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A B S T R A C T  

Here, a new design will be introduced to detect radiation in the environment with high 

efficiency. The designed structure consists of placing ZnS–Si APD and PIN photodiodes 

at the ends of conventional crystals such as NaI(Tl) and CsI(Tl). Since ZnS is transparent 

to photons with wavelengths between 340 and 10000 nm, photons coming from the crystals 

are absorbed directly in the depletion region and generate primary particles. With an 

increase in the number of generated primary particles, a stronger and cleaner signal is 

obtained. In the simulation work, the light generated by 30 keV–3 MeV gamma rays in the 

crystals was obtained using the Geant4 simulation code. The single-particle Monte Carlo 

technique was used to calculate the photodiode output signal for the crystal emission 

spectrum. The simulation results showed that the crystals and ZnS–Si photodiode 

structures formed a good combination. The high quantum efficiency and low excess noise 

factor make the ZnS–Si structure an excellent choice for scintillating light detection.
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1. Introduction 

Environmental radiation is also called “background 

radiation” because it is the radiation that exists all around us. 

The source of this radiation may be natural or man-made 

artificial radiation. Although the annual environmental 

radiation dose varies depending on location, the exposure from 

artificial radiation is around 2.3 mSv/year, whereas the 

exposure from natural radiation is around 1.5 mSv/year. Highly 

received radiation doses may cause serious health problems. 

Therefore, it is important to measure environmental radiation 

values easily and practically. There are many studies in the 

literature for this purpose, such as (Lowder & Condon, 1965; 
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Sáez-Vergara, 2000; Koyama et al., 2010; Lowdon et al., 2019; 

Zhang et al., 2022).   

2. Materials and Methods 

The environmental dose rate is obtained by measuring γ-

rays in the air. There are several types of detector combinations 

to detect radiation. Commercially available radiation detectors 

are available for measuring environmental radiation. For 

example, there are compact radiation detection modules based 

on CsI(Tl) and SiPM that can be used for gamma counting and 

energy measurements produced by The Hamamatsu Photonics 

(2023). This product basically consists of a crystal 
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photodetector combination. In this combination, a photodiode 

(PD) and photomultiplier tube (PMT) can also be used as the 

photodetector. 

The structure we propose for detecting environmental 

radiation is a crystal photodetector combination. In this 

structure, the photons generated from incident gamma rays in 

the crystal are detected from the photodiodes placed at the rear 

end of the crystals (Figure 1). 

 

Figure 1. Sketch of a crystal photodetector combination. 

The designed structure consists of conventional crystals 

such as NaI(Tl) or CsI(Tl) and a ZnS–Si avalanche photodiode. 

Crystals are commonly used for radiation measurements and 

are easily available from the market. As the NaI(Tl) crystal 

emits light in the wavelength region from 340 to 520 nm 

peaking at around 410 nm, the CsI(Tl) crystal emits light in the 

wavelength region from 380 to 720 nm, peaking at around 530 

nm. The scintillation light emission spectra of the crystals are 

given in Figure 2.  

 

Figure 2. Scintillation light emission spectra of NaI(Tl) and 

CsI(Tl) crystals. 

The photodetector should be sensitive to light coming from 

the crystals. For this reason, the Zinc Sulfide (ZnS) – Silicon 

(Si) avalanche photodiode (APD) is proposed. The ZnS–Si 

isotype hetero-junction APD structure consists of successive 

layers of p+-type ZnS, p-type Si, n-type Si, n- -type Si, and n+-

type Si semiconductors with thicknesses of 3, 6, 5, 20 and 3 

mm, respectively. Figure 3 shows the ZnS-Si APD structure 

and the electric field distribution inside the detector. 

 

Figure 3. Sketch of the ZnS–Si isotype heterojunction 

avalanche photodiode structure. 

ZnS has the photon absorption edge at approximately 340 

nm, which corresponds to an energy band gap of 3.68 eV, and 

has a transparency region until approximately 10,000 nm. This 

makes the ZnS–Si APD structure has very high quantum 

efficiency for photons of wavelength in the region from 340 nm 

to 800 nm (Figure 4).  At longer wavelengths greater than 800 

nm, some parts of the photons penetrate well into the APD 

depletion region and are absorbed in the n+ layer. This instance 

causes a decrease in the detector quantum efficiency (Tapan et 

al., 2006).  

 

Figure 4. Quantum efficiency as a function of wavelength for 

the ZnS–Si APD structures. 

Incident photons with wavelengths greater than 340 nm 

easily penetrate the ZnS surface layer, create electron-hole pairs 

in the Si depletion layer, and produce a detectable signal. Thus, 

the ZnS–Si avalanche photodiode structure is suitable for 

Nal(Tl) and CsI(Tl) photons due to its high quantum efficiency 

at small wavelengths.  

3. Simulation and Results 

Two simulation codes were used in the simulation works: 

Geant4 and Monte Carlo (M.C.) Fortran codes, as illustrated in 

Figure 5. In the first part of the simulation, the generation of 

scintillation light within the crystals by 30 keV–3 MeV incident 

gamma rays was performed using the Geant4 simulation code 

(The Geant4, 2023).  In the second part of the simulation, the 
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light generated in the crystals is detected by the ZnS–Si APD 

placed at the end of the crystals. The signal generation process 

was performed by tracking a large number of individual 

scintillation photons coming from the crystals and following 

the generated charge carries through the well-defined ZnS–Si 

APD geometry using the single-particle M. C. simulation code 

written in Fortran. 

 

Figure 5. Parts of the simulation: The energy deposition and 

scintillation light generation in the crystal by Geant4 is the first 

part. Signal generation process by the M.C. Fortran in the 

detector is the second part.  

Gamma rays were sent to the 5 cm diameter crystals with a 

cylindrical geometry, and their energy deposition inside the 

crystal was obtained. As an example, Figure 6 shows the 

Geant4 simulation of the energy deposition of 3 MeV energy 

gamma rays sent into an 8 cm long NaI(Tl) crystal. 

 

Figure 6. Geant4 simulation of energy deposition in the crystal. 

The simulation was repeated by sending gamma rays 

between 30 keV and 3 MeV to the crystals of different lengths. 

The results were plotted and can be seen in Figure 7. 

At lower energies, most of the gammas are absorbed and 

their energies are deposited. Increasing the incident gamma 

energy, the number of gammas escaping without interacting 

within the crystal increases, so the full energy deposition within 

the crystal decreases. It can also be seen from the figure that the 

deposited energy in the crystal increases as the crystal length 

increases. 

The same simulation works were repeated for the CsI(Tl) 

crystal, and the results were plotted in Figure 8. As the CsI(Tl) 

crystal has a smaller radiation length than the NaI(Tl) crystal, 

more energy depositions were obtained at the same crystal 

dimensions. 

 

Figure 7. Variation of full energy deposition efficiency with 

incident gamma energies at different NaI(Tl) crystal sizes. 

 

Figure 8. Variation of full energy deposition efficiency with 

incident gamma energies at different CsI(Tl) crystal sizes. 

As a result of the energy deposition in the crystals, 

scintillation photons are emitted in the range of the emission 

spectra shown in Figure 2. ZnS–Si APD output signals for 

photons emitted in accordance with the emission spectra of the 

crystals were obtained using the M.C. Fortran code. Figure 9 

shows the simulated output charge signal distributions of the 

ZnS–Si APD structure for the NaI(Tl) photons generated by 

gammas at different energies. 

Even high-energy gammas escape, they still deposit more 

energy in the crystal and produce more scintillation light. Thus, 

more scintillation photons generated at higher gamma energies 

give clear signals. 
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Figure 9. Signal distributions of the ZnS–Si APD structure. 

4. Discussion 

NaI(Tl) and CsI(Tl) crystals emit scintillation photons at 

short wavelengths, and some of these photons can be absorbed 

before being detected by the photodetector, resulting in the loss 

of photons. The loss can be prevented by using the ZnS–Si APD 

structure as a photodetector. Since ZnS is transparent to photons 

with wavelengths between 340 and 10000 nm, incoming 

photons in this wavelength range are absorbed directly in the 

depletion region and generate primary particles. With the 

increase in the number of generated primary particles, a 

stronger and cleaner signal can be obtained. 

5. Conclusion 

The simulation results showed that the crystals and ZnS–Si 

photodiode structures formed a good combination. The high 

quantum efficiency makes the ZnS–Si structure an excellent 

choice for both NaI(Tl) and  CsI(Tl) scintillating light detection. 

This combination provides efficient detection for 

environmental radiation measurements. 
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