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Abstract

:

The exceptional optoelectronic properties and high radiation resistance of epitaxial silicon carbide make this material attractive for high-energy beam dosimetry and radiation monitoring, especially when strict requirements such as high signal-to-noise ratios, high time and spatial resolutions and low detectivity levels are required. A 4H-SiC Schottky diode has been characterized as a proton-flux-monitoring detector and dosimeter under proton beams for proton therapy. The diode was composed of an epitaxial film grown on 4H-SiC n+-type substrate equipped with a gold Schottky contact. The diode was embedded in a tissue-equivalent epoxy resin and then characterized in terms of capacitance vs. voltage (C-V) and current vs. voltage (I-V) characteristics in the dark in the range of 0–40 V. The dark currents at room temperature are in the order of 1 pA, while the doping and active thicknesses extracted from the C-V are 2.5 × 1015 cm−3 and 2–4 μm, respectively. Proton beam tests have been carried out at the Proton Therapy Center of the Trento Institute for Fundamental Physics and Applications (TIFPA-INFN). They have been carried out with energies and extraction currents of 83–220 MeV and 1–10 nA, respectively, as typical for proton therapy applications, corresponding to dose rates in the range of 5 mGy/s to 2.7 Gy/s. The I-V characteristics measured under proton beam irradiation at the lowest dose rate showed a typical diode photocurrent response and a signal-to-noise ratio well above 10. Investigations with null bias evidenced a very good performance in terms of the diode’s sensitivity, fast rise and decay times and response stability. The diode’s sensitivity was in agreement with the expected theoretical values, and its response was linear throughout the whole investigated dose rate range.
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1. Introduction


Radiation detectors that are routinely applied in radiotherapy are mainly based on ionization chambers and semiconductor devices. Despite their widespread and diffuse application, the performance of these well-established radiation detectors is still affected by limitations. Intense research activity is underway for the development of innovative semiconductor materials and devices, aiming to match the numerous, stringent requirements associated with the various particle beams and radiation fields, as well as their application environments [1,2,3,4,5,6,7].



The working principle of a semiconductor detector is based on the generation of electron–hole (e–h) pairs in the material bulk by the incoming radiation. The generated, charged carriers are accelerated by an electric field and collected by electrodes, forming the electric signal of the device. Usually, the electric field is created by applying a constant voltage drop across two electrodes in either a transverse or planar geometry. In the case of diodes, it may be generated by the presence of a Schottky barrier or a p-n junction. The electric signal of the detector, associated with the incoming radiation, may be collected in either the pulse or current mode, depending on the particular application. The output of the pulse-mode detector is a train of voltage pulses, each corresponding to a detected particle; it may be thus regarded as a single-event process. The voltage signal is then amplified and collected as a histogram through a shaping amplifier and a multichannel analyzer. Current-mode operation, which is generally adopted in real-time dosimetry, consists of monitoring the current signal continuously during irradiation as a function of time, followed by integration at sampling intervals to obtain the collected charge. For proper monitoring, the collected charge should be linear with the dose and, therefore, the current signal should be linearly dependent on the dose rate. The sensitivity of the device, S, is generally defined as the slope of the current vs. the dose rate linear function. The dosimetric sensitivity per unit active volume is defined as [6]:


    S   V   =   q ρ     E   i      



(1)




where q is the electronic charge, ρ is the mass density, and Ei is the ionization energy required to create an e–h pair. In general, low-bandgap semiconductor materials are characterized by lower ionization energies [8]. At the same dose, they provide high concentrations of generated e–h pairs and consequently higher signals. On the other hand, the low bandgap is responsible for a high thermal generation of e–h pairs in the dark, resulting in high leakage currents and noise. This is the case, e.g., of silicon, which may be affected by an increase in the leakage current at the accumulated dose due to presence of radiation-induced traps [6]. Conversely, high-bandgap materials, characterized by low leakage currents during exposure to radiation, may guarantee lower detection limits and intrinsic radiation hardness [9]. The best representatives of low-bandgap materials for high-energy radiation detection are germanium and silicon [6], while the most widely studied high-band gap materials for the same application are diamond and SiC [7,8,9,10,11,12,13,14,15]. Single-crystal diamond devices of a high morphological quality are already commercially available as radiotherapy dosimeters [15]. Nonetheless, they are characterized by small linear dimensions (of the order of a few millimeters), a geometrical limitation due to the size of the initial seeds used in the epitaxial Chemical Vapor Deposition (CVD) growth technique. Conversely, SiC epitaxial wafers are now routinely grown with large diameters and a high morphological quality [16]. With respect to diamond, SiC is also characterized by a higher sensitivity per unit volume,     S   V   =   411 nC/(Gy mm3) compared to 217 nC/(Gy mm3) [6,17]. Within the class of high-bandgap materials, it is worth mentioning lead halide perovskites, characterized by a bandgap similar to that of SiC with an even higher sensitivity per unit volume. CsPbCl3 and CsPbBr3 single crystals and films have recently been tested as beam-monitoring detectors and dosimeters for high-energy particle beams, with promising results [18,19,20]. Nonetheless, devices based on these materials are still in a preliminary stage of research and development [21,22], while epitaxial 4H-SiC Schottky diodes rely on a mature and well-established technology. In the past, the dosimetric properties of 4H-SiC diodes were tested under a Co60 source [10], under a 6 MV photon beam from a linear accelerator, and under a 22 MeV electron beam and UV photon fluxes [23]. Very little literature has focused on 4H-SiC Schottky diodes as radiation detectors for hadron therapy applications. Recently, SiC detectors were tested under a 62 MeV proton beam [24], a carbon beam [25] and high-intensity ion beams [26]. This paper aims to explore the application of an epitaxial 4H-SiC Schottky diode as a dosimeter and real-time monitoring detector under proton beams within ranges typical for proton therapy. In particular, this paper focuses on the operative condition of null bias, which is of interest for in vivo applications and has never been investigated before with respect to proton beams.




2. Materials and Methods


Our device is a Schottky diode fabricated by Alenia Systems, Roma, Italy, on 4H-SiC epitaxial wafers. The material consists of an n-type, 4H-SiC epitaxial layer that is 30 μm thick, grown on an n+-type substrate of 4H-SiC (thickness: 360 μm), with a nitrogen concentration of 6.8 × 1018 cm−3. An n+-type buffer layer, being 1 μm thick, lies between the epitaxial layer and the substrate. The Schottky contact, being circular with a 2 mm diameter, is a 1000 Å thick gold layer deposited on the epitaxial layer. A Ti/Pt/Au ohmic contact is evaporated on the back surface. The device contact has no guard ring structure. A picture of the 4H-SiC Schottky diode is shown in Figure 1a. The SiC diode is mounted on a miniature printed circuit board (PCB) and wire-bonded on the front contact. It was embedded in epoxy resin to prevent a possible contribution of the ionized air close to the electrodes to the electrical signal. The epoxy resin was characterized using a computerized tomography (CT) scanner previously calibrated to determine its electronic density relative to water, ρ, and its average effective atomic number, Zeff. The epoxy was found to be almost tissue-equivalent, with ρ = 1.13 and Zeff = 6.24. The device embedded in resin was then mounted on a PolyMethilMetacrylate (PMMA) finger, as shown in Figure 1b.



Before proton irradiation, we performed electrical tests of the 4H-SiC Schottky diode embedded in the epoxy resin and mounted on the PMMA finger at room temperature. The capacitance vs. voltage (C-V) characteristics and current vs. voltage (I-V) characteristics were investigated at T = 20 °C by means of an HP 4182 A LCR meter at 1 kHz and a Keithley 6517 A high-impedance source/meter, respectively. The latter instrument allows for a low current input amplification, with an ultimate resolution of 10 aA in the pA range and preamplifier settling times of 15 ms in the nA range.



Then, the device was tested at the Trento Proton Therapy Center of Trentino Healthcare Agency (Azienda Provinciale per i Servizi Sanitari—APSS, Italy) by means of a cyclotron (IBA, Proteus 235) serving the experimental area [27]. The used proton beam energies were in the range of 83–220 MeV and the studied extraction currents were in the range of 1–10 nA. The proton beam spot profiles followed a gaussian function [27]:


  f ( r , μ , σ ) =   1    2 π  σ   E       ∫  0   r      exp  ⁡    −     ( r − μ )   2     2   σ ( E )   2         2 π r d r    



(2)




where μ and σ refer, respectively, to the isocenter position and the standard deviation of the Gaussian, while r is the radial distance from the isocenter where the detector was placed. In particular, [27] reports that the standard deviation σ is a function of the proton energy for a 1 nA extraction current. We calculated the proton flux per unit (1 nA) extraction current impinging on the detector area as the fraction of protons that actually reached the detector. This was obtained by integrating the beam profile given in Equation (2) with the area of our detector, with a radius r = 1 mm and   μ = 0   isocentre position. The resulting proton flux data are plotted as a function of the proton beam energy in Figure 2a. A best-fit exponential trend is also shown as a guideline. With the precision alignment laser system, the maximum positioning error of the sample can lead to an error of 5% in the case of the narrowest beam.



The dose rates used during the proton beam tests were measured using a Markus chamber, PPC05, from IBA Dosimetry, Germany. Figure 2b shows the measured dose rates per unit extraction current plotted as a function of the proton beam energy.



Tests were carried out under continuous irradiation with applied reverse voltages in the range of 0–40 V and the device readout in the current mode. Then, the current signal was measured over a train of long proton beam pulses with different extraction currents and the same proton beam energy. The null bias operative condition was considered. The same test was repeated with different proton energies in the range of 83–220 MeV. During the measurements, the electrometer was set in the auto-range to measure the current, always with the highest sensitivity allowed by the instrument in the different current ranges. The time sampling interval used during the measurements was approximately 0.2 s.




3. Experimental Results


Before the proton beam tests, we performed electrical tests of the 4H-SiC Schottky diode embedded in the epoxy resin and mounted on the PMMA finger. The capacitance–voltage (C-V) characteristics measured at 20 °C are shown in Figure 3a. The best fit of the C-V shown in the plot was obtained by considering the typical C-V relationship for diodes [28]:


  C   V   =    2   ε   0     ε   r   (   V   r e v   +   V   b i   )   q N     



(3)







With a Vbi = 1.2 V built-in potential, εr = 9.7 relative dielectric permittivity of SiC, and N = 2.46 × 1015 cm−3 effective doping concentration of the epitaxial layer, the free parameter of this best-fit procedure. Then, the thickness of the depletion region, W, was determined for each applied voltage from the measured capacitance using the following expression:   C =     ε   0     ε   r     W   A  , with A as the detector active area. Figure 3b reports the thickness obtained as a function of the voltage. Its value is in the range 0.7–4.2 μm for the reverse voltages investigated in this work (0–40 V). The reverse current–voltage (I-V) characteristics measured in the dark are shown in Figure 3c. A very low reverse current, less than 2 pAs, was observed within the whole investigated voltage range.



Figure 3c shows the current measured as a function of the forward voltage. The forward current was fitted to an exponential function, this having been well-verified over eight decades. The exponential best fit was obtained with n ≈ 1 as the ideality factor, indicating a negligible contribution of other electronic transport mechanisms across the barrier to the thermionic current [28]. From the value of the current intercept on the voltage axis of the forward I-V characteristics, we evaluated the saturated ideal reverse current and the zero-voltage barrier height [28]:


    I   s   = A   A   *     T   2     e   −   q   φ   b 0     K T      



(4)




with A* = 137 A/cm2 K2, the effective Richardson constant, and φb0 zero-voltage barrier height [25]. The values thus extracted are Is = 2 × 10−15 A and φb0 = 1.2 V.



Figure 4 shows the I-V characteristics measured with the SiC device in the range of 0–40 V under continuous irradiation with an 83 MeV proton beam and 1 nA extraction current. We note that these are the conditions of the lowest dose rate and proton flux investigated in this study. The data were best-fitted considering a diode-like dependence of the current with the square root of the bias, indicating a typical diode-like dependence of the electrical conductivity.



Comparing the I-V plot measured during irradiation under the 83 MeV proton beam at a 1 nA extraction current with the dark I-V characteristics shown in Figure 3c, we observe that even in these irradiation conditions, corresponding to the lowest proton flux and dose rate, the current, at any bias, was more than ten times higher than the dark current. These measurements evidence a signal-to-noise ratio, S/N, that is always higher than 10. In particular, the condition of null bias is of interest for in vivo applications, and it represents the lowest S/N limit. Thus, as already mentioned, in our further measurements, we focused on the performance of our device in null bias conditions.



The plots in Figure 5a,b (same data shown on linear and log scales) show the response of the 4H-SiC Schottky diode at null bias to a 220 MeV proton beam.



Specifically, 20 s long pulses were delivered each time at different extraction currents: 10, 5, 2 and 1 nA. The linear plot shows the signal stability when the proton beam is on: a relative variation of less than 1% is observed during each exposure. The logarithmic plot shown in Figure 5b shows the fact that the low dark current rapidly settles each time the beam is switched off. When the beam is on, the signal is in the range of nA, being three orders of magnitude higher than the signals in the dark.



The same experimental investigation was carried out with other proton energies. As an example, Figure 6a shows the current signal measured during irradiation with a 211 MeV proton beam and 10, 5, 2 and 1 nA extraction currents. The logarithmic plot shows that the dark current, when beam is switched off, is always in the pA range, as shown in Figure 5b for the 220 MeV proton beam. Figure 6b shows the current signal measured when the beam is on as a function of the extraction current for both proton energies. The linear dependence of the current signal on the extraction current is verified for both proton energies.




4. Discussion


The reverse I-V characteristics shown in Figure 4 allow us to evaluate the total active thickness of the dosimeter under proton irradiation. To this end, we consider the photoconductive response due to a partially depleted semiconductor diode under constant radiation flux exposure. Assuming a uniform generation rate of hole–electron pairs, G, throughout the semiconductor material, as is the case for the proton beams considered in this study, the photoconductive response is mainly due to two different contributions [6]. A fast response is due to those carriers generated in the depleted region of the device, W, that will be accelerated by the electric field and collected by the electrodes. A slower contribution is also made by carriers generated in the neutral bulk, which may reach the depleted region via diffusion. If the collection time is long enough to include both contributions, as in our case, the photocurrent will be given by the following expression [6]:


  I = q A   W + L   G  



(5)




where q is the electronic charge, W is the depleted thickness of the junction, L is the minority diffusion length, and G is the generation rate of the e–h carriers during radiation exposure. To best-fit our data, L and G are considered as free parameters, while W denotes values obtained from the C-V characteristics, measured in the dark at the same bias (see Figure 3b). The best fit shown in Figure 4 is then obtained, with G = 2.2 × 1013 cm−3/s and L = 0.8 μm. This latter corresponds to a minority carrier lifetime τ of approximately 2 ns, taking into account the following relationship [28]:


  L =  D τ   



(6)




with D, the diffusivity for holes, being D = 2.98 cm2/s, obtained assuming μh = 115 cm2/V·s.



The current signals measured by the 4H-SiC Schottky diode at null bias for all the investigated proton energies and extraction currents are plotted in Figure 7 and Figure 8, respectively, as a function of the dose rate and of the proton flux impinging on the detector area. These latter were obtained using the data plotted in Figure 2a,b by multiplying the values by the used extraction currents.



Groups of data collected at the same proton energies and different extraction currents are shown with the same symbols in Figure 7a,b. The linear best fit of the whole dataset is also shown in the two plots. In particular, Figure 7b demonstrates how well the linear dependence holds throughout the entire investigated dose rate range, covering almost 3 orders of magnitude (the tested dose rates are from 5.3 mGy/s to 2.68 Gy/s).



The slope of the linear best fit may be considered as the sensitivity of the 4H-SiC diode at null bias: S = 2.65 nC/Gy. This sensitivity may be related to the known theoretical value per unit volume Sv = 411 nC/(Gy mm3) for SiC [17], according to:


S = SvAW,



(7)




where the product AW is the active volume of the diode at null bias. Taking A = 3.14 mm2 as the Schottky contact electrode area, we obtain a total active thickness at null bias   ≈   2 μm. This value is highly comparable with the evaluation of L + W = 1.6 μm obtained by fitting the C-V and I-V characteristics shown in Figure 3 and Figure 4, as discussed earlier.



Finally, Figure 8a shows the current signal measured at null bias as a function of the proton fluxes impinging on the detector area during irradiation. Here, we took all the combinations of proton energies and extraction currents measured in this study. The fluxes impinging on the detector active area were from 4.50 × 104 p/s to 5.28 × 107 p/s, covering almost 3 orders of magnitude. Figure 8a shows that the linear response with the proton flux holds especially in the highest range investigated in this work. Figure 8b shows same data in a log–log plot, illustrating possible deviations occurring throughout all three investigated orders of magnitude. The data show an almost linear trend over the three orders of magnitude. Nonetheless, a deviation from linearity occurs, particularly within the lowest proton flux range, below 105 p/s. For this reason, the total set of data may be better described by a power law dependence with a power factor a = 0.86. This experimental evidence may be due to errors in the positioning of the SiC device, which has a very small area with respect to the standard deviation of the Gaussian proton beam distribution. The phenomenon will be investigated in detail in forthcoming works.




5. Conclusions


The 4H-SiC is a semiconductor material with a mature manufacturing technology and attractive electrical transport properties for the detection of high-energy particle beams. In this work, a 4H-SiC Schottky diode embedded in a tissue-equivalent resin was tested as a real-time monitoring detector and dosimeter under proton beams with energies (83–220 MeV) and extraction currents (1–10 nA) typical of proton therapy applications. Our experimental results evidenced the excellent performance of the SiC epitaxial detectors in terms of their response stability, signal-to-noise ratios and linearity, with dose rates of over three order of magnitude. The dark current of the device, which is always below 2 pA, allows one to achieve S/N ratios > 10 at dose rates of 3 orders of magnitude, even when keeping the device at null bias. The response of the diode to variable dose rates in the ranges of 5 mGy/s–2.7 Gy/s was found to be linear. The sensitivity measured at null bias is in agreement with the expected theoretical values. The dependence of the signal on the proton flux range was also tested based on three orders of magnitude, from 4.5 × 104–5.3 × 107 p/s. A slight non-linearity was observed in the lowest range of fluxes, whose origin will be investigated in forthcoming works.







Author Contributions


Conceptualization, M.B. and E.V.; methodology, M.B.; software, M.B. and E.V.; validation, M.B. and E.V.; formal analysis, M.B. and E.V.; investigation, M.B. and E.V.; resources, M.B. and E.V.; data curation, M.B. and E.V.; writing—original draft preparation, M.B.; writing—review and editing, M.B. and E.V.; supervision, M.B.; project administration, M.B.; funding acquisition, M.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Istituto Nazionale di Fisica Nucleare—INFN CSN5 as part of the ANEMONE project.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data supporting reported results can be found within the paper itself.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



IAEA—International Atomic Energy Agency. Absorbed Dose Determination in External Beam Radiotherapy: An International Code of Practice for Dosimetry based on Standards of Absorbed Dose to Water, Technical Reports Series No.398. 2000. Available online: https://www-pub.iaea.org/MTCD/Publications/PDF/TRS398_scr.pdf (accessed on 3 April 2023).

	



Schüller, A.; Heinrich, S.; Fouillade, C.; Subiel, A.; De Marzi, L.; Romano, F.; Peier, P.; Trachsel, M.; Fleta, C.; Kranzer, R.; et al. The European Joint Research Project UHDpulse—Metrology for advanced radiotherapy using particle beams with ultra-high pulse dose rates. Phys. Med. 2020, 80, 134–150. [Google Scholar] [CrossRef] [PubMed]

	



McManus, M.; Romano, F.; Lee, N.D.; Farabolini, W.; Gilardi, A.; Royle, G.; Palmans, H.; Subiel, A. The challenge of ionisation chamber dosimetry in ultra-short pulsed high dose-rate Very High Energy Electron beams. Sci. Rep. 2020, 10, 9089. [Google Scholar] [CrossRef]

	



Chopra, V.; Dhoble, N.S.; Dhoble, S.J.; Poelman, D. New Challenges in Radiation Dosimetry and Possible Materials, Radiation Dosimetry Phosphors; Chapter 19, 2019 Woodhead Publishing Series in Electronic and Optical Materials; Woodhead Publishing: Sawston, UK, 2022; pp. 509–524. [Google Scholar] [CrossRef]

	



Hattori, K.; Inaba, Y.; Kato, T.; Fujisawa, M.; Yasuno, H.; Yamada, Y.; Haga, Y.; Suzuki, M.; Zuguchi, M.; Chida, K. Evaluation of a New Real-Time Dosimeter Sensor for Interventional Radiology Staff. Sensors 2023, 23, 512. [Google Scholar] [CrossRef]

	



Bruzzi, M. Novel Silicon Devices for Radiation Therapy Monitoring. Nucl. Instr. Meth. Phys. Res. 2016, 809, 105. [Google Scholar] [CrossRef]

	



Bruzzi, M.; Bucciolini, M.; Pini, S.; Russo, S. Advanced materials in radiation dosimetry. Nucl. Instr. Meth. Phys. Res. 2002, 485, 172–177. [Google Scholar] [CrossRef]

	



Klein, C.A. Bandgap Dependence and Related Features of Radiation Ionization Energies in Semiconductors. J. Appl. Phys. 1968, 39, 2029. [Google Scholar] [CrossRef]

	



Bruzzi, M.; Sadrozinski, H.-F.W.; Seiden, A. Comparing radiation tolerant materials and devices for ultra rad-hard tracking detectors. Nucl. Instr. Meth. Phys. Res. 2007, 579, 754–761. [Google Scholar] [CrossRef]

	



Bruzzi, M.; Nava, F.; Pini, S.; Russo, S. High quality SiC applications in radiation dosimetry. Appl. Surf. Sci. 2001, 184, 425–430. [Google Scholar] [CrossRef]

	



Bruzzi, M.; De Angelis, C.; Scaringella, M.; Talamonti, C.; Viscomi, D.; Bucciolini, M. Zero-bias operation of polycrystalline chemically vapour deposited diamond films for Intensity Modulated Radiation Therapy. Diam. Rel. Mat. 2011, 20, 84–92. [Google Scholar] [CrossRef]

	



Kagan, H.; Alexopoulos, A.; Artuso, M.; Bachmair, F.; Bäni, L.; Bartosik, M.; Beacham, J.; Beck, H.; Bellini, V.; Belyaev, V.; et al. Diamond detector technology, status and perspectives. Nucl. Inst. Methods Phys. Res. 2019, 924, 297–300. [Google Scholar] [CrossRef]

	



Bäni, L.; Alexopoulos, A.; Artuso, M.; Bachmair, F.; Bartosik, M.; Beacham, J.; Beck, H.; Bellini, V.; Belyaev, V.; Bentele, B.; et al. Diamond detectors for high energy physics experiments. J. Instrum. 2018, 13, C01029. [Google Scholar] [CrossRef]

	



De Napoli, M. SiC detectors: A review on the use of silicon carbide as radiation detection material. Front. Phys. 2022, 10, 769. [Google Scholar] [CrossRef]

	



PTW-FreiburgGMBH, LorracherStr.779115, Freiburg, Germany. Available online: https://:www.ptw.de (accessed on 3 April 2023).

	



Menichelli, D.; Scaringella, M.; Moscatelli, F.; Bruzzi, M.; Nipoti, R. Characterization of energy levels related to impurities in epitaxial 4H-SiC ion implanted p+n junctions. Diam. Rel. Mat. 2007, 16, 6–11. [Google Scholar] [CrossRef]

	



Owens, A.; Peacock, A. Compound Semiconductor radiation Detectors. Nucl. Instr. Meth. Phys. Res. 2004, 531, 18–37. [Google Scholar] [CrossRef]

	



Bruzzi, M.; Talamonti, C.; Calisi, N.; Caporali, S.; Vinattieri, A. First proof-of-principle of inorganic perovskites clinical radiotherapy dosimeters. APL Mater. 2019, 7, 051101. [Google Scholar] [CrossRef]

	



Bruzzi, M.; Calisi, N.; Enea, N.; Verroi, E.; Vinattieri, A. CsPbCl3 inorganic perovskite thin-film detectors for real-time monitoring in protontherapy. Front. Phys. 2023, 11, 51. [Google Scholar] [CrossRef]

	



Bruzzi, M.; Talamonti, C. Characterization of Crystalline CsPbBr3 Perovksite Dosimeters for Clinical Radiotherapy. Front. Phys. 2021, 9, 625282. [Google Scholar] [CrossRef]

	



Bruzzi, M.; Gabelloni, F.; Calisi, N.; Caporali, S.; Vinattieri, A. Defective States in Micro-Crystalline CsPbBr3 and Their Role on Photoconductivity. Nanomaterials 2019, 9, 177. [Google Scholar] [CrossRef]

	



Bruzzi, M.; Falsini, N.; Calisi, N.; Vinattieri, A. Electrically active defects in polycrystalline and single crystal metal halide perovskite. Energies 2020, 13, 1643. [Google Scholar] [CrossRef]

	



Bruzzi, M.; Nava, F.; Russo, S.; Sciortino, S.; Vanni, P. Characterisation of silicon carbide detectors response to electron and photon irradiation. Diam. Rel. Mat. 2001, 10, 657–661. [Google Scholar] [CrossRef]

	



Petringa, G.; Cirrone, G.A.P.; Altana, C.; Puglia, S.M.; Tudisco, S. First characterization of a new Silicon Carbide detector for dosimetric applications. IoP J. Instr. 2020, 15, C05023. [Google Scholar] [CrossRef]

	



Yamaguchi, K.; Yanagisawa, R.; Osaki, K.; Ohki, Y.; Matsumura, A.; Sakai, M.; Makino, T.; Ohshima, T.; Kada, W. Linear energy transfer (LET) spectroscopy and relative biological effect estimation by SiC-based dosimeter at clinical carbon-beam cancer therapy field. J. Phys. Conf. Ser. 2022, 2326, 012015. [Google Scholar] [CrossRef]

	



Christanell, M.; Tomaschek, M.; Bergauer, T. MedAustron 4H-silicon carbide as particle detector for high-intensity ion beams. IoP J. Instr. 2022, 17, C01060. [Google Scholar] [CrossRef]

	



Tommasino, F.; Rovituso, M.; Fabiano, S.; Piffer, S.; Manea, C.; Lorentini, S.; Lanzone, S.; Wang, Z.; Pasini, M.; Burger, W.J.; et al. Proton beam characterization in the experimental room of the Trento Proton Therapy facility. Nucl. Inst. Meth. Phys. Res. 2017, 869, 15–20. [Google Scholar] [CrossRef]

	



Nava, F.; Vanni, P.; Bruzzi, M.; Lagomarsino, S.; Sciortino, S.; Wagner, G.; Lanzieri, C. Minimum Ionizing and Alpha Particles Detectors Based on Epitaxial Semiconductor Silicon Carbide. IEEE Trans. Nucl. Sci. 2004, 51, 1. [Google Scholar] [CrossRef]








[image: Materials 16 03643 g001 550] 





Figure 1. (a) The epitaxial 4H-SiC Schottky diode mounted on a printed circuit board and wire- bonded at the front contact. (b) Same device embedded in epoxy resin and mounted on the PMMA finger. 
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Figure 2. (a) Proton fluxes impinging on the detector area per unit extraction current, plotted as a function of the proton beam energy; (b) dose rates per unit extraction current plotted as a function of the proton beam energy. Exponential guidelines are added to the plots. 
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Figure 3. Electrical characteristics of the 4H-SiC Schottky diode embedded in the epoxy resin measured in the dark: (a) capacitance vs. voltage and best fit using Equation (1); (b) thickness of the depleted region as a function of the voltage; (c) reverse current vs. voltage; (d) forward current voltage characteristics and exponential best fit. 
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Figure 4. Current–voltage characteristics of the SiC device under exposure to an 83 MeV proton beam with a 1 nA extraction current. The best fit shows a square root dependence on the voltage. 
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Figure 5. (a) Current signal (linear plot) vs. time measured with the SiC device during four pulses of the 220 MeV proton beam at different extraction currents, respectively: 10, 5, 2 and 1 nA. (b) The same data shown in a semilogarithmic plot. 
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Figure 6. (a) Current signal vs. time measured with the 4H-SiC Schottky diode when four pulses of a 211 MeV proton beam and different extraction currents of 10, 5, 2 and 1 nA are delivered; (b) the plateau average current signal measured upon the delivery of 220 MeV and 211 MeV proton beams, respectively, plotted as a function of the extraction current and linear best fits. 
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Figure 7. Current signals measured during irradiation with the proton beams using the 4H-SiC Schottky diode at null bias. Data are plotted as a function of the dose rate: (a) linear and (b) log–log plot evidencing a linear dependence. The linear best fit is added to the plots. 
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Figure 8. Current signals measured with the SiC device at null bias plotted as a function of the proton fluxes impinging on the detector: (a) linear plot and linear best fit; (b) log–log plot showing the best fit as a power law. 
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