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In this paper, the effects of different relative permittivity (εr) of the passivation layer on 

off-state breakdown voltage of AlGaAs/InGaAs HEMTs are analyzed by ISE-TCAD. It is 

shown that as εr value increases, the off-state breakdown voltage increases. When the εr 

value increased to 80, the off-state breakdown voltage increased from 17.23V to 24.13V 

by 40.9%. This is because the peak value of electric field at the proximity of gate edge is 

reduced with the increase of εr value and it can lead to the improvement of the off-state 

breakdown voltage of device. Meanwhile, the electric field peak value near the drain edge 

increases with the increase of the εr value, leading to an increase in the ionization 

probability of electron-hole ionization under the the grid-drain area. In addition, the results 

also show that the channel current (IDS) and transconductance (gm) of the device are 

slightly reduced by the passivation layer with a high εr value, while the specific channel 

on-resistance is hardly degraded. Therefore, the passivation layer with a high εr value can 

effectively improve the breakdown voltage of the device without sacrificing the DC 

characteristics of the device. 
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1. Introduction 

 

With the rapid development of the semiconductor industry, microelectronic devices have 

made great progress in speed and performance and have become a basic part of high frequency 

communication systems, such as 5G communication system[1,2]. Due to ultra-fast carrier 

relaxation time, high breakdown field and high electron mobility, III-V compound semiconductor 
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materials are widely used in a variety of high-frequency and high-power microelectronic devices 

[3,4]. 

Gallium arsenide (GaAs) is a III-V compound semiconductor material with high saturated 

electron velocity and high electron mobility, and its electrical properties are far superior to silicon 

materials, which has widely used in high-frequency devices[5]. GaAs based HEMTs are emerging 

as the most promising candidates for RF components due to their excellent high frequency, high 

power and low noise performance [6], such as low noise or power amplifiers for the next 

generation of commercial wireless communication systems [7]. With the development of new 

epitaxial technology and nano-gate photolithography, the maximum oscillation frequency (fmax) of 

20 nm GaAs based HEMT device has reached 1270 GHz[8]. In addition, the largest available 

GaAs wafer can be up to 6 inches, which could reduce the device manufacturing costs and further 

promote the widespread use of GaAs based HEMT devices[5]. However, when devices are applied 

to various products, reliability becomes one of the most pronounced problems that must be solved. 

The breakdown voltage is not only one of the important factors affecting reliability, but also the 

application of devices in high power. 

In recent years, the method of improving the electric field near the gate edge by 

introducing the field plate structure has been widely used to improve the breakdown voltage of 

HEMT devices[9-13]. However, the introduction of the field plate structure will increase the 

parasitic capacitance of the HEMT device and adversely affect the frequency performance of the 

device[14]. Therefore, it is necessary to improve the breakdown voltage of the device without 

affecting other characteristics of the device[5]. Ghander et al. reported that the introduction of 

SiO2 passivating layer could effectively improve the breakdown voltage of AlGaN/GaN HEMT 

device, while the grate-source and grate-leakage capacity of the device were not increased [15]. 

Zhong et al reported that the introduction of Si3N4 passivating layer at 50 nm simultaneously 

improved the breakdown voltage and DC characteristics of InP based HEMT devices [16]. Lin et 

al. used 80 nm SiNX passivating layer to increase the breakdown voltage of AlGaAs/InGaAs 

HEMT devices and at the same time improve the frequency characteristics of the devices, 

increasing the fmax of the devices by 67.5%[17]. Therefore, the passivation layer is an effective 

method to improve the breakdown characteristics of the device while balancing the other 

characteristics of the device. However, most of the passivation materials reported are concentrated 

in materials with a relatively low dielectric constant (εr). In addition, the effect of passivating 

materials with high εr value on the breakdown characteristics of AlGaAs/InGaAs HEMT devices 

has been rarely reported experimentally and theoretically. Therefore, the effect high-k passivation 

layer on the breakdown characteristics of AlGaAs/InGaAs HEMT devices was investigated using 

a two-dimensional simulation method, and the effect of a passivation layer with a high εr value on 

the DC characteristics of the device was discussed. The results show that when the passivation 

layer εr value is 80 (TiO2), the breakdown voltage of the device is increased by 40.9%, and the DC 

characteristic of the device is only slightly degraded. Therefore, the high-k passivation layer is an 

effective method to improve the breakdown voltage of the device and and balance the DC 

characteristics of the device. 
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2. Device structure and simulation model 

 

Figure 1 shows the schematic cross section of AlGaAs/InGaAs HEMT. The device 

structure includes passivation layer, GaAs cap layer, AlGaAs barrier layer, AlGaAs isolation layer, 

InGaAs channel layer and GaAs substrate. The parameters of the device structure are given in 

Table 1.A good source-drain ohmic contact was achieved by the heavily doped GaAs cap layer. 

The source-drain spacing of 1.5 um, and the gate length of the device is 0.25 um.The εr of 

passivation layer materials are varied between 1 and 80 [18, 19]. 
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Fig. 1. Schematic cross-section diagram of the AlGaAs/InGaAs HEMT. 

 

 

Table 1. AlGaAs/InGaAs HEMT device dimension. 

 

Layer Thickness 

Passivation layer 100 nm 

GaAs cap layer 30 nm 

Al0.3Ga0.7As barrier layer 31 nm 

Al0.3Ga0.7As spacer layer 3.5 nm 

In0.75Ga0.25As channel layer 10 nm 

GaAs substrate 800 nm 

 

 

In this paper, the Hydrodynamic transport model (HD) was introduced to depict the charge 

transport properties. The Poisson equation, continuity equation and energy conservation equation 

were solved[20, 21]. In order to obtain accurate device breakdown characteristics under strong 

electric field, impact ionization model is introduced in the simulation[22-24]. The generation rate 

in the impact ionization model can be expressed as 
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where E is the electric field，and An，Bn，Ap and Bp are the fitting parameter[25].Besides, several 

crucial physical models were also taken into account in the simulation. For describing the 

doping-dependent and high-field-dependent mobility, the Arora doping-dependent mobility model 

and Canli high field saturation mobility model were adopted[8, 21]. For considering the 

recombination process, the Schockley-Read-Hall carrier recombination model was adopted[26].

 
 

 

3. Results and discussion 

 

The breakdown characteristics of AlGaAs/InGaAs HEMT with different passivation layer 

are shown in Fig.2. The breakdown voltage is defined as the drain voltage when the drain leakage 

current reaches 1 mA /mm. With the εr value increasing from 1 to 80, the breakdown voltage 

gradually increases and the leakage current gradually decreases.This is mainly because the higher 

εr value of the passivation layer, the much reduced peak value of the electric field at the gate edge 

and the increased breakdown voltage of the device. In addition, it is also found in Fig.2 (b) that 

when the εr value is relatively small, IDS suddenly increases and the device breaks down. This is 

because when the εr value is low, under reverse bias, the Schottky impact ionization generates a 

new electron-hole pair, resulting in a sudden increase in gate current (IGS), and leading to a direct 

gate breakdown[26], as shown in Figure 3.With the increase of the εr value, IGS value decreased. 

Therefore, the phenomenon of arbitrary increase was disappeared. 
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Fig. 2. The normally-off IDS-VDS curves of the AlGaAs/InGaAs HEMT with different  

passivation layers. 
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Fig. 3. IGS-VDS curves of the device with different passivation layers. 

 

 

Figure 4 shows the variation of the breakdown voltage with the εr value. As the εr value 

varies from 1 to 80, the breakdown voltage increases from 17.12 V to 24.13 V by 40.9%. Due to 

the peak electric field at the gate electrode edge causing the electron-hole pair ionization, the 

device leakage current will rapidly increase to avalanche condition. After the passivation layer is 

introduced, the peak value of the electric field near the gate electrode edge is effectively reduced, 

and the leakage current formed by the drain current emitted from the gate is reduced, thus 

increasing the breakdown voltage of the device. With the increase of εr, the peak value of the 

electric field near the gate decreases more obviously, and the voltage required to achieve the 

device breakdown is also higher. Therefore, the greater the dielectric value of εr, the higher the 

device breakdown voltage. 
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Fig. 4. Off-state breakdown voltage versus εr value of the passivation layer. 

 

 

Fig. 5 shows the distribution of the electric field at the breakdown of the device with 

different εr values. It can be seen that the passivation layer will effectively reduce the electric field 

near the gate, and the peak value of the electric field near the gate decreases more obviously with 

the increase of the εr value.  
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Fig. 5. Electric field distribution at the breakdown voltage with different εr value, (a) 0, (b) 27, (c) 

80, (d) Electric field distribution at the interface InGaAs/AlGaAs. 

 

 

Figure 5 (d) shows the electric field distribution at the InGaAs/AlGaAs heterogeneous. As 

can be seen from the figure, the peak electric field near the gate decreased by 20% when the εr 

value was 80. In addition, the electric field near the drain increased with the higher εr value, 

leading to an increase in the electron-hole ionization probability at the bottom of the grid-drain 
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area. Under the action of the electric field, the ionized holes will enter the channel and neutralize 

more electrons, which results in the depletion region expanding to the buffer layer and forming a 

high-resistance area, thus bears a higher reverse voltage. Figure 6 shows the variation of the 

impact ionization rate at the breakdown of the device with different εr values. The results showed 

that with the increase of εr, the ionization rate near the gate decreased, while that near the drain 

increased. Therefore, a passivation layer with a high εr value can effectively improve the 

breakdown voltage of the device. 
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Fig. 6. Impact ionization rates of the device with different εr value.  

 

 

Figure 7 (a) and (b) show the output and transfer characteristics of AlGaAs/InGaAs 

HEMT with(εr=80) and without a passivation layer, respectively. The simulation results showed 

that IDS and gm decreased slightly after the passivation layer introduced, mainly due to the 

decreased electron concentration in the channel near the drain.In addition, the conduction 

resistance values of the two structural devices calculated from Figure 7 (a) were almost 

unchanged. Therefore, the passivation layer with high εr value can effectively improve the 

breakdown voltage of the device and balance the DC characteristics of the device.  
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Fig. 7. The output and transfer characteristics of InGaAs/AlGaAs HEMT with and without  

passivation layer, (a) output characteristics, (b) transfer characteristics. 

 

 

4. Conclusions 

 

The effect of different passivation layer on the breakdown characteristics of 

InGaAs/AlGaAs HEMT was analyzed, meanwhile, the influence of the passivation layer on the 

output and transfer characteristics of the device was also studied. The results showed that the 

breakdown voltage increased with the εr increasing. When the passivation layer with high εr value 

was introduced, the peak value of the electric field near the gate decreased, while the peak value of 

the electric field near the drain increased, which resulted in the increase of the breakdown voltage 

of the device. The simulation results of the output and transfer characteristics of the device showed 

that the passivation layer with high εr reduced the IDS and gm of the device slightly, because the 

ionization rate near the drain increased with the increase of the εr value, leading to the hole 

capturing electrons in the channel, which reduced the IDS and gm of the device.In addition, the 

results show that the introduction of a passivation layer with a high εr value causes almost no 

degradation of the on-resistance. 
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