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Abstract 

 To fabricate high-performance GaN MIS-HEMTs, we 

have employed a novel SiNx/HfO2 dual gate insulator. A 

PEALD technique was used for very thin high quality 

SiNx (5 nm) as an interfacial layer, followed by RF-

sputtered HfO2 as a high-k dielectric for the second gate 

insulator structure. As a result, we have achieved 

excellent characteristics such as small subthreshold slope 

of 85 mV/dec, extremely small off-state drain leakage 

current less than 10
-9

 A/mm and high ON/OFF drain 

current ratio of ~10
9
, and low ON-state resistance of 1.79 

and 1.84 mΩ•cm
2
 for normally-on and normally-off 

devices, respectively. C-V hysteresis was negligible for 

normally-on device, but for normally-off device 300 mV 

was observed. Finally, in normally-off device, a large 

threshold voltage of 1.65 V, and a high breakdown 

voltage of 900 V when ID was defined for 0.1 μA/mm 

were achieved.   

 

INTRODUCTION 

 

 Gate insulator is the key technology in gate recessed 

normally-off GaN MIS-HEMTs. Various dielectric materials 

were tried for gate insulator, such as SiO2, SiNx, Al2O3, AlN, 

HfO2, ZrO2, La2O3, and Ta2O5 [1]. Among these materials, 

high-k dielectrics with k  > 20 have advantages for good 

channel controllability which leads to low OFF-state leakage 

current, high ON-state current, high ON/OFF current ratio, 

and low sub-threshold slope. These characteristics enable 

low power loss at OFF-state and high efficiency in the 

power conversion system. Meanwhile, there was a recent 

study to improve the interface quality of gate recessed 

normally-off GaN MIS-HEMTs by employing a double-

insulator gate [2]. A thermally oxidized AlON was applied 

as an interfacial layer, demonstrating that a dual gate 

insulator structure had advantages for interface property. 

RF-sputtering technique with inherent process simplicity 

and versatility has been recently applied for gate dielectrics 

on GaN such as SiO2 [3], TaOxNy [4], and HfO2 [5]. The 

numbers of studies on GaN MIS-HEMTs employing 

sputtered gate dielectric have been limited, mainly due to the 

difficulty of eliminating the ion-induced bombardment 

damage to GaN surface [3] that degrades the interface 

property. In case of normally-off MIS-HEMTs, the sputtered 

gate insulator/GaN interface of poor quality is becoming 

closer to the channel electrons and the issues related to the 

GaN surface, such as forward biased gate leakage current 

and current collapse, would be more serious. Recently, GaN 

MIS-HEMTs with sputtered dielectrics have demonstrated 

good device performances by employing low RF plasma 

power [3]–[5], but normally-off device has been not reported 

with sputtered gate dielectric. 

On the other hand, silicon nitride (SiNx) has been widely 

applied as passivation films in AlGaN/GaN HEMTs to 

reduce the current collapse because of its excellent interface 

property, which might imply that a high quality thin SiNx 

film is a good candidate for an interfacial MIS dielectric for 

GaN MIS-HEMTs. Excellent GaN MIS-HEMTs were 

fabricated with in-situ MOCVD-grown SiNx as an interfacial 

layer [6]. However, this technique is not suitable for gate 

recessed normally-off MIS-HEMT configuration and thus 

other deposition technique for high quality silicon nitride 

needs to be investigated.  

In this work, we propose a novel dual gate insulator for 

gate recessed normally-off GaN MIS-HEMTs, employing 

high quality PEALD-SiNx and RF-sputtered high-k HfO2. 

Excellent performances such as high breakdown voltage and 

low drain leakage current were obtained. 

 

DEVICE STRUCTURE AND FABRICATION 

 

 Fig. 1 (a) and Fig. 1 (b) show the cross-sectional 

schematics of the fabricated GaN MIS-HEMTs for 

normally-on and normally-off devices, respectively. The 

employed epitaxial structure included a 4 nm undoped GaN 

cap, a 24 nm undoped Al0.23Ga0.77N barrier, a 1 nm AlN 

spacer, and a 5 μm undoped GaN buffer layer on Si (111) 

wafer. The electron mobility and sheet carrier concentration 

were 1600 cm
2
/V·s and 1×10

13
 cm

−2
, respectively. The 

process started with mesa isolation and gate recess etching 

(which was performed only for normally-off device) using 

BC3/Cl2 gas mixture. Then, the samples were cleaned by 

SPM and diluted HF (1:10) and a 10 nm SiNx was deposited 

8
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by ICP-CVD for pre-passivation film. A Si/Ti/Al/Mo/Au 

(=5/20/80/35/50 nm) metal stack was evaporated for ohmic 

contact and annealed by RTA at 780 °C for 1 minute in 

nitrogen ambient. The contact resistance was 0.45 Ω·mm. 

After ohmic contact, the pre-passivated SiNx film, which 

might have been damaged by ohmic annealing, was removed 

by BOE for 2 min, and the sample was immediately loaded 

into the ICP-CVD chamber.  

 A 5 nm-thick high quality PEALD SiNx for an interfacial 

layer was deposited by our conventional ICP-CVD system at 

350 ºC with SiH4 and N2 as precursors of Si and N, 

respectively. Our detailed PEALD SiNx process in this work 

was same as presented in [7]. We deposited PEALD SiNx 

with the RF source power of 600 W at the pressure of 60 

mTorr for N2 plasma step, and non-plasma SiH4 gas flow at 

the pressure of 70 mTorr for silicon adsorption step. The 

deposition rate of PEALD process was about 0.5 Å /cycle. 

After the PEALD SiNx deposition, a 25 nm RF-sputtered 

HfO2 as a second high-k dielectric was deposited under 

process pressure of 3 mTorr at a low power of 50W to 

minimize the sputtering damage with low deposition rate of 

7.5 Å /min. A 30 nm thick HfO2 deposited only with RF-

sputtering for the control sample. A post-deposition 

annealing was performed at 500 °C for 10 min in N2 ambient, 

and a Ni/Au (=40/360 nm) was evaporated for the gate 

electrode.  

The cross-sectional TEM image of the gate region is 

shown in Fig. 1 (c).  A 5 nm-thick PEALD SiNx under the 

HfO2 dielectric layer was clearly identified as an interfacial 

layer. 

 

RESULTS AND DISCUSSION 

 

Fig. 2 and Fig 3 show the transfer characteristics of the 

normally-on and normally-off devices which were measured 

at VD=10 V. Threshold voltages were -5.65 and +1.65 V 

when defined at the drain current of 1 mA/mm, and the 

maximum drain currents were 650 and 500 mA/mm for the 

normally-on and normally-off devices, respectively. The 

maximum transconductance (gm,max) was also as high as 120 

and 170 mS/mm for normally-on and normally-off devices, 

respectively. Due to good channel controllability enabled by 

dual gate insulator including a high-k dielectric material, the 

off-state drain leakage current was extremely small (lower 

  

 

 
Fig. 1. Cross-sectional schematic of (a) non-recessed normally-on 

and (b) gate recessed normally-off GaN MIS-HEMT with 5 nm 

PEALD SiNx/25 nm RF-sputtered HfO2 as dual gate insulator 

structure. (c) TEM image of the gate region showing 5 nm PEALD 

SiNx and sputtered HfO2 at GaN interface. 

 

  
Fig. 2. Linear scaled transfer characteristics of the non-recessed and 

gate recessed MIS- HEMTs with the drain current (ID) and the 

transconductance (gm). 
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Fig. 3. Log scaled transfer characteristics of the non-recessed and 

gate recessed MIS- HEMTs with the drain current (ID) and the gate 

current (IG). ION/IOFF ratio and subthreshold slope are also shown. 
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than 10
-9

 A/mm), and thus very high ON/OFF drain current 

ratio (~ 10
9
) and low subthreshold slope (~ 85 mV/dec) were 

obtained for both devices. It is noted that the obtained values 

are better than other outstanding MIS-HEMTs with FinFET 

structure [8]. These excellent results suggest that the 

proposed gate insulator stack takes advantages of high 

quality SiNx interfacial layer and high-k gate insulator 

simultaneously. 

The ID-VD characteristics were measured for both devices, 

and shown in Fig. 4. With the slope of the linear regime in 

ID-VD curve and the active region area of the device 

(WG×LSD) taken into account, the specific ON-state 

resistances (Ron,sp) were calculated as 1.79 and 1.84 mΩ·cm
2
 

for normally-on and normally-off devices, respectively. The 

high drive current is attributed to good epitaxial layer, low 

damage gate recess etching (for normally-off device), and 

excellent interface quality. As shown in Fig. 5, the C-V 

characteristics for both devices were measured, and the 

recessed device exhibited ~ 300 mV hysteresis. On the other 

hand, negligible C-V hysteresis was observed in non-

recessed device. Therefore, it is suggested that the increased 

in ON-state resistance and C-V hysteresis of the normally-

off device was affected by gate recess etching damage, 

despite of low damage etching condition.  

The breakdown voltage of the device with PEALD SiNx 

was measured and plotted in Fig. 6. The breakdown voltage 

was as high as 900 V at the drain leakage current of 0.1 

μA/mm with VGS = 0 V, and the hard breakdown occurred at 

VD = 990 V. Benchmarked Ron,sp versus breakdown voltage 

plots including other reported normally-off GaN MIS-

HEMT data [8],[9]–[11] are shown in Fig. 7, which 

demonstrates the excellent performance of GaN MIS-

HEMTs fabricated in this work.  
 

CONCLUSIONS 

 

 We have proposed a novel dual gate insulator 

configuration employing PEALD-SiNx/RF-sputtered-HfO2 

for GaN MIS-HEMTs. The fabricated device with the dual 

gate insulator exhibited superior characteristics in 

breakdown voltage, ON-state resistance, subthreshold slope, 

and ON/OFF drain current ratio. This study suggests that the 

proposed dual gate insulator structure has a great potential 

for high quality GaN MIS interface, and ultimately for 

normally-off GaN MIS-HEMTs. 
 

  
Fig. 4. ID-VD characteristics of normally-on and normally-off GaN 

MIS-HEMTs were plotted. Specific ON-state resistance was 

calculated from the slope of the linear regime. 
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Fig. 5. Capacitance-voltage characteristics of non-recessed and 

recessed MIS capacitor measured with frequency of 1 MHz. 
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Fig. 6. Off-state breakdown characteristic of the fabricated 

normally-off GaN MIS-HEMT is shown. 
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Fig. 7. RON,sp versus BV is plotted with other reported normally-off 

GaN MIS-HEMTs. 
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ACRONYMS 

MIS-HEMT: Metal-Insulator-Semiconductor  

High-Electron-Mobility-Transistor 

PEALD: Plasma Enhanced Atomic Layer Deposition 

MOCVD: Metal Organic Chemical Vapor Deposition 

SPM: Sulfuric Peroxide Mixture 

ICP-CVD: Inductively-Coupled-Plasma  

Chemical Vapor Deposition 

RTA: Rapid Thermal Annealing 

BOE: Buffered Oxide Etchant 

TEM: Transmission Electron Microscopy 

C-V: Capacitance-Voltage 
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