
Abstract—In this paper, we present the current status of 
GaN-high electron mobility transistor (HEMT) for 
power-supply-applications. Advantages of GaN HEMT are 
summarized with discussing required characteristics 
applying for power supplies.  

Then, we introduce our Enhancement-mode (E-mode) 
GaN MIS-HEMT technology. We focused on realizing both 
normally-off operation and high current density with high 
breakdown voltage. Detailed results are discussed in this 
paper. In particular, we developed a unique device structure 
called triple layer cap structure. High current density with 
normally-off mode was successfully achieved, which is 
preferable for power-supply application. We also 
demonstrated high speed performance with low 
on-resistance. 

Index Terms-- GaN, MIS-HEMT, ALD, 
Enhancement-mode 

I. INTRODUCTION

The GaN high electron mobility transistors (HEMTs) 
have a high breakdown voltage with a high cutoff 
frequency. Currently GaN HEMTs for transmitter power 
amplifiers (PAs) of wireless base stations have been 
commercialized [1]. The GaN HEMT is also well 
recognized to be a good candidate for the next generation 
power-conversion devices (Table 1). The application of
GaN HEMT is, for example, power factor corrector 
(PFC) or power supply unit (PSU) for servers (Fig. 1). 
Enhancement-mode (E-mode)   operation is necessary 
for these applications. However, conventional GaN 
HEMTs is unsuitable for Enhancement-mode operation 
due to its strong piezo-electric effect.  

As shown in Table 2, There are several approaches to 
realize Enhancement-mode operation for GaN HEMTs 
such as a gate recess structure[2],[3], F-treatment [4],[5], 
an introduction of InGaN cap layer [6] , adding p-GaN 
cap layer [7], using a piezo neutralization layer [8], and 
MOS-FET structure[9],[10]. Previous works reports 
applied these E-mode devices to circuits 
[4],[5],[7],[11]-[13]. But it is difficult to fabricate a 
GaN-HEMT with a high maximum drain current density 
and a threshold voltage over 2V.  

We have developed recessed E-mode AlGaN/GaN 
metal-insulator-semiconductor (MIS) HEMTs with novel 
n-GaN/AlN/n-GaN triple cap layers and an atomically
deposited Al2O3 gate dielectric layer [14]. This was the
first GaN-HEMT exhibiting normally-off characteristics
and high current density with high breakdown voltage.

II. DEVICE STRUCTURE

The AlGaN/GaN MIS-HEMTs in this study consists of 
n-AlGaN/i-GaN HEMT structure on S.I.-SiC substrate
with n-GaN/AlN/n-GaN triple cap layers as shown in
Fig. 2. All layers were grown on a 3-inch SiC substrate
by MOCVD [15]. The thickness of n-GaN/AlN/n-GaN
thin triple-layers was 2/2/2 nm. The thickness of the
AlGaN electron supply layer is around 20 to 25 nm.
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TABLE I
CHARACTERISTICS OF SEMICONDUCTOR

Material
Band Gap

(eV)

Breakdown
Electric Field

(V/m)

Thermal
Conductivity

(W/cm/K)

Electron
Density
(/cm2)

Electron
Mobility

(cm2/V/s)

Saturation
Velocity

(cm2/V/s)

Dielectric
Constant

Baliga
FOM

Si 1.1 0.3 1.5 ~1012 1300 1.0 11.8 414
GaAs 1.4 0.4 0.5 ~1012 3000 1.3 12.8 2460
SiC 3.2 3.0 4.9 ~1012 600 2.0 10.0 162000

GaN (HEMT) 3.4 3.0 1.5 ~1013 1500 2.7 9.5 385000
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For PAs of base station application, we have developed 
n-GaN cap structure, called a surface-charge-controlled 
structure [16]. By using an n-GaN cap layer, instead of an 
AlGaN layer, surface oxidation and 
frequency-dispersion-related surface instability could be 
prevented. For example, n-GaN cap structure suppresses 
current collapse, which is a key issue for the GaN based 
devices. Current collapse is the phenomena that on 
resistance changes when the transistor turns on [17]. It is 
considered mainly because of traps on the surface of GaN 
device [18]-[20] Hypothesis of current collapse 
mechanism is shown in Fig. 3. In off state, high electric 
field will occur at the drain side edge of gate if high 
voltage is applied between source and drain. In this case, 
electrons are trapped on the surface of this area. These 
trapped electrons cannot be released easily even if gate 
voltage becomes turned-on, which results in the increase 
of on resistance.  

Figure 4 shows the measured current collapse, electric 
field simulation and surface roughness. The results of 
n-GaN cap layer structure were compared with 
conventional AlGaN cap layer structure. By embedding 
this n-GaN cap layer on the top layer, current collapse 
could be suppressed. This is attributed to the reduced the 
concentration of electric field at the gate edge and smooth 
surface.  

The second 2-nm AlN layer inserted in n-GaN cap 
causes conduction band bending to the downside because 
a polarization-induced electric field at the interface 
between AlN and GaN is strongly induced. Figure 5 
shows the schematic energy band diagram of our 
fabricated HEMT structure. This conduction band 
bending increases the two-dimensional electron gas 
(2DEG) density. As a result, sheet resistance (Rsh) of 
Al-GaN/GaN HEMT with the piezoelectric-induced 
triple-layer cap structure was 27% lower than that of our 
conventional single n-GaN cap structure [21] remaining 
high breakdown voltage. On the other hand, a second 

Advantage 

Current density 
Epitaxial growth 

Low Vth value Controllability 
Damage 
Reliability 

Controllability of Vth 
Forward breakdown 
voltage 

Epitaxial growth 
Reliability 

Disadvantage 
or 

unclear point 

Method 

Piezo 
Neutralization 
Layer 

“F” treatment 
InGaN cap 
p-GaN cap 

Controllability of Vth 
Epitaxial growth 

GaN 

Sub. 

AlGaN 

Controllability 
Damage 
Roughness 

Gate recess 

AlGaN 

GaN 

Sub. 

Small current collapse 
Epitaxial growth 
(no p-GaN, InGaN) 

cap

MOS Structure 

p-GaN 

Sub. 

n+ region 

Epitaxial growth 
Reliability 
Low Imax

Low leak current 
High breakdown 
voltage 

Fig. 2 Cross-sectional view of AlGaN/GaN MIS-HEMT 
structure used in this work. 
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TABLE II
APPROACH TO REALIZE ENHANCEMENT MODE GAN DEVICE
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2DEG might be generated in the n-GaN cap layer on the 
bottom side when forward gate bias is applied. This 
second 2DEG can be the origin of the gate leakage path. 
Penetration of recess through triple cap (Fig. 2) makes 
this device able to suppress the increasing gate-drain 
leakage current.  

The 2-nm GaN layer on the surface side is formed to 
keep a smooth surface morphology on the strained AlN 
layer. Figure 6 shows the surface morphology of the 
epitaxial layer with the triple-layer cap structure, 
compared with the AlN/GaN double layer cap structure 
without the surface-side GaN cap. An atomic force 
microscope (AFM) was used to measure the surface just 
after epitaxial growth. A lot of cracks were observed in 
the surface of the structure with AlN/GaN double layer 
cap which was terminated with AlN. On the other hand, 
the structure with the triple-layer cap had a substantially 
smoother surface. Root-mean-square (RMS) values for 
surface morphology were improved drastically from 
0.56 nm to 0.14 nm. 

The third GaN layer on the bottom side is inserted to 
compensate strain of AlN to obtain good morphology for 
high reliability. 

Under gate electrode, there is a 20 to 25 nm-depth gate 
recessed region with the 20-50 nm Al2O3 gate dielectric 
layer. Al2O3 was deposited by atomic layer deposition 
(ALD) technique. Al2O3 has high band discontinuity to 
GaN, which is essential for E-mode operation.  The 
dielectric constant of Al2O3 is also high (~8.0) so that 
carrier was well-controlled by the gate bias although 
thickness of the dielectrics is enough thick to suppress 
gate leak current.  

III.  DEVICE FABRICATION

Recessed ohmic technology [22] was used to reduce the 
ohmic contact resistance by removing the triple-layer cap 
structure at first. For ohmic recess formation, reactive ion 
etching (RIE) was used with Cl2 gas. After removing the 
cap structure, ohmic metal was evaporated. Ohmic 
electrodes were annealed at a relatively low temperature 
of 550°C for 30 sec in N2 ambient to keep the metal 
surface smooth. Next, the gate recess was formed by RIE 
with Cl2 gas. In order to improve controllability of the 
etching depth and to keep a smooth surface morphology, 
the etching rate was reduced. The etching depth was 
about 20-25 nm and controlled by timing. Etching depth 
was measured by AFM in the nm-order. Thus, the key 
features to enhance controllability in this study are thin 
cap layer, slow etching rate, and precise AFM 
measurement.  
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Prior to gate metal deposition, we carried out gate 
recess etching by Cl-based RIE and deposition of 
20-50 nm Al2O3 gate dielectrics by plasma-enhanced 
ALD at 350C. In the case of designing thin dielectric 
structure, the ALD method is superior to CVD method in 
terms of controlling the surface roughness and film 
thickness. Trimethylaluminum (TMA) and O2 plasma 
were used as the metal precursor and an oxidant, 
respectively. After deposition, we annealed the film at 
650C for 1 min. In this work, we did not carry out 
intentional surface treatment before deposition. Finally, a 
Ni/Au gate electrode was formed using an evaporation 
and lift-off technique. The typical gate length (Lg) was 
0.8 μm.  

IV.  DEVICE CHARACTERISTICS

Figure 7 shows the Vth dependence of gate recess 
etching depth. As recess etching depth increases, Vth
changes linearly. Vth showed Enhancement-mode when a 
recess etching depth became deeper than 15 nm. 

Ids-Vgs characteristics for the recessed and non-recessed 
devices are shown in Fig. 8. The gate recessed structure 
dramatically changed the Vth from -5.8 V to +3 V without 
any degradation of maximum drain current. The recessed 
GaN MIS-HEMT clearly showed the Enhancement-mode 
operation with a high maximum drain current of 
860 mA/mm at Vgs= 10 V. The drain current at Vgs=0 V 
was 9 μA/mm. The maximum transconductance was 
155 mS/mm. The gate recess etching depth was around 
25 nm. This device showed no current collapse (Fig. 10). 

Fig. 8.  Drain current and transconductance as a 
function of gate voltage.  
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Fig. 7.  Vth dependence of gate recess etching depth for
AlGaN/GaN MIS-HEMT.  

Figure 6  AFM photographs of GaN HEMT (a) with and (b) without
surface GaN-cap on AlN layer. 

Fig. 9. Ids-Vgs and Gm-Vgs profile for the E-mode 
AlGaN/GaN MIS-HEMT.  
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V.  SWITCHING CHARACTERISTICS

Switching waveform of our developed GaN HEMT with 
triple cap layers is shown in Fig. 11. Gate width was 144 
mm; and chip size is 3.5 × 5.15 mm2 (Fig. 12).  In this 
measurement, Vdd was 50 V and load resistance was 5 
ohm. Switching time was around 10 ns and this value is 
very small compared with Si MOSFET. Ron of this device 
was 105 mΩ, and breakdown voltage was 420 V (Fig. 13, 
Fig. 14). Small total gate charge (Qg) and capacitance 
result in this fast switching. Fig. 15 shows the result of 
Qg measurement. In this measurement, Vdd was set at 10 
V, and load resistance was 100 ohm. The gate to source 
charge (Qgs), the gate to drain charge (Qgd) and Qg were 
3.20 nC, 4.64 nC and 13.8 nC respectively. Fig. 16 shows 
Vds dependence of capacitance values, such as input 
capacitance (Ciss), output capacitance (Coss) and reverse 
transfer capacitance (Crss). These capacitance values were 
very small compared with the Si MOSFET with same 
current and break down capacity. 

Fig. 12 Photograph of fabricated chip 

Wg=144mm 

Fig. 14 Idss of the E-mode AlGaN/GaN MIS-HEMT. 

Fig. 16 Dependence of capacitance on Vds (Vgs=0 V) 

Fig. 15 Result of Qg measurement 
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VI.  SUMMARY

We demonstrated AlGaN/GaN E-mode MIS-HEMTs 
that exhibited a high maximum drain current density  
(Imax) of 860 mA/mm with a threshold voltage of 3 V by 
introducing a piezoelectric-induced cap and a recessed 
ALD-MIS-gate structure. Switching characteristics of this 
HEMT are also fast compared with Si MOSFET. Figure 
17 is the benchmarking of the specific on-resistance 
(RonA) and the breakdown voltage for E-mode GaN FETs 
from earlier work [3]-[5],[7],[8],[23]-[27]. The developed 
GaN device achieved the combination of low 
on-resistance and high breakdown voltage. Figure 18 
shows the benchmark of Imax and Vth for the published
enhancement-mode GaN FETs which have high 
three-terminal breakdown voltages over 100 V 
[2],[5],[7],[8],[23],[25]-[32]. Our developed devices 
demonstrated a high Imax with sufficiently enough E-mode 
operation. 

These results suggest that the recessed AlGaN/GaN 
MIS-HEMT with the triple cap layers could be a 
promising device structure for power supply electronics. 
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