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Current dispersion due to acceptor-type defects acting as electron traps are 

studied using 2D TCAD transient simulations. High and low drain pulse voltages 

are applied to study a dynamic picture of trapping and de-trapping of electrons 

using Drift Diffusion and Hydrodynamic transport models. In addition, Schottky 

electron tunnelling is employed to transient simulations in the presence of 

different densities of traps in the barrier to investigate how tunnelling affects the 

drain current at off-state.  

 

1. Introduction 
 

Gallium nitride high electron mobility transistors (GaN HEMTs) are ideal candidates 

for power electronic applications from power conditioning to microwave amplifiers and 

transmitters thanks to unique properties of III-N materials such as wide bandgap, high 

breakdown voltage, and good thermal dissipation [1-14]. The spontaneous and piezoelectric 

polarizations present in III-N materials can result in a 2D electron gas (2DEG) density in the 

channel above 10
13

 cm
-2

 [3, 5, 7, 10]. While GaN HEMTs have demonstrated an excellent 

performance, the greatest challenge remains to achieve a high level of reliability and stability 

concurrently with the device performance [3]. Improvement in reliability needs understanding 

of the failure mechanisms. Among the limiting factors affecting reliability of GaN HEMTs, 

the current collapse is the most critical issue. 

The current collapse is a temporary reduction of drain current after the application of 

high voltage [2, 4, 6, 8]. In DC measurements, this phenomenon manifests itself as a 

reduction in the drain current [5]. In RF applications, the current collapse limits RF 

performance compared to what is expected from the DC characterization [2, 4]. This 

phenomenon also limits the output power densities in GaN HEMTs. Several reports suggest 

that the surface trapping and the bulk trapping play important roles as the parasitic charge 

trapped on the surface or in the device body modifies the density of 2DEG in the channel and 

limits switching characteristics of the device [2, 6, 7]. Dispersion effects caused by the 

surface traps can be minimized by surface passivation [8], while minimizing or eliminating 

dispersion effects caused by the bulk traps is still in question as there is not widely accepted 

explanation for the nature and location of the traps generated in GaN HEMTs [9]. 

In previous works, effects of donor-type surface traps and acceptor-type bulk traps 

using pulsed techniques were studied in GaN HEMTs [10, 11, 12]. However, the gate 

tunnelling has not been included and its effect on the leakage current has been ignored. In this 

paper, the buffer trapping and de-trapping of hot electrons are modelled using Atlas 

simulation toolbox by Silvaco. Direct electron tunnelling through the Schottky barrier is taken 

into account using Tsu-Esaki model [13]. The current collapse phenomenon and the effect of 

electron tunnelling on the leakage current is modelled and discussed. Traditionally, the 

current collapse is measured with pulsed techniques in sub-microsecond range [4]. The same 

range is therefore employed in this work. 



2. Physical and Simulation Models 
 

Figure 1 represents a schematic of the modelled GaN HEMT. The top Al0.28Ga0.72N 

layer and GaN buffer thicknesses of the device are 21 nm and 1.9 μm, respectively. The 

source, gate and drain contact lengths are assumed to be 0.25 μm. The spacing between the 

source to the gate and the gate to the drain are 

1.25 μm and 2.50 μm respectively. 

Figure 2 illustrates the net polarization 

charge in a GaN HEMT. The spontaneous and 

piezoelectric polarization charge components in 

the AlGaN/GaN HEMTs are calculated using 

following relations [14]: 

 

PSP(x)=                                               (1) 

PPZ= 
    

  
        

   

   
                                  (2) 

 

In Eq. (2),     and     denote the elastic constants, 

and   and    are the lengths along the hexagonal 

crystallographic edge. For the lattice, elastic, and 

piezoelectric constants, the following relations are 

used [14]: 
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Note that the both spontaneous and piezoelectric 

polarizations are included in the simulation model. 

Material parameters used in simulations are 

summarised in Table I. The sheet charge density of 

σpol=1.15×10
13

 cm
-2

 that is obtained at the interface 

of AlGaN/GaN is in agreement with the 

experiments. 

The current collapse has been widely 

attributed to the trapping phenomena [1-12]. The trapping centres can reside in AlGaN barrier 

layer, at the 2DEG interface, or in the GaN buffer layer [6, 14]. To investigate trapping 

behaviour in the simulated device, two acceptor-type traps are uniformly distributed in the 

AlGaN and GaN layers with a density of NT
AlGaN

=5×10
16

 cm
-3

 and NT
GaN

=2.5×10
16

 cm
-3

, 

respectively. The position of the traps in AlGaN and GaN layers are assumed to be EC-ET = 

2.5 eV and EC-ET = 1.25 eV, respectively. The capture cross section of electrons in AlGaN 

and GaN layers is assumed to be σn= 5×10
-15 

cm
-2

. Poisson equation, a continuity equation, 

Shockley-Read-Hall recombination model, and the tunnelling model are all included in the 

simulations. The simulations are carried out using two transport models: Drift-Diffusion (DD) 

and Hydro-Dynamic (HD) which were meticulously calibrated against experimental I-V 

characteristics (Ids-Vds at Vgs=-2V, -1V, 0V) of the 0.25 μm gate length GAN HEMT [5]. The 

lattice temperature is fixed in all simulations to 300 K . 

 

 

 

 

 
 

 

Fig. 1. Cross section of the simulated 

0.25 μm gate length GaN HEMT. 
 

 
 

 

 

Fig. 2. Scheme of charge components 

in a GaN HEMT. 
 

Table I. Room-temperature values for 

III-Vs material adopted in the 

simulations [14]. 

Material Properties GaN AlN 

Bandgap [eV] 3.47 6.2 

SRH Life Time [ns] 1 1 

Electron Relaxation Time [ps] 0.1 0.1 

Low-Field Electron Mobility 

[Cm2/Vs] 

990 135 

Electron Saturation Velocity 

[Cm/s] 

1.8×107 2.16×107 

 

 

 
 

Fig. 3. Drain turn-on and turn-off 

pulsing modes. 

 G  D 

 

 

 D 

           S 

 

 S 

Al0.28Ga0.72N 

GaN 

4H-SiC 

Al0.28Ga0.72N 

GaN 

4H-SiC 

Vgs S 

D 
G 

0.1V 0.1V 

15V 

1μs 1μs 



3. Transient Simulations 
 

Figure 4 represents the simulated transient response to Vds turn-on pulse at Vgs=0V 

using the HD transport model. The current decline can be split into two regimes. In the first 

regime, the decline is caused by two effects: 1) negative differential mobility which is a 

dominant effect and 2) electron trapping into 

the acceptor traps. The negative differential 

mobility is not observed in the DD model. The 

recovery time of negative differential mobility 

is short in comparison to the recovery time 

required by the traps (see Fig. 4). In the second 

regime, the decline is caused by the capture of 

hot electrons into traps. Some of the empty 

acceptor traps, which are neutral, capture 

electrons and become negatively charged. This 

process is called trapping. On the other hand, 

some of the filled acceptor traps, which are 

negatively charged, emit electrons and become 

neutral. This process is called de-trapping [15]. 

Trapping and de-trapping processes are 

dynamic but one could be dominant until the 

system reaches equilibrium conditions. When 

Vds is ramped up from 0.1V to 15V, electrons 

are significantly heated in 10
-6

 s, and system 

finds itself far from equilibrium conditions. As 

a result, hot electrons exit the channel and 

spread toward AlGaN and GaN layers and get 

captured by the traps in the device. Captured 

electrons modify the charge distributions in the 

device, thereby limiting the output power. 

Meanwhile, small numbers of the trapped 

electrons can lose energy and return to the 

channel. When the drain voltage is ramped up, 

the trapping behaviour is the dominant process 

[see Fig. 6(a)]. 

Figure 5 shows the simulated transient 

response to Vds turn-off pulse at Vgs=0V using 

the HD transport model. When Vds is ramped 

down from 15V to 0.1V in 10
-6 

s, once again 

system finds itself far from equilibrium 

conditions. Consequently, the occupied traps 

start to release the electrons. This behaviour 

determines the de-trapping process. Meanwhile, 

a very small number of electrons could be 

heated and get trapped. When the drain voltage is pulsed down, the de-trapping behaviour is 

the dominant process [see Fig. 6(b)]. 

Figure 7 illustrates the simulated transient response to Vds turn-on pulse at Vgs=-5V (off 

state) using the DD model with tunnelling included/excluded. When Vds is ramped up   from 

Fig. 4. Simulated transient response to Vds 

ramp-up pulse at Vgs=0V and Vds=0.1V 

using the HD transport model. 

 
Fig. 5. Simulated transient response to Vds 

ramp-down at Vgs=0V and Vds=15V using 

the HD transport model. 
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Fig. 6. Schematic illustration of electron 

capture/emission process for (a) turn-on 

pulse at Vgs=0V and Vdd=15V and (b) 

turn-off pulse at Vgs=0V and Vdd=0.1V. 

GaN  
4H-SiC 

Al0.28Ga0.72N   barrier  

Al0.28Ga0.72N barrier  

GaN  
4H-SiC 



0.1V to 20V in 10
-6 

s, the current shortly increased by about two orders of magnitude. During 

the transient evolution, a noticeable decline is observed as the system finds itself in non-

equilibrium conditions. As it is shown in Fig 7, the leakage current is increased when 

tunnelling model is included. This 

corresponds to increase in number of electrons 

under the gate. Fig. 8 shows the leakage 

current plotted for different values of acceptor 

trap densities in the AlGaN layer and 

compared to the case with no tunnelling. The 

current decreases with increasing trap density 

due to increase in the electron trapping as 

expected. 
 

4. Conclusion 
 

Despite of promising performance of 

GaN HEMTs for power applications, further 

investigation and development of this 

technology regarding optimisation of material 

quality and process technology to eliminate 

or, at least, minimize the prominent issue of 

the traps is required. This work presented an 

insight into the bulk trapping process in the 

0.25 μm GaN HEMT through the physical 

device modelling of the acceptor traps in on-

state and off-state device regimes. We have 

observed that the electron tunnelling will 

increase the trapping process by order of 

magnitude in the current characteristics when 

the device operates in the off-state. However, 

in the on-state, the tunnelling has negligible 

impact on the trapping process. 
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Fig. 7. Simulated transient response of the 

drain current at Vds=20V and Vgs=-5V with 

and without a tunneling using the DD 

transport model. The trap density is 

5×10
16

cm
-3

. 

 
Fig. 8. Simulated transient response of the 

drain current at Vds=20V and Vgs=-5V for 

different acceptor trap densities in the 

barrier layer with a tunneling using the DD 

transport model.  
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