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ABSTRACT 

 
Two-dimensional transient analysis of field-plate 

AlGaN/GaN HEMTs with a back electrode is performed by 
considering a deep donor and a deep acceptor in a buffer 
layer. It is shown that the introduction of field plate is 
effective in reducing current collapse when the acceptor 
density is high. On the other hand, the introduction of back 
electrode is effective in reducing current collapse 
particularly when the acceptor density is relatively low. It is 
also shown that applying a negative voltage to the back 
electrode is not so effective in reducing current collapse 
when the deep donor acts as an electron trap. 
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1 INTRODUCTION 
 
In AlGaN/GaN HEMTs, slow current transients are 

often observed even if the drain voltage VD or the gate 
voltage VG is changed abruptly [1]. This is called drain lag 
or gate lag. Slow current transients indicate that dc I-V 
curves and RF I-V curves become quite different, resulting 
in lower RF power available than that expected from dc 
operation. This is called current collapse [2]. The use of 
field-plate structure, where the gate electrode extends onto 
surface passivation layer (cf. Fig.1), is considered to reduce 
surface-related current collapse [3], but its effects on 
buffer-related current collapse are not well known [4]. On 
the other hand, a recent experimental study shows that 
putting a back electrode under a buffer layer reduces the 
current collapse [5]. This indicates the importance of 
buffer-related current collapse [6]. Therefore, in this work, 
we perform two-dimensional analysis of field-plate 
AlGaN/GaN HEMTs with a back electrode and study how 
and when the buffer-related current collapse is reduced.  

 
2 PHYSICAL MODELS 

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

The gate length is 0.3 μm. Note that the gate electrode 
extends onto SiN passivation layer. This is called a gate 
field plate. The field-plate length LFP is typically set to 1 
μm. The thickness of SiN passivation layer d is typically set 
to 30 nm. The potential of back electrode VB is normally 
fixed to 0 V, but it varied between 0 and − 20 V.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Device structure analyzed in this study. 
 
 

In a buffer layer, we consider a deep donor and a deep 
acceptor [7, 8]. The deep acceptor’s energy level is set 0.6 
eV above the top of valence band. The deep donor’s energy 
level is typically set to 1 eV below the bottom of 
conduction band [8]. The deep-acceptor density NDA is 
varied between 5x1015 cm-3 and 1017 cm-3. The deep-donor 
density NDD is set higher than the deep-acceptor density 
NDA. In this case, the deep donors donate electrons to the 
deep acceptors, and hence the ionized deep-donor density 
NDD

+ becomes nearly equal to NDA under equilibrium, and 
the deep donors act as electron traps. The steepness of 
energy barrier at the channel-buffer interface is determined 
by NDA, and the energy barrier becomes steeper when NDA 
is higher. 

Basic equations are Poisson’s equation including 
ionized deep-level terms, continuity equations for electrons 
and holes including carrier loss rates via the deep levels, 
and rate equations for the deep levels [8]. These equations 
are put into discrete forms and solved numerically. We 
calculate drain-current responses of AlGaN/GaN/HEMTs 
when the drain voltage VD and/or the gate voltage VG are 
changed abruptly. 
 

3 CASE WITH HIGH ACCEPTOR 
DENSITY IN THE BUFFER LAYER 

 
Fig.2 shows a comparison of calculated drain-current 

responses of two AlGaN/GaN HEMTs when VD is lowered 
abruptly from 40 V to VDfin and VG is kept constant at 0 V. 
Here, NDA = 1017 cm-3. Fig.2(a) shows the case of normal 
structure  without  a  field  plate  and a back  electrode,  and 
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Figure 2: Calculated drain-current response characteristics 
of AlGaN/GaN HEMTs when VD is changed abruptly from 
40 V to VDfin and VG is kept constant at 0 V. NDA = 1017 cm-3, 
(a) Without field plate and back electrode, (b) with field 
plate and back electrode (VB = 0 V). 

 
 
Fig.2(b) shows the case with a field plate and a back 
electrode. The drain currents remain low for some periods 
and gradually increase, showing drain-lag behavior. It is 
understood that the drain current begins to increase when 
the deep donors in the buffer layer begin to emit electrons. 
It is clearly seen that the drain-lag rate is smaller for the 
case with a field plate and a back electrode. We also 
simulate a case when the gate voltage is also changed from 
an off point to 0 V. In this case, the drain current remains 
further lower, indicating gate-lag and current collapse 
behavior. 

Fig.3 shows the current reduction rate ΔID/ID due to 
drain lag, gate lag or current collapse for three device 
structures. This figure shows that the lags and current 
collapse are remarkably reduced by introducing a field plate 
(center), and the current collapse and drain lag are further 
reduced by introducing a back electrode (right). 

Fig.4 shows a comparison of electron density profiles at 
VD = 40 V and VG = 0 V for the three device structures. 
Fig.4(a) shows the case of normal structure without a field 
plate and a back electrode. Fig.4(b) shows the case of field- 
plate structure,  and Fig.4(c) shows the case of the structure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Current reduction rate ΔID/ID due to current 
collapse, drain lag or gate lag for three device structures. 
NDA = 1017 cm-3. VB = 0 V. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Electron density profiles at VD = 40 V and VG = 0 
V for AlGaN/GaN HEMTs with different device structures. 
NDA = 1017 cm-3 (a) Without field plate and back electrode, 
(b) with field plate and without backside electrode, (c) with 
field plate and backside electrode (VB = 0 V). 
 
 
 
with a field plate and a back electrode. In the normal 
structure (Fig.4(a)), electrons are injected rather deep into 
the buffer layer under the gate region. On the other hand, in 
the field-plate structure (Fig.4(b)), electrons are injected 
into the buffer layer under the drain edge of the field plate 
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as well as under the gate. But, the overall injection depth is 
not so deep as compared to the case without a field plate 
(Fig.4(a)). This is because the electric field at the drain 
edge of the gate is weakened. Hence, the trapping effects 
are reduced, leading to the smaller drain lag and current 
collapse. By further introducing a back electrode (Fig.4(c)), 
the electron injection under the gate is further reduced, 
leading to the additional reduction in drain lag and current 
collapse. This may be because the fixed potential at the 
backside electrode keeps the barrier from the channel 
toward the buffer high. 

 
4 CASES WITH RELATIVELY LOW 

ACCEPTOR DENSITIES 
 
Figs.5(a) and 5(b) show the current reduction rate ΔID/ID 

due to drain lag, gate lag, or current collapse for the three 
device structures with NDA = 2x1016 cm-3 and 5x1015 cm-3, 
respectively. When comparing with Fig.3, the reduction in 
lags and current collapse by introducing a field plate is not 
so significant. This is because electrons are diffused deeper 
into the buffer layer for lower NDA, and hence the field plate 
can’t control them well. On the other hand, the reduction in 
drain lag and current collapse by introducing a back 
electrode is more noticeable. 

Fig.6 shows the conduction-band-edge energy profiles 
at VD = 40 V and VG = 0 V without and with the back 
electrode. Here, NDA = 2x1016 cm-3. Because of the fixed 
potential at the back electrode, the energy barrier for 
electrons from the channel toward the buffer is maintained 
at a high level when the drain voltage is applied. On the 
other hand, without the back electrode, the barrier at the 
channel-buffer interface can be lowered because the 
backside is floating. Therefore, we can say that with the use 
of back electrode, the barrier at the channel-buffer interface 
increases, and hence the electron injection into the buffer 
layer is weakened, thereby leading to reduced trapping 
effects and current collapse. 

In conclusion, the introduction of field plate has been 
shown effective in reducing buffer-related current collapse 
when the acceptor density in the buffer layer is high. On the 
other hand, introducing a back electrode has been shown 
effective in reducing buffer-related current collapse when 
the acceptor density in the buffer layer is relatively low. 

 
5 DEPENDENCE OF BACK ELECTRODE 

VOLTAGE 
 
Finally, we calculate the dependence of current collapse 

on the back electrode voltage VB. Figure 7 shows the 
current reduction rate ΔID/ID due to current collapse for 
AlGaN/GaN HEMTs as a function of the back electrode 
voltage VB. Three cases with different NDA are shown. The 
data without a back electrode are also shown for reference. 
It is seen that the decrease in current collapse when VB 
becomes negative is not so significant for all the three cases. 
This is in contrast to the large  reduction in current collapse 

 
 
 
 
 
 
 
 
 
 
 
 
 (a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b)  
 
 
 
 
 
Figure 5: Current reduction rate ΔID/ID due to current 
collapse, drain lag, or gate lag for three device structures, 
where (a) NDA = 2x1016 cm-3 and (b) NDA = 5x1015 cm-3. VB 
= 0 V. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Conduction-band-edge energy profiles at VD = 40 
V and VG = 0 V (a) without and (b) with back electrode (VB 
= 0 V). NDA = 2x1016 cm-3. 
 
 
when introducing the back electrode (VB = 0 V). 

Fig.8 shows a comparison of potential profiles of an 
AlGaN/GaN HEMT with a back electrode between (a) VB = 
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Figure 8: Comparison of potential profiles of field-plate 
AlGaN/GaN HEMTs with a back electrode between (a) VB 
= 0 V and (b) VB = − 20V.  VD = 40 V and VG = 0 V. NDA = 
1017 cm-3. 

 
 
 
 

  
  
 Figure 7: Current reduction rate ΔID/ID due to current 

collapse for field-plate AlGaN/GaN HEMTs with different 
NDA as a function of the back electrode voltage VB. 

[2] U. K. Mishra, L. Shen, T. E. Kazior, and Y.-F. Wu, 
“GaN-based RF power devices and amplifiers”, 
Proc. IEEE, vol.96, pp.287-305,  2008.  

[3] A. Koudymov, V. Adivarahan, J, Yang, G. Simon 
and M. A. Khan, “Mechanism of current collapse 
removal in field-plated nitride HFETs”, IEEE 
Electron Device Lett. vol.26, pp.704-706, 2005. 

 
0 V and (b) VB = − 20 V. Here, VD = 40 V, VG = 0 V, and 
NDA = 1017 cm-3. From Fig.8(b), we see that the back 
electrode voltage is entirely applied along the bulk of the 
buffer layer. This means that VB does not almost affect the 
potential profiles at the channel-buffer interface and the 
current flow in the channel. Therefore, VB does not almost 
affect the rate of current collapse in this case. This situation 
that the voltage is entirely applied along the bulk of buffer 
layer occurs because the deep donors act as electron traps. 
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