detectors under bias at different time periods. Ch.cnt
indicates channel number at the centroid [43]

best detector performance was observed after the operating
voltage was applied over a period of several weeks, [73],
only to return to the prior state of performance after shutting
off the applied voltage for some time. The improvement in
energy resolution and detection efficiency has been ascribed
to the electromigration of mobile defects and impurities that
may be slowly swept through the detector active volume.
Despite these operational difficulties, there are some applications in which H
 gI2 has been successfully applied. Crystals
with thicknesses less than 1 mm provide reasonable spectral performance and have been applied successfully in the
measurement of X-rays and low-energy γ-rays [74]. Thicker
detectors are needed for high detection efficiency at higher
gamma-ray energies. It is possible to grow useable H
 gI2
crystals with thicknesses up to 1.2 cm and volumes of about
10 cm3. However, the best results tend to be obtained from
detectors with smaller volumes because of difficulties with
efficient charge collection in the thicker samples. An energy
resolution of 1.5% FWHM at 662 keV was reported with
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a 1.7 mm thick, 2.2 cm2 area detector [74]. Large-volume
detectors with dimensions of 4 cm × 4 cm × 1.2 cm showed a
maximum energy resolution of only 7% FWHM at 662 keV.
A promising strategy is to employ unique detector structures in which the induced charge is owing to the flow of
electrons rather than holes. Even though the achievable
energy resolution is still poorer than that of Ge-based detectors, the very high volumetric detection efficiency and the
room temperature operability of HgI2 can be advantageous
[75].

8.4 Lead Iodide (PbI2)
Lead iodide (PbI2) with a hexagonal crystal structure, has
an extraordinarily high photoelectric efficiency for gamma
rays. Pure P
 bI2 is a p-type semiconductor, melting in the
temperature range of 402–412 °C [76]. PbI2 has a large
band gap (2.55 eV), resulting in extremely high resistivity (> 1012 Ω cm). Accordingly, PbI2 detectors can works
at room temperature. The high atomic numbers of Pd and I
(ZnPb = 82, ZnI = 53) and the density (6.2 g cm−3) result in a
high stopping power, enabling fabrication of thinner detectors for a given detection efficiency [77].
PbI2 has several advantages over HgI2. For instance, it
has high stability and, in contrast to HgI2, does not undergo
phase transformation below Tm. It should be noted that the
destructive phase transition between the orthorhombic and
tetragonal phases of H
 gI2 at 130 °C limits the growth of
bulk detector grade HgI2 by vapor phase methods, which in
turn limits its growth rate compared to PbI2 [77]. Another
advantage of P
 bI2 over H
 gI2 is a wider energy band gap,
which lower leakage currents and the electronic noises in
the detector [78].
Lund et al. [79], realized PbI2 detectors and reported a
good energy resolution of 915 eV FWHM at 5.9 keV at room
temperature. In another study [80], PbI2 detectors exhibited
an energy resolution of < 1 keV FWHM for 5.9 keV gamma
rays. Deich et al. [81] fabricated PbI2 detectors, and an
energy resolution of 12% was obtained for 5.9 keV X-rays,
and 3% was reported for 60 keV gamma rays in a detector
with a thickness of 107 μm. Shah and co-workers [82] used
the Bridgman technique to grow P
 bI2 crystals. They fabricated 150-μm-thick detectors from as-grown detectors. They
reported room temperature energy resolutions of 415 eV
FWHM and 1.38 keV FWHM at 5.9 and 60 keV, respectively. At low rates (200 cps) and at room temperature, the
detectors exhibited an energy resolution FWHM around 4%
at 59.5 keV, and at high rates (750 k cps) energy resolution
values of 7% and 9% were reported [83].
In a PbI2 detector, the electrons and holes have relatively low mobility, i.e., 8 and ~ 2 cm2 V−1 s−1 respectively. The mobility-lifetime products (μτ) are large
enough for P
 bI2 detectors ((μτ)e = 1 × 10−5 cm2 V−1 and
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(μτ)h = 3 × 10−7 cm2 V−1) [78]. Additionally, PbI2 is a very
soft crystal, which makes it difficult to handle [27].

8.5 Cadmium Telluride (CdTe)
CdTe with a cubic zinc-blende crystal structure, high effective atomic numbers (ZCd = 48, ZTe = 52), have a high density of 6.06 g cm−3. Mobilities of electron and holes are 80
and 1000 cm2 V−1 s−1 respectively. Accordingly, detectors
fabricated from CdTe suffer from poor hole collection. Also
the resolution for large detectors is degraded by positiondependent charge collection. However, excellent room
temperature γ-ray energy resolution has been obtained for
small CdTe detectors that are 1–2 mm thick. For example,
room temperature resolution as low as 1.7 keV FWHM for
59.5 keV γ-rays and 20 keV FWHM for 662 keV γ-rays has
been reported [50].

9 Ternary and Pseudo Ternary Compounds
Among binary compounds, TlBr is a good candidate detection material showing a high mobility-lifetime product (μτ)
(electron: ~ 10−3 cm2 V−1) with a high energy resolution
of 1–2% under gamma rays. However, TlBr is subject to
polarization-induced instability and low hardness, which is
detrimental to mechanical processing. Other simple semiconductors studied as detection materials (such as HgI2 and
PbI2) suffer from a very low yield of high quality homogeneous crystals and poor mechanical stability [84–86]. Most
binary compounds suffer from poor mechanical properties
and a relatively low μτ in spite of their good optoelectronic
properties. For example, P
 bI2 and B
 iI3 with a layered structure easily deform under pressure, creating defects which are
detrimental to the detector performance. Structural phase
transitions in HgI2 limit the development of high performance detectors [87]. Accordingly, ternary compound semiconductors have been developed for detector applications.
Below, we discuss some ternary compound materials used
for detector fabrication.

9.1 Cadmium Zinc Telluride (CZT)
The term chalcogen refers to the elements of group sixteen,
including sulfur, selenium, and tellurium. Their compounds
are known as chalcogenides [88]. Chalcogenides can be
prepared with complex stoichiometry and crystal structures
with tunable energy band gaps. Thus, they are promising
materials for the fabrication of hard radiation detectors [47].
Cadmium zinc telluride (CZT) is one of the main compound
chalcogenides used for detector fabrication, providing the
best trade-offs between energy resolution, ease of operation
and the ability to fabricate fairly large crystals.
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CdTe detectors have a high atomic number and large
enough band gaps and can work at room temperature.
However, the addition of a small amount of “Zn” to CdTe
can increase the band gap, lower detector leakage current
as well as decrease dislocation density because of alloy
strengthening in the lattice [89, 90]. Accordingly, CZT
detectors are among the most popular types of room temperature detectors, and today CZT is the current leading
semiconductor for the detection of γ-rays [53]. CZT has
a high μτ product (∼ 10−2 cm2 V−1) for electrons and an
energy resolution 2% at 662 keV. However, it has some
drawbacks, including compositional nonuniformity owing
to the high Cd vapor pressure, the high solubility of Te
in CdTe at the crystal growth temperature, presence of
defects and Tl precipitates, which lead to low yield, higher
cost of detector-grade single crystals and a low mobilitylifetime product for holes [9, 37]. Thus, the growth of CZT
crystals has some inherent difficulties [48]. Generally,
CZT crystals are grown using the HPB or LPB methods
[89, 90], and high quality CZT crystals can be fabricated
by precisely controlling the growth conditions. CZT has
been extensively studied for hard radiation detection. Like
CdTe crystals, it has a cubic zinc-blende structure with
high atomic numbers and a high density (5.8 g cm−3).
Today, several companies commercially produce detector
grade CZT, including eV Products (HPB), Bicron (US,
LPB), Yinnel Tech (US, LPB) and Imarad (Israel, LPB)
[91].
The experimentally measured band gap ( Eg) for a ternary compound can be represented by a quadratic equation
in the following form [55]:

Eg (x) = a + bx + cx2

(7)

Accordingly, the variation in band gap for C
 d1–xZnxTe
with zinc fraction x can be expressed empirically using the
following formula [92]:

Eg(x) = 1.510 + 0.0606x + 0.139x2

(8)

It should be noted that only the compositions with
x = 0.1–0.2 are used for fabrication of the detector [48].
Butler et al. [90] obtained an energy resolution of < 6%
at 59.5 keV using a CZT detector. The relatively high
energy resolution they observed may be due to presence
of defects in as-grown CZT crystals. Due to the difficulty
in synthesizing high purity and large volume CZT detectors, an attempt was made to synthesize CZT nanowires
(NWs) onto an n-type T
 iO2 nanotubular template for the
detection of hard rays. The current flow in the circuit
increased when CZT NWs were exposed to a radiation
source ( 241Am, 60 keV). Accordingly, the results indicated that the CZT NWs arrays can be utilized as a room

temperature radiation detector with a low bias potential
(0.7–0.3 V), which is much lower than those (300–500 V)
used for bulk detectors [26].

9.2 Dimensional Reduction (DR) Concept
Room temperature compound detectors should be low cost
and have a high density, a large band gap, high resistivity
and a large mobility-lifetime product to ensure their high
performance at room temperature. Unfortunately, there are
limited numbers of potential detector materials which meet
the above criteria. Accordingly, finding room temperature
radiation detectors is a big challenge. For example, even
though mercury-based chalcogenides are inexpensive and
have high density and high resistivity, most heavy binary
chalcogenides, e.g., HgQ (Q = Se and Te), have very narrow
energy gaps. Furthermore, compound semiconductors have
complex physics and chemistry compared to single elements
detectors such as Si and Ge. Additionally, many compounds
with desirable properties undergo a phase transition, which
hinders the realization of high performance single crystals
for radiation detectors [45].
In general, as the atomic number (Z) increases, the atomic
potentials spread, and the wave function overlaps neighboring atoms in the structure. This will result in low band gaps.
Thus, finding a compound material with both a high atomic
number and a wide band gap is a difficult task, and the E
 g-Z
relation strongly limits the number of potential semiconductor compounds for the fabrication of hard radiation detectors.
The concept of dimensional reduction (DR) was introduced
to address the Eg-Z issue [93].
Binary Hg-based binary chalcogenides and other compounds containing high Z elements can be used to fabricate
ternary high band gap (> 1.6 eV) materials with high density
and high resistivity. DR states that lower the dimensionality of the atomic structure of a semiconductor create a
large blue shift in the band gap. By employing the DR concept, binary semiconductors with high density and narrow
band gaps can be combined with semiconductors with wide
band gaps to form ternary materials with high density and
large band gaps [45]. Figure 9 shows that the band gap of
a binary solid MQ can be drastically increased by creating
derivatives of the type (A2Q)m (MQ)n [93]. For instance,
HgQ (Q = S, Se, Te) compounds have a zero band gap. By
introducing Cs2Q into the HgQ lattice, the 3D covalent network is reduced, bandwidths narrow, the spin–orbit coupling
strength becomes weaker, and the band gap increases. In
fact, the DR results in the following steps in the Cs/Hg/
Se family: HgSe (3D), Cs2Hg6Se7 (open framework 3D),
Cs2Hg3Se4 (2D), C
 s2HgSe2 (1D, chains), C
 s6HgSe4 (0D,
molecular units). Also, the changes in band gaps with
increasing reduction in dimensionality are as follows: HgSe
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Fig. 9  Illustration of dimensional reduction. The dimensionality of a semiconductor,
MQ, decreases and the energy
gap increases with the introduction of A2Q in its structure,
while the elemental composition retains its heavy atom
character [93]

(0 eV) < Cs2Hg6Se7 (1.0 eV), C
 s2Hg3Se4 (2.1 eV), C
 s2HgSe2
(3.0 eV), and finally Cs6HgSe4 (> 4 eV) [93].
Heavy metal halide semiconductors are mechanically
soft, while the metal chalcogenides have good mechanically properties. By combining binary halides and binary
chalcogenides, hybrid chalcohalide compounds can be fabricated that have acceptable energy gaps while still having the
mechanical characteristics of the chalcogenides. This quality
is very important for realizing detectors because mechanical
processing can introduce defects into soft detectors. Most
ternary and quaternary semiconducting compounds discussed hereafter are grown based on the DR concept.

irradiation at room temperature. The pulse height spectra
obtained for TlGaSe2 and a commercial CZT SPEAR detector are shown in Fig. 10. The lower mobility-lifetime products for TlGaSe2 caused broadening of the FWHM of the
peak. Higher performance detectors can be fabricated with
further advances in the fabrication of defect free and high
quality single crystals with good mechanical and chemical
properties. This will lead to T
 lGaSe2-based detectors with
smaller FWHMs and higher energy resolution.

9.3 Thallium Gallium Selenide (TlGaSe2)
Room temperature radiation detectors need heavy elements
with wide band gaps. Particularly, Tl (Z = 81) compounds
are attractive owing to the high atomic number and high
density of its compounds. Johnsen et al. [47], grew large
and high purity semiconducting T
 lGaSe2 using a modified
Bridgman method. T
 lGaSe2 melts congruently at 350 °C and
crystallizes in a layered structure. The high atomic number
of thallium gives this compound a high density of 6.4 g cm−3
and good stopping power, which was significantly greater
than that of CZT, especially at high incident photon energies. For instance, the attenuation length for the 662 keV
radiation of 137Cs for CZT is 2.3 cm and only 1.7 cm for
TlGaSe2. The mobility-lifetime products were reported to
be 6 × 10−5 cm2 V−1 for electrons and 9 × 10−6 cm2 V−1 for
holes. TlGaSe2 detectors were exposed to white Ag X-ray
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Fig. 10  Detection of a white beam from an Ag X-ray tube, using a
TlGaSe2 detector. A spectrum obtained from a commercial CZT
detector (black line) is shown for comparison (inset), typical T
 lGaSe2
crystal cut and cleaved from the Bridgman sample [47]
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9.4 Thallium Lead Iodide (TlPbI3)

122.1 keV for a CZT detector. This shows that Tl6I4Se is a
promising material for use as a hard ray detector.

Kocsis [94] grew T
 lPbI3 crystals with a perovskite structure from the melt. The band gap of the TlPbI3 crystal was
2.3 eV with a density of 6.6 g cm−3 and a resistivity of
2.5 × 1012 Ω cm. The detectors (0.8-mm-thick disk) exhibited good X-ray photoconductivity. In another study, T
 lPbI3
crystal was grown using the Bridgman method for gamma
ray detection [95]. TlPbI3 also have higher stopping power
than that of a CdTe detector. Accordingly, it has great potential for the realization of room temperature detectors. Nonetheless, due to the poor energy resolution and low stability,
TlPbI3 detectors are not as good as commercial detectors.
Better detectors are expected to be fabricated in the future
based on further improvements in crystal quality [95].

9.5 Thallium Iodide Selenide (Tl6I4Se)
Tl6I4Se is a ternary compound with a tetragonal structure,
band gap of 1.86 eV [96] and a high density (7.4 g cm−3)
[44]. Single crystals of Tl6I4Se were grown by a modified
vertical Bridgman method [97] The resistivity of fabricated
detector was 4 × 1012 Ω cm. The mobility-lifetime products
for electrons and holes were 7 × 10−3 and 6 × 10−4 cm2 V−1
respectively, which were comparable to a CZT detector.
Figure 11 presents the pulse height spectra of both CZT
and Tl6I4Se detectors recorded at room temperature using a
57Co radioactive source under a bias of 290 V, from which
the principal line emissions at 14.4, 122.1, and 136.5 keV
are clearly resolved. The measured FWHM energy resolution was 5.7 keV (4.7%) at 122.1 keV. For comparison, the
measured FWHM energy resolution was 5.54 keV (4.5%) at

9.6 Thallium Iodide Sulfide (Tl6SI4)
Using the concept of DR, it is possible to realize compound
materials with superior performance for the detection of hard
rays. Specifically, a metal chalcogenide with a low band gap
is combined with a metal halide with high band gap to form
a chalcohalide with an intermediate band gap (Fig. 12a).
Based on this concept, a novel compound, T
 l6SeI4, was
grown for room temperature gamma ray detection [40]. TlI
(Eg = 2.75 eV) and Tl2S (Eg = 1.12 eV) were combined to
produce Tl6SI4. Tl6SeI4 has a higher mechanical stability
compared to TlI and a wider band gap energy (1.86 eV)
compared to Tl2Se (Eg = 0.6 eV). Compared to Tl6SeI4, it
has a larger band gap, superior mechanical properties and
easier growth conditions. Tl6SI4 crystallizes in a tetragonal
crystal structure (Fig. 12b). The mobility-lifetime products
for this composition are 2.1 × 10−3 and 2.3 × 10−5 cm2 V−1
for electrons and holes respectively.
Tl6SI4 detectors were fabricated, and the response to an
Ag X-ray source (22 keV) was measured (Fig. 12c). The
spectrum showed the presence of two peaks at 22.0 and
22.2 keV, which were related to the two K
 α peaks of Ag.
The Kβ peaks, which were higher in energy (24.9 keV), were
not detected because of insufficient thickness of detector. Ag
X-ray detection by a T
 l6SI4 detector showed an energy resolution based on the Kα peak of 0.59 keV at FWHM, or 2.6%,
at 22.2 keV in comparison with 3.2 keV (14%) at 22.1 keV
for a commercial SPEAR CZT detector. CZT showed higher
signal intensity for 180, 300, and 660 s measurement time
intervals. However, the resolution of a T
 l6SI4 detector was
remarkably higher than the CZT detector. It is expected that
higher performance hard ray detectors will be fabricated in
the near future by further purification and optimization of
Tl6SI4 crystal growth parameters.

9.7 TlSn2I5

Fig. 11  Recorded pulse height spectrum from gamma radiation from
a 57Co source using a Tl6SeI4 detector (red solid line) and a commercial 5 × 5 × 5 mm SPEAR CZT detector at room temperature. The
upper curve is belongs to SPEAR CZT and the lower curve is belongs
to Tl6SeI4 [97]. (Color figure online)

Hybrid inorganic–organic perovskite compounds such as
CH3NH3PbBr3 (MAPbBr3) [98] and C
 H3NH3PbI3 (MAPbI3)
[99] have been reported for hard radiation detection. However, a loss of collection efficiency and low signal resolution
have been reported for these materials. Upon the application
of high electric fields (> 200 V cm−1), they are subjected to
strong polarization, exhibit hysteresis loops on electric field
cycling, and have no long-term stability due to a structural
phase transition [100]. Despite the poor characteristics of
inorganic–organic perovskites compounds, some perovskite
and antiperovskite crystals are promising materials for radiation detection. T
 lSn2I5 is one of them. Unlike other halide
perovskites, TlSn2I5 shows no ionic polarization under a long
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Fig. 12  a Dimensional reduction; addition of chalcogenides
to halide materials results in
wide band gap semiconductors,
b crystal structure of Tl6SI4 in
the c direction. c Pulse-height
spectrum of Ag X-ray detection
response of Tl6SI4 (inset shows
the as grown detector) [40]

term high-voltage bias, and it has good long-term stability
under a constant applied bias without suffering any polarization effects. Lin et al. [84] reported the hard radiation
capability of TlSn2I5 crystals with a two-dimensional antiperovskite crystal structure as a promising novel detection
material. In an antiperovskite structure, the position of the
cations and anions is inverted with respect to the perovskite
structure. The compound has a high density (6.05 g cm−3),
a band gap of 2.14 eV, and melts congruently at 314 °C.
Lin et al. grew TlSn2I5 single crystals by the Bridgman
method for the detection of Ag Kα X-rays (22 keV), 57Co
γ-rays (122 keV), and 241Am α-particles (5.5 MeV). The
mobility-lifetime product and mobility for electrons were
1.1 × 10−3 cm2 V−1 and 94 ± 16 cm2 V−1 s−1, respectively. A
detector was made from a 1 mm thick TlSn2I5 (5 mm × pmm)
wafer with a carbon electrode that was ∼ 2 mm in diameter (Fig. 13a). Figure 13b shows the photoresponse to Ag
X-rays (22 keV) at a 100 V applied bias, which exhibits high
contrast and a spontaneous response between the beam on
and off states, demonstrating its potential for use as a hard
detector material. Also, the detection performance of a lowflux weak source of γ-rays and α-particles was studied. Figure 13c presents the 57Co (122 keV) γ-ray spectral response
versus applied voltage under the electron collection configuration (cathode irradiation). The detector clearly exhibits a
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response to γ-rays, as indicated by the significant count rate
of the detected photons, which allows the γ-ray-induced signal to be easily distinguished from background noise. With
increasing applied bias voltage, the shoulder accompanying
the spectral tail shifted to higher energy channels, which
confirms that the signal arises from the γ-ray source rather
than artificial effects induced by the high voltage. However,
the characteristic peak of the 57Co radiation source could not
be resolved, which was due to the insufficiently high carrier
collection efficiency resulting from electron trapping and
recombination centers. Finally, detection performance using
uncollimated 241Am α-particles (5.5 MeV) was examined
(Fig. 13d). The signal clearly indicates that TlSn2I5 is photoresponsive to 5.5 MeV α-particles from an uncollimated
241
Am source. The detector performance did not degrade
after 10 h of biasing at 200 V, indicating the absence of a
polarization effect. This is a significant property of T
 lSn2I5
among the halide high-performance semiconductors.

9.8 Thallium Cadmium Iodide (Tl4CdI6)
Tl4CdI6 is a ternary compound that melts at 354 °C. As
shown in Fig. 14a, Tl+ cations and (CdI6)4‑ anions form
a 3-D structure in tetragonal form. Its elements have high
atomic numbers ( ZTl = 81, ZCd = 48, and ZI = 53), leading
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Fig. 13  a TlSn2I5 detector, b
photocurrent response to Ag
X-rays by switching the x-ray
source on and off at a bias of
100 V. c 122 keV γ-ray spectral
responses of a 57Co source at
various applied voltages. The
curve “700 V posi BKGD”
refers to the background of
the energy spectrum at 700 V.
d 241Am α- particles’spectral
response [84]

Fig. 14  a Crystal structure of T
 l4CdI6 shown along the b-axis. b
Spectral responses of Tl4CdI6 sample with positive bias (blue curve)
and negative bias (red curve) as compared to that of a commercial

CZT detector sample under a Ag X-ray source (inset). As-grown crystals of Tl4CdI6 [101]. (Color figure online)

to a high density (6.88 g cm−3) and good stopping power,
which is higher than that of CZT. This means that thinner
detectors can be fabricated. A study was conducted using
Tl4CdI6 for the detection of hard radiation. Bulk Tl4CdI6
crystals were grown by a Bridgman-Stockbarger technique. Tl4CdI6 with three different colors (i.e., yellow,
red, or black) were obtained due to the presence of minor
impurities and defects in the compound. The measured
electrical resistivities were 6.10 × 1010, 5.39 × 1010, and
1.18 × 1010 Ω cm for the yellow, red, and black crystals,
respectively, and these were comparable to that of CZT
(∼ 1011 Ω cm). These values demonstrate that the low levels of impurities do not have a significant influence on the

resistivity of this compound. The μτ products for the yellow
Tl4CdI6 crystal were 6.05 × 10−4 cm2 V−1 for the electrons
and 1.00 × 10−4 cm2 V−1 for the holes. The mobility-lifetime
product values were lower than those of CZT and higher
than those of other detector-grade crystals, such as H
 gI2.
The mobility-lifetime product values of the red and black
Tl4CdI6 samples were the same order of magnitude as the
yellow samples, which were purer than others. Ag X-ray
irradiation exposure tests were conducted at room temperature for detectors fabricated from yellow crystals due to
their higher resistivity and better purity. The pulse height
spectrum obtained for a yellow Tl4CdI6 crystal detector is
shown in Fig. 14b with the corresponding X-ray spectrum
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from a commercial CZT detector shown for comparison.
The characteristic lines of Ag Kα of 22.4 keV were resolved
for both positive and negative biases. The sensitivity of the
response of the Tl4CdI6 detector corresponds to approximately 32% of the commercial CZT detector, and this value
can be enhanced by the optimization of Tl4CdI6 crystal
growth parameters to improve resolution and signal strength
in this detector [101].

9.9 Mercury Chloro Sulfide (β‑Hg3S2Cl2)
Mercury chalcohalides, Hg3Q2X2 (Q = S, Se, Te; X = Cl,
Br) are a unique class of compound materials used to fabricate radiation detectors. They are stable compounds that
have a density of 6.80–7.78 g cm−3 and wide band gaps
(2.0–2.6 eV). Most of these compounds melt congruently,
which is favorable for crystal growth [37]. Wibowo et al.
[37]., grew large single crystals of β-Hg3S2Cl2 (7 mm
diameter, 1 cm long) using the vertical Bridgman method.
It has a high density (6.80 g cm−3) and a large band gap
(2.56 eV) and crystallizes with a 3-D structure comprised
of cubes with Cl atoms located within and between the
cubes and a trigonal pyramidal S
 Hg3 as the main building
block (Fig. 15a). The β-Hg3S2Cl2 detector had a resistivity
of 1010 Ω cm, and the mobility-lifetime products for electrons and holes were 1.4 × 10−4 and 7.5 × 10−5 cm2 V−1,
respectively, which are comparable to CZT, TlBr, T
 l6SeI4,
C s 2Hg 6S 7, α-HgI 2, C sHgInS 3, SbSeI, CsPbBr, T l 6SI 4,
CsCdInTe and Tl4CdI6 detectors. The β-Hg3S2Cl2 detector
showed a significant response upon exposure to Ag X-rays in
terms of photocurrent as a function of time under 10, 50, and
100 V applied voltages. Figure 15b provides the response
of the detector under a bias voltage of 10 V. It showed high
repeatability during several on–off of X-ray cycles.
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9.10 Hg3Se2Br2
Mercury is an inexpensive heavy metal with high chemical stability. Therefore, mercury chalcohalides are low cost
materials for hard ray detectors. In this context, semiconducting Hg3Se2Br2 has a large band gap (2.22 eV) with
a high density (7.598 g cm−3), and it crystallizes in the
monoclinic structure. Since H
 g3Se2Br2 is composed of high
atomic number elements (ZHg = 80, ZSe = 34, and ZBr = 35)
and has a high density, it has a high stopping power for hard
radiation, even higher than that of CZT. For instance, the
attenuation length of CZT for the energy of 137Cs (662 keV)
is 2.28 cm, while Hg3Se2Br2 is 1.39 cm. Therefore, thinner
crystals of Hg3Se2Br2 can be used to absorb hard radiation
[9]. The resistivity of H
 g3Se2Br2 measured by the two probe
method was on the order of 1011 Ω cm, which is sufficient for
the fabrication of room temperature detectors.
Hg3Se2Br2 single crystals exhibited a strong photoconductivity response when exposed to low flux Ag X-rays. Figures 16a, b display the current as a function of time when the
X-ray beam is turned on and off under positive and negative
bias, respectively. The X-ray induced current is ∼ 3 times
higher than the dark current under a 100 V bias, and the

Fig. 16  Photocurrent response of a H
g3Se2Br2 plate crystal
(3.0 × 2.1 × 0.5 mm3), a under positive bias and b under negative bias.
(insets: as grown Hg3Se2Br2 ingot and single crystals) [9]

Fig. 15  a Cubic structure of
β-Hg3S2Cl2. b β-Hg3S2Cl2
response on Ag Kα radiation
with repeated ON and OFF
switching of the x-ray beam
under applied bias of 10 V [37]
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mobility lifetime products of the electron and hole carriers
estimated from energy spectroscopy under Ag X-ray radiation were 1.4 × 10−4 and 9.2 × 10−5 cm2 V−1, respectively.
The fabricated detector was exposed to Ag X-rays under
different applied voltages. The recorded spectra clearly
showed responses to X-ray irradiation compared to dark
conditions (without X-ray) for both electron and hole carriers as demonstrated in Fig. 17a, b, respectively. The electron response exhibits relatively intense characteristic peaks,
while the hole response shows a broad peak. The X-ray
energy spectrum for the electron response of a H
 g3Se2Br2
single crystal is shown in Fig. 17c and is compared with that
of a commercial CZT crystal measured under a 200 V bias
voltage. The collection times for CZT and Hg3Se2Br2 were
both 200 s. Similar to the CZT, the characteristic lines of Ag
Kα 22.2 keV and K
 β 24.9 keV overlapped around 24 keV in
the spectrum detected by the Hg3Se2Br2 crystal. The count
of characteristic lines from the Hg3Se2Br2 crystal is comparable to those of CZT. CZT has a low μτ for hole carriers
and did not show a hole response to X-ray irradiation at the
same measurement condition. Furthermore, the Hg3Se2Br2
crystal also exhibited a counter response under C
 o57 γ-ray
irradiation as shown in Fig. 17d. The pulse height energy
spectra show an obvious signal compared to dark conditions under positive biases of 500, 600, and 700 V. These
results for Hg3Se2Br2 crystals suggests that they have γ-ray
spectroscopy capabilities comparable to those found in CZT.
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However, better spectroscopy performance from Hg3Se2Br2
can be achieved using better quality crystals.

9.11 Cs2Hg6S7
Cs2Hg6S7 is a novel ternary compound semiconductor that
is promising for the detection of hard rays. It has tetragonal
crystal structure and meets the key requirements necessary
to provide good X-ray and γ-ray responses at room temperature. Cs2Hg6S7 has a band gap of 1.63 eV, which is large
enough for potentially high dark electrical resistivity but
small enough for small electron–hole ionization energies.
Cs2Hg6S7 also has a high density (6.896 g cm−3) and elements with high atomic numbers (ZCs = 55, ZHg = 80), which
provide high stopping power of hard radiation and high carrier mobility-lifetime (μτ) products [36]. Li et al. [102] synthesized large crystals of Cs2Hg6S7 and its alloy with Cd
using the Bridgman method. Cd alloying increased the band
gap of C
 s2Hg6S7 from 1.63 to 1.84 eV. Doping with indium
and chlorine creates electron carriers and changes the p-type
semiconducting behavior of Cs2Hg6S7 to n-type behavior.
In and Cl dopants were introduced into the Cs2Hg6S7 system by adding “In” metal and HgCl2 into the synthesis of
the starting polycrystalline material. The doping concentration used was 1 × 1019 cm−3 for In and 2 × 1020 cm−3 for
Cl. While In doping decreased the resistivity, H
 gCl2 doping
gave a similar conductivity to the undoped material. The

Fig. 17  a The pulse height
energy spectra of unfiltered Ag
X-ray for electron response from
Hg3Se2Br2 crystal under bias
voltage from 30 to 800 V, b The
pulse height energy spectra for
hole response from Hg3Se2Br2
crystal under bias voltage from
40 to 900 V. c The pulse height
energy spectra of unfiltered
Ag X-ray from Hg3Se2Br2
crystal under 200 V applied.
A spectrum obtained from a
commercial CZT is shown for
comparison. The counting time
for both measurements was
200 s, d the pulse height energy
spectra of Hg3Se2Br2 crystal
under 57Co γ-ray irradiation
under 200–700 V applied for
electron response [9]
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resistivity of the as-grown pure Cs2Hg6S7 single crystal was
0.65 × 108 Ω cm, while a resistivity of 0.47 × 108 Ω cm was
observed for H
 gCl2 doped crystals, 2.0 × 106 Ω cm for 5%
Cd alloyed C
 s2Hg6−xCdxS7 crystals and 2.7 × 106 Ω cm for
In doped crystals. The carrier mobility-lifetime product of
the Cs2Hg6S7 crystals increased to 1.7 × 10−3 cm2 V−1 for
electrons and 2.4 × 10−3 cm2 V−1 for holes by H
 gCl2 doping.
The measured (μτ)e value was comparable to the commercial
CZT crystal, while the (μτ)h was ten times higher.
The spectroscopic radiation response of two undoped and
HgCl2 doped Cs2Hg6S7 crystals was evaluated using an unfiltered Ag X-ray radiation source (22 keV). Both C
 s2Hg6S7
crystals were able to detect X-rays (Fig. 18). A broad peak in
the spectrum was detected using the undoped crystal, while
sharp peaks were detected using the HgCl2-doped crystal.
The HgCl2-doped crystal gave a better response due to its
higher µτ product for holes than that of the undoped crystal.
When compared to the commercial CZT crystal, the spectra for both Cs2Hg6S7 crystals were much weaker and had
more noise and a higher background. One reason for this
is the lower resistivity of Cs2Hg6S7 crystals compared to
CZT. Another reason is related to the carbon paste used as
a contact material for the anode and cathode. This connection was not optimized, and can lead to high surface leakage
current and insufficient collection of excited electron and
hole carriers [102].
Li et al. [36] grew large C
 s2Hg6S7 crystals by the Bridgman method. The electron and hole photoconductivity curves
for the Cs2Hg6S7 detector as a function of applied voltage
are shown in Fig. 9a, b, respectively. The calculated μτ products for the C
 s2Hg6S7 detector were 1.10 × 10−3 cm2 V−1
for the electrons and 1.01 × 10−4 cm2 V−1 for the holes.
These values are comparable to those for commercial CZT,

Fig. 18  Spectroscopy response of C
 s2Hg6S7 crystals to Ag X-ray
unfiltered radiation and comparison with a commercial CZT crystal
[102]
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demonstrating the potential of this compound semiconductor
for the fabrication of hard ray detectors.

9.12 Hg3Q2X2
Following the DR concept, He et al. [42], explored mercury chalcohalides H
 g3Q2X2 (Q = S, Se, Te; X = Cl, Br, I)
as potential candidates for hard radiation detection. These
compounds all have an antiperovskite structure with massive
but ordered vacancies. The optical band gaps for Hg3S2I2,
Hg3Se2I2, and H
 g3Te2I2 were 2.25 eV (indirect), 2.12 eV
(indirect), and 1.93 eV (direct), respectively. All three materials had high intrinsic electrical resistivity, above 1 011 Ω
cm, and a very high photoresponse under laser irradiation.
The μτ product for H
 g3Q2I2 detectors was determined to
be on the order of 1 0−5–10−6 cm2 V−1. Also, the measured
electron mobility for H
 g3Se2I2 was 104 ± 12 cm2/(V s). The
Hg3Se2I2 crystals showed the most promising detector properties of this group both experimentally and theoretically
(Fig. 19).
Hard radiation detectors fabricated from Hg3Q2I2 (Q = S,
Se, Te) were tested for response to γ-rays using a 122 keV
57
Co source, and it was found that each compound exhibits
a response to γ-ray irradiation. Figure 20 shows the response
spectra to 57Co gamma ray exposure measured under different biases. In the energy (pulse height) spectrum, the
counts per channel are plotted as a function of the channel number, which is proportional to the pulse height. The
pulse height is essentially proportional to the total charge
collected from the electrodes. Signals from the gamma ray
source were clearly distinguished from the background noise
for the Hg3S2I2 and Hg3Te2I2 detectors, although no resolvable photo peak was observed (Fig. 20a, c). The μτ products
were 1.6 × 10−6 and 3.3 × 10−6 cm2 V−1 for the Hg3S2I2 and
Hg3Te2I2 detectors, respectively. For the Hg3Se2I2 detector, the energy spectra indicated a stronger response with a
high count rate (counts per second) even under a very small
bias < 10 V (Fig. 20b). In this case, the calculated μτ product was ∼ 1×10−5 cm2 V−1. There are many possible reasons
why the gamma ray peaks could not be resolved. According to the Shockley-Ramo theorem, if the incident γ-ray

Fig. 19  Photocurrent versus applied voltage for a electrons, b holes,
measured on a Cs2Hg6S7 crystal shown in inset of (a) [36]
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Fig. 20  γ-ray response under
57
Co γ-ray source of a Hg3S2I2,
b Hg3Se2I2, c Hg3Te2I2 detectors [42]

interacts randomly with the detector material across the
whole depth of the thickness, the induced charge will vary
linearly from zero to its maximum value, so no spectroscopic
information can be obtained. For example, the low thickness of the Hg3Se2I2 detectors (thickness of ∼ 0.2 mm) limited the absorption to 30% of the incident gamma rays, with
the remainder passing through the detector. Furthermore,
the penetrating gamma rays interacted randomly throughout the detector, causing a linearly varying induced charge
that smeared the energy spectrum. This can be resolved by
increasing the thickness of the detector or adopting single
polarity charge collection methods.

9.13 Cesium Lead Bromide (CsPbBr3)
Layered compounds such as PbI2 and BiI3 readily deform
under mechanical stress due to the van der Waals force
among the layers. This can create many defects in the crystal that eventually degrade the performance of the detector. HgI2, which is also a promising compound, shows a
structural transition that limits the growth of large single
crystals. Compounds with higher mechanical properties
can be fabricated from compound semiconductors with

a perovskite structure. In this context, Stoumpos and coworkers [87] reported CsPbBr3 as a compound with good
mechanical stability and favorable optoelectronic properties. CsPbBr3 has good mechanical properties due to the
3D crystallization structure and lack of a layered structure. As shown in Fig. 21a, C sPbBr 3 crystallizes in an
orthorhombic structure.
The reported μτ product was 1.7 × 10 −3 cm 2 V −1 for
electrons and 1.3 × 10 −3 cm 2 V −1 for holes. Detectors
(2.1 mm thick 7 mm diameter) made of C
 sPbBr 3 were
exposed to an unfiltered Ag X-ray radiation source
(21.59 keV) for 15 min under a positive bias of 450 V. Figure 21b shows that the C
 sPbBr3 detector has a meaningful
X-ray response, displays a signal resolution equivalent to
that of CZT, and is able to resolve Kα and Kβ peaks.
Im et al. [33], investigated the formation energy of possible native defects in C
 s2Hg6S7 and their concentration as
a function of the chemical environment using first-principles DFT calculations. They reported that S-vacancies and
HgCs- antisite defects will cause lifetime limiting deep levels, whereas Cs-vacancies form a shallow acceptor level,
decreasing the resistivity of the material.

Fig. 21  (a) Crystal structure of
CsPbBr3 (b) white Ag X-ray
radiation response of C
 sPbBr3
and CZT under a + 450 V bias
(inset) photograph of the singlecrystal specimens CsPbBr3 [87]
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9.14 Antimony Selenoiodide (SbSeI)
Wibowo et al. [33] followed the DR concept and combined
SbI and SbSe to introduce a crystalline SbSeI chalcohalide as a novel hybrid ternary compound for semiconductor
radiation detectors. SbSeI was produced from the reaction
of a mixture of S
 bI3, Sb, and Se at 500 °C (Fig. 22a). It has
an orthorhombic crystal structure (Fig. 22b) and showed
an n-type conductivity with a high resistivity (∼ 108 Ω cm),
high density (5.80 g cm−3), large enough band gap (1.70 eV)
and relatively high μτ products (∼ 10−4 cm2 V−1) for electrons and holes. The μτ products for both electrons and
holes are the same, which is beneficial to detector design. In
contrast, commercial CZT detectors have a low μτ product
for holes, and a so-called single-carrier-detector design is
used, where only electrons are collected and read [33]. The
fabricated SbSeI detectors were exposed to Ag Kα X-rays
and showed a high response in terms of photocurrent as a
function of time under 5, 50, and 100 V applied voltages.
Figure 22b shows several cycles of the on–off X-ray beam
under a 5 V applied bias; as shown, no signs of degradation
were observed [33].

9.15 Lead Selenophosphate (Pb2P2Se6)
Pb2P2Se6 is a low cost compound semiconductor with fascinating bulk physical properties that make it a potential
candidate for the realization of room temperature hard radiation detectors. Compared to commercial CZT detectors,
Pb2P2Se6 has a simpler phase diagram, much easier growth
conditions, and the potential to be grown at a large scale.
All three elements of P
 b2P2Se6, i.e., lead, red phosphorous,
and selenium, are abundant and can be obtained with high
purity. This facilitates the growth of highly pure P
 b2P2Se6
detectors without the need for complex purification steps.
Fig. 22  a Typical image of
an SbSeI ingot obtained from
vertical Bridgman growth, b
structure of SbSeI, c SbSeI
detection of Ag K
 α radiation
with repeated ON–OFF switching of the X-ray beam under
applied bias of 5 V [41]
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Furthermore, it melts congruently at 812 °C, has excellent
chemical/physical properties and good mechanical hardness. The mechanical hardness of P
 b2P2Se6 is a particular
advantage because it reduces the risk of defect formation or
crack development during the waferization and mechanical
polishing steps of detector fabrication [45].
Wang et al. [45], grew P
 b2P2Se6 for radiation detection.
Pb2P2Se6 has a band gap of 1.88 eV with a high electrical resistivity (1 × 1010 Ω cm), which is comparable to CZT
detectors. Furthermore, it has a higher stopping power
than CZT detectors. For instance, the attenuation length
for CZT for 137Cs radiation at 662 keV is 2.3 cm, while
it is only 1.8 cm for Pb2P2Se6. Therefore, probability of
charge trapping before reaching to electrodes is decreased.
The mobility-lifetime product for electrons in P
 b2P2Se6 is
3.5 × 10−5 cm2 V−1.
The cleavages shown in Fig. 23a are due to the large thermal stress during the growth. Sound and crack-free crystal ingots with good reproducibility were grown (Fig. 23b)
using a modified Bridgman method. A Pb2P2Se6 single crystal wafer was transparent under incandescent light. Under
polarized light, the wafer showed a uniform color change
upon rotation, confirming the single crystal nature of the
wafer (Fig. 23c, d).
Gamma ray detection ability of Pb2P2Se6 crystals was
studied by exposing them to gamma rays emitted from a
57
Co source. Figure 23e, f show two pulse heights at 14.4,
122.1, and 136.5 keV gamma rays. Figure 23e indicates
two major peaks matching the 122.1 and 136.5 keV lines
of the 57Co spectrum from CZT, along with other minor
features which were too weak to be identified. In Fig. 23f,
the Pb2P2Se6 detector resolved the main peak at 122.1 keV
with a resolution of 10 keV FWHM, while the 136.5 keV
radiation was only partially resolved as a shoulder of the
122.1 keV signal due to the relatively low resolution. These
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Fig. 23  a Whole P
 b2P2Se6
crystal ingot naturally fractured
due to thermal stress (perpendicular to the growth direction).
b large crack free crystalline
segments of P
 b2P2Se6 obtained
from Bridgman growth. A
polished Pb2P2Se6 single crystal
wafer, c under ambient light and
d under intense incandescent
light, e, f partially resolved 57Co
gamma ray spectra of P
 b2P2Se6
detectors compared with that of
a CZT detector [45]

results demonstrate that Pb2P2Se6 detectors have the potential to be used as commercial room temperature hard radiation detectors.

10 Quaternary Compounds
10.1 TlHgInS3
Since both Tl and Hg are heavy elements with high atomic
numbers and good adsorption ability for hard rays, detectors
fabricated from materials containing both Tl and Hg can
operate at a relatively low thickness [35]. Li et al. [35] grew

ternary compound TlHgInS3 single crystals. Since TlHgInS3
melts incongruently, making large single crystals from melt
is difficult. TlHgInS3 has a resistivity of ∼ 4.32 GΩ cm and
a band gap of 1.74 eV. The μτ products of the electrons
and holes were 3.6 × 10−4 and 2.0 × 10−4 cm2 V−1, respectively, which are lower than those of commercial grade CZT.
However, they are comparable to other quaternary detectormaterials. The TlHgInS3 detector showed a strong response
upon exposure to Ag X-ray radiation. Figure 24a shows the
dark current and photocurrent under different bias voltages
(10, 25, 50, 75, 100, 200 V) in the presence of X-rays. Under
a 200 V bias, the dark current was ∼ 0.008 nA, and the photocurrent increased to 0.35 nA when the X-ray source was

Fig. 24  Single-crystal TlHgInS3
photocurrent response to Ag
X-ray radiation with repeated
ON–OFF exposure time: a
under biases of 10, 25, 50, 75,
100, and 200 V and b repeated
measurements under a bias of
100 V inset shows a T
 lHgInS3
single crystal from the product
of direct combination reaction
[35]
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turned on. The X-ray photocurrent increased with increasing
bias voltage. Photocurrent tests were repeated to determine
the repeatability of the detector, and the good repeatability
of the signals indicated the high stability of the T
 lHgInS3
detector (Fig. 24b) [35].

10.2 CsCdInSe3 and CsCdInTe3
Other promising ternary compounds are C
 sCdInSe3 and
C sCdInTe 3 ( Z Cs = 55, Z Cd = 48, Z In = 49, Z Te = 52 and
ZSe = 34), which have high density, making them suitable
for hard detection. Large single crystals of C
 sCdInSe3
and CsCdInTe3 were grown using the vertical Bridgman
method [34]. Both C sCdInSe 3 and C sCdInTe 3 crystals
have high stopping power. CsCdInTe3 has an attenuation
length comparable with that of CZT detectors over most of
the energy range. However, C
 sCdInSe3 has larger attenuation length than CZT in the energy range above 32 keV.
While CsCdInSe3 has a relatively high resistivity of 4.2
GΩ cm and 28 MΩ cm perpendicular to the (001) plane
and parallel to the (001) plane, respectively, the resistivity
of CsCdInTe3 was ∼ 190 MΩ cm and 1.5 MΩ cm perpendicular to the (001) plane and parallel to the (001) plane,
respectively. CsCdInSe3 and C
 sCdInTe3 have band gaps of
2.4 and 1.78 eV, respectively. For C
 sCdInSe3, the reported
μτ product values are 1.18 × 10−5 cm2 V−1 for electrons
and 2.74 × 10−6 cm2 V−1 for holes, whereas the values for
CsCdInTe3 are 1.07 × 10−4 and 1.32 × 10−5 cm2 V−1 for electrons and holes, respectively. The μτ products for electrons
however were lower than those of CZT detectors. That said,
crystals with a higher μτ product can be grown with further
optimization of growth conditions. The detector performance of as-grown crystals has not been reported.

10.3 CsHgInS3
Li et al. [38] grew large single crystals of the ternary compound CsHgInS3 using a vertical Bridgman method and a
horizontal traveling heater method. C
 sHgInS3 with a monoclinic structure and a high density of 5.168 g cm−3, which is
comparable to the density of CZT (5.78 g cm−3). The band
gap of C
 sHgInS3 is high enough for hard radiation detection
at room temperature. Also the high average atomic number
of the elements in CsHgInS3 (ZCs = 55 and ZHg = 80) provides good hard radiation stopping power. For example, at
an energy of 662 keV (137Cs), the attenuation length of CZT
is 2.3 cm whereas it is 2.1 cm for C
 sHgInS3. The mobilitylifetime product of electrons and holes estimated for the
as-grown crystals were 3.6 × 10−5 and 2.9 × 10−5 cm2 V−1,
respectively. Even though these values are lower than those
for CZT, they are comparable to other layered hard radiation
detectors such as PbI2, GaSe, and TlGaSe2. It is expected
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that better growth conditions will result in higher mobilitylifetime products for this crystal.

11 Summary and Future Outlook
In this review paper, we discussed different compound semiconductor materials for the detection of hard rays. Binary,
ternary and quaternary compounds with numerous examples were comprehensively discussed with emphasis on the
growth method and detector performance. A common issue
associated with compound materials is that they cannot be
grown with a purity and homogeneity comparable to single
element detectors. Also, most compound detectors are intrinsically brittle and can be easily damaged during processing.
Defects in compound detectors act as trapping centers for
electrons and holes, resulting in a loss of performance. Carrier trapping in compound semiconductors greatly reduces
the CCE, resulting in a decrease in detector performance.
Also mobility-lifetime products for electrons and holes are
different in most compound detectors. Polarization effects in
these compounds can also degrade the detector performance
over time. Finally, the toxicity of compound detectors should
not be overlooked since most compound detectors have at
least one toxic element (Cd, Hg, Tl).
It should be noted that the development of hard radiation
imaging detectors is also important. Exact measuring the
energy of a hard radiation is worth than just the registration
of its presence. Therefore, imaging concepts can be used
in a manner that is complementary to the normal function
of hard ray detectors. Accordingly, much attention should
also be paid to the development of hard radiation imaging
detectors [103]. Finally, it is worth noting that organic semiconductors are promising alternatives to inorganic semiconductors. Organic semiconductors are relatively inexpensive
and easy to produce. Organic radiation detectors (with some
modifications) can have a performance that is comparable to
inorganic compound semiconductors Additionally, organic
materials are flexible, thus, they have high potential to be
employed for radiation detection purposes [104].
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