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Abstract

:

The aim of this paper is to model the effects of threading dislocations on both gate and drain currents of AlGaN/GaN high electron mobility transistors (HEMTs). The fraction of filled traps increases with the threading dislocations, while the trapping effects cause a decrease in drain current and an increase in gate leakage current. To model the drain current drop, the two simplified RC subcircuits with diodes are proposed to capture the charge trapping/detrapping characteristics. The trap voltages Vg_trap and Vd_trap generated by RC networks are fed back into the model to capture the effects of traps on drain current. Considering acceptor-decorated dislocations, we present a novel Poole–Frenkel (PF) model to precisely describe the reverse leakage gate current, which plays a dominant role in the gate leakage current. The proposed model, which uses physical parameters only, is implemented in Verilog-A. It is in excellent agreement with the experimental data.
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1. Introduction


Gallium nitride is the representative of the third-generation semiconductor [1,2], which has the advantages of high breakdown electric field, high thermal conductivity, high electron mobility, and high operating temperature. Due to the above-mentioned excellent properties, GaN-based HEMTs are considered to be one of the best choices for high-power [3] and high-frequency [4] applications.



However, dislocations are inevitably distributed in different regions of the GaN HEMTs due to factors such as materials and the ideality degree of the manufacturing process. According to current reports, the most typical and unavoidable dislocation in GaN and its heterostructures is threading dislocation [5,6]. Threading dislocations can cause parasitic effects such as negative charge trapping under the gate region [7], hot carrier trapping in epitaxial structures after long periods of electrical stress and threshold voltage instability [8,9]. The filling of traps affects the presence of two-dimensional electron gas (2-DEG) in the channel region, which in turn affects the drain current [10] and gate current [11]. Furthermore, since the electron trap center acts as a fixed charge to induce a tunneling path in the AlGaN barrier [12,13], the gate leakage current increases. The high gate leakage current will cause severe electrical reliability problems and result in unprecedented poor performances for the device [14,15]. For instance, it will cause the degradation of breakdown voltage [13] and increase in noise figure [16]. However, there is little literature studying the effects of threading dislocations on current in GaN HEMTs [6,17,18]. The trapping effects caused by threading dislocations are nonnegligible in building device current models. Therefore, it is in great demand to develop a model to predict the effects of threading dislocations on the current of AlGaN/GaN HEMTs.



Few reported models have considered the effects of threading dislocations on both drain current and gate current in GaN HEMTs. Threading dislocations have effects on the fraction of filled traps, while trapping effects have a great influence on drain current. There are two common methods for modeling the effects of the traps on the drain current of GaN HEMTs. One is to capture the effects of traps caused by threading dislocations dynamically through RC networks [19,20,21,22], and the other is to model the trapping effects through the trap model based on the Shockley–Read–Hall (SRH) theory [23,24]. Compared with the trap model based on the RC network, the physical trap model based on the SRH theory requires a large amount of calculation and has a slow simulation speed. However, most trap models based on RC networks do not distinguish the charging and discharging paths of traps. For instance, ASM-HEMT model has empirically modified the model parameters such as the cut-off voltage (   V  o f f    ) according to trap voltages generated by the RC network, capturing the drain current drop caused by traps [19]. However, its subcircuits are unable to generate two different time constants for capture and emission processes. Although the MVSG model employs RC or diode-capacitance networks to change either the ON resistance of the device (   R  o n    ) or the threshold voltage (   V T   ) dynamically, it cannot generate two different time constants for charge trapping and detrapping [20].



Compared with the prosperous drain current models, there are only a few gate current models [25,26] as well as several constructive transport models. The gate current models mainly include the Poole–Frenkel (PF) emission, trap-assisted tunneling (TAT) [27], Fowler–Nordheim tunneling (FNT) [28], etc. However, these gate current models rarely consider the effects of threading dislocations on gate current in AlGaN/GaN HEMTs.



Based on the proposed models, this paper makes an improvement. We model the effects of threading dislocations on both gate current and drain current of AlGaN/GaN HEMTs. Two parallel RC trap networks with diodes are used to characterize the trapping effects on drain current. The RC subcircuits with diodes can generate two different time constants for the charge capture and emission processes. The trapping effects are modeled by modifying the model parameters such as    V  o f f     according to trap voltages generated by RC subcircuits. Through studying the effects of threading dislocations on gate current under reverse voltage, we present a new transport mechanism, two-state PF emissions resulting from two distinct electron-transfer channels introduced by threading dislocations [15], to model the effects of threading dislocations on gate current under reverse voltage. The proposed model is applied to model a GaN HEMT device with 0.25 μm gate length, 125 μm gate width and six gate fingers. The model accuracy was demonstrated by the excellent agreement between the modeled data and measured data.



The rest of this paper is organized as follows. Section 2 elaborates on the procedure of model development and its parameter extraction. Section 3 illustrates the validation of the proposed model, and Section 4 concludes this paper.




2. Description and Parameter Extraction Methods


This section is composed of two parts, which illustrate the modeling of the effects of threading dislocations on drain current and gate leakage current, respectively.



2.1. Modeling the Effects of Threading Dislocations on Drain Current


In this part, two RC subcircuits with diodes are proposed to model the trapping effects on drain current affected by threading dislocations. The equivalent circuit topology of the trap model of drain current is shown in Figure 1. As one can see, each RC subcircuit has two resistors, where the charging and discharging paths are distinguished by diodes. The capacitances of the subcircuits are charged or discharged by the input voltages of the gate and drain terminals, and the generated trap voltages    V  g _ t r a p     and    V  d _ t r a p     are fed back into the model to update the    V  o f f    , mobility degradation coefficient (i.e.,    μ a   ) and other model parameters, capturing the trapping effects.



The drain current is calculated using the surface-potential model [29] and given as follows:


   I  d s   =   W · N F  L  ·    μ  e f f   ·  C g      1 +  θ  s a t  2   ψ  d s  2      ·    V  g o   −  ψ m  +  V  t h     ·  ψ  d s   ·   1 + λ ·  V  d s , e f f      



(1)






   μ  e f f   =    μ 0   T    1 +  μ a  ·  E  y , e f f   +  μ b  ·  E  y , e f f  2     



(2)






   V  g o   =  V  g s , e f f   −  V  o f f   + e t a 0 ·      V  d s x   ·  V  d s c a l e        V  d s x  2  +  V  d s c a l e  2         



(3)




where    ψ  d s   =  ψ d  −  ψ s   ,    ψ m  =    ψ d  +  ψ s    / 2  .    θ  s a t     is the velocity saturation effect parameter and λ is the channel length modulation effect parameter [23]. The mobility degradation due to the vertical field is included in    μ  e f f    . A large number of real device effects such as DIBL, self-heating effects, and nonlinear access region resistance have been included in the complete model of    I d    to represent real GaN HEMTs [29].



The values of    R  g _ c a p t    ,    R  d _ c a p t    ,    R  g _ e m i t    ,    R  d _ e m i t    ,    C  g _ t r a p    , and    C  d _ t r a p     in the trap model need to be determined according to the capture and emission time constants. The time constants for charge capture and emission are calculated as follows:


   τ  c a p t , e m i t   =  R  c a p t , e m i t   ×  C  t r a p    



(4)







The time of charge trapping is very short, about     10   − 10     s, and the charge takes a long time to release, about     10   − 5     s [30].



Pulsed    I  D S   −  V  D S     measurement is a common method to study the charge capture and emission processes of GaN HEMTs [31]. In the pulsed    I  D S   −  V  D S     measurements, signal generators are applied at the drain and gate terminals to provide inputs, as shown in Figure 2.



The pulsed    I  D S   −  V  D S     measured data of the device under different gate quiescent bias voltages    V  g s q     are shown in Figure 3a, and the pulsed    I  D S   −  V  D S     measured data under different drain quiescent bias voltages    V  d s q     are shown in Figure 3b. The pulse width is 1 μs and the pulse duty cycle is 0.1%. As can be seen from Figure 3,    R  o n     increases when    V  g s q     decreases and    V  d s q     increases. The drain current    I  d s     decreases initially but slowly recovers later when    V  d s     increases. The maximum drain current    I  d s _ m a x     decreases with the decrease in    V  g s q     and the increase in    V  d s q    . By observing Figure 3, we also find that the values of model parameters, such as    V  o f f     and    μ a   , change with    V  g s q     and    V  d s q    , that is, different quiescent bias voltages may bring distinct extents of trapping effects. For a given temperature, the drain current    I  d s     is a function of    V  g s    ,    V  d s    ,    V  g s q    , and    V  d s q    .



Since the model parameters    V  o f f    ,    μ a   ,    R  d r a i n    , and DIBL-effect-related parameter (   V  d s c a l e    ) change with the quiescent bias voltages    V  g s q     and    V  d s q    , the trapping effect is added to these model parameters affected by the trapping effect through Equation (5), capturing the trend of the parameters changing with    V  g s q     and    V  d s q    .    V  g _ t r a p     and    V  d _ t r a p     are trap voltages generated by the trap networks, P is the parameter value after adding the trapping effect,    P  r e f     is the initial parameter value when    V  g s q     and    V  d s q     are 0, and the   t r P 0   and   t r P 1   are fitting parameters.


  P =  P  r e f   + t r P 0 ·  V  g _ t r a p   + t r P 1 ·  V  d _ t r a p    



(5)







In order to extract the variation coefficients   t r P 0   and   t r P 1   of the model parameters, it is necessary to fit the pulsed    I  D S   −  V  D S     measured data of GaN HEMTs under different quiescent bias voltages    V  g s q     and    V  d s q    . The value of   t r P 0   can be extracted through matching features when we treat    V  d s q     as a constant value (i.e., 0 V) but sweep the value of    V  g s q    . Similarly, the value of   t r P 1   can be approximated by maintaining the value of    V  g s q    .




2.2. Modeling the Effects of Threading Dislocations on Gate Current


The gate leakage current in AlGaN/GaN HEMTs at room temperature can be modeled as follows:


  I = A r e a ·    J  T E   +  J  P F      



(6)




where   A r e a   is the area of the gate,    J  T E     is the thermionic emission (TE) current density, and    J  P F     is the PF emission current density. PF emission is considered to be the main leakage mechanism for gate current conduction in the low-to-medium reverse-bias region [25,26].



First-principles calculations indicate that pure threading dislocations introduce deep occupied states both above the valence-band maximum (VBM) and below the conduction-band minimum (CBM) of GaN, resulting in the pure dislocation state and the VIII-decorated dislocation state [32]. Since the PF emission originates from the transport of electrons via the continuum dislocation state [15], the two-state FP emission should correspond to two distinct dislocation states in the AlGaN barrier, which are the pure dislocation state and the VIII-decorated dislocation state. The typical conduction band diagram for medium reverse gate voltage, which describes this mechanism, is shown in Figure 4, where the continuums of states are at heights    Φ  d 1     and    Φ  d 2     from the Schottky metal. The trap states in the barrier are assumed to be very close to the metal Fermi level. As depicted in Figure 4a, the electrons firstly transfer along the low-energy VIII-decorated dislocation level. As the reverse voltage increases, electrons in the conducting VIII-decorated dislocation state become saturated and begin to transfer along the pure dislocation state when the excess electrons gain sufficient energy. The two-state PF emission mechanism plays a dominant role at low-to-medium reverse bias.



For AlGaN/GaN heterojunction, we present a new transport mechanism of two-state PF emission to model the gate leakage current under reverse voltage with the effects of threading dislocations.



The relation between the current density    J  P F     and the electric field (E) for PF conduction is given by [33]:


   J  P F _ n   = C E e x p   −   q    Φ  d n   −   q E / π  ε 0   ε s         k B  T      



(7)






  E =   q  σ p  −  C g     V G  −  φ  G a N        ε s     



(8)






   J  P F   =  J  P F _ 1   +  J  P F _ 2    



(9)




where  C  is a parameter dependent on the trap concentration and E is the electric field in the AlGaN barrier at the metal–semiconductor interface.    Φ  d n     (i.e.,    Φ  d 1   =   0.47 eV and    Φ  d 2   =   1.07 eV) is the barrier height for the electron emission from the Schottky metal to the dislocation states of the AlGaN barrier,    ε 0    is the permittivity of free space,    ε s    is the relative dielectric permittivity at high frequency,  T  is the temperature,  q  is the electron charge, and    k B    is the Boltzmann constant. Additionally,    σ p    is the sum of the piezoelectric polarization charge in the barrier and the difference between spontaneous polarization charge in the barrier and the buffer, and    C g    is the gate capacitance.



The parameters related to the proposed gate leakage current model with effects of threading dislocations are  C  and    σ p   . We extract the parameters of a particular current component in the region where it is dominant. At low-to-medium reverse bias, PF emission current is dominant. The values of  C  and    σ p    can be obtained from the slope and intercept of the plot of   ln    J  P F   / E     versus    V G   .





3. Model Validation and Analysis


The device studied in this paper is a commercial GaN HEMT device with a gate length of 0.25 μm and a total gate width of 6 × 125 μm. To validate the trap model that captures the trapping effects on drain current, we varied    V  d s q     and    V  g s q     and obtained the pulsed output characteristics, that is, 1 μs pulse width and 0.1% pulse duty cycle. The trap model proposed in this paper is used for simulation and parameter extraction. Table 1 shows the extracted values of the model parameters of the proposed trap model. The model parameters, which are affected by the trapping effects, are the    V  o f f    ,    μ a   ,    R  d r a i n    , and    V  d s c a l e    . The extracted values of the coefficients   t r P 0   and   t r P 1   are shown in Table 2.



Figure 5 shows the pulsed    I  D S   −  V  D S     measured data and modeled data under different quiescent bias voltages using the trap model proposed in this paper. In this figure, the lines represent the modeled data while the symbols refer to the measured data. As shown in Figure 5, there is an excellent match between the model data and measured data under different quiescent bias voltages, which demonstrates that the proposed trap model can accurately characterize the trapping effects caused by threading dislocations on drain current of GaN HEMTs.



Figure 6 depicts the measured and simulated curves of the gate current of an AlGaN/GaN HEMT as a function of bias voltage at 300 K. Form low to medium reverse bias voltages, PF emission current dominates at room temperature conditions. As one can see, two distinct regions (regions I and II) have different voltage dependencies of the current, which indicates the existence of two distinct PF emission states. As demonstrated in Figure 6, the simulated gate current fits well with the measured data. At present, we only have measured data at 300 K temperature, and the verification at other temperatures will be carried out later.




4. Conclusions


In this paper, we model the effects of threading dislocations on both gate current and drain current of AlGaN/GaN HEMTs. The RC subcircuits with diodes can accurately reflect the dynamic characteristics of charge trapping and detrapping in GaN HEMTs. Meanwhile, we propose a new transport mechanism, the two-state PF emissions resulting from two distinct electron-transfer channels, which exhibit voltage dependence on the gate current. The simulation results of drain current and gate current fit well with the measured data. This model was implemented in Verilog-A and simulations were performed with the help of Keysight ICCAP. It is ready to be deployed in our SP-based GaN HEMT model [34] which is an important step toward developing a complete compact model for GaN devices.







Author Contributions


Writing—original draft preparation, C.L. and J.W.; writing—review and editing, Z.C., J.L. and J.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China under Grant No. 61941103, and the National Natural Science Foundation of China under Grant No. 61827806.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mishra, U.K.; Parikh, P.; Wu, Y.-F. AlGaN/GaN HEMTs-an overview of device operation and applications. Proc. IEEE 2002, 90, 1022–1031. [Google Scholar] [CrossRef]

	



Quay, R. Gallium Nitride Electronics. Semicond. Sci. Technol. 2013, 28, 70301. [Google Scholar]

	



Shen, L.; Heikman, S.; Moran, B.; Coffie, R.; Zhang, N.-Q.; Buttari, D.; Smorchkova, I.; Keller, S.; DenBaars, S.; Mishra, U. AlGaN/AlN/GaN high-power microwave HEMT. IEEE Electron Device Lett. 2001, 22, 457–459. [Google Scholar] [CrossRef]

	



Eastman, L.; Tilak, V.; Kaper, V.; Smart, J.; Thompson, R.; Green, B.; Shealy, J.; Prunty, T. Progress in High-Power, High Frequency AlGaN/GaN HEMTs. Phys. Status. Solidi. A 2002, 194, 433–438. [Google Scholar] [CrossRef]

	



Belabbas, I.; Béré, A.; Chen, J.; Petit, S.; Belkhir, M.A.; Ruterana, P.; Nouet, G. Atomistic modeling of the (a+c)-mixed dislocation core in wurtzite GaN. Phys. Rev. B 2007, 75, 115201. [Google Scholar] [CrossRef]

	



Marino, F.A.; Faralli, N.; Palacios, T.; Ferry, D.K.; Goodnick, S.M.; Saraniti, M. Effects of threading dislocations on Al-GaN/GaN high-electron mobility transistors. IEEE Trans. Electron Devices. 2009, 57, 353–360. [Google Scholar] [CrossRef]

	



Meneghini, M.; Ronchi, N.; Stocco, A.; Meneghesso, G.; Mishra, U.K.; Pei, Y.; Zanoni, E. Investigation of Trapping and Hot-Electron Effects in GaN HEMTs by Means of a Combined Electrooptical Method. IEEE Trans. Electron Devices 2011, 58, 2996–3003. [Google Scholar] [CrossRef]

	



Meneghini, M.; Stocco, A.; Bertin, M.; Marcon, D.; Chini, A.; Meneghesso, G.; Zanoni, E. Time-dependent degradation of AlGaN/GaN high electron mobility transistors under reverse bias. Appl. Phys. Lett. 2012, 100, 033505. [Google Scholar] [CrossRef]

	



Joh, J.; del Alamo, J.A. Time Evolution of Electrical Degradation under High-Voltage Stress in GaN high Electron Mobility Tran-sistors. In Proceedings of the 2011 International Reliability Physics Symposium, Monterey, CA, USA, 10–14 April 2011; pp. 4E.3.1–4E.3.4. [Google Scholar]

	



Wang, M.; Yan, D.; Zhang, C.; Xie, B.; Wen, C.P.; Wang, J.; Hao, Y.; Wu, W.; Shen, B. Investigation of Surface- and Buffer-Induced Current Collapse in GaN High-Electron Mobility Transistors Using a Soft Switched Pulsed I − V Measurement. IEEE Electron Device Lett. 2014, 35, 1094–1096. [Google Scholar] [CrossRef]

	



Xin, Y.; Pennycook, S.J.; Browning, N.D.; Nellist, P.D.; Sivananthan, S.; Omnès, F.; Beaumont, B.; Faurie, J.P.; Gibart, P. Direct observation of the core structures of threading dislocations in GaN. Appl. Phys. Lett. 1998, 72, 2680–2682. [Google Scholar] [CrossRef]

	



Saito, W.; Kuraguchi, M.; Takada, Y.; Tsuda, K.; Omura, I.; Ogura, T. Influence of surface defect charge at AlGaN-GaN-HEMT upon Schottky gate leakage current and breakdown voltage. IEEE Trans. Electron Devices 2005, 52, 159–164. [Google Scholar] [CrossRef]

	



Meneghini, M.; Bertin, M.; Stocco, A.; Santo, G.D.; Marcon, D.; Malinowski, P.E.; Chini, A.; Meneghesso, G.; Zanoni, E. Degradation of AlGaN/GaN Schottky diodes on silicon: Role of defects at the AlGaN/GaN interface. Appl. Phys. Lett. 2013, 102, 163501. [Google Scholar] [CrossRef]

	



Yan, D.; Lu, H.; Cao, D.; Chen, D.; Zhang, R.; Zheng, Y. On the reverse gate leakage current of AlGaN/GaN high electron mobility transistors. Appl. Phys. Lett. 2010, 97, 153503. [Google Scholar] [CrossRef]

	



Chikhaoui, W.; Bluet, J.-M.; Poisson, M.-A.; Sarazin, N.; Dua, C.; Bru-Chevallier, C. Current deep level transient spectroscopy analysis of AlInN/GaN high electron mobility transistors: Mechanism of gate leakage. Appl. Phys. Lett. 2010, 96, 072107. [Google Scholar] [CrossRef]

	



Ye, P.D.; Yang, B.; Ng, K.K.; Bude, J.; Wilk, G.D.; Halder, S.; Hwang, J.C.M. GaN metal-oxide-semiconductor high-electron-mobility-transistor with atomic layer deposited Al2O3 as gate dielectric. Appl. Phys. Lett. 2005, 86, 063501. [Google Scholar] [CrossRef]

	



Usami, S.; Ando, Y.; Tanaka, A.; Nagamatsu, K.; Deki, M.; Kushimoto, M.; Nitta, S.; Honda, Y.; Amano, H.; Sugawara, Y.; et al. Correlation between dislocations and leakage current of p-n diodes on a free-standing GaN substrate. Appl. Phys. Lett. 2018, 112, 182106. [Google Scholar] [CrossRef]

	



Brazel, E.G.; Chin, M.A.; Narayanamurti, V. Direct observation of localized high current densities in GaN films. Appl. Phys. Lett. 1999, 74, 2367–2369. [Google Scholar] [CrossRef]

	



Ghosh, S.; Ahsan, S.A.; Dasgupta, A.; Khandelwal, S.; Chauhan, Y.S. GaN HEMT Modeling for Power and RF Applications Using ASM-HEMT. In Proceedings of the 2016 3rd International Conference on Emerging Electronics (ICEE), Mumbai, India, 27–30 December 2016; IEEE: Piscataway, NJ, USA; pp. 1–4. [Google Scholar] [CrossRef]

	



Radhakrishna, U. Modeling Gallium-Nitride Based High Electron Mobility Transistors: Linking Device Physics to High Voltage and High Frequency Circuit Design. Ph.D. Thesis, Massachusetts Institute Of Technology, Cambridge, MA, USA, 2016. [Google Scholar]

	



Leoni, R.E.; Shirokov, M.S.; Bao, J.; Hwang, J.C.M. A phenomenologically based transient SPICE model for digitally modulated RF perfor-mance characteristics of GaAs MESFETs. IEEE Trans. Microw. Theory Tech. 2001, 49, 1180–1186. [Google Scholar] [CrossRef]

	



Jardel, O.; De Groote, F.; Reveyrand, T.; Jacquet, J.-C.; Charbonniaud, C.; Teyssier, J.-P.; Floriot, D.; Quere, R. An Electrothermal Model for AlGaN/GaN Power HEMTs Including Trapping Effects to Improve Large-Signal Simulation Results on High VSWR. IEEE Trans. Microw. Theory Tech. 2007, 55, 2660–2669. [Google Scholar] [CrossRef]

	



Khandelwal, S.; Chauhan, Y.S.; Fjeldly, T.A.; Ghosh, S.; Pampori, A.; Mahajan, D.; Dangi, R.; Ahsan, S.A. ASM GaN: Industry standard model for GaN RF and power devices—Part 1: DC, CV, and RF model. IEEE Trans. Electron Devices 2018, 66, 80–86. [Google Scholar] [CrossRef]

	



Prasad, A.; Thorsell, M.; Zirath, H.; Fager, C. Accurate modeling of GaN HEMT RF behavior using an effective trapping po-tential. IEEE Trans. Microw. Theory Tech. 2017, 66, 845–857. [Google Scholar] [CrossRef]

	



Turuvekere, S.; Karumuri, N.; Rahman, A.A.; Bhattacharya, A.; DasGupta, A.; DasGupta, N. Gate Leakage Mechanisms in AlGaN/GaN and AlInN/GaN HEMTs: Comparison and Modeling. IEEE Trans. Electron Devices 2013, 60, 3157–3165. [Google Scholar] [CrossRef]

	



Ghosh, S.; Dasgupta, A.; Khandelwal, S.; Agnihotri, S.; Chauhan, Y.S. Surface-Potential-Based Compact Modeling of Gate Current in AlGaN/GaN HEMTs. IEEE Trans. Electron Devices 2014, 62, 443–448. [Google Scholar] [CrossRef]

	



Kim, K.-S.; Kim, J.-H.; Cho, S.N. Leakage current characteristics of nitride-based InGaN light-emitting diode. IEEE Photon. Tech. Lett. 2011, 23, 483–485. [Google Scholar] [CrossRef]

	



Zhang, H.; Miller, E.J.; Yu, E.T. Analysis of leakage current mechanisms in Schottky contacts to GaN and Al 0.25 Ga 0.75 N/Ga N grown by molecular-beam epitaxy. J. Appl. Phys. 2006, 99, 023703. [Google Scholar] [CrossRef]

	



Agnihotri, S.; Ghosh, S.; Dasgupta, A.; Chauhan, Y.S.; Khandelwal, S. A Surface Potential Based Model for GaN HEMTs. In Proceedings of the 2013 IEEE Asia Pacific Conference on Postgraduate Research in Microelectronics and Electronics (PrimeAsia), Visakhapatnam, India, 19–21 December 2013; pp. 175–179. [Google Scholar] [CrossRef]

	



Horio, K.; Yonemoto, K.; Takayanagi, H.; Nakano, H. Physics-based simulation of buffer-trapping effects on slow current transients and current collapse in GaN field effect transistors. J. Appl. Phys. 2005, 98, 124502. [Google Scholar] [CrossRef]

	



Lanford, W.; Kumar, V.; Schwindt, R.; Kuliev, A.; Adesida, I.; Dabiran, A.M.; Wowchak, A.M.; Chow, P.P.; Lee, J.-W. Al-GaN/InGaN HEMTs for RF current collapse suppression. Electron. Lett. 2004, 40, 771–772. [Google Scholar] [CrossRef]

	



Wang, R.; Tong, X.; Xu, J.; Dong, C.; Cheng, Z.; Zhang, L.; Zhang, S.; Zheng, P.; Chen, F.-X.; Zhang, Y.; et al. Acceptor Decoration of Threading Dislocations in (Al, Ga) N/Ga N Heterostructures. Phys. Rev. Appl. 2020, 14, 024039. [Google Scholar] [CrossRef]

	



Arslan, E.; Butun, S.; Ozbay, E. Leakage current by Frenkel–Poole emission in Ni/Au Schottky contacts on Al 0.83 In 0.17 N/AlN/GaN heterostructures. Appl. Phys. Lett. 2009, 94, 142106. [Google Scholar] [CrossRef]

	



Wang, J.; Sun, L.; Liu, J.; Zhou, M. A surface-potential-based model for AlGaN/AlN/GaN HEMT. J. Semicond. 2013, 34, 094002. [Google Scholar] [CrossRef]








[image: Micromachines 14 00305 g001 550] 





Figure 1. Equivalent circuit topology of the trap model of drain current proposed in this paper. 
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Figure 2. Signal settings for pulsed    I  D S   −  V  D S     measurement. 






Figure 2. Signal settings for pulsed    I  D S   −  V  D S     measurement.



[image: Micromachines 14 00305 g002]







[image: Micromachines 14 00305 g003 550] 





Figure 3. Measured pulsed output characteristics under (a) different gate quiescent bias voltages    V  g s q     and (b) different drain quiescent bias voltages    V  d s q    . The gate voltage    V  g s     ranges from −3 V to 0 V with a step size of 1 V. 
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Figure 4. Conduction band edge diagrams of AlGaN/GaN HEMT under reverse gate voltage showing PF emissions via (a) a VIII-decorated dislocation state and (b) both a VIII-decorated dislocation state and a pure dislocation state. 






Figure 4. Conduction band edge diagrams of AlGaN/GaN HEMT under reverse gate voltage showing PF emissions via (a) a VIII-decorated dislocation state and (b) both a VIII-decorated dislocation state and a pure dislocation state.



[image: Micromachines 14 00305 g004a][image: Micromachines 14 00305 g004b]







[image: Micromachines 14 00305 g005 550] 





Figure 5. Measured (symbol) pulsed    I  D S   −  V  D S     data and modeled (line) pulsed    I  D S   −  V  D S     data using the trap model proposed in this paper under different quiescent bias at 25 °C: (a)    V  g s q     = 0 V,    V  d s q     = 0 V; (b)    V  g s q     = −3 V,    V  d s q     = 0 V; (c)    V  g s q     = −3 V,    V  d s q     = 28 V; (d)    V  g s q     = −5 V,    V  d s q     = 28 V.    V  g s     ranges from −4 V to 1 V with a step size of 1 V. 
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Figure 6. Measured and simulated curves of the gate current of an AlGaN/GaN HEMT as a function of bias voltage at 300 K. 
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Table 1. Parameters of trap model.






Table 1. Parameters of trap model.





	Parameters
	Values





	    R  g _ e m i t     ×   10  3     Ω      
	100



	    R  g _ c a p t    Ω    
	2



	    C  g _ t r a p     ×   10   − 12   F     
	200



	   R  d _ e m i t   [ ×   10  3     Ω   ]
	120



	    R  d _ c a p t    Ω    
	2



	    C  d _ t r a p     ×   10   − 12   F     
	200
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Table 2. Extracted values of coefficients of parameters varying with trap voltages.






Table 2. Extracted values of coefficients of parameters varying with trap voltages.





	Parameters
	    t r P 0    
	    t r P 1    





	    V  o f f     
	−40.42 m
	26.67 m



	    μ a    
	−1.197 n
	90 p



	    R  d r a i n     
	−100 m
	10 m



	    V  d s c a l e     
	−991.2 m
	1.413
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