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Abstract. In this paper, the temperature dependence of charge carrier lifetimes in n-type 4H-SiC 
epitaxial layers is studied in a temperature range of 300-500 K. It is assumed that shallow (B) and 
deep (D) boron-related defects are the dominating lifetime killers in as-grown epitaxial layers. The 
thermodynamic behavior of these two types of defects is obtained from DLTS measurements, and 
implemented in the Shockley-Read-Hall (SRH) model to calculate lifetimes, using Gibbs free 
energies to describe the accurate temperature dependence for capture and emission processes of the 
defects. Calculation results show that the lifetimes controlled by shallow boron defects increase with 
increasing temperature, while D-defects give the opposite temperature dependence. The theoretical 
results are also compared to measured data from 10 kV 4H-SiC PiN-structures, showing that the 
temperature dependence of the effective lifetime can be changed by proton implantations, which gives 
rise to additional Z1/2 defects that have similar temperature effects on lifetimes as D-related defects. 

Introduction 
Charge carrier lifetime is an important parameter for bipolar 4H-SiC devices, since it has a large 
impact on device losses and switching speed [1]. It was previously acknowledged that the point 
defects, especially the carbon vacancies (Z1/2 centers), have a dominant effect on controlling lifetimes 
in 4H-SiC. Recent research, however, has found that the measured lifetimes are not proportional to 
the abundance of Z1/2 at low concentration levels, suggesting that other defects might affect the 
lifetimes [2]. Boron-related defects [3, 4] in the lower half of the 4H-SiC bandgap have recently been 
suggested to control the carrier lifetimes at low Z1/2 levels from deep level transient spectroscopy 
(DLTS) analyses, namely the shallow (B) and deep boron (D), respectively. These defects originate 
from boron contamination incorporated during growth, and can sometimes have higher 
concentrations than Z1/2 [5]. 

One way to assess the lifetime is by calculations using the Shockley-Read-Hall (SRH) model, in 
which the bandgap energies, trap concentrations and capture rates of traps are obtained from DLTS 
measurements. This method also allows the temperature dependence of lifetimes to be determined, 
but it is also important to use the correct thermodynamic model for the capture and emission 
processes. This means that the Gibbs free energy, Δ𝐺𝐺 = Δ𝐻𝐻 − 𝑇𝑇Δ𝑆𝑆, should be used, where H is the 
enthalpy, T is the absolute temperature and S is the entropy relevant for the carrier transitions [6, 7]. 
The correct temperature dependence of the carrier lifetime is essential for device modelling, since the 
4H-SiC devices operate within a wide temperature range. Although the lifetimes of 4H-SiC devices 
can be measured experimentally by, for instance, open voltage circuit decay (OCVD) and 
photoluminescence (PL), there is a need to derive the lifetimes from physical models based on the 
different recombination centers in the material. 

In this work, we extend the SRH model to study the temperature dependence of lifetimes 
theoretically, assuming that the boron-related defects, the B- and D-defects, are the lifetime killers. 
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Thermodynamically based properties of these defects are collected from DLTS measurements [2, 8], 
and are implemented into the SRH model. The results will also be compared to experimental forward 
IV data of 10 kV 4H-SiC PiN diodes, including also proton implanted devices adding high local 
concentration of carbon vacancies. 

Models 
Based on statistics of carrier capture and emission from deep bandgap states, the SRH model is used 
to calculate the total, effective charge carrier lifetime, τ, summed up over γ different types of defects 
present in the material [9,10]: 
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where n0 and p0 are carrier concentrations at thermal equilibrium, Δn is the excess carrier 
concentration (assuming charge neutrality, Δn=Δp) and NTj is the concentration of the jth type of 
defect. 

Capture coefficients cn and cp can be calculated using the thermal velocity v and capture cross 
section σ for electrons and holes, respectively: 
 𝑐𝑐𝑛𝑛,𝑝𝑝 = 𝜎𝜎𝑛𝑛,𝑝𝑝𝑣𝑣𝑛𝑛,𝑝𝑝 (2) 

where the thermal velocities are obtained from the absolute temperature T and the effective masses 
mn* and mp*. The Boltzmann constant is designated by k: 
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Concentrations nj and pj represent the carrier concentrations when the Fermi level is aligned with 
the energy position of corresponding defects, calculated with Eq. 4 and Eq. 5. 
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where NC and NV are the effective density of states in the conduction band and valence band, and are 
both temperature dependent. It should also be noted nj and pj are now calculated with the traps 
bandgap positions given by the Gibbs free energies in order to describe the proper thermodynamic 
behavior of electronic transitions from trap to band edges defects [6,7]. The Gibbs free energy G 
includes both the enthalpy H and entropy S of the electronic transitions and is given by Eq. (6). 
 Δ𝐺𝐺 = Δ𝐻𝐻 − 𝑇𝑇Δ𝑆𝑆 (6) 

Concentrations nj and pj are therefore stated as: 
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DLTS measurements offer the possibility to obtain defect parameters that can be implemented into 
the SRH model to calculate temperature-dependent lifetimes. Following Peaker et al. [11], the 
activation energy Ea and the apparent capture cross section, σa, can be extracted and, through capture 
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rate measurements, the capture energy barrier Eσ and the true capture cross section σ∞ can also be 
obtained. 

The enthalpy for the given defect ΔH is calculated by: 
 Δ𝐻𝐻 = 𝐸𝐸𝑎𝑎 − 𝐸𝐸𝜎𝜎 (9) 

The entropy ΔS is calculated by: 
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Concentrations nj and pj calculated with Gibbs free energies are thus available using Eq. (6), Eq. 
(9) and Eq. (10). 

Results and Discussion 
Figure 1 gives a simplified band diagram of 4H-SiC, with the energy positions of three significant 
traps that are active in the control of charge carrier lifetimes. The double acceptor trap, Z1/2, which 
has been proved to originate from carbon vacancies, is located about 0.67 eV [13] below the bottom 
of the conduction band. Two boron-related minority traps, shallow B and deep D-center, are closer 
to the valence band. It has been found that shallow boron, B, and the deep boron, D-center, are 
assigned to boron impurities occupying the silicon site and carbon site in the SiC lattice, respectively, 
which leads to completely different energy levels and thermodynamic properties. It should also be 
noted that associated DLTS peaks (B1, B2, D1 and D2) from hexagonal and cubic sites [8, 13] are both 
observed for these two traps, and they will be merged in this work. The energy positions of shallow 
B and D-centers summarized from the literature are also given in Fig. 1. Table 1 summarizes the 
recent measured trap parameters [8] that will be used in this work. Since the 4H-SiC lattice contains 
both hexagonal and cubic sites with slightly varying bandgap positions, and the two versions of the 
shallow boron, we have used the dominating level in these calculations. In this work, we mainly 
discuss B- and D-related defects, which correspond to the first and second type of defects in Eq. (1). 

 
Fig. 1. Three energy levels that are expected to compete for the control of the charge carrier lifetime 
in low doped 4H-SiC: the majority trap Z1/2 and the minority traps shallow B and D-centers. The 
energy positions of the dominating levels are given in the figure (not in scale). 

Table 1. Thermodynamic parameters of shallow B and D-center. 

Trap Ea (eV) Eσ (eV) σa (cm2) σ∞ (cm2) 
B 0.27 0.10 2.2×10-14 1.87×10-14 
D 0.57 0.05 3.93×10-14 1.04×10-16 

A 10 kV 4H-SiC PiN diode is used as an example to study the lifetimes in the drift region. The 
diode has a 120 µm thick drift layer, with a doping concentration of 2×1014 cm-3. The SRH lifetimes 
for shallow B and D-center are computed under high and low injection, with an excess carrier 
concentration of 3×1016 and 1×1012 cm-3, respectively. The temperature range is from 298 to 498 K, 
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covering a substantial part of the operation range of 4H-SiC devices. It should be noted that only the 
hole capture process of the minority traps has been measured, giving the hole capture cross section 
σp (σp= σa), enthalpy HTj-HV, and entropy STj-SV that can be used to calculate concentration pj, seen in 
Eq. (8). The electron transport to these defects has not been measured, and therefore we set σn= σp to 
estimate the electron cross section. The Gibbs free energy term in Eq. (7), GC-GTj, is assumed to be 
(GTj-GV)·(EC-ET)/(ET-EV). These assumptions do not affect the calculations, since the concentration 
nj for both B- and D-related defects are negligible within the previously mentioned temperature range. 

To start with, we analyze the shallow B level. The term n1 is negligible due to large GC-GT1. The 
term p1 gives a concentration within the range of 1017 cm-3, far more than both Δn and n0. The 
approximate high-injection and low-injection SRH lifetime from shallow B, with concentration NT1, 
are therefore given by Eq. (11) and Eq. (12). 
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Similarly, for the D-center as the second kind of defects with concentration NT2. With the 
parameters in Table 1, the term p2 is now about 10-20% of n0, meaning that p2 can also be neglected 
under a high injection. The corresponding approximate high-injection and low-injection lifetimes are 
given by Eq. (13) and Eq. (14). 
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Note that all the approximate lifetimes from Eq. (11) to Eq. (14) are separated to two terms, one 
constant term (including n0 and defect concentrations) and one temperature-dependent term. Figure 
2 compares only the temperature-dependent terms for the shallow B and D-center. It can be seen that 
both the high-injection and low-injection term for shallow B are increasing with temperature, 
indicating that a higher temperature always increases the shallow B-related SRH lifetime, regardless 
of the injection level. Meanwhile, an opposite trend can be found for D-center. 

 
Fig. 2. The temperature dependent part of the SRH lifetimes of shallow B and D-center, at high-
injection (Δn=3×1016 cm-3) and low-injection (Δn=1×1012 cm-3). (Note that the actual lifetime is not 
plotted, but just the temperature dependent part of equations 11-14, which also leads to different units 
for high and low injection levels.) Shallow B and D-center related defects have an opposite 
temperature dependence. 
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The effective SRH lifetime can now be calculated from Eq. (1). The temperature dependence of 
the effective lifetime is therefore strongly dependent on which type of trap dominates, i.e. the ratio of 
concentrations NT1 and NT2. Figure 3 shows the calculated high-injection effective lifetimes with 
different NT1/NT2, where NT2 is always set to a constant value (3×1012 cm-3). The concentration of B-
defects, NT1, has to be at least three times NT2 to counteract the temperature dependence of the D-
center. A special trend is also observed when NT1 is equal to, or slightly higher than NT2, that the 
effective lifetime first increases and then decreases. The temperature when this happens is between 
400 and 500 K. 

 
Fig. 3. Calculated effective SRH lifetimes with different concentrations of shallow B-related defects 
(NT1). The excess carrier concentration is 3×1016 cm-3. The effective lifetime decreases with 
increasing temperature when the D-defects have a higher concentration (NT2) and increases with 
increasing temperature if B-defects dominate. When the ratio NT1/NT2 is between 1 and 2 (dotted lines), 
the effective lifetime will first increase and then slightly decrease as temperature increases. 

Figure 4 shows the lifetime as a function of injection level with the temperature as a parameter. 
The concentration of the B-defects is much higher (6.7 times) than D-defects, and the same trend 
described previously can be found when the injection level is higher than 1×1016 cm-3. On the low-
injection level side, the effective lifetime decreases from 298 to 398 K, and then increases. It can also 
be found that the low-injection effective lifetime is much higher than high-injection lifetime above 
473 K, which is due to the large values of pj. From fitting measured forward bias IV characteristics 
with TCAD simulations, it is possible to estimate the change in lifetimes with temperature. The 
forward IV characteristics of 10 kV PiN diodes [14] used in this work are measured from 298 to 373 
K, with a temperature step of 25 K. The diode is also modelled in Sentaurus TCAD. 

Figure 5a shows the measured forward IV characteristics (solid lines) of a typical 10 kV diode. 
The characteristics are shifting to lower voltages, indicating an increase in lifetime with increasing 
temperature. This is partly due to a reduction of the bandgap at higher temperatures, but the charge 
carrier lifetimes are also adjusted in the simulations to fit the measured data (dotted lines). For this 
diode, the drift layer high-injection level lifetimes (the sum of the majority and minority lifetime) 
used in the simulations are 2.2, 2.6, 3 and 3.5 µs, corresponding to 298, 323, 348 and 373 K. This 
indicates that B-defect might be the dominant defect in the diode sample. 

Figure 5b compares the measured IV characteristics of three samples, two of which have been 
irradiated with 2.5 MeV protons (dose: 1×109 and 1×1010 cm-2) to introduce the intrinsic defect Z1/2 
in the drift layer with a local peak concentration around 40 µm into the drift layer. 
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Fig. 4. Calculated effective SRH lifetimes with different temperatures and injection levels. The 
concentration of B- and D-defects are 2×1013 and 3×1012 cm-3, respectively. The low-injection 
effective lifetime rapidly increases when the temperature is over 448 K due to the rapid increase of 
p1/2. 

A similar trend of lifetimes as in Fig. 5a is found for the diode irradiated with lower dose, while 
increasing temperature does not seem to affect lifetimes very much for the sample irradiated with 
higher dose. A possible explanation for such different temperature effects is the compensation effect 
of majority traps Z1/2 introduced by proton implantation. The activation energy of Z1/2 is larger than 
that of D-center, yielding a similar temperature dependence as the D-center. Proton implantations 
create a considerable amount of Z1/2-related defects, and thus compensate the temperature effects 
from B-defects. 

  

(a) (b) 
Fig. 5. (a) Measured and simulated forward IV characteristics of the tested diode from 298 to 373 
K. The simulations are used to estimate the lifetimes from the measured characteristics. 
Experimental results show that increasing temperature increases lifetimes. (b) The measured IV 
characteristics of diode samples with and without proton implantation (2.5 MeV, 1×109 and 1×1010 
cm-2), giving a strongly non-uniform distribution of defects in the drift layer with a Z1/2 peak 
concentration of 1×1014 cm-3 [1]. The temperature effects are weaker for the samples treated with 
proton implantation, possibly due to local compensation of Z1/2. 
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Conclusion 
In this work, we have tried to analyze the temperature dependence of charge carrier lifetimes in a 
lightly-doped n-type 4H-SiC epitaxial layer. It has been assumed that boron-related defects, i.e. 
shallow B and D-centers, are dominating the lifetimes rather than the Z1/2 centers in as-grown 
epilayers. The parameters of B- and D-related defects are obtained from recent DLTS measurements, 
and thermodynamic properties are implemented to the SRH model to calculate accurate lifetimes. 
The calculations show that the temperature dependence of lifetimes controlled by B- and D-related 
defects are opposite, and the temperature dependence of the total effective lifetime is determined by 
the defects with a dominant concentration. The results are also compared to measured IV 
characteristics of devices with varying content of Z1/2, and these measurements indicate that MeV 
proton implantation can counteract the intrinsic temperature dependence of lifetimes in the epitaxial 
layer by introducing a considerable amount of Z1/2 defects. 
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