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Abstract

:

In this paper, simulation modeling was carried out using Sentaurus Technology Computer-Aided Design. Two types of high electron mobility transistors (HEMT), an AlGaN/GaN/AlGaN double heterojunction and AlGaN/GaN single heterojunction, were designed and compared. The breakdown characteristics and damage mechanisms of the two devices under the injection of high-power microwaves (HPM) were studied. The variation in current density and peak temperature inside the device was analyzed. The effect of Al components at different layers of the device on the breakdown of HEMTs is discussed. The effect and law of the power damage threshold versus pulse width when the device was subjected to HPM signals was verified. It was shown that the GaN HEMT was prone to thermal breakdown below the gate, near the carrier channels. A moderate increase in the Al component can effectively increased the breakdown voltage of the device. Compared with the single heterojunction, the double heterojunction HEMT devices were more sensitive to Al components. The high domain-limiting characteristics effectively inhibited the overflow of channel electrons into the buffer layer, which in turn regulated the current density inside the device and improved the temperature distribution. The leakage current was reduced and the device switching characteristics and breakdown voltage were improved. Moreover, the double heterojunction device had little effect on HPM power damage and high damage resistance. Therefore, a theoretical foundation is proposed in this paper, indicating that double heterojunction devices are more stable compared to single heterojunction devices and are more suitable for applications in aviation equipment operating in high-frequency and high-voltage environments. In addition, double heterojunction GaN devices have higher radiation resistance than SiC devices of the same generation.
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1. Introduction


With the continuous advancement of technology, the modern aviation sector faces increasingly complex and severe electromagnetic radiation challenges [1]. As a prominent representative of the new generation of aircraft, electric vertical take-off and landing (eVTOL) vehicles, with their unique vertical takeoff and landing capabilities and efficient energy utilization, are expected to play a pivotal role in future urban air transportation. However, the heavy reliance of eVTOL on advanced electronic systems and communication technologies makes them vulnerable to microwave radiation impacts [2,3].



High-power microwave (HPM), as the primary generation form, has undergone rapid development in recent years, playing a unique role in various fields such as military applications, biomedicine, imaging technology, and material processing [4,5,6,7,8]. As a medium for satellite communications and broadband wireless network transmission, data communication can be provided more rapidly and stably. However, the electronic equipment of aircraft is exceptionally sensitive and fragile due to these strong electromagnetic radiation capabilities, severely affecting flight safety. Gallium nitride is used as a wide-bandwidth semiconductor with a unique wide band gap (3.4 eV) [9], high critical electric field, and high electron saturation velocity [10]. This makes it an excellent power radio-frequency device that is more suitable for applications in high-frequency, high-temperature, and high-voltage environments, and it is has become the preferred core unit for the new generation of aircraft. Gallium nitride high electron mobility field effect transistors (GaN HEMT) have become a research hotspot in the field of microwave power devices. Therefore, it is of utmost importance to investigate the impact of high-intensity radiated fields on novel aviation nanodevices and their underlying mechanisms, which holds significant theoretical and practical implications for ensuring flight safety and promoting the sustained development of next-generation aircraft technologies.



Electromagnetic environmental effects at the aircraft’s whole and equipment levels have been studied by a large number of teams [11,12], but the chips inside equipment are equally one of the core problems that cause the failure of aircraft. In this paper, the p-GaN gate cap structure is used to realize enhanced HEMT devices, due to its excellent aero-material properties. Currently, while numerous teams are devoting efforts to the research of device processes and structural characteristics, the impact of high-power microwaves on devices is often overlooked. For instance, as mentioned in reference [13], doping magnesium (Mg) into the p-GaN gate cap layer has been employed to improve the instability of the device threshold voltage. However, achieving the desired p-type conductivity requires a significant amount of Mg doping, which may introduce excessive defects and impurities, thereby affecting the migration properties and thermal stability of the device. Reference [14] proposed a novel analytical model by incorporating a half-bridge structure. Nevertheless, this structure renders the performance of GaN devices highly susceptible to temperature variations, thus reducing stability. To date, the impact of these experimental devices under high-voltage or high-power microwave conditions has not been taken into account. Consequently, research on the combination of p-GaN HEMT and electromagnetic environmental effects holds significant importance in this context. Among contemporary device materials, silicon carbide (SiC) is renowned for its exceptional breakdown electric field (3.0 MV· cm−1) and radiation resistance (1 × 109–10 rad), stemming from its stable composite crystal structure, which stands out in areas such as breakdown characteristics, high frequency, and radiation resistance [15]. Nevertheless, despite SiC devices’ outstanding performance in numerous aspects, gallium nitride (GaN) devices have been found to exhibit superior characteristics, boasting a breakdown electric field approximately 1.2-times higher and a radiation resistance nearly 10-times greater than SiC devices [16].



To make a device work efficiently in a high-frequency environment, some researchers have adopted methods such as varying gate length or incorporating field plate structures. However, this approach can lead to an increase in input capacitance, exacerbated current collapse effects, short-channel effects, and other issues [17,18]. Additionally, some scholars have performed special treatments on the surface of HEMTs to enhance the breakdown performance of the device. Nevertheless, an improper treatment may result in the introduction of new surface states and defects [19]. Based on these issues, the above problems can be effectively avoided by double heterojunction devices, allowing better high-frequency devices [20,21].



In this paper, a novel aviation nanodevice, the AlGaN/GaN/AlGaN double heterojunction HEMT device structure is designed and compared with a conventional single heterojunction GaN HEMT device. The thermal damage mechanism and breakdown characteristics of the two devices were derived by injecting high-power microwaves until the device burnt out. Compared with the single heterojunction, double heterojunction HEMT devices had high domain-limiting characteristics. The overflow of carriers from 2DEG into the buffer layer was effectively suppressed, and the internal temperature distribution of the device was improved. Subsequently, the carrier migration rate was increased, and the leakage current was reduced. Moreover, the switching and breakdown characteristics of the device were improved. In response to the increasingly complex electromagnetic environment and the growing integration of avionics and electrical systems, a novel nanodevice, more suitable for application in aircraft operating at high frequencies and voltages is proposed in this paper from the perspective of aviation safety.



The main contributions of this paper are summarized as follows:




	
A novel aviation nanodevice is designed in this study. The double heterojunction GaN HEMT device model established in this paper is a unique improvement and design based on the established and mature traditional GaN HEMT device model. The reliability of the device is ensured. The new improved design also meets industry standards. This improved design enhances the breakdown characteristics. The characteristics and principles of the breakdown resistance of double heterojunction devices were derived and confirmed through a comparative analysis method.



	
The electromagnetic environmental effects of aviation nanomaterials are investigated in this paper. This paper focuses on a principled study to obtain the damage mechanism and thermal breakdown process of the device. The breakdown time of the device was used as a pivotal indicator, and the distribution of current density and temperature inside the device at different time points was investigated. The often overlooked Al component is investigated in this paper and the effect of the Al component on the breakdown of the device is studied.



	
The electromagnetic sensitivity of aviation nanodevices to HPM signals was studied. The damage relationship of high-power microwave signals with different parameters with the device was obtained. Moreover, fitting equations with regularity were obtained.








The remainder of this paper is organized as follows: Section 2 describes the construction of the device model. The device parameters, physical properties, and circuit models are presented separately. The correctness of the device and the reliability of the simulation are guaranteed. Section 3 details the simulation verification. The electromagnetic induction strengths and damages of single heterojunction and double heterojunction GaN HEMT devices under HPM signal conditions were studied. The methodology, laws, and analysis are included. Experiments and literature are cited to verify the consistency of the simulation results. The specificity of the task in this section is demonstrated by the fact that this paper is different from previous methods and that frequently neglected structures are studied. The conclusions are given in Section 4.




2. Model Building


2.1. Device Models


In this paper, the Sentaurus Technology Computer-Aided Design (Sentaurus-TCAD) platform was used to build a device simulation model and signal injection circuit. The structural parameters of the device are shown in Table 1. Figure 1a shows the single heterojunction AlGaN/GaN HEMT device structure. In this paper, the wurtzite structure of GaN crystals was adopted, with the atomic arrangement continuously repeating as Ga-N-Ga-N along the C-axis (0001) direction, thereby maximizing the stability of the device. Furthermore, the device exhibits a GaN polarity due to this growth direction, and this polar structure finds widespread application in practical scenarios. The thickness of the AlN as the device substrate was 10 nm. The thickness of the GaN buffer layer was 2.01  μ m, the arsenic atoms were selected for uniform N-type doping, and the doping concentration was 1 × 1014 cm−3. The thickness of the AlGaN barrier layer was 15 nm, arsenic atoms were selected for uniform N-type doping with a doping concentration of 1 × 1018 cm−3, and the Al component was Al0.23Ga0.77N. The thickness of the SiN passivation layer was 0.2  μ m. The thickness of the p-GaN gate cap layer was 0.11  μ m, and boron atoms were selected for uniform P-type doping with a doping concentration of 3 × 1017 cm−3. The lengths of the gate, drain, and source were 1.0  μ m, 0.5  μ m, and 0.5  μ m, respectively; the gate–source distance and the gate–drain distance were 3.0  μ m and 3.0  μ m, respectively; and the lengths of the field plate structures (G-FPs) at both ends of the gate were 0.5  μ m and 0.5  μ m, respectively. The metal gate/p-GaN layer formed the Schottky barrier. The gate was the Schottky impedance, and the Schottky work function for the source and drain was set to 4.3. Considering the practical application after packaging, the thermal contact temperature was set around the substrate: 300 K, and other boundaries were set as insulation. Figure 1b shows the AlGaN/GaN/AlGaN double heterojunction GaN HEMT device structure. Compared to Figure 1a, a new GaN channel layer was added, the thickness was 0.01  μ m, and arsenic atoms were selected for uniform N-type doping, and the doping concentration was 1 × 1015 cm−3. The thickness of the AlGaN buffer layer was 2.0  μ m, and arsenic atoms were selected for uniform N-type doping with a doping concentration of 1 × 1014 cm−3, and the Al component was Al0.05Ga0.95N. The rest of the conditions were the same as in Figure 1a.




2.2. Physical Models


To obtain a more realistic device model, the process defects and physical properties present in GaN HEMT devices were taken into account in the modeling process. Physical models related to this were incorporated. High-power microwaves were used as an external condition in this paper. Therefore, the Canali model was introduced as the mobility model in the high-intensity electric field:


  μ  F  =    α + 1   μ  l o w     α +    1 +       α + 1   μ  l o w    F  h f s     v  s a t      β     1 β      



(1)






  β =  β 0      T  300 K      β  e x p     



(2)




where   μ  l o w    represents the low-field mobility;   F  h f s    represents the driving field;   v  s a t    represents the saturation velocity; and the exponent  β  varies with temperature.



The solution is carried out with electrons as an example, and the same for holes to obtain the following equations. The thermionic emission model was used to deal with the distribution of electrons at the surface of the heterojunction at the thermodynamic temperature. The interface condition is written as:


   J  n , 2   =  J  n , 1    



(3)






   v  n , i   =    k  T  n , i     2 π  m  n , i       



(4)






   J  n , 2   =  a n  q   v  n , 2    n 2  −   m  n , 2    m  n , 1     v  n , 1    n 1  e x p  −   ▵  E c    k  T  n , 1        



(5)






   S  n , 2   =  S  n , 1   +   c n  q   J  n , 2   ▵  E c   



(6)






   S  n , 2   = −  b n    v  n , 2    n 2  k  T  n , 2   −   m  n , 2    m  n , 1     v  n , 1    n 1  k  T  n , 1   · e x p  −   ▵  E c    k  T  n , 1        



(7)




where   J n   represents the current density of electrons;   m  n , i    represents the effective mass of electrons;   v  n , i    represents the emission velocity of hot electrons at the interface;   T  n , i    represents the temperature of electrons;   E c   represents the energy of the conduction band; and   ▵  E c    > 0. Considering that avalanche breakdown occurred in the device, a hydrodynamic model for temperatures was introduced to replace the traditional temperature distribution model, and the energy balance equation and energy flux equation for solving the lattice temperature T and carrier temperature   T n   are listed here:


    ∂  W n    ∂ t   + ▿ ·   S n  →  =   J n  →  ·   ▽  E c   q  +   d  W n    d t    |  c o l l    



(8)






    S n  →  = −   5  r n   λ n   2     k  T n   q    J n  →  +  f  n   h f      κ n   ^  ▿  T n    



(9)




where   W n   denotes the vector potential energy of the curl state   J n  ;   f  n   h f    and   r n   can change convective contribution and the diffusive contribution;    κ n  ^   represents the thermal conductivity. The polarization effect is a non-negligible physical defect in GaN HEMT devices. A simple polarization model is provided by the Sentaurus-TCAD platform:


       P X       P Y       P Z      =      P  X   S P        P  Y   S P         P  Z   S P   +  P  s t r a i n         



(10)






   P  s t r a i n   = 2 s t r a i n ·   e 31  −    e 33   c 13    c 33     



(11)






  s t r a i n =  ( 1 − r e l a x )  ·    a 0  − a  a   



(12)




where X, Y, and Z represent the coordinate directions of the device;   P  S P    stands for spontaneous polarization effect;   P  P E    stands for piezoelectric polarization;   e 31  ,   e 33  ,   c 13  , and   c 33   stand for piezoelectric coefficient and elasticity coefficient, respectively;   a 0   stands for strain lattice constant; a stands for unstrained crystalline constant; and relax is the relaxation parameter [22,23]. In addition to this, trap effects and other physical models were included in the model.




2.3. Circuit Models


The simple analog signal injection circuit in Figure 1c was built by SPICE, where DC–1 is the drain DC bias voltage source; DC–2 is the gate DC bias voltage source; HPM is a high-power microwave signal injected from the gate; Rd is the drain bias resistor; C1 is the decoupling capacitor; Rg is the gate input resistor; and S is the single-pole, double-branch switch on the gate, which is connected to the HPM signal source, and the gate DC bias voltage source (DC–2) are connected. Figure 2 shows the IdVd transmission characteristic curve of the HEMT, demonstrating the relationship between the voltage and current at the drain when the gate DC voltage is constant. According to Figure 2, the amplitude of the selected HPM should not be less than 2 V. Moreover, the correctness of the device model is proven by the IdVd transmission characteristic curve.





3. Results and Analysis


The commonly used X communication band was selected as the injected microwave signal. A single-pole, double-branch switch (S) at the gate of the device was connected to the HPM signal source, and the circuit was energized. The HPM signal source was set to continuously inject 10 GHz, 47 dBm high-power microwaves of similar sinusoidal form at the gate. Reproducibility verification was conducted multiple times, and the results were consistent. The HPM injection signal shape is given in Figure 3. In addition, when the internal temperature of the HEMT device reached 1975 K, the lowest melting point of GaN material, this was used as the basis for judging that thermal breakdown had occurred in the device. Extracting the simulation results, point A (0.5776 ns) was the breakdown moment of the single heterojunction HEMT device; point B (0.9831 ns) was the breakdown moment of the double heterojunction HEMT device; and point C and point B were the same moment, which was the comparison point of the double heterojunction HEMT device. The variation in the peak temperature inside the device with time is shown in Figure 3, where the peak temperature rise of the device was accelerated when the injected HPM signal was high, and the peak temperature rise of the device was slowed down when the injected HPM signal was low. The internal peak temperature and the injected signal changed at the same frequency. This was determined by the speed of the electrons injected by the HPM versus the rate of transfer of electrons within the device. The rate of the former was much greater than the rate of the latter; therefore, energy was accumulated and the device eventually broke down. Compared to single heterojunction HEMT devices, double heterojunction HEMT devices had a slower temperature rise, longer breakdown time, and greater resistance to breakdown.



3.1. Physical Characteristics of the Device


The current density was taken as the best representation of the intensity of current flow, which directly affects the speed and distribution of carrier motion and hence the migration characteristics of a semiconductor. Figure 4 shows the local distribution of current density inside the two devices at moments A and B. Compared to the 2DGE characteristics of the single heterojunction device in Figure 4a, the carriers in Figure 4b are concentrated in the GaN channel layer, with a more pronounced gradient distribution with the buffer layer. Moreover, the diffusion current near the p-gate was reduced. This was due to the fact that the AlGaN/GaN/AlGaN double heterojunction formed unique quantum wells that confined the carriers to move near the inner surfaces of the top and bottom sides of the channel layer. The distribution of current densities at the channel locations of the two devices was investigated and obtained as shown in Figure 4c. The current density distribution of the double heterojunction was more uniform and stable, which was owing to the motion speed and distribution of the carriers being directly affected by the magnitude of the current density, and hence the mean free path of the carriers was affected. On both sides of the gate, the current density in the channel of the double heterojunction device was lower, the mean free path was smaller, and the stability of the device transmission performance was enhanced. Subsequently, the mean free path of the carriers was raised, and the device began to be affected by the hot electron emission current. Since the hot electron emission current density was positively correlated with temperature and independent of the applied voltage [22], accelerating the increase in the device temperature, this was more likely to cause a breakdown. Therefore, the high domain-limiting characteristics of the double heterojunction permitted the electron injection efficiency to be increased, the transport efficiency to be improved, and the leakage current to be reduced. Therefore, the switching characteristics, breakdown characteristics, and stability of the device were improved.



The thermal instability was caused by the structural defects at the column faces of the p-gate junction, such that the heat generated around it was continuously absorbed in each signal cycle. Due to the short pulse width and fast frequency of the input HPM signal, the conduction of the internal temperature of the device to the surroundings was less than the rate of heat generation, and the thermal accumulation effect was caused by the repetition of pulses [24]. As shown in Figure 5a, inside the single-heterojunction HEMT, the thermal breakdown occurred at the column surface of the right junction of the p-gate and the upper region of the GaN buffer layer at moment A (0.5776 ns). Inside the double heterojunction HEMT in the same period, the heat was dispersed equally on both sides of the gate (Figure 5b). The temperature at this point was gently increased until breakdown (B(0.9831 ns) moment), which occurred at the column surface of the right junction of the p-gate, and in the region around the channel. At the same time, the column surface of the left junction reached the critical threshold for breakdown (Figure 5c). In summary, the double heterojunction could effectively inhibit the 2DEG in the channel from being spilled into the buffer layer, the internal temperature distribution of the device was improved, which enhanced the breakdown characteristics of the device. In addition, the area near the carrier channel below the p-GaN HEMT gate is one of the most fragile and breakdown-prone parts of the device.




3.2. Effect of Al Composition on Device Breakdown


The energy bands and migration characteristics of the device were altered by the Al component in the AlGaN/GaN structure and hence the breakdown characteristics of the device were affected [25]. In this paper, the effect of the percentage of Al component in single heterojunction AlxGa1−xN/GaN and double heterojunction AlxGa1−xN/GaN/AlyGa1−yN on the breakdown characteristics of the devices was investigated. As can be seen in Figure 6, the Al component in the barrier layer (x between 0.13 and 0.34) and the Al component in the buffer layer (y between 0.02 and 0.22) were separately selected for the study. As the single heterojunction device AlxGa1−xN/GaN (parameter x) and the double heterojunction device Al0.23Ga0.77N/GaN/AlyGa1−yN (parameter y) were increased, the breakdown time also increased and the breakdown resistance of the device improved. This was due to the fact that increasing the Al component increased the bandgap, which resulted in the breakdown characteristics and thermal stability of the device being improved. When the Al component was increased to a certain value, the Al component continued to increase, the barrier width of AlGaN/GaN was reduced, the quantum confinement effect was enhanced, and the high-energy electrons more easily jumped to the conduction band, which in turn reduced the barrier height and decreased the breakdown voltage. The reason for this lies in the alteration of the band structure caused by quantum confinement, resulting in the bending and splitting of energy bands along the confinement axis. Consequently, this alteration had a profound impact on the effective mass of the charge carriers. The confinement of charge carrier motion depicted in Figure 4 further corroborates the influence of quantum confinement on the effective mass. Ultimately, this influence gave rise to a wave function for charge carriers that was discontinuous and non-uniform along the confinement direction. The quantum confinement effect was enhanced due to the domain-limited characteristics of the double heterojunction. This led to the breakdown time of the double heterojunction device AlxGa1−xN/GaN/Al0.02Ga0.98N (x-parameter) being rapidly decreased. Therefore, the breakdown voltage was effectively increased when the Al component was moderately increased. Moreover, compared to the single heterojunction device, the double heterojunction Al component was more sensitive and the breakdown was affected more drastically. Precise control of the Al component doping was achieved by optimizing the doping process parameters, ensuring that the Al component occupied the optimal proportion, and maximizing the breakdown performance of the device. Additionally, the structural parameters of the barrier layer were controlled to ensure a reasonable electric field distribution.




3.3. Effect of Power and Pulse Width on Device Breakdown


Electromagnetic sensitivity (EMS) has been used as a metric for resistance to electromagnetic interference, which has a reliable value impact on the study of electromagnetic damage in HEMT devices. Since frequency and pulse width are inverse to each other, the relationship between the power damage threshold and pulse width was investigated for both single heterojunction and double heterojunction devices to obtain the damage threshold curves in Figure 7. While maintaining a constant pulse width, this study examined the damage effects of different power signals on the device. The traditional research method is to characterize the device as a spherical heat source model [26]; therefore, the damage energy of the device is considered as a constant value. Nevertheless, a new method was used in the literature [27,28,29] to derive a specific value for the variation. The prediction formula for damage was obtained:


  P = A   T   − 1    



(13)




where P represents the power value of the gate injection signal; T represents the pulse width (ns); and A is a constant. Data fitting for both device power damage thresholds yielded two nonlinear fitting curves (dashed lines in Figure 7) and a formula for the HPM power damage threshold curve:


   P S  = 23.26   T   − 0.142    



(14)






   P D  = 27.29   T   − 0.173    



(15)






   R  S  2  = 0.992  



(16)






   R  D  2  = 0.988  



(17)




where   P S   and   P D   represent the HPM power damage thresholds of the HEMT devices with single heterojunction and double heterojunction, respectively.   R  S  2   and   R  D  2   represent the respective correlation coefficients, indicating that the two formulas were fit with very high accuracy, which is in line with conclusions in the literature [24,26]. The formula shows that when the power interacted with the pulse width, the breakdown amplitude of the double heterojunction device was reduced and the stability was increased compared to the single heterojunction HEMT device. The law of power damage threshold and pulse width in GaN HEMT devices is presented in this formulation.




3.4. Analysis and Discussion


The hardware parameters and data of the device model have been included in this paper as supporting evidence for the quality of the model. The objective of this paper was to present a novel method and theoretical foundation for research.



3.4.1. Discussion on the Quality of the Applied Models


The models provided by Sentaurus-TCAD are primarily based on experimental data, numerical methods, collaborative research and development, academic exchanges, and various other aspects. These foundations jointly ensure the accuracy and reliability of the models, enabling their widespread application in the simulation and design of semiconductor devices. The model used in this paper was a novel model improving upon the mature models in the Sentaurus-TCAD database, aiming to provide a theoretical foundation, while ensuring quality. To further demonstrate the quality of the model, research on the output characteristic curves of the device is included in this paper. However, in reality, the correctness of Figure 2 is the most significant indicator for verifying the correctness of the device.




3.4.2. Discussion on Model Consistency Verification


In Reference [30], a damage experiment of a GaN HEMT caused by high-power microwave pulses demonstrated experimental results of breakdown and damage in the gate region. The experimental device employed in the literature was suitable for the simulation model in this paper. The experimental method was consistent with the simulation method used in this paper. Both device structures were reasonable. Both simulation and experiment confirmed that the region below the gate is one of the most easily damaged parts of the device.






4. Conclusions


Based on the above research and analysis, the following conclusions were drawn. Through a comparative study of single heterojunction and double heterojunction p-GaN HEMT devices, an HPM signal was continuously injected into the gate until device breakdown occurred. An analysis was conducted to investigate the alterations in the internal physical parameters of the devices at the instant of breakdown. The investigation of the results revealed that the peak temperature curve of the device indicated that the device temperature varied according to the posture of the external signal. Analysis of the internal physical characteristics of the device showed that the breakdown occurred at the underside of the gate, demonstrating that the area near the carrier channel under the gate is one of the most vulnerable and susceptible parts of the device to breakdown. Compared to the single heterojunction, the double heterojunction HEMT device suppressed the overflow of 2DEG from the channel to the buffer layer, leading to an improved internal temperature distribution within the device and enhanced injection and transmission efficiency of electrons. The high confinement nature of the double heterojunction reduced leakage current, thereby mitigating the short-channel effect and enhancing the switching characteristics, breakdown characteristics, and stability of the device. This paper further investigated the relationship between Al composition and breakdown, to study the anti-breakdown characteristics of the devices. It was found that the double heterojunction was more sensitive to Al composition, resulting in a stronger impact on breakdown. The electromagnetic sensitivity of the devices was verified by studying the HPM power and pulse width. The HPM power damage threshold curves for single heterojunction and double heterojunction devices were derived as    P S  = 23.26   T   − 0.142     and    P D  = 27.29   T   − 0.173    , respectively. When power and pulse width interacted, the double heterojunction HEMT device exhibited a smaller breakdown amplitude and higher stability compared to the single heterojunction device. The former emerged as an ideal new aviation nanomaterial. Furthermore, when compared to contemporary SiC devices, double heterojunction GaN devices exhibit superior breakdown voltage characteristics and anti-radiation capabilities. In summary, the novel nanodevice proposed in this paper exhibited higher breakdown characteristics and radiation resistance. Furthermore, the mechanism of the temperature increase leading to breakdown within the device was elucidated. This provides an analytical approach for studying the electromagnetic sensitivity of aerospace nanomaterials.
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Figure 1. Schematic structure of GaN HEMT device. (a) Conventional AlGaN/GaN single heterojunction structure, (b) AlGaN/GaN/AlGaN double heterojunction structure, and (c) simulated circuit model used for the device. 






Figure 1. Schematic structure of GaN HEMT device. (a) Conventional AlGaN/GaN single heterojunction structure, (b) AlGaN/GaN/AlGaN double heterojunction structure, and (c) simulated circuit model used for the device.



[image: Aerospace 11 00346 g001]







[image: Aerospace 11 00346 g002] 





Figure 2. Transmission characteristic curves of the devices. (a) single heterojunction device, (b) double heterojunction device. 
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Figure 3. HPM injection signal versus peak temperature inside the device over time. 
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Figure 4. Local distribution of current density inside the device at moments A and B. (a) Moment time = A (0.5776 ns) for the single heterojunction device, (b) moment time = C (0.5776 ns) for the double heterojunction device, and (c) the distribution of current densities at the channel locations of the two devices being transected. 
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Figure 5. Local distribution of the internal temperature of the device at moments A, B, and C. (a) Moment A of the single heterojunction device, (b) moment C of the double heterojunction device, and (c) moment B of the double heterojunction device. 
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Figure 6. Effect of the percentage of Al component in AlGaN/GaN on the device breakdown characteristics. 
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Figure 7. Power threshold and pulse width were affected on the device. 
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Table 1. Structural parameters of GaN HEMT devices.
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Thickness

	
Doping Type

	
Doping Concentration

	
Al Component






	
AlN layer

	
10 nm

	

	

	




	
GaN buffer layer

(single heterojunction)

	
2.01 μm

	
arsenic atoms

	
1 × 1014 cm−3

	




	
AlGaN buffer layer

(double heterojunction)

	
2.00 μm

	
arsenic atoms

	
1 × 1014 cm−3

	
Al0.05Ga0.95N




	
GaN channel layer

(double heterojunction)

	
0.01 μm

	
arsenic atoms

	
1 × 1015 cm−3

	




	
AlGaN barrier layer

	
15 nm

	
arsenic atoms

	
1 × 1018 cm−3

	
Al0.23Ga0.77N




	
SiN passivation layer

	
0.2 μm

	

	

	




	
p-GaN gate cap layer

	
0.11 μm

	
boron atoms

	
3 × 1017 cm−3

	




	
Length of electrodes

	
gate: 1.0 μm; drain = source: 0.5 μm




	
Electrode distance

	
gate-source distance = gate-drain distance: 3.0 μm




	
G-FPs

	
0.5 μm




	
Thermal contact

	
300 K
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