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Abstract 
This paper demonstrates that threshold voltages of GaN MISFET are control-
lable by varying the Mg ion doses for Mg ion implantation. Furthermore, it 
demonstrates for the first time that the short channel effect can be suppressed 
using a halo structure that has a p-layer in channel regions adjacent to source/ 
drain regions using tilt ion implantation. A device with a Mg dose of 8 × 
1013/cm2 achieved maximum drain current of 240 mA/mm and a transcon-
ductance of 40 mS/mm. These results indicate a definite potential for the use 
of our new process in GaN MISFETs for applications in power switching de-
vices. 
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1. Introduction 

Gallium nitride (GaN) is an ideal material for high power, high frequency, and 
high temperature devices due to its remarkable properties such as a wide band-
gap, a high breakdown electric field, and a high saturation velocity [1]. One of 
the applications of GaN is in a high electron mobility transistor (HEMT) with 
the structure of AlGaN/GaN, which has been the focus of many researchers as it 
can be successfully used in high speed, high power devices [2] [3]. Threshold 
voltage control in HEMTs is well known to be very difficult, as complicated 
processes such as recessed gate etching are needed [4]. Recessed gate HEMTs 
have high performance (gm ≈ 150 mS/mm) and normally-off operation, but still 
have a problem of threshold voltage fluctuation due to recessed gate structure 
and the short channel effect. Therefore, a MISFET (non-HEMT) is required to 
overcome this problem. To fabricate a MISFET, it is necessary to form p-type 
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regions by ion implantation. However, this process has been challenging. One 
recent study reported the formation of a p-type conductive layer by Mg ion im-
plantation. Also, there are some reports of forming the p-type layer evaluated by 
Hall measurements [5] [6]. However, Mg ion implantation hasn’t been applied 
to GaN device fabrication in the past. This paper demonstrates that the thre-
shold voltage of a GaN MISFET can be controlled using Mg ion implantation 
and that the short channel effect is suppressed with a halo structure that has a 
p-layer in channel regions adjacent to source/drain regions using tilt ion im-
plantation [7]. 

2. Device Fabrication 

Epitaxial layer structures were grown by metal-organic vapor phase epitaxy 
(MOVPE) on free-standing GaN substrates, which reduce threading dislocation 
densities of epitaxial layers on GaN to approximately 106/cm2. The crystallinity 
of the epitaxial layers is important because there is a report that the p-type layer 
grown by ion implantation depends on the dislocation densities of the epitaxial 
layers [8]. The epitaxial layers consist of Mg-doped-GaN (Mg: 5 × 1017/cm3, 200 
nm)/carbon-doped-GaN (C: 1.1 × 1019/cm3, 6 μm) layer on a GaN substrate (n = 
1.5 × 1018/cm3, 400 μm). A 30 nm-thick SiNx film was deposited on the layers. 
Mg ions were implanted to the SiNx film surface with a tilted angle of 45 degrees 
at doses of 1 × 1013/cm2, 4 × 1013/cm2 and 8 × 1013/cm2 at an energy of 60 keV as 
shown in Figure 1(a). After the lithography process to form n+ regions (source/ 
drain), Si ions were implanted on sample surfaces at a dose of 1 × 1015/cm2 at an 
energy of 50 keV as shown in Figure 1(b). The SiNx films were then removed 
and 40 nm thick SiNx films were deposited again, followed by activation an-
nealing at 1230˚C for 1 min in ambient N2. N ions were implanted into field re-
gions at a dose of 1 × 1015/cm2 at an energy of 80 keV to perform device isolation 
of GaN MISFETs as shown in Figure 1(c) [9]. The simulated impurity profiles 
of Mg, Si, and N ions are shown in Figure 2. Source/drain electrodes were 
formed by depositing Ti/Al (50/300 nm) layers, followed by metallization an-
nealing at 550˚C for 1 min. Finally, gate electrodes were formed by depositing 
Ni/Al (50/200 nm) layers as shown in Figure 1(d). 

3. Device Performance 

Figure 3 shows Id − Vg (a) and gm − Vg (b) characteristics of the GaN MISFETs. 
The threshold voltage of the MISFETs increases with increasing the dose of Mg 
ions, which means that the threshold voltage of GaN MISFETs is controllable. 
Figure 4 shows Id − Vd characteristics of the fabricated GaN MISFETs with the 
Mg ion dose of 8 × 1013/cm2. Maximum drain current of 240 mA/mm at Vg = 5V 
and maximum transconductance of 40 mS/mm were obtained for 0.5 μm gate 
length. The MISFETs indicate normally-on characteristics despite using a p-type 
epitaxial layer and Mg ion implantation. This might be caused by high tempera-
ture annealing that activated Si and Mg impurities because high temperature 
annealing introduces N vacancies that act as donors in GaN [10]. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. Fabrication processes of GaN MISFETs. Tilted Mg ion 
implantation for controlling threshold voltage (a), vertical Si ion 
implantation for forming source/drain regions (b), N ion im-
plantation for forming isolation regions in SiNx film (c) and the 
fabricated GaN MIFETs (d). 
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Figure 2. Simulated implanted impurity depth pro-
files of Si ions for the formation of source/drain re-
gions, Mg ions adjacent to the source/drain regions, 
and N ions for field isolation regions. 

 

  
(a)                                         (b) 

Figure 3. Id – Vg (a) and gm – Vg (b) characteristics of the fabricated GaN MISFETs. The 
threshold voltage increases with increasing the dose of implanted Mg ions. 
 

 
Figure 4. Id – Vd characteristics of the fabricated GaN MISFETs 
with tilted Mg ion implantation (dose: 8 × 1013/cm2). 
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Table 1 compares the characteristics of fabricated GaN MISFETs with various 
Mg doses. As the Mg does increases, the threshold voltage increases, the maxi-
mum transconductance decreases, and the drain current (Vg – Vth = 5 V, Vd = 5 
V) decreases. Figure 5 shows the relationship between the threshold voltage and 
the gate length of the devices. The threshold voltage of MISFET without Mg im-
plantation decreases with decreasing the gate length. This is caused by short 
channel effects. However, the threshold voltage of MISFET with Mg implanta-
tion does not decrease with decreasing the gate length because the short channel 
effects are suppressed depending upon the dose of Mg ions. In other words, Mg 
ion implantation suppresses the short channel effect. The threshold voltage of 
the MISFET with the Mg dose of 8 × 1013/cm2 is increased at the gate length 
around 0.7 μm. This might be caused by the reverse short channel effect (RSCE) 
and the higher implant dose shows a larger RSCE [11]. 

4. Summary 

This paper demonstrated that threshold voltage of GaN MISFET is increased by 
increasing the ion doses of Mg ion implantation, which means that the threshold 
voltage of GaN MISFETs is controllable. In addition, it demonstrated for the  

 
Table 1. Comparison of characteristics of GaN MISFETs. 

Tilt angle Mg implanted 
GaN MISFET 

Threshold  
Voltage 
Vth (V) 

Maximum  
Transconductance  

gmmax (mS/mm) 

Drain Current 
Id (mA/mm) 

(Vg – Vth = 5 V, Vd = 5 V) 

Mg dose: 1 × 1013/cm2 −6.5 73 225 

Mg dose: 4 × 1013/cm2 −4 55 188 

Mg dose: 8 × 1013/cm2 −3.5 40 106 

 

 
Figure 5. Relationship between the threshold voltage and gate 
length for the devices. 
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first time that Mg implantation suppresses the short channel effect. The fabri-
cated GaN MISFET (dose: 8 × 1013/cm2) achieved the maximum drain current of 
240 mA/mm and transconductance of 40 mS/mm. These results indicate a defi-
nite potential for the use of this new process in GaN MISFETs applications of 
power switching devices. 
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