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1. Introduction 

 

GaN-based High Electron Mobility Transistors (HEMTs) attract strong attention due 

to their material relevant properties, such as wide bandgap, high carrier saturation velocity, 

thermal conductivity, and high breakdown field, which are required for high-temperature, 

high-power, and high-speed applications [1-3]. In this work, we study InAlN/GaN HEMT 

structures both experimentally and by means of two-dimensional device simulation with 

Minimos-NT [4,5]. Next to the DC device characteristics, special emphasize is given to the 

HEMT off-state breakdown behavior. The device structure and fabrication process are 

presented in Section 2, physics-based modeling and device simulation are described in 

Section 3, while experimental results and discussion are presented in Section 4. 

 

2. Device structure 

 

The investigated HEMT structure is schematically sketched in Fig.1. The InAlN/GaN 

heterostructure was grown by metal-organic vapor phase epitaxy (MOVPE) [6]. A 300nm 

thick AlN layer was grown on a 6H-SiC substrate followed by a 2.5μm GaN buffer layer with 

1nm AlN spacer and 7nm In0.12Al0.88N barrier on top. All layers are non-intentionally doped. 

The device width is 400µm. The drain and source Ohmic contacts were prepared by 

evaporation of a Ti/Al/Ni/Au metal stack with subsequent rapid thermal annealing, while the 

Schottky gate contact was formed using Ni/Au metalization [6]. The gate length is 1.6µm, 

and the gate-to-drain and gate-to-source distances are 4.8µm and 1.6µm, respectively. 

 

3. Physics-based modeling 

 

Two-dimensional hydrodynamic simulation was performed with Minimos-NT. The 

hydrodynamic transport model [7] includes the Poisson, electrons and holes current 

continuity, and the energy balance equations, which are solved self-consistently. These 

equations rely on a well-calibrated set of material-specific model parameters, which depend 

on temperature, carrier energy, etc. [8,9]. For example, Fig.2 shows the dependence of the 

bandgap energy E g
InAlN

in InxAl1-xN at room temperature on In content x. In our model we 

consider a quadratic interpolation     gggg Cxx+Ex+Ex=E  11 InNAlNInAlN between the 

bandgap energies of AlN E g
AlN

= 6.12eV and InN E g
InN

= 0.64eV, respectively. As seen in 

Fig.2, the best agreement to experimental values [10-15] is obtained by using a bowing factor 
C g=− 6eV, which results in E g

InAlN
= 4.84eV for x=0.12. Because of the invariant total 



 191 

polarization charge, the 1nm AlN spacer layer and the 7nm InAlN are replaced by 8nm thick 

InAlN layer [16]. Due to the divergence of the polarization fields at the InAlN/GaN 

heterointerface, a two-dimensional electron gas (2DEG) is formed in the quantum well. The 

2DEG density (n2DEG) depends on the In content, where for In0.12Al0.88N we calculate 

n2DEG=3.9×10
13

cm
-2

. However, earlier experimental results point on the difference with 

theoretical expectations [16]. In our simulations n2DEG=2.7×10
13

cm
-2

 provides the best 

agreement to measurement data. 

 

 

 

 

Fig.1: Schematic view of investigated 

InAlN/GaN HEMT structure. 

Fig.2: Bandgap energy of InxAl1-xN at 300K. 

Measured values (symbols) are compared to 

the model for different Cg (lines). 

  

4. Experimental and simulation results 

In the following we present results of In0.12Al0.88N/GaN HEMT DC measurements 

and numerical simulations. I-V characteristics were measured using a highly-accurate, fully-

automated semiconductor parameter analyzer Agilent 4155C with wolfram contact probes. 

The system includes four source monitor units (SMUs), two voltage monitor units (VMUs), 

and two voltage source units (VSUs). The transfer characteristics, shown in Fig.3, were 

measured for a VGS sweep from –5V to 1V  at VDS=7V.  The extracted threshold voltage is  

Vth~ –2.5V. To visualize the sub-threshold leakage current, Fig.4 shows the transfer 

characteristics and the extracted transconductance gm also in logarithmic scale. Good 

agreement between simulation (lines) and experimental results (symbols) is obtained. 

Experimental and simulated output characteristics of Fig.5 are taken for a VDS sweep from 0V 

to 15V; VGS is stepped from –2V to 1V. The drop in the experimental output characteristics at 

the saturation is caused by self-heating which is not included in our simulations. The off-state 

breakdown (see Fig.6) was measured at VGS=–5V with 10mA compliance. The drain voltage 

was ramped up from 0V with 1V steps. As Fig.6 indicates, the gate leakage current IG is 

almost invariant to VDS. On the other hand, the source-drain leakage current IS increases 

steadily with VDS  and significantly overpasses IG at VDS=105V, when the hard breakdown 

occurs. This behavior strongly indicates that the breakdown event is triggered in the buffer 

layer of the device. In an earlier study, impact ionization has been accounted for the 

breakdown event [17], which is not considered in our simulations. Therefore, we calculate IS 

only up to VDS=105V in good agreement with our measured data. Fig.7 shows the simulated 
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two-dimensional electron concentration map of the studied HEMT in the pre-breakdown 

condition at VDS=100V. A significant penetration of the space charge region into the GaN 

buffer and its extension towards the drain can be seen. Alternatively, for the same bias 

condition, Fig.8 shows the magnitude of the electric field in a cut along the HEMT channel 

which is compared with that at VDS=10V. The peak electric field occurs at the drain side of 

the gate. A significant increase of its magnitude from ~1.5MV/cm at VDS=10V up to 

~6MV/cm at VDS=100V is observed, which might cause impact ionization to occur [17]. 

 

 

 

  

Fig.3: Measured and simulated transfer 

characteristics and gm at VDS=7V. 

Fig.4: Measured and simulated transfer 

characteristics and gm at VDS=7V. 

  

Fig.5: Measured and simulated output 

characteristics. 

Fig.6:  Measured breakdown and simulated 

pre-breakdown characteristics at VGS= –5V. 
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Fig.7: Electron concentration [cm
-3

]  

at VDS=100V and VGS= –5V. 

Fig.8: Electric field along the channel for 

VDS=10V and 100V at VGS= –5V. 

  

5. Conclusion 

 

Results from electrical measurements and two-dimensional numerical simulations of 

In0.12Al0.88N/GaN HEMT were presented. Very good agreement between experiment and 

simulation was obtained for both the transfer and the output characteristics using the 

hydrodynamic transport model. Results from the breakdown measurement and simulation of 

the HEMT at the pre-breakdown condition are also presented. Impact ionization in the GaN 

buffer is linked to the HEMT off-state breakdown. 
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