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In order to promotion the RF performance, a grade In1-xGaxAs channel (G-HEMT) 
introduced to the AlGaAs/InGaAs HEMT. The G-HEMT with the grade In1-xGaxAs 
channel forms a deeper potential well and confines more electrons in the channel, results 
in improving the DC and RF characteristics. Moreover, because of the grade In1-xGaxAs is 
effectively reduced the peak electric field, and leads to a significant increase in breakdown 
voltage (BV). Moreover, the G-HEMT also increases resistance to single event effects 
(SEE). The simulation results indicate that the fmax is significantly increased to 889 GHz of 
G-HEMT from 616 GHz of conventional AlGaAs/InGaAs HEMT (C-HEMT). The the fT 
is significantly increased to 521 GHz of G-HEMT from 326 GHz of C-HEMT, as well as 
the IDsat is increased by 64.8% and the BV increases by 37%. In addition, the SEE peak 
drain current of G-HEMT is dramatically reduced 51%. 
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1. Introduction 
 
With the demand of the communications industry, it brings forward the higher request to 

the running speed of microelectronic devices. Owing to the high two-dimension electron gas 
(2DEG) density and high electron peak drift velocity, the high electron mobility transistors 
(HEMTs) are promising in high-speed data transmission, microwave and millimeter wave 
integrated circuits applications[1-3]. Among these HEMTs, AlGaAs/InGaAs HEMT shows the low 
noise, high gain, high frequency characteristics, which is attributed to the greater current density 
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and electron mobility for InGaAs channel[4-6]. Therefore, it is the most suitable for deep space 
communication, THz transmitters and receivers applications[7-9]. 

In order to further enhance the performance of AlGaAs/InGaAs HEMT, the different 
structures and manufacturing technologies have been put forward[10-13]. Lin et al.[12] studied the 
effect of the SiNX-passivated on the maximum extrinsic transconductance, breakdown voltage and 
cutoff frequency for AlGaAs/InGaAs HEMT. The results show that the characteristics of device 
are improved after SiNX-passivation due to the . Cho et al.[13] were used the double-gate 
supported passivation scheme to enhance the DC and RF characteristics for AlGaAs/InGaAs 
HEMT. Hence, the performance of the device can be improved by using different structures. 

Moreover, for the AlGaAs/InGaAs HEMT applied in space communication equipment, the 
characteristics of device will degrade induced by the space irradiation particle[14-15]. Single event 
effect (SEE) is an important radiation effect[16]. However, few investigations study the SEEs on 
AlGaAs/InGaAs HEMT. As a result, an effective method can increase the RF characteristics 
simultaneously with an improved SEE, which is of great value. 

In this study, a RF improved structure by adopting a grade InxGa1-xAs channel (G-HEMT) 
is proposed. The results show that the 521 GHz and 889 GHz of fT and fmax for G-HEMT are 
achieved, which are 46.3% and 44.3% higher than that of conventional AlGaAs/InGaAs HEMT 
(C-HEMT). Compared with the C-HEMT, the peak value of SEE drain current (Ipeak) for G-HEMT 
is lower 51% than the C-HEMT. Therefore, the G-HEMT can effectively enhance the RF 
characteristics and restrain SEE simultaneously. 

 
 
2. Simulation details 
 
The structure of proposed the G-HEMT is illustrated in Fig. 1 (a). The mainly 

characteristic for G-HEMT introduces a grade In1-xGaxAs channel , which x is ranged from 0 to 
0.75, as shown in Fig. 1 (b). The separation between source electrode and drain electrode is 1.5 μm. 
The gate is located the center of the source-drain electrode, and set as 0.25 μm. The 2DEG 
concentration of 5×1012 cm−2 is set in the simulation. The more structure parameters of the device 
are illustrated in Table 1.  
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Fig. 1. (a) Structure of proposed the G-HEMT, (b) variation of mole fraction for In1-xGaxAs channel. 
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Table 1. Parameters for the G-HEMT. 

 
Layer Thickness 

Passivation layer 100 nm 
Oxide layer 40 nm 

GaAs cap layer 30 nm 
Al0.3Ga0.7As barrier layer 31 nm 
Al0.3Ga0.7As spacer layer 3.5 nm 
InxGa1-xAs channel layer 10 nm 

GaAs substrate 800 nm 
 
 
In order to simulating the carrier transport in the device, the Hydrodynamic model (HD) is 

used[17]. To simulating the doping dependent mobility, the DopingDenpendence model is adopted. 
To simulating the high field dependent mobility, the HighFieldSaturation model is adopted. For 
considering the recombination process, the SRH Recombination model, Auger model and 
Radiative model are adopted. Impact-ionization model is used to simulate the breakdown 
characteristic[18]. The parameters materials is described in Ref 19-20. 

 
 
3. Results and discussion 
 
3.1. DC and RF characteristics of G-HEMT 
Figure 2 shows the IDS–VGS of G-HEMT and C-HEMT under VDS of 1.5 V. Compared with 

the drain current (IDS) and transconductance (gm) of C-HEMT, a significant increase is obtained in 
the G-HEMT. It can be concluded that the grade In1-xGaxAs channel has a larger contribution to the 
improvement in transfer characteristics. The maximum transconductance (gm,max) of G-HEMT is 
increased to 830 mS/mm from 559 mS/mm of C-HEMT, which is increased by 48.5%. The 
maximum drain current (IDS) of G-HEMT at VGS=0.5 V is increased to 930 mA/mm from 475 
mA/mm of C-HEMT, which is increased by 95.8%. This is mainly because the number of carriers 
increases in grade In1-xGaxAs channel.  
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Fig. 2. IDS–VGS curves of to devices. 
The electron concentration and energy band for G-HEMT and C-HEMT are displayed in 

Fig. 3. The peak electron concentration increases obviously to 2.53×1019 cm−3 for G-HEMT from 
1.68×1019 cm−3 for C-HEMT, as displayed in Fig. 3 (a). A deeper potential well is formed for 
G-HEMT when the grade In1-xGaxAs channel is adopted, as shown in Fig 3 (b). Hence, the grade 
In1-xGaxAs structure confines more electrons in the channel region and lead to the G-HEMT has the 
higher IDS and gm. 

Moreover, the threshold voltage (Vth) is moved from -0.45 V for C-HEMT to -0.9 V for 
G-HEMT. The threshold voltage of HEMT can be described by[21]: 

ε
dnq

q
E

q
EV CF

Bth
××

−
∆

−+F= 0 , where BΦ  is Schottky barrier height, 0FE  and CE∆  are 

the Fermi level and conduction band difference, respectively. d is the distance from gate to channel. 
n is the electron density. It can be seen that an increase of n caused by the grade In1-xGaxAs channel, 
as shown in Fig. 3 (a), will led to a negatively movement. 

 

(a) (b)

 
 

Fig. 3. (a) Electron concentration and (b) conduction band of G-HEMT and C-HEMT. 
 
 
Fig. 4 shows comparison of output characteristics (IDS–VDS) of G-HEMT and C-HEMT. The 

VGS is ranged from 1 to -4 V with step -1 V. The results show that the IDS increases dramatically 
when the grade In1-xGaxAs channel is used. At VGS=0.4 V, the C-HEMT exhibits the saturated 
channel currents (IDsat) of 421 mA/mm, where as G-HEMT exhibits a IDsat of 694 mA/mm. G-HEMT 
shows 64.8% improvement in IDsat compared to C-HEMT, which indicates the grade In1-xGaxAs 
channel does significantly improvement the output characteristics of the device. Extracted the 
on-resistance (Ron) from output curves under VGS=0.4 V is shown in Fig. 4. By contrast, the 
G-HEMT with a grade In1-xGaxAs channel exhibits reduced Ron nearly 23.2%. The higher IDsat and 
lower Ron are largely due to the higher electron concentration at the interface of 
AlGaAs/In1-xGaxAs. 
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Fig. 4. IDS-VDS curves of two devices. 
 
 
The off state breakdown voltage (BV) of G-HEMT and C-HEMT are also investigated. Fig. 

5 (a) shows the comparison of BV curves on G-HEMT and C-HEMT. The BV of G-HEMT and 
C-HEMT are 7.3 V and 4.6 V, respectively. Therefore, the BV of G-HEMT is higher 37% than that 
of C-HEMT. To better understanding for the higher BV of the G-HEMT, a detailed investigation of 
electronic field is performed. The peak of electric field A is reduced. Moreover, the larger average 
electronic field at the gate-drain region is achieved by introducing the grade In1-xGaxAs channel. 
Therefore, the G-HEMT has the higher BV. 

 

(a) (b)

 
Fig. 5. (a) BV and (b) channel electric field at breakdown for two devices. 

 
 
The curves of fT and fmax for G-HEMT and C-HEMT are displayed in Fig. 6. The results 

show that the fT and fmax are obviously increase for G-HEMT. The maximum fT and fmax of 521 
GHz and 889 GHz for G-HEMT which is comparatively 46.3% and 44.3% higher than the 
C-HEMT which are 356 GHz and 616 GHz. The dramatically increased fT and fmax for G-HEMT is 
mainly due to the increase of the transconductance. Additionally, the grade In1-xGaxAs channel 
increases the number of electrons in channel, resulting in decrease of the channel resistance, and 
lead to improving the fT and fmax. 
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Fig. 6. Variation of (a) fT and (b) fmax for G-HEMT and C-HEMT. 
 
 
3.2. Single event effect  
In this part, the variation of IDS induced by single event effect for the G-HEMT and 

C-HEMT is studied. The electron-hole pairs generation rate along the ion trajectory can be 
described by[22]:  

 

Rate(𝑥𝑥,𝑦𝑦) =
LET

𝑞𝑞𝑞𝑞𝜔𝜔0𝑇𝑇C
exp�−

(𝑥𝑥 − 𝑥𝑥0)2

ω0
2 ∙ exp �−

(𝑡𝑡 − 𝑇𝑇0)2

𝑇𝑇C2
�� 

 
where, the track radius ω0 is set as 0.02 μm. The LET of 0.5 pC/μm is set in simulation . T0 is set 
as 1×10-11 s and TC is set as 2×10-12 s. 

In this study, the ion is vertical access and across the entire device. The incidence position 
is set as the center of gate. Fig. 7 shows the curves of IDS for G-HEMT and C-HEMT at VDS=0.5 V 
and VGS=-1.5 V. The results indicate that the IDS for two devices are increased rapidly firstly and 
reached to the peak value (Ipeak), then fell sharply. However, the Ipeak of G-HEMT has a 51 % lower 
Ipeak than that C-HEMT. Hence, the G-HEMT shows the better resistance to single event effect than 
the C-HEMT. 
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Fig. 7. Variation of IDS for G-HEMT and C-HEMT atVDS = 0.5 V and VGS =-1.5 V. 

To understand the causes of the lower Ipeak for G-HEMT, the variation of electronic field is 
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analyzed, as shown in Fig. 8 (a). The time to obtain the electric field is the peak time (Tpeak). 
Compared with the C-HEMT, the smaller value of electric field is obtained for G-HEMT, 
especially near the gate. The lower electric field will lead to the lower impact ionization rate (IR). 
For C-HEMT, the IR is 1028 cm-3s-1 near the gate at Tpeak. For G-HEMT, the IR is 1026 cm-3s-1 near 
the gate at Tpeak, which is much lower the C-HEMT. Therefore, the less electrons produces for 
G-HEMT at Tpeak, and thus greatly lowers the Ipeak. 
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Fig. 8 (a) Electric field distribution, (b) and (c) impact ionization rate for G-HEMT and C-HEMT. 

 
 
4. Conclusions 
 
In this study, a high performance G-HEMT with a grade In1-xGaxAs channel is proposed to 

improve the DC and RF characteristics. Owing to the grade In1-xGaxAs channel, the deeper 
potential well is formed between spacer layer and channel layer, result in increasing the number of 
electrons in the grade In1-xGaxAs channel. Therefore, the gm,max, IDsat, fT and fmax of the G-HEMT are 
higher 48.5%, 64.8%, 46.3% and 44.3% than that of C-HEMT. Moreover, the electric field 
distribution is also modulated by adopting the grade In1-xGaxAs channel, the BV and SEE are also 
improved. The BV of the G-HEMT is increased to 7.5 V from the 4.7 V, which is increased by 
37%. Meanwhile, the Ipeakis reduced to 51% for G-HEMT. 
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