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Abstract. A reliability evaluation method for SiC MOSFET components based on the nonlinear 
Wiener process is proposed using small-sample threshold voltage degradation data under multiple 
operating conditions. In this method, the exponential function and power function are respectively 
used to characterize the influences of influencing factor parameters and time effects on the drift 
coefficient, thereby establishing a mathematical model capable of describing the degradation 
behavior of SiC MOSFET components. Based on the threshold voltage degradation data of 35 SiC 
MOSFET component samples, Limited-memory Broyden-Fletcher-Goldfarb-Shanno with Bound 
constraints (L-BFGS-B) is employed for parameter estimation. Meanwhile, the Bootstrap method 
is adopted to quantify the uncertainties of the initial degradation amount and influencing factor 
parameters under small-sample conditions. Through the Monte Carlo simulation method, the 
reliability evaluation of SiC MOSFET components is conducted under the designed operating 
conditions, and accurate reliability evaluation results, as well as their confidence intervals are 
obtained. The results demonstrate that the proposed nonlinear Wiener process model can 
effectively capture the degradation characteristics of SiC MOSFET components under different 
operating conditions, providing a scientific basis for further reliability evaluation and life 
prediction of power electronic equipment.  
Keywords: SiC MOSFET, nonlinear wiener process, multiple conditions, threshold voltage, 
performance degradation, reliability evaluation. 

1. Introduction 

As core components of modern power electronic systems, SiC MOSFET components are 
widely used in key fields such as renewable energy generation, smart grids, electric vehicles, and 
industrial frequency converters [1-2]. Their reliability directly affects the operational safety, life 
cycle, and economic benefits of the entire equipment system [3-4]. However, SiC MOSFET 
components often operate under complex electro-thermal stress conditions in multi-field coupling 
environments, leading to gradual performance degradation over time and eventual functional 
failure [5-6]. Therefore, accurate reliability evaluation of SiC MOSFET components is of great 
theoretical and engineering significance, enabling predictive maintenance, system design 
optimization, and safe operation [7-9]. 

Traditional reliability evaluation methods, such as accelerated life testing, typically require 
large quantities of failure samples, involve long test cycles and high costs, and struggle to 
accurately represent the degradation process under actual multi-condition operation. In contrast, 
the methods based on performance degradation data can utilize the performance parameter change 
trajectory of components during the degradation process to evaluate and predict their reliability 
before complete product failure, especially suitable for high-reliability and long-life 
semiconductor devices [10-12]. The reliability evaluation methods based on performance 
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degradation data include degradation path uncertainty modeling [13], pseudo failure life method 
[14], general degradation modeling method [15], and stochastic process, etc. 

In recent years, degradation modeling based on stochastic processes has become one of the 
mainstream methods in reliability research, including Wiener processes [16-17], gamma processes 
[18-20], and inverse Gaussian processes [21]. While gamma and inverse Gaussian processes 
assume strictly positive degradation increments – suitable for irreversible processes such as crack 
growth or wear – they cannot capture non-monotonic degradation behaviors. The Wiener process 
incorporates a random diffusion term 𝜎𝐵ሺ𝑡ሻ based on Brownian motion, and allows for temporary 
“recovery” phenomena in the degradation path, making it suitable for modeling non-monotonic 
degradation trajectories. Owing to its mathematical tractability, the Wiener process is widely used 
to describe performance degradation in semiconductor devices, lasers, and other products. 

The core advantage of the Wiener process lies in its ability to describe non-monotonic 
degradation, excellent mathematical properties, easy implementation, and strong model 
interpretability [10-12]. The core parameters of the model – drift coefficient 𝜇 and diffusion 
coefficient 𝜎 – can be efficiently estimated via maximum likelihood estimation with analytical 
solutions. The product's lifetime follows an inverse Gaussian distribution, which has well-defined 
probability density and cumulative distribution functions. Furthermore, the Wiener process readily 
accommodates covariate influences, e.g., temperature, voltage, vibration, by modeling 𝜇 as a 
function of these stresses, facilitating accelerated degradation testing. It also supports the inclusion 
of random effects to account for unit-to-unit variability, enhancing overall reliability 
characterization. The parameters 𝜇 and 𝜎 have intuitive physical interpretations: 𝜇 represents the 
average degradation rate, while 𝜎 reflects uncertainty or fluctuation intensity in the degradation 
process. 

Many researchers have explored these properties of the Wiener process. Some studies have 
introduced time-varying drift or diffusion coefficients to construct nonlinear Wiener processes, 
better capturing nonlinear degradation effects [22-23]. Other efforts focus on reliability modeling 
under multiple stresses, often employing acceleration models such as the Arrhenius model to relate 
stress levels to model parameters [24-27]. However, existing studies still need further exploration 
for reliability evaluation of SiC MOSFET components performance degradation: (1) insufficient 
consideration of variability in initial degradation values and failure threshold values among 
individual units, affecting model accuracy [28-29]; (2) neglect of parameter estimation uncertainty 
under small-sample conditions, leading to over-optimistic evaluation results without confidence 
intervals; and (3) coupling of environmental stress and time effects within the same function, 
which obscures their independent physical mechanisms. In fact, the time effect mainly reflects the 
inherent degradation processes such as material aging and defect accumulation inside the device, 
while environmental stress (such as temperature and voltage) affects the degradation rate by 
accelerating or slowing down these processes. Separating the two models could clearly distinguish 
the contribution of inherent device lifespan and environmental acceleration factor, support 
extrapolation of degradation laws between different operating conditions, and guide the stress 
level design for accelerated degradation testing. 

To address these issues, this paper focuses on SiC MOSFET reliability evaluation with small 
samples under multiple operating conditions. The main contributions are as follows: Based on 
threshold voltage degradation data of SiC MOSFETs, a Wiener process degradation model that 
accounts for both multiple operating conditions and temporal nonlinearity is established, along 
with an uncertainty quantification method for small-sample data. Using the estimated model 
parameters, the first passage time distribution under designed conditions is predicted via Monte 
Carlo simulation, and key reliability metrics such as the reliability function and confidence 
intervals are provided, offering a quantitative basis for engineering decision-making. 
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2. The nonlinear Wiener process with parameter estimation 

2.1. The nonlinear Wiener process model 

For the performance degradation process of SiC MOSFET, the following nonlinear Wiener 
process model is established: 

𝑋ሺ𝑡ሻ = 𝑋଴ + 𝜇ሺ𝑧ሻන 𝜏ఊ𝑑𝜏௧
଴ + 𝜎𝐵ሺ𝑡ሻ, (1)

where 𝑋ሺ𝑡ሻ is the degradation quantity at time 𝑡; the initial degradation quantity 𝑋଴ as a random 
variable is independent and identically distributed; 𝛾 > 0 is the power exponent of time; 𝜎 > 0 is 
the diffusion coefficient, which is assumed not to change with time and operating conditions; 𝐵ሺ𝑡ሻ 
is standard Brownian motion; 𝜇ሺ𝑧ሻ is a drift coefficient function that depends on influencing 
factors 𝑧, expressed in the exponential form: 

𝜇ሺ𝑧ሻ = expቆ𝛽଴ + ෍ 𝛽௝𝑧௝஼௝ୀଵ ቇ, (2)

where 𝐶 is the number of influencing factor parameters, and 𝛽 = ሾ𝛽଴,𝛽ଵ,⋯𝛽஼ሿ is the coefficient 
of influencing factors. 

2.2. Parameter estimation 

Due to manufacturing variations, initial performance values may differ even among 
components from the same batch. Measurement errors and environmental fluctuations also 
contribute to variability in initial readings. Therefore, the initial degradation is modeled as a 
random variable following a normal distribution: 𝑋଴~𝑁ሺ𝜇଴;𝜎଴ଶሻ, (3)

where 𝜇଴ and 𝜎଴ > 0 respectively are the mean and the standard deviation of 𝑋଴. 
For the 𝑘th sample, the initial degradation contribution is: 

𝑓଴௞ = 1𝜎଴√2𝜋 exp ቈ− ሺ𝑥଴௞ − 𝜇଴ሻଶ2𝜎଴ଶ ቉. (4)

Assuming that the threshold voltage under different operating conditions follows the same 
distribution. For the degradation increment ∆𝑋 = 𝑋ሺ𝑡௜ሻ − 𝑋ሺ𝑡௜ିଵሻ within the time interval ሾ𝑡௜ିଵ, 𝑡௜ሿ, it follows a normal distribution: ∆𝑋~𝑁൫𝜇∆௑ሺ𝑧, 𝑡௜ሻ,𝜎ଶሺ𝑡௜ − 𝑡௜ିଵሻ൯, (5)

where 𝜇∆௑ሺ𝑧, 𝑡௜ሻ is the mean of ∆𝑋 from time 𝑡௜ିଵ to time 𝑡௜ and it is defined as: 

𝜇∆௑ሺ𝑧, 𝑡௜ሻ = 𝜇ሺ𝑧ሻන 𝜏ఊ𝑑𝜏௧೔௧೔షభ = expቆ𝛽଴ + ෍ 𝛽௝𝑧௝஼௝ୀଵ ቇ × 𝑡௜ఊାଵ − 𝑡௜ିଵఊାଵ𝛾 + 1 . (6)

The corresponding probability density function is: 
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𝑓ሺ∆𝑋ሻ = 1𝜎ඥ2𝜋ሺ𝑡௜ − 𝑡௜ିଵሻ exp ൥− ൫∆𝑋 − 𝜇∆௑ሺ𝑧, 𝑡௜ሻ൯ଶ2𝜎ଶሺ𝑡௜ − 𝑡௜ିଵሻ ൩. (7)

For the 𝑘th sample, its complete likelihood function is the product of the initial value 
probability and the incremental degradation probability over all time intervals: 

𝐿௞ = 𝑓଴௞ × ෑ𝑓ሺ∆𝑋௞௜ሻ௡ೖ
௜ୀଶ , (8)

where 𝑛௞ is the number of observations of the 𝑘th sample. 
The joint likelihood function for all 𝐾 samples is: 

𝐿 = ෑ 𝐿௞௄௞ୀଵ . (9)

The logarithmic likelihood function is: 

𝑙 = ෍ ൤ln𝑓଴௞ + ෍ ln𝑓ሺ∆𝑋௞௜ሻ௡ೖ௜ୀଶ ൨௄௞ୀଵ . (10)

The parameters that need to be estimated include: the distribution parameters 𝜇଴, 𝜎଴ of initial 
values 𝑋଴; coefficients of the influencing factors 𝛽 = ሾ𝛽଴,𝛽ଵ,⋯𝛽஼ሿ; the time power exponent 𝛾; 
the diffusion coefficient 𝜎. The total parameters to be estimated are integrated as  Θ = ሾ𝜇଴,𝜎଴,𝛽଴,𝛽ଵ,⋯𝛽஼ , 𝛾,𝜎ሿ. 

Parameters are estimated by maximizing the logarithmic likelihood function: Θ෡ = arg max஀ 𝑙ሺΘሻ. (11)

Due to the complexity of the model, L-BFGS-B is used for parameter solving. 
For small sample data, the Bootstrap method is used to quantify the uncertainty of parameter 

estimation. Extract 𝐵 Bootstrap sample sets with replacement from the original sample 𝑆: 𝑆ሺ௞ሻ = 𝐵𝑜𝑜𝑡𝑠𝑡𝑟𝑎𝑝ሺ𝑆ሻ,     𝑘 = 1, 2,⋯ ,𝐵, (12)

In this paper, 𝐵 is set as 50 based on a trade-off between convergence analysis and 
computational efficiency, ensuring the stability of the parameter estimates. 

Estimate the parameters of each Bootstrap sample set to obtain: Θ෡ሺ௞ሻ = arg max஀ 𝑙൫Θห𝑆ሺ௞ሻ൯ (13)

And then calculate the confidence interval of parameters based on Bootstrap estimation values. 
The standard error estimate for the 𝑗-th parameter is: 

𝑆𝐸൫𝜃෠௝൯ = ඨ 1𝐵 − 1෍ ൫𝜃෠௝,௕ − 𝜃̅௝൯ଶ஻௕ୀଵ , (14)

where 𝜃̅௝ = ଵ஻ ∑ 𝜃෠௝,௕஻௕ୀଵ . The final 100(1 − 𝛼) % confidence interval for the 𝑗-th parameter is ቂ𝜃෠௝ሺఈ ଶ⁄ ሻ,𝜃෠௝ሺଵିఈ ଶ⁄ ሻቃ, in which 𝜃෠௝ሺఈ ଶ⁄ ሻ
 and 𝜃෠௝ሺଵିఈ ଶ⁄ ሻ

 respectively represent the 𝛼 2⁄  and 1 − 𝛼 2⁄  
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quantiles of the Bootstrap estimate values 𝜃෠௝,ଵ,𝜃෠௝,ଶ,⋯ ,𝜃෠௝,஻. 

3. Reliability evaluation model 

The lifetime of a component is defined as the time when the degradation first exceeds the 
failure threshold: 𝑇௙ = inf൛𝑡 > 0:𝑋ሺ𝑡ሻ ≥ 𝐷௙ൟ, (15)

where 𝐷௙ is the failure threshold. Considering the randomness of the initial value and the effects 
of influencing factors, the Monte Carlo simulation method is adopted as follows: 

(1) Randomly generate initial values 𝑥଴ from the initial value distribution 𝑁ሺ𝜇଴;𝜎଴ଶሻ. 
(2) With each group of estimated parameters, simulate the nonlinear Wiener process path until 𝑋ሺ𝑡ሻ ≥ 𝐷௙. 
(3) Record the first passage time 𝑇௙. 
(4) Repeat multiple times to obtain the empirical distribution of the first passage time. 
Based on the Monte Carlo simulation results, the estimated reliability function is: 

𝑅ሺ𝑡ሻ = 1𝑇𝑁𝑢𝑚෍ 1ቄ ೑்ሺೕሻவ௧ቅ்ே௨௠௝ୀଵ , (16)

where 𝑇௙ሺ௝ሻ is the first passage time of the 𝑗-th simulation; 𝑇𝑁𝑢𝑚 is the total number of 
simulations, which is set as 10000 in this paper. 

4. SiC MOSFET performance degradation test and data analysis 

4.1. Experiment test 

The experimental testing platform is shown in Fig. 1. A total of 35 samples are tested under 
15 operating conditions, as listed in Table 1. Each operating condition involves 7 influencing 
factors, including gate turn-on voltage (V), gate turn-off voltage (V), duty cycle (%), switching 
frequency (kHz), on resistance (R), off resistance (R), temperature (℃), with the corresponding 
coefficients from 𝛽ଵ to 𝛽଻ sequentially.  

 
Fig. 1. Test bench of the SiC MOSFET. Photo by Yaoheng Li,  

at China North Vehicle Research Institute in China on June 2025 

To eliminate the influence of dimensions and units of the influencing factors, a normalization 
process is applied. The threshold voltage degradation data are collected on a daily basis, and the 
resulting degradation paths are shown in Fig. 2, in which the horizontal axis represents time in 
days, the vertical axis shows the threshold voltage degradation in volts, and different colors 
represent different operating conditions. A clear upward trend in threshold voltage over time is 
observed. From the degradation paths in Fig. 2, it can be seen that the threshold voltage of some 
samples was close to the 4 V at the end of the test, while the degradation trend of all samples 
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indicates that they will cross this threshold in the foreseeable future, ensuring the observability of 
the failure time. 

Table 1. SiC MOSFET test conditions 

Operating 
conditions 

Gate turn-
on voltage 

(V) 

Gate turn-
off voltage 

(V) 

Duty 
cycle 
(%) 

Switching 
frequency 

(kHz) 

On 
resistance 

(R) 

Off 
resistance 

(R) 

Temperature 
(℃) 

Sample 
size 

Oc1 20 –5 50 50 10 10 25 4 
Oc2 20 –5 50 50 10 10 75 4 
Oc3 20 –5 50 50 10 10 120 4 
Oc4 20 –5 20 50 10 10 25 2 
Oc5 20 –5 80 50 10 10 25 2 
Oc6 20 –5 50 5 10 10 25 2 
Oc7 20 –5 50 100 10 10 25 2 
Oc8 20 –5 50 50 20 10 25 2 
Oc9 20 –5 50 50 30 10 25 2 

Oc10 20 –5 50 50 10 20 25 2 
Oc11 20 –5 50 50 10 30 25 2 
Oc12 25 –5 50 50 10 10 25 2 
Oc13 30 –5 50 50 10 10 25 1 
Oc14 20 –7 50 50 10 10 25 2 
Oc15 20 –10 50 50 10 10 25 2 

 
Fig. 2. Degradation path of the SiC MOSFET threshold voltage  

performance under multiple operating conditions 

4.2. Data analysis 

To further quantify the differences in threshold voltage degradation under various operating 
conditions, the daily degradation amount for each sample was extracted, as shown in Fig. 3. It can 
be observed that the degradation degree is relatively large in the initial stage and exhibits a 
monotonic decreasing trend with time overall, which is consistent with a trap-dominated 
degradation mechanism: in the early stress phase, rapid filling of pre-existing traps at the oxide 
layer and interface causes a significant threshold voltage shift, while as stress time increases, the 
available traps become gradually occupied, leading to a reduced capture rate and a saturating 
degradation trend. Based on random forest and SHAP analysis [30], as illustrated in Fig. 4, 
temperature, duty cycle, and on-resistance are identified as the main factors affecting degradation 
under various operating conditions. The mechanistic analysis based on the data provides a solid 

0 2 4 6 8 10 12 14 16 18 20
2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

Th
re

sh
ol

d 
vo

lta
ge

 (V
)

Oc1 Oc2 
Oc3 Oc4 
Oc5 Oc6
Oc7 Oc8 
Oc9 Oc10
Oc11 Oc12
Oc13 Oc14
Oc15

Time (day)



RELIABILITY EVALUATION OF SIC MOSFET WITH PERFORMANCE DEGRADATION UNDER MULTIPLE CONDITIONS BASED ON NONLINEAR 
WIENER PROCESS. YAOHENG LI, JINBAO ZHANG, HUI WANG, JINLE ZHANG, HAIQUAN ZHANG, FUQIANG ZHAO 

 JOURNAL OF MEASUREMENTS IN ENGINEERING 7 

physical basis for subsequent reliability evaluation modeling. 

 
Fig. 3. Differences of the SiC MOSFET threshold voltage performance under multiple operating conditions 

 
Fig. 4. Analysis on influencing factors of the SiC MOSFET threshold voltage performance 

5. SiC MOSFET performance degradation reliability evaluation 

5.1. Flowchart of reliability evaluation 

The reliability evaluation flowchart for SiC MOSFET under multiple conditions based on the 
nonlinear Wiener process is shown in Fig. 5, and the steps are as follows: 

(1) Organize the threshold voltage degradation data of SiC MOSFET under various operating 
conditions, and normalize the influencing factors in each operating condition to ensure the scale 
consistency of each influencing factor during the modeling process. 

(2) Establish a nonlinear Wiener process model and specify the parameters to be estimated in 
the model, including: the distribution parameters 𝜇଴ and 𝜎଴ of the initial values 𝑥଴; coefficient of 
influencing factors 𝛽 = ሾ𝛽଴,𝛽ଵ,⋯𝛽஼ሿ; the power exponent of time 𝛾 and the diffusion coefficient 𝜎 – a total of 12 parameters to be estimated. 

(3) The uncertainty of the parameters to be estimated is quantified using the Bootstrap method. 
By randomly selecting specified percentage of the samples with replacement, model parameter 
estimation is achieved based on Eqs. (12) and (13). This random sampling process is repeated 50 
times, and probability statistics are conducted on each set of estimated parameters. Finally, the 
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confidence intervals for each parameter are obtained based on Eq. (14). 
(4) Set the failure threshold and the total number of simulations. At each simulation, the initial 

value 𝑥଴ is randomly generate, and the first passage time is recorded. Finally, the reliability and 
its confidence intervals are calculated according to Eq. (16). 

 
Fig. 5. Flowchart of SiC MOSFET reliability evaluation 

5.2. Reliability analysis 

The estimated parameters are shown in Table 2, including the point estimation based on the 
L-BFGS-B of the 35 samples, and the Bootstrap estimation with their 95 % confidence intervals 
with sampling proportions of 70 %, 80 %, and 90 %, respectively. It can be seen that the relative 
errors between point estimation and sampling estimation with the proportion of 70 % are relatively 
small, as shown in Fig. 6, and all are controlled within a 95 % confidence interval. Due to 
inconsistent sample sizes under different operating conditions, some operating conditions are not 
represented during sampling, leading to significant fluctuations in the estimated parameters, 
especially 𝛾 and 𝜎. Here, 𝛾 lies at the constraint boundary, indicating that the actual optimal 
solution may be less than 0.1, although numerical stability constraints need to be considered during 
the solution process. Considering the computation efficiency and accuracy, the sampling 
proportion of 70 % is selected. 

Excluding the uncertainty introduced by the random diffusion term 𝜎𝐵ሺ𝑡ሻ in the prediction 
process, the model fitting effect is evaluated using the estimation parameters obtained from all 
samples. The selected indicators are as follows:  

Root mean square error (RMSE): 

RMSE = ඨ1𝑛෍ ሺ𝑦௜ − 𝑦ො௜ሻଶ௡௜ୀଵ . (17)
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Table 2. Parameter estimation 

Parameters L-BFGS-B Bootstrap and the 95 % confidence interval 
70 %  80 % 90 % 𝜇଴ 2.8372 2.8389 

[2.6413, 2.9911] 
2.8394 

[2.6737, 3.0256] 
2.8007 

[2.6785, 2.9925] 𝜎଴ 0.2115 0.1712 
[0.0613, 0.3887] 

0.1943 
[0.0477, 0.4654] 

0.1377 
[0.0686, 0.4137] 𝛽଴ –4.0140 –3.9670 

[–4.1937, –3.8056] 
–4.0383 

[–4.2175, –3.8631] 
–3.9315 

[–4.2731, –3.8272] 𝛽ଵ –0.2383 –0.2241 
[–0.4541, –0.0468] 

–0.2158 
[–0.4066, –0.0541] 

–0.2369 
[–0.3932, –0.0757] 𝛽ଶ 2.3206 2.1898 

[2.1813, 2.5256] 
2.3162 

[2.1628, 2.4757] 
2.3754 

[2.1188, 2.5600] 𝛽ଷ –0.2689 –0.3457 
[–0.4675, –0.0929] 

–0.3228 
[–0.4509, –0.1382] 

–0.3957 
[–0.4429, –0.1036] 𝛽ସ 0.6294 0.7037 

[0.5013, 0.9043] 
0.5308 

[0.4477, 0.7867] 
0.5314 

[0.4835, 0.7942] 𝛽ହ 0.0895 0.0689 
[–0.1204, 0.3011] 

0.2235 
[–0.0993, 0.2424] 

0.1401 
[–0.0618, 0.3148] 𝛽଺ 0.4533 0.4610 

[0.2818, 0.6493] 
0.4869 

[0.2538, 0.6477] 
0.3572 

[0.2667, 0.6463] 𝛽଻ –0.4092 –0.4032 
[–0.5827, –0.2235] 

–0.2791 
[–0.6525, –0.2191] 

–0.3005 
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Fig. 6. Uncertainty of the evaluated parameters 
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𝑅ଶ = 1 −∑ ሺ𝑦௜ − 𝑦ො௜ሻଶ௡௜ୀଵ∑ ሺ𝑦௜ − 𝑦ത௜ሻଶ௡௜ୀଵ , (18)

where 𝑛 is the number of predicted samples; 𝑦௜ and 𝑦ො௜ are the actual threshold voltage and the 
predicted threshold voltage respectively, and 𝑦ത௜ is the mean of the actual threshold voltage. The 
goodness of fit 𝑅ଶ is within the range of 0 to 1, and the closer its value approaches 1, the stronger 
the explanatory power of the model on the data. After calculation, the RMSE of the nonlinear 
Wiener process model is 0.0458, and the goodness of fit is 0.9728. The threshold voltage predicted 
based on the nonlinear Wiener process model is shown in Fig. 7, as well as the error compared to 
the actual threshold voltage. The error is equal to the actual threshold voltage minus the predicted 
threshold voltage. Since the predicted threshold voltage values are mostly larger than the actual 
values throughout the degradation process, the predicted degradation trajectory is upper-bounded 
relative to the actual trajectory. Under the assumption of monotonic degradation and an upper 
failure threshold, this results in earlier predicted failure times at the mean level, thereby yielding 
a conservative estimate of the mean reliability. However, it should be noted that conservativeness 
at the distribution level (e.g., confidence bounds) requires further verification. 

 
Fig. 7. Prediction of threshold voltage with errors 
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of initial-value randomness among individual devices and parameter estimation uncertainty under 
small-sample conditions-both of which contribute to greater dispersion in predicted lifetimes 
during the initial phase. The subsequent narrowing indicates that the degradation paths converge 
as devices enter the stable degradation stage, where the deterministic drift component dominates 
and the relative influence of initial variability diminishes. The final widening near the failure 
threshold arises from the inherent variability in first passage time: small differences in degradation 
rate lead to significantly different failure times when the degradation trajectory approaches the 
threshold, a phenomenon commonly observed in wear-out failures. 

 
Fig. 8. Simulation degradation path and failure time distribution 

 
Fig. 9. Reliability evaluation under the specified conditions 
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resistance are the top three key factors affecting degradation rate, providing quantitative basis for 
the optimization of SiC MOSFET operating conditions and accelerated test design. 

2) By decomposing the drift coefficient into a time-dependent nonlinear term and an operating 
condition influence term, the parameters corresponding to the two physical effects are separated, 
allowing for independent analysis of the influences of environmental factors and material aging 
mechanisms on the degradation rate, thereby enhancing the physical interpretability of the model. 

3) An uncertainty quantification framework for reliability evaluation under small sample 
conditions has been proposed. By combining Bootstrap resampling with Monte Carlo simulation, 
a 95 % confidence interval for the reliability curve was obtained with 35 samples. 

This study provides a new method for reliability evaluation of power semiconductor devices 
that balances accuracy and interpretability, which can be directly applied to life prediction and 
health management of SiC MOSFETs. Subsequent research will explore modeling of multi-stress 
coupling effects and achieve real-time reliability updates by combining online monitoring data. 
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