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Abstract—In this paper, the integrated GaN metal-insulator-

semiconductor high electron mobility transistor (MIS-HEMT) 
with multi-channel heterojunction Schottky barrier diode 
(SBD) structures are proposed. By growing HEMT upon multi-
channel heterojunction SBD with a polarization effect-free AlN 
insertion layer between them, the reverse conduction voltage 
(VR_F) are decreased by 41% compared with traditional MIS-
HEMT device. Meanwhile, the blocking characteristic is 
excellent and the forward conduction performances are 
maintained. On the other hand, the proposed device needs a 
relatively simple manufacturing process and the wafer area 
efficiency is relatively high.  

Keywords—reverse conduction, integrated structures, multi-
channel 

I. INTRODUCTION  

GaN-based power devices become expected to renovate 
the traditional power systems to improve the conversion 
efficiency [1][2]. More and more GaN devices are applied to 
power electronic systems with bridge circuit topology or LLC 
resonant circuit topology (seen in Fig. 1)[3]-[5]. In these 
applications, it is inevitable for GaN devices to work at 
reverse conduction state. However, the reverse voltage drop 
(VR_F) on the GaN devices with traditional structures is 
modulated by the gate bias and is usually even high, which 
brings higher energy loss and lower efficiency [6][7]. The 
above shortcomings become the obstacles in front of the 
developments of GaN devices.  

 
The method that places anti-paralleled Schottky barrier 

diodes (SBDs) and high electron mobility transistor 
(HEMTs) into one chip is valid to reduce the high VR_F. 
However, extra SBDs bring parasitic capacitances and 
inductances [8]. To minimize the parasitic values, an 
integrating way is required. Among previous approaches, the 
method that places a Schottky contact in the gate-to-drain 
region is compact [9][10], but the off-state leakage current is 
high. Also, an interdigitated metal-insulator-semiconductor 

(MIS) HEMT and SBD structure is proposed [11], but the 
wafer area efficiency is limited. In this work, the integrated 
GaN based MIS-HEMT with multi-channel heterojunction 
SBD structures are proposed to avoid the shortcomings. The 
investigation results show that the proposed devices exhibit 
low VR_F and excellent blocking characteristics. Meanwhile, 
the forward conduction performances of the devices are 
maintained.  

II. DEVICE STRUCTURE AND OPERATING PRINCIPLES 

Fig. 2 shows the cross-section diagram of the proposed 
integrated MIS-HEMT with heterojunction SBD structures. 
The HEMT is grown upon heterojunction SBDs with a 
polarization effect-free AlN insertion layer between them. To 
maintain the electrical performances of the HEMT structure, 
the GaN buffer layer under the channel of HEMT (Dch1) is 
relatively thick, which may make the polarization effect at 
SBD channel weaker and reduce the electron concentration. 
The polarization effect-free AlN layer is inserted between 
HEMT and SBD to maintain electron concentration in SBD 
channel. Once even lower VR_F is required, multi-channel 
SBD structures can be applied to the device to achieve even 
lower reverse on-state resistance (Ron_R). To make the 
contacts, deep recesses should be made to access the barrier 
layer of SBDs. The drain contact is ohmic type, the gate 
contact is Schottky type, while the source contact is 
Schottky/ohmic mixed type. In this way, SBDs are integrated 
with the HEMT upon the same substrate efficiently.  

 

When applying the devices into the power systems, the 
basic operating principles are the same with traditional GaN 
MIS-HEMT devices, however, the reverse conduction 
capability is improved. At reverse conduction state, the gate 
to source voltage (Vgs) is usually 0V to −3V, while drain to 
source is reverse biased (Vds<0). Under these bias conditions, 
three reverse current channels (Fig. 3(a)) are formed, resulting 
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Fig. 1 LLC resonant circuit topology using GaN devices. The red line 
indicates the current path at freewheeling state. 
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Fig. 2 The cross-section diagram of the integrated MIS-HEMT with 

heterojunction SBD structures 
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in a lower VR_F (decreased by 41% at 0V gate bias compared 
with original MIS-HEMT). At blocking state, the Vgs is still 
0V to −3V but the Vds is highly forward biased. Under these 
bias conditions, the Schottky gate and Schottky source help 
each other deplete the electrons (Fig. 3(b)), improving the 
breakdown voltage (BV, increased by 58%). At forward 
conduction state, the Vgs and Vds are both forward biased, 
under these bias conditions, the forward conduction 
performances of the device are maintained since the forward 
current channel stays the same (Fig .3(c)). 

III. ELECTRICAL PERFORMANCE OPTIMIZATION 

The electrical performances of the proposed device 
together with the influences of layer depth and Schottky metal 
work-function have been investigated. Fig. 4 shows the 
reverse conduction performances with different layer depth 
and work-function. The reverse conduction capability of 
proposed devices are much better than traditional MIS-

HEMT devices. At reverse conduction state, the reverse turn-
on voltage (VR_T) of the device is determined by that of SBD, 
moreover, the Ron_R are much smaller than traditional device 
since the current paths are more. To achieve better 
performances, the structure parameters should be optimized. 
As seen in Fig. 4(a), when the metal work-function is 
confirmed, larger Dch1 and smaller d make lower VR_F. These 
phenomena indicate that the layer depth should be appropriate 
to make sure that the polarization charge density at HEMT and 
SBD channels is maintained. The results presented in Fig. 4(b) 
indicate that lower metal work-function of Schottky contact 
makes the reverse turn-on voltage smaller when the layer 
depth is confirmed, for the SBDs are easier to be turned-on 
with lower metal work-function.    

 

 Fig. 5 presents the blocking characteristics of different 
samples. As shown, sample2 (Dch1=0.8µm, d=0.1µm) 
performs an extremely low BV. To find the mechanisms of 
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Fig. 3 The proposed device at different working state. (a) The electrons distribution of the device at reverse conduction state. (b) The electrons distribution 
at blocking state. (c) The electrons distribution of the device at forward conduction state. 
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Fig. 4 The enhanced reverse conduction performances with different 
layer depth and Schottky metal work-function. (a)The reverse 
conduction performances of samples with the same Schottky metal 
work-function but different layer depth. (b) The reverse conduction 
performances with the same layer depth but different Schottky metal 
work-function. 
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Fig. 5 The blocking characteristics of proposed devices (a) The 
blocking characteristics of the devices with different layer depth. (b) 
The blocking characteristics of sample1 with different work-function 
of the Shcottky metal.
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this failure, more investigations have been accomplished. 
From Fig. 6(a) and (b), the drain to source leakage current 
mainly flows through the HEMT channel due to the high 
potential in the top GaN layer. The electron concentrations in 
the three AlGaN/GaN heterojunctions are extracted to 
understand this phenomenon. It can be seen from Fig. 6(c) that 
the larger Dch1 and d bring more electrons in channel II, 

conducting higher potential from drain to the top GaN layer. 
In this way, the BV of sample2 is reduced. Moreover, lower 
gate metal work-function also makes larger leakage current of 
the HEMT due to its weaker depletion capability on electrons 
in HEMT channel, as seen in Fig. 6(d). Thus, the position of 
insertion layer and metal work-function should be appropriate 
when designing the proposed devices.  

 

 

 Also, the forward conduction performances of the 
proposed devices are presented in Fig. 7. The results indicate 
that Dch1 cannot impact the threshold voltage (Vth), however, 
smaller Dch1 can bring forward on-state resistance (Ron) 
increase even at high Vgs. These phenomena result from the 
narrowing of channel in HEMT structure, indicating that 
relatively thicker channel depth of HEMT is required to 
maintain the forward conduction performances. As for the 
influences of metal work-function, the Vth increases with the 
work-function, however, the Ron cannot be changed when the 
Vgs is high. Thus, thicker channel layer of HEMT and 
appropriate work-function are the key points to maintain the 
forward conduction performances.  

 

 Reverse capacitance (Cgd) is an important parameter when 
estimating the switching performances of power devices. Fig. 
8 presents the Cgd characteristics of different samples. The 
results show that the larger Dch1 make the reverse capacitance 
of the device larger at low Vds, but the influences can be 
neglected at high Vds under the same Dch1. In conclusion, the 
Cgd of the proposed device is maintained at high Vds.   
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Fig. 6 Analyses on the devices under blocking state. (a) The leakage current path of simple2. (b) The potential distribution 
under the channels of simple2 and simple3. (c) The extracted electrons concentrations in channels at equilibrium. (d) The 
leakage current path of simple1 with gate metal work-function equaling to 5.1eV. 
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Fig. 7 The forward conduction performances of the proposed devices. 
(a) Influences of Dch1 and d on transfer and I-V characteristics. (b) 
Influences of Schottky metal work-function on transfer and I-V 
characteristics.  
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Fig. 8 Influences of Dch1 and Schottky metal work-function on 
capacitance characteristics 
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After optimizing the structure parameters, the 
comparisons of the electrical parameters between the optimal 
proposed device and original MIS-HEMT are presented in 
Fig. 9. The integrated MIS-HEMT with heterojunction SBD 
structure exhibits enhanced reverse conduction characteristic 
and blocking characteristic without changing forward 
conduction characteristic, performed as BV increased from 
545V to 860V, VR_F decreased from 2.6V to 1.55V, and Ron_R 
decreased from 2.5Ω·mm to 1.61Ω·mm. 

IV. CONCLUSIONS 

In this paper, the integrated GaN MIS-HEMT with multi-
channel heterojunction SBD structures are proposed. By 
growing HEMT upon heterojunction SBDs with a polarization 
effect-free AlN insertion layer between them, the reverse 
conduction characteristic is enhanced. After optimizing the 
layer depth and metal work-function of proposed devices, the 
results show that the VR_F is decreased by 41%, Ron_R is 
decreased by 36% and BV is increased by 58% compared with 
the traditional MIS-HEMT, meanwhile, the forward 
conduction performances of the device are maintained. 
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