
The main results in 2024 are: 

- Analyses of impurity content. During 2022-2023: on PAD and LGAD devices of different resistivities/technologies were 

performed for detecting Boron (B) and Phosphorous (P) in the devices. This way we found out that in 12 kohm cm diodes 

is actually obtained not by a low B doping but by compensation with P. This explains why after high levels of irradiation 

we found B-containing defects in concentration exceeding the B doping required to achieve the nominal high resistivity of 

the diodes. In 2024, profiles of Carbon (C) were also determined in C implanted samples with different doses. This was 

especially needed for establishing the fabrication conditions of G-type diodes mimicking the gain layer in LGADs. Most 

complicated was to establish the conditions for obtaining a 15 Ωcm p-type layer of 2 µm thickness (for being able to fully 

deplete) imbedded in a 3 Ωcm p-type, O lean and O enriched float-zone Si, substrate by P compensation. Following the 

experimental and modelling results, the fabrication process for such n++-p+ diodes was decided to have 5 deep implantations 

of P followed by one of C (500 keV, 3 doses 1012 ÷1014 cm-2), different resistivities -see Fig.1.  

 

   
 
- Detection, characterization and modelling of radiation damage in defect engineered silicon. CV/IV, DLTS, TSC and 

TSCap investigations started in 2022 on several EPI, CZ and FZ, PAD and LGAD diodes, of different resistivity (10 cm, 

50 cm, 250 cm, 1000 cm, 12 kcm) after irradiation with different particles (gammas, 5.5 MeV and 200 MeV 

electrons, 230 MeV and 24 GeV protons, 1 MeV neutrons), all for getting the introduction rates of Boron related defects in 

relation with type of irradiation, Carbon and Oxygen content of the samples.  A challenge in this respect was/is the bistable 

nature of the irradiation induced B containing donor (BCD), responsible for the B removal effect in irradiated p-type Si and 

identified in the literature as BiOi or BsSii defect. The reversible switch between the two defect configurations (A and B) 

observed initially in high resistivity samples as occurring just because of a short exposure of the samples to ambient light 

was thoroughly investigated during the project. In 2022 and 2023 it has been shown that the change in the BCD 

configuration is fully reflecting in the measured electrical characteristics of the diodes (Neff and Vdep). Following the 

temperature dependences of the BCD structural transformations, the time constants of the defect transformations, activation 

energies and frequency factors has been determined. In 2024 the investigations extended to samples of lower resistivity. 

For the standard geometry of the Si sensors, the switch of BCD configuration was triggered either by light through the small 

transparent window in the electrodes or by forward (Fw) biasing the diodes (Fig. 2a). However, in none of these cases the 

switch of the BCD configuration is achieved in all the volume of the samples. By simulating the distribution of carriers 

during Fw injection, the depth in which the BCD configuration switches is predicted to increase with the sample’ resistivity 

(Fig.2b), in agreement with the experiments and such, a strong scattering of ARP parameters may occur in samples of high 

resistivity (> 250 Ωcm). Accounting the bistable effects, the B removal rate can be generally expressed as: 𝑔𝐵 =
2 × 𝑔𝐵𝐶𝐷

𝐴 + 𝑔𝐵𝐶𝐷
𝐵  (1).  Thus, if no excess of carriers were produced in the samples the BCD will be all in the A 

configuration, resulting in the highest measured 𝑔𝐵. If the samples are exposed to ambient light or Fw injection, part of 

BCD will switch in the B configuration and the measured 𝑔𝐵 will decrease. The variations in measured 𝑔𝐵  are increasing 

with the resistivity of the samples. For the examples shown in Fig.2 a, the variations in the calculated 𝑔𝐵  are within 66% 

and 6% for 12 kΩcm and 250 Ωcm diodes, respectively. Thus, the ARP parametrization strongly depends on the 

configuration and charge state of BCDs. In addition, it also depends on the C and O content in the samples, the B removal 

rate caused by BCD (as the single B related defect detected so far)  being described by: 𝑔𝐵𝐶𝐷 =
𝑔𝐼

1+
𝑘𝐼𝐶[𝐶𝑠]

𝑘𝐼𝐵 [𝐵𝑠]

≅
𝑔𝐼

1+
[𝐶𝑖𝑂𝑖]

[𝐵𝐶𝐷]

    (2) , 

where 𝑔𝐼 is the number of interstitials migrating through the Si lattice and reacting with impurities, and 𝑘𝐼𝐶/𝑘𝐼𝐵  is the ratio 

of the capture radii of interstitials by Boron (𝑘𝐼𝐵 ) and Carbon (𝑘𝐼𝐶), determined from defect kinetic studies to be ≈ 7 . 

Concurrently with ARP, irradiation creates also acceptors. The combined effects are reflecting in the dependence of Neff on 

irradiation fluence. This dependence can be described by: 

 𝑁𝑒𝑓𝑓(
𝑒𝑞

) = 𝑔𝑒𝑓𝑓 × 𝑒𝑞 + 𝑁𝐴,0 × exp(−𝑔𝐵 × 𝑒𝑞/ 𝑁𝐴,0)                            (3) 
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Fig. 1. (left) - P and C 

implantations in 

compensated n++-p+
 diodes 

with 50 nm of oxide;  

(right) - layout design 

including samples for Hall 

measurements and diodes 

with fully transparent 

electrodes. 



The ARP parametrization resulted from defect investigations is depicted in Fig. 3, in terms of  𝑔𝐵 and Neff(eq) values, 

respectively. With increasing the C content   𝑔𝐵 decreases and Neff(eq) increases.  
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Fig.3. The ARP parametrization according to: (a)  𝑔𝐵 values obtained starting from defect investigations in diodes analysed 

for impurity content compared with (b) the spread of exp. data in literature, mostly obtained from CV measurements - the 

blue dash lines are the predicted gB when Carbon concentration is increased up to 7x1016 cm-3; (c) parametrizations 

of 𝑁𝑒𝑓𝑓(
𝑒𝑞

) , according to our 𝑔𝐵 results (solid lines) and previously proposed by Ferrero et al -

https://doi.org/10.1016/j.nima.2018.11.121 (dashed lines). The scatters in (c) are the reported data after irradiation with 

1MeV neutrons (filled symbols) and 23 GeV protons (open symbols).  
 

As the most detrimental for device performance is the BCD defect in the A configuration (positively charged), the ARP can 

be minimized by switching the BCD in to the neutral charged B one which can be froze-in below -20oC. Other investigations 

revealed that, after high irradiations, the (H140K+152K) – clusters acting as acceptors, are also bistable (Fig.3), impacting 

thus on the measured AR effect.   

 
As the most detrimental for device performance is to have BCD in the A configuration (+ charged defect) the ARP can be 

minimized by switching the defect configuration in the not electrically active B state. This B state remains frozen for 

temperatures below -20oC. Other defect investigations in connection with CV/IV and modelling revealed that after high 

irradiation levels also the cluster defects, acceptors in the lower part of the gap, manifest bistability (Fig.4) – the Fw 

injections increase the negative charge stored on these defects and so, their bistability can also be used to compensate ARP.  

For maximizing the volume in which the configurational switch occurs, one can use light but then the diodes need 

transparent electrodes (no metallization on the n++/p++ sides) – experiments to be done in the next years. 

Fig.2. BCD bistability 

manifested in C-Vs: (a)  

when BCD onfiguration 

switches from A to B; (b) 

the depth where this 

change can occur in diodes 

with standard geometry of 

metallic contacts. 

Fig. 4. Bistable effects 

in 1014 n/cm-2 

irradiated 12 kΩcm 

diode: (a) after 80oC 

annealing; (b) after 

170oC annealing 

where most of the BCD 

dissociates. 
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