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ABSTRACT 

 
Two-dimensional analysis of off-state drain current-

drain voltage characteristics in AlGaN/GaN HEMTs is 
performed; where two cases with a single passivation layer 
(SiN) and double passivation layers (thin SiN and high-k 
dielectric) are compared. It is shown that in the case of 
double passivation layers, the breakdown voltage is 
enhanced significantly when comparing at the same 
insulator thickness, because the electric field at the drain 
edge of the gate is reduced. It is also shown that in the case 
of double passivation layers, the breakdown voltage 
becomes higher when the relative permittivity of the second 
passivation layer becomes higher. 
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1 INTRODUCTION 
 
Recently, AlGaN/GaN HEMTs are receiving great 

attention because of their applications to high-power 
microwave devices and high-power switching devices [1, 2]. 
It is well known that the introduction of field plate 
improves the power performance of AlGaN/GaN HEMTs 
[3-5]. This is because the field plate can reduce so-called 
current collapse [6, 7] and also enhance the off-state 
breakdown voltage [8-10]. The enhancement of the 
breakdown voltage occurs because the electric field around 
the drain edge of the gate is reduced by introducing the 
field plate. However, the field plate may increase a parasitic 
capacitance, leading to the degradation of the high 
frequency performance. 

In order to improve the breakdown voltage, introducing 
a passivation layer with high permittivity can also be 
considered [11-13]. In fact, the introduction of a high-k 
layer may smooth electric field profiles between the gate 
and the drain. The high-k dielectric is studied as a gate 
insulator in GaN-based MISHEMTs as well as Si 
MOSFETs. For example, HfO2 (relative permittivity: εr  
20), La2O3 (εr  27) , LaLuO3 (εr  28) and TiO2 (εr  55) 
etc. are studied in AlGaN/GaN MISHEMTs [14-16]. In 
previous works [12, 13], we considered the high-k dielectric 
only as a passivation layer and calculated off-state 
breakdown characteristics of AlGaN/GaN HEMTs as a 
parameter of passivation layer’s relative permittivity εr, and 
showed that the breakdown voltage was enhanced when εr 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Device structures simulated in this study.  

was high. But, when the high-k materials are used, the 
structure may have high interface-state densities which 
leads to the degradation of device performance due to the 
trapping effects. Therefore, in this study, we propose a 
structure with double passivation layers where the first 
passivation layer is a thin SIN layer having low interface-
state densities and the second passivation layer is a high-k 
dielectric, and study how the breakdown voltage is 
enhanced. 

 
2 PHYSICAL MODELS 

 
Fig.1 shows a device structure analyzed in this study. 

The gate length LG is 0.3 μm and the gate-to-drain distance 
LGD is 1.5 μm. The thickness of first passivation layer (SiN) 
d1 is 0.01 μm and the relative permittivity is 7. The 
thickness of second passivation layer d2 and its relative 
permittivity εr2 are varied as parameters. Polarization 
charges of 1013 cm-2 are considered at the heterojunction 
interface. It is assumed that surface polarization charges are 
compensated by surface-state charges [8, 10]. In a semi-
insulating buffer layer, we consider a shallow donor, a deep 
donor, and a deep acceptor [17-19]. As an energy level of 
the deep acceptor, we consider EC – 2.85 eV (EV + 0.6 eV). 
For impurity compensation, we consider the deep donor 
whose energy level is EC – 0.5 eV. The deep-acceptor 
density NDA is set rather high of 1017 cm-3. A study [20] 
indicates that to reduce short-channel effects, an acceptor 
density in a buffer layer should be higher than 1017 cm-3.  

Basic equations to be solved are Poisson’s equation 
including ionized deep-level terms and continuity equations 
for electrons and holes including a carrier generation rate 
by impact ionization and carrier loss rates via the deep 
levels[10, 21-23]. These equations are expressed as follows. 
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1) Poisson’s equation 

                                                                                           (1) Di DD DA

2) Continuity equations for electrons and holes 
                                                                                           (2)  

                                                                                           (3) 

where NDD
+ and NDA

 are the ionized deep-donor and deep-
acceptor densities, respectively. RDD and RDA represent 
carrier recombination rates via the deep donors and the 
deep acceptors, respectively. G is a carrier generation rate 
by impact ionization, and given by 
                                                                                           (4) 

where n and p are ionization rates for electrons and holes, 
respectively, and expressed as 
                                                                                           (5) 

                                                                                           (6) 

where E is the electric field. An, Bn, Ap, and Bp are deduced 
from [24]. The above basic equations are put into discrete 
forms and solved numerically. 
 

3 CALCULATED RESULTS AND 
DISCUSSIONS 

 
Figs.2(a) and (b) show a comparison of calculated drain 

current ID – drain voltage VD curves of AlGaN/GaN 
HEMTs as a parameter of d2 between the two cases with (a) 
a single passivation layer (SiN; εr2 = 7) and (b) double 
passivation layers having a high-k dielectric (εr2 = 20). The 
gate voltage is  8 V, which corresponds to an off state. In 
the case with a single passivation layer of SiN (Fig.2(a)), ID 
increases suddenly due to impact ionization of carriers, 
showing breakdown. In the case with double passivation 
layers (Fig.2(b)), ID increases suddenly when d2 is relatively 
thin but when d2 becomes thick, ID increases gradually and 
reaches a critical value of ID (1 mA/mm) before the abrupt 
increase in ID. Fig.3 shows the breakdown voltage Vbr as a 
function of the thickness of second passivation layer d2. 
Here, Vbr is defined as a drain voltage where ID becomes 1 
mA/mm. It is clearly seen that Vbr is higher for the double 
passivation layers (εr2 = 20), particularly in the cases of 
thicker d2. This is because the electric field at the drain edge 
of the gate is reduced in the case with double passivation 
layers having a high-k dielectric, as described below. 

Fig.4 shows a comparison of electric field profiles along 
the AlGaN/GaN interface between the two cases with (a) 
single passivation layer (SiN; εr2 = 7) and (b) double 
passivation layers having a high-k dielectric (εr2 = 20). Here, 
d2 = 0.19 m.  In the case with a single passivation layer 
(SiN; εr2 = 7), an increase in VD is almost applied along the 
drain edge of the gate, resulting in the abrupt increase in ID 
around VD = 103 V. In the case with double passivation 
layers having a high-k dielectric (εr2 = 20), the electric field 
at the drain edge of the gate is reduced, and it is not so high 
at VD = 100 V. As VD increases, the electric field between 
the gate and the drain increases, and the electric field near 
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the drain begins to become high around VD = 200 V. Then, 
the electric field at the drain edge of the gate also becomes 
rather high at VD = 288 V, which corresponds to the 
breakdown voltage. Therefore, the breakdown voltage 
becomes higher in the case with double passivation layers 
having a high-k dielectric. 

 p p pA B E

Figure 2: Calculated ID-VD curves as a parameter of d2.
VG =  8 V. (a) r2 = 7, (b) r2 = 20.  

Figure 3: Comparison of breakdown voltage Vbr versus 
insulator thickness curves between r2 = 7 and 20  
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Fig.5 shows calculated ID-VD curves of AlGaN/GaN 
HEMTs with double passivation layers as a parameter of 
relative permittivity of second passivation layer εr2. Here, d2 
= 0.09 μm (d1 + d2 = 1 μm). When εr2 is low, the drain 
current increases suddenly due to impact ionization of 
carriers, as in the case of single passivation layer. But, as εr2 
becomes high (> 30), the drain current increases gradually 
and reaches the current level of breakdown (1 mA/mm). 
Fig.6 shows the breakdown voltage Vbr versus εr2 curve. 
When εr2 becomes high, the breakdown voltage becomes 
higher than 300 V, as in the case of εr2 = 20 and thicker d2 
shown before (Fig.3). Vbr = 300 V corresponds to an 
average electric field of 2 MV/cm between the gate and the 
drain. 
 

4 CONCLUSION 
 

We have made a two-dimensional numerical analysis of 
off-state breakdown characteristics in AlGaN/GaN HEMTs, 
where two cases with a single passivation layer (SiN) and 
double passivation layers (thin SiN and high-k dielectric) 
are considered. It has been shown that in the case with 
double passivation layers having a high-k dielectric, the 
breakdown voltage become much higher at the same 
insulator thickness, because the electric field at the drain 
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Figure 5: Comparison of breakdown voltage Vbr versus 
insulator thickness curves between r2 = 7 and 20  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Electric field profiles along the heterojunction 
interface. (a) r2 = 7, (b) r2 = 20. 

 
 
 
 

Figure 6: Breakdown voltage Vbr versus r2 curve. d2 = 0.09 
m.  

 
edge of the gate is reduced. It has also been shown that in 
the case of double passivation layers, the breakdown 
voltage becomes higher when the relative permittivity of 
the second passivation layer becomes higher. 

Finally, it should be mentioned that to study how the 
high-k passivation layer affects the so-called current 
collapse in AlGaN/GaN HEMTs is an important task yet to 
be done [25]. 
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