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                     Abstract 
  Purpose     Considerable advances in the fundamental knowledge and applications of radiation science have led to signifi cant 

progress and development of room-temperature semiconductor radiation detectors (RTSD). The RTSDs technologies are 

continuously evolving with accelerated research and material engineering in the last decade. Signifi cant scientifi c and tech-

nological advancements have led to development of high-performance radiation detectors with high signal-to-noise ratio 

(SNR), better sensitivity, faster response and higher-resolution with capability of desired room-temperature operation. This 

paper is a review on emerging semiconductor radiation detector materials with a deeper insight into the prospective role of 

Bismuth tri-iodide  (BiI 3 ) for room-temperature radiation detectors. 

   Methods     An introduction of the state of art of most developed semiconductor materials, i.e., cadmium telluride (CdTe), 

mercury iodide  (HgI 2 ), lead iodide  (PbI 2 ), etc., and a critical examination of properties, shortcomings and challenges related 

to their synthesis have been elaborated. Polymer-semiconductor composites with desirable properties and their integration 

into detector devices is also presented. Subsequent sections discuss the role of  BiI 3  as an emerging radiation detector mate-

rial for room-temperature operation with an in-depth discussion on the role of defects in charge transportation and electrode 

confi guration. Furthermore, the current challenges along with the future prospects of these materials for radiation detection 

to promote continuous innovation and practical applications are also elaborated. 

   Conclusion     The comprehensive review on latest developments in room-temperature radiation detector materials is expected 

to help establish a technological roadmap for the synthesis, fabrication and commercialization of novel materials for devel-

opment of effi  cient radiation detectors. 

    Keywords     Radiation detector    ·  Defects    ·  Electrical properties    ·  Bismuth tri-iodide    ·  Semiconductor    ·  Toxicity  

      Introduction 

 High-energy radiations promulgate immense modern day 

applications in varied fi elds like medical treatments, food 

preservation, security and defence, research laboratories, 

space stations, industries and many others [ 1 ]. Work envi-

ronments dealing with high-energy radiations pose high risk 

of exposure due to leakage of radiations leading to deadly 

life-threatening diseases like cancer [ 2 – 4 ]. However, due to 

the danger of the leakage of radiations on human as well as 

environment, in future sometime soon world is going to face 

a new problem of radiation pollution at a large scale. It has 

not been possible to devise unerring, dependable and effi  cient 

ways to stop or contain the fl ow of leaked radiations and to 

monitor radioactive waste from research laboratories and fac-

tories which have resulted in dreadful accidents like Cherno-

byl disaster [ 5 ] and Delhi Mayapuri incident [ 6 ]. It is impera-

tive to continuously monitor the level of these radiations in 

environment with real-time room-temperature dosimeters and 

sensors to control radiation pollution [ 7 ]. We already have a 

number of radiation detectors or sensors typically classifi ed by 

the type of detector material, the source of radiation and the 

energy range of radiation. There are fundamentally three types 

of detectors in use for radiation detection applications: (1) 
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gas-fi lled detectors like GM counter, (2) scintillation detectors 

and (3) semiconductor detectors (solid-state detectors) [ 8 ,  11 ]. 

 Gas-fi lled detectors are versatile and commercially used 

detectors in the market as they are cheap and have a long-life 

time. The gas-fi lled detectors operate on the basis of ioniza-

tion of gas molecules by interaction of radiation. The oper-

ating voltage for gas detectors is in the range of 50–1000 V 

and in some cases even more than 1000 V depending on 

geometry of detector and energy of incident radiation [ 9 , 

 10 ]. Despite being the major player in the market, gas detec-

tors have certain limitations like low resolution, low sensi-

tivity, high operation voltages and high recovery time [ 8 ,  9 ]. 

 Second class of detectors, the scintillation detectors, are 

the oldest types of radiation detectors in which interaction of 

radiations with certain class of inorganic and organic scintil-

lator materials leads to production of photons [ 11 ,  12 ]. This 

type of detector has high resolution and sensitivity compared 

to gas-fi lled detectors but the cost is much higher as scintillator 

materials are expensive and also the use of photomultiplier tube 

to enhance signals leads to an additional increase in the size and 

cost of detector [ 13 ]. However, due to electron–electron interac-

tions in the material and potential barrier at the surface/vacuum 

interface, a considerable amount of energy loss of the order of 

100 eV for generation of a single photoelectron occurs, which 

is much higher than the energy loss in gas-fi lled or semiconduc-

tor detectors [ 14 ] which reduces signal intensity or strength. 

Formation of F-centres and clusters in alkali and metal halides 

strongly aff ect the optical and structural properties of scintilla-

tors which aff ect the performance the device [ 15 – 17 ]. 

 Third type of detectors are  solid-state detectors , consid-

ered as contemporary and the future technology of detectors 

by experts [ 18 ]. Solid-state detectors have good resolution, sen-

sitivity, room-temperature operation, compact size and good 

results observed at comparatively low voltages because of high 

density and absorption coeffi  cient of semiconductor [ 19 ]. The 

resolution and response time for semiconductor detectors are 

also testifi ed better than gas and scintillation detectors. These 

detectors generally have higher density than gas-fi lled detectors; 

thus, the diff usion aff ect is smaller, which results in an attainable 

resolution of less than 10 μm, and also, semiconductor detectors 

have low ionization energy (less than 10 eV for each e–hole 

pair) as compared to gas detectors (20–40 eV) and scintillators 

(400–1000 eV to create a photoelectron) [ 20 ]. The requisites 

for the functioning of a portable device detector are low bias 

voltage, high signal-to-noise ratio, room-temperature operation 

and lightweight, and these requisites can be congregated with 

various semiconductor detector materials. However, high cost, 

variation in material structure and properties, environmental 

degradation and performance deterioration pose certain limita-

tions laying constraints on the use of semiconductor materials 

[ 22 – 27 ]. 

 In this review, we have discussed about the properties, 

performance and limitations of the existing semiconductor 

materials for RTSD applications. Ideally a material with a 

high atomic number, high density and photoelectronic coef-

fi cient is required to develop a good RTSD (Fig.  1 ). To make 

the detector environment friendly, it is pertinent to choose 

a non-toxic and non-radioactive material for the detector 

fabrication. Thus, in the later sections of the review, authors 

have focussed on the potential of non-toxic  BiI 3 , possessing 

the desired properties to be a RTSD.         

    A comprehensive review of semiconductor 
detectors 

 Table  1  depicts series of common semiconductor materi-

als which are explored as radiation detectors for detect-

ing high radiations such as X-rays, gamma rays and alpha 

rays depending on their material characteristics like band 

gap, density, electron–hole pair creation or pair production 

energy, mobility-lifetime product (diff erent for electrons and 

holes) and resistivity [ 18 ,  21 – 25 ].  

 The correlation matrix heatmap for the data in Table  1  is 

depicted in Fig.  2 . The correlation matrix shows a signifi cant 

dependence of resistivity on corresponding band gap which 

is quite expected as numbers of charge carriers depend on 

band gap. Further, a signifi cant correlation exists between 

the resistivity and the corresponding density of material, 

the density of material which is an interesting correlation. 

A moderate negative correlation coeffi  cient relates the elec-

tron mobility lifetime and the electron–hole pair production 

energy.         

 Semiconductor detectors are predominant and devel-

oping class of room-temperature radiation. These detec-

tors can be further categorized into  three categories , i.e. 

pure semiconductor detectors like silicon (Si), germanium 
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  Fig. 1       Photoelectric attenuation of diff erent semiconductors (showing 

variation with Z) at energy range of 0.1 keV to 10 GeV  
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(Ge)  [ 26 ]; compound semiconductor detectors based 

on cadmium (Cd)-based compounds  [ 27 ], metal hal-

ides, etc. [ 28 ], and polymer–semiconductor composite-

based detectors like cadmium telluride (CdTe)-polymer 

nanocomposites [ 27 ], polymer/CNT(carbon nanotubes)/

high-Z composites, etc. [ 29 ,  30 ]. 

   Pure semiconductor detectors 

 High density of silicon (2.329 g/cm 2 ) allows a moderate 

energy loss per unit length with detector thickness up to 

300 μm apportioning a measurable signal-to-noise ratio as 

compared to other detectors with comparable thickness [ 31 ]. 

Also, silicon has a large industry presence with micro-chip 

technology, which makes it easy to design a detector [ 32 ]. 

Revelation of good resolution for tracking charged parti-

cles by silicon-based radiation detectors has made them 

mark their presence at the LHC in CERN detection system. 

Nevertheless, the major disadvantage of silicon detectors 

is their expensive cost as compared to cloud chambers or 

wire chambers, low atomic number and also degradation of 

the signal over time as a consequence of polarization due to 

radiations [ 33 – 35 ]. 

 Another, semiconductor detector material most com-

monly used in detection is germanium due to its high atomic 

number and better photon interaction probability than Si. 

Germanium-based detectors do have good energy resolu-

tion and however require sophisticated cooling devices 

to operate at  very low temperature of liquid nitrogen 

(− 196 °C), to reduce leakage currents and attain maximum 

effi  ciency which is major drawbacks of Ge detectors [ 33 , 

 36 ,  44 ]. Eberth et al. devised a vacuum tight Ge detector 

  Table 1       Properties comparison of potential semiconductor detector materials  

  Material    Atomic number (Z)    Band gap (eV)    Density    e–h pair produc-

tion energy (eV)  

   μτ      μτ     Resistivity Ohm-cm    Toxicity level  

  e −     h  

  Si    14    1.12    2.33    3.76    0.42    0.22    2.3 ×  10 5     Low (2)  

  Ge    32    0.74    5.32    2.98    0.72    0.84    50    No  

  C (diamond)    6    5.4    3.5    13.25    2 ×  10 −5     1.5 ×  10 −5      >  10 11     no  

  4H-SiC    14.6    3.24    3.20    7.78        2 ×  10 12     low  

  SiC    14.6    2.2    3.12      10 −6     10 −7       Low (1)  

  CdTe    48.32    1.47    6.06    4.43    5 ×  10 −6     5 ×  10 −6     10 9     High (4)  

  CdZnTe    48.3052      6.02    4.5    5 ×  10 −4     5 ×  10 −6     10 10     high  

  CdZnSe    48.3054    2.0    5.50    6    10 −4       10 10     High (4)  

  CdSe    48.34    1.73    5.81    5.5    6.3 ×  10 −5       10 12     High (4)  

  CdMnTe    48.2552    1.61    5.8    2.12    7 ×  10 −3       10 10     High (4)  

  GaAs    31.33    1.36    5.36    4.51    1.2 ×  10 −5     6 ˣ10 −7     10 7     High (danger)  

  Bi 2 S 3     83.16    1.3    6.73      1.3 ×  10 −6     7 ˣ10 −7       Very low (0)  

  HgI 2     80.53    2.13    6.36    4.2    10 −4     10 −5     10 13     High (3)  

  BiI 3     83.53    1.7    5.78    5.80    6 ×  10 −7     10 −7     10 8 –10 11     low (1)  

  PbI 2     82.53    2.6    6.16    7.68    2 ×  10 −7     10 −8     10 13     High (4)  

  AlSb    13.51    1.62    4.26    5.055    10 −6     10 −6     10 8     High (4)  

  TlBr    81.35    2.68    7.5    7.7    3 ×  10 −4     6 ×  10 −5     10 10     Acute toxic  

  PbO    82.8    2.80    9.80    8.19    10 −8       10 13     

  ZnO    30.8    3.38    5.61    8.37    10 −4 –10 −6       3 ×  10 13     

  Fig. 2       Correlation matrix heatmap for physical parameters mentioned 

in Table  1   
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encapsulated in a thin (0.7 mm) aluminium encapsulated to 

avoid absorption of low-energy photons produced by Comp-

ton scattering leading to enhanced reliability and resolution 

(2.10 keV at 1.33 MeV) [ 36 ]. Despite these paybacks, the 

drawback of bulky cryogenic operation for a measurable 

signal-to-noise ratio was still persistent. 

 Diamond was identifi ed as one such potential material 

for room-temperature radiation detection because of its high 

band gap (6 eV), high density and low leakage current [ 37 , 

 46 ,  47 ]. An extremely low value 7.46 ×  10 −13  A/mm 2  for 

dark current was reported at an electric fi eld of 1 V/μm by 

Kai Su et al. [ 38 ]. Due to high band gap of diamond, the 

detector thickness reduces and better signals can be observed 

when irradiated with ionizing radiations such as heavy ions, 

protons, alpha particles and intense gamma ray and X-ray 

beams at higher temperature [ 39 ]. Major disadvantages of 

diamond detectors are polarization of charge carriers and the 

exorbitant cost of diamond, even synthetic or artifi cial dia-

mond are so expensive. Polarization in detector creates space 

charge accumulation which leads to creation of a dead zone 

in the detector leading to performance degradation [ 40 ]. 

    Compound semiconductor detectors 

 Compound semiconductor materials need to possess a wide 

band gap, high density, etc., as minimum requirements to 

absorb the radiations and to produce a good response spec-

trum and be a good RTSD material. Some of most devel-

oped or explored compound semiconductor materials have 

been explored as promising materials for room-temperature 

radiation detectors and are summarized in Table  1 . Silicon 

carbide (SiC) is a compound semiconductor which provides 

a number of advantages over silicon, i.e. ten times of the 

breakdown electric fi eld strength, three times of the band 

gap, and permitting a wider range of  p - and  n -type con-

trol essential for device construction. But fabrication of SiC 

epitaxial layers thicker than 100 μm is cumbersome and 

expensive. Moreover, the operating voltage of the detec-

tor is higher than other available detectors [ 41 ]. 4H–SiC 

demonstrates promising results reported with best resolution 

spectra of 0.55% at 5.48 keV with thickness 15 micro-meter 

and bias voltage 40 V at room temperature and is stable in 

harsh environmental conditions befi tting as the most ideal 

material for power devices [ 41 ]. 

 Among all the compound semiconductor detectors, the 

most developed radiation detectors are undoubtedly cad-

mium-based compound detectors [ 42 ]. Cadmium telluride 

(CdTe) is considered as potential candidate for hard X-ray 

and gamma ray detection. The high atomic number ( Z ) of 

the material gives a high quantum effi  ciency in comparison 

with Si. However, a signifi cant magnitude of charge loss 

arises due to low mobility and short lifetime of holes in 

these detectors which lowers the energy resolution [ 43 ]. 

Moreover, polarization aff ect lowers the performance of 

CdTe. Another compound CdSe has a broader forbidden 

band gap compared to CdTe, thus expounding lower intrinsic 

carrier concentration and leakage current [ 44 ,  45 ]. A ternary 

compound, cadmium zinc telluride (CZT), is synthesized by 

doping zinc (Zn) into the crystal of CdTe (generally 10% of 

Zn) to tailor the bandgap of the material. The doping with 

Zn improves resistivity of CZT by magnitude of the order 

of 2–3 as compared to CdTe and furthermore circumvents 

polarization aff ects after long periods of operation under 

bias voltage [ 46 ]. However, CZT suff ers from high seg-

regation coeffi  cient of Zn and a signifi cant compositional 

variation observed along the length leading to three major 

detrimental factors: compositional inhomogeneity forming 

new defect states, high concentration of dislocation walls/

sub-grain boundary networks and high concentration of Te 

precipitates/inclusions which deteriorate the performance of 

CZT [ 22 ,  40 ]. These detrimental factors are mitigated by 

addition of selenium by the travelling heater method (THM) 

which promotes the growth of a new quaternary crystal hav-

ing composition  Cd 1−x Zn x Te 1−y Se y  (CZTS) as reported by 

Roy et al. [ 47 ]. The addition of Se has been reported to be 

very aff ective in minimizing the possibilities of formation 

of sub-grain boundaries and its networks, thus signifi cantly 

minimizing the Zn segregation and ultimately improving the 

compositional homogeneity along the length of the grown 

ingots and resulting in much lower concentrations of Te 

inclusions/precipitates. Large CZT fi lm array-based X-ray 

detector was synthesized by Xiuying Gao et al. as it is dif-

fi cult to grow large crystals of CZT. This 8 × 8 array of X-ray 

detector shows high resistivity (3.33 ×  10 11  Ω cm) and fast 

photocurrent response for 35KVp X-rays [ 48 ]. 

 Thallium bromide (TlBr) is another class of crystals 

extensively used for room-temperature X- and gamma rays 

detectors in 5 keV to 1 MeV energy range. This fi nds appli-

cations in space, medicine and also for radionuclide analy-

sis [ 49 ]. The TlBr crystals have highest density (7.56 g/cm 3 ) 

among RTSD materials, high atomic number (81,35), wide 

band gap (2.68 eV), high mobility-lifetime product  (10 −3  

 cm 2 /Vs) and higher resistivity at the expense of a margin-

ally higher e–h pair creation energy [ 47 ]. TlBr marks certain 

band gap trap states from point defects that are predomi-

nantly neutral and badge the Fermi energy level near the 

middle of the band gap which helps retain high resistivity 

in the crystal [ 23 ]. But despite excellent advantages, this 

material is soft which makes it diffi  cult to cut high quality 

crystals and also faces polarization issue over long period 

of usage under bias [ 50 ,  51 ]. 

 Another potential RTSD material is mercury iodide  (HgI 2 ) 

which was used for gamma ray spectrometer applications for 

the fi rst time in 1971 [ 52 ]. The fabricated  HgI 2  dosimeters 

have suffi  cient reproducibility and dose linearity for gamma 

rays that can be used as real-time monitoring system [ 53 ]. 
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The detection range for  Hgl 2  crystals varies over a large span 

from low-energy X-rays of about 1.5 keV to high-energy 

gamma ray detection of up to 1332 keV [ 54 ]. But, material 

also has shortcomings, viz. low hole mobility, short mean 

free path for carriers, polarization, high leakage current and 

surface degradation of material with time [ 55 ]. Toxicity 

of mercury is also a major concern of  HgI 2  semiconduc-

tor material [ 56 ]. Lead Iodide  (PbI 2 ) is also considered as 

a potential RTSD candidate having amazingly high photo-

electric effi  ciency and high atomic number [ 57 ,  58 ]. It has 

numerous advantages over  HgI 2  detector. Material has high 

stability and does not undergo any phase transformation 

at high temperatures unlike  HgI 2  growth restrained due to 

its inherent phase transition from orthorhombic to tetrago-

nal phase at a temperature of 130 °C [ 59 ]. Lund et al. [ 60 ] 

have reported that  PbI 2  detectors show a good energy reso-

lution of 915 eV FWHM at 5.9 keV at room temperature. 

Also, through literature survey [ 61 ] it was found that  PbI 2  

detectors reveal an energy resolution of < 1 keV FWHM for 

5.9 keV gamma rays. But major problem with  PbI 2  detectors 

is its lead toxicity which makes its practical applications 

precarious for human beings [ 62 ]. Besides being toxic, the 

material is soft, diffi  cult to grow, has polarization aff ects and 

exists in many phases which makes it diffi  cult to handle [ 58 , 

 63 ]. Some metal oxides like zinc oxide (ZnO) and lead oxide 

(PbO) fall under the category of highly resistive semicon-

ductors and show promising results for detection of hard 

radiations. The ZnO single crystal has reported resistivity 

up to  10 13  Ω cm (mentioned in Table  1 ) due to the repara-

tion of the donor defects ( V  O ) and acceptor defects ( V  Zn  and 

 O i ) after high-temperature annealing in oxygen for 1 hour. 

The O vacancy in material decreased with heating at a tem-

perature of 250 °C in low vacuum [ 64 ]. The response time 

and recovery time for X-ray is reported in ns, which makes 

the material a good option for ultrafast detectors [ 65 ]. But, 

aff ective atomic number of ZnO is low, which makes the 

detector less suitable for high-energy X-rays or gamma rays. 

PbO also has good properties for semiconductor radiation 

detector but gives better results as direct inversion imaging 

scintillators [ 66 ]. However, the grain and defect density of 

ZnO can be controlled by varying thickness [ 67 ,  68 ]. 

    Polymer-semiconductor composite detectors 

 The most common drawbacks of radiation systems for the 

detection as well as dosimetry of high-energy ionizing radia-

tions are considered as low real-time signal, cost intensive 

and complicated synthesis process, need of cryogenic cool-

ing for suppressing the dark current, less sensitivity to low-

energy ionizing radiations, large and bulky size [ 69 ] which 

can be resolved to a certain extent by polymer-semiconduc-

tor composite-based detector materials. Since long, poly-

mers have shown their presence in radiation applications 

like shielding, due to their expedient properties like better 

mechanical strength, high resistivity, low weight, low cost, 

environmental stability and fl exibility [ 70 ]. However, poly-

mers in isolation do not have good attenuation coeffi  cient or 

high photon stopping power. Composites of polymers blend 

with clay, MWCNT, metals and high-Z semiconductors have 

been reported as a new emerging class of materials with 

advanced properties of polymers as well as semiconduc-

tors suitable for radiation detectors [ 71 – 74 ]. These fi llers 

in polymer matrix downscale the high resistivity of poly-

mers to form conductive channels that act as conduits for 

charge carriers generated due to interaction of radiations to 

reach the electrodes [ 75 ]. This phenomenon improves the 

charge collection effi  ciency (CCE) of the composite mate-

rial as compared to the pristine material. Many papers have 

been reported to enhance the properties of the detector when 

polymers blend with MWCNT or composite with metals, 

semiconductors and clay [ 29 ]. 

 Jose M. Lobez and Timothy M. Swager prepared a less 

expensive polymer (poly(olefi n sulfone)/MWCNT blend 

and doped it with high-Z bismuth composite for the gamma 

rays detection. In this composite, the conducting MWCNTs 

dispersed in the polymer matrix form a percolated network 

which serves as conducting channels for charge collec-

tion [ 69 ]. Similar detection mechanism is also discernible 

in semiconductor-polymer composites which off er increased 

signal strength of detector. Investigations have been done 

on high-Z compound semiconductor CdTe quantum dots 

and their polymer nanocomposites for detection applica-

tions [ 27 ]. A.M.S. Galante et al. have performed studies on 

pre- and post-irradiation stability, samples were irradiated 

with 60-Co gamma radiation source, in free air at electronic 

equilibrium conditions, dose range between 1 and 150 kGy, 

and the results are indicative that fl uoropolymers are very 

stable under diff erent environmental conditions [ 76 ]. 

 Intaniwet et al. have demonstrated that X-ray attenu-

ation coeffi  cient can also be increased by adding high-Z 

material (like  Bi 2 O 3 ) nanoparticles to a semiconducting 

polymer (polytriarylamine) (PTAA)). When samples with 

PTAA device containing 60 wt.%  Bi 2 O 3  nanoparticles are 

irradiated with 17.5 keV X-ray beams, sensitivity of detec-

tor upsurges approximately 2.5 times compared to the plain 

PTAA sensor [ 77 ]. Shruti Nambiar et al. prepared lead-free, 

polydimethylsiloxane (PDMS) nanocomposites incorporat-

ing varying weight percentages (wt.%) of bismuth oxide 

(BO) nanopowder and studied their aff ectiveness for shield-

ing against diagnostic X-rays. Their study revealed that the 

PDMS/BO nanocomposite (44.44 wt.% of BO and 3.73 mm 

thick) was aff ective for attenuating all the scattered 60 ksVp 

X-rays, usually used in IVR [ 78 ]. A fl exible metal–oxide 

 Bi 2 O 3  nanoparticle detector has also been fabricated for 

X-ray sensor device affi  rming the scope of high-Z-polymer 

composites for fabrication of fl exible detector devices [ 79 ]. 
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 These fascinating results show that polymer composites 

with high-Z materials and/or conducting fi ller like CNTs 

are latest, novel high-performance materials for developing 

radiation detectors with high stability, better environmental 

conditions, high sensitivity and attenuation coeffi  cient [ 80 ]. 

After a comprehensive discussion on the performance met-

rics and limitations (Table  2 ) of the diff erent classes of semi-

conductor detector materials, further, in this review paper, 

our discussion shall be focussed on the potential and limita-

tions of  BiI 3  in context of radiation detectors.  

     BiI 3 : a potential non-toxic RTSD 

 Bismuth (Bi) is the highest non-radioactive material which 

makes the material another high-Z material like good substi-

tute of lead-, mercury- and cadmium-based detector devices 

with better performance and low toxicity. The potential use 

of this material as radiation detector was introduced in 1995 

by Keller et al. through investigations of properties of  BiI 3  

crystals grown by physical vapour transport method [ 81 ]. 

Despite good resistivity as reported in their work, no 

response to  α -particles or gamma rays was observed in the 

experiment due to high leakage current and inherent traps in 

material because of impurities. In 1999, Dmitriyev et al. [ 82 ] 

explored the optical and electronic properties of the mate-

rial for prospective radiation sensing applications. However, 

in 2001, Matsumoto et al. were the fi rst ones to report the 

detection of  α -particles by  BiI 3 -based nuclear radiation 

detector [ 83 ]. Later, in 2014, Garg et al. reported the synthe-

sis of thin fi lms of bismuth tri-iodide using thermal vapori-

zation technique and reported high value of resistivity [ 84 ]. 

Since then, there has been tremendous ongoing research 

work focused on  BiI 3  semiconductor and its development 

as a room-temperature semiconductor radiation detector [ 82 , 

 85 – 88 ]. 

   Structural properties and inherent defects of  BiI 3  

 BiI 3  is a high-Z (Bi:83, I:53), layered compound semicon-

ductor having rhombohedral crystal structure where the  Bi 3+  

ions occupied 2/3rd octahedral site and the rest 1/3rd site 

is vacant in material, as shown in Fig.  3  [ 89 ,  90 ]. The lay-

ered structure of  BiI 3  crystal has hexagonal sheets of I–Bi–I 

layers in A-B-C-A-B-C manner [ 91 ] with each Bi atoms 

at the centre of an octahedron of iodine ions and the Bi–I 

together bind with a strong covalent bond [ 92 ,  93 ]. The soft 

layered material exhibits anisotropy in its optical, mechani-

cal and magnetic properties and is predisposed to plastic 

deformation due to its low mechanical strength [ 20 ]. Due to 

the anisotropy between the (001) and (010/100) planes, the 

  Table 2       Advantages and 

disadvantages of three 

categories of semiconductor 

detectors  

  Type    Advantages    Dis-advantages  

  Pure detectors    High carrier mobility    Low resolution for gamma rays  

  Developed technology (Si and Ge detectors)    Required cryogenic system for cooling  

  No dopants required    Expensive (diamond)  

  Compound detectors    High atomic number and density which 

makes them suitable for room-temperature 

operation  

  Low signal-to-noise ratio  

  No need of cryogenic system for cooling as 

band gap lies in range of room-tempera-

ture operation  

  Toxicity  

  Better resolution for high energies    Polarization with time  

    Diffi  cult to grow pure crystals  

  Polymer-high-Z 

composite detec-

tors  

  Flexible and handheld devices    Plastic waste  

  Low weight    Polarization  

  Low cost    Need of conducting fi ller  

  Recyclable    

  Fig. 3       Unit cell of  BiI 3 . The layers bond to each other with weak van 

der Waals forces. The Bi occupied 2/3rd site and the rest 1/3rd is 

vacant which acts as defects and traps  
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mechanical strength shown by the lattice structure is depend-

ent on the orientation of the measurement with the (001) 

planes of the crystal being cleaved off  with ease, while the 

rigid (010) and (100) planes exhibit higher yield strength. 

Also, for the weak bonding between I–I layers there are lat-

tice vacancies and stacking disorder between  BiI 3  crystal 

planes [ 94 ]. Stacking faults in  BiI 3  and polytypes results 

from deviation in the repeated stacking pattern of I and Bi in 

their planes form a new direct band gap transition replacing 

the normally indirect transition, giving rise to the P defect 

energy level [ 95 ].         

 This discrepancy may be attributed to the presence of 

polytypism [ 63 ], defect and trap states within the crystal 

structure and the inherent structural voids as potent sites for 

impurity atoms arising due to layered structure of  BiI 3  [ 96 ]. 

 The inherent defects can lead to introduction of shal-

low or deep level defect states in the band structure of  BiI 3 . 

These defects in  BiI 3  crystal act as trap states for the charge 

carriers generated by radiation photons leading to reduc-

tion in the signal strength and SNR of detector, aff ecting the 

quality of detector reducing its ability to generate gamma ray 

spectra with good resolution [ 46 ,  97 ]. 

 Oxidation of material is another problem with  BiI 3  [ 98 ]. 

At higher temperature, the  Bi 5  and  I 2  reacted with water 

to form  Bi 5 O 7 I, BiOI and  Bi 2 O 3 . BiOI is the main product 

of hydrolysis in environment, although placing the samples 

in some inert gas and dry ice can intact the material [ 99 ]. 

The deterioration in the generated photocurrent response 

spectra owing to the presence of point or microstructural 

defects in the detector is abridged by research in polymer-

based  BiI 3  composites recently [ 73 ,  79 ,  100 ]. Energy reso-

lution of a detector depends on its photon stopping power 

which increases with density and atomic number of materi-

als (Fig.  4 ).         

 For the energy range 10–100 keV photoelectric aff ect is 

the most desired interaction of the material which depends 

on the attenuation coeffi  cient [ 101 ] of a material varies as  Z   x   
( x  = 4 or 5) and further the interaction probability between 

incident radiation and material depends both on the attenu-

ation coeffi  cient and the incident radiation energy  (E −3 ). 

Owing to the high-Z, the attenuation coeffi  cient of  BiI 3  is 

high, making it a potential candidate for medical and secu-

rity applications in the range of 10–100 keV [ 102 ,  103 ]. 

The intrinsic photopeak effi  ciency of  BiI 3  is not the highest 

amongst other semiconductor detectors like Hg- and Cd-

based detectors, but less toxicity of  BiI 3  makes it relatively 

easy to grow crystal and handle [ 104 ]. 

    Electronic properties of  BiI 3  

 Electronic properties like resistivity, mobility-lifetime prod-

uct and transportation properties of charge carriers play an 

important role in investigations of  BiI 3  as a material for 

RTSD [ 82 ]. The electronic properties are strongly preju-

diced by the band gap of the material, it has been reported 

that an indirect transition between the A and Γ conduction 

band points, and the Λ and A valence band points produced 

by the lowest energy gap between valence and conduction 

bands in  BiI 3  give band gap of 1.67 ± 0.09 eV [ 105 ]. Also, 

the potential barrier associated with various inhomogenei-

ties of structural crystal defects (deep or shallow defects) 

affected the carrier collection and transport kinetics of 

material [ 106 ]. The electrode confi guration and material of 

electrode deposition are also strongly aff ecting the charge 

collection. Particle size and density get aff ected by thickness 

of detector which impact mechanical properties of fi lm or 

pallet [ 107 ]. Resistivity of a material may vary with diff er-

ent synthesis techniques leading to a wide range of detector 

parameters. Table  3  presents the various parameters of  BiI 3  

deposited with diff erent techniques and with diff erent thick-

ness, which tailor the required properties of the material to 

be a potential radiation detector.  

 It is also observed that the resistivity and charge carrier 

collection in a semiconductor vary drastically with elec-

trode material, its confi guration and the type of contact, i.e. 

Ohmic or Schottky. Three types of electrode confi gurations 

reported by Yizhen Liu et al.: planar or parallel (Electric 

Field,  E  is parallel to  c -axis), perpendicular ( E  perpendicular 

to  c -axis) and co-planar with Au electrodes or Pd electrodes, 

are depicted in Fig.  5  [ 122 ].         

 Liu et al. [ 122 ] analysed the internal distribution of elec-

tric fi eld within the  BiI 3  detector using diff erent confi gura-

tions of electrodes and reported dependence in photocurrent 
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  Fig. 4       Total linear attenuation scattering cross section (without 

coherent scattering) for various available detector materials with low 

radiation energy range 10–100  keV. Data are calculated from NIST 

XCOM Database  
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intensity on the three electrode confi gurations because of 

anisotropic nature of the lattice structure. In the case of  E  
parallel to  c -axis confi guration, layer-to-layer transport of 

charge carriers results in low photocurrent owing to the fact 

that the photo-generated charge carriers are scattered or 

trapped by the defects congregated between I–Bi–I layers, 

thus infl uencing the number of carriers that drift through lay-

ers to reach the electrodes [ 124 ]. In case of co-planar confi g-

uration, this layer-to-layer charge carrier transport builds up 

an interlayer interface scattering below the electrode which 

collects the carriers and, thus, lowers the photocurrent. But, 

in  E ⊥ c -axis confi guration, the infl uence of trapping aff ect 

to transport carriers along the  c -axis can partly be reduced 

when the electric fi eld is applied. The photo-induced carriers 

drift along (00 l) plane where they are generated and then 

collected by electrodes on (110) plane. This mode of trans-

portation of charge carriers reduces scattering and trapping 

aff ect which leads to the high photocurrent than the other 

two confi gurations. 

 The relation of resistivity and dark current for  BiI 3  with 

diff erent electrode confi gurations as reported in the litera-

ture over the past more than two decades are represented in 

Table  4  and Fig.  6 . A comparison of results of gold-coated 

glass substrate reported by Aguiar et al. for the resistivity 

and dark current values reported for gold and palladium 

electrodes with uncoated glass substrate by Fornaro et al 

[ 108 ] indicate gold-coated glass substrate as a clear winner.          

 Also, Fornaro deposited Pd electrodes on as-grown plate-

lets with and without ring guard and reported that the quality 

of detector was enhanced owing to better resistivity and low 

dark current value with Pd wire ring guard than without 

ring guard [ 108 ]. The ring guard arrangement is depicted 

in Fig.  7  with the rings deposited on both sides of sensing 

electrodes with an insulating gap between them.         

 This confi guration increases the bulk resistivity of detec-

tor by 20–40% which leads to decrement in dark current 

as compared to the confi guration without ring guard [ 125 ]. 

Also, the electric fi eld lines are uniform in ring guard con-

fi guration which results in increase in charge collection on 

electrodes. The comparative data in Table  4  show that best 

resistivity is demonstrated with parallel gold electrode con-

fi guration by Yizhen Liu et al. [ 122 ] 

   Mobility-lifetime product 

 Mobility-lifetime product ( μτ ) for charge carriers is one the 

most important property which decides the charge collec-

tion within detector. Ideally μτ of material should be high 

enough to reach electrodes before getting trapped into a 

trap or recombination centre.  BiI 3  is a layered compound 

semiconductor, having trap states or defects in the material. 

These impurities, dopants and defects within the semicon-

ductor acts as recombination centres and results polarization Ta
bl
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and low SNR. The defects (deep or shallow) also play major 

role in charge carrier transportation (Fig.  8 ).  BiI 3  undergoes 

a transient current peak phenomenon which can be observed 

when a reversal voltage is applied to the detector just before 

carrying out the leakage current measurement as reported by 

several researchers including Han et al. [ 117 ] and Gokhale 

et al. [ 119 ]. This transient peak arises due to the slow de-

trapping of holes when they drift towards cathode electrode. 

This aff ect can interfere with the signal generation due to 

photocurrent carriers as drifting space charge is created by 

these de-trapping of holes. To reduce this aff ect or resolve 

transient current,  BiI 3  must be given suffi  cient time and high 

mobility to achieve thermal equilibrium before the photocur-

rent spectra can be attained.         

 The mobility-lifetime ( μτ ) product for charge carriers, i.e. 

electrons and holes, is usually calculated from the amount 

  Fig. 5       Three-electrode confi guration  a   E ⊥ c -axis, co-planer and planer. Electric fi eld lines for all confi gurations are represented in Fig. 5(a) and 

charge carrier transport  b  represents electrode deposition. The CCE is maximum for E⊥c-axis confi guration  

  Table 4       Variation of resistivity 

and dark current of  BiI 3  

detectors with a diff erent 

electrode confi guration/type and 

material used. Also, substrate 

coated with gold shows better 

results than glass or ITO 

substrate  

  S.no    Resistivity  (10 11  

Ω-cm)  

  Dark current (pA/

mm 2 )  

  Electrode type/ confi guration and 

material used  

  References  

  1    2.82      Co-planner    [ 122 ]  

  2    350    0.5    Parallel    [ 122 ]  

  3    3.43    2.1    Perpendicular    [ 122 ]  

  4    170    46    Ring guard with electrode    [ 108 ]  

  5    26    324    Electrodes without ring guard    [ 108 ]  

  6    20    55    Gold (PVD)    [ 112 ]  

  7    15    140    Palladium (TMZ)    [ 112 ]  

  8    14    420    Palladium (PVD)    [ 112 ]  

  9    140    20.6    Gold coated substrate    [ 113 ]  

0.5 2.1

46

324

55

140

420

20.6
2.82

350

3.43

170

26 20 15 14

140

1 2 3 4 5 6 7 8 9

Electrode Configuration

 Dark Current pA/mm2

 Resistivity x1011 Ohm-cm

  Fig. 6       Variation of resistivity and dark current of  BiI 3  detectors with 

diff erent electrode confi gurations and types. The resistivity of detec-

tor (Red) should have higher values, and leakage current (Black) 

should be lower. The electrode confi guration or type on Y-axis is 

given in Table   4 . The highest diff erence between black and red dot 

gives best result  

  Fig. 7       Guard-ring electrode confi guration with uniform electric fi eld 

lines. The guard rings are at same voltage as the charge collection 

area (anode). The uniform electric fi eld increases the resistivity of 

detector  
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of induced charge,  Q , by the Hecht equation [ 126 ], given by 

the relation  1 : 

      

      

where  N  0  is the density of charge carriers generated on ioni-

zation,  q  is the elementary charge,  V  denotes bias voltage, 

and  D  is the detector thickness. The charge collection effi  -

ciency (CCE) of detector at the minimum operating bias 

voltage [ 20 ,  126 ] is expressed in Eq. ( 2 ), [ 127 ]. Enhance-

ment of CCE of a detector requires either a decrease in the 

detector thickness or an improvement in the μτ of the mate-

rial. Thus, the electronic and charge transportation proper-

ties of  BiI 3  are interrelated and strongly bias by operating 

voltage, crystal structure, inherent defects or impurities, trap 

states and phonon interactions [ 13 ] which can be tailored by 

restraining control over synthesis parameters of the material. 

By tuning these properties through material engineering, 

 (1)Q = N
0
q
𝜇e𝜏eV

D2

[
1 − exp

(
−D2

𝜇e𝜏eV

)]

 (2)CCE =
Q

N
0
q
=

𝜇e𝜏eV

D2

[
1 − exp

(
−D2

𝜇e𝜏eV

)]

the performance of the detector can be enhanced. Dmitri-

yev et al. fi rst reported the value of  μτ  for e–h pairs in  BiI 3  

as 9.5 ×  10 −6   cm 2 /V for electrons, and almost undetectable, 

i.e. below  10 −7   cm 2 /V for holes using excitation wavelength 

of 450 nm at 100 V bias voltage. The crystal grows poly-

crystalline and single-crystal cleavage in (0001) of thickness 

0.4 mm [ 82 ]. Paul M. Johns in his work has confi rmed that 

for  BiI 3   μτ  values may be improved up to an order hundreds 

 cm 2 /V-s for electrons or holes [ 20 ]. 

 Table  5  conclusively indicates that as the thickness of 

polycrystalline detector sample increases, the mobility life-

time of the electron decreases as transit time for charge car-

riers overcomes the lifetime of charge carrier and thus the 

probability of recombination increases. In case of single 

crystal, the impurities and thus the trap states in samples 

decrease thereby resulting in an increase in μτ. The mobility 

lifetime of the electron can further be augmented by subject-

ing the material to purifi cation through zone refi ning [ 59 , 

 118 ]. Gokhale et al. have adopted purifi cation of material 

through multiple zone passes for synthesis of ultra-pure 

material and reported that the μτ for the sample increases 

for samples with thickness of even as large as 1 mm [ 116 ]. 

  Fig. 8       Incident radiation on 

detector generates electron–

hole pair in device which drift 

towards respective electrodes. 

The defects (deep and shallow) 

in the path of two electrodes 

traps these charge carriers. 

Thus, these defects act as 

recombination centres for the 

charge carriers  

  Table 5       Mobility-lifetime product reported of diff erent thickness and crystallinity of detector  

 The defects of detector aff ect by impurities in the material which are aff ected by crystallinity (synthesis process) 

  S. No     μτ  (electron)  (cm 2 /V)    Thickness    Bias voltage 

(V)  

  Crystallinity    Source energy    References  

  1    3.4 ×  10 −6     30 μm    15    Polycrystalline    Am-241 (59.5 keV)    [ 59 ]  

  2    3 ×  10 −7     50 μm    300    Polycrystalline    X-ray (40 kVp)    [ 113 ]  

  3    10 −6     130 μm    50    Polycrystalline      [ 128 ]  

  4    260 ± 50    0.71 mm    70    Single crystal    5.48 MeV    [ 118 ]  

  5    400    0.9 mm    250    Single crystal (ultra-pure)    5.48 MeV    [ 116 ]  

  6    9.5 ×  10 −6     5 mm    100    Single-crystal cleavage from 

Polycrystalline ingot  

  450 nm    [ 82 ]  
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Also, at high electric fi eld the charge carriers are able to 

overcome the shallow defects in material, but deep defects 

in semiconductor trap the charge carriers and became recom-

bination centres.  

 The Hecht equation (Eq.  1 ) can often predict unreliable 

( μτ ) product due to limitations of the technique when surface 

damage, ballistic defi cit, or perturbations in the weighing 

potential are present in a detector. A geometry correction 

factor ‘ k ’ is calculated by detector thickness to avoid the 

error [ 129 ]. 

    Sensitivity and response/recovery time 

 Sensitivity is a crucial parameter for detector’s performance 

that gets governed by signal and noise levels [ 130 ]. Sensi-

tivity of a radiation detector is measured by the relation  3 :

      

where  I  p  is photon current,  I  is dark or leakage current of 

detector,  D  is radiation dose and  V  denotes volume of detec-

tor. Thus, the sensitivity of any detector depends on diff er-

ence of signal and noise as depicted by photocurrent and 

dark current, respectively, and on cross section of a given 

detector and can be modifi ed by various parameters like inci-

dent radiation, resistivity of the material, bias voltage and 

thickness of the detector. Sensitivity for  BiI 3  is reported by 

many researchers as summarized in Table  6 , for diff erent 

radiations and at diff erent bias voltages.  

 The response and recovery time for a detector is an 

important parameter to decide the device performance in 

real-time applications. It is defi ned as the time taken by 

the detector to reach 90% of response or recover to original 

state, when a radiation interacts with the device in a defi nite 

interval of time (shown in Fig.  9 ).         

 (3)S =
∫
[
Ip(t) − I

]
dt

D × V

 Generally, the reported response and recovery time for 

X-ray detector is less that one second (Table  6 ) and it is 

also considered a signifi cant time for device fabrication. 

Aguiar et al. initially record the response of X-ray (40 kVp) 

for polycrystalline  BiI 3  fi lms at 50 V and the sensitivity of 

detector was 2.6 μC/Gy-cm 2  [ 113 ]. This value of sensitivity 

though was not remarkable for device applications, nonethe-

less gave a substantial lead about the potential of  BiI 3  for 

X-ray sensing applications. Ikeda et al. deposited a blocking 

layer of Bismuth oxy-iodide (BiOI) ( p -type) on the fi lm of 

 BiI 3  ( n -type) in order to enhance the properties of detector 

by forming  p – n  junction [ 111 ]. The resistivity of detector 

increased from  10 9  to  10 11 Ω-cm, thereby diminishing the 

dark current of device. The sensitivity was recorded 23.53 

μC/Gy-cm 2  for thickness of 15 μm at 3V. The best result of 

sensitivity (38.24 μC/Gy-cm 2 ) was obtained by decreasing 

  Table 6       Sensitivity, SNR and response/recover time of  BiI 3  detector. These parameters are strongly infl uenced by source radiation, resistivity, 

geometry of detector and the bias voltage  

  S. no    Sensitivity 

(μC/Gy-cm 2 )  

  S/N    Response/recovery time 

(Second)  

  Resistivity 

(Ω-cm)  

  Radiation energy    Thickness (μm)/

area  (cm 2 )  

  Bias volt-

age (V)  

  References  

  1    2.6    2.3        X-ray (40KVp)    60/0.25    50    [ 113 ]  

  2    23.53      0.33/–    10 11     X-ray (70KVp)    15    3    [ 111 ]  

  3    38.24      0.33/–    10 11     X-ray (70KVp)    4    20    [ 111 ]  

  4    0.5 ×  10 4     896    0.15–0.57/0.30–0.32    10 13     X-ray (60KVp)    100    2    [ 122 ]  

  5    1.3 ×  10 4       0.08–0.11/0.09–0.11    10 11     X-ray (60KVp)    100    50    [ 120 ]  

  6    56.12 ×  10 4     11      10 13     Am-241 (59.5 keV)    60/0.071    60    [ 108 ]  

  7    93.5 ×  10 4     5.1      10 12     Am-241 (59.5 keV)    80/0.02    30    [ 112 ]  

  8    23.64 ×  10 4     1.8      10 11     Am-241 (59.5 keV)    80/0.12    30    [ 112 ]  

  9    2.6          X-ray (70KVp)    200    2    [ 131 ]  
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  Fig. 9       Response time and recovery time calculation from radiation 

response. The response/recovery time of any detector is calculated 

by the response graph. When radiation is incident on the detector, 

it generates photocurrent which is shown in Fig.   10 , the time period 

requires to record the photocurrent can calculate from the response 

graph  
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the thickness of device to 4 μm at 20 V. Sun et al. deposited 

free standing single crystals along (001) plane on  BiI 3  to 

reduce the impurity in material and further optimized the 

electrode confi guration in order to get good results [ 120 ]. 

The sensitivity was recorded 1.3 ×  10 4  and 0.5 ×  10 4  μC/

Gy-cm 2  for planar and co-planar electrode confi gurations 

at X-ray (60 kVp). Ring guard electrode confi guration also 

increases the sensitivity and SNR as electric fi eld lines are 

more uniform in this confi guration (Fig.  7 ). Sensitivity of 

93.5 ×  10 4 μC/Gy-cm 2  is obtained for Am-241 radiation by 

Fornaro et al. at 30V with gold electrodes on zone refi ned 

 BiI 3  platelets [ 112 ]. Recently, Karthieka et al. deposited 

thick nanocrystalline  BiI 3  fi lms on wet-etch-derived inter-

digitated electrodes by glass rod sliding technique and the 

material displayed good sensitivity for low-dose X-rays at 

low bias (2 V) [ 131 ]. 

 Also, a direct printable X-ray detector is fabricated using 

a straightforward digital printing process by micro-pyramid 

triclinic Bismuth Oxide ( ω -Bi 2 O 3 ) ink. The device showed 

sensitivity of 3.077 μC/Gy-cm 2  for low detection limit 

(56.95 μGy air s −1 ) at bias 20 V and stable response to expo-

sure of doses 5120 mGy  air s −1  at ambient conditions for eight 

months [ 132 ]. 

    Signal-to-noise (SNR) ratio 

 The limit of detection (LoD) is classifi ed as the lowest 

dose limit the detector device can measure and is defi ned 

as IUPAC description labels as the minimum radiation that 

provides an SNR = 3 [ 133 ]. The SNR is given by Eq. ( 4 ). It 

is the ratio of photocurrent to the maximum error or fl uctua-

tions in the photocurrent, i.e. calculated by standard devia-

tion in photocurrent by the recorded response spectra. The 

high value of SNR leads to better imaging quality of the 

detector.

      

 I  p  is photocurrent,  I  d  is dark current, and the denominator 

represents a standard deviation in photocurrent at fi xed bias 

voltage. The SNR value of the detector is mainly dependent 

on energy of the incident radiation, bias voltage of detector, 

crystal lattice of detector material and trap states. 

 It can be observed from Fig.  10  that at low voltages the 

value of SNR for X-rays is less perceptible. Praveen Kumar 

et al. explored the possibility of nanocrystalline bismuth 

oxyiodides for the low-dose X-ray detectors but the SNR cal-

culated from that work is very low (0.02) at 2 V. At low bias 

voltage, the generated carriers possess insuffi  cient kinetic 

energy to reach electrodes thus the diff erence between pho-

tocurrent and leakage current is trivial. In Fig.  10 , SNR ratio 

 (4)
SNR =

IP − Id√
1

N
ΣN

i

(
Ii − IP

)2

for  BiI 3 -based detector exposed to X-rays (60 kVp) reported 

by Liu et al. is highest. They controlled the resistivity of 

detector by changing electrode confi guration (parallel, pla-

nar and co-planar) (Fig.  6 ) and got minimum leakage current 

and maximum signal current, i.e. highest SNR ratio.         

     Recent development in  BiI 3  

 Polymer-high-Z matrix is explored by many researchers, 

and the results are a strong indication of improved sensitiv-

ity and better image quality for portable devices. Cherepy 

et al. have investigated the properties of transparent com-

posite materials, single-crystal  SrI 2 (Eu), GYGAG(Ce) 

and bismuth-loaded plastics for gamma ray spectroscopy 

applications and have reported energy resolution of 2.7% 

at 662 keV with  SrI 2 (Eu), 4.5% with GYGAG(Ce) crystals 

and 9% at 662 keV with bismuth-loaded plastic detector. 

GLO(Eu) off ers high light yield of 70,000 photons/MeV, 

high stopping potential and low radiation damage rendering 

it as an excellent material for detectors. These Bi-loaded 

plastics are an advanced class of materials used in design-

ing scintillator-based detectors [ 134 ]. Transport of charge 

carriers is extremely sensitive to the properties of the semi-

conductor/dielectric interface [ 135 ]. Due to the resistivity 

diff erence between polymer and semiconductor material, the 

semiconductor material acts as conductive tips in polymer 

matrix to improve the transport mechanism (Fig.  11 ) [ 136 ].         

 Our group is working on the  BiI 3 -polymer composites 

for applications in direct X-ray imaging devices at low-dose 

rate. Chaudhari et al. have prepared  BiI 3 -Polystyrene com-

posite pellets of thickness 1 mm and studied the response 

for low X-rays energy (30 kV) at 13 V bias. The XRD and 

IV studies shows better structural and electronic properties 

than pure  BiI 3  pallets. The composite enables a good charge 

collection effi  ciency even at low bias voltage of 13 V. The 
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  Fig. 10       The graph shown reported values of SNR by diff erent groups 

for diff erent values of incident radiation. The y-axis represents the 

SNR ratio, and the break in axis is to signify the whole range  
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signal-to-noise ratio is calculated from switching graph for 

sample with 50:50 weight % ratios if  BiI 3  and polymer at 

50 V is fairly high at 70. As the bias voltage was increased 

beyond 50 V, dark current increased due to thermal excita-

tion of electrons and interfere with signal collection at the 

electrodes. The sensitivity achieved for PS-50 (sample with 

50:50 weight % ratios if  BiI 3  and Polystyrene) was 189 μC 

 Gy −1   cm −3  which is nine times better than the commercially 

available  α -Se detectors (20 μC  Gy −1   cm −2 ). Also, the SNR, 

3300 demonstrated by the polystyrene-BiI 3  composite. The 

response and recovery time of the detector is fast around 

30 ms [ 123 ,  137 ]. Further on incorporation carbon fi ller 

within the polymer composite sample collected up to 93% 

of charge carriers at a low bias of 0.8 V for 60 kV X-rays 

source. The elimination of charge trapping within the sample 

by adding conductive fi llers can be a better and effi  cient way 

to enhance the CCE and photocurrent in the direct X-ray 

detectors. Amorphous nature of polystyrene has superstruc-

ture of fi llers segregate in amorphous region which increases 

the fi ller contact resistance resulting in high threshold which 

helps in suppression of dark current. An interesting phe-

nomenon here is that these segregated fi llers have a separa-

tion distance that favours tunnelling/hopping aff ect for the 

X-ray induced charge carriers leading to enhancement of 

the photocurrent in the detector [ 138 ]. This improves the 

overall SNR of the sample by keeping the noise in limits. 

This leads to better sensitivity, high SNR and low NED for 

the detector [ 139 ]. Also, the prepared polymer matrix com-

posite samples results indicate high defect tolerance, high 

mobility-lifetime, low noise and a sensitivity of 0.6 ×  10 3  μC/

Gy-cm 3  against dose rate of 500 μ-Gy/sec. at 30 V bias for 

60 kV X-rays. The stability investigations of sample dem-

onstrates that the composite off ers great stability in terms of 

both reproducibility and repeatability in ambient environ-

mental conditions under strong radiation dose, even after 

one month of exposure. After continuous testing for 35 days, 

composite pellet detector maintains a stable response with 

less than 10% decay. 

 Addition of fi llers in composites like CNT, graphene etc. 

leads to improve the molecular interaction in composite 

matrix to boost the performance of the new polymer com-

posite for detector applications [ 73 ,  80 ]. Overall, the com-

posite maintains high resistivity with improved mobility-

lifetime and charge collection effi  ciency. 

 Ultrasensitive X-ray detector is fabricated by Xiaojia 

Zheng et al. using zero-dimensional (0D) methylammo-

nium bismuth iodide perovskite  (MA 3 Bi 2 I 9 ) single crystals 

as activation energy for charge carriers migration is high in 

Zero-dimension. The detectors show sensitivity of 10,620 

μC/Gycm 2  to doses of 0.62 nGy  s −1  and have no degra-

dation in performance was observed in sensing of a dose 

of ~ 23,800 mGy which is comparable to > 200,000 times 

the dose required for a single X-ray chest radiograph in 

hospitals [ 140 ]. 

     Summary and future scope 

 The review is focused on semiconductor detectors wherein 

direct conversion of photon energy to signal off ers better 

response spectra with high resolution, sensitivity and SNR 

than gas and scintillation detectors. The latest advancements 

in the semiconductor materials for radiation detector appli-

cations have been elaborated in the manuscript. The use of 

semiconductor detectors can bring signifi cant development 

in the fi eld of radiation detection and dosimetry. However, 

the challenge is to choose a suitable non-toxic semiconduc-

tor material and subsequently engineer the material proper-

ties and device architecture for radiation detectors.

   A.      Much eff ort has been made to develop wide band gap, 

high-Z semiconductor materials for room-temperature 

radiation detection. CdTe, CZT, TlBr,  HgI 2   PbI 2  are 

considered the most explored, and promising materials 

are fulfi lling various scientifi c parameters and perfor-

mance metrics required for a room-temperature radiation 

detector. However, their selection as an ideal material 

for RTSD has also been constrained by several demer-

its such as polarization aff ects due to high bias volt-

age, poor control on trap states, etc. Toxicity associated 

  Fig. 11       The semiconductor 

(SC) in polymer matrix acts as 

conductive tips. High electric 

fi eld on these tips increases 

the drift velocity of generated 

charge carries and provides 

a path to electrodes which 

enhanced the CCE of detector  
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with using Hg-, Cd- and Pb-based compounds is another 

excellent matter of concern. Despite the signifi cant pro-

gress made in semiconductor materials for radiation 

detector applications, many problems and unprecedented 

challenges still need to be overcome to improve further 

the detection performance of these materials for their 

practical applications.   

  B.       Driven promising material  After an elaborative review 

of many compound semiconductor materials for detec-

tor applications, authors conclude  BiI 3  to be a poten-

tial, non-toxic promising candidate for RTSD. But the 

presence of trap states in the bulk samples that act as 

recombination centres for the generated charge carri-

ers are the signifi cant limitations reported in  BiI 3  detec-

tors. The defects in bulk structure led to polarization in 

detectors under high bias voltage after extended usage. 

Thus, tailoring defects and trap states in the material is 

of paramount importance and optimization of various 

electrode confi guration designs has led to improvement 

in the CCE of the detector resulting in a high SNR and 

sensitivity. However, the synthesis of large volume (sev-

eral  mm 3  to  cm 3 ), defect-free, high purity  BiI 3  single 

crystals required for high-resolution detector fabrication 

is a tedious and complex process involving heating, puri-

fi cation and growth. These challenges still need to be 

addressed to level up the research to device fabrication.   

  C.       Technological Advancements   Various technological 

advancements in material synthesis and detector fabrica-

tion have been made to overcome the above-mentioned 

constraints.  BiI 3 -based composites and perovskites are 

now being used to achieve enhanced detector perfor-

mance, and these materials have shown excellent results 

as direct X-ray detectors. Perovskites single crystals can 

be grown to several  cm 3  successfully, but their elec-

tronic instability is a signifi cant issue to be resolved. 

To achieve high SNR at low bias voltage, incorporating 

conductive fi llers like CNT (carbon nanotubes), rGO 

(reduce graphene oxide), etc., in polymer matrix incor-

porated with high-Z material like  BiI 3  can be a way for 

future technology. The conductive fi llers assist the hop-

ping of charge carriers to the electrodes before getting 

trapped into the defects, increasing the device’s CCE 

even at low bias voltage. Low-voltage operation reduces 

the cost of device fabrication and also lowers the polari-

zation aff ect in the material. This increases the longevity 

of the detector device. However, a diligent trade-off  is to 

be maintained in the amount of these fi llers added, as it 

may increase the leakage current, thereby deteriorating 

the SNR and resolution of the device.  BiI 3  composites 

may thus fi nd potential prospects in applications like 

medical and security areas when there is a need for light-

weight, portable handheld detector devices capable of 

low bias and room-temperature operation.     

    Conclusion 

 Portable and handheld fl at panel direct X-ray detector 

devices are need of the hour for future medical and secu-

rity applications. Pb- and Cd-based semiconductors grab 

a major niche in the market of X-ray detectors. However, 

 BiI 3  is currently emerging as a prospective candidate in 

the X-ray detector domain. High-Z semiconductor,  BiI 3  

stands out as a non-toxic candidate with high attenuation 

coeffi  cient and resistivity that leads to better resolution, 

sensitivity and SNR. Flexible polymer  BiI 3  composites 

off er great potential for development of fl at panel detec-

tors and can be investigated for portable and wearable 

X-ray detector devices. Further,  BiI 3  polymer composites 

may fi nd consequential applications in more challenging 

device integration such as the development of integrated 

PET–MRI (Positron emission tomography–magnetic reso-

nance imaging) devices, where the PET detector is placed 

inside the high magnetic fi eld of the MRI system making 

the use of conventional photomultiplier tubes impossible. 

High-Z semiconductor materials such as  BiI 3  will continue 

to play a central role in developing advanced radiation 

detectors for years to come. Further advancement in detec-

tor technologies will be driven by considering novel per-

ovskite composites and design of innovative architectures 

to confer enhanced detector performance. 
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