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Abstract

:

In this study, the performance of Schottky barrier diodes (SBD) based on β-Ga2O3 with floating metal rings (FMR) was investigated using numerical simulations with Technology Computer-Aided Design (TCAD) software. The simulation parameters of β-Ga2O3, including those in barrier lowering, impact ionization, and image-force-lowering models, were extracted from experimental results. Similar forward conduction characteristics to SBDs without FMRs were exhibited by the device, and its breakdown characteristics were influenced by structural parameters such as FMR spacing, width, number, epitaxial layer thickness, and doping concentration. A breakdown voltage of 2072 V was achieved by the optimized device at a doping concentration of 1016 cm−3, which was 2.5 times higher than that of a device without FMRs. This study also indicated that for general doping concentrations and epitaxial layer thicknesses, the breakdown voltage with such structures can reach at least 1.5 times higher than that of a device without FMRs. Overall, insights into optimizing the design of β-Ga2O3-based SBDs with FMRs were provided in this study.
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1. Introduction


Beta-phase gallium oxide (β-Ga2O3) is widely used as an ultra-wide bandgap semiconductor and for power electronics due to its wide bandgap (4.8 eV) [1], large critical electric field (~8 MV) [2], high Baliga’s figure of merit (BFOM) [3], and varying electron doping concentrations ranging from 1014 cm−3 to 1020 cm−3 [4]. Schottky barrier diodes (SBD) based on β-Ga2O3 are widely used in photodetectors (PD) [5,6] and power rectifiers [7,8]. To gain a larger breakdown voltage (BV) for power devices, edge terminations are introduced [8,9,10,11,12,13,14,15]. The field plate is a common method that originated in field effect transistors (FET) [9,10,14] and was borrowed by SBDs [11,12,13,15]. Such structures require a high level of fabrication techniques, which may cause damage to the β-Ga2O3 epitaxy film [15,16]. Another method commonly used is introducing p-type doping to form floating field rings (FFR) [17,18]. However, the difficulty in realizing p-type doping [19,20], usually needs a heterojunction for β-Ga2O3-based devices [21,22]. To overcome such difficulties, FMR is introduced, replacing floating p-n junctions with floating metal-semiconductor junctions [23,24]. Previous studies have focused on the structure fabrication process, but with little structure improvement, especially with numerical computation.



The low-cost method of numerical computation has been widely used for designing devices and researching the performance of various new materials and devices [25,26,27]. However, the poor convergence of numerical computation for β-Ga2O3 devices is currently a problem due to the ultra-wide bandgap of β-Ga2O3, which leads to a low intrinsic carrier concentration. Furthermore, the basic material parameters of β-Ga2O3 are not well-defined, and the default values in numerical computation cannot be coupled with other parameters. Material parameters can be obtained through various methods, such as first principles [28] and force fields [29], but these methods are overly idealized and do not account for the influence of defects in material growth and device preparation on the material parameters. Material parameters can also be obtained through material characterization, such as measuring the bandgap width through absorption spectroscopy [30]. However, these parameters still ignore the degradation of material performance during device fabrications [31]. Material parameters extracted from device performance through experimentation can better simulate device performance [32,33,34], similar to post-simulation in circuit design [35,36,37,38], which can consider non-ideal effects.



In this study, the material parameters of β-Ga2O3 (<001> orientation), including the constant mobility, the impact ionization coefficients (IIC), and the parameters for image force lowering (IFL) and tunneling effect (TE) for electrons and holes [39], were extracted and analyzed using Synopses Sentaurus TCAD software. The forward and reverse characteristics of devices with different structural configurations were simulated using the extracted parameters. The forward characteristics of SBDs with FMRs and those without were compared, and the effects of five structural parameters of FMR on breakdown characteristics, including FMR spacing, FMR width, number of FMRs, epitaxial doping concentration, and epitaxial thickness, were analyzed. Electric field (E-Field) distributions were provided, and the effects of each structural parameter on electric field distribution and breakdown voltage were qualitatively analyzed. Finally, suggestions were given for the practical utilization of this structure.




2. Simulation Setup


The simulation of SBD requires the use of various physical models that accurately reflect the intrinsic characteristics of the device’s materials. Although material science has provided many parameters for device simulation, the process of device fabrication will introduce defects, leading to significant discrepancies between calculated parameters and actual device performance [16]. To improve accuracy, the parameters in this article were directly extracted from experimental results in reference [13].



The constant mobility μ is obtained from the forward characteristics of an SBD, and the simulation results are presented in Figure 1a. The value of electron mobility is relatively low in our simulation. This is because β-Ga2O3 is a semiconductor material with relatively low intrinsic mobility, typically around 100 cm2/V∙s. Moreover, the presence of defects and vacancies during the fabrication process can further degrade the material’s mobility [40,41]. The reverse characteristics of an SBD are mainly governed by tunneling, impact ionization, and barrier lowering [39], and the nonlocal tunneling model (NLM), barrier-lowering model, and van Overstraeten-de Man model are used, respectively. Those models are described as follows:
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NLM is described by Formula (1), where G is the carrier generation rate due to tunneling, g is a fitting parameter, A* is the Richardson constant for electrons in β-Ga2O3, T is the Temperature the device working at, F is the electric field intensity, kB is the Boltzmann constant, r is the distance variable, E(r) is the distance carrier energy, mainly electron in β-Ga2O3, mh and me are effective mass of electron and hole, respectively, P is the tunneling probability based on the effective mass of electrons and holes, ES is the quasi-Fermi level in the semiconductor, and EM is the Fermi level in the metal. The barrier-lowering model is described by Formula (2), where ΔΦb is the barrier-lowering value, a and p are fitting parameters, E is the electric field intensity, E0 is the reference electric field given the value of 1 V/cm here for easier calculations, and Eeq is the electric field intensity at equilibrium. Van Overstraeten-de Man model is described by Formula (3), where αn,p represents the ionization rate coefficients for electrons and holes, E is the electric field intensity, and an,p, and bn,p are two fitting parameters [42]. All simulation parameters are presented in Table 1, which are obtained from simulation results presented in Figure 1b.



The SBD structure used in this study is shown in Figure 2. The structure consists of a high-doped n-type substrate with a doping concentration of 1019 cm−3, and its thickness was fixed at 10 μm. A low-doped n-type epitaxial layer was grown on the top of the substrate, and the doping concentration and epitaxial layer thickness were set as structural variables. The electron affinity in β-Ga2O3 was set as 4 eV. The cathode at the bottom of the substrate was defined by an ohmic junction, and the anode at the top of the epitaxial layer was defined by a Schottky junction. In this work, simulated devices share a relatively large size, and the electrode shape’s impact on the device performance in the proposed device structure is minimal. Thus, a 3D structure can be transferred into a 2D simulation [43,44]. The FMR structure was placed outside the anode and defined by the Schottky junction. The height of the anode and FMRs was set as 100 nm. The work function of anode and FMRs metal was defined as 5.3 eV. The anode and the cathode are directly connected to the applied voltage, while FMRs are floating electrodes with no voltage applied. The number of FMRs, the width of each FMR, and the spacing between adjacent FMRs were set as structural variables. The surface passivation layer on the top of the SBD was set as Al2O3. The spacing, width, and number of FMRs vary from 1 to 10 μm, 1 to 10 μm, and 0 to 10, respectively. Structural variables were named, as shown in Table 2.




3. Results and Discussions


3.1. Forward Characteristics


The forward characteristics of Schottky barrier diodes (SBDs) with different FMR structural parameters were studied. The results are shown in Figure 3. In Figure 3a, the forward characteristics of structures with different numbers of FMRs were displayed, where the ring spacing and width between all rings were set to 1 μm. It can be seen that there is no significant difference between the three structures. Figure 3b,c shows the forward characteristics of SBDs with only one FMR and the effects of ring width and ring spacing on the forward characteristics, respectively. It can be observed from the figures that changing the ring width and ring spacing does not affect the forward characteristics of the SBD.



The following theory is used to explain this phenomenon. The forward characteristics mechanism of β-Ga2O3-based SBDs is as follows: the epitaxial layer is depleted, and a potential barrier is formed due to the difference in the Schottky metal’s work function. In our simulation, the working principle of the SBD can be explained using the thermal ion emission theory as follows [5]:
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where I0 is the reverse saturation current, q is the electronic charge (1.6 × 10−19 C), n is the ideality factor, k is the Boltzmann constant (1.38 × 10−23 J/K), T is the temperature, A is the contact area between the metal electrode and the semiconductor, and φb is the Schottky barrier height (SBH). SBH, A* is the Richardson constant, A is the electrode area, and m* is the effective mass of β-Ga2O3, which is considered 0.324m0, where m0 is the mass of a free electron. For β-Ga2O3, A* is estimated to be approximately 41 A/cm2K2. According to the above theory, the forward characteristics of the device are only related to the height of the potential barrier between the metal and semiconductor materials and are not affected by the device structure. As the forward current increases, the differential resistance of the SBD can be calculated as Rs, which can be described as follows [45]:


   R s  =  1 A    ∫   ρ s  ( x ) d x     



(8)




where the resistivity ρs is directly related to the carrier mobility μn,p. In our designed device structure, the area of the Schottky junction does not change, and at low voltages, the external FMR has little effect on the main Schottky junction. Therefore, the introduction of FMRs does not change the forward characteristics of the device.




3.2. Relationship between Breakdown Voltage and FMR Spacing


The basic principle of FMRs is to lower the peak electric field intensity at the edge of the Schottky junction by extending the depletion region formed at the junction; meanwhile, FMR will reduce the slope of the electric field intensity in the drift region, thereby increasing the breakdown voltage [46], as shown in Figure 4.



Figure 4a displayed the electric field distribution at 810 V for the SBD structure with an epitaxial thickness of 7 μm and an epitaxial layer doping concentration of 1016 cm−3 without the FMR structure. Figure 4b displayed the same structure as the FMR structure at the same voltage. Figure 4c,d gives the vertical and lateral profile of the electric field. It is shown that the peak electric field of the main Schottky junction is substantially lower, while the peak electric field of the FMR edge is still lower than that of the peak electric field without the FMR structure. With the help of FMR, the breakdown voltage of the structure in Figure 4a is 810 V and in Figure 4b is 1258 V, which is 1.5 times higher than without FMR.



The relationship between breakdown voltage and spacings between FMRs and the main Schottky junction was first studied. To simplify our discussion, only one-FMR and two-FMR cases were discussed. Figure 5 shows the simulation results for relevant structures with the structural parameters of Lepi = 7 μm. In the one-FMR case, as the spacing increases, the breakdown voltage gradually decreases until it finally drops to the same level as that of no FMR, as shown in Figure 5a. This is because, with larger spacing, the FMR will have less effect on the electric field distribution at the edge of the main Schottky junction, as shown in Figure 5c. When another FMR is added, the inner spacing has more influence on the breakdown voltage than the outer one, as shown in Figure 5d, where structures in group A were changing the inner spacing and those in group B were changing the outer one. The reference value of the normalized breakdown voltages in Figure 5d. is 1475 V with Nepi = 1016 cm−3 for A1 and B1 and 1238 V for A2 and B2 with Nepi = 2 × 1016 cm−3. The device structure used for the normalization breakdown voltage had inner and outer FMRs with a width of 1 μm and an inter-FMR spacing of 1 μm. The inner and outer inter-FMR spacings were varied for the other devices. The outer spacing also influences the breakdown voltage, which, however, is minute. The effect of the outer FMR can be understood as an independent FMR optimizing the electric field distribution at the edge of the main Schottky junction. The outer FMR is already in a position where the impact on the breakdown voltage is minimal. However, it should be noted that the outer FMR will optimize the electric field distribution at the edge of the inner FMR, as electric field profile shown in Figure 5f. So, spacings between the FMRs as small as possible are still needed to reduce the peak electric field intensity at the edge of the inner FMR.




3.3. Relationship between Breakdown Voltage and FMR Width


The relationship between breakdown voltage and FMR width was further studied. Figure 6 shows the simulation results for the relevant structures with the structural parameters of Lepi = 7 μm. Additionally, to simplify our discussion, only one-FMR and two-FMR cases were discussed then. In one-FMR case, as the FMR width increases, the breakdown voltage remains stable, as shown in Figure 6a. This is because the increase in FMR width does not change the spacing between the FMR and the edge of the main Schottky junction, and the influence to change the electric field intensity at the main Schottky junction edge is not significant, so the change in breakdown voltage is not significant, as shown in Figure 6c.



Figure 6d shows the effect of changing the inner and outer FMR widths on the breakdown voltage, where structures in group C were changing the inner FMR width and those in group D were changing the outer FMR width. The reference value of the normalized breakdown voltages in Figure 6d is 1475 V with Nepi = 1016 cm−3 for C1 and D1 and 1238 V for C2 and D2 with Nepi = 2 × 1016 cm−3. The device structure used for the normalization breakdown voltage has inner and outer FMR with a width of 1 μm and an inter-FMR spacing of 1 μm. The inner and outer FMR widths were varied for the other devices. After adding a second FMR outside the inner FMR, as the width of the first FMR increases, the breakdown voltage also increases. Although the second FMR’s ability to optimize the electric field distribution at the edge of the main Schottky junction is weakened, the outer FMR still optimizes the electric field distribution at the outer edge of the inner FMR. The increase in the width of the inner FMR weakens the electric field intensity peak caused at the edge of the inner FMR. Figure 6f gives a more direct explanation of the electric field profile. Therefore, in further design, the inner FMRs should have larger FMR widths, and the FMR width should decrease from the inside to the outside.




3.4. Relationship between Breakdown Voltage and Number of FMRs


Further research on the relationship between breakdown voltage and the number of FMRs was conducted. Structures were designed according to two criteria: the spacings between FMRs should be as small as possible, and the width of the FMRs should decrease from the inside to the outside. The group with the highest breakdown voltage from all the configurations that meet these two criteria were selected. Figure 7 shows the simulation results for structures with structural parameters of Lepi = 7 μm and Nepi = 1016 cm−3. Simulation results in Figure 7a show that as the number of FMRs increases, the breakdown voltage initially increases, but, as shown in Figure 7c, once the number of FMRs reaches a certain value, the breakdown voltage no longer increases and shows a saturation trend. Here, the largest breakdown voltage is selected. As illustrated in Figure 7a, the breakdown voltage of SBD with an FMR structure reaches up to 2072 V, which is 2.5 times the breakdown voltage of 810 V without an FMR structure. Such structure has 6 FMRs structure and has an optimal combination of 1 μm inter-FMR spacing and 5 μm, 4μm, 3 μm, 3 μm, 1 μm, and 1 μm ring widths from the inside to the outside. The reference breakdown voltages in Figure 7c are the breakdown voltages of the corresponding concentration without FMRs, which are 1026 V for 5 × 1015 cm−3, 810 V for 1016 cm−3, and 689 V for 2 × 1016 cm−3.



By comparing the electric field distribution at different numbers of FMRs, as shown in Figure 7b, it is found that as the number of FMRs increases, the slope of the electric field intensity in the drift region gradually decreases until it becomes flat. When the electric field intensity curve in the drift region becomes flat, increasing the number of FMRs cannot further optimize this electric field distribution, so the breakdown voltage reaches saturation. This process essentially redistributes the charge in the drift region and the number of FMRs; the breakdown voltage saturates and is related to the doping concentration and epitaxial layer thickness, limiting the further increase of the breakdown voltage. This will be discussed in the following sections.




3.5. Relationship between Breakdown Voltage and Doping Concentration


A clearer understanding of the investigation on breakdown voltage saturation was provided by examining the effect of doping concentration on the saturation of the breakdown voltage. Simulations were conducted on various structures with specific parameters of Lepi = 7 μm and 5 FMRs’ widths set as 5 μm, 3 μm, 3 μm, 2 μm, and 1 μm, respectively, with uniform spacings of 1 μm. To facilitate the comparison of the results, the breakdown voltage was normalized by dividing the saturation breakdown voltage by the breakdown voltage of the structure with no FMR at the corresponding concentration and epitaxial thickness. It is important to note that this normalization was used to accurately assess the impact of different epitaxial layer thicknesses within the specified concentration range. The investigation results indicated that the breakdown voltage initially increased and then decreased with varying epitaxial layer thicknesses within the specified concentration range. These findings provide valuable insight into the relationship between doping concentration and breakdown voltage saturation.



Figure 8b illustrates that the slope of the electric field distribution in the depletion region remains constant as the applied voltage increases. This observation leads to the question of how the slope of the electric field changes with the addition of FMRs at various concentrations. At low doping concentrations, the vertical electric field intensity has a minimal slope, which means that the depletion width, or the region where the doping concentration drops to zero, is relatively large. This results in a high breakdown voltage without the need for FMR, as shown in Figure 9a. However, adding FMR has limited effects on further reducing the slope and increasing the breakdown voltage. Consequently, the optimization effect is also limited. On the other hand, at high doping concentrations, the slope of the vertical electric field intensity is high, and the depletion width is small. Despite the addition of FMR, the change in the vertical electric field distribution is insufficient to increase the breakdown voltage significantly, as shown in Figure 9b. For intermediate concentrations, the vertical electric field intensity has a noticeable slope, and the depletion width is relatively large without FMR. Thus, as the slope of the vertical electric field intensity decreases, the breakdown voltage can increase significantly, as shown in Figure 9c. Therefore, this structure is more effective for doping concentrations around 1016 cm−3.




3.6. Relationship between Breakdown Voltage and Epitaxial Layer Thickness


To further investigate the saturation and optimization of breakdown voltage, the relationship between breakdown voltage and the thickness of the epitaxial layer was studied. A structure with five FMRs that met the requirements of the structural configurations mentioned above was selected, and the effect of the thickness of the epitaxial layer on the breakdown voltage at different doping concentrations was studied. Figure 10 shows the simulation results for the relevant structures with 5 FMRs widths set as 5 μm, 3 μm, 3 μm, 2 μm, and 1 μm from innermost to outermost and inter-FMR spacings are set as 1 μm uniformly. The breakdown voltages were normalized by dividing the saturation breakdown voltage by the breakdown voltage of the structure with an epitaxy thickness of 3 μm at the corresponding concentration, which is 1013 V for 1015 cm−3, 1005 V for 1016 cm−3, and 658 V for 1017 cm−3. As shown in Figure 10a, for devices with low doping concentrations, the breakdown voltage shows an approximately linear increase as the thickness of the epitaxial layer increases, and for high doping concentration structures, the breakdown voltage of the device remains almost unchanged, which confirms the previous observation that at low doping concentrations, the vertical electric field distribution of the device is approximately flat under the effect of the FMRs. Therefore, the breakdown voltage can increase approximately linearly with the increase of the thickness of the epitaxial layer, as shown in Figure 10b. For high doping concentration structures, although the FMRs can optimize the edge electric field distribution of the device in some ways, due to the short depletion region, the overall effect on the breakdown voltage of the device is almost negligible, as shown in Figure 10c.





4. Conclusions


In this paper, the properties of β-Ga2O3-based SBDs with FMR structure in the <001> orientation were investigated using Sentaurus TCAD. The relevant material parameters required for the simulation were extracted from experimental data, including the TE, IFL, and impact ionization models. Using these parameters, the SBDs with FMR structure were simulated, and the effects of five important structural parameters, including FMR number, spacing, width, epitaxial layer doping concentration, and thickness, were studied. This study found that in the SBD design with an FMR structure, the FMR width should decrease from the inside to the outside, and the FMR spacing should be as small as possible. The saturation of breakdown voltage was observed, and different epitaxial layer doping concentrations and thicknesses required different FMR numbers to saturate the breakdown voltage. This study indicates that within the range of doping concentration and epitaxial layer thickness mentioned in our simulation, six FMRs are sufficient to saturate the breakdown voltage, and additional FMRs do not help improve the breakdown voltage of the device. This paper discusses an FMR structure with the maximum breakdown voltage in simulation. Such structure has a uniform 1 μm inter-FMR spacing and 5 μm, 4 μm, 3 μm, 3 μm, 1 μm, and 1 μm ring widths from the inside to the outside. This structure achieved a breakdown voltage of 2072 V at a concentration of 1016 cm−3, which is 2.5 times the breakdown voltage of an SBD without an FMR structure under the same conditions. Moreover, this structure can increase the breakdown voltage of the device by at least 1.5 times under other doping concentrations and epitaxial layer thickness conditions mentioned in this paper. The results suggest that the FMR structure is a cost-effective and highly efficient edge termination method for β-Ga2O3-based SBDs.
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Figure 1. Extraction results of simulation parameters (a,b). Forward and reverse characteristics of the device with both the experimental results from reference [13] and the simulated results: (a) forward characteristics and (b) reverse characteristics. 
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Figure 2. Device structure of SBD with FMR, where main SBD is connected directly to the ground or applied voltage, while FMRs are floating electrodes. (a) Cross-sectional view of the device with 3 FMRs. (b) Top view of the device with 3 FMRs. 
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Figure 3. Forward voltage–current characteristics of SBD: (a) with different numbers of FMR, (b,c) with single FMR, (b) with different ring spacing, and (c) with different ring widths. 
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Figure 4. The electric field at 810 V. (a,b)The 2D distribution (a) without FMR and (b) with FMR. (c) Vertical cutline profile in (a,b). (d) Lateral cutline profile in (a,b). 
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Figure 5. Relationship between breakdown voltage and FMR spacing. (a–c) Single FMR, (a) breakdown voltage decreases as FMR spacing increases; (b,c) electric field distribution at the breakdown, (b) vertical profile, and (c) lateral profile. (d,f) Double FMRs; (d) inner spacing has a greater effect on breakdown voltage than outer spacing; (e,f) electric field distribution at 810 V; (e) vertical profile; and (f) lateral profile. 
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Figure 6. Relationship between breakdown voltage and FMR width. (a–c) Single FMR, (a) FMR width has little effect on the breakdown voltage; (b,c) Electric field distribution at 810 V, (b) vertical profile, and (c) lateral profile. (d–f) Double FMRs; (d) the inner FMR width has a greater effect on the breakdown voltage; (e,f) electric field distribution at 810 V; (e) vertical profile; and (f) lateral profile. 
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Figure 7. (a) As the number of FMRs increases, the breakdown voltage increases initially. (b) Vertical electric field profile at the breakdown of the device with different numbers of FMRs. (c) The breakdown voltage saturates as the number of FMRs reaches a certain value. 
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Figure 8. (a) The breakdown voltages increase first and then decrease. (b) Vertical electric field profile of a given device at different voltages. 
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Figure 9. Lateral electric field profile of device with and without FMR, with Nepi of (a) 1015 cm−3, (b) 1016 cm−3, (c) 1017 cm−3 at the breakdown. 
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Figure 10. (a) At low concentrations, breakdown voltage grows as epitaxy thickness grows, and at high concentrations, breakdown voltage remains stable. (b,c) Vertical electric field profile at the breakdown of the device with different epitaxial thickness and (b) Nepi = 1015 cm−3 and (c) Nepi = 1017 cm−3. 
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Table 1. Material simulation parameter table.
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	Parameters
	Electron
	Hole





	μ (cm2V−1s−1)
	25
	10−6



	g
	4 × 10−3
	4 × 10−3



	A* (A∙cm−2K−2)
	41.11
	41.11



	mt (m0)
	0.32
	11.8



	an (eV)
	6.8 × 10−4
	6.8 × 10−4



	E0 (V∙cm−1)
	1
	1



	p
	0.5
	0.5



	a (cm−1)
	7.9 × 105
	5.1 × 105



	b (V∙cm−1)
	2.92 × 107
	1.2 × 107
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Table 2. Structural simulation parameter table.
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	Parameters
	Structural Meaning





	N
	Number of FMRs



	Wpri
	Width of FMR i



	Wobi
	Spacing between FMR i and FMR (i − 1)



	Nepi
	The doping concentration in the epitaxy layer



	Lepi
	The thickness of the epitaxy layer
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