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Abstract. In this paper, Shockley-Read-Hall (SRH) lifetime depth profiles in the drift layer of 10 kV 
SiC PiN diodes are calculated after MeV proton implantation. It is assumed that the carbon vacancy 
is the domination trap for charge carrier recombination and the SRH lifetime is calculated with defect 
parameters from the literature and proton-induced defect distributions deduced from SRIM 
calculations. The lifetime profiles are imported to Sentaurus TCAD and static and dynamic 
simulations using tailored lifetime profiles are carried out to study the electrical effect of proton 
implantation parameters. The results are compared to measurements, specializing on optimization of 
the trade off between on-state and turn-off losses, represented by the forward voltage drop, VT, and 
reverse recovery charge, Qrr, respectively. Both the simulated and measured IV characteristics show 
that increasing proton dose, or energy, has the effect on increasing forward voltage drop and on-state 
losses, while simultaneously, the localized SRH lifetime drop decreases the plasma level, increases 
the speed of recombination and decreases reverse recovery charge. Finally, TCAD simulations with 
different combinations of proton energies and fluences are used to optimize the trade-off between 
static and dynamic performances. Reverse recovery charge and forward voltage drops of these groups 
of diodes are plotted together, showing that a medium energy which induces the most defects in the 
depletion region relatively close to the anode gives the best dynamic performances, with a minimum 
degradation of static performance. 

Introduction 
Reaching an optimal balance between static and dynamic performances is essential for most power 

devices, for instance bipolar 4H-SiC devices, such as PiN diodes, especially in circuits where high 
switching frequencies are required. MeV low mass ion implantation is an off-line technique that 
allows for tailoring this trade-off after device fabrication and enables optimized design for different 
application frequencies.  

The switching losses of PiN diodes are dependent on total amount of stored charge and the speed 
to remove them by recombination, both of which are related to Shockley-Read-Hall (SRH) lifetime 
in the low-doped drift region. High-energy proton implantation, which was first demonstrated for Si 
thyristors [1] and applied to silicon PiN diodes [2], has a strong penetrating ability and can introduce 
defects that reduce SRH lifetime locally without causing too much damage to the entire device. The 
extra defects introduced by elastic collisions with Si and C lattice atoms form point defects with deep 
levels in the bandgap and decrease carrier concentrations. The localized deep level traps shorten the 
turn-off time, but also increase the resistivity, leading to an increased forward voltage drop. Today it 
is well established that the carbon vacancy, VC, is the most dominant lifetime killing defect after 
energetic particle irradiation in 4H-SiC [3, 4]. The depth distribution of this defect, NT(x), and the 
parameters controlling the carrier lifetimes, i.e. bandgap position, ET, and capture cross sections for 
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electrons and holes, σn/p, can be obtained from measurements, such as deep level transient 
spectroscopy (DLTS). Thus, it is possible to calculate SRH lifetime profiles of different combinations 
of implantation energies and fluences, whereafter these profiles can be used for device simulations 
aiming for an optimized balance between on-state and switching losses in a specific circuit 
application. 

In this paper, static and dynamic simulations of 10 kV 4H-SiC diodes using Sentaurus TCAD are 
combined with calculation of lifetime profiles estimated by SRIM [5] and DLTS data from the 
literature. The calculated lifetime depth profiles are imported to Sentaurus TCAD for static and 
dynamic simulations. Measured static IV characteristics of diodes irradiated with different proton 
energies and doses are used to calibrate the simulation results. A shift to the right of IV characteristics 
is observed both for increasing energies and doses. Dynamic performances of these diodes are 
evaluated by reverse recovery simulations. Increasing doses has a positive effect on decreasing the 
peak reverse current and reverse recovery charge (Qrr). Finally, the trade-off between static and 
dynamic performances of diodes are optimized and discussed. 

About the Experiment and Simulations 
The 10 kV SiC PiN diodes, with an active anode area of 7.9×10-3 cm2, are first characterized in 

Ref. [6]. Table 1 shows implantation parameters of three different groups of diodes, each group 
contained 4 diodes and mean value of the group was used. For the implantation, an extra 30 µm thick 
Al absorbing foil was used for 1.9 MeV irradiations to reduce the energy, so the damage peak appears 
close to the anode junction. This is needed since the 5 MeV tandem accelerator used for the proton 
implantation is not stable below 1 MeV.  

In this paper, the carbon vacancy is considered as the dominant lifetime controlling defect. Total 
carbon vacancy densities under different implantation energies and fluences are simulated with SRIM 
[5], but only 4% of which will contribute to effective defect density due to dynamic annealing [7]. A 
concentration of 2.7×1012 cm-3 of intrinsic carbon vacancies is added to the SRIM results to set the 
defect concentration NT(x) in the non-implanted region of the drift layer. This value is tuned to 
produce experimental values of forward voltages comparable to the measured data [6, 8]. 

The carbon vacancy-induced SRH lifetime is calculated as: 
 
𝜏𝜏−1 = (∆𝑛𝑛+𝑛𝑛0)𝑐𝑐𝑛𝑛𝑐𝑐𝑝𝑝𝑁𝑁𝑇𝑇(𝑥𝑥)

𝑐𝑐𝑛𝑛(𝑛𝑛0+∆𝑛𝑛+𝑛𝑛1)+𝑐𝑐𝑝𝑝(𝑝𝑝0+∆𝑝𝑝+𝑝𝑝1)
.                                                                                                 (1) 

 
where n0 and p0 are equilibrium concentrations of electrons and holes while ∆n and ∆p are injected 
excess carrier concentrations, n1 and p1 are carrier concentrations when the Fermi level is in 
agreement with the bandgap level of the trap, and for the carbon vacancy, these are small enough to 
be neglected at room temperature. Capture coefficients of electrons and holes cn/p are calculated using 
thermal velocities vn/p and capture cross sections σn/p from literature, as deduced from DLTS 
measurements. It should be noted that, for the carbon vacancy, these cross sections are normally 
measured around room temperature, but cannot be used for other temperatures since the vibration 
entropy factor involved in the recombination process cannot be independently determined. The used 
parameters are shown in Table 2 [4, 9]. Equation 1 will result in a lifetime equal to the minority carrier 
lifetime for low injection level and the sum of minority and majority carrier lifetimes for the high 
injection level. In this work Auger recombination is not considered and no temperature dependence 
is included in this paper. The calculated hole profiles of three groups of diodes are shown in Fig. 1. 
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Table 1. Energies and doses of protons for different groups of experimental diodes. 

Group Energy [MeV] Dose [cm-2] 

A 1.9 
(including Al foil) 

5×1010 

B 3.4 2×1010 

C 3.4 5×1010 
 

Table 2. Carbon vacancy parameters used to calculate SRH lifetime in Matlab. 

Bandgap position [eV] [4] 0.7  
Electron capture cross 
section in n- epilayers [cm2] [9] 

2×10-14 

Hole capture cross 
section in n- epilayers [cm2] [9] 

3.5×10-14 
 

 

 
Fig. 1. Calculated hole lifetime profiles of three groups of diodes with Matlab. 

Results and Analysis 
Room temperature is used in all the simulations. One diode simulation with constant electron and 

hole lifetime in the drift region, calculated only with intrinsic concentration of carbon vacancies, is 
used as a reference group. The forward voltages at specific current densities from simulated IV 
characteristics of these four groups (A, B, C and reference) are plotted together with measurement 
results in Fig. 2. Forward voltage values increase with implantation energies and fluences since the 
resistivity of the drift region increases more when more carriers are recombined due to the defects. A 
discrepancy between simulated and measured results is observed especially for group C (dashed line). 
This can be due to external resistance not included in the simulations (contact resistance, oxide 
resistance, etc.) or difficulties with the measurements [10, 11]. 
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Fig. 2.  Increasing proton energies or doses 
cause increase in forward voltages. Discrepancy 
between simulations and measurements comes 
probably from a resistive load. 

Fig. 3. Simulated reverse recovery behaviors 
from a pulse circuit. The lower implantation 
energy corresponds to a smaller Qrr. 

  
Sentaurus TCAD allows device/circuit mixed-mode simulations. A simplified double pulse circuit 

from Ref. [12] was used for the reverse recovery simulations. Parameters of elements in the circuit, 
for instance DC voltage source and inductors, are adjusted to get a similar on-state injection level and 
di/dt as the measurements in Ref. [13]. The simulated reverse recovery currents versus time are shown 
in Fig. 3. The area covered by reverse current curve, also known as Qrr, is a key parameter for 
calculating turn-off losses in bipolar devices and for evaluating dynamic performances. The Qrr of 
group C is clearly smaller than that of group B, showing that higher dose of protons decreases Qrr 
more by reducing the charged carriers stored in drift region. Group A, however, shows a smaller Qrr 
compared to group C with a much higher energy.  

Proton implantation effects can also be examined by simulating the charge carrier plasma 
distribution as a function of turn-off time. Figure 4 shows simulated time-variant hole concentrations 
of group A and C. Higher energy protons create defects in a larger area, which contribute to a lower 
average hole concentration and thus cause a higher increase in resistivity and forward voltage drop, 
as seen for group C. However, the lower energy group, A, affects more carriers inside the depletion 
region close to the anode (highlighted with red circle), which dominate the reverse recovery current. 
It can also be seen that within 2 µs after switching, holes close to the pn junction of group A recombine 
faster than group C. A similar faster decrease of the hole plasma also happens close to the buffer layer 
for group C, which has a lower lifetime than group A in this region. 

To tailor and optimize the trade-off between static and dynamic performances, more simulations 
with various implantation energies and fluences are carried out. Reverse recovery charge, normalized 
to the simulated value with constant lifetimes, and forward voltage drop at a current density of  
200 A/cm2, representing switching losses and on-state losses, respectively, are plotted in Fig. 5. For 
each energy, increasing fluences of 2×1010, 5×1010, 1×1011 and 2×1011 cm-2, giving decreasing 
lifetime, are used in the simulations. By increasing the dose for the same energy, the trade-off curve 
moves downwards and to the right, but different energies will show different curves. Low-energy 
irradiations with Al absorbing foil give smallest increase in forward voltage, but weaker decrease in 
Qrr at low doses compared to other groups, probably since the relatively high plasma level close to 
the anode makes it less sensitive to lifetime variation. The trade-off, however, can be improved by 
simply using higher doses. The best trade-off among all the simulated parameters is reached when 
the lifetime killing peak is very close to the anode with a dose over 1×1011 cm-2. Figure 5 also shows 
the possibility to minimize total losses for bipolar devices especially used in fast-switching 
applications by tailoring lifetime profiles.   
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Fig. 4. Simulated hole plasma levels before and 
after switching. The plasma level and speed of 
plasma reduction are both related to proton-
induced defects location.  

Fig. 5. Optimized trade-off between on-state and 
switching losses. 1.9 MeV protons absorbed by 
Al foil give the best dynamic performance 
without causing too much increase in forward 
voltage. 

Summary 
The SRH lifetime profiles calculated in Matlab are imported into Sentaurus TCAD model of a 10 kV 
4H-SiC PiN diode. The simulations are compared to real devices that has been measured after proton 
implantation to reduce the charge carrier lifetime locally in the drift layer. Higher proton doses 
increase forward voltage and decrease Qrr, which is also true for higher energies, placing the damage 
peak deeper in the drift region. The simulations also show that a 1.9 MeV proton implantation with a 
30 µm thick Al absorbing foil, reaching a depth of about 10 µm, with a dose higher than 1×1011 cm-2 
makes it possible to obtain a Qrr which is less than 10% of non-irradiated diodes, while the increase 
of forward voltage drop at 200 A/cm2 is only around 0.6 V. This optimization process can be merged 
into the design process before fabrication and is useful when lower switching losses are required for 
the devices. The proton implantation technique also makes it possible to optimize the charge carrier 
lifetime profile in devices for different operating frequencies and obtain minimal combination of turn-
off and steady state losses. 
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