
  

Abstract—Silicon-carbide metal oxide semiconductor field 

effect transistors (SiC-MOSFETs) are core devices for future 

power electronics. The factors limiting their automotive 

applications are currently under investigation. Post-oxidation 

annealing in NO gas is a key technology to achieving high 

carrier mobility in SiC-MOSFETs. Herein, we study NO 

annealing effects on time-dependent dielectric breakdown 

(TDDB) reliability by constant voltage stress (CVS) method at 

room temperature. We show that heavy NO annealing enhances 

hole trapping near the SiO2/SiC interface and leads to a rapid 

increase in the gate current (Ig), and results in shorter 

time-to-breakdown (tBD), and smaller Weibull slope of tBD in 

comparison to light NO annealing case. However, the detailed 

examination of  the Ig behavior reveals that the charge 
-to-breakdown (QBD) and its distribution do not deteriorate. 

Therefore, we must reconsider the use of the CVS method by 

examining the Ig behavior during stress, which strongly depends 

on NO annealing conditions. 

Index Terms— charge-to-breakdown, constant voltage stress, 

NO annealing, SiC-MOSFETs, TDDB, time-to-breakdown.  

I. INTRODUCTION 

ilicon-carbide metal oxide semiconductor field effect 

transistors (SiC-MOSFETs) are core devices for future 

power electronics such as in railway and automotive 

applications. Post-oxidation annealing by NO gas is a key 

technology availing SiC-MOSFETs for use. The drastic 

improvement in carrier mobility [1][2] and its impact on 

reliability such as positive-bias temperature instability 

(PBTI) and negative-bias temperature instability (NBTI) are 

well-known [2][3]. Relatively heavy NO annealing 

conditions can suppress PBTI and can enhance NBTI. 

However, it has been reported that commercially available 

SiC-MOSFETs have different BTI characteristics [4], which 

suggests different NO annealing conditions. 

Recently, time-dependent dielectric breakdown (TDDB) 

of commercially available SiC-MOSFETs has been 

investigated to advance their large-scale production for 

automotive use [5]. The constant voltage stress (CVS, [6]) 

method is widely used to guarantee gate oxide integrity 

(GOI). We compared CVS-TDDB characteristics of 

commercially available SiC-MOSFETs [7]. By combining 

with BTI data, we speculated that heavy NO annealing 
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conditions result in a wider lifetime distribution (or a smaller 

shape parameter of the Weibull plot for TDDB 

time-to-breakdown (tBD) [6][8]) and a larger number of 

extrinsic failures (or B-modes [9][10]). It should be noted 

that both SiC-MOSFETs are not of the latest vintage and are 

not for automotive use. They have vertical planar MOSFET 

structure with 45−46-nm-thick gate-oxides (measured by a 

transmission electron microscope). A lack of knowledge on 

the process flow of these devices and the above observations 

motivated this study.  

Moreover, there have been few studies on nitridation 

effects on TDDB other than those by Fujihira et al. [11] and 

Senzaki et al. [12], which were based on constant current 

stress (CCS, [6]) method. Additionally, CVS has been argued 

to be inappropriate for separating B-modes [13]. However, 

the reason has not been clarified yet, and the actual operation 

is controlled by voltage. Thus, the CVS method should be 

more precisely examined, as done by a previous study on 

Si-MOSFETs with thick oxides [14].  

The purpose of this study is to clarify the NO annealing 

effects on TDDB characteristics using chips for test element 

groups (TEG) fabricated by known processes. The CVS 

method is used in combination with the gate current (Ig) and 

the drain current (Ids) measurements that can detect electron 

and hole trapping behaviors during stress. In addition, we 

attempt to suggest the effects of nitrogen on the B-mode 

mechanism for further study. 

II. EXPERIMENT AND MODELING 

We used lateral SiC-MOSFETs with 50-nm gate oxide 

thicknesses (tox), 5- and 100-μm gate-lengths (Lg), and 

200-μm gate-widths (Wg). Samples were annealed under 

different NO conditions at 1250 ℃ for 10 min (NO10) and 

for 60 min (NO60). For NO60, the areal nitrogen density 

reaches the saturation level [15] at 3.5 × 1014 𝑐𝑚−2 [16]. For 

NO10, the density is approximately 1/6 of this saturation 

level [15]. These samples were fabricated by the National 

Institute of Advanced Industrial Science and Technology 

(AIST). It has been reported that NO60 samples have higher 

field-effect mobility owing to interface trap reduction [17].  

First, we compared the initial Ig-Vgs and Ids-Vgs@ Vds=50 

mV characteristics of SiC-MOSFETs. A conventional source 

measure unit (Keysight B2902A) was used, and all  

measurements were performed at room temperature. 

Double-sweep measurement mode was used to check the 

hysteresis in Ig-Vgs and Ids-Vgs characteristics. Then, CVS 

tests were performed, during which Ig-Vgs and Ids-Vgs 

characteristics were measured to monitor electron and hole 
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trapping. SiC-MOSFETs with Lg=5 μm and 100 μm were 

used for area-scaled Weibull plots [18][6].  

 In addition, the anomalous Ig behavior was modeled using 

a Wentzel-Kramers-Brillouin (WKB) calculation [19] for the 

tunneling coefficient of the electrons. 

 

III. RESULTS AND DISCUSSION 

A. Gate-Current Behavior  

The initial Ig-Vgs and Ids-Vgs characteristics of 

SiC-MOSFETs (Lg =100 μm) are shown in Fig.1. The NO60 

sample shows a much larger Ig than NO10. The Ig-Vgs 

characteristics show a departure from the theoretical 

Fowler-Nordheim curve above 42 V (Fig. 1(a)). The 

double-sweep measurements ( ̶ 10 V→ 47 V→  ̶10 V) clearly 

indicate a negative shift in threshold voltage (Vth) (Fig. 1(b)) 

as well as an increase in Ig in the downward sweep. These 

observations mean that hole trapping occurred in the upward 

sweep up to 47 V. Based on the vast knowledge of the 

SiO2/Si system [20], an oxide electric field near 10 MV/cm 

can induce impact ionization in the 50-nm-thick oxide layer 

and make the generation of holes possible.  

Furthermore, we have confirmed that the gate current 

above 42 V depends on Vgs-sweep rate, suggesting an 

additional hole-trapping during the Vgs-sweep. Thus, we 

primarily focus on the  Ig values obtained from 25 V to 40 V 
for analyzing Ig-Vgs characteristics. 

   

Moreover, we measured bi-directional Ig-Vgs 

characteristics [21] and negligible Ig changes in the negative 

Vgs region suggesting that the trapped-holes are located near 

the SiO2/SiC interface. The number of trapped holes (Not
+) is 

estimated to be 1.7 × 1012 cm-2 using the equation 

 

𝑁𝑜𝑡
+ = −

𝐶𝑜𝑥

𝑞
∆𝑉𝑡ℎ                                                                    (1)  

                                                                                                                      

where q is the electronic charge, 𝐶𝑜𝑥is the oxide capacitance 

per unit area, and ∆𝑉𝑡ℎ  is the threshold voltage shift. 

On the other hand, the NO10 sample shows no remarkable 

hysteresis (Fig. 1(c) and (d)) including under the higher 

maximum Vgs (  ̶ 10 V→49 V→ ̶ 10 V). The hole trapping 

must be originated from high-concentrated nitrogen near the 

SiO2/SiC interface in the NO60 sample. 

Figure 2 shows Ig-Vgs and Ids-Vgs characteristics during a 

CVS test for similar samples. An NO60 sample shows an 

initial increase and subsequent gradual decrease in Ig, in 

contrast to the gradual continuous increase in the NO10 

sample. We previously reported the behavior of the NO10 

sample for samples from one vendor [22][23] and attributed it 

to interfacial hole trapping. More recently, we found 

behavior similar to that of the NO60 sample for samples from 

the other vendors [7]. Thus, we aim to discuss the details of 

the behavior of the NO60 samples.  

From the Ids-Vgs characteristics, the behavior of ΔVth shows 

electron trapping after hole trapping. Moreover, the Ig-Vgs 

characteristics are more complicated. Above 42 V, hole 

trapping during Vgs-sweep is added as discussed in Fig. 1(a) 

and (b). After 240 s of stress, Ig at Vgs = 40 V becomes smaller 

than that of the data for 60 s stress, although Ig at Vgs = 25 V is 

very similar. The bi-directional Ig-Vgs data suggest that the 

electron is near the SiO2/SiC interface.  

 

B. Impact of Hole and Electron Trapping on the Tunneling 

Transmission Coefficient 

This anomalous behavior shown in Fig. 2(a) can be 

explained by extending the WKB calculation for the 

hole-trapping case [22][23] to the hole- and electron-trapping 

Fig. 1 Measured initial Ig-Vgs (a)(c) and Ids-Vgs@Vds=50 mV (b)(d) 

characteristics of SiC-MOSFETs annealed under NO60 (a)(b) and NO10 

(c)(d) conditions, respectively. Double-sweep measurement mode (−10 

V→ 47V(NO60), 49 V(NO10) →−10 V) was used to check the hysteresis 

at room temperature. NO60 sample shows clear hysteresis suggesting 

hole-trapping near the SiO2/SiC interface. The estimated trapped-hole 

density from ∆𝑉𝑡ℎ is 1.7 × 1012 cm-2. 

Fig. 2 Measured Ig-Vgs (a)(c) and Ids-Vgs @ Vds=50 mV (b)(d) 

characteristics during Vgs-stress for NO60 (a)(b) and NO10 (c)(d) 

samples, respectively. NO60 sample shows a rapid increase and 

subsequent gradual decrease in Ig, in contrast to the gradual continuous 

increase in NO10 sample. This anomalous Ig behavior can be explained 

by hole and electron trapping with different locations of the charge 

centroid. 



case, where the sheet electron charge is assumed to be nearer 

to the SiO2/SiC interface than that of the hole.  

As shown in Fig.3, first, the holes and electrons were 

assumed to be located at dh and de from the SiO2/SiC interface 

as their areal densities Not
+ and Not 

-, respectively. ∆𝑉𝑡ℎ  can be 

expressed as follows [21]: 

∆𝑉𝑡ℎ = −
𝑞𝑁𝑜𝑡

+

𝐶𝑜𝑥
(1 −

𝑑ℎ

𝑡𝑜𝑥
) +

𝑞𝑁𝑜𝑡
−

𝐶𝑜𝑥
(1 −

𝑑𝑒

𝑡𝑜𝑥
).                     (2) 

 

Using Gauss law, the electric fields in SiO2 (Eox1, Eox2, 

Eox3) can be calculated to obtain the potential energy for the 

electrons (U(x)). Finally, the electron tunneling transmission 

coefficient (D) can be calculated using the so-called Gamow 

penetration factor shown in Eq.(3) [19]. 

𝐷 = 𝑒𝑥𝑝 (−
2

ℏ
∫ √2𝑚∗(𝑈(𝑥) − 𝐸) 𝑑𝑥

𝑥𝑡

0
)                           (3)    

where, ℏ is the Planck constant, xt is the tunneling distance, 

m* is the effective electron mass (m*=0.42 m0 (free electron 

mass) [24]), and E is the energy of the electron. (See the 

Appendix for calculation details.) 

 

 Fig. 4 (a) and (b) show the calculated U(x)-E at Vgs=25 V 

and 40 V, respectively. U0 means initial state, Uh means only 

hole trapping corresponding to 60-s data in Fig.2 (a), and Uhe 

means both electron and hole trapping corresponding to the 

240-s data in Fig.2 (a).  

The parameters in the model (Table Ι) were estimated by 

comparing the calculated D with Ig, as shown in Fig.4(c) and 

(d) as well as ∆𝑉𝑡ℎ .This model can express the anomalous 

behavior of Ig-Vgs characteristics qualitatively. It should be 

noted that de is smaller than dh. At Vgs=25 V, hole trapping at 

dh, which reduces xt and enhances the tunneling, has a 

dominant effect. In contrast, at Vgs=40 V, xt is located near de, 

thus, electron trapping which retards tunneling, is more 

effective. 

 
TABLE Ι  

Model parameters used in the calculation in Fig. 4(a)(b)(c). 
dh (cm) 5.7E-07 

de (cm) 1.4E-07 

Not
+ @60 s (cm-2) 3.4E+12 

Not
+ @240 s (cm-2) 6.8E+12 

Not
- @60s (cm-2) 0 

Not
- @240 s (cm-2) 7.1E+12 

 

In this analysis, we modeled the Ig-Vgs characteristics by 

modifying the Fowler-Nordheim tunneling using trapped 

holes and electrons. It should be noted that Pool-Frenkel [25] 

or trap-assisted tunneling [26] mechanism should be 

considered in the low Vgs region even at RT. This 

examination is for further study. 

 

C. TDDB Characteristics by CVS 

 

In Fig. 5, Weibull plots are shown where the stress Vgs 

voltages were 47 V for the NO60 sample and 49 V for the 

NO10 sample. The vertical axis is the cumulative defect 

density defined as follows [6]: 

𝐷(𝑡) ≡ −ln (1 − 𝐹(𝑡))/𝐴                                               (4)   

where  𝐹(𝑡) is the cumulative failure calculated using the 

median ranks [8] and 𝐴 =LgWg is the gate-oxide area. The 

formation of oxide defects seems random, and a Poisson 

distribution is assumed. 𝐴 = 1 × 10−5 and 2 × 10−4 for the 

samples with Lg = 5 μm and Lg = 100 μm, respectively. Clear 

universal plots were obtained for both samples, validating the 

Poisson distribution. In other words, area-scaling as in 

[18][6] was verified. The shape parameter (m) of the NO60 

samples is approximately half that of the NO10 samples, 

where the following Weibull distribution is assumed [8]. 

𝐹(𝑡) ≡ 1 − 𝑒−(
𝑡

𝑐
)
𝑚

                                                                    (5) 

where c is the characteristic life and m is the shape parameter. 

In Fig. 6, the time-dependent Ig at the stress Vgs is plotted 

for all the samples with Lg=5 μm. The time dependence is 

mainly universal immediately before the breakdown. The 

rapid decrease in Ig after the breakdown is probably due to 

electrically open gate electrodes in the majority of the 

samples. The NO60 samples show much greater Ig at stress 

Vgs. Charge-to-breakdown (QBD) can be estimated by 

integrating the Ig from 0 to the tBD. This QBD value is much 

larger in the NO60 sample. As shown in Fig. 6(a), QBD is 

determined approximately at the initial increase phase of Ig. 

Thus, the distribution of QBD becomes much steeper than that 

of tBD in the NO60 sample. In fact, for samples with Lg= 5 μm, 

tBD
max/ tBD

min is 3.4 and 1.7, however, QBD
max/ QBD

min is 1.2 

and 1.9, for NO60 and NO10 samples, respectively. 

Fig. 3 An illustration of hole- and electron-trapping location and electric 

fields in SiO2. The charge centroid of electron is assumed to be shallower 

than that of the holes which can explain the gross behavior of the 

experimental results. 

Fig. 4 Calculated U(x)-E for Vgs=25 V (a) and Vgs=40 V (b), and 

transmission coefficient D of tunneling electron (c). The same data in 

Fig. 2(a) are shown as (d) from Vgs =25 V to Vgs = 40V where hole 

trapping during Vgs-sweep is negligible. 



 

There are several reports on TDDB distributions by CCS 

measurements [11]-[13] in which Weibull plots for QBD are 

used. Lifetime enhancement effects have been discussed in 

[11][12], and good lifetime distributions for many samples 

have been demonstrated [13]. Although our data show that 

tBD is not improved by heavy nitridation both in its lifetime 

and distribution, the obtained information on QBD does not 

contradict these previous results. 

These results seem to be consistent with the 

“charging-induced dynamic stress” concept proposed by 

Okada et al. [14], where QBD is a physical measure of oxide 

quality [27]. When Ig is in the decreasing phase [14], a sample 

with a larger QBD shows a much larger tBD by CVS than 

expected. On the contrary, in the increasing phase, a sample 

with larger QBD suffers stronger stress than expected; thus, 

 

reducing its tBD.  The former corresponds to the NO60 sample 

and the latter corresponds to the NO10 sample in our data.  
Moens et al. [26] reported that the increasing phase is 

altered to the decreasing phase when the gate electric-field 

falls below 9.0 MV/cm. More interestingly, this phenomenon 

leads to a bi-modal Weibull distribution at 9.3 MV/cm. 

Therefore, we believe that this “charging-induced dynamic 

stress” concept is essential for TDDB analysis of 

SiC-MOSFETs.  

The Poisson distribution of nitrogen atoms indicating pure 

randomness suggests the possibility of locally higher 

nitrogen concentration, which might be the cause of the oxide 

weak spot leading to a wider tBD distribution. However, based 

on the above discussion, an experimentally observed wider 

tBD distribution can be explained [14]. Thus, this is probably 

not the case. 

Fig. 6 Time-dependent Ig at the stress Vgs for all the samples with Lg=5 μm (9 

devices for each condition), (a)NO60 (b) NO10. The time dependence is 

mainly universal immediately before the breakdown. The rapid decrease in Ig 

after the breakdown is probably because of electrically open gate-electrode 

in the majority of the samples. The NO60 samples show much greater Ig at 

stress Vgs and as a result larger QBD. The QBD of NO60 samples are determined 

by the initial increasing phase of Ig. Thus, the QBD distribution becomes much 

steeper than tBD. 

 

Fig. 5 Area-scaled Weibull plots for tBD by CVS in which stress Vgs 

voltages was 47 V for the NO60 samples (a), and 49 V for the NO10 

ones (b), respectively. Each data point with error bar (9 data for Lg =5 

μm and 6 data for Lg =100 μm) corresponds to tBD of measured sample. 

Then, the triangle and circle plots mean cumulative defect density as a 

function of stress time, for Lg =5 μm and 100 μm, respectively. Weibull 

parameter fitting was performed including both Lg. The Weibull slope 

of the NO60 samples is approximately half that of the NO10 samples. 



Another speculation relating to nitrogen is that heavy NO 

annealing samples have large numbers of B-mode as 

indicated in the introduction. In the present study, we 

observed a few B-modes for NO60 samples of another batch. 

As far as we know, a crystal-defect originated mechanism 

[28] is dominant for B-modes, and a threading screw 

dislocation (TSD) has been reported to be a killer defect [29]. 

In the vicinity of the TSD, crystal facets other than the Si-face  

((0001) surface) are formed [30], and these surfaces can 

capture more nitrogen atoms [16]. The XPS studies of the 

nitridation of several crystal faces [31] have shown that C-, a-, 

and m-faces have approximately two times higher nitrogen 
concentration than the Si-face. As a result, the local nitrogen 

cluster surrounding TSD may cause a weak spot of the oxide, 

which is similar to the mechanism of local hole-trapping in 

SiO2/Si studies [32]. Thus, heavy NO annealing may lead to 

B-mode failures. However, this hypothesis requires more 

extensive study.  

 

Ⅴ. CONCLUSIONS 

 

Heavy NO annealing complicates the Ig behavior at high 

Vgs, which can be explained by hole and electron trapping 

near the SiO2/SiC interface. Moreover, it reduces tBD and 

widens its distribution. However, QBD as a physical measure 

of oxide quality does not deteriorate. As a method for GOI, 

CVS must be considered by examining the Ig behavior during 

stress. At present, the use of QBD-based method seems 

preferable for the analysis of heavy NO annealed samples. 

 

Appendix 

 

This appendix contains details of the calculations for the 

electron-tunneling coefficient based on Gauss law and the 

WKB approximation. 

 The basic electrostatic equations including Gauss law are 

as follows. 

 

𝑉𝑔𝑠 − 𝑉𝐹𝐵 = 𝑉𝑜𝑥 + 2𝜓𝐵                                                 (A1) 

𝑉𝑜𝑥 = 𝐸𝑜𝑥1𝑑𝑒 + 𝐸𝑜𝑥2(𝑑ℎ − 𝑑𝑒) + 𝐸𝑜𝑥3(𝑡𝑜𝑥 − 𝑑ℎ)       (A2) 

𝐸𝑜𝑥1 − 𝐸𝑜𝑥2 = −
𝑄𝑜𝑡

−

𝜖0𝜖𝑜𝑥
                                                   (A3) 

𝐸𝑜𝑥2 − 𝐸𝑜𝑥3 =
𝑄𝑜𝑡

+

𝜖0𝜖𝑜𝑥
                                                       (A4) 

 

where VFB is the flat-band voltage, Vox is the potential drop 

across the oxide, ψB is the difference between Fermi potential 

and intrinsic potential,  Qot
- is the  oxide-trapped-electron per 

unit area (=qNot
-), Qot

+ is the  oxide-trapped-hole per unit area  

(=qNot
+), 𝜖0 is the vacuum permittivity, and 𝜖𝑜𝑥 is the relative 

oxide permittivity. 

  These equations can be rewritten in matrix form. 

[
𝑑𝑒 𝑑ℎ − 𝑑𝑒 𝑡𝑜𝑥 − 𝑑ℎ

1 −1 0
0 1 −1

] [
𝐸𝑜𝑥1

𝐸𝑜𝑥2

𝐸𝑜𝑥3

] =

[
 
 
 
 

𝑉𝑜𝑥

−
𝑄𝑜𝑡

−

𝜖0𝜖𝑜𝑥

𝑄𝑜𝑡
+

𝜖0𝜖𝑜𝑥 ]
 
 
 
 

                                                

(A5) 

By introducing, 

𝐸𝑜𝑥0 ≡
𝑉𝑔𝑠−𝑉𝐹𝐵−2𝜓𝐵

𝑡𝑜𝑥
                                                       (A6) 

which is the average field in the oxide, and 

 ∆𝐸𝑜𝑥𝑖 ≡ 𝐸𝑜𝑥𝑖 − 𝐸𝑜𝑥0  (i=1, 2, 3),                                   (A7) 

 

the equations become easier to solve. 

[
𝑑𝑒 𝑑ℎ − 𝑑𝑒 𝑡𝑜𝑥 − 𝑑ℎ

1 −1 0
0 1 −1

] [
∆𝐸𝑜𝑥1

∆𝐸𝑜𝑥2

∆𝐸𝑜𝑥3

] =

[
 
 
 

0

−
𝑄𝑜𝑡

−

𝜖0𝜖𝑜𝑥

𝑄𝑜𝑡
+

𝜖0𝜖𝑜𝑥 ]
 
 
 

             (A8) 

 

As a result, the solutions for the electric fields are 

∆𝐸𝑜𝑥1 = (1 −
𝑑ℎ

𝑡𝑜𝑥
)

𝑄𝑜𝑡
+

𝜖0𝜖𝑜𝑥
− (1 −

𝑑𝑒

𝑡𝑜𝑥
)

𝑄𝑜𝑡
−

𝜖0𝜖𝑜𝑥
                                 

(A9) 

∆𝐸𝑜𝑥2 = (1 −
𝑑ℎ

𝑡𝑜𝑥
)

𝑄𝑜𝑡
+

𝜖0𝜖𝑜𝑥
+

𝑑𝑒

𝑡𝑜𝑥

𝑄𝑜𝑡
−

𝜖0𝜖𝑜𝑥
                               (A10) 

∆𝐸𝑜𝑥3 = −
𝑑ℎ

𝑡𝑜𝑥

𝑄𝑜𝑡
+

𝜖0𝜖𝑜𝑥
+

𝑑𝑒

𝑡𝑜𝑥

𝑄𝑜𝑡
−

𝜖0𝜖𝑜𝑥
                                      (A11) 

 

By integrating the electric fields, the potential energy for 

electrons is calculated.  

𝑈(𝑥) − 𝐸 
= 𝑞(𝜙𝑜𝑥 − 𝐸𝑜𝑥1𝑥) ≡ 𝐺1(𝑥)   
     ∶  0 < 𝑥 < 𝑑𝑒  

=𝑞{𝜙𝑜𝑥 − [𝐸𝑜𝑥1𝑑𝑒 + 𝐸𝑜𝑥2(𝑥 − 𝑑𝑒)]} ≡ 𝐺2(𝑥)  
    ∶  𝑑𝑒 < 𝑥 < 𝑑ℎ 

= 𝑞{𝜙𝑜𝑥 − [𝐸𝑜𝑥1𝑑𝑒 + 𝐸𝑜𝑥2(𝑑ℎ − 𝑑𝑒) + 𝐸𝑜𝑥3(𝑥 − 𝑑ℎ)]} 
≡ 𝐺3(𝑥) 
    ∶  𝑥 > 𝑑ℎ                                                                    (A12) 

where 𝜙𝑜𝑥  is the SiC-SiO2interface potential barrier for 

electrons. 

Using the Gamow penetration factor (3), the following are 

the results for D. 

 

Case A: 𝑈(𝑑𝑒) < 𝐸 

𝑥𝑡 =
𝜙𝑜𝑥

𝐸𝑜𝑥1
< 𝑑𝑒                                                             (A13) 

𝐷 = 𝑒𝑥𝑝 (−
2√2𝑚∗

ℏ
∫ √ 𝐺1(𝑥)

𝑥𝑡

0
 𝑑𝑥)          

= 𝑒𝑥𝑝 (−
𝐶𝜙𝑜𝑥

3
2⁄

𝐸𝑜𝑥1
)                                                        (A14) 

C ≡
4√2𝑚∗𝑞

3ℏ
                                                                    (A15) 

 

Case B: 𝑈(𝑑𝑒) > 𝐸 and  𝑈(𝑑ℎ) < 𝐸 

𝑑𝑒 < 𝑥𝑡 = 𝑑𝑒 +
𝜙𝑜𝑥−𝐸𝑜𝑥1𝑑𝑒

𝐸𝑜𝑥2
< 𝑑ℎ                                 (A16) 

𝐷 = 𝑒𝑥𝑝 {−
2√2𝑚∗

ℏ
[∫ √𝐺1(𝑥)

𝑑𝑒

0
𝑑𝑥 + ∫ √𝐺2(𝑥)

𝑥𝑡

𝑑𝑒
 𝑑𝑥] }                                                                                         

(A17) 

∴ 𝐷 = 𝑒𝑥𝑝 [−
𝐶𝜙𝑜𝑥

3
2⁄

𝐸𝑜𝑥1
(1 + 𝛼)]                                    (A18) 

 𝛼 ≡ (
𝐸𝑜𝑥1

𝐸𝑜𝑥2
− 1) (1 −

𝐸𝑜𝑥1𝑑𝑒

𝜙𝑜𝑥
)

3
2⁄

                                   (A19) 

 

Case C: 𝑈(𝑑ℎ) > 𝐸 

𝑑ℎ < 𝑥𝑡 = 𝑑𝑒 +
𝜙𝑜𝑥−𝐸𝑜𝑥1𝑑𝑒−𝐸𝑜𝑥2(𝑑ℎ−𝑑𝑒)

𝐸𝑜𝑥3
< 𝑡𝑜𝑥                        

(A20) 

𝐷 = 𝑒𝑥𝑝 {−
2√2𝑚∗

ℏ
[∫ √𝐺1(𝑥)

𝑑𝑒

0
𝑑𝑥 + ∫ √𝐺2(𝑥)

𝑑ℎ

𝑑𝑒
 𝑑𝑥 +

∫ √𝐺3(𝑥) 𝑑𝑥
𝑥𝑡

𝑑ℎ
] }   

                               (A21)                                          

∴ 𝐷 = 𝑒𝑥𝑝 [−
𝐶𝜙𝑜𝑥

3
2⁄

𝐸𝑜𝑥1
(1 + 𝛼 + 𝛽)]                              (A22)                          

𝛽 ≡ (
𝐸𝑜𝑥1

𝐸𝑜𝑥3
−

𝐸𝑜𝑥1

𝐸𝑜𝑥2
) (1 −

𝐸𝑜𝑥1𝑑𝑒+𝐸𝑜𝑥2(𝑑ℎ−𝑑𝑒)

𝜙𝑜𝑥
)

3
2⁄

                                                                                                                                                                                 

(A23) 
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