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ABSTRACT 
AlGaN channel (Eg>3.4 eV) is the most effective method for enhancing the breakdown field of the group III-
nitride based HEMTs. This work demonstrates the potential of AlGaN double channel HEMTs on Silicon carbide 
substrate. The device DC characteristics are investigated using numerical simulator by using drift-diffusion 
transport model. The AlGaN double channel HEMTs enhances the total 2DEG density due to double potential 
well and shows better current driving capability (IDS) of 0.714 A/mm, transconductance (gm) of 116 mS/mm, 
and low specific ON-resistance (Ron) of 3.262 Ω.mm. The AlGaN double channel HEMT on Silicon carbide 
substrate exhibited 680 V blocking voltage (VBR) and gate field plate HEMT shows 532 V. The effective 
reduction in electric field at the gate edge is the major source for elevated breakdown voltage in field plate 
HEMTs. The superior DC characteristics indicates the proposed wide bandgap channel HEMT is suitable device 
for future portable power converters.   
 
Keywords: Double channel; AlGaN; breakdown voltage; transconductance; ON resistance; high power 
switching  
 

1. INTRODUCTION 
 
Group III-nitride semiconductor materials are offering wide range of bandgaps (0.6 eV to 6.2 eV) 
and widely used in high power switching applications and RF amplifications [1]. GaN channel 
based heterostructure devices (AlGaN/GaN) are commercially available in the market for power 
switching and RF applications [2-4]. The technological advantages of AlGaN/GaN HEMTs, results 
in high critical electric field, high ON-state current, low switching loss, and high efficiency. GaN-
HEMTs are widely adopted in commercial and military applications such as DC/DC converter, and 
DC/AC converters for automotive electronics, discrete power ICs in electronics appliances and 
computing, photovoltaic inverter, motor drive control, and Uninterrupted power supply for 
industry applications.   
 
As the GaN channel based HEMT technology mature, ultra-wide bandgap AlGaN channel (EG>3.4 
eV) based HEMTs are the choice of semiconductor researchers for the next generation power 
electronics [5 -15] because AlGaN channel HEMTs exhibits 4-5 times high breakdown field than 
GaN channel HEMTs. Moreover, AlGaN channel also exhibited high saturation velocity [7].  
 
Takuma Nanjo et al. demonstrated the first operation of AlGaN channel HEMTs in the year 2008 
[8] and the device showed remarkable improvement in breakdown voltage. A 1 µm gate length 
Al0.15Ga0.85N channel HEMT demonstrated higher breakdown voltage VBR (500 V) than 
conventional GaN channel HEMTs [9]. A graded n++ AlGaN ohmic contact Al0.75Ga0.25N channel 
HEMT demonstrated 224 V breakdown voltage [10]. The Al0.65Ga0.35N channel HEMT on AlN 
buffer exhibited VBR of 770 V. A hybrid Ohmic/Schottky drain contact AlGaN channel HEMT 
showed the breakdown voltage of 500 V for LG = 3 µm, and LGD = 6 µm [12].  
The GaN capped Al0.1Ga0.9N channel HEMT showed VBR of 408 V for LG = 1 µm and LGD = 5 µm [13]. 
Al-rich polarization doped (PolFETs) AlGaN (Al = 0.7→0.85) channel HEMT demonstrated more 
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than 620 V breakdown voltage (VBR) for LG = 3.1 µm and LGD = 9.6 µm [14]. A VBR of 110 V was 
measured for LGD = 3.5 µm and LG = 0.7 µm graded AlGaN channel HEMT [15].  
Despite the high VBR of the reported AlxGa1-xN channel-based transistors, the current driving 
capability is smaller than the conventional GaN binary channel due to alloy disorder scattering 
mechanism in AlGaN channel, which degrades the 2DEG (Two-dimensional electron gas) mobility 
(< 900 cm2/v.s) [7-15] and current driving capability of AlGaN channel HEMTs. One way to 
improve the 2DEG density is by Al-rich AlGaN barrier HEMTs but it increases the fabrication 
complexity. Therefore, an alternate device design is required for further enhancing the 
breakdown voltage and drain current density of the AlGaN channel device. The double channel 
GaN HEMTs [16-17] improves the carrier density, and drain current density without limiting the 
carrier mobility. In spite of low breakdown voltage, the InGaN channel double based HEMT 
exhibited a strong coupling between the channels and showed improved drain current density 
[18]. AlGaN double quantum well HEMT on sapphire substrate showed an excellent carrier 
mobility (1130 cm2/v.s) and breakdown performance and improved drain current density [19].    
 
Field plate Al0.1Ga0.9N double channel HEMTs are investigated in this work for further improving 
the breakdown performance of the HEMT and the results are compared with AlGaN single 
channel HEMTs with identical device dimensions. The device DC characteristics are investigated 
using TCAD numerical simulator [20]. The proposed HEMT showed a maximum of 680 V 
breakdown voltage and 0.714 A/mm On-state drain current.    
 
2. AlGaN DOUBLE CHANNEL HEMTs DEVICE STRUCTURE AND NUMERICAL SIMULATION 
 
The epi-layer of AlGaN double channel HEMTs cross section view is shown in Fig.1 and AlGaN 
single channel HEMTs cross section view is shown in Fig.2. A numerical study carried out for three 
different gate configuration such as conventional rectangular gate, field plate gate and recessed 
floating field plate. All three devices DC characteristics are analysed for identical device 
dimensions (LG = 800 nm, LGD = 1000 nm, and LGS = 800 nm). A gate field plate with LFP = 500 nm 
length used for Device B and Device C has 50 nm recess depth and 500 nm length floating field 
plate along with conventional gate structure. The double channel HEMT epi-stack has 23 nm 
Al0.31Ga0.69N top barrier, 30 nm Al0.1Ga0.9N top channel, 23 nm Al0.31Ga0.69N bottom barrier and 30 
nm Al0.1Ga0.9N bottom channel on Silicon carbide substrate. Single channel HEMT epi-stack has 
23 nm Al0.31Ga0.69N barrier, 100 nm Al0.1Ga0.9N channel and 2200 Al0.1Ga0.9N buffer on Silicon 
carbide substrate. Silicon nitride passivation deposited on the device surface for avoiding surface 
trap states. For all the devices, source and drain electrode defined as ohmic contact and Schottky 
contact defined for gate terminal by setting the appropriate work function. High Al composition 
AlGaN channel exhibited low mobility [7-15] than GaN channels. In this work, 10 % Al-
composition Al0.1Ga0.9N channel used for improving the 2DEG mobility [7 and 19].  
 
The HEMT structures are simulated using Atlas TCAD by using various device physics models [20] 
such as Boltzmann statistical model, S-R-H recombination model, nitride specific mobility models, 
polarization model, and impact ionization model. The bandgap (EG), dielectric constant (Ɛ), 
spontaneous polarization (PSP), and piezoelectric polarization (PPE) of AlxGa1-xN ternary material 
are calculated as follows [20]: 
 
𝐸𝐺(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) = 1.95𝑥 + 3.42(1 − 𝑥) − 2.5𝑥(1 − 𝑥)     (1) 
∈ (𝐴𝑙𝑥𝐺𝑎1−𝑥) = 0.03𝑥 + 10.28        (2) 
𝑃𝑆𝑃(𝐴𝑙𝑥𝐺𝑎1−𝑥) = −0.090𝑥 − 0.034(1 − 𝑥) + 0.021𝑥(1 − 𝑥)                   (3) 

𝑃𝑃𝐸 = 2
𝑎𝑠−𝑎0

𝑎0
(𝑒31 − 𝑒33

𝐶13

𝐶33
)         (4) 

 
where,  𝑎𝑠  and 𝑎0  are lattice constants, 𝐶13  and 𝐶33  are elastic constants, and 𝑒31  and 𝑒33  are 
piezoelectric constants.  
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The total polarization (P) obtained from: 
𝑃 = 𝑃𝑆𝑃 + 𝑃𝑃𝐸                         (5) 
The induced charge density at the III-nitride heterojunction is given by: 

𝜎 = (𝑃𝑆𝑃
𝑏𝑜𝑡𝑡𝑜𝑚 − 𝑃𝑆𝑃

𝑡𝑜𝑝
) + (𝑃𝑃𝐸

𝑏𝑜𝑡𝑡𝑜𝑚 − 𝑃𝑃𝐸
𝑡𝑜𝑝

)       (6) 

 
The breakdown characteristics simulation of proposed AlGaN double channel HEMTs is 
performed using impact ionization model. The impact ionization rate described by impact 
ionization coefficients (𝛼𝑛 , 𝛼𝑝), which accounts for number of electron-hole pair generation per 

unit distance [20]:  
𝐺 = 𝛼𝑝|𝐽𝑝| + 𝛼𝑛|𝐽𝑛|          (7) 

 
The doping and lattice temperature (T) dependent Albrecht low field mobility described as 
follows: 

    𝜇0(𝑇, 𝑁) = 𝜇
min(

𝑇

300
)

𝛽1 +
(𝜇𝑚𝑎𝑥−𝜇𝑚𝑖𝑛)(

𝑇

300
)
𝛽2

1+[
𝑁

𝑁𝑟𝑒𝑓(
𝑇
300

)
𝛽3
]

𝛼(
𝑇
300

)
𝛽4

  ,                           (8)                                   

The nitride high field mobility can be obtained from the low field mobility (𝜇0(𝑇, 𝑁)): 
 

   𝜇 =
𝜇0(𝑇,𝑁)+𝑣

𝑠𝑎𝑡𝐸
𝑛1−1

𝐸𝑐
𝑛1

1+𝑎(
𝐸

𝐸𝑐
)
𝑛2
+(

𝐸

𝐸𝑐
)
𝑛1       ,                          (9)                                            

 
 
The energy band details of proposed AlGaN double channel and AlGaN single channel HEMTs are 
plotted in Fig.3. The wurtzite III-nitride semiconductors with a wide bandgap Al0.31Ga0.69N and 
narrow bandgap Al0.1Ga0.9N creates the two-dimensional gas (2-DEG) at the interface. There are 
two potential wells are formed corresponding to top and bottom channel in Fig.3 (a), whereas 
Fig.3 (b) displays the single potential well corresponding to single channel 
(Al0.31Ga0.69N/Al0.1Ga0.9N) HEMT. The 2DEG charge details of double and single channel HEMTs 
are plotted in Fig.4. The upper channel 2DEG of 1.12×1013 cm-2 and lower channel 2DEG of 1×1013 
cm-2 obtained for double channel HEMT. The major source for 2DEG in nitride semiconductors is 
donor-like surface states [21], which is closer to upper channel. This may be the major reason 
higher 2DEG in upper channel plotted in Fig.4(a).  Fig.4(b) illustrates the 2DEG of 1×1013 cm-2 
corresponding to AlGaN single channel HEMT.  
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Figure 1. AlGaN double channel: (a) conventional gate, (b) Gate field plate, (c) Floating gate field plate 

HEMT 

 



International Journal of Nanoelectronics and Materials 
                         Volume 16, No. 2, April 2023 [301-312] 

 
 

305 

 

 
Figure 2. AlGaN single channel: (a) conventional gate, (b) Gate field plate, (c) Floating gate field plate 

HEMT 

 

 
Figure 3. Band diagram of: (a) AlGaN double quantum well, (b) AlGaN single quantum well 
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Figure 4. Interface charge details: (a) AlGaN double quantum well, (b) AlGaN single quantum well 

 
3. RESULTS AND DISCUSSION 

 
The proposed Al0.1Ga0.9N double channel HEMT output characteristics is plotted in Fig.5(a) for VGS 
= 0 V to -16 V with the step size of 2 V. The device on-state peak drain current density (IDS) of 
0.714 A/mm obtained at zero gate bias and the HEMT is pinched-off perfectly at -16 V gate bias. 
The AlGaN double channels HEMTs demonstrated this high current driving capability of proposed 
HEMT than existing HEMTs [8-15]. The double channel structure promotes the peak drain 
current density of the HEMTs by offering excellent transport properties. The on-resistance (Ron = 
∆VDS/∆IDS) of 3.262 Ω.mm is calculated from V-I curve at VGS = 0 V. The V-I characteristics of 
Al0.1Ga0.9N single channel HEMT is illustrated in Fig.5(b) and the HEMT exhibited IDS of 0.28 A/mm 
and on-resistance Ron of 6.38 Ω.mm extracted for VGS = 0 V.         
 
Fig.6(a) illustrates the DC transfer and transconductance (gm) characteristics of the AlGaN double 
quantum well device for VDS = 10 V. Double quantum well HEMT showed -16 V threshold voltage 
and the device shows double-hump transconductance characteristics due to double quantum well 
as shown in Fig.6(a). The first peak gm of 116 mS/mm exhibited by device at VGS = -13.5 V and 
second peak gm of 103.64 mS/mm recorded at VGS = -9.5 V. Existence of double channel, more 
negative gate bias (Vth) required to deplete the 2DEG in the channels. Fig.6(b) shows the transfer 
characteristics of AlGaN single channel HEMT and it is clearly observed that the device showed a 
peak gm of 95 mS/mm at -2.25 V gate bias. This simulation results shows the merits of AlGaN 
double channel over AlGaN single channel device. In order to validate our simulation models with 
the experimental results, TCAD simulation is performed for LG = 0.8 µm AlGaN channel HEMT 
experimental work [19] and depicted in Fig.7 (a) and Fig.7 (b) for V-I and transfer characteristics 
respectively, which shows the accuracy of TCAD simulation against the experimental results.    
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Figure 5. V-I characteristics of: (a) AlGaN double quantum well, (b) AlGaN single quantum well 

 
Figure 6. Transfer characteristics of: (a) AlGaN double quantum well, (b) AlGaN single quantum well 

 
Figure 7. Validation of simulation results with experimental works of AlGaN channel HEMT [19]: (a) 

Typical VI characteristics, (b) Transfer characteristics 
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Figure 8. Electric field distribution of AlGaN double channel HEMTs 

 
The high off-state blocking voltage (VBR) along with low on-resistance (Ron) of the HEMTs is 
desirable for low loss high-power switching applications. The proposed double channel HEMTs 
showed a low Ron than single channel HEMT. The breakdown mechanism in GaN-based HEMTs 
mainly due to impact ionization effect, which will increase the drain current rapidly when the 
device is at off-state due to generation of electron-hole pairs close to the gate [22]. The impact 
ionization depends on the critical electric field of the channel material and peak electric field near 
the gate, which initiate the avalanche multiplication. The impact ionization arises due to the 
injection of negative charges from source region to gate region. This impact ionization contributes 
significantly higher drain current at the output of the HEMT.  
 
Physics-based numerical simulation was carried out to demonstrate breakdown behaviour of 
AlGaN channel HEMTs using Selberherr impact ionization model [20] and it expressed as follows: 

                        𝛼𝑛 = 𝐴𝑛𝑒𝑥𝑝 [(
𝐵𝑛

𝐸
)
𝛽𝑛
]                                                      (10) 

 

𝛼𝑝 = 𝐴𝑝𝑒𝑥𝑝 [(
𝐵𝑝

𝐸
)
𝛽𝑝
]                                                         (11) 

 
 

Here, 𝛼𝑛 and 𝛼𝑝 are electron and hole ionization rates respectively. 𝐴𝑛, 𝐵𝑛, 𝐴𝑝, 𝐵𝑝, 𝛽𝑛and 𝛽𝑝 are 

the fitting parameters in the model.  
 

The electric field distribution of AlGaN double channel HEMTs is plotted in Fig.8. In the 
conventional gate HEMT, a high electric field presence near gate edge, which initiate the impact 
ionization process and caused to early breakdown of the device. Introducing a gate field plate 
technique, modulating the electric field and suppresses the peak electric field near the gate. The 
recessed floating field plate further suppresses the electric field and re-shape the field 
distribution leads to avoid early breakdown mechanism of the HEMTs.                  
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Figure 9. (a) Breakdown characteristics of AlGaN double channel HEMTs, (b) Breakdown characteristics 

of AlGaN single channel HEMTs 

 
Fig.9 shows the breakdown performance of double quantum well and single quantum well 
HEMTs. Conventional rectangular gate double channel HEMT showed VBR of 400 V as illustrated 
in Fig.9 (a). The corresponding logarithmic electron concentration is displayed in Fig.10(a), which 
depicts the width of the depletion layer of Device A. The HEMT with field plate gate reshaped the 
electric field and minimized the peak electric field at the drain edge of the gate as shown in Fig.8 
and hence the breakdown voltage improved from 400 V to 532 V. The VBR of the device also 
proportional to the total area (E-field) under the lobe [23] as illustrated in Fig.8 and Fig.9(a). The 
depletion width of Device B is higher than Device A as illustrated in Fig.10(a) and Fig.(b). Device 
C uses a 500 nm recessed floating field plate, which further reduces the electric field near the gate 
and the shape of the E-field distribution is entirely different from the previous two. The recesses 
floating field plate in to the SiN insulator modulates the E-field on the surface in effective manner 
and further extends the depletion region width as shown in Fig.10(c) due to smaller distance to 
the 2DEG channel and it elevates the breakdown voltage of the HEMT up to 680 V as shown in 
Fig.9 (a). The AlGaN single channel HEMTs with identical device dimensions (LG = 800 nm, and 
LGD = 1000 nm) exhibited a breakdown voltage of 305 V, 424 V, and 615 V for rectangular, gate 
field plate, and recessed floating field plate structure respectively.         
 
The benchmarks of ternary (AlxGa1-xN) channel HEMTs breakdown voltage are presented in the 
Table 1. The proposed AlGaN double channel HEMT showed an improved breakdown voltage 
than existing reported works for the minimum device dimensions. And therefore, the recessed 
floating field plate AlGaN double channel HEMTs provides the viable solution for next generation 
power electronics applications.    
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Figure 10. logarithmic electron concentration of AlGaN double channel HEMTs: (a) conventional gate, (b) 

Gate field plate, (c) Floating gate field plate at breakdown condition. 
 

Table 1. Summary of wide bandgap channel heterostructure devices breakdown performance 
S.No Ref.No Gate length (LG) in µm Gate to drain 

distance (LGD) in µm 
Breakdown voltage 
(VBR) in V 

1 [9] 1 3 500 
2 [10] 0.7 1.1 224 
3 [11] 1.8 9 770 
4 [12] 3 6 500 
5 [13] 1 5 408 
6 [14] 3.1 9.6 620 
7 [15] 0.7 3.5 110 
8 [19] 0.8 1 143.5  
9 This work 

[Floating field 
plate] 

0.8 1 680 

 
4. CONCLUSION 
 
The DC characteristics of LG = 0.8 µm AlGaN double channel HEMTs has been investigated using 
numerical simulation. Device showed an improved high on-state current, and transconductance 
due to double quantum well structure. The floating field plate HEMT effectively modulates the E-
field and elevated the VBR of the device 50 % more than rectangular gate HEMT and 25 % more 
than a field plate gate structure. And also, the proposed HEMT showed a very low ON-resistance 
of 3.262 Ω.mm. Therefore, the recessed floating field plate AlGaN double channel HEMTs are 
suitable for high power-low power loss applications to improve the power performance with 
minimum transistor size.  
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