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A groove-gate power device with a linearly gradient Al composition P-type AlGaN superjunction (abbreviated as LG-SJCAVET) is proposed, which uses polarized P-type AlGaN material instead of the traditional P-type GaN buried layer, avoiding the technical bottleneck of achieving high-aspect-ratio P-type doping in GaN materials. Simulation results show that, under the same structural parameters, the breakdown voltage of LG-SJCAVET reaches 2954V, and the on-resistance is 1.669 [image: image], which is due to no current flowing through the P-pillar, resulting in an increase in on-resistance, while affecting the DC characteristics of the device. The power figure of merit of the device is 5.27 [image: image], which is 67.11% and 27.38% higher than that of the traditional device and P-type GaN buried layer device, respectively. Therefore, the LG-SJCAVET device solves the problems of the high technical difficulty of the traditional P-type GaN buried layer process, difficulty in activating acceptor impurities, and poor thermal stability of the device, exhibiting superior breakdown voltage characteristics.
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1 INTRODUCTION
With the further need for high breakdown voltage, low on-resistance, good reliability, and suppression of current collapse in transverse gallium nitride (GaN) devices, GaN vertical power devices have become a hot topic at present [1–9]. In 2013 [10], Zhongda Li and T. Paul Chow designed an enhanced vertical device with a superjunction structure, in which the aperture width, buffer layer thickness, and superjunction width were 6 [image: image], 60 [image: image], and 3 [image: image], respectively. After optimizing the device structure, the breakdown voltage reached 12.4 kV while maintaining an on-resistance of only 4.2 [image: image]. However, the process of achieving a high-aspect-ratio P-pillar is relatively complex, which can have a certain impact on the quality of the buffer layer, and this type of device is difficult to fabricate. In 2015 [11], researchers including Jiangfeng Du and Ziqi Zhao discovered that applying two layers of P-type buried layers to the N-GaN buffer layer of a traditional vertical structure can effectively improve the electric field distribution of the vertical device and also reduce the on-resistance, thereby significantly improving the breakdown voltage of the device. With a buffer layer thickness of 15 [image: image], a device with a breakdown voltage of 3022 V and an on-resistance of 3.13 [image: image] was obtained. In 2017 [12], Dong Ji et al. fabricated an enhanced vertical GaN-based power device with a trench structure, which achieved a breakdown voltage of 225 V.
However, the contradictory relationship between breakdown voltage and on-resistance of power devices has been a very important research topic in the field of vertical devices, and it is difficult to achieve high concentration of P-type doping in traditional GaN-based vertical power devices, which also restricts the in-depth research of devices [13–15].
To address the above practical issues, we utilized simulation software to design GaN-enhanced devices and proposed a groove-gate type power device with a P-type AlGaN superjunction with a linearly graded Al composition (referred to as LG-SJCAVET). The device buffer layer is composed of P-type AlGaN and N-type GaN columns, where polarized doped AlGaN material is used for the P column instead of the traditional P-type GaN buried layer. This allows for high hole concentration without physical doping, avoiding the technical bottleneck of highly doped P buried layer vertical devices in traditional techniques. The combination of P and N columns increases the depletion region area, reduces the electric field peak problem around the gate, mitigates the problem of uneven electric field distribution, improves the voltage resistance performance of the device, and is simple to implement in the manufacturing process.
2 MATERIALS AND METHODS
This section proposes a groove-gate power device with a P-type AlGaN superjunction with a linearly graded Al composition. The LG-SJCAVET is a groove-gate structure and the device, from top to bottom, consists of an N-type GaN substrate, a buffer layer composed of linearly graded P-type AlGaN column and N-type GaN column, a P-type GaN current blocking layer (CBL), an N-type GaN channel layer, an AlGaN barrier layer, a Si3N4 passivation layer, and an HfO2 gate dielectric layer.
Figure 1 shows the schematic structure of traditional GaN-based vertical devices CONV, traditional GaN-based vertical device SJ-CAVET with a super-junction structure, and LG-SJCAVET with a linearly gradient Al composition structure based on a vertical device. Since the device is completely symmetrical left and right, only the left half of the device is shown. The difference between LG-SJCAVET and SJ-CAVET is that the P-type GaN column structure in the buffer layer of the latter is replaced by a P-type AlGaN column structure with a linearly gradient Al composition.
[image: Figure 1]FIGURE 1 | Structure diagram of CONV, SJ-CAVET and LG-SJCAVET.
CONV solves some of the problems existing in lateral devices, such as large leakage current, large device area, and uneven heating inside the device; SJ-CAVET solves the problem of smaller breakdown voltage of CONV by adding PN junction to the buffer layer to improve the voltage withstand characteristics of the device; and the new structure LG-SJCAVET solves the problem of difficult P-type doping existing in traditional devices, while having greater breakdown voltage.
During the simulation process, we introduced specific concentrations of N-type doping into the barrier layer, channel layer, and buffer layer to simulate unintentional doping introduced during material growth. The width, thickness, concentration, and Al component of the P-type AlGaN buffer layer are represented by the variables Wp, Tp, Np, and Xp, in that order, and the main structural parameters of the device are given in Table 1. A donor trap with a surface density of 5*1013 cm-2 and a level at 1.6 eV below the conduction band was also introduced at the interface between the passivation layer and the barrier layer to provide a two-dimensional electron gas at the heterojunction interface. A deep-level acceptor trap with a concentration of 1*1015 cm-3 and a level at 0.45 eV below the conduction band was introduced into the buffer layer to simulate the introduction of acceptor impurities during buffer layer growth.
TABLE 1 |  LG-SJCAVET device main structure parameters.
[image: Table 1]The linear variation of Al composition in polarized-doped AlGaN along the growth direction results in a significant increase in the hole concentration and impurity activation rate inside AlGaN due to the polarization electric field. It also greatly enhances the thermal stability of the hole concentration [16].
Growing AlGaN along the negative y-axis direction on a GaN substrate, with the Al component increasing linearly from 0 to Xp, the spontaneous polarization and piezoelectric polarization increase with the increase of Al composition on the bottom surface of the AlGaN layer under the condition of constant thickness. The AlGaN material with gradient Al composition can be regarded as a crystal cell composed of several Al components increasing linearly from 0 to Xp, and the total polarization intensity inside the crystal cell is represented by a dipole moment. The intensity of the dipole moment in each crystal cell changes due to the gradual change in Al composition, which in turn leads to the gradual increase of the dipole moment along the positive y-axis and the formation of net polarization charges at the interfaces of adjacent crystal cells. Negative polarization charges in AlGaN material form a polarization field. In order to neutralize the polarization charges in AlGaN material, non-intentionally doped impurities with a concentration of 1*1015cm-3 are ionized under the effect of built-in polarization field, generating an equal number of holes. These holes, uniformly distributed in the AlGaN material due to the polarization effect, are called three-dimensional hole gas [17].
In the simulation software, the simulation environment temperature is set to 300K, and the physical model used in the simulation is based on the Ga-face polarity GaN material model with (0,001) crystal orientation. The default gate width of the device is 1 [image: image], and the polarization model used in the simulation corresponds to the following equation (18):
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where [image: image], [image: image] , [image: image] , [image: image] are the piezoelectric and elastic constants, respectively, [image: image] is the parameters controlling the piezoelectric polarization, [image: image] is the strain lattice constant, [image: image] is the unstrained lattice constant, if only spontaneous polarization is considered, the piezoelectric polarization is negligible, then at this time [image: image], [image: image]. Ga-plane AlGaN/GaN heterojunctions, which belong to heterojunctions composed of ternary nitride materials and binary nitrides, the piezoelectric polarization intensity [image: image] along the c-axis is positively related to the strain [image: image] due to the difference in lattice constants, and the total charge at the interface can be expressed by Eq. 4
[image: image]
Figure 2 shows the electron concentration distribution near the groove gate during device turn-on and turn-off. As shown in Figure 2A, when the gate voltage Vgs = 0 V, the electron concentration on the sidewall of the groove is very low due to the depletion of holes in the CBL, which blocks the injection of electrons from the source and keeps the device in the off state. In Figure 2B, when the gate voltage Vgs rises to the threshold voltage, the holes in the CBL are repelled away from the gate sidewall, forming a conductive path on the sidewall. The electrons injected from the source pass through the electron channel between the barrier layer and the channel layer, and then enter the buffer layer through the electron channel on the gate sidewall, finally reaching the drain. Since the device is off when no voltage is applied to the gate, the device can be turned on only when the voltage applied to the gate is greater than the threshold voltage, and this type of device is an enhanced device.
[image: Figure 2]FIGURE 2 | Electron concentration distribution (A) off state and (B) on state.
Figure 3 shows the transfer curves (Vds = 1 V) and output curves (Vgs = 5 V) of CONV, SJ-CAVET and LG-SJCAVET, where LG-SJCAVET is the simulated result of the device with unknown parameters of Tp = 9 [image: image], Np = 1*1016 cm-3, Wp = 3.25 [image: image], Xp = 0.27: In Figure 3A, the threshold voltage of LG-SJCAVET is 2.3V, which is basically the same as CONV and SJ-CAVET, indicating that they are all enhancement-mode power devices. When Vgs>2.3 V, all three GaN-based power devices begin to conduct and gradually approach saturation. At this time, the drain saturation current of LG-SJCAVET is 55 mA/mm, which is only 8.3% lower than that of SJ-CAVET. From Figure 3B, it can be seen that, under the same gate bias, the slope of the output curve in the linear region of LG-SJCAVET is significantly smaller than that of CONV and SJ-CAVET, indicating that the on-resistance of LG-SJCAVET is larger than that of SJ-CAVET with the same structural parameters. The on-resistance of LG-SJCAVET is calculated to be 1.669 [image: image], which is only 12.54% higher than that of SJ-CAVET. This is because there is no current in the P-pillar, and the current conduction path is narrower, resulting in an increase in on-resistance. Meanwhile, the linearly graded AlGaN buffer layer produces a large amount of three-dimensional hole gas, which directly affects the DC characteristics of the device.
[image: Figure 3]FIGURE 3 | Open-state characteristic curves of CONV, SJ-CAVET and LG-SJCAVET (A) transfer characteristic curve (B) output characteristic curve.
Figure 4 shows the breakdown curves of CONV, SJ-CAVET and LG-SJCAVET. When the voltage applied to the gate is less than the threshold voltage of the device, the device is in the reverse blocking state. Then, a forward voltage is gradually applied to the drain, and the breakdown voltage of the device is defined as the voltage when the drain current reaches 1*10−6A/mm or the peak electric field in the device reaches 4 MV/cm. It can be seen from the breakdown curves that the breakdown voltages of the three devices increase in order under the same conditions. The breakdown voltage of LG-SJCAVET is 2954 V, which is 25.74% higher than that of SJ-CAVET and 55.47% higher than that of CONV.
[image: Figure 4]FIGURE 4 | Off-state characteristic curves of CONV, SJ-CAVET and LG-SJCAVET.
Combining the simulation results of Figure 3 and Figure 4, we conclude that compared to the SJ-CAVET with the same device structure parameters, the LG-SJCAVET with a gradient AlGaN structure in the buffer layer can significantly increase the breakdown voltage of the device, while the change in the device’s on-resistance is not significant. To evaluate the performance of the devices with different breakdown voltages and on-resistances, we use the figure of merit (FOM) parameter of the power device. By calculating the FOM of the device using Eq. 5 [19], the FOM of the LG-SJCAVET is 5.27 [image: image], which is 27.38% higher than that of the SJ-CAVET and 67.11% higher than that of the CONV device.
[image: image]
From the above simulation results, it can be seen that the breakdown voltage of the conventional GaN VHFET is 1890 V and its on-resistance is 1.15 [image: image]. The simulation results of breakdown voltage and on-resistance obtained from the physical simulation models based on the software are in good agreement with the experimental results previously published in Ref. [20, 21], so these physical simulation models are applied to the three new devices discussed subsequently.
To deeply analyze the intrinsic mechanism of achieving high breakdown voltage and low on-resistance in LG-SJCAVET, we compared the current density distribution in the on-state between SJ-CAVET and LG-SJCAVET, as well as the equipotential lines and electric field distribution in the off-state.
The two-dimensional current density distribution of CONV, SJ-CAVET, and LG-SJCAVET are shown in Figure 5A. When the devices are all in the conducting state, only the N-type doping region can conduct current due to the reverse bias state of the N-substrate/P-pillar/junction and N-pillar/p-pillar/junction. The width of the current path in the N-type doping region is reduced due to the depletion region formed by the reverse bias of the PN junction. As can be seen from the distribution maps below, the current in the current path of LG-SJCAVET is slightly lower than that in SJ-CAVET due to the effect of the depletion region of the PN junction and the higher hole concentration caused by the linear gradient AlGaN buffer layer. This causes the current path of LG-SJCAVET to narrow and the saturated drain current to decrease, while also increasing the device’s on-resistance. Figure 5B shows the two-dimensional potential distribution of CONV, SJ-CAVET, and LG-SJCAVET under breakdown voltage. Compared with SJ-CAVET, the equipotential lines density between the N-pillar and P-pillar in LG-SJCAVET is slightly increased, which means that the electric field near the N-pillar and P-pillar will be enhanced. We can estimate the breakdown voltage of each device by the area enclosed by the one-dimensional electric field distribution curve in Figure 6 and the X-axis. Clearly, the enclosed area of LG-SJCAVET is the largest, followed by SJ-CAVET, and then CONV. This conclusion is consistent with the breakdown curves.
[image: Figure 5]FIGURE 5 | (A) Two-dimensional current density distribution and (B) two-dimensional potential distribution at breakdown voltage of CONV, SJ-CAVET and LG-SJCAVET.
[image: Figure 6]FIGURE 6 | One-dimensional electric field distribution along the mn tangent for CONV, SJ-CAVET and LG-SJCAVET at breakdown voltage.
3 RESULTS
3.1 Study of AlGaN buffer layer width
When Tp is 9 [image: image], Np is 1*1016 cm-3, and Xp is 0.27, the changes in the on-state and off-state characteristics of the device were analyzed as the value of Wp varies from 0.5 to 5 in increments of 0.5.
The transfer characteristics and output characteristics of LG-SJCAVET as a function of different AlGaN buffer layer widths are shown in Figure 7. From Figure 7A, it can be seen that the threshold voltage of the device remains almost constant with increasing AlGaN buffer layer width, while the saturation drain current decreases with increasing AlGaN buffer layer width. This is because the current path becomes narrower during conduction, leading to a decrease in the saturation drain current. When Wp = 1 [image: image], the saturation drain current of the device is 72 mA/mm, while when Wp = 5 [image: image], it is 24 mA/mm. Figure 7B shows that under the same gate bias voltage, the slope of the output curve decreases with increasing AlGaN buffer layer width, and the on-resistance of the device increases with increasing AlGaN buffer layer width. When Wp = 1 [image: image], the on-resistance of the device is 1.25 [image: image], while when Wp = 5 [image: image], it is 3.7 [image: image].
[image: Figure 7]FIGURE 7 | Trend of LG-SJCAVET open-state characteristic curves with different AlGaN buffer layer widths (A) Transfer characteristic curve (B) Output characteristic curve.
The trend of breakdown voltage, on-state resistance, and power figure of merit of the LG-SJCAVET with different widths of AlGaN buffer layer is shown in Figure 8. As shown in Figure 8A, both the breakdown voltage and on-state resistance of the device increase with the increasing width of AlGaN buffer layer. This is because in LG-SJCAVET, a larger width of AlGaN buffer layer leads to a narrower width of conductive N-pillar, which narrows the current path during conduction, resulting in a decrease of the saturation drain current and an increase of on-state resistance. The change of on-state resistance shows a trend from gentle to steep. When Wp is 1 [image: image], the breakdown voltage of the device is 2296 V; when Wp is 5 [image: image], the breakdown voltage of the device is 3675 V. As shown in Figure 8B, the power figure of merit of the device first increases and then decreases with the increasing width of AlGaN buffer layer. For the simulated device in this paper, the maximum power figure of merit is achieved when Wp is 3.25 [image: image], which is calculated to be 5.27 [image: image].
[image: Figure 8]FIGURE 8 | Trend of (A) breakdown voltage, on-resistance and (B) power figure of merit of LG-SJCAVET with different AlGaN drift layer widths.
3.2 Study of AlGaN buffer layer components
When Tp is 9 [image: image], Np is 1*1016 cm-3, and Wp is 3.25 [image: image], the variations of the on-state and off-state characteristics of the device were studied for Xp values of 0.09, 0.18, 0.27, 0.36, 0.45, 0.54, 0.63, 0.72, and 0.81.
The transfer and output characteristics of the LG-SJCAVET with different maximum Al compositions of the AlGaN buffer layer are shown in Figure 9. As can be seen from Figure 9A, the saturation drain current of the device slightly decreases with the increase of the maximum Al composition of the AlGaN buffer layer. This is because the width of the current path in the device remains almost unchanged during the conduction process, while the total polarization intensity of the AlGaN material increases with the increase of the Al composition, resulting in an increase in the hole concentration generated by the polarization effect, thereby slightly reducing the drain current of the device. When Xp = 0.09, the saturation drain current of the device is 55 mA/mm, and when Xp = 0.81, the saturation drain current of the device is 52 mA/mm. As shown in Figure 9B, under the same gate bias, the slope of the output curve of the device slightly decreases with the increase of the maximum Al composition of the AlGaN buffer layer, while the on-resistance of the device slightly increases with the increase of the maximum Al composition of the AlGaN buffer layer. When Xp = 0.09, the on-resistance of the device is 1.63 [image: image], and when Xp = 0.81, it is 1.71 [image: image].
[image: Figure 9]FIGURE 9 | Trend of the open-state characteristic curve of LG-SJCAVET with the maximum Al component of different AlGaN drift layers (A) Transfer curve (B) Output curve.
Figure 10 shows the trend of breakdown voltage, on-resistance, and figure of merit (FOM) of the LG-SJCAVET with different maximum Al compositions in the AlGaN buffer layer. As shown in Figure 10A, the breakdown voltage of the device increases significantly with increasing Xp, and the on-resistance presents a slightly increasing trend with a gentle slope. When Xp is 0.09, the device has a breakdown voltage of 2600V, while it reaches 3971 V when Xp is 0.81. As Xp increases, the breakdown voltage of the device improves due to the higher voltage resistance of the buffer layer. The graded Al composition of the AlGaN buffer layer helps to distribute the electric field more uniformly. As shown in Figure 10B, the FOM of the device increases with the maximum Al composition of the AlGaN buffer layer. According to the definition of FOM, the device exhibits the best power performance when Xp is 0.81, with a breakdown voltage of 3971 V, which is significantly higher than that of CONV and SJ-CAVET. However, it is difficult to fabricate AlGaN materials with an Al composition greater than 0.8 in current engineering practice. Therefore, considering the simulation results and fabrication requirements, Xp = 0.72 is the optimal choice [22, 23].
[image: Figure 10]FIGURE 10 | Trend of (A) breakdown voltage, on-resistance and (B) power figure of merit of LG-SJCAVET with different AlGaN drift layer maximum Al components.
Figure 11 gives a comparative analysis of the simulation results of this paper with domestic and international research works, and it can be seen from the figure that the new device structure designed in this paper exhibits good on-state and breakdown characteristics compared to devices of the same type [24–28], and at the same time is closer to the physical limit value of GaN material, and the device has a larger power figure of merit.
[image: Figure 11]FIGURE 11 | Comparison between devices in the related literature and the simulation results of this paper BV, Ron. sp.
4 DISCUSSION
In this paper, the LG-SJCAVET structure is proposed, characterized by the use of polarization-doped AlGaN material instead of the traditional P-type GaN buried layer, and the use of the linear gradient of the AlGaN material can generate hole gas inside this feature, to achieve the P-type doping, and the material inside the hole gas concentration is large, good thermal stability. The operating principle of the device is analyzed, the structural parameters of the device are optimized, and the contradiction between high breakdown voltage and low on-resistance of the device is effectively solved, and the simulation results and laws with certain reference value are obtained. However, the results of this paper are based on numerical simulations, and the actual power characteristics of the device need to be further confirmed since they are not actually verified by flowing.
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