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Abstract 

 
The demands on power semiconductor become increasingly important 

for green society by energy savings from environment-friendly and high 

efficiency technology. Despite many advanced technology developments, 

there are still remained problems that cannot be solved by current Si 

technology. To solve these problems, GaN based materials have been 

intensively explored for the past few decades in the aspects of their 

properties, such as high breakdown field strength, high carrier density, and 

high mobility characteristics. Power devices made with AlGaN/GaN 

epitaxial structures grown on Si-substrate are emerging as promising 

candidates for RF power amplifier and power switching devices. Despite the 

great potential of GaN material properties, GaN-based power devices suffer 

from reliability issues, especially threshold voltage instability and current 

collapse effects, which are more severe in recessed AlGaN/GaN metal-

insulator-semiconductor (MIS) FET characteristics for normally-off 

operation. 

The final goal of this work is to improve the dielectric layers for high 

performance AlGaN/GaN-on-Si devices. The scope of this work is mainly 

focused on the high quality gate insulator and the passivation layer for gate 

recessed AlGaN/GaN MIS devices. The gate recessed devices for normally-

off operation are great interest because of reliable and fail-safe operation as 

well as standby power loss reduction. It is difficult to obtain a reliable gate 

recessed device with high breakdown voltage and stable Vth characteristics. 

The Vth stability is significantly influenced by the bulk and interface traps in 

the MIS gate so that great care must be taken of interface engineering with a 
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high-quality MIS process. 

To achieve high quality interface at the gate dielectric/GaN channel, we 

studied the atomic layer deposition (ALD) technique for O3 based Al2O3 

dielectric layers. Even though, the Al2O3 dielectric layer has been studied 

often for the gate insulator of GaN MIS devices, however, there are still 

remained issues of unexpected traps such as oxygen vacancies which would 

affect the device reliability. One of the effective methods to improve the 

inherent properties of the high-k oxide is the incorporation of nitrogen to 

passivate oxygen vacancies. To achieve the enhanced stability of gate 

dielectric, we have proposed high quality plasma assisted ALD AlOxNy with 

cyclic nitrogen plasma treatment. The nitrogen-incorporated AlOxNy 

improved the interface and bulk film quality and enhanced the conduction 

band offset, which resulted in the improved DC characteristics. A larger 

conduction band offset of 2.64 eV with a higher forward breakdown field of 

8.3 MV/cm was achieved for ALD AlOxNy film. 

The current collapse phenomenon in the transient drain current is also a 

major factor in the reliability problems of AlGaN/GaN devices. Since the 

current collapse mostly occurs due to the presence of trapping centers 

located in the surface. It can be suppressed by the optimization of dielectric 

passivation, field-plate, and surface treatments. High quality passivation 

layer is crucial for AlGaN/GaN devices to reduce the surface states which 

would cause surface leakage current and 2-DEG channel depletion causing 

current collapse. Traditionally, SiNx has been widely used as a passivation 

layer, but most deposition processes of SiNx employ high power plasma or 

high deposition temperature which could lead to plasma damage or thermal 

budget problems. The Catalytic CVD (Cat-CVD) has been developed to 

overcome these problems since the deposition gases are decomposed by 
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catalytic cracking reactions with heated filaments placed near the substrate. 

We investigated the impact of Cat-CVD passivation process conditions on 

the current collapse phenomenon and achieved the effective deposition 

process of optimizing a thin passivation layer for reduced parasitic 

capacitance. Specifically, the refractive index values of Cat-CVD SiNx 

resulted in a high film density of 2.7 g/cm3 with a low wet etch rate (BOE 

10:1) below 2 nm/min characteristics. The surface engineering with 

nitrogen-passivation was also investigated with NH3 thermal nitridation 

before SiNx passivation layer deposition. The surface with nitrogen-

passivation suppressed the native oxide or charge trapping in the surface 

region. Cat-CVD deposited thin SiNx passivation layer of 30 nm thickness 

for high speed switching resulted in the exhibited improved current collapse 

characteristics of about 4 % reduction with a drain voltage of 40 V. 

For further improvements of device characteristics, especially interface 

quality, we optimized ALD AlOxNy with different oxidant source. The 

fabricated GaN MIS device with O3 based AlOxNy normally exhibited thick 

unintentional Ga-O bonding in the device interface due to strong oxidation 

of O3 oxidant. The GaOx at the interface between insulator and GaN would 

be the reason for Vth instability of GaN MIS devices. Among the various 

oxidant candidates, isopropyl-alcohol (IPA) is known not to react with the 

semiconductor surface during the initial ALD process, which aids in 

lowering the interfacial defect density at the oxide interface. In this work, 

the trade-off relationships in terms of the bulk and the interface properties 

between the O3 and IPA oxidant were optimized for the gate structure. With 

a bi-layer gate stack consisted of an IPA-based AlOxNy interfacial layer and 

an O3 based AlOxNy bulk layer. The fabricated device exhibited superior 

positive bias temperature instability (PBTI) reliability characteristics 



iv 

compare to the best results reported for gate recessed AlGaN/GaN MIS-

FETs. The fabricated gate recessed AlGaN/GaN device exhibited excellent 

device performances such as a maximum drain current density of 472 

mA/mm, a low Dit level of 1011 eV-1∙cm-2 range, a low subthreshold slope of 

75 mV/dec, and a breakdown voltage over 1100 V. The Vth was positively 

drifted by 150 mV after gate bias stress of 4 MV/cm for 1000 sec for dual 

AlOxNy dielectric layer. Noble ALD gate dielectric layer and Cat-CVD thin 

SiNx passivation layer developed in this work would improve the efficiency 

of power devices by suppressing reliability issues such as Vth instability and 

current collapse phenomenon. It is suggested that the PEALD AlOxNy gate 

dielectric and Cat-CVD SiNx thin passivation layer are very promising 

dielectric layers for the future high-performance AlGaN/GaN devices. 
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Chapter 1. Introduction 

 

1.1. Backgrounds 

The silicon (Si) based technology has been the main dominant 

semiconductor industry for many decades [1]. The power semiconductor 

device technology has been rapidly developed based on Si which is the most 

common material [2]. The power semiconductor device is mostly used as 

home appliances, mobile, and electric vehicles which operate using 

electricity. However, the Si-based power semiconductor has limitations such 

as on-resistance, breakdown voltage, and operating temperature due to 

inherently narrow band-gap and low electron mobility of material 

characteristics [3, 4]. After a steady effort by researchers led to the 

development of device structural innovations such as super junction metal 

oxide semiconductor field effect transistors [5-7] and insulated gate bipolar 

transistors [8-11] to overcome the theoretical limitations of Si materials. 

Despite many advanced technology developments, there are remained 

problems such as high power, high frequency, and high temperature 

operation in specific areas that cannot be solved by current Si technology 

[12]. For instance, GaAs and InP based transistors have been studied and 

developed for RF applications with the frequency range until several 

hundred GHz owing to the higher electron mobility than Si. To overcome 

the scaling challenge, InGaAs and SiGe based transistors were proposed due 

to their significant carrier transport characteristics stand out as promising 

candidates for future highly scaled CMOS application [13, 14]. 
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Figure 1.1 Status of the power electronics industry. 

 

As the modern power electronic systems required performance 

increases, the study of power semiconductors has focused on the material 

point of view from a structural perspective. Hence, compound materials, II-

VI and III-V have received significant attention to complement Si. The III-V 

compounds, such as GaAs, InGaAs, and InAs exhibit superior electron 

transport properties, however, they not being used in high temperature 

applications because they have relatively narrow band-gap [15]. To operate 

in a power device, it should be possible to high voltage, high current, and 

high frequency regime. It satisfies demands on green society by energy 

savings from environment-friendly and high efficiency power device 

technology [15, 16]. Also, this development of technology which is still at 

an early stage will create new intellectual property, and it will represent 

much to the economy and industry. 
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Fig. 1.2 Introduction of the III-Nitride devices in power electronics. 
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1.2. AlGaN/GaN Heterostructure 

Among the group III-N materials, gallium nitride (GaN) has relatively 

large band-gap which make it better to employed at high power and high 

temperature application [17, 18]. The material properties of GaN compared 

to other materials for high-voltage applications are presented in Table 1.1. 

Among these materials, wide band-gap semiconductors such as GaN and 

silicon carbide (SiC) lead the power device market in these days [19-22]. In 

specific, GaN based devices are positioned up to medium voltage 

applications and SiC based devices are applied to much higher voltage 

applications. The estimated on-resistance figure of merit versus breakdown 

voltage indicates the superior properties of GaN devices as a power 

semiconductor as shown in Fig. 1.3 [23-25]. 

 

 

Fig. 1.3 Theoretical specific on-resistance versus breakdown voltage 

characteristics. 
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Table 1.1 Comparison of physical properties of GaN with other materials 

[17]. 

 Si 4H-SiC GaN AlN 

Crystal structure 
Cubic 

(Diamond) 

Hexagonal 

(Wurtzite) 

Hexagonal 

(Wurtzite) 

Hexagonal 

(Wurtzite) 

Lattice constant 

[Å] 
5.4 3.1 3.2 3.1 

Energy 

Band-gap (Eg) 

[eV] 

1.11 3.26 3.42 6.1 

Critical 

breakdown field 

[MV/cm] 

0.3 2.2 3.3 11.7 

Dielectric 

constant (εr) 
11.8 10 9.0 8.4 

Electron 

mobility (μn) 

[cm2/Vs] 

1350 700 1500~2000 1100 

Saturation 

velocity (vsat) 

[107 cm/s] 

1 2 2.5 1.8 

Intrinsic 

concentration 

(ni) [cm-3] 

@ T = 300 K 

1010 10-8 1.9×10-10 ~10-31 

Thermal 

conductivity 

(kth) [W/cmK] 

1.5 4.5 1.3~1.5 2.5 
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Wide band-gap GaN-based power electron devices are promising 

candidates for next generation high efficiency power applications owing to 

superior material properties such as high electron breakdown field, high 

electron saturation velocity, and high mobility in available heterojunction 

two-dimensional electron gas (2-DEG) channel. The performance is 

superior due to their ability to make hetero-structure in a material system. 

All the III-V compounds have an intrinsic polarization. In particular, GaN 

can have two polarizations: spontaneous and piezoelectric. The large 

electron sheet densities and high mobilities have been correlated to the 

spontaneous and piezoelectric polarization [26]. The most common growth 

direction of GaN is normal to the [0001] plane [27, 28], where the atoms are 

arranged in bilayers with wurtzite structure along c-plane. The basal surface 

depends on either Ga- or N-faced grown as shown in Fig 1.4 [17].  

In the heterostructures, the total spontaneous polarization is given by 

the difference between the individual spontaneous polarizations of two 

materials. Due to the lattice constant mismatch as shown in Fig. 1.5, the 

strain causes the piezoelectric polarization [29]. This phenomenon is 

determined not only by the lattice mismatch but by a thermal mismatch that 

is different in the two compounds. 
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Fig. 1.4 Schematic drawing of the crystal structure of wurtzite Ga-face and 

N-face GaN. 

 

 

Fig. 1.5 Energy band-gap for several materials as function of lattice constant.  
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The spontaneous polarization occurs along the c-axis in the GaN 

structure due to the difference of electronegativity (χ) between Ga (χ ≈ 1.81) 

and N (χ ≈ 3.04) atoms [30]. GaN devices are typically used by making 

heterostructure with AlGaN so that 2-DEG can be generated as a channel 

layer. The spontaneous polarization can occur electric field of up to 3 

MV/cm in III-N crystals, and strain in pseudomorphically grown 

AlGaN/GaN or InGaN/GaN heterostructures can cause an additional 

piezoelectric field of about 2 MV/cm [31]. 

From the lattice constant difference of AlGaN and GaN layers, the 

lattice mismatch between different atoms leads to tensile or compressive 

strain between AlGaN and GaN interface. The spontaneous polarization for 

GaN was reported to be negative and the piezoelectric polarization is 

negative for tensile and positive for compressively strained barriers, 

respectively. For this reason, the top layer is affected by tensile strain and it 

causes the piezoelectric polarization effect at the AlGaN/GaN interface and 

spontaneous polarization is parallel and compressive strained when the 

piezoelectric and spontaneous polarization is antiparallel. 

Total polarization effects taken into account in AlGaN/GaN 

heterostructures are as follows [17, 32]; 

 

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑠𝑝 + 𝑃𝑝𝑒 

 

Where Ptotal is the total polarization, Psp is the spontaneous polarization, and 

Ppe is the piezoelectric polarization. The pseudomorphic grown Ga-face 

AlGaN/GaN heterojunction forms a 2-DEG channel, and sheet carrier 

concentrations of polarization-induced 2-DEG is defined by 

 



9 

 

Fig. 1.6 Polarization induced sheet charge density and directions of the 

spontaneous and piezoelectric polarization in Ga- and N-face strained and 

relaxed AlGaN/GaN heterostructures. 
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𝑛𝑠(𝑥) =
𝜎𝐴𝑙𝐺𝑎𝑁/𝐺𝑎𝑁(𝑥)

𝑒
−

𝜀0𝐸𝐹

𝑒2
(

𝜀𝐴𝑙𝐺𝑎𝑁(𝑥)

𝑑𝐴𝑙𝐺𝑎𝑁
+

𝜀𝐺𝑎𝑁(𝑥)

𝑑𝐺𝑎𝑁
)

−
𝜀0𝜀𝐴𝑙𝐺𝑎𝑁(𝑥)

𝑒2𝑑𝐴𝑙𝐺𝑎𝑁

(𝑒𝜙𝐴𝑙𝐺𝑎𝑁(𝑥) + 𝛥(𝑥) − 𝛥𝐸𝐴𝑙𝐺𝑎𝑁
𝐶 (𝑥)) 

 

where 𝜀0, 𝜀𝐴𝑙𝐺𝑎𝑁 , and 𝜀𝐺𝑎𝑁  are relative dielectric constant at vacuum, 

AlGaN, and GaN respectively; 𝑑𝐴𝑙𝐺𝑎𝑁  and 𝑑𝐺𝑎𝑁  are the thickness of 

AlGaN and GaN layer, respectively; 𝐸𝐹 is fermi level of GaN layer close to 

the GaN/substrate interface; 𝑒𝜙𝐴𝑙𝐺𝑎𝑁(𝑥) is Schottky barrier height of gate 

contact; 𝛥𝐸𝐴𝑙𝐺𝑎𝑁
𝐶 (𝑥) is the conduction band offset 𝛥(𝑥) is the penetration 

of the conduction band edge below the Fermi level at the AlGaN/GaN 

interface. 

This latter quantity is calculated by [33] 

 

𝛥(𝑥) =  𝐸0(𝑥) +
𝜋ℏ2ℏ

𝑚𝐺𝑎𝑁
∗ 𝑛𝑠(𝑥) 

𝐸0(𝑥) = {
9𝜋ℏ𝑒2

8𝜀0√8𝑚𝐺𝑎𝑁
∗

𝑛𝑠(𝑥)

𝜀𝐺𝑎𝑁
}

2
3

 

 

Dielectric constants [34] 

 

𝜀𝐴𝑙𝐺𝑎𝑁(𝑥) = 0.03𝑥 + 10.28 

 

Schottky barrier for Ni contact [35] 

 

𝑒𝜙𝐴𝑙𝐺𝑎𝑁(𝑥) = (1.3𝑥 + 0.84)𝑒𝑉 
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Band-gap [36] 

 

𝐸𝐴𝑙𝐺𝑎𝑁
𝑔 (𝑥) = [6.28𝑥 + 3.42(1 − 𝑥) − 1.0𝑥(1 − 𝑥)]𝑒𝑉 

 

Band offset [37, 38] 

 

△ 𝐸𝐴𝑙𝐺𝑎𝑁
𝐶 (𝑥) = 0.63(𝐸𝐴𝑙𝐺𝑎𝑁

𝑔 (𝑥) − 𝐸𝐴𝑙𝐺𝑎𝑁
𝑔

(0) 

 

The piezoelectric polarization could be also increased with Al mole 

fraction of AlGaN barrier layer. And the thicker AlGaN barrier makes the 

higher sheet carrier density [39, 40]. These high polarization and electric 

fields produce high interface charge densities and spatial separation of the 

hole and electron wave functions in GaN based quantum well structure. The 

AlGaN/GaN heterostructure forms a natural 2-DEG channel without any 

intentional doping at AlGaN/GaN interface. 

 

Fig. 1.7 Energy band of an undoped AlGaN/GaN heterostructure. Electron 

will flow into the GaN side, accumulate at the interface and form 2-DEG 

[25]. 
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The significant progress has been made in developing AlGaN/GaN 

high electron mobility transistors (HEMTs) as attractive candidates for high 

power, high efficiency microwave transistor amplifiers, switching devices, 

power devices [41-43]. As briefly discussed in the former section, GaN 

HEMTs have a high concentration 2-DEG that exists under the gate without 

any intentional doping because of their strong polarization effects. Such 

high channel carrier concentration, it makes difficult to deplete the channel 

with zero gate bias, so-called normally-off or enhanced mode (E-mode) 

operation. Normally-off operation is necessary when GaN power transistors 

are targeting power switching applications because of reliable and fail-safe 

operation as well as stand-by power loss reduction [44, 45]. 

In spite of the superior characteristics achieved in depletion mode 

devices, the performance of E-mode devices is still modestly caused by 

difficult to obtain E-mode operation with a low on-resistance and a high 

breakdown voltage in a reliable device. Several methods have been reported 

for achieving normally-off characteristics; gate recess [43, 45], fluorine ion 

treatment [46], p-GaN gate structure [47] as summarized in Table. 1.2 and 

Fig. 1.8. In these days, the dominant platform for developing commercial 

GaN power electronic devices is based on lateral heterojunctions with 

recessed gate metal insulator semiconductor FETs (MIS-FETs). Power 

devices made by GaN wafers which are grown on Si-substrate are regarded 

as advanced power electronic devices that substitute Si-based power devices. 

The recessed gate AlGaN/GaN-on-Si MIS-FETs can be easier to implement 

than other technologies and ensure normally-off operation. 
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Table. 1.2 Various normally-off AlGaN/GaN heterostructure technologies. 

Method Advantage Disadvantage 

P-GaN cap 

- Controllability of Vth 

- Forward breakdown 

voltage 

- Epitaxial growth  

- Reliability 

F treatment 
- Current density 

- Epitaxial growth 

- Controllability 

- Damage 

- Reliability 

Gate recess 
- Small current collapse 

- Epitaxial growth  

- Controllability 

- Damage (roughness) 

Cascode 
- Simple implementation 

- High Vth 

- Hybrid integration 

(large size) 

Thin barrier - Controllability 

- Low Vth value 

- Low Idmax 

- Breakdown voltage 
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Fig. 1.8 Various approaches for E-mode AlGaN/GaN FETs; (a) p-(Al)GaN 

cap layer, (b) Fluorine treatment, (c) recessed MIS gate, (d) cascode circuit 

configuration [48, 49], and (e) thin AlGaN layer [50]. 
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 Many of the early research studied normally-off GaN FETs with 

schottky gate, which has a relatively small threshold voltage (Vth) and small 

gate swing [51]. Especially, power switching applications, low gate leakage 

current for high power operation and high reliability were required. Also, 

large positive Vth and gate swing are necessary to adopt the gate drive 

design circuit. A typical device configuration to achieve the normally-off 

operation with high gate bias swing is recessed MIS-FETs. Several groups 

have attempted to suppress the gate leakage current using the MIS structure 

with gate insulator deposition [44, 45]. MIS-FETs with a gate dielectric 

inserted between the gate metal and III-N surface provides the capability of 

scaling up the Vth and gate swing. 
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1.3. Insulator for AlGaN/GaN MIS-FETs 

As discussed in the former section, with the added gate insulator, GaN 

MIS-FETs can achieve much lower gate leakage current and in turn enable 

higher breakdown voltage than GaN FETs with a schottky gate. The 

increased breakdown voltage and the possibilities of E-mode operation 

make GaN MIS-FETs extremely desirable for power switching applications. 

When a gate dielectric layer is inserted between the gate metal and III-

nitride in a FET, the device becomes MIS-FETs as shown in Fig. 1.9. The 

incorporation of the gate dielectric and passivation dielectric in AlGaN/GaN 

FETs has its own challenges. 

 

 

Fig. 1.9 Schematic cross-sectional view of (a) conventional FET and (b) 

MIS-FET, both devices were passivated. 
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Nevertheless, recessed gate AlGaN/GaN-on-Si MIS-FETs structure 

offers such advantages, there is some critical problem related to gate 

insulator and its trapping issues [52, 53]. With the insertion of the gate 

dielectric layer, a new interface is created as shown in Fig. 1.9. Such 

trapping issues play a very important role when MIS-gate structures are 

used because of the high interface and bulk traps in the insulated gate. 

Recently, many studies have demonstrated GaN MIS-FETs with 

superior performance over GaN FETs, and some studies have shown E-

mode operation using gate dielectric layers such as SiO2, Al2O3, HfO2, and 

AlN which energy band diagram with GaN was shown in Fig. 1.10. The 

Al2O3 are frequently used dielectric layers due to the large bandgap, high 

breakdown field, and the ability to deposit high quality films by ALD, CVD 

or other conventional means. Several studies report that the Al2O3/nitride 

heterogeneous interface contains a high density of deep states that result in 

Vth hysteresis when the transistor is used as a switching device. This 

problem leads to reduce the channel mobility, on-current density, and 

transconductance characteristics. Especially, Vth instability and current 

collapse issues are significant issues of world concern [54]. Reliability 

issues surrounding GaN MIS-FETs can cause temporary or permanent 

device degradation, and this is detrimental to circuit performance and device 

lifetime. Therefore, the recessed MIS gate process must be carefully 

optimized to achieve a smooth surface with low damage gate recess, low 

interface traps of MIS gate, and high breakdown voltage characteristics with 

low gate leakage current. 
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Fig. 1.10 Energy band diagram of various gate dielectric layers. 

 

The Vth hysteresis and shifted under the forward gate bias due to 

trapping effects at the interface between gate insulator and GaN as shown in 

Fig. 1.11. The problem of Vth stability is not unique to GaN transistors, these 

are intensively studied in Si, SiC and various III-V MIS systems where it is 

sometimes referred to as bias-temperature instability. The bias induced Vth 

instability measurement is generally performed to observed the Vth shift in 

MIS-FETs [55]. The basic mechanism is that the positive Vth shift is due to 

positive gate stress induced by a high electrical field leading to electron 

charge trapping in pre-existing insulator traps. At on-state with a gate 

overdrive, electrons can spill over from channel and get trapped at the 

interface or inside gate dielectric in GaN devices. A positive Vth shift arising 

from trapping effects results in on-resistance increase due to reduced gate 

overdrive. It could raise the conduction loss and reduce conversion 

efficiency. When applied negative gate stress induced in devices, the 

interfacial trap was emitted and the negative Vth shift has occurred. For GaN 

devices, the Vth shift phenomenon maintained that the GaOx at the interface 

would be the reason for Vth instability. However, its origin is not well 
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understood. This is partly due to the complicated nature of the gate stack of 

MIS-FETs which contains several interfaces [56]. 

 

 

Fig. 1.11 Charge trapping phenomenon and Vth shift induced positive bias 

stress. 

 

 The other major reliability issue at the device level was current 

collapse phenomena when GaN device operate at a high switching 

frequency range [57, 58]. Although significant progress has been achieved 

in the GaN-based high power and high frequency devices, surface related 

problems still need an immediate solution. The current collapse 

phenomenon is one of the most important issues in GaN device technology. 

GaN MIS-FETs are normally operated under high drain-gate bias voltage, 

which often results in charge trapping in the gate and the drain region as 

shown in Fig. 1.12 [59-61]. This trapping behavior could cause current 

collapse and an increase in on-resistance. The reasons for current collapse 

effects are difficult to define exactly. The most of origins are induced form 

GaN epitaxial layers such as buffer traps, GaN channel traps, AlGaN barrier 

traps, and surface traps as shown in Fig. 1.12. 
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Fig. 1.12 The various trap states in recessed gate AlGaN/GaN MIS-FETs. 

 

Typically, GaN transistor is highly sensitive to defects in the 

dielectric and at the interface. Without proper passivation, these defects can 

result in degradation of carrier mobility, decrease in transconductance (Gm), 

and pinning of the Fermi level. In particular, one of the important things 

among stability characteristics, current collapse was also a major obstacle to 

the discrepancy between the measurement power and predicated power. The 

SiNx is currently the standard for the passivation of GaN surfaces because it 

readily forms an interface to GaN with good electrical properties. Many 

researchers have investigated the origin, location, and density of traps and 

have reported various physical models of trapping mechanisms [62-64]. 

Except for the surface traps, the other things are primary influences on the 

trap densities at GaN epitaxial growth condition so that the current collapse 

phenomenon caused by those traps is independent with the first epi growth 

process technologies. 

Most of the surface trapping is generated by donor-like trap which 

depleted the channel layer [62, 65]. It is important to reduce current collapse 
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effects to improve operating voltage, maximum drain current density, and 

operating frequency that are the main factors of limiting the output power of 

GaN devices. 

The passivation of surface traps has been generally meant for 

removal of trap states to prevent charge trapping causing current dispersion. 

The drain current level increase after passivation indicates that 2-DEG 

density increases, and net surface charge and net AlGaN/GaN interface 

charge become less negative and less positive, respectively. It was suggested 

that the improved current after passivation can be attributed to increase in 

positive net charge at the dielectric layer. 

 

Fig.1.12 Pulsed I-V measurements of GaN FETs. The dotted line indicates 

the normal drain current characteristics for (a) without and (b) with SiNx 

passivation layer. The cross sectional schematics of (c) without and (d) with 

SiNx passivation film. 
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1.4. Research Aim 

<Challenges for AlGaN/GaN Device, Reliability 

Issues> 

The AlGaN/GaN-on-Si MIS-FETs are widely investigated for high 

frequency operation and power switching applications. Although significant 

progress has been achieved in the growth and processing technology for 

GaN technologies, there are still remain issues, especially, Vth shift issues 

and current collapse issues which were related in reliability performance at 

the device level. In Si technologies, there is existed the conventional type of 

surface cleaning and interface engineering. Also, the native oxide in the Si 

interface was easily removed by the hydrofluoric acid (HF) solution. The 

thermal oxidation process for Si substrate is a standard process to achieve 

high quality interface between SiO2 and Si surface. On the other hand, GaN 

technology, there was an absence of a standard cleaning process compared 

to Si technologies. Removal of native oxide on GaN surface is difficult to 

remove by HF solution as well as other simple ex-situ wet cleaning 

processes. The poor quality of the thermal oxide layer with high trap 

densities impacts the GaN performance. The control of oxygen percentage 

in the GaN surface which occurs frequency dispersion issues is an important 

process to achieve high performance characteristics. For this reason, the 

study on the dielectric layer and interface is a key factor in AlGaN/GaN 

FETs. 

 In this research, advanced process development and detailed 

characterization of AlGaN/GaN FETs devices are investigated for power 

devices. In addition, we employed the MIS structure which has been 
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regarded as a promising direction to complement the inferior characteristics 

of GaN-on-Si devices. In order to fabricate high quality AlGaN/GaN device, 

there are several technical issues including gate insulator, dielectric/channel 

interface, passivation layer, and the FET architecture. We optimized process 

details developed to improved reliability characteristics in device level such 

as high quality gate insulator with low interface trap states which was a 

major bottleneck of AlGaN/GaN MIS devices and thin passivation layer 

with low parasitic capacitance which can possibly power devices as well as 

RF applications. One of the reliability issues is the Vth shift which was 

occurred in charge trapping phenomenon between channel layer and gate 

insulator and the other is the current collapse phenomenon caused by the 

presence of trapping centers mainly located on the surface of the devices. 

The final goal of this work is to demonstrate advanced GaN power devices 

with improved reliability issues at GaN device level. The detailed outline of 

this dissertation is described follows. 

Chapter 2 proposes a highly advanced PEALD nitrogen 

incorporation process that was developed with AlOxNy dielectric layer, 

where the nitrogen plasma was repeatedly introduced at each cycle of ALD 

process. We investigate the detailed study of electrical and material 

characteristics. Then, enhanced interface quality was achieved with AlOxNy 

dielectric layer. The low interface trap densities with a small value of 

subthreshold slope achieved using isopropyl alcohol (IPA) oxidant based 

AlOxNy was demonstrated. The interfacial oxide of GaN was remarkably 

decreased with the optimized condition of IPA oxidant. 

Chapter 3 discusses the fabrication and characterization of high 

quality recessed-gate AlGaN/GaN MIS-HFET with AlOxNy gate insulator. 

The nitrogen incorporation in Al2O3 improved the interface and bulk film 
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quality and enhanced the conduction band offset, which resulted in the 

improved DC characteristics and Vth stability. In particular, superior 

reliability on positive voltage stress was achieved compared to the 

controlled samples. In addition, AlOxNy using IPA oxidant achieved low Dit 

levels with steep subthreshold slope values. This outstanding achievement 

surpassed other reported AlGaN/GaN MIS-FETs results in DC 

characteristics and positive bias induced Vth reliability as well as interface 

trap density. 

Chapter 4 demonstrates a high quality silicon nitride (SiNx) 

insulator, there is the trade-off relationship between the reliability of the 

device and the thickness of dielectric layers, a SiNx deposition process 

developed using a catalytic-chemical vapor deposition system for the 

passivation layer of GaN-on-Si FETs. SiNx has been a commonly used 

passivation layer for suppressing the current collapse phenomena in GaN 

FETs. The current collapse phenomena of AlGaN/GaN FETs were 

effectively suppressed by employing optimized 30 nm thin SiNx passivation 

layer process conditions. Suppressed current collapse characteristics were 

observed with lots of positive net charge density in dielectric layer. In 

addition, in order to further improvements in reliability issues, in-situ 

interface treatment was studied to improve the interface characteristics. 

Interface trap densities were extracted in the fabricated AlGaN/GaN MIS-

FETs in order to reduce current collapse effects. Based on the experimental 

results, successful demonstration of 30 nm thin SiNx passivation layer with 

positive net charge in the dielectric layer and low interface trap densities 

was achieved and it exhibited excellent characteristics with extremely 

suppressed current collapse effects compared to other reports. 
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Chapter 2. High Quality Al2O3 

Dielectric Layer with ALD 

 

2.1. Introduction 

This chapter will give the development and optimization of the 

recessed GaN MIS-FETs technology. The key requirements in GaN power 

devices were made of normally-off operation, high breakdown voltage, and 

low on-resistance. As mentioned before, channel has already existed without 

gate biasing which means threshold voltage (Vth) was negative, D-mode 

operation. Among several methods for achieving E-mode operation, a gate 

recess technique will be crucial to realize an E-mode operation and the 

ability to reproducibility fabricated. 

In the case of E-mode devices, the channel can be easily depleted under 

the gate for normally-off operation due to the reduced 2-DEG density, but 

the devices suffer from decreased on-current and high on-resistances since 

the low density 2-DEG is across the entire source to drain region. The 

thinning of the AlGaN barrier with the selective region can be realized by 

dry etching technique, resulting in a recessed gate structure [1]. Being 

attracted, the gate recess technology has suffered from plasma induced 

physical damage to the recessed surface and high interface trap density [2]. 

It has been reported by several groups that the channel surface defects not 
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only degraded the channel mobility but also caused trapping problems 

leading to hysteresis and Vth drift during switching operation [3]. 

The remaining AlGaN barrier layer, partially-recessed device, under the 

recessed gate region was one of the processes to reduce the channel damage 

and trapping problems. Several research groups have reported that the 

partially-recessed MIS-gate structure has benefits of lower interface trap 

density and higher transconductance with higher channel carrier density 

compared to fully-recessed devices [3, 4]. We studied recessed MIS-gate 

structures with SiNx gate dielectric layers and investigated the effects on 

trapping issues and Vth values. The Vth was evaluated in recess gate 

transistors with different recess depths as shown in Fig. 2.1. As compared 

below, the trade-off is obviously on-current density and Vth values. 

 

 

Fig. 2.1 (a) Cross-sectional schematic of recessed gate MIS-FET with a 

remaining AlGaN barrier layer and (b) electrical characteristics as a function 

of the remaining AlGaN barrier thickness. 
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As the remaining AlGaN thickness becomes thicker, the Vth is shifted 

negatively turning into normally-on characteristics. For GaN power devices, 

the large value of Vth over the 2 V was essential to stable operation for 

power devices. If the AlGaN barrier were completely removed, it would be 

easier to achieve normally-off characteristics with high Vth but the on-

current would be lower because the high interface traps existing right at the 

MIS channel would induce high scattering effects and thus lead to low 

mobility [2, 5]. The trapping effects were significantly increased by close to 

the MIS interface from the channel as shown in Fig 2.2. 

 

 

Fig. 2.2 Schematic illustrations showing interaction between MIS interface 

trap states and channel electrons under forward gate bias condition. Vth drift 

characteristics of fully-recessed MIS-FETs as a function of positive gate 

bias stress. 
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For this reason, the high quality interface between MIS dielectric 

and channel layer as well as the gate dielectric layer was a major factor to 

turn up high performance characteristics with E-mode operation. Above all, 

the high quality gate dielectric layer with low charge trapping was required 

to low loss and more reliable switching applications with high Vth values for 

power devices. 

 

 

Fig. 2.3 The Vth and forward gate bias stress characteristics reported for 

normally-off GaN devices including our works. 
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2.2. Various Gate Insulator with ALD System 

The poor native oxide quality compared with SiO2 is challenging issues 

with GaN materials. These native oxides are not stable and very leaky that 

cause serious problems of the creation of significant surface trap states on 

the oxide-semiconductor interface and huge trap assisted gate leakage 

current [6-8]. Especially, the absent of high quality SiO2 interfacial layer is 

challenging even more with GaN materials compared to Si technologies [9]. 

To overcome the interface problems, many research groups conducted 

extensive research effort with a search for a high quality gate dielectric layer 

for GaN devices. A high-quality gate insulator is strongly demanded in 

AlGaN/GaN-on-Si MIS-FETs to reduce the leakage current and implement 

normally-off operation [10]. A device configuration to achieve the high 

performance E-mode operation is a recessed metal-insulator-semiconductor 

FETs (MIS- FETs) where great care must be taken of the MIS gate insulator 

process [11]. 

There are many deposition processes of gate insulator can cause bulk 

quality and interface states which decide the interface quality [12, 13]. The 

most deposition process of gate insulator such as plasma enhanced chemical 

vapor deposition (PECVD), inductively coupled plasma CVD (ICPCVD), 

low pressure CVD (LPCVD), and atomic layer deposition (ALD) was 

developed as shown in Fig. 2.4. 

ALD gate dielectric has been considered as a good candidate for gate 

insulator because of easy thickness control, superior conformability, and 

high quality dielectric film deposited [14]. ALD process is one of the most 

promising techniques for high-k gate dielectrics. ALD  have  many  

advantages  over  other  deposition  methods,  especially  gate  
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dielectric deposition at GaN MIS FETs for power device [15, 16]. Since it 

allows high precise control of the film thickness and has low impurity 

characteristics. 

 

 

Fig. 2.4 Various types of deposition methods. 

 

High-k ALD dielectric deposition study is the focused MOS research 

and is the key subject of the thesis. The high-k gate dielectrics effectively 

reduce the gate leakage current in FETs and enable large gate swing to attain 

higher current drive. Recessed-MIS gate configuration has benefits of a low 

gate leakage current, a high Vth, and a large forward gate swing range. 

However, MIS channel mobility and Vth stability are significantly 

influenced by the bulk and interface traps in MIS gate, so that precise 

interface engineering with a high quality MIS process is essential to high 

performance devices [17]. Most technologists describe ALD as a sequence 

of self-limiting surface reactions at a wide temperature window, resulting in 

a monolayer of the deposited film [18]. That is, ALD is a stable process over 

a wide temperature window and is self-limiting. As a result, there is a linear 
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relationship between thickness of the layer deposited and the number of 

deposition cycles. 

Various dielectric materials such as SiO2, SiNx, Al2O3, and HfO2 have 

been employed to convert schottky gate to MIS gate devices. Among 

various dielectric materials, aluminum oxide (Al2O3) has been actively 

pursued as a gate insulator because of its high dielectric constant (~9), large 

energy band-gap (~9 eV), and high breakdown field values. In general, 

Al2O3 gate dielectric layer, ALD Al2O3, have the advantages of nanometer 

scalability and superior leakage current characteristics [19, 20]. Study of 

Al2O3 dielectric layer led to the successful integration of high-k gate 

dielectric on GaN devices and recent research is mainly focused on 

development and interface characterization of gate dielectric in nitride based 

HFETs.  

 

 

Fig. 2.5 Energy band diagram of various gate dielectrics. 
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2.3. Process Optimization for ALD Al2O3 

ALD dielectric deposition was performed using a commercial direct 

plasma enhanced ALD (PEALD) system with a showerhead injector. It was 

capable of accommodating 6-inch wafer with a direct plasma system. The 

top electrode for showerhead was capacitively coupled with a RF (13.56 

MHz) plasma source, and the lower electrode for chuck was grounded. The 

distance between showerhead and chuck was approximately 35 mm. The 

process chamber with a load-lock wafer handler was evacuated using a dry 

pump. The ALD equipment used in the following experiments is shown in 

Fig. 2.6. 

In order to achieve superior ALD Al2O3 dielectric film characteristics, 

fabrication and precise measurement of film is critical and based on the 

capacitor results of dielectric layer is important to optimization. We 

deposited dielectric films on Si wafers for process optimization. Because 

GaN wafers are very expensive, we used Si wafers for deposition process 

optimization. However, the situation changes when the film is deposited on 

GaN that has a lower conduction band offset and a higher interface charge 

density. 

The typical process flow of MOS capacitor fabrication is shown in Fig. 

2.7. We cleaned surface with DHF (10:1) during 10 min then immediately 

moved to ALD chamber. The main purpose of pretreatment is to remove 

native oxides. Pretreatment includes 10:1 HF solutions to remove native 

oxides on the surface and we used these pretreatment for all Si capacitor 

fabrication [21]. After that, the Al2O3 dielectric film was deposited on 

cleaned surface. In our experiments, the post deposition anneal was 

performed at 500oC 10min in nitrogen ambient.  
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Fig. 2.6 Configuration of ISRC MEMS ALD system. 

 

After Al2O3 dielectric layer deposition, fabrication of gate metal pattern is 

one of the remaining issues. Normally, in MOS capacitor, lift-off process is 

quite common process. During the lift-off process, the dielectric layer was 

slightly etched from TMAH based developer which has common developer 

of AZ 300 [22]. In this reasons, we adopt sodium-based develop stripper for 

fabrication. A Ni/Al (=20/130 nm) stack was used for the gate metallization 

and Ti/Al (=20/130 nm) stack as ohmic contact formation. The diameter of 

fabricated MIS structure was 50 μm for forward leakage current-voltage 

characteristics and 100 μm for capacitance-voltage characteristics [23]. 
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Fig. 2.7 Process flow of Si MOSCAPs. 

 

To optimize the ALD Al2O3 process conditions, we used (CH3)3A 

(Trimethyl-aluminum, TMA) as the Al precursor and ozone (O3) as the 

oxidation reactant. N2 purging process was performed for between precursor 

injection and the oxidant process. The temperature of TMA precursor 

maintained at 4oC with chiller system. It is important to control the 

excessive vapor pressure because it causes long purge time which disables 

efficient ALD and higher leakage current density of dielectric layer. One 

cycle of the Al2O3 deposition was defined by a pulse/purge/pulse/purge 

sequence of TMA and O3 as shown in Fig. 2.8. The deposition rate was 

saturated with increasing TMA and O3 pulse times. The growth per cycle 

(GPC) was saturated at the TMA dose time of 0.2 sec and the O3 dose time 

of 0.8 sec when refractive index (R.I) values exhibited very weak 

dependency. Detailed ALD Al2O3 process was well described in Fig. 2.9. 
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Fig. 2.8 Schematic of one cycle of ALD process to produce Al2O3 dielectric 

layer. 

 

 

Fig. 2.9 Growth per cycle and refractive index as functions of (a) TMA and 

(b) ozone dose times. 
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The deposition temperature was also varied for optimization. 

During process optimization, we varied the chuck temperature from 125 to 

330oC where the films were deposited on n-type Si substrates [24]. Fig. 2.10 

shows GPC and breakdown field as a function of chuck temperature. As 

shown in Fig. 2.10, the GPC slightly decreased and the breakdown field 

increased as the chuck temperature increased. It is suggested that the low 

deposition rate and high temperature resulted in a high-quality dielectric 

film with improved breakdown field characteristics. Therefore, we decided 

to set the chuck temperature at 330oC. The highest value of the breakdown 

field of 7 MV/cm with a leakage current level of 10-5 A/cm2 at was achieved 

at the deposition temperature of 330oC. The optimized conditions was the 

deposition temperature of 330oC, TMA pulse time of 0.2 sec, O3 pulse time 

of 0.8 sec which resulted in the GPC of 0.92 Å/cycle and the R.I of 1.60. 

 

 

Fig. 2.10 GPC and breakdown field of Al2O3 film-on-Si as a function of 

chuck temperature. 
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2.4. Nitrogen Incorporation Technique for ALD 

AlOxNy 

2.4.1. Oxygen Vacancy in Al2O3 

In order to enhance the Al2O3 bulk layer quality, it is necessary to study 

of Al2O3 bulk defects. Al2O3/GaN metal-oxide-semiconductor (MOS) 

devices are still known to suffer from the Vth instability caused by accepter-

like trap states [25]. The use of a high-k material replacement for silicon 

dioxide and oxynitride gate dielectric used in large-scale integration 

technology presents several difficulties concerning the interface density of 

electronic states, reliability, and chemical stability in further processing 

steps, oxidation of the substrate, migration of boron and metallic species 

into the active semiconductor region, and formation of voids [26].  

The large interface trap densities that being within high-k dielectric 

layer and GaN substrate are mostly responsible for the explained 

characteristics. The large interface trap density level induces surface charge 

that needs to be compensated by larger gate biases resulting in a horizontal 

shift in the C-V curve. Detailed discussions are explained more detailed 

through theoretical and experimental research. 

It was reported that the stress-induced gate leakage and fixed charge in 

Al2O3 are caused by VOs and VOVAl complexes, respectively [27-29]. The 

defect level owing to VO is eliminated by incorporating N atoms, and that 

the N atoms suppress the formation of VOVAl complexes. The N atoms in 

Al2O3 can decrease the stress-induced leakage current and suppress the 

negative fixed charge in an Al2O3 gate dielectric. 
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After the incorporation of N atoms, electrons trapped at the VO defect 

level transfer to the N 2p orbitals. This means that when two N atoms are 

introduced into Al2O3 with a VO, two electrons at the VO transfer to the two 

N atoms. The neutral VO becomes a positively charged vacancy of VO
2+ and 

the formation of a closed shell system of (NO)2VO makes the system 

energetically stable. As shown in Fig. 2.11, it implies that N atoms suppress 

the formation of the VO defect level, leading to the elimination of the gate 

leakage path [29]. 

The formation energy for VAl with VO in a neutral charge state is 

increased when two N atoms are incorporated, which implies that the energy 

required to form VAl with VO in AlON larger than that in Al2O3. This leads 

to decrease in the VOVAl
- complex defect density in AlON. The N atoms 

suppress the formation of the VOVAl complex. In this reason, nitrogen 

incorporation into Al2O3 can reduce the stress-induced gate leakage current 

and suppress the generation of fixed charge. 

 

 

Fig.2.11 Schematic of the effects of the incorporation of N atoms. 
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2.4.2. Nitrogen Incorporation for AlOxNy 

One of the effective methods to improve of inherent properties of high-

k dielectric is the incorporation of nitrogen to passivate oxygen vacancies 

and it has been extensively utilized in many recent studies [26, 30, 31]. It 

was reported that nitrogen incorporation into high-k oxide film could reduce 

the oxygen vacancy related defects inside the film and improve the interface 

quality [32-34]. Recent investigations indicated that nitrogen incorporation 

either during or after deposition, by plasma or thermal processing, into some 

of the replacement materials considered, led to improvements in the 

direction of overcoming the defects problem, in addition to provide lower 

leakage current density [35, 36]. While the improvement in gate leakage 

current and capacitance-voltage characteristics were reported with 

aluminum oxynitride (AlOxNy) dielectrics deposited with various methods 

such as reactive sputtering and alternate AlN incorporation in Al2O3 [31, 32]. 

There are few reports on the detail characteristics of AlGaN/GaN MOS-

HFETs fabricated with AlOxNy gate insulator. In the particular case of 

aluminum oxide film, nitridation was achieved and investigated of the 

thermal stability of nitride films was reported in a recent publication [37, 

38]. Post deposition plasma treatments also have been suggested for MOS 

devices, but they suffer from non-uniform nitrogen distribution throughout 

the dielectric film and unintentional trap states induced by high-power 

plasma required to penetrate the dielectric film [39]. In this reason, we adopt 

the nitridation step in every ALD cycle with low plasma power which 

reduced plasma damage of dielectric film deposition. 

For AlOxNy films, nitrogen plasma exposure after ozone step was 

added, followed by a nitrogen gas stabilization step within every cycle to 
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incorporate nitrogen into Al2O3 [40]. The chuck temperature during film 

deposition process was fixed at 330°C. PEALD AlOxNy films were also 

deposited on n-type Si wafers for deposition process optimization. N2 

plasma power and time were varied to optimize the deposition conditions 

where the electrical characteristics were monitored. 

 

 

Fig. 2.12 Schematic of one deposition cycle of PEALD AlOxNy film. 
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The GPC was slightly increased with increasing the plasma power 

while the R.I had very weak dependency. N2 plasma power and time were 

varied to optimize the deposition conditions where the breakdown field and 

capacitance-voltage (C-V) hysteresis were also monitored. Fig. 2.13 (a) 

shows GPC and R.I, Fig. 2.13 (b) shows breakdown field and leakage 

current density at 3 MV/cm, and Fig. 2.13 (c) to (e) shows the C-V 

characteristic as a function of the N2 plasma power of AlOxNy films on n-

type Si substrate. The C-V characteristics measured at 1 MHz. The diameter 

of fabricated MIS structure was 100 μm. The plasma power was varied from 

30 W to 100 W with fixed plasma time of 5 s. 

As shown in Fig. 2.13 (a), GPC increased with increasing N2 plasma 

power while the R.I had no big dependency. As shown in Fig. 2.13 (b), the 

electrical characteristics of the AlOxNy with low power plasma such as 

leakage current density and breakdown field were notably improved. The 

breakdown field decreased with increasing N2 plasma power. It is suggested 

that the high-power related plasma damage reduced the dielectric film 

strength. In addition, C-V hysteresis characteristics in flat-band voltage 

were reduced for the AlOxNy with low power plasma device, which might 

be attributed to reduced plasma damage on dielectric film. C-V hysteresis 

was improved from 270 mV to 40 mV for the AlOxNy when the plasma 

power was reduced from 100 W to 30 W. As a result, we selected the low 

plasma power (30 W) that exhibited high breakdown field and improved C-

V hysteresis characteristics. 
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Fig. 2.13 (a) Growth per cycle and refractive index as a function of N2 

plasma power for AlOxNy film. (b) Breakdown field and leakage current 

density at 3 MV/cm and (c)-(e) C-V characteristics of AlOxNy as a function 

of N2 plasma power from 30 W to 100 W with fixed plasma time (5 s). The 

substrate temperature was fixed at 330oC. 
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 N2 plasma time was also varied to optimize the deposition 

conditions. Fig. 2.14 (a) shows GPC and R.I, Fig. 2.14 (b) shows breakdown 

field and leakage current density at 3 MV/cm, and Fig. 2.14 (c) to (f) shows 

the C-V characteristic as a function of the N2 plasma time from 3 s to 10 s of 

AlOxNy films on n-type Si substrate. The plasma power was fixed at 30 W. 

Slight decrease in GPC was observed as increasing the nitrogen plasma 

exposure time while R.I and breakdown field increased. As shown in Fig. 

2.14 (b), the electrical characteristics such as leakage current density at 3 

MV/cm of the AlOxNy with increased plasma time were notably improved. 

In addition, C-V hysteresis characteristics in flat-band voltage were reduced 

for the AlOxNy with increased plasma time, which might be incorporated 

nitrogen suppressed the carrier trapping within the dielectric film. As shown 

in Fig. 2.14, both GPC and breakdown field were saturated at N2 plasma 

time of 7 s. As compared to device with N2 plasma time of 5 s as shown in 

Fig. 2.14 (c), negligible C-V hysteresis was observed for the AlOxNy film of 

N2 plasma time over 7 s with fixed plasma power of 30 W. It is suggested 

that the low deposition rate resulted in a high quality AlOxNy film with 

improved breakdown field characteristics. In summary, these results 

demonstrate that PEALD AlOxNy with low plasma power was high quality 

dielectric material. The optimized conditions were the nitrogen plasma time 

of 7 sec, the deposition temperature of 330oC, and the RF power of 30 W, 

which resulted in the GPC of 0.74 Å/cycle and the R.I. of 1.64.  
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Fig. 2.14 (a) Growth per cycle and refractive index as a function of N2 

plasma time for AlOxNy film. (b) Breakdown field and leakage current 

density at 3 MV/cm and (c)-(f) C-V characteristics of AlOxNy as a function 

of N2 plasma time with fixed plasma power (30 W). The substrate 

temperature was fixed at 330oC. 
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Surface morphology was also inspected through non-contact mode 

AFM. The surface morphologies of Al2O3 and AlOxNy films are compared 

with 20 nm thick dielectric film thickness. It is suggested that the improved 

surface morphology of AlOxNy film was responsible for the higher 

breakdown field and lower leakage current characteristics. Fig. 2.15 shows 

AFM images showing the surface morphologies of AlOxNy film on n-type Si 

wafer along with N2 plasma power. The root-mean-square (rms) values were 

increased from 0.14 nm to 0.19 nm with N2 plasma power from 30 W to 100 

W. 

 

 

Fig. 2.15 AFM images and rms values with AlOxNy films on n-type Si wafer 

increased N2 plasma power of (a) 30 W, (b) 50 W, and (c) 100 W. 
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2.4.3. Electrical Characteristics of Al2O3 and 

AlOxNy with ALD 

 Through the proposed nitridation technology, AlOxNy/Si MOS 

capacitor are fabricated and optimized fabrication steps. The optimized 

conditions of Al2O3 and AlOxNy film were decided as follow; a deposition 

temperature of 330oC, a TMA pulse time of 0.2 sec, O3 pulse time of 0.8 sec, 

N2 plasma power of 30 W, and N2 plasma time of 7 sec. The GPC of 

optimized film with both samples were 0.92 Å/cycle with R.I value of 1.596 

of Al2O3 and 0.76 Å/cycle with R.I value of 1.64 of AlOxNy samples. Our 

deposition rate was low, making PEALD not an effective way of growing 

passivation layer whose thickness is normally a few tens of nm. So we 

employed dielectric film only for gate insulator. 

First we deposited 8~9 nm dielectric film thickness using ALD 

system and compared their characteristics. The current-voltage (I-V) and C-

V characteristics of Al2O3/Si and AlOxNy /Si MOSCAPs using O3 oxidant 

are presented in Fig 2.16. An outstanding improvement of leakage current 

and breakdown field was observed of AlOxNy devices which has passivate 

oxygen defects from nitrogen plasma treatments [32]. Moreover, negligible 

C-V hysteresis was observed for the AlOxNy film, which the C-V 

characteristics was notably improved from nitrogen incorporation especially, 

steep slope C-V characteristics. 
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Fig. 2.16 (a) Leakage current and (b), (c) C-V characteristics of dielectric 

layer on n-type Si with Al2O3 and AlOxNy film. 
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2.4.4. Material Characteristics of Al2O3 and 

AlOxNy with ALD 

The bonding configuration of Al2O3 and AlOxNy dielectric film were 

observed for nitrogen plasma treatment effects in Fig 2.17. The dielectric 

film was deposited in ALD chamber using optimized condition resulted in 

former section. Nitrogen plasma exposure was added after O3 pulse step, 

followed by a nitrogen gas stabilization step within every cycle. The film 

was deposited of Al-O-N-Al-O-N… sequence repeatedly. We performed x-

ray photoelectron spectroscopy (XPS) analysis to investigate the film 

composition. Spectra of the core level of Al, O, and N were collected and 

analyzed from 20-nm thick dielectric film. Fig. 2.17 shows the chemical 

compositions of Al2O3 and AlOxNy film. The atomic concentration ratio was 

calculated from the area under the XPS core level features. The N 1s and Al 

2p are the main species in AlOxNy dielectric film. As shown in Fig. 2.17, the 

Al 2p with AlOxNy sample was consisted of Al-N and Al-O bonds that of 

Al-N at 74.4 eV and Al-O at 75.2 eV, respectively. The 531 eV peak in the O 

1s spectrum is assigned to O-Al bonds with both samples [41]. The 533 eV 

attributed to oxygen associated to the OH- in aluminum hydroxide [42]. 

Four components are detected in the N 1s spectrum that was identified as N-

Al bonds at 397 eV, N+ oxidation state at 399.7 eV, and N-O bonds at 398.4 

and 403.5 eV with atomic concentration of 1.85 %, 0.65 %, 1.09 %, and 

0.54 %. The binding energy values are in agreement with the peaks reported 

in [41, 43]. The total amount of nitrogen incorporation in PEALD AlOxNy 

was found to be about 4.14% from the XPS analysis. 
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Fig. 2.17 XPS spectra of Al 2p, O 1s, and N 1s with Al2O3 and AlOxNy 

dielectric film. 
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Film compositions of both devices were analyzed by SIMS depth 

profiles. As shown in Fig. 2.18, we observed the nitrogen incorporation in 

AlOxNy sample indicating successful nitrogen incorporation. According to 

our investigation, the carbon level in AlOxNy sample was slightly lower than 

that in Al2O3 sample. Carbon has been suggested as a cause of leakage 

current in Al2O3 MOS structure [44]. The amounts of carbon impurities 

were about 2.8 and 2.3 % for Al2O3 and AlOxNy films, respectively, from the 

XPS analysis. The carbon impurities in dielectric film were observed and 

the nitrogen incorporation can reduce the oxygen vacancy and enhance the 

dielectric strength [45, 46]. The carbon impurities in dielectric film were 

slightly reduced with nitrogen incorporation and the amounts of carbon 

impurities in both samples were not high. Enhanced nitrogen amounts at the 

interface and bulk film might have a reduced trapping effects resulting in Vth 

stability improvement [32, 33, 45]. 

 

 

Fig. 2.18 The nitrogen profiles with SIMS depth profiles for (a) ALD Al2O3 

and (b) PEALD AlOxNy deposited on AlGaN/GaN epitaxial layers. 
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2.5 Conclusion 

 In this chapter, high quality ALD Al2O3 and nitrogen incorporated 

PE-ALD AlOxNy dielectric layer were investigated. The partially-recessed 

structure was studied to prevent interaction between traps and channel 

electrons. Improvements of Vth stability characteristics was achieved by 

using remaining AlGaN barrier layer, however, due to the small Vth values, 

it is difficult to apply power electronic devices. It is important to reduced 

interface trap states as well as bulk trap in the dielectric layer. In order to 

achieve low trap density with high quality dielectric layer, Al2O3 dielectric 

layer was optimized with ALD system. To reduced oxygen vacancy related 

to Al2O3 layer, a cyclic nitrogen low power plasma step was added within 

ALD every cycle to passivate oxygen vacancies uniformly without surface 

degradation or damage. Notably improved hysteresis characteristics with 

high breakdown field were achieved with cycle nitrogen plasma methods. 

The nitrogen incorporation in Al2O3 improved the interface and bulk film 

quality and enhanced the conduction band offset, which resulted in the 

improved electrical characteristics. It is suggested that not only surface 

treatments but also the development of an advanced ALD Al2O3 process has 

a great potential in gate dielectric layer for gate recessed AlGaN/GaN MIS-

FETs. 
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Chapter 3. The Gate Dielectric 

Layer for AlGaN/GaN MIS-

FETs 

 

3.1. Introduction 

We developed a cyclic nitrogen incorporation process for aluminum 

oxynitride (AlOxNy), to passivate oxygen vacancies, using a plasma 

enhanced ALD method as discussed in the former section. It was found that 

the AlOxNy dielectric layer improves the forward leakage current density as 

well as negligible hysteresis values. However, the study of Si MOSCAP 

structure only provides limited information on the actual power device. In 

order to further investigation of atomic layer deposition (ALD) AlOxNy gate 

dielectric with gate-recessed AlGaN/GaN FETs must be demonstrated. 

The gate-recessed AlGaN/GaN MIS- FETs generally suffers from 

high interface trap densities (Dit) cause threshold voltage (Vth) stability 

problem [1, 2]. We fabricated normally-off power devices based on lateral 

GaN MIS- FETs with recessed gate structure. The power device made by 

GaN wafers which are grown on Si substrate. Improved interface 

characteristics, which resulted from suppressed surface oxidation, led to 

significant improvement of Vth stability [3, 4]. The research and 

development of high performance gate-recessed AlGaN/GaN MIS- FETs 

was demonstrated, which would be further discussed. 
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3.2. Process Flow of GaN MIS-FETs with O3-

based ALD AlOxNy 

 The cross-sectional schematics of AlGaN/GaN-on-Si recessed MIS-

FETs are shown in Fig. 3.1. The epitaxial structures consisted of a 10 nm in-

situ SiNx passivation layer, a 3.8 nm GaN capping layer, a 22.1 nm AlGaN 

barrier layer, a 490 nm i-GaN layer and a 4.4 μm buffer layer grown on 

Si(111) substrate. Prior to ohmic metal deposition, the SiNx layer in the 

ohmic region was selectively removed by SF6 plasma etching using reactive 

ion etching as well as the barrier layer for ohmic regions was partially 

etched by low-damage BCl3/Cl2-based inductively coupled plasma reactive 

ion etching (ICP-RIE). A Ti/Al/Ni/Au (= 20/120/25/50 nm) ohmic metal 

stack was evaporated by e-beam evaporation followed by lift-off and rapid 

thermal annealing at 830oC for 30 sec. Mesa isolation was then carried out 

by etching SiNx and underneath GaN epitaxial layers. The GaN epitaxial 

layer was etched by low damage BCl3/Cl2 plasma etching using ICP etcher 

with depth of ~400 nm. The device was then passivated with a 200 nm SiNx 

film by using catalytic-chemical vapor deposition. The gate length of 2 μm 

was patterned and the exposed SiNx film was etched away followed by gate 

recess. The AlGaN barrier layer step was performed by low damage 

BCl3/Cl2 plasma etching using a SiNx mask layer. It is worth to mention that 

the dielectric mask is preferred to avoid the carbon contamination issue, 

which occurs in the case of ordinary PR mask. The etch rate is about 1.2 

Å/sec which measured using AFM measurements. To further etch the 

AlGaN barrier layer and HCl based digital etching were performed. The 

digital etching step is composed of oxidation step in 50 W O2 plasma on the 
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microwave asher and etching step in diluted HCl (1:1) with 70oC in 5 min. 

The etch rate is about 4.5 Å/cycle. The AlGaN barrier layer for the MOS 

gate regions was completely etched away, so-called fully-recessed [5]. Prior 

to gate dielectric film deposition, the surface was performed N2 plasma 

treatment with microwave asher system and BOE (100:1) consecutively. 

Then, a 21 nm gate insulator film was deposited with the optimized 

condition described in the previous chapter. Two samples were prepared 

with ALD aluminum (Al2O3) or PEALD AlOxNy gate insulator for 

comparison. Post deposition annealing was carried out at 500°C for 10 min 

in nitrogen ambient. A Ni/Au (= 40/200 nm) stack was used for the gate 

metallization. Finally, post metallization annealing was carried out at 400°C 

for 10 min in forming gas (95% N2/5% H2) to improve the interface quality. 

Gate-to-source distance, gate length, and gate-to-drain distance were 2, 2, 

and 14 μm, respectively. The gate overhang field-plate length was 1 μm. The 

whole process flow of gate-recessed AlGaN/GaN MIS-FETs with ALD 

Al2O3 or AlOxNy gate insulator was shown in Fig. 3.2. 

 

 

Fig. 3.1 Cross-sectional schematic of the fabricated normally-off recessed-

gate AlGaN/GaN-on-Si MOS-HFET with ALD Al2O3 or PEALD AlOxNy 

gate insulator. 
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Fig. 3.2 Schematic of the process flow of normally-off recessed-gate 

AlGaN/GaN-on-Si MIS-FET. 
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3.3. Device Characteristics of the Fabricated 

GaN MIS-FETs with ALD AlOxNy 

 In the previous chapter, successful development and 

characterization of high-quality Al2O3 and AlON dielectric deposition 

process were demonstrated for AlGaN/GaN MIS-FETs. In order to evaluate 

the forward breakdown field and the conduction band offset of each gate 

insulator, the forward current-voltage (I-V) characteristics of recessed MOS-

FETs with optimized insulator deposition conditions were investigated. As 

compared in Fig. 3.3 (a) and (b), a larger conduction band offset of 2.64 eV 

with a higher forward breakdown field of 8.3 MV/cm was achieved for 

AlOxNy film. The forward breakdown field was noticeably improved from 

7.1 to 8.3 MV/cm with the nitrogen incorporation in Al2O3. It is reported 

that the nitrogen incorporation could play a key role in suppressing the 

carrier trapping within the gate dielectrics and the formation of surface 

contamination at the interface with GaN [6-8]. 

 The transfer characteristics in linear scale for each sample are 

plotted in Fig. 3.4(a). Vth values were also extracted by linear extrapolation 

of the I-V transfer characteristics which has 3.3 V for Al2O3 and 3.2 V for 

AlOxNy devices. The relatively high Vth values of two devices were due to 

fully-recessed AlGaN barrier layer under the gate recess region. The average 

of maximum drain current density with Al2O3 was 398 mA/mm while that 

with AlOxNy was 481 mA/mm at VDS = 10 V. Both devices exhibited very 

low drain off-state leakage current densities with excellent on/off ratios of 

~1010. It should be noticed that the MOS-FETs gate leakage current for the 

device with Al2O3 increased rapidly beyond the forward gate voltage of ~9 
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V whereas no increase was observed for the device with AlOxNy. The 

maximum transconductance (Gm) was increased from 75 to 90 mS/mm with 

nitrogen incorporation in Al2O3. While the Vth were similar to each other, 

higher maximum drain current density was achieved with significantly 

improved hysteresis characteristics for the device with the AlOxNy gate 

insulator. It was clearly observed that the sample with AlOxNy film 

exhibited superior characteristics over the sample with Al2O3 film. Both 

maximum drain current density and maximum Gm were enhanced by ~20 % 

by using the AlOxNy film.  

 

 

 

Fig. 3.3 (a) Forward leakage current characteristics and (b) Fowler-

nordheim tunneling plot of the fabricated recessed-gate AlGaN/GaN MIS- 

FETs. 
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Fig. 3.4 Transfer characteristics in (a) linear scale and (b) log scale, (c) 

output characteristics of the ALD Al2O3 and PEALD AlOxNy devices. 

 

 To observe the Vth hysteresis, the I-V transfer curves were 

consecutively measured while increasing maximum gate voltage (VG.max), as 

shown in Fig. 3.5 (a) and (b) [9, 10]. All the curves were swept in a bi-

directional mode and the clockwise hystereses were observed which might 

be caused by the acceptor-like trap states at the Al2O3/GaN interface [2]. 

The Vth hysteresis was gradually increased and Vth was steadily drifted to 

positive side with increasing VG.max for both samples. The Vth hysteresis was 
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increased from 5 to 180 mV when VG.max was increased from 4 to 10 V for 

AlOxNy, while 39 to 496 mV for Al2O3, as shown in Fig. 3.5 (c). 

 

 

Fig. 3.5 Transfer characteristics of the (a) ALD Al2O3 and (b) PEALD 

AlOxNy devices with different gate voltage (VG.max) ranges and (c) Vth 

hysteresis for each sample as a function of VG.max. 
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To investigate the uniformity of two devices characteristics, Fig. 3.6 

shows the statistical device characteristics in linear scale with 35 devices 

measured for each sample. The average value for Vth of distribution 

histogram was 2.26 V for Al2O3 and 2.25 V for AlOxNy. Vth values were 

defined at drain current density of 1 mA/mm. The small standard deviation 

σVth of 69 mV with average Vth of 2.25 V was achieved with AlOxNy device 

as shown in Fig. 3.7. While average Vth of Al2O3 sample was 2.26 V with 

σVth of 86 mV. The measured I-V characteristics in log scale with 

subthreshold slope values were plotted in Fig. 3.8 with Al2O3 and AlOxNy 

devices. Both samples exhibited excellent on/off ratio of ~1010. The rapid 

increase in the forward gate leakage current of the devices with Al2O3 film 

at > 9 V was due to the lower forward breakdown field characteristics. 

 

 

Fig. 3.6 Transfer characteristics measured for 35 devices of (a)Al2O3 and 

(b)AlOxNy samples. 
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Fig. 3.7 Vth histogram plots for 35 devices in each sample. 

 

 

 

Fig. 3.8 Transfer characteristics in log scale of the ALD Al2O3 and PEALD 

AlOxNy devices. 
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Temperature dependent transfer characteristics were measured with 

temperature ranging from 25oC to 150oC with 25oC step [11]. At each 

temperature, the transfer curve was measured with a step of 0.05 V at VDS = 

10 V. The Vth was negatively shift about 390 mV with AlOxNy device 

whereas 980 mV with Al2O3 devices along with temperature increased. It 

means that nitrogen incorporation has greatly benefits to reduction of 

interface traps and bulk traps. The inherent thermally stable Vth with AlOxNy 

device is illustrated with a small shift from room temperature to 150oC as 

shown in Fig. 3.10. Even at 150oC, the MIS-FETs with AlOxNy gate 

insulator device still delivers high on-off ratio > 109, owing to the 

effectively suppressed drain leakage current enabled by the high 

temperature operation. 

In order to further investigate the Vth instability, Vth drift 

characteristics were measured under positive gate bias stress conditions at 

room temperature, 100°C, and 150°C [12, 13]. The positive gate bias voltages 

of 3 MV/cm to 4 MV/cm with 1 MV/cm step were selected for constant bias 

stress conditions. Each bias stress was applied up to 1000 s. As shown in Fig. 

3.11, significantly smaller drifts were observed for the AlOxNy device at 

both room temperature and high temperature conditions. The Vth was 

positively drifted by 220 mV after VG.stress of 4 MV/cm for 1000 s at room 

temperature for AlOxNy, while 580 mV of large voltage drift was observed 

under the same stress condition for Al2O3 gate insulator. We also 

investigated negative bias stress Vth stability [14, 15]. The impact of a 

positive gate bias stress Vth has been widely discussed, on the other hand, 

the Vth of MIS-FETs is considered to be stable when the device exposed to 

negative gate bias stress, provided that the quality of the gate 

dielectric/interface is sufficiently clean. The measurements were performed 
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under high temperature and reverse bias stress which are operated in more 

realistic conditions. 

 

 

Fig. 3.9 Schematic illustrations showing interaction between Al2O3 gate 

dielectric trap states and channel electrons under applied gate bias condition. 
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Fig. 3.10 Temperature dependent transfer characteristics of (a) ALD Al2O3 

and (b) PEALD AlOxNy devices. (c) Vth temperature dependence of 

AlGaN/GaN MIS-FETs with ALD Al2O3 and PEALD AlOxNy gate insulator, 

respectively. 
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Fig. 3.11 Temperature dependent Vth drift characteristics with positive gate 

bias voltage of 3 MV/cm with (a) ALD Al2O3 and (b) PEALD AlOxNy 

devices, respectively. And, the positive gate bias voltage of 4 MV/cm with 

(c) ALD Al2O3 and (d) PEALD AlOxNy MIS-FETs also investigated. 
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We investigated that GaN MIS-FETs can suffer from a negative Vth 

shift even when they are operated at low stress voltages, for sufficiently 

high temperatures with VGS of negative stress and VDS of 0 V. The negative 

bias stress Vth instability was investigated under room temperature and 

150oC. The negative Vth shift is correlated to a decrease in on-resistance 

(Ron), and is significantly accelerated by temperature. The negative Vth shift 

was caused by the depletion of trap located at the dielectric layer/GaN 

interface. The negative Vth shift was induced by exposing the devices to off-

state stress; to avoid buffer-related trapping processes, we only applied a 

negative gate voltage, with no drain bias. In this way, the depletion of the 

buffer is minimized, and the trapping processes can be mainly caused to 

physical mechanisms occurring near the surface, in the dielectric and at the 

dielelctric/GaN interface [14]. The negative gate bias voltages of -10 V were 

selected with 1000 s same as positive bias stress conditions. As shown in 

Fig. 3.12, smaller drifts were also observed for the AlOxNy device at both 

room temperature and high temperature conditions. The Vth was drifted by 

230 mV after VG.stress of -10 V for 1000 s at room temperature for AlOxNy, 

while 595 mV of large voltage drift was observed under the same stress 

condition for Al2O3 gate insulator. The trends of Vth shift appeared same 

with positive bias stress conditions. 
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Fig. 3.12 Temperature dependent Vth drift characteristics with negative gate 

bias of -10 V with ALD Al2O3 and PEALD AlOxNy gate insulator of 

AlGaN/GaN MIS-FETs. 

 

In comparison with other reports [13, 16-19], the AlOxNy device 

studied in this work exhibited less drift in Vth because of the suppressed 

trapping effects under gate bias stress. Improved interface and bulk 

characteristics which enhanced conduction band offset at GaN interface 

would suppress the electron injection into the gate insulator and thus reduce 

the trapping effects. Nitrogen may suppress further oxygen diffusion, 

thereby preventing surface oxidation which could occur not only during but 

also after dielectric deposition [20]. Significant improvements with AlOxNy 

devices might be attributed to the nitrogen compensation of charge trapping 

sites related to oxygen vacancies and the high-quality interface conditions 

[21]. 

To investigate the dielectric/GaN interface more specifically, 

monitoring of the device Vth drift is done at a single bias point in the linear 

region of the transfer characteristic, where the drain current degradation and 
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the Vth shift can be correlated. The Vth drift is monitored during stress and 

recovery sequences. The forward bias stress is applied to the gate with 

source and drain was grounded during stress conditions whereas all contacts 

were grounded during recovery stress. Repeated stress-recovery sequences 

at room temperature suggests that monitoring during stress has no 

significant influence and also absent of new traps are created during 

consecutive stressing sequences. Measurements of the Vth drift over stress-

recovery sequences show a quasi-linear characteristic on a logarithmic time 

scale, indicating a broad distribution of time constants for stress and 

recovery. A method to analyse such a broad distribution of characteristic 

time constants has been developed by Reisinger using so called capture 

emission time (CET) maps, which are extracted out of the recovery traces 

[22]. 

 

 

Fig. 3.13 Measurement scheme of a single stress-recovery sequence used to 

monitor Vth drift. 
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We did carry out CET analysis for our devices resulted in estimated 

of trap density [22, 23]. Different stress times between recovery traces equal 

the Vth drift caused by traps with capture time constants within the 

corresponding stress decade [19]. Stress recovery sequences increased stress 

time starting from 1 s to 1000 s at a fixed gate bias stress of 4 MV/cm with 

recovery voltage of -2 V. The Vth drift value can be changed into a Dit using 

the dielectric capacitance. The CET maps typically show a broad 

distribution of emission time constants for each decade of capture time 

constants which equal to the rows in the CET maps. It means that bias stress 

fills up a number of traps with logarithmically distributed emission time 

constants, which are magnitudes larger than the stress time. The stress 

curves in Fig. 3.14 (a) and (b) justify the use of logarithmically distributed 

stress times, because all stress curves exhibited the similar trends after apply 

stress and thus pre-stress effects can be excluded for the recovery curves. It 

will be strong correlation between trap density and dielectric quality as 

indicated by the comparison of the Vth drift dependency on the gate bias 

stress conditions.  

The Dit was extracted out of the bias stress recovery measurement 

from Fig. 3.14 (c) and (d). It will be extracted using CET maps which used 

to calculate Nit values expressed by 

𝑁𝑖𝑡 [𝑐𝑚−2] =
𝜀0𝜀𝑟

𝑞

∆𝑉𝑡ℎ

𝑡𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
 

The results point out the strong correlation between capture and emission 

time constants with a relatively slower emission from traps. The increased 

Vth drift offset of the stress sequences can be explained by traps with larger 

emission time constants than the recovery duration of 1000 s. 
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Fig. 3.14 Stress-recovery sequences with logarithmically increased stress 

time starting from 1 sec to 103 sec with fixed gate bias of 4 MV/cm for (a) 

ALD Al2O3 and (b) PEALD AlOxNy devices. The recovery curves of Vth 

drift for stress time of 1 sec and 10 sec are shown for (c) ALD Al2O3 and (d) 

PEALD AlOxNy devices. 
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All traps with smaller capture time constant than the stress time are 

filled during stress recovery sequence. The remaining filled traps explain the 

initial stress offset. A second stress recovery cycle applied longer stress time, 

it fills up the next decade in the CET map leading to an relatively increased 

filling level for emission time constant longer than the recovery time. The 

extract the whole CET map was shown in Fig. 3.15. The Dit value for Al2O3 

was 3.83E+12 cm-2 and 1.24E+12 cm-2 for AlOxNy devices. The Dit was 

decreased with nitrogen incorporation which means nitrogen affects not 

only bulk characteristics but also interface region. 

 

 

Fig. 3.15 CET map extracted from stress-recovery sequence for (a) ALD 

Al2O3 and (b) PEALD AlOxNy devices. 

 

The C-V hysteresis characteristics measured at 1 MHz frequency 

are compared between Al2O3 and AlOxNy dielectric layer with a diameter of 

200 μm as shown in Fig. 3.16. The AlOxNy device exhibited a voltage 

hysteresis of 40 mV whereas the Al2O3 device exhibited 480 mV. Compared 

to the Al2O3 devices, the optimized AlOxNy device we developed exhibits 
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steeper C-V slope. This result leads to improvements of dielectric constants 

which was 7.2 of Al2O3 and 8.4 of AlON dielectric layer.  

 

 

Fig. 3.16 Comparison of C-V characteristics between ALD Al2O3 and 

PEALD AlOxNy MIS devices. 

 

The Dit was used to evaluate the interface conditions. Several 

methods have been reported to investigate the interface characteristics, such 

as simple trap density equation [24] [25], subthreshold slope (SS) [26], 

conductance method [18] etc. The SS can be expressed by 

 

Subthreshold slope (SS) =  
kT

q
∙ ln(10) ∙ (1 +

Cit

Ci
) 

Dit =
Cit

q
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Where q is the electron charge and Ci is the gate dielectric capacitance. The 

values of SS obtained from I-V characteristics were 140 and 85 mV/dec for 

Al2O3 and AlOxNy dielectric layer, respectively. The Dit extracted by SS 

methods was 3.8 × 1012 and 1.2 × 1012 eV-1∙cm-2 for the Al2O3 and the 

AlOxNy device, respectively. 

In order to evaluate more accurate Dit, we also carried out frequency 

dependent C-V measurements from 1 kHz to 1 MHz for both devices using 

a conductance method. According to the conductance methods, the 

equivalent parallel conductance (Gp/ω) can be expressed by 

 

𝐺𝑝

𝜔
=

𝜔𝐺𝑚𝐶𝑜𝑥
2

𝐺𝑚
2 + 𝜔2(𝐶𝑜𝑥 − 𝐶𝑚)2

 

 

where Cm is the measured capacitance, Gm is the measured conductance, and 

Cox is the gate dielectric capacitance. The trap state time constant (τit) and 

Dit were extracted by fitting the equation. The Gp/ω-ω plots for both devices 

are compared in Fig. 3.17 (a) and (b). The peak positions were shifted with 

increasing the bias voltage. The extracted Dit as a function of the energy 

level is shown in Fig. 3.18 which values were 1.1 × 1012 eV-1∙cm-2 at 0.425 

eV for the AlOxNy device and 4.2 × 1012 eV-1∙cm-2 at 0.42 eV for the Al2O3 

device. 
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Fig. 3.17 Frequency dependent parallel conductance plots for (a) ALD 

Al2O3 and (b) PEALD AlOxNy devices at selected biases. 

 

 

Fig. 3.18 Dit extracted by conductance method as a function of trap state 

energy. 
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Fig. 3.19 Extracted field effect mobilities for the fabricated transistors with 

Al2O3 (black) or AlOxNy (blue) gate insulator. 

 

Field-effect channel mobility (μFE) was extracted from μFE =

 GmL/(WCMOSVDS), where Gm is the transconductance, L the recessed-

channel length, W the channel width, CMOS the MOS capacitance, and VDS 

the drain bias voltage [27, 28]. Devices with a very long channel length and 

width of 100 μm were used for μFE extraction. Absence of AlGaN barrier 

under the MIS gate region for the completely etched device eliminated the 

polarization induced channel charges where must be taken care of interface 

roughness [5, 29]. As shown in Fig. 3.19, at VDS = 0.1 V, the maximum μFE 

for Al2O3 and AlOxNy devices were 198 and 235 cm2/V∙s, respectively, 

implying that the nitrogen incorporated AlOxNy indeed yielded better 

interface and film quality . 

Dynamic Ron characteristics were measured for the fabricated both 

devices. The dynamic Ron characteristics were investigated by a hard 
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switching method with the switching frequency of 10 kHz with the duty 

cycle of 50 % [30]. The VDD stress bias up to 200 V with 20 V step. As 

plotted in Fig. 3.20, the dynamic Ron was increased by 1.8 times for Al2O3 

and 1.3 times for AlOxNy devices at 200 V switching. More stable operation 

of the AlOxNy device was attributed to less trapping effects due to the 

nitrogen compensated oxygen vacancy defects.  

 

 

Fig. 3.20 (a) The VDS oscillation waveforms for the PEALD AlOxNy device 

range from 20 V to 200 V with 20 V step. (b) Dynamic Ron characteristics 

measured for ALD Al2O3 and PEALD AlOxNy devices.  

 

Also, the off-state I-V characteristics were also measured with the 

gate voltage of 0 V with device turn-off mode. The off-state drain leakage 

breakdown voltage was important factor to apply power electronics. Most of 

power electronic devices need to more than 600 V breakdown 

characteristics with stable operation. The off-state breakdown voltages were 
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measured as shown in Fig. 3.21. The off-state breakdown voltages defined 

at 1 mA/mm were 790 and 1050 V for the Al2O3 and the AlOxNy device, 

respectively. 

 

 

Fig. 3.21 Comparison of off-state I-V characteristics for the fabricated 

devices with ALD Al2O3 or PEALD AlOxNy gate insulator. 

 

In Table 3.1, the device characteristics included Al2O3 and nitrogen 

incorporated AlOxNy are compared with other reports [5, 27, 31-34] with the 

same device configuration, i.e., fully-recessed MOS- or MIS-FETs with Vth 

over 2 V. Vth values exhibited for the two devices were extracted by linear 

extrapolation of the I-V transfer characteristics. The device employing 

PEALD AlOxNy gate insulator exhibited the most improved result in overall 

performances. Also, in Fig. 3.22, we have benchmarked our results 

comparing to other reported in the field of GaN MIS-FETs studies [5, 12, 35, 
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36]. Outstanding Vth stability characteristics were achieved with nitrogen 

incorporated Al2O3 gate insulator with our works. Especially, small Vth shift 

value exhibited compared with other results. Superior electrical 

characteristics were obtained with PEALD AlOxNy gate insulator with 

cyclic nitrogen plasma step for gate-recessed E-mode AlGaN/GaN MIS-

FETs. 

 

Table 3.1 Performance comparison with other fully-recessed-gate 

AlGaN/GaN MOS- or MIS-FETs. 

Gate 

insulator 

Vth 

[V] 

μFE 

[cm2 

/V∙s] 

Ron 

[Ω∙mm] 

VG.max 

[V] 

∆Vth
*
 

[V] 

Id.max 

[mA 

/mm] 

VBV 

[V] 

Al2O3(this 

work) 
3.3 198 15 10 0.50 397 790 

AlOxNy 

(this work) 
3.2 235 12 10 0.18 481 1050 

SiNx 
[1] 5.2 120 25 10 N/R** 200 400 

SiNx 
[27] 2.2 70 20.7 8 0.45 230 > 1k 

Al2O3 
[28] 2.5 N/R** 20.8 10 <0.2 250 930 

Al2O3 
[29] 3 180 8.78 10 0.3 663 189 

Al2O3 
[30] 2.8 148 10 9 0.3 585 967 

Al2O3 
[31] 2.4 N/R** 21.2 9 0.1 300 825 

∆Vth
* :  Threshold voltage hysteresis,   N/R** : Not reported 
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Fig. 3.22 The Vth stability and gate stress bias characteristics reported for 

normally-off GaN MIS devices including this work. 
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3.4. Impact of Oxidant in ALD Al2O3 Dielectric 

Layer 

3.4.1. Issues of O3 Oxidant for ALD Al2O3 

Deposition 

To further improvements of device characteristics, especially 

interface quality, we optimized ALD AlOxNy with different oxidant source. 

The fabricated GaN MIS power device has unintentional interface trap states 

between GaN and gate dielectric layer of Al2O3 gate insulator deposition. As 

well as, the thick initial interface oxide was existed due to strong oxidation 

of O3 oxidant [37, 38]. It causes unintentional Ga-O bonding in the GaN 

device interface which was degraded electrical performances [4, 8]. Some 

research reported that the Vth was shifted by gate sweep due to trapping 

effect at the interface between insulator and GaN and also investigated Vth 

shift phenomenon, they maintained that the GaOx at the interface would be 

the reason for Vth instability [39-41]. In general, O3 and H2O are the most 

common oxidants employed in Al2O3 dielectric layer [42]. However, the 

ALD deposition technique with H2O as oxygen precursor suffer from large 

fixed charge and leakage current densities, although these characteristics can 

be improved by including an intermediate oxide between the dielectric layer 

and the substrate or by high-temperature post deposition annealing 

processes [37, 38, 42, 43]. 
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Previous studies showed that the insulating properties of H2O based 

Al2O3 were not good owing to the high concentration of oxhydryl (OH 

group) [38, 44]. In addition, sufficiently long purge time is essential due to 

H2O tends to physisorb on the surface strongly [45]. Because O-H radicals 

give rise to interface states and defects in the films, the use of other oxygen 

source has been shown to improve the electrical characteristics, especially 

leakage current density, of as deposited layers. 

One method of improvements the film quality is by employing 

plasma based dielectric layer deposition. Some groups studied the surface 

quality of GaN while O2 based Al2O3 were grown to less oxidation 

compared to O3 in the GaN surface. The key requirements for Al2O3 gate 

dielectric were low leakage current property as well as low Dit to Vth 

stability. Stoichiometric Al2O3 film with fairly low impurity concentrations 

of C and H of under the 0.1 % is important in ALD film quality and by 

employing O2 plasma based PEALD process in Al2O3 deposition it can 

result in better film qualities with less O-H bonding in the films which is 

usually the case for Al2O3 deposited in thermal ALD process [37, 46]. High 

impurities are known to be the main leakage path which weakens the film 

quality [6, 47]. However, the presence of plasma limits the dielectric 

interface quality due to plasma damage and high reactivity of oxidant. 

The other method to solve this problem, promising alternative 

oxidant of O3 is deposited using TMA as the Al precursor and O3 as the 

oxidant, respectively. It was reported that the leakage current densities of 

Al2O3 gate dielectric layer can be reduced by using O3 oxidant [37]. 
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However, reductions of devices performances were observed for O3 based 

Al2O3 devices such as C-V curve stretch, Vth instability, and Dit level. In 

general, O3 has strong oxidability in the substrate with high deposition 

temperature as mentioned before. Some studies researched that these device 

performance reductions attributed to the strong oxidability of O3 [37, 39]. It 

can affect the GaN surface during initial deposition cycles neglecting prior 

surface treatments that easily cause the formation of inferior native oxides 

[48]. As a consequence, there is a need to replace this oxide that has to 

fulfill low Dit values and SS values. 

In this part, we studied on the growth of Al2O3 deposited by ALD 

system using other oxidant as oxygen source. Reduced unintentional 

oxidation in the GaN surface and improved SS value which has leads to low 

Dit characteristics. 

 

Fig. 3.23 Hysteresis voltage measured from C-V characteristics, depending 

on the oxygen precursor and the post-deposition processes [49]. 
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3.4.2. Process Optimization with Cluster 

ALD System  

The ALD dielectric deposition process was performed using a new 

cluster ALD system with a showerhead injector. The acceptable wafer size 

and distance between showerhead and chuck was same as commercial direct 

PEALD system as summarized in former section 2.3. The top electrode for 

showerhead was capacitively coupled with a high RF (27.12 MHz) plasma 

source compared former ALD system to reduce the plasma damage during 

the deposition. The process chamber and load-lock wafer handler were 

evacuated using a turbo pump which has base pressure of 1.5E-6 Torr. The 

ALD equipment used in the following experiments is shown in Fig. 3.24. 

 

 

Fig. 3.24 Configuration of ISRC Cluster ALD with cassette type system. 
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In order to optimize ALD Al2O3 dielectric film deposition 

conditions using new cluster ALD system, fabrication and precise 

measurement of film is critical and based on the Si capacitor results of 

dielectric layer is important. The MOS capacitor was fabricated same as 

former section. The ALD Al2O3 process condition was optimized with TMA 

source as the Al precursor and O3 source as the oxidation reactant. N2 

purging process was performed for between precursor injection and the 

oxidant process. The temperature of TMA precursor maintained at 5oC with 

chiller system. The top lid and wall of this ALD system was kept at high 

temperature of 150oC which has to reduce impurities such as carbon and 

oxygen in the dielectric layer [50-52]. The wafer temperature at setting ㅅ

temperature value of 450oC is 325oC at pressure of 500 mT with thermal 

couple (TC) wafer measurements. The deposition rate was saturated with 

increasing TMA and O3 pulse times with fixed sample temperature of 325oC. 

The GPC was saturated at the TMA dose time of 0.3 sec and O3 time of 0.5 

sec. It had saturated deposition rate of 0.87 Å/cycle. Detailed ALD Al2O3 

process optimization was described in Fig. 3.25. The linear dependence of 

the layer thickness on the number of ALD cycles is obtained for O3 

oxidation source. The thick interface layer thickness appears to be existed 

for the O3 oxidant source. The unintended thick initial interface oxide 

formed about 16 Å with O3 based ALD Al2O3 because of its strong 

reactivity [38, 53]. 
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Fig.3.25 Deposition rate of ALD Al2O3 characteristics using O3 oxidant 

source along with (a) TMA feeding time and (b) O3 dose time. Linear 

growth rate per cycle is obtained for O3 oxidant source.  
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Fig. 3.26 O3 based Al2O3 growth rate versus substrate setting temperature, 

determining the ALD window around 450oC. 

 

 The chuck setting temperature was also varied from 300oC to 600oC 

for optimization. As shown in Fig. 3.26, saturated deposition rate of O3 

oxidant was observed temperature range from 300oC to 450oC. In high 

temperature above 500oC, thermal decomposition of Al precursor was 

occurs and it hinders self-limiting characteristics of ALD [54]. The thermal 

decomposition of TMA precursor was known around 370oC corresponding 

to chuck setting temperature around 520oC. The deposition temperature of 

O3 based ALD Al2O3 was chosen to be chuck setting temperature of 450oC. 

The real sample temperature with setting temperature of 450oC was around 

325oC measured by thermal couple wafer.  
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3.4.3. IPA-based ALD AlOxNy 

As mentioned in before section, H2O and O3 are the most common 

oxygen source for ALD oxides formed with metal organics. O3 is strong 

surface oxidation which has unintentional interface oxide layer in GaN 

surface. However, leakage current density was improved of dielectric layer 

with O3 oxidation source. And, H2O is the common impurity in epitaxial 

deposition system and poor quality of leakage current density. Also, the 

residual H2O in the system line can react with the precursors to form small 

particles and affects the gas transportation. Among into the oxidant 

candidates, isopropyl-alcohol (IPA) is known to be not react with the 

semiconductor surface during the initial ALD process and this aids in 

lowering the interfacial defect density at the oxide/substrate interface [55]. 

 

 

Fig. 3.27 Isopropanol vapor pressure in logarithmic scale versus 

temperature [56]. 
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The IPA oxidant will be able to efficiently suppress surface oxidation. There 

was only few papers demonstration of Al2O3 deposition using IPA oxidant 

[55, 57]. The temperature of IPA precursor maintained at 5oC with same as 

TMA precursor. The vapor pressure of the IPA at 5oC is around 12 mmHg 

four times smaller than at room temperature [56]. The excessive vapor 

pressure can lead to long purge time which disables efficient ALD system. 

 We optimized Al2O3 deposition condition with IPA oxidant source 

grown by ALD technique, IPA-based Al2O3 was interposed between the 

Al2O3 dielectric film and the substrate. The pulse time of IPA changes from 

1 to 4 sec and the N2 purge time kept 20 sec as shown in Fig. 3.28 (b). The 

substrate setting temperature was fixed at 500oC during the process 

condition optimized. Noticeable difference was observed in the IPA pulse 

time, saturated deposition rate of IPA oxidant was observed in longer pulse 

time. The film thickness per ALD cycles is also presented. From the slope of 

the linear fitting of the experimental data the growth per cycle is obtained, 

resulting in GPC value of 0.75 Å/cycle for IPA oxidant source. This 

indicates a slower deposition for IPA than for O3. An estimate of the 

thickness of the interfacial layer can be obtained from the linear fitting of 

the experimental data, which results in 5 Å. The unintentional interface 

oxide with IPA was also formed which has extremely reduced surface 

oxidation. The lower interfacial oxide thickness was obtained compared to 

O3 oxidant source. 
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Fig. 3.28 IPA based ALD Al2O3 characteristics of deposition rate along with 

(a) TMA feeding time and (b) IPA dose time. Linear growth rate per cycle is 

obtained for IPA oxidant source.  
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Fig. 3.29 IPA based Al2O3 growth rate versus substrate setting temperature, 

determining the ALD window around 500oC. 

 

 The chuck setting temperature was also varied from 400oC to 600oC 

for optimization. As shown in Fig. 3.29, saturated deposition rate of IPA 

oxidant was only observed in small temperature range around 500oC. In low 

temperature, low deposition rate is observed because of insufficient reaction 

which is originated from low reactivity of IPA oxidant. Whereas in high 

chuck temperature above 520oC, thermal decomposition of Al precursor has 

occurs and it hinders self-limiting characteristics of ALD. The process 

window of IPA based dielectric layer has narrow compared to O3 oxidant 

source because of low reactivity characteristics. The deposition temperature 

of IPA based ALD Al2O3 was chosen to be chuck setting temperature of 

500oC.  
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We compared the ALD characteristics by using the developed O3 

and IPA oxidants based Al2O3 dielectric layer. The Al2O3/Si MOS capacitors 

are fabricated on Si substrate as same fabrication process in section 2.3. All 

samples undergone standard Si cleaning process consisted of SPM and HF 

based wet cleaning and post deposition annealed with optimized annealing 

conditions. The forward gate leakage current and C-V characteristics are 

also measured and discussed. As anticipated, the C-V slope is notable 

improved as shown in Fig. 3.30 (a). Powerful oxidation ability of O3 may 

induce undesired interfacial oxide at Si forming defective aluminum silicate 

leading to degrade interfacial quality while IPA oxidant appears to be 

negligible on this effect [53]. The dielectric constant was extracted from 

thickness series method of 7.8 and 7.7, respectively [58]. The forward 

leakage current density exhibits different aspect, leaky forward gate leakage 

current density of the IPA oxidant source is presented and compared to the 

O3 oxidant as shown in Fig. 3.30 (b). In the medium gate bias range, the 

dominant leakage mechanism is by poole-frenkel tunneling, which is 

conduction method of electron tunneling from a metal electrode to traps in a 

nearby insulator layer followed by de-trapping of the electrons from the 

traps by virtue of a lowered potential well due to an applied electric field 

[59].  
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Fig. 3.30 Comparison of O3 and IPA based Al2O3/Si MOS capacitors (a) C-

V and (b) forward leakage current characteristics. 
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 In order to improve Al2O3 bulk quality with O3 and IPA oxidant 

source, nitrogen incorporation into Al2O3 dielectric layer was also studied 

discussed in section2.4. We also varied N2 plasma power from 30 W to 100 

W. As shown in Fig. 3.31, the O3 based AlOxNy dielectric layer electrical 

characteristics such as leakage current density at 3.5 MV/cm and breakdown 

field was degraded along with plasma power increased. 

 

 

Fig. 3.31 Electrical characteristics with breakdown field and leakage current 

density at 3.5 MV/cm of AlOxNy as a function of (a) process pressure, (b) 

N2 plasma power, and (c) N2 plasma time. The substrate temperature was 

fixed at 325oC. 
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It was different from established system, N2 plasma power of 50 W 

has slightly increased compared to 30 W. The new cluster ALD system has 

lower plasma damage because of high frequency plasma system. In this 

reason, we selected the low plasma power of 30 W with 7 s exhibited high 

breakdown filed and low leakage current density. Significant improvement 

of leakage current at positive bias with nitrogen incorporation is shown in 

Fig. 3.32. The forward leakage current density at 3.5 MV/cm was reduced 

from 2.5E-7 A/cm2 of IPA based AlOxNy to 9.6E-9 A/cm2 of O3 based 

AlOxNy dielectric layer. 

 

Fig. 3.32 Leakage current density of O3 based Al2O3 (black, open), AlOxNy 

(black, closed), IPA based Al2O3 (red, open), and AlOxNy (red, closed) 

dielectric layer on Si capacitor. 
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 Surface morphology was also characterized using non-contact mode 

AFM system. Fig. 3.33 shows the AFM results of optimized ALD dielectric 

layer on Si substrate. The IPA based Al2O3 samples preserved the smooth 

surface morphology compared to O3 based Al2O3 which has improved about 

25.4%. Also, surface morphology with nitrogen incorporation was improved 

17 % compared to O3 based Al2O3 dielectric layer. From the AFM data, the 

IPA based Al2O3 samples preserved the smooth surface morphology about 

0.11 nm with peak to peak value of 0.89 nm. 

 

Fig. 3.33 AFM images and RMS roughness values with (a) O3 based Al2O3, 

(b) IPA based Al2O3, (c) O3 based AlOxNy, and (d) IPA based AlOxNy. 
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Cross sectional high resolution transmission electron microscopy 

(TEM) images of Al2O3 dielectric layer with different oxidants are shown in 

Fig. 3.34. It was noted that low interfacial layer thickness is observed for 

using IPA oxidant source while thick interfacial layer is detected for using 

O3 oxidant as predicted. The O3 causes strong surface oxidation ability and 

resulted in severe surface oxidation at deposition cycles. However, IPA 

oxidant based Al2O3 has diminished this effect which has negligible surface 

oxidation during the deposition process. 

 

 

Fig. 3.34 TEM images of (a) O3 based Al2O3 and (b) IPA based Al2O3 on 

GaN substrate. 

 

 

 



110 

 To further investigate the surface oxidation of IPA based Al2O3 

dielectric layer, X-ray photoelectron spectroscopy analyses were performed 

for the two samples. The Al 2p, O 1s, Ga 3d, and N 1s core-level spectra 

measured was performed on the GaN surface. The comparison of IPA and 

O3 based Al2O3 on GaN was presented in Fig. 3.35. In order to analyze clear 

interfacial oxide composition, 2 nm of thin Al2O3 were deposited to allow 

photoelectrons ejected from GaN substrate escape through the film. It was 

noted that when using O3 oxidant source, large amount of O 1s and Ga 3d 

related oxide signals were present on the surface while significantly reduced 

oxide signals were observed for IPA oxidant source. The Al 2p peak has 

similar tendency compared both samples. The peaks of Al 2p spectra, it was 

fitted by two sub-peaks located at 74.1 eV and 74.8 eV which were 

corresponding to Al-N and Al-O bonds, respectively [8]. The Fig. 3.35 (b) 

shows the typical XPS spectrum of the O 1s for Al2O3 on GaN samples. It 

can be seen that both samples had Al-O bonds peaks located at 531.1 eV. 

The native oxide components of Ga-O ~ 530.5 eV in O 1s and 20 eV in Ga 

3d peaks exhibit a large shoulder on the O3 oxidant sample [8, 60-63]. The 

difference of interface chemistry and bonding states between O3 and IPA 

based Al2O3 on GaN interfaces, the evolution of Ga 3d core-level spectra of 

both samples were demonstrated. As shown in Fig. 3.35 (c), the Ga-O peak 

of O3 oxidant was high while a lower intensity of Ga-O peak at the IPA 

oxidant interface has obtained, manifesting that the O3 strong oxidation 

ability on GaN surface to formed GaOx during the deposition. These results 

indicate that IPA oxidant reduced the native oxide during the deposition 

process compared to O3 oxidant.  
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Fig. 3.35 XPS spectra of (a) Al 2p, (b) O 1s, (c) Ga 3d, and (d) N 1s core 

level from Al2O3/GaN with different oxidant source of O3 and IPA. 
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3.5. E-mode AlGaN/GaN MIS-FETs with ALD 

AlOxNy Dielectric Layer Using Cluster ALD 

System 

 3.5.1. Study on GaN MIS Capacitors 

We developed a cyclic nitrogen incorporated AlOxNy dielectric 

layer with O3 and IPA oxidant using a cluster ALD system as discussed in 

section 3.4. The MIS capacitors were also fabricated to investigate the 

resulting electrical properties, especially C-V hysteresis and frequency 

dispersion characteristics. The epitaxial layers consisted of 300 nm n-GaN 

with 2.5E+17 cm-3 Si doping concentration, a 700 nm n-type GaN layer, and 

3900 nm GaN buffer layer were grown on Si substrate. 

In order to achieve excellent MIS power device characteristics, 

interface and bulk characteristics of insulator is critical, and based on the 

capacitor results, many research groups studied [64-68]. The process of n-

GaN capacitor fabrication is started from standard RCA cleaning. After that, 

pretreatment before insulator deposition is the first key fabrication process. 

The main purpose of pretreatment is to remove native oxides and impurities 

on the surface. As GaN does not form a pristine interface with most oxides, 

pretreatment of surface could affect the nucleation of the oxide layer and 

hence the quality of the material. The treatments are divided into ex-situ and 

in-situ pretreatment processes which are various reported in [69-71]. Ex-situ 

pretreatment includes diluted HF (10:1), NH4OH, and 10 % (NH4)2S 

solutions in this order to remove native oxides on the surface [70, 71]. In-
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situ pretreatment includes TMA pulse and NH3 plasma treatments. Short 

time pulsing of the metal precursor using TMA is effective to remove 

surface oxide which is known as the self-cleaning mechanism [72]. We used 

5 times of 0.2 sec TMA pulsing and 10 sec N2 purge step included to 

remove unreacted precursors. Also, surface nitridation using NH3 plasma 

treatment also optimized with varies nitridation methods. It is expected that 

optimized pre-treatment process can reduce Dit level. The high quality gate 

dielectric layer was deposited of 10 nm with the various process deposition 

condition including O3 based Al2O3, AlOxNy, and IPA based AlOxNy. The 

top circular capacitor contact had a diameter of 100 μm and was separated 

by a 10 μm gap from a concentric contact. Fig. 3.36 shows representative C-

V curves for optimized ALD dielectric layer (a) O3 based Al2O3, (b) O3 

based AlOxNy, and (c) IPA based AlOxNy. To analyze the hysteresis behavior 

of the capacitors, the flat band voltage (VFB) was used to quantify relative 

shifts. The capacitors with O3 based AlOxNy demonstrated the lowest 

amount of hysteresis, whereas O3 based Al2O3 capacitors showed the largest 

amount. The hysteresis originates from the combined effects of the interface 

states of dielectric/GaN interface and oxide traps in the dielectric layer [73, 

74]. The interface states of Al2O3/GaN distributed within the band-gap of 

GaN. So electrons could be captured by these states when the voltage is 

changed. A same tendency result was observed for nGaN capacitor results 

compared with Si capacitor characteristics. 
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Fig. 3.36 C-V measurements of (a) O3 based Al2O3, (b) O3 based AlOxNy, 

and (c) IPA based AlOxNy dielectric layer at 1 MHz deposited on n-GaN. 

 

Trapping properties of MOS dielectric layers are most often 

evaluated via simple C-V techniques. The amount of hysteresis in C-V 

curves is often conveniently measured as the VFB shift between the forward 

and reverse curves [75-77]. However, a better measure of the effective 

border trap density can be obtained by integrating the absolute value of the 

difference between the curves represented in below [75]. 
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∆𝑁𝑏𝑡 ≈ (
1

𝑞𝐴
) ∫|𝐶𝑟𝑒𝑣𝑒𝑟𝑠𝑒 − 𝐶𝑓𝑜𝑟𝑤𝑎𝑟𝑑| 𝑑𝑉 

As shown in Fig. 3.37, the border trap density (∆Nbt) extracted by 

above equation increased from 1.39E+18 cm-3eV-1 with O3 based AlOxNy to 

4.54E+18 cm-3eV-1 with IPA based AlOxNy dielectric layer. Also, larger C-V 

hysteresis with lots of border trap density degraded leakage currents at 

positive bias applied. An inferior quality of the O3 based AlOxNy dielectric 

film was predicted which should be resolved for interfacial layer. 

 

 

Fig. 3.37 Border trap densities estimation using C-V hysteresis with O3 

based AlOxNy and IPA based AlOxNy dielectric layer deposited on nGaN. 
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To evaluate charge trapping in the dielectric layer, C-V 

characteristics with multi frequency range from 1 kHz to 1 MHz was also 

measured. The applied AC bias for all measurements was 25 mV. Fig. 3.38 

shows typical C-V curve at different frequencies for nGaN samples. The 

gate voltage is swept from depletion to accumulation. The C-V curves of 

IPA based AlOxNy sample showed a smallest VFB dispersion, which is 

attributed to the small density of interface defect states. It was assumed that 

the reduced VFB dispersion originate from the suppression of un-intentional 

interfacial oxides by the use of the IPA oxidant source. On the other hand, 

those of O3 based AlOxNy sample showed a notable suppression of the 

accumulation capacitance dispersion behavior. However, advantages of 

interface quality of IPA oxidant source, frequency dispersion at the 

accumulation region of IPA based AlOxNy sample, in comparison to O3 

based AlOxNy sample, slightly increased from 2.66 to 3.35 % as shown in 

Fig. 3.38 (d).  

The improved interface characteristics can be attributed to low 

surface oxidation ability of IPA oxidant. However, it is assumed that the 

bulk quality using IPA oxidant may be inferior than using O3 oxidant in 

ALD Al2O3 dielectric layer. This might affects breakdown performance on 

GaN power device. In this reason, IPA oxidant ALD Al2O3 film has used to 

thin interfacial layer to suppress surface oxidation of GaN substrate.  
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Fig. 3.38 Multi frequency C-V dispersion of (a) O3 based Al2O3, (b) O3 

based AlOxNy, and (c) IPA based AlOxNy on nGaN capacitors. (d) VFB 

dispersion and accumulation capacitance dispersions at different process 

conditions.  
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 3.5.2. Device Characteristics of E-mode 

AlGaN/GaN MIS-FETs 

We have developed and investigated a cyclic nitrogen incorporated 

AlOxNy with IPA oxidant source as discussed in former section. It was found 

that the AlOxNy dielectric layer with IPA oxidant improves the interface 

quality which originated from suppressed un-intentional interfacial 

oxidation. However, leakage current density related to bulk trap density has 

degraded with IPA oxidant. In this reason, it is clear that study of interface 

and bulk layer is the most important task in high performance gate recessed 

AlGaN/GaN MIS-FETs and great effort to achieve high quality gate 

dielectric layer has been discussed in the previous section. 

The typical epitaxial structure and process flow of the device is 

same as former section. We started from ohmic contact formation with 

Si/Ti/Al/Mo/Au (=5/20/80/35/50 nm) metal stack with rapid thermal 

annealing at 800oC for 1 min. Mesa isolation was then carried out by 

etching in-situ SiNx and GaN epitaxial layers with low damage BCl3/Cl2 

plasma etching using ICP etcher system. The device was then passivated 

with a 100 nm SiNx films by using catalytic-chemical vapor deposition. The 

gate length of 1.5 μm was patterned using maskless laser lithography system 

and the exposed SiNx film was etched away followed by gate recess. The 

AlGaN barrier layer was completely etched until GaN channel layer using 

low damage BCl3/Cl2 plasma only different from plasma power compared to 

mesa isolation. To smooth etched surface and precise channel region etching, 

HCl based digital etching was performed with microwave ashing system of 

O2 plasma. The digital etching step in IPA diluted HCl (1:1) with 70oC 5min 
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was performed. Then for pre-treatment step, 3 min of NH4OH and 20 min of 

(NH4)2S (10%) was performed as optimized in the nGaN capacitor 

experiments. Prior to gate dielectric deposition, the surface was exposed 5 

cycle of TMA pulse and NH3 plasma treatment with 30 W 5 min in process 

chamber. The chamber base pressure for ALD deposition system was 

maintained 1.5E-6 Torr. Then, a 21 nm gate insulator film was deposited 

with the various process conditions described in Table. 3.2. Post deposition 

annealing was carried out at 500°C for 10 min in nitrogen ambient. A Ni/Au 

(=40/300 nm) stack was used for the gate metallization. Finally, post 

metallization annealing was carried out at 500°C for 10 min in forming gas 

(95% N2/5% H2) to improve the interface quality. Gate-to-source distance, 

gate length, and gate-to-drain distance were 1.5, 1.5, and 10 μm, 

respectively. 

Successful development and characterization of high quality 

dielectric layer deposition process was demonstrated. In our previous work, 

the excellent interface and bulk characteristics could be achieved with 

nitrogen incorporated AlOxNy gate dielectric layer [78] with O3 oxidant 

source. However, noticeable trade off relationships in terms of the bulk and 

interface quality between the O3 and IPA oxidant sources has existed. The 

IPA based AlOxNy gate insulator was essential to achieve a small SS and low 

Dit values which originated from suppress the surface oxidation. In order to 

achieve a low leakage current density with low Dit, the trade-off relationship 

in the AlOxNy processes should be optimized. As a results, we optimized 

gate stack consisted of an IPA based AlOxNy interfacial layer and O3 based 

AlOxNy bulk layer is proposed and characterization of the gate stack was 

performed to optimize the bi-layer gate stack. The proposed gate stack 

might be achieved excellent interface quality as well as an improvement in 
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reliability performance. The gate dielectric of 21 nm was deposited using 

cluster ALD system with sample temperature was maintained at 350oC. The 

bi-layer gate stack is consisted of IPA based AlOxNy dielectric for the 

interfacial layer and O3 based AlOxNy dielectric for the bulk layer as shown 

in Table. 3.2. The IPA based AlOxNy interfacial layer is expected to exhibit 

the most improved interface characteristics attributed to both the low surface 

oxidation ability of IPA and the suppression of oxygen diffusion by effective 

nitrogen passivation at oxygen vacancies in Al2O3. Contrary, O3 based 

AlOxNy has better bulk characteristics such as low leakage current density 

with high breakdown voltage. 

 

Table. 3.2 Gate stack of gate recessed AlGaN/GaN MIS-FETs. 

Sample 

Bi-layer gate stack 

(IL) IPA-BASED ALOXNY 

[nm] 

(BULK) O3-BASED ALOXNY 

[nm] 

a (Ref.) 0 21 

b 1.5 19.5 

c 3 18 

d 22 0 

 

 The transfer characteristics in linear scale and log scale with four 

different gate stack sample are plotted in Fig. 3.39. The maximum drain 

current density with O3 based AlOxNy was 465 mA/mm while that with 

sample b and IPA based AlOxNy was 475 and 480 mA/mm at VDS = 10 V, 

respectively. The output I-V characteristics of the devices are compared in 

Fig. 3.40 where the extracted static Ron values for O3 based AlOxNy, IPA 

based AlOxNy, and bi-layer with IPA based AlOxNy interfacial layer and O3 
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based AlOxNy bulk layer devices were 1.75, 1.60, 1.56, 1.55 mΩ∙cm2, 

respectively. Vth values were around 2 V for four different samples extracted 

by linear extrapolation of I-V transfer characteristics. 
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Fig. 3.39 Transfer characteristics in log scale (a) O3 based AlOxNy, (b) 1.5 

nm IPA based AlOxNy interfacial layer with O3 based AlOxNy bulk layer, (c) 

3 nm IPA based AlOxNy interfacial layer with O3 based AlOxNy bulk layer, 

and (d) IPA based AlOxNy dielectric layer in gate recessed AlGaN/GaN 

MIS-FETs. Inset represents the linear transfer characteristics. 
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Both maximum current density and maximum Gm were enhanced 

with employing IPA based AlOxNy dielectric layer. As shown in Fig. 3.41, 

drain current density was improved with interfacial layer of IPA based 

AlOxNy insertion. The maximum transconductance improved from 91 to 95 

of bi-layer gate stack with IPA AlOxNy interfacial layer thickness of 1.5 nm. 

On the other hands, gate leakage current density was gradually increased 

with IPA based AlOxNy dielectric layer thickness increased. The gate 

leakage current was degraded from 6.4E-12 mA/mm to 8.3E-10 mA/mm at 

gate voltage of 8 V. 

 

 

Fig. 3.40 Output characteristics of the cluster ALD O3 based AlOxNy, IPA 

based AlOxNy, bi-layer gate stack with IPA based AlOxNy interfacial layer 

and O3 based AlOxNy bulk layer. 
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Superior electrical characteristics with steep SS values were 

exhibited for IPA based AlOxNy interfacial layer employed device compared 

to the reference device. As shown in Fig. 3.42, notable SS improvement is 

achieved by employing IPA based AlOxNy interfacial layer. The extracted SS 

values are 86, 75, 73, and 72 mV/dec for sample a, b, c, and d respectively. 

Improvement of SS and degradation of gate leakage current density 

saturates at the interfacial layer thickness of 1.5 nm. To investigate the 

interface quality, the Dit was also extracted. The Dit extracted by SS methods 

[26] were 7.68×1011 eV-1∙cm-2, 3.56×1011 eV-1∙cm-2, 3.24× 1011 eV-1∙cm-2, 

and 3.00×1011 eV-1∙cm-2 for sample a, b, c, and d respectively. The Dit 

reduced with IPA based AlOxNy interfacial layer thickness increased which 

has reduced un-intentional interface oxidation from O3 oxidant. 

 

Fig. 3.41 Drain current density and gate leakage current density comparison 

of 4 types of gate stacks. 
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Fig. 3.42 Minimum SS value and maximum Gm value for varied gate stacks 

were summarized in Table. 3.2. 

 

Fig.3.43 Forward gate leakage current for O3 based AlOxNy and IPA based 

AlOxNy gate dielectric layer of gate recessed AlGaN/GaN MIS-FETs. 
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Fig. 3.44 (a) Off-state I-V characteristics and (b) breakdown voltage and 

specific Ron of fabricated devices with different gate insulator. 

 The forward leakage current density with breakdown field was 

investigated. A higher forward breakdown field of 8.6 MV/cm was achieved 

for O3 based AlOxNy film. The forward breakdown field was reduced from 

8.6 to 6.8 MV/cm with IPA based AlOxNy gate dielectric layer. Leaky gate 
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or drain leakage current of the IPA based AlOxNy is presented and compared 

to the O3 based AlOxNy insulator. It is usually implies the bulk quality of 

dielectric, larger the leakage in electric field is inferior the gate insulator is. 

The off-state I-V characteristics were measured with the gate voltage of -2 V 

with device turn-off mode. The power device demands to high off-state 

drain leakage breakdown voltage. Most of power device need to more than 

600 V breakdown voltage with stable operation. The off-state breakdown 

voltages defined at 1 mA/mm were 740 V for the IPA based AlOxNy device. 

The measurement limitation in our equipment was 1100 V up to which no 

catastrophic breakdown was observed as shown in Fig. 3.44 (a). The off-

state drain current densities were ~10-8 A/mm until 1100 V for O3 based 

AlOxNy though IPA based AlOxNy device has ~10-7 A/mm drain leakage 

current density. It is speculated that by employing IPA oxidant the bulk 

quality may be inferior than using O3 oxidant in ALD AlOxNy. 

 

Fig. 3.45 Comparison of capacitance-voltage characteristic of samples a, b, 

and d gate stack with gate recessed AlGaN/GaN MIS-FETs. 
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Fig. 3.46 The multi frequency C-V characteristics of sample (a) O3 based 

AlOxNy, (b) IPA based AlOxNy, and (c) IPA based AlOxNy interfacial layer 

and O3 based AlOxNy bulk layer. 

 

 In Fig. 3.45, the C-V hysteresis characteristics measured at 1 MHz 

frequency are compared different gate stack of a, b, and d samples with a 

diameter of 200 μm. To investigate detailed interface analysis, the multi 

frequency from 1 kHz to 100 kHz C-V measurement is performed and the 

results are shown in Fig. 3.46. Significant improvements were observed 

through employing insulator with IPA oxidant. As the IPA based AlOxNy 
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insulator gets thicker, frequency dispersion decreased. This improvement 

has definite impact on the Dit regarding the electrical characteristics such as 

maximum Gm and SS value results. Although this improvements, IPA based 

AlOxNy has leaky forward and off-state drain leakage current which has 

important factor for power device. Suppression of frequency dispersion is 

also observed through device b, in particular, shows that improved results 

are obtained compared to reference sample of a. 

 

Fig. 3.47 Frequency dependent parallel conductance plots for (a) O3 based 

AlOxNy, (b) IPA based AlOxNy, and (c) bi-layer gate stack devices at 

selected biases. (d) Dit extracted by conductance method as a function of 

trap state energy. 
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As well as, in order to evaluate more accurate Dit, we also carried out the 

frequency dependent C-V measurements from 1 kHz to 1 MHz for different 

gate stack devise using a conductance method. The Gp/ω-ω plots for 

different gate stack device are compared in Fig. 3.47 (a) to (c). The peak 

positions were shifted with increasing the bias voltage. The extracted Dit as 

a function of the energy level is shown in Fig. 3.47 (d). The extracted Dit 

values were 7.68×1011 eV-1∙cm-2 at 0.426 eV, 3×1011 eV-1∙cm-2 at 0.429 eV, 

3.57×1012 eV-1∙cm-2 at 0.431 eV for sample a, d, and b respectively. The 

insertion of IPA based AlOxNy interfacial layer has observed remarkable 

reduction of Dit level compared to O3 based AlOxNy insulator which is 

consistent with the SS values. 

 The low-frequency noise (LFN) measurements were also 

investigated which can provide more information about the channel quality. 

This technique has been widely applied to the field of CMOS technology, in 

order to assess the defectiveness of materials and in particular of gate 

dielectric [79-84]. LFN is one of the most important noise sources in 

semiconductor device as these are up converted to microwave frequencies 

which may degrade the circuit performance [80]. The LFNs of the devices 

with a 1.5 μm gate length was measured at VDS = 10 V and VGS-Vth of 0.5 V 

with frequency range from 10 Hz to 1.6 kHz. Fig. 3.48 shows the noise 

spectral densities (SID/I2
D) of the different gate stack of a, b, and d devices. 

The normalized SID/I2
D at frequency of 40 Hz versus VGS-Vth was plotted as 

shown in Fig. 3.48 (b). The slope of this plot gives information about the 

fundamental fluctuation mechanism. In particular, being the slope close to -

1, mobility fluctuation can be assumed. The LFN induced by mobility 

fluctuation is explained by the bulk mobility fluctuation, which is related to 

the lattice or impurity scattering in the channel region. In this case, it is well 
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known that the defects responsible for the 1/f noise are physically located in 

the gate dielectric. The LFNs of these devices followed the typical mobility 

fluctuation model of 1/fγ behavior, where γ is approximately 1. According to 

Hooge’s formula, the device LFNs are directly linked to and affected by the 

channel quality. The Hooge parameter, αH, can be estimated [85], the 

values were 8.48E-4, 1.41E-4, and 1.31E-4 for sample number of a, b, and d 

respectively. These values are exhibit superior characteristics compared to 

other results from AlGaN/GaN devices [79, 83-87]. The noise properties of 

IPA based AlOxNy interfacial layer device are similar compared to IPA based 

AlOxNy bulk layer. Insertion of interfacial layer, definite improvements in 

electrical characteristics are observed and deposition of 1.5 nm interfacial 

layer was effectively affect interface quality. 

 Vth drift under forward gate bias stress is another indicator for 

trapping effects. Investigation of positive bias temperature instability 

measurements was performed for different gate stack in order to explore the 

advantage of using bi-layer gate stack approach. A constant gate bias stress 

voltage of 3 MV/cm and 4 MV/cm were applied for 1000 sec. During the 

stress test, Vth was measured at 1, 10, 100, 1000 sec. The gate bias and time 

dependent Vth drift characteristics are plotted in Fig. 3.49. The higher 

forward gate bias stress resulted in larger Vth drift. In comparison with IPA 

based AlOxNy bulk layer device, the bi-layer device exhibits less drift in Vth 

for the same gate bias stress. The bi-layer composite dielectric shows more 

Vth shift than the pure O3 based AlOxNy insulator.  
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Fig. 3.48 Drain current noise spectra densities at VGS-Vth of 0.5 V (VDS=10 

V) for the sample number of a, b, and d for O3 based AlOxNy, IPA based 

AlOxNy interfacial layer and O3 based AlOxNy bulk layer, and IPA based 

AlOxNy insulator respectively. (b) SID/I2
D versus VGS-Vth data at frequency 

of 40 Hz for different gate stack. The dashed lines indicate the (VGS-Vth)
-1 

data. 
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Fig. 3.49 (a) to (c) ID and Vth shift was monitored with different gate stack 

during the gate bias stress of 3 MV/cm. (d) Vth drift characteristics with 

positive gate bias voltage of 3 MV/cm and 4 MV/cm at 1000 sec. 

The Vth was positively drifted by 150 mV after VG.stress of 4 MV/cm 

for 1000 s at room temperature for bi-layer insulator, while 203 mV of large 

voltage drift was observed under the same stress condition for IPA based 

AlOxNy single layer. In comparison with other reports [5, 27, 31-34], the 

optimized bi-layer gate stack device in this study exhibited less drift in Vth 
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because of the suppressed trapping effects under forward gate bias stress. 

Improved interface quality with IPA based AlOxNy and bulk with O3 based 

AlOxNy layer characteristics which suppressed un-intentional interfacial 

oxidation and suppressed electron injection with nitrogen incorporation. 

Nitrogen may suppress further oxygen diffusion as well as preventing 

surface oxidation which could occur during the deposition.  

 

 

Fig. 3.50 Vth drift under positive gate bias stress comparison with other 

gate-recessed E-mode AlGaN/GaN MIS-FETs. 
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Fig. 3.51 Benchmark of Ron,sp versus BV characteristics reported for 

normally-off AlGaN/GaN power devices including this work. 
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3.6. Conclusion 

In this chapter, various ALD gate dielectric layers were investigated 

for AlGaN/GaN MIS-FETs. Low power nitrogen plasma within ALD every 

cycle was passivated oxygen vacancies without plasma damage or 

degradation in comparison to post deposition plasma technology. PEALD 

nitrogen incorporated process was successfully developed for a recessed-

gate AlGaN/GaN MIS-FETs with AlOxNy gate insulator, where the nitrogen 

plasma was repeatedly introduced at each cycle of ALD process. Both 

maximum drain current density and maximum Gm were enhanced by ~20 % 

by using the AlOxNy film. The small hysteresis was achieved with nitrogen 

passivate oxygen vacancies as well as low carbon densities in the dielectric 

layer. The small drift of Vth under the gate bias stress conditions was also 

represented with nitrogen incorporated AlOxNy gate dielectric layer. We also 

proposed a high quality IPA based AlOxNy interfacial layer technology using 

a cluster ALD system and by the interfacial layer insertion, low SS with 

remarkable low Dit level as well as Gm improvement was achieved. The 

positive bias stress measurements, the developed bi-layer gate stack was 

exhibit much more small Vth drift. The nitrogen incorporation in Al2O3 

improved the bulk film quality and IPA oxidant suppressed un-intentional 

interface oxidation, which resulted in the improved DC characteristics and 

Vth stability. The low leakage current density with high breakdown voltage 

over 1.1 kV was also obtained. Developed PEALD AlOxNy bi-layer gate 

stack device exhibited superior electrical characteristics including Vth 

stability compared to other reports. It is suggested that the PEALD AlOxNy 

film is a very promising gate insulator for normally-off GaN-based power 

FETs. 
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Chapter 4. High Quality SiNx 

Passivation Film for AlGaN/GaN 

Devices 

4.1. Introduction 

In this section, we optimized the silicon nitride (SiNx) passivation 

layer by using catalytic chemical vapor deposition (Cat-CVD) process and 

focused on the reduction of current collapse effects without increasing the 

thickness of dielectric layer due to parasitic capacitances. Typically, GaN 

transistor is highly sensitive to defects in the dielectric and at the interface. 

Without proper passivation, these defects can result in degradation of carrier 

mobility, decrease in transconductance (Gm), and pinning of the Fermi level. 

The SiNx is currently the standard for the passivation of GaN surfaces 

because it readily forms an interface to GaN with good electrical properties. 

We investigated the impact of passivation process conditions on current 

collapse phenomenon and achieved the effective passivation process with a 

thin layer to reduce parasitic capacitance. We optimized high quality SiNx 

passivation layer without plasma damage on the surface during dielectric 

deposition. The surface with the fabricated device was protected and 

compensated the surface states which mitigate the peak electric field 

combined are the main purpose of passivation process. The SiNx passivation 

layer process was employed with various conditions in terms of surface 

charge control and dense dielectric layer deposited for blocking moisture 

which might induce oxygen at GaN surface [1-3]. 
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4.2. Passivation Process 

4.2.1 Performance Limitation 

Although significant progress has been achieved in the GaN-based 

high power and high frequency devices, surface related problems still need 

an immediate solution. In particular, one of the important things among 

stability characteristics, current collapse was also major obstacle of 

discrepancy between the measurement power and predicated power. 

Impressive progress has been made on both high speed and E/D-mode 

integration using gate recess or selective area epitaxial regrowth. To date 

high current gain and power gain cut-off frequencies have been achieved 

primarily by aggressive gate length scaling. When gate length is reduced 

sufficiently small, the parasitic RC charging delay was caused by source and 

drain resistances and gate extrinsic capacitance can account for a significant 

fraction of the total delay [4]. 

Especially, the effect that most severely limits the RF power 

performance of AlGaN/GaN FETs is the so-called RF current collapse, 

which originates from trapping effects at the device surface or in the buffer 

[5, 6]. The reduction in output power from its expected value is caused by a 

decrease of maximum drain current and an increase of knee voltage as 

shown in Fig. 4.1. It is believed that trap-related phenomenon called RF 

dispersion where surface or bulk traps contributed [7-9]. It is well known 

that spontaneous and piezoelectric polarization effects lead to opposite 

polarity charge at the surface in AlGaN/GaN FETs. The existence of such a 

polarization dipole alone is not sufficient for confined more electron in the 

GaN channel [10, 11]. A positive charge can arises electron from donor 
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states at the surface. As the thickness of the AlGaN barrier layer increase, 

the donor energy reaches the Fermi level that electrons are able to transfer 

from occupied surface states to empty conduction band states at the 

interface, creating the 2-DEG and leaving behind positive surface charge 

[12, 13]. Until the surface states are empty, the Fermi level remains at the 

donor energy level but more and more electrons transfer with increasing 

barrier thickness. The electrons in the channel exist as long as the AlGaN 

barrier is thick enough to allow the valence band to reach the Fermi level at 

the surface. It means that the donor like surface states is a source of 2-DEG 

in AlGaN/GaN interface. 

 

 

Fig. 4.1 Schematic comparison of DC I-V characteristics and dynamic I-V 

characteristics. 
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4.2.2 Current Collapse Phenomenon                                                     

 As discussed in section 1.3, the current collapse phenomenon is one 

of the most important issues in GaN device technology. It was occurred that 

the presence of trapping centers in the device [8, 9]. These trap states are 

located in everywhere which resulted in the reduction of drain current by 

depleting 2-DEG channel, poor frequency response, and high dynamic on-

resistance as shown in Fig. 4.2. 

 

 

Fig. 4.2 The simple schematics of trap states in recessed gate AlGaN/GaN 

MIS-FETs. 

 

Injection of high energy electrons takes place from the 2-DEG 

channel into the AlGaN region near the drain edge under the large drain 

stress voltage [14-16]. Due to electron injection, near surface traps and 

surface states are filled near the drain edge, expanding the depletion width 

and reducing 2-DEG density. After switching back the drain voltages, 

electrons in these states are emitted, leading to recovery transients. This 

causes current collapse phenomenon. Some models based on electron 
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trapping by surface states have been proposed but, the exact mechanism for 

the current collapse is not clarified yet. The current collapse phenomena 

have been observed in schottky gate AlGaN/GaN HEMTs under both gate 

stress and drain stress as shown in Fig. 4.3. 

 

 

Fig. 4.3 Simple model of current collapses (a) DC I-V characteristics with a 

load line. (b) Electrons flow at on-state bias, (c) channel is depleted at off-

state bias. Electrons are injected and trapped due to high-field between gate 

and drain and (d) on-state with current collapse [17]. 
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There is experimental evidence which empirically indicates that 

they are related to ways of surface preparation and surface passivation, and 

therefore to the presence of surface states. It is difficult to decide whether 

problems arise from the gate portion of the device. Under the large gate 

stress, although the channel current from the source is completely pinched 

off, there exists a large leakage current from the gate into the AlGaN layer 

through the thermionic field emission and field emission mechanism 

underneath the gate [8]. The gate injected electrons will fill up the surface 

states near the gate on the drain side and causing virtual gating by these 

near-surface electronic states [12, 18, 19]. One of the technological solution 

to solve this phenomenon have been proposed as a possible cure for this 

detrimental effect consists of using epitaxial structure with a thin n-type 

doped GaN capping layer. This has been suggested to act as a surface charge 

control layer that reduces the effect of surface polarization charge. The use 

of the GaN capping layer with surface passivation layer has actually allow 

achieved output power performance as well as stable RF operation. 

 If there are exists negative charge on the surface state, the surface 

potential being changed negative, depleting the channel of electrons and 

leads to extension of the gate depletion region [12]. Therefore, the effects of 

surface negative charge are act like a negatively biased metal gate [20]. The 

potential on the metal gate is controlled by the applied gate bias voltage 

while the potential on the second gate is controlled by the total amount of 

trapped charge in the gate drain access region as shown in Fig. 4.4. This 

second gate is referred to as the virtual gate [12]. It is widely accepted that 

the current collapse phenomenon is the results of electrons from the gate 

being trapped at the AlGaN surface states and acting as a virtual gate to 

deplete the electron in the channel to make charge neutral [2]. 
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Fig. 4.4 Model of the device showing the location of the virtual gate and 

schematic of the device including the virtual gate. 

 

In order to suppress such current collapse under drain stress and 

gate stress completely, the N-vacancy related traps should be removed from 

the surface and underneath the gate. Some research has been reported that 

N2 plasma surface treatment completely removes the trap as well as reduces 

surface states [8]. This effect is based on the observed reduction of band 

bending. However, it is difficult to completely suppress the N-vacancies 

near the schottky gate, since any of the metal deposition processes involves 

high energy metal ions. The other methods to suppress the current collapse 

phenomena were deposited dielectric passivation layer. Among various 

dielectric passivation layer such as SiO2, SiNx, SiON, Al2O3 and AlN and so 

on [20-26], the SiNx films was found to be effective in suppressing the 

current collapse and largely improving the output power density of the GaN-

based devices [27-29]. Although SiNx passivation is widely used to prevent 

current collapse, the exact mechanism works is still not clear. 
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4.2.3. Passivation Layer Thickness for 

GaN Devices 

  As discussed in former section, current collapse which is one of 

the main parts of GaN research can be suppressed by good dielectric 

passivation, field-plate, and surface treatment. The passivation layer is 

required for GaN FET devices to remove surface trap states which cause 

surface leakage current and 2-DEG channel depletion called current collapse 

[30-32]. The passivation layer increases a density of electrons in 2-DEG 

channel by inducing additional stress on AlGaN/GaN heterostructure. The 

SiNx passivation layer is widely used to suppress the current collapse 

phenomena with GaN devices due to the high quality of interface states. To 

suppress the surface state induced current collapse, thick SiNx layer grown 

is generally deposited to passivate surface, along with in-situ or ex-situ pre-

treatment [33].  

The thicker passivation layer can be more effective on 

improvements of breakdown voltage and reduction of current collapse 

phenomena. Increasing the thickness of passivation layer can reduce the 

peak electric field strength in SiNx passivation layer, thereby enhancing the 

reliability of devices [28, 33, 34]. The high electric field between gate and 

drain region leads to early breakdown and large current collapse so that the 

GaN RF devices will exhibit low output power. However, it is important to 

consider not only the characteristics related to large-signal performance of 

RF devices but also small-signal characteristics which can be degraded by 

increasing of parasitic capacitance. As passivation layer thickness is thicker, 

the parasitic capacitance will increased which can degrade small-signal RF 
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performance [4].  

The total gate parasitic capacitances are composed of intrinsic and 

extrinsic capacitances as shown in Fig. 4.5, the extrinsic capacitance was 

dominant [4]. The extrinsic capacitance is consists of parallel plate 

capacitance which is inversely proportional to dielectric thickness and 

fringing capacitance all around the gate metal. As the passivation layer 

becomes thicker, the fringing capacitance will increase continuously. In this 

reason, we investigate the high quality thin SiNx passivation optimization to 

improve electrical characteristics, especially current collapse phenomenon. 

 

 

Fig. 4.5 Simple model used for estimating extrinsic parasitic capacitances. 

Gate capacitance consists of intrinsic and extrinsic capacitance. 

 

As discussed in section 4.2.1, the ultrathin passivation to reduce 

extrinsic capacitance was essential to improve RF performance with gate 

length scaling. For the deposition of high density SiNx passivation layer 

with low substrate temperature compared to thermal CVD, Cat-CVD system 

with a tungsten catalyzer was employed in this study. In this reasons, we 

optimized SiNx passivation layer using Cat-CVD system with thin 

passivation layer thickness. 
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4.3. High Quality Cat-CVD SiNx Deposition 

4.3.1. Cat-CVD System  

High quality passivation layer is required for GaN FET devices to 

remove surface states which cause surface leakage current and 2-DEG 

channel depletion called current collapse. Also, passivation layer increases a 

density of electrons in 2-DEG channel by inducing additional stress on 

AlGaN/GaN heterostructure. Traditionally, SiNx has been widely used as 

passivation layer, but most deposition processes of SiNx such as ICP-CVD, 

LPCVD, and PECVD employ high power plasma or high deposition 

temperature which leads to plasma damage or thermal budget problems. On 

the other hand, the Cat-CVD has been developed to overcome these 

problems since the deposition gases are decomposed by catalytic cracking 

reactions with heated filaments placed near the substrate [35]. In Cat-CVD 

system the molecules of source gases are decomposed in a vacuum chamber 

by the catalytic cracking reaction with heated catalyzers, and the cracked 

species are transported to the substrates to form films. Since metal wires are 

often used as catalyzers, this method is also known as Hot-wire CVD or 

HW-CVD [36-38]. In the mechanism of gas decomposition in Cat-CVD, the 

deposited film is free from plasma damage during deposition process. The 

Cat-CVD system usually applied to deposit a high quality thin film 

passivation layer on OLEDs or flexible OLEDs at a low substrate 

temperature. 

 The Cat-CVD system schematic view compared with PECVD 

system was shown in Fig. 4.6 [39]. In PECVD system, the two parallel 

electrodes have to be electrically insulated from the chamber to generate 
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glow discharge between these two electrodes. The glow discharge plasma is 

excited by radio frequency (RF) wave and a matching system to transfer the 

RF power to the electrodes has to be equipped, in addition to a RF power 

generator. On the other hands, the Cat-CVD system are consist of catalyzing 

wires installed inside the chamber and the wire heated by current applied. 

The Cat-CVD has many advantages compared with other deposition process 

system. The first thing is there is no worry about plasma damage during the 

deposition and the second thing is there are no special insulators at the 

electrode, the mechanical system for mass-production can be easily installed 

in the substrate holders or other parts [40]. Also, we don’t need to worry 

about abnormal glow discharges, the film can be deposited uniformly on the 

device with various shapes including sharp edge. The last thing is large area 

deposition is possible to expand the spanning area of catalyzing wires. In 

this reasons, Cat-CVD SiNx has been considered as a good candidate for 

passivation layer because of no plasma damage during the deposition and 

low hydrogen contents [41, 42]. 

 

 

Fig. 4.6 The schematic view of both PECVD and Cat-CVD deposition 

system. 
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4.3.2. Cat-CVD SiNx Process Optimization 

 In order to optimize the SiNx deposition process, the films were 

deposited on Si wafers using a Cat-CVD system with silane (SiH4) and 

ammonia (NH3) gas mixtures. A tungsten wire with a diameter of 0.7 mm is 

used as a catalyzer at a distance of approximately 70 mm from the substrates. 

The catalyzer was placed 8 pieces with octagonal shape. The full length of 

approximately 2.9 m was used as the catalyzer and placed between the gas 

injection and the substrate. The catalyzer temperature was monitored based 

on resistance of the tungsten catalyzer [43]. The temperature of the tungsten 

wire was changed from 1000oC to 1730oC. The temperature of tungsten wire 

was controlled by the electric power supplied to the catalyzer as shown in 

Fig. 4.7 (a). The applied current was changed from 7 A to 18.7 A with 

maximum current of 18.7 A. Also, we measured 6-inch TC wafer on 

substrate of 5 point to measured difference between applied value and chuck 

temperature value without tungsten wire temperature. The chuck 

temperature changed from 150oC to 400oC. All the samples were deposited 

after 10 min later loaded to main chamber because of stable time to 

temperature saturation. 

To more specific investigation about chuck temperature, we also 

measured AFM roughness along with chuck temperature changed as shown 

in Fig. 4.7 (b). The roughness is important material parameter because it is 

one of the main sources of scattering losses that impact negatively the 

propagation losses of the deposition layers. The RMS roughness and peak to 

peak values are slightly decreased as function of chuck temperature 

increased until 250oC. It has expected that the SiNx dielectric film has low 

dangling bonds in film and more dense as the chuck temperature increased. 
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However, over the chuck temperature of 350oC, the RMS roughness and 

peak to peak value was drastically increased as chuck temperature increased. 

It assumed that the chuck temperature was severely high due to heat 

dissipation effects of closed tungsten wire. The real sample temperature was 

measured using the properties of hydrogen silsesquioxane (HSQ) films 

produced by curing studied in the various curing temperature [44, 45]. 

 

 

Fig. 4.7 (a) Tungsten wire temperature with filament current changed. (b) 

RMS roughness along with chuck temperature changed from 150oC to 

400oC. 

 

 The precursor, Fox-15 (solvent: 4-methylpentan-2-one), of HSQ 

was adopt to investigate device temperature during Cat-CVD deposition. 

The obtained liquid was spin coated at 5000 rpm for 60 s. The coated film 

thickness was approximately 5300 Å with refractive index value of 1.40. 

The coated films were then cured in Cat-CVD system as well as on a hot-

plate under a hood and rapid thermal annealing system for comparisons. The 

tungsten wire temperature was varied of 18 A and 18.7 A while chuck 
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temperature was changed from 150oC to 350oC with 100oC step with curing 

time within 30 min. We measured refractive index value which is related to 

the molecular composition and free volume. As shown in Fig. 4.8, the film 

properties change significantly in the first 10 min and slowly for the next 20 

min. We supposed to device temperature during the deposition through 

difference between HSQ refractive index. The decrease in refractive index is 

probably due to an increase in free volume. The variation of the free volume 

is probably due to the outgassing of the trapped solvents or the 

transformation of the cage network structure. The tungsten wire temperature 

was significantly affects the device temperature rather than chuck setting 

temperature. 

 

 

Fig. 4.8 Variation of the refractive index of the HSQ (Fox-15) films with 

different curing conditions in the Cat-CVD chamber. 
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As discussed in previously, the poor quality native oxide is 

detrimental to the dielectric/III-V interface quality that accounted for the 

stability issue in the devices [46, 47]. Surface modification process such as 

cleaning and nitridation for GaN are one of key issues for device fabrication. 

Past attempt to prepare nitride passivation layers has been performed by a 

lot of methods such as N2 plasma, RF or microwave NH3 plasma, and 

electron cyclotron resonance N2/H2 plasma. However, such methods 

induced plasma damage or ion beam irradiation damages during the 

treatments. We proposed a nitridation technology using NH3 gas 

decomposition reactions with in-situ treatments of 1 min before dielectric 

layer deposition [48, 49]. The gas flow rate of NH3 was fixed at 100 sccm 

with gas pressure during nitridation was about 4 Pa. The mechanism of the 

nitridation effects is as follows; hydrogen radicals are considered to have 

cleaning effects for substrate, so, the NH3 gas produces hydrogen radicals 

and these radicals remove surface oxide of substrate. At the same time, 

nitrogen radicals are produced form NH3 and these radicals may react with 

substrate via anion exchange reaction [48]. AFM analysis was performed on 

the in-situ nitride surface of the same samples to investigate the surface 

morphology and the surface roughness. Fig. 4.9 shows peak to peak value 

and RMS roughness along with tungsten wire temperature during in-situ 

NH3 treatment. When the catalyzer temperature is over 1400oC, the Si 

surface may be etched by atomic hydrogen H which was generated by 

decomposition of NH3 gas [49] as a result, the Si surface becomes rough. 
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Fig. 4.9 (a) Peak to peak values and (b) surface roughness of NH3 post 

treated samples observed along with tungsten wire temperature by AFM 

techniques. 

 

We also fabricated Si MIS capacitor to measure threshold voltage 

shift and hysteresis loop as function of tungsten wire temperature during 

NH3 nitridation before SiNx deposition. A Si substrate was cleaned by the 

acetone/methanol/IPA in sequence, and then they were dipped in 10:1 

diluted HF for 10 min for H-termination. After the cleaning process, the 

pieces of wafer were immediately loaded into the load-lock chamber with 

vacuum system. The NH3 surface nitridation was performed with 60 sec, 

and then 26 nm Cat-CVD SiNx layer was deposited with reference 

conditions (SiH4/NH3/H2=2/10/25 sccm). The Fig. 4.10 shows the pre-

treatment tungsten wire temperature dependence of Vth and hysteresis loop 

width. The C-V characteristic was measured at 1 MHz. The hysteresis loop 

of C-V curve and threshold voltage shift to the negative direction are 

reduced by nitridation of the Si surface. It means that fixed charges located 
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the interface of SiNx/Si suppressed by inserting a nitridation. As a result, 

surface nitridation not only improves the interface but also introduces a high 

quality thin SiNx passivation layer with small fixed charge density [50]. 

 

 

Fig. 4.10 Catalyzer temperature dependence of Vth and hysteresis loop 

width. 

 

To further investigate the influence of gas flow rate, deposition rate 

and refractive index were measured as function of the deposition condition 

changed [35, 51, 52]. The chuck temperature was fixed at 250oC with gas 

pressure during deposition and nitridation was fixed at 4 Pa. The 

dependence of refractive index and deposition rate is an important factor to 

determine the Cat-CVD deposition conditions. The deposition rate was 

decreased from approximately 1.2 Å/sec to 0.3 Å/sec as NH3/SiH4 gas flow 

ratio increased from 17 to 45 as shown in Fig. 4.11. For the deposition of 
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thin films, the growth rates were controlled by SiH4 dilution. It is known 

that SiH4 is easily decomposed to silicon hydride and atomic hydrogen by 

catalytic cracking reactions [53-57]. This dissociation energy is expected to 

be lower than that of NH3 decomposition to nitrogen hydride and atomic 

hydrogen, since the bond energies are 3.10 eV for Si-H bonds and 3.51 eV 

for N-H bonds, respectively [35]. In this reasons, it is easy to imagine that 

the flow rate of NH3 should be much larger than that of SiH4 in order to 

obtain stoichiometric SiNx films, although the exact decomposition species 

are not known at present. 

When the SiH4 flow rate is increased, Si content in the deposited 

films is increased, enhancing the refractive index value and the deposition 

rate. As the NH3/SiH4 gas flow ratio increased, the film thickness decreased 

since the nitrogen atoms within the film are increased as NH3 is increased. 

The N-H bonds increase making the film N-rich, resulting in the decrease of 

refractive index. The refractive index was also decreased with NH3/SiH4 gas 

flow ratio increased in same pressure of 4 Pa and tungsten wire temperature 

of 1650oC. This may be due to an increase in the N/Si ratio in the film with 

an increase in NH3 concentration. 

The wet etch rate is a simple indicator to evaluate the dielectric film 

quality. To establish the chemical resistivity of the films, SiNx films wet etch 

rate test was performed using 10 buffered HF (BHF) at room temperature. 

Many research represented BHF wet etch rate with high density dielectric 

layer, the etch rate was about under 5 nm/min with low deposition rate [58-

60].BHF solution is obtained by mixing HF and NH4F in a volume ratio of 1 

to 10. As shown in Fig. 4.12, the wet etch rate results for superior quality 

with refractive index values of 2.0 to 2.1. The etch rate was reduced about 4 

times less with gas flow ratio changed. However, the gas flow ratio of 33 
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with chamber pressure of 2 Pa was too low deposition rate to deposited 

passivation layer.  

 

 

Fig. 4.11 Deposition rate and refractive index values of SiNx dielectric layer 

at various NH3/SiH4 gas ratio. 
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Outstanding characteristic of etch rate to be about 2.07 nm/min 

were exhibited with refractive index value of 2.12. We also measured the 

wet etch rate and refractive index value as function of chuck temperature 

varied from 200oC to 400oC as summarized in Table. 4.1. The refractive 

index value was slightly decreased as chuck temperature increased. It 

assumes that the hydrogen in NH3 gas easily decomposed at high 

temperature. The refractive index is decreased by H2 contents include in 

dielectric film, assuming that the atomic density of dielectric film was 

decreased with wet etch rate increased. BHF etch rate depends strongly on 

the hydrogen content that is known to degrade the film quality and stability 

characteristics. The dense film with Cat-CVD SiNx deposited with low 

hydrogen contents [61]. This was because active hydrogen radicals 

decomposed by catalyzer with surplus silicon atoms form the film surface. 

 

 

Fig. 4.12 BHF 10:1 wet etch rate along with various deposition conditions. 
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Table 4.1 Various chuck temperature of Cat-CVD SiNx deposition. 

Chuck 

Temp. 

[oC] 

Filament 

current 

[A] 

NH3/SiH4 

flow ratio 

Pressure 

[Pa] 

Growth 

rate  

[A/s] 

Refractive  

index 

BOE(10:1) 

etch rate 

[nm/min] 

200 18 26.3 4 0.59 2.13 2.15 

250 18 29 “ 0.59 2.12 2.07 

350 18 30.5 “ 0.60 2.12 1.96 

400 17.9 29 “ 0.60 2.11 1.65 

 

The high film density of dielectric layer deposition process was 

employed with blocking moisture which might induce oxygen at GaN 

surface [2]. The oxidation of GaN surface with device occurred severe 

reliability issues in device level such as current collapse characteristics [62]. 

The microstructure and morphology of the films were characterized by X-

ray reflection (XRR) as shown in Fig 4.13 [63, 64]. We measured XRR 

curve of the SiNx dielectric layer with different refractive index values. The 

SiNx dielectric film was deposited about 50 nm on n-type Si substrate. The 

density of optimized conditions with refractive index of 2.12 is 2.7 g/cm3, 

with a slightly larger than the density of refractive index value with 2.02, 

which means the film only contains such little part of impurities. The film 

density was also related to wet etch rate which was evaluate for passivation 

film quality [65, 66]. The surface roughness also obtained by XRR as shown 

in Table. 4.2. It is found that the surface roughness of all the films prepared 

in this work is quite small, which means the film is very smooth. 
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Fig. 4.13 Measured XRR curves of four kinds of SiNx film. 

 

 

Table. 4.2 RMS roughness and film density of four dielectric layer obtained 

by XRR. 

R.I Thickness[A] Roughness[nm] Density [g/cm3] 

1.90 514.3 0.40 2.43 

2.02 498.3 0.27 2.64 

2.12 488.9 0.28 2.66 

2.42 469.4 0.35 2.44 
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For infrared (IR) measurements, Fourier-transform infrared (FT-IR) 

absorption spectra of the samples as deposited were measured. SiNx film for 

FT-IR measurements was deposited on silicon wafers with the thickness 

over 1000 Å on n-type Si substrate. A typical SiNx FT-IR spectrum reveals 

the presence of four major absorption peaks that can be used to extract the 

bonding configuration of a SiNx film [67-69]. The IR absorption spectra 

exhibit peaks at 830 cm-1, 2100 cm-1, and 3500 cm-1, which can be assigned 

to Si-N, Si-H, and N-H bonding, respectively. Also, The Si-O-Si stretch 

mode was monitored at 1100 cm-1 [70]. Only the strong absorption peak at 

830 cm-1 corresponds to the Si-N stretching mode. The relative H 

concentration in atomic % can be determined from the bond concentrations 

calculated from the FT-IR spectrum. The number of bonds per cm3 can be 

estimated from the IR-spectra by using the formula [35] 

 

Hydrogen number of bonds per cm3 = A ∫
𝛼(𝑤)

𝑤0
𝑑𝑤 

 

where A is the proportionality constant, α is the absorption coefficient, ω is 

the wavenumber and ω0 is the peak wavenumber. The number of N-H bonds 

in the film is 1.5E+21 cm-3, and that of Si-H bonds is 2.57E+21 cm-3. That is, 

the total hydrogen content in the film is a few 6 at%. As mentioned 

previously, the inevitably incorporated hydrogen atoms sometimes cause 

serious problems when such SiNx films are used passivation layer because 

of reliability issues [42]. Therefore, the low hydrogen content with dense 

film is one of the advantages of Cat-CVD SiNx films compared to other 

deposition method system.  
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Fig. 4.14 shows the FT-IR absorption spectra for SiNx films 

deposited by Cat-CVD without any annealing process. The hydrogen 

content of reference device deposited with ICP-CVD systems was about 20 % 

which has lots hydrogen in the N-H bonding as well as in the Si-O bonding. 

The wire temperature and refractive index were changed for measurements 

as shown in Fig. 4.15. As wire temperature decreased, hydrogen in N-H 

bonding and Si-H bonding was slightly decreased from 7.8 % to 7.2 %. As 

refractive index increased, hydrogen has dramatically decreased from 13.6 % 

to 6.0 % which has lower hydrogen contents in N-H bonding. The tungsten 

wire temperature was fixed at 1650oC with chamber pressure of 4 Pa. As a 

result, the hydrogen contents reduced from 20.2 % with reference samples 

to only 6% with refractive index value of 2.12. The low refractive index 

value has lots of hydrogen contents with large amounts of hydrogen in N-H 

bonding of SiNx film. The total hydrogen contents were decreased with 

refractive index increased until refractive index value of 2.12.  

 After over optimum point with refractive index value of 2.12, the 

total hydrogen contents were re-increased caused by excessive hydrogen 

exists in Si-H bonding. The Si-Si bonds are important defects in the SiNx 

layer that lead to poor properties. The Si-Si bonds are dominant in Si-rich 

dielectric layer and practically non-existent in N-rich films. This was caused 

by the number of back bonded Si atoms decreases in favor of n bonds that 

can be either present in the form of Si-N or N-H bonds. The Si-H 

concentration increases with decreasing N/Si ratio, while the N-H 

concentration decreased. This happens due to the competing nature of the 

formation of both types of bonds [63] and the availability of more Si or N 

radicals with the different N/Si ratio.  
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As a result, Si-rich dielectric layer tends to have more Si-H bonding 

and N-rich dielectric layer more N-H bonding. The amount of hydrogen 

bonding can also be inferred from wet etch rate [71]. Low density of 

dielectric layer represented fast wet etch rate which related to FT-IR 

characteristics of hydrogen in N-H bonding causes wet etch rate faster. 

The optimum conditions of Cat-CVD SiNx film were decided as 

follow; a deposition temperature of 250oC, a tungsten wire current of 18 A 

with 1650oC, a chamber pressure of 4 Pa (30 mT), and gas flow rates of 

NH3/SiH4 is 29. The optimized film has the deposition rate and refractive 

index of 0.6 Å/sec and 2.12, respectively. The electrical properties of the 

Cat-CVD SiNx films are demonstrated by simple current-voltage 

measurements after fabricating MIS capacitors which fabrication was same 

as section. 2.3. 
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Fig. 4.14 FT-IR spectra of SiNx with various deposition conditions. 
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Fig. 4.15 H contents in N-H bonding and total H contents with (a) tungsten 

wire temperature and (b) various refractive index values. 
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The SiNx film was deposited about 30 nm using Cat-CVD system 

and compared their characteristics along with refractive index values. I-V 

characteristics with vertical forward gate leakage current were measured as 

shown in Fig. 4.16. I-V relation of SiNx dielectric films is strongly 

dependent on stoichiometry. The breakdown strength decreases with an 

increase in refractive index value. This may be due to a decrease in the N/Si 

ratio in the film with a decrease in NH3 concentration. The thin films of Si-

rich SiNx mostly exhibit relatively high vertical leakage currents [72, 73]. It 

has been observed by many researchers that nitrogen rich SiNx has a larger 

band gap than silicon rich compositions [74, 75]. Fig. 4.17 shows the band 

diagram schematic of the SiNx films as a function of the NH3/SiH4 ratio 

which determined by fitting the data to a Tauc plot of absorption coefficients 

[74, 76]. The refractive index can be related to optical band-gap and 

composition in SiNx film. 

 

Fig. 4.16 Leakage plot of MOSCAP fabrication process with SiNx dielectric 

layer of various refractive index values. 
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Fig. 4.17 Schematic band diagrams (a) for SiNx films as a function of gas 

ratio R (b) The tail states extend further into the band gap with increasing 

gas flow ratio for SiNx. Band edges and defect energy states are shown as a 

function of N/Si ratio. Ec, Ev, and EG are the conduction band energy, 

valence band energy, and band gap of the SiNx, respectively. Sidb and Ndb 

are silicon dangling bonds and nitrogen dangling bonds. 

 

The Poole-Frenkel effect can be defined as the thermal emission of 

charge carriers from Coulombic trap levels into the conduction or valence 

band of a dielectric film due to the applied bias voltage. The barrier height 

on one side of the trap potential was lowered from applied electric field, 

thus increasing the probability of the electron escaping from the trap. In the 

dielectric layer, Fowler-Nordheim tunneling was only suggested to occur at 

high field whereas ohmic conduction has been proposed for low electric 

field. The Poole-Frenkel effect has been observed by other researchers for 

silicon rich and stoichiometric SiNx at high fields compared to nitrogen rich 

compositions [77]. It has been determined that the films the primary charge 
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transport mechanism is bulk limited Poole-Frenkel emission. The trap is 

required to be neutral when filled with an electron and positively charged 

when the electron is emitted. This was indicated that the Poole-Frenkel 

barrier height decreases as the films become more Si rich. 

 

 

Fig. 4.18 Mechanical strains in Cat-CVD SiNx with various R.I values. 

 

 

We also measured stress of these films which affect the electrical 

characteristics as well as electron confined of the devices. Mechanical stress 

within these dielectrics affects not only the performance of the film but also 

the overall device reliability. If the stress is too compressive, the film may 

easy to blister. Whereas, if the stress is too tensile, the film may fracture 

[78]. For the passivation of AlGaN/GaN FETs, the tensile stress will 

effectively combined electron from channel layer. The mechanical stress 

was measured with 60 nm dielectric layer on Si wafer. The GaN wafer was 

too expensive to measured mechanical stress with whole wafer size, we 
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adopt the Si wafer for measured tendency. The mechanical stress was 

slightly increased along with refractive index value increased [79, 80] as 

shown in Fig. 4.18. The stress was increased from 277.3 MPa to 380 MPa 

for refractive index value of 1.90 and 2.12, respectively. The tensile stress 

was increased about 30 % compared to reference device of refractive index 

value of 1.90. 

 

 

  



177 

4.3.3. Study on GaN MIS Capacitors 

 The Cat-CVD SiNx dielectric layer was deposited on GaN, and then 

metal-insulator-semiconductor (MIS) capacitors were fabricated to 

investigate the resulting electrical properties. The electrical results were 

compared with respect to different deposition conditions and correlated with 

the frequency dispersion of Cat-CVD SiNx. 

 The epitaxial layers consisted of a 5 nm in-situ SiNx layer, a 5.6 nm 

thin AlGaN barrier layer, a 420 nm undoped GaN layer, and 4200 nm GaN 

buffer layer were grown on Si substrate. After surface cleaning, 5 nm in-situ 

SiNx was completely wet etched with buffered HF 7:1 solution. To etch the 

AlGaN barrier layer about 1 nm and clean the surface, HCl based digital 

etching was performed. The digital etching step is composed of oxidation 

step in 50 W O2 plasma on the microwave ashing system and etching step in 

boiled diluted HCl (1:1) of 70oC for 5 min. The AlGaN barrier layer was 

etched with digital etching step of 1 nm recess target. The sample was 

dipped with buffered HF 30:1 for 1 min and N2 plasma surface treatment in 

20 W in the microwave ashing system. Then the samples were immediately 

loaded into load-lock chamber with NH3 thermal treatment of 1 min at 

tungsten wire temperature of 1400oC before dielectric deposition. The Cat-

CVD SiNx dielectric layer was deposited of 30 nm with the various 

refractive index values including 1.90, 2.02, 2.12, and 2.43, respectively. 

Instead of an ohmic contact, a large capacitive ground contact around the 

measured capacitors was simply used. Its impedance of the C-V 

measurement was negligible [81-84]. As shown in Fig. 4.19, C1 and C2 are 

capacitors in series. As L1 << L2, total capacitance CT can be written as: 
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CT =
C1 ∙ C2

C1 + C2
≈ C1 

 

To pattern the circular MISCAPs, a Ni/Au (=40/150 nm) alloy was 

evaporated on the dielectric layer and subsequently went through a lift-off 

process in acetone. The top capacitor contact had a diameter of 100 μm and 

was separated by a 10 μm gap from a concentric contact. 

 

 

Fig. 4.19 Schematic illustration of the GaN MIS capacitor with a top view 

(upper) and a side view (lower).  
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The C-V measurements were conducted at room temperature on the 

(Ni/Au)/SiNx/GaN MIS capacitors using a Keithley B1500 semiconductor 

characterization system operating at 10 kHz. To evaluate charge trapping in 

the SiNx layers, the C-V curve was measured that the gate voltage was 

swept from threshold voltage (Vth) - 1.5 V stress to Vth + 3 V stress and from 

Vth + 3 V stress to Vth - 1.5 V stress. The flat-band voltage characteristics 

were extracted from the C-V curve through a second derivative method [85]. 

The extracted flat-band voltage as function of the refractive index value was 

shown in Fig. 4.20. It should be noted that a negative shift of the flat-band 

voltage was observed as the refractive index increased [86]. The trap charge 

density affects the flat-band voltage, which include the positive charge in 

the dielectric layer. To combine electron in the channel effectively and to 

avoid the channel depletion, the positive net charge in the dielectric layer 

and low interface trap density (Dit) was effective deposition conditions. 

 

 

Fig. 4.20 Flat-band voltages and hysteresis along with refractive index 

values. 
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The hysteresis was contributed from the dielectric layer traps that 

are filled and emptied through electron tunnelling. The clockwise hysteresis 

was observed increased hysteresis width along with refractive index value 

changed. The hysteresis was also decreased from 350 mV to 140 mV along 

with refractive index value increased. The flat-band voltage hysteresis was 

60 % reduced at the same time which values were 350 mV to 140 mV for 

refractive index value of 1.90 and 2.12, respectively.  

And then, the hysteresis was rise up after refractive index value 

over 2.43, Si-rich SiNx dielectric layer, about 270 mV. It was assumed that 

the traps in the dielectric layer were increased for the excessive Si atoms 

during the deposition. Also, as shown in Fig. 4.21, the dielectric constant 

was saturated about 7.35 after refractive index value of 2.12 which was 

similar value of SiNx theoretical values. 

 

 

Fig. 4.21 Dielectric constant with different refractive index values. 
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 In addition, we measured the frequency dispersion range from 1 

kHz to 1 MHz to more investigate specific interface characteristics. A 

significant suppression of the frequency dispersion was observed upon 

refractive index increased. The flat-band voltage was also negatively shift 

compared to reference device with refractive index value of 1.90. The flat-

band voltage was slightly negative shift along with frequency reduced 

caused by trap response. The frequency dispersion of flat-band voltage was 

effectively reduced about 46 % which reduced from 410 mV to 220 mV. It 

expected that the Dit was reduced which electron trapping in the 2-DEG 

channel layer was effectively suppressed with optimized SiNx deposition 

conditions. The optimized condition was reduced bulk trap density with 

positive net charge density as well as low Dit characteristics. 

The effect of annealing significantly changes as the annealing 

process conditions. It is classified as post deposition annealing (PDA) or 

post metallization annealing (PMA) whether it is before or after gate 

metallization step. The impact of PDA on SiNx/AlGaN was investigated in 

order to reduce the flat-band voltage hysteresis and dielectric layer 

characteristics improved. The annealing temperature and time has been 

investigated systematically. The PDA condition was changed as 

summarized in Table. 4.3. In 100 Torr pressure condition using RTA, we 

adopt short time anneal process along with annealing temperature increased. 

The large pressure of gas flow is more effective in curing the dielectric or 

annealing in broader temperature might benefit from advantages of both 

high temperature and log time annealing. 

We also measured buffered HF 10:1 wet etch rate for simply 

investigate the dielectric layer density. As discussed in former section, the 

film quality can easily evaluated from the wet etch rate which is represented 
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dielectric film density. The wet etch rate was steadily decreased along with 

PDA temperature and time increased as shown in Fig. 4.22. After PDA 

temperature of 700oC for 3 min, the wet etch was almost saturated about 0.7 

nm/min which is superior characteristics compared to other reports [58-60]. 

We also investigate the FT-IR measurements for evaluate hydrogen 

percentage in dielectric layer. The hydrogen contents in N-H bonding were 

decreased from 2.4 % to 1.7 % with without annealing process and 700oC 

3min annealing in N2 ambient. 

 

Table. 4.3 Optimized post deposition annealing (PDA) process for 

AlGaN/GaN MIS FETs using Cat-CVD SiNx dielectric layer. 

 
Gas flow Pressure [Torr] Temperature Time 

1 - - - - 

2 N2 100 500 10 

3 N2 100 600 5 

4 N2 100 600 10 

5 N2 100 700 3 

6 N2 100 700 5 

7 N2 100 800 3 
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Fig. 4.22 Experimental SiNx wet-etch rates in BHF as a function of post 

deposition annealing process conditions. 

 

 

The dependence of the flat-band voltage hysteresis and dielectric 

constant on the PDA temperature was shown in Fig. 4.23. The flat-band 

voltage was reduced from 190 mV to 10 mV with increasing the PDA 

temperature from 500oC to 700oC, especially at approximately 700oC 3min 

annealing, and the negligible hysteresis was observed with high temperature 

anneal. The annealing temperature below 700oC 3 min had no effect on the 

CV results and over 700oC 5min showed degraded maximum capacitance 

results due to gate dielectric layer and interface layer oxidation. The PDA 

can further improve the MIS performance and curing the 

dielectric/semiconductor surface. PDA with 700oC 3 min in N2 ambient was 

employed for all our studies which resulted in the most improved CV results. 
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Fig. 4.23 Flat-band voltage hysteresis behavior as a function of PDA 

temperature for SiNx MIS-FETs. 
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4.4. Cat-CVD SiNx Passivation Layer for 

AlGaN/GaN Devices 

4.4.1. Optimized 60 nm Thick SiNx 

Passivation Layer 

In the previous section, successful SiNx deposition process 

optimized for passivation layer of AlGaN/GaN FETs. We fabricated two 

type of device which was measured for pulsed I-V characteristics and the 

other was investigated interface between SiNx and AlGaN layer. The 

process flow of AlGaN/GaN-on-Si recessed MIS-FETs including cross-

sectional schematics are shown in Fig. 4.24. 

The epitaxial structure consisted of a 2 nm GaN capping layer, a 20 

nm Al0.26Ga0.74N layer, a 300 nm un-doped GaN layer and a 1200 nm Fe-

doped GaN layer and a 490 nm AlGaN/AlN buffer layer grown on Si (111) 

substrate. The device fabrication started with solvent cleaning with 1 nm 

target digital etching process. After surface cleaning, 40 nm SiNx film was 

pre-deposited using a Cat-CVD in order to protect the GaN surface during 

high temperature ohmic annealing. Ohmic contacts with LSD=6 μm were 

performed with low damage recess etching using BCl3/Cl2-based plasma 

etching. A Si/Ti/Al/Mo/Au (=5/20/80/35/50 nm) metal stack was deposited 

using e-beam evaporator, followed by rapid thermal annealing at 800°C 1 

min in N2 ambient. Mesa isolation was carried out by BCl3/Cl2 plasma 

etching again only with different power. The pre-passivated SiNx film was 

then removed and a fresh SiNx passivation layer was subsequently re-
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deposited to improve the interface quality between the passivation film and 

GaN surface [87].  

A Cat-CVD SiNx film was deposited as a passivation layer using 

the optimized process conditions with 60 nm thick layer and 30 nm thin 

passivation layer. For the comparison, two more pieces of samples were 

fabricated with different deposition process conditions of refractive index 

(R.I). Post deposition annealing was performed in all devices. For schottky 

device, 1.5 μm gates were defined and etched by SF6 plasma etching was 

performed. On the other hand, for MIS device, we didn’t carried etching 

process with gate foot region. A Ni/Mo/Au (= 40/15/400 nm) metals were 

deposited for the gate metallization using e-beam evaporator. Finally, post 

metallization annealing was carried out at 400oC for 10 min in forming gas 

(95% N2/5% H2) to improve the interface quality. 

The schottky FETs was fabricated on an AlGaN/GaN-on-Si wafer 

with high-quality Cat-CVD SiNx passivation layer. We employed 60 nm 

SiNx as the passivation layer on AlGaN/GaN schottky FET to achieve both 

blocking the oxygen from the air and decreasing the peak electric field near 

the gate edge using Cat-CVD process. Device were fabricated with various 

Si-content of the SiNx layer which controlled by changing the NH3/SiH4 

ratio during deposition while keeping pressure value constant. The refractive 

index value was changed as 1.90, 2.02, and 2.12. The transfer characteristics 

of the fabricated devices with having slightly negative shift on refractive 

index value increased. The maximum Gm and drain current density was 

improved along with refractive index value was increased at VDS = 5 V.  
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Fig. 4.24 Entire process flow of AlGaN/GaN schottky device with 60 nm 

Cat-CVD SiNx passivation layer. 
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As shown in Fig. 4.25, the maximum drain current density and Gm 

of optimized conditions were 745 mA/mm and 180 mS/mm, respectively. 

As the gas flow of SiH4 increased, the refractive index value was increased, 

the off-state drain leakage current density decreased as well as gate leakage 

current density decreased. We investigated the electron concentration and 

sheet charge concentration by using Hall measurements versus the refractive 

index values of SiNx passivation layer deposited on AlGaN/GaN Schottky 

device. The reduction of sheet concentration led to less scattering than each 

initial condition resulted in the slight increase in electron mobility. Also, the 

large carrier concentration in channel layer which was affects from net 

charge density in dielectric layer. As shown in Fig. 4.26, the sheet resistance 

and carrier concentration was improved with refractive index value of 2.12 

compared to others. 
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Fig. 4.25 I-V transfer characteristics (a) in linear scale and (b) in log scale of 

the fabricated AlGaN/GaN HEMTs with 60 nm SiNx passivation layer. 
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Fig. 4.26 Hall measurement results with various Cat-CVD SiNx refractive 

index conditions. 

 

The pulsed I-V characteristics which indicate current collapse 

phenomenon were significantly improved with optimized conditions. The 

pulsed I-V characteristics were performed on an Accent DIVA pulse system. 

This system has the capability to pulse both the gate and drain voltages 

simultaneously, so that the pulsed off-state can be any voltage [88]. The 

pulse width was 200 ns and pulse period was 1 ms. A comparison between 

the quiescent bias point at VGSQ = -6 V, VDSQ = 0 V and VGSQ = -6 V, VDSQ 

= 40 V permits analysing trapping effects. The current collapse effects was 

calculated the reduction of drain current density from drain voltage of 5 V 

with VDSQ = 0 V to drain voltage of 10 V with VDSQ = 40 V [89]. As results 

of that, it is expected the improved electrical characteristics will be obtained 

that optimized high quality Cat-CVD SiNx passivation layer with low 

current collapse without plasma-induced damage in deposition region. The 

device with reference condition with refractive index values of 1.90 

demonstrated large initial current collapse effects about when the VGSQ was 

applied. Whereas, the optimized condition with refractive index value of 

2.12 has negligible initial current drop when VGSQ was applied. The current 
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collapse was effectively suppressed from 39 % to 5.5 % with 60 nm 

optimized SiNx passivation layer. It assumed that the surface trap charge 

was prevented as well as large tensile stress induced with refractive index 

values of 2.12. The positive net charge density in SiNx passivation layer was 

improved current collapse effects which suppressed channel depleted from 

the passivation layer. 

 

 

Fig. 4.27 Pulsed I-V characteristics of Schottky HEMT with 60 nm thick 

SiNx passivation structure. 
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4.4.2. High Quality 30 nm Thin SiNx 

Passivation Layer 

As discussed in former section, we focused on effective passivation 

process conditions in terms of the current collapse phenomenon without 

increasing the thickness of passivation layer related in positive net charge 

density in dielectric layer and low Dit between dielectric layer and 

semiconductor surface. To reduce parasitic capacitance, the passivation 

layer thickness was changed from 60 nm thick layer to 30 nm thin layer [4]. 

The thinner passivation layers possible for reducing parasitic capacitance 

but low breakdown voltage caused by electric field at the gate edge [28, 90]. 

We decided thickness of the passivation layer was 30 nm which was 

satisfied both the low parasitic capacitance and low peak electric field at the 

gate edge. The high refractive index value has been investigated about their 

effects on electron trapping and current collapse characteristics. We 

assumed that the positive net charge density in the passivation layer will 

assist channel electron effectively attracted. We also fabricated excessive Si 

contents in dielectric layer, refractive index value of 2.43, for comparison. 

The 60 nm thick SiNx passivation layer devices only measured DC 

and Pulsed I-V characteristics without C-V interface characteristics at MIS 

device because of measurement limitation. The thick SiNx layer has lots of 

positive fixed charge which was flat-band voltage extremely negative shift. 

To measure the interface characteristics between SiNx passivation layer and 

GaN layer, the MIS device with 30 nm thin SiNx passivation layer was also 

fabricated as shown in Fig. 4.28. We measured MIS device for evaluate 

interface characteristics and Schottky device for investigate current collapse 

effects. 
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Fig. 4.28 Cross-sectional schematic representation of the AlGaN/GaN MIS-

FETs with 30 nm thin SiNx dielectric layer. 

 

 

Fig. 4.29 Transfer characteristics of the fabricated 1.5 μm AlGaN/GaN MIS 

FETs with different refractive index values. 
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The passivation layer was deposited with 30 nm SiNx on 

AlGaN/GaN MIS FETs has also superior characteristics with optimized 

conditions as shown in Fig. 4.29. The maximum Gm value was slightly 

increased along with refractive index value increased as well as maximum 

drain current density increased. Increasing the Si contents in the Cat-CVD 

SiNx layer increased its conductivity. The sub-threshold slope was reduced 

of 105 mV/dec with low gate leakage current density of 1.3E-9 A/mm with 

optimized conditions as shown in Fig. 4.30. For refractive index value of 

2.43, the off-state drain current density and gate leakage current density was 

little high compared to others. The leakage current density increased 3 

orders of magnitude through the 30 nm SiNx layer with high refractive index 

values of 2.43. This leads to highest Si content SiNx passivation having the 

highest drain leakage current density. The refractive index value of 2.12 is 

close to optimal with low drain leakage current density. The sub-threshold 

slope was degraded as leakage current density increased. It also degraded 

on/off ratio compared to others. The maximum Gm value was improved 

about 25 % with leakage current density decreased 2 orders of magnitude 

with device of optimized conditions compared to other devices. 
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Fig. 4.30 (a) Sub-threshold slope and (b) gate leakage current comparison of 

varied SiNx deposition conditions measured at VD = 5 V. 
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Fig. 4.31 Flat-band voltage and hysteresis along with Cat-CVD SiNx 

refractive index values. 

 

To more specific investigation about interface trap with refractive 

index value changed, we also measured capacitance value for MIS device as 

shown in Fig. 4.31. The capacitance diameter of 100 μm was fabricated with 

Ni/Mo/Au gate stack in same device with transfer characteristics. Detailed 

investigation of the relationship between C-V characteristics and current 

collapse was also performed. The reference device with refractive index 

value of 1.90 was reduced channel current density and positive shift which 

means negative charge storage in the surface and in the dielectric layer. 

Whereas, refractive index value of 2.12 have a much negatively shift flat-

band voltage, and show a small hysteresis, indicating positive charge 

storage.  
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The frequency dispersion characteristics of SiNx passivation layer 

was also measured with frequency range from 1 kHz to 1 MHz as shown in 

Fig. 4.32. The flat-band voltage was slightly negative shift along with 

frequency increased. The flat-band voltage was negatively shifted from -7.7 

V to -13 V with hysteresis decreased about 36 %. The electron trapping was 

reduced and lots of positive charge in SiNx dielectric layer with refractive 

index value of 2.12. The Dit was extracted from conductance methods [91] 

as shown in Fig. 4.33. The Dit was reduced from 7E+12 to 2E+12 cm-2eV-1 

with refractive index value of 1.90 and 2.12, respectively. A lack of flat-

band voltage hysteresis strongly indicates no charge trapping at the SiNx 

passivation layer/AlGaN interface and that any interface charge here was 

kept constant. 

 

 

Fig. 4.32 Frequency dispersion characteristics of 30 nm SiNx dielectric layer. 
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Fig. 4.33 Dit comparisom of the fabricated AlGaN/GaN MIS-FETs with 

different 30 nm SiNx deposition conditions. 

 

In order to monitor the reaction of the 2-DEG in a working device, 

the Schottky gate HEMTs were fabricated. The different refractive index 

value devices were fabricated with 1.90 for reference device, 2.12 for 

optimized condition, and 2.43 for excessive Si dielectric layer. The 

maximum drain current density and Gm was slightly improved as well as 

leakage current density decreased as shown in Fig. 4.33.  
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Fig. 4.34 Transfer characteristics in log scale of the fabricated AlGaN/GaN 

Schottky device with refractive index values of 1.90, 2.12, and 2.43. 

 

The current collapse characteristics in Schottky device was also 

exhibited superior characteristics as shown in Fig. 4.35. The current collapse 

in pulsed characteristics with VGSQ = -6 V and VDSQ = 40 V decreased from 

47 % to 6.5 % with 30 nm optimized SiNx passivation layer. We 

successfully developments of thin SiNx passivation layer with high 

refractive index value [92, 93]. Improvements of electrical characteristics 

with Si-rich SiNx passivation layer which has low buffered HF wet etch rate. 

It means that the dielectric layer has high density as well as has low Dit 

leads to low gate leakage current and off-state drain leakage current density. 

It has positive net charge density in dielectric layer and low Dit of 2E+12 

cm-2eV-1 with 30 nm thin passivation layer devices.  
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Fig. 4.35 Pulsed I-V characteristics of Schottky HEMTs with different SiNx 

refractive index values. 
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4.5. Interface and Bulk Charge Densities 

of Optimized SiNx 

 

We investigated the interface fixed charge density and the bulk 

charge density of the optimized Cat-CVD SiNx passivation layer deposited 

on the surface and the effects on the threshold voltage characteristics. The 

interface and bulk charge densities have a significant effect on the device 

characteristics. The Dit with positive polarity has advantages for suppressed 

current collapse characteristics. Whereas, the large amounts of bulk trap 

densities occurred large hysteresis and reduced device reliability 

characteristics. The density of fixed charges at the SiNx on the surface was 

determined by Vth-thickness scaling experiments, using a general extraction 

method [94-96].  

 

 

Fig. 4.36 Cross sectional schematics with different Cat-CVD SiNx dielectric 

layer. 
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The MIS-FETs was fabricated on an AlGaN/GaN-on-Si wafer 

where the passivation layer was grown by Cat-CVD. The epitaxial layers 

were grown on Si substrate consists of a 10 nm Al0.2Ga0.8N barrier layer, a 

5.2 μm un-doped GaN buffer layer, and 0.8 μm buffer layer. After surface 

cleaning with AlGaN 1 nm digital etching, ohmic contacts were performed 

with low damage recess etching using BCl3/Cl2 plasma and Si/Ti/Al/Mo/Au 

(=5/20/80/35/50 nm) at 800°C 1 min in N2 ambient. Mesa isolation was 

carried out by BCl3/Cl2 plasma etching again only with different power. The 

Cat-CVD SiNx dielectric layer was deposited at 250oC with the SiH4 and 

NH3 gas mixture. Four samples were prepared with the different SiNx 

thicknesses; 20, 30, 35, and 40 nm. The gate electrode was formed by 

Ni/Mo/Au (=40/15/400 nm) evaporation. The cross-sectional schematic of 

device was shown in Fig. 4.36 same as MIS device in former section. 

 

 

Fig. 4.37 Log and linear scale transfer characteristics of AlGaN/GaN MIS-

FETs with optimized Cat-CVD SiNx dielectric layer. 
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The transfer characteristics of the fabricated AlGaN/GaN recessed 

MIS-FETs measured at the drain voltage of 10 V are shown in Fig. 4.37 

where the threshold voltages were negatively shifted as SiNx thicknesses 

were increased. The device exhibited low drain off-state leakage current 

densities with on/off ratios of ~108. The C-V characteristics of MIS devices 

with diameter of 100 μm were measured at 1 MHz to study the interface and 

bulk characteristics of the Cat-CVD SiNx on GaN surface as shown in Fig. 

4.38. 

 

 

Fig. 4.38 C-V characteristics measured for MIS structure with different 

SiNx thickness. 
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A second derivative method [85] was conducted to obtain flat-band 

voltage from the C-V characteristics as a function of SiNx thickness. The 

flat-band voltage was plotted versus the normalized total cap thickness (tn= 

tn (SiNx) + tn (AlGaN)=tsinx/εsinx + tAlGaN/εAlGaN) [94]. The flat-band voltages 

extracted for the SiNx thickness of 20, 30, 35, and 40 nm were -4.4, -6.8, -

8.4, and -10.6 V, respectively. Fig. 4.39 and Fig. 4.40 shows the extracted 

flat-band voltages of AlGaN/GaN MIS-FETs with SiNx dielectric films as 

function of insulator thickness. It should note that the flat-band voltages 

shift to positive was observed with increasing insulator thickness, which 

indicates the presence of positive fixed charge in the SiNx dielectric layer. 

 

 

Fig. 4.39 Flat-band voltage with SiNx films as function of thickness. 
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Fig. 4.40 Flat-band voltages extracted by the second derivative method from 

C-V characteristics; (a) 20 nm, (b) 30 nm, (c) 35 nm, and (d) 40 nm with 

SiNx films as function of thickness. 
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The interface fixed charge density and the bulk charge density can 

be extracted by [97] 

 

𝑉𝐹𝐵 = 𝑊𝑀𝑆 −
𝑄𝑖𝑛𝑡

𝜀0𝜀𝑟
𝑡𝑜𝑥 −

𝑄𝑏𝑢𝑙𝑘

𝜀0𝜀𝑟
𝑡2

𝑜𝑥 , 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑖𝑛𝑡 + 𝑄𝑏𝑢𝑙𝑘 ∙ 𝑡𝑜𝑥  

 

where VFB is the flat-band voltage, WMS is the work function difference 

between metal and semiconductor, Qint is the total charge, Qbulk is the bulk 

charge, and tox is the dielectric thickness. The total charge densities as a 

function of the SiNx thickness are shown in Fig. 4.41.  

 

 

Fig. 4.41 Total charges for AlGaN/GaN MIS-FETs with different thickenss 

of Cat-CVD SiNx film. 
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Assuming the work function difference from metal of Nickel and 

AlGaN barrier was 1.85 eV. The AlGaN polarization charge was 1.5E+12 

cm-2 for Al mole fraction of 0.2 and barrier thickness of 9 nm as shown in 

Fig. 4.42. The extracted interface fixed charge density and the bulk charge 

density were 6.63E+12 cm-2 and 3.3E+18 cm-3, respectively. In Table. 4.4, 

the fixed charge densities and bulk charge densities studied in this work are 

compared with other reports [94, 98-101]. The positive interface and bulk 

charges of the Cat-CVD SiNx passivation layers resulted in a negative shift 

of the threshold voltage of the AlGaN/GaN HFETs. Therefore, the Cat-

CVD SiNx is a very suitable passivation layer for suppressed current 

collapse effects as well as low bulk trap density. 

 

 

Fig. 4.42 Charge densities versus AlGaN thickness for different Al mole 

fractions [10].  
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Table. 4.4 Comparison of interface fixed charge and bulk charge densities 

with other dielectric. 

 
Dielectric 

Device 

structure 

Interface fixed 

charge density 

Oxide bulk 

charge density 

[1] 
In-situ 

SiNx/AlGaN 

Non-recessed 

AlGaN/GaN 
2.5E+13 cm-2 - 

[2] 

AlOxNy/GaN GaN MIS cap 3.0E+11 cm-2 6.5E+18 cm-3 

Al2O3/GaN GaN MIS cap 3.0E+11 cm-2 3.3E+18 cm-3 

[3] SiNx/AlGaN 
Non-recessed 

AlGaN/GaN 
1.5E+13 cm-2 - 

[4] Al2O3/AlGaN 
Non-recessed 

AlGaN/GaN 
- 2.2E+18 cm-3 

[5] Al2O3/GaN GaN MIS Cap 2.2E+12 cm-2 - 

[6] SiNx Si - 8E+19 cm-3 
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4.6. N-passivation with in-situ NH3 Surface 

Treatments 

The surface engineering to control these surface issues effectively, 

systematic investigation of the properties of defect-related surface states has 

been performed. The main contaminants observed on a GaN surface are 

carbon, oxygen, all adsorbed from the atmosphere. GaN surface cleaning, 

focused on carbon and oxygen removal, has been studied in the past and 

several ex-situ and in-situ methods have been investigated [102, 103]. The 

surface native oxide is strongly related to the surface defects, leading to the 

current collapse and unreliable device performance [23]. An optimum 

passivation layer with surface oxide removal process is a key factor to 

fabricate reliable GaN devices. Most reported cleaning methods are very 

effective for the removal of carbon contamination. On the other hands, 

oxygen removal was achieved to a lesser extent. Some wet chemical 

treatment, plasma treatment, and annealing treatment also effective in 

removal of carbon contamination [104, 105]. Some improvements were 

achieved by various approaches such as surface preparation, plasma 

treatment, and wet treatment which was still remains controversial. It is 

important to control the condition of the surface before deposition of the 

passivation layer. The number of research has been proposed with various 

methods to reduce the surface related defects. Some groups have been 

reported that pre-treatment before passivation deposition such as N2, NH3, 

and N2/H2 treatment prior to SiNx passivation to improve the GaN FET 

performance, including higher 2-DEG density, smaller gate lag, and better 
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device reliability are effective ways in suppressing surface related defects 

[106, 107].  

We are assumed that the mechanism of the nitridation effects is as 

follows; hydrogen radicals are considered to have cleaning effect for 

substrate. The NH3 gas produces hydrogen radicals and these radicals 

remove surface oxide of substrate. At the same time, nitrogen radicals are 

produced from NH3 and these radicals may react and form GaN simply via 

an anion exchange reaction [48, 108]. Besides, nitrogen vacancy related 

defects with low formation energy can be easily formed due to the thermal 

decomposition and evaporation of nitrogen from GaN surface during 

dielectric deposition process at high temperature. Nitrogen vacancies in 

GaN are considered as the major point defects and act as donors, leading to 

the degradation in device reliability properties. Nitrogen radicals have been 

proved to recover the nitrogen vacancies, reducing the surface dangling 

bonds with nitridated GaN surface, and help to remove the surface carbon 

and oxygen related bonds [109]. 

 

Fig. 4.43 Schematic of the atomic arrangement at SiNx/GaN interface with 

and without N-passivation. 
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In this reason, nitrogen radical can further improve the device 

properties. In this study, we performed an effective N-passivation using 

NH3 gas decomposition prior to SiNx deposition for passivation layer. As 

mentioned in former section 4.3.2, the N-passivation process with in-situ 

NH3 treatment was performed at 1400oC before SiNx deposition. The N-

passivation is as illustrated in Fig. 4.43 [109]. 

The nitrogen radicals generated from NH3 was adopted to fill in the 

nitrogen vacancies, remove oxygen related bonds, and reduce surface 

dangling bonds by forming Ga-N bonds. To improvements for surface 

cleaning and stabilization technology of passivation layer depositions, we 

performed in-situ NH3 treatment condition optimized. The in-situ NH3 

treatment is based on gas decomposition reaction by catalyzer. The pre-

treatment time was changed from 1 min to 20 min. The Cat-CVD SiNx 

passivation layer deposition rate was slightly reduced with pre-treatment 

time increased as shown in Fig. 4.44. 

 

 

Fig. 4.44 Cat-CVD SiNx thickness along with various NH3 pre-treatment 

time. 
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After pre-treatment time over 15 min, the SiNx dielectric thickness was 

saturated about 30 nm with small amounts of interfacial layer. Following the 

surface pre-treatment, the 30 nm SiNx dielectric layer was grown on the 

surface to serve as passivation layer. 

The MIS and Schottky device were fabricated for investigation of 

pre-treatment effects. The SiNx dielectric layer with optimized conditions 

was deposited about 30 nm with same fabrication process. The better 

performance in Schottky device implies that the NH3 plasma pre-treatment 

leads to a high quality interface between SiNx and AlGaN surface. The 

maximum drain current density and Gm value were extremely increased 

about 20 % compared to NH3 treatment of 1 min as shown in Fig. 4.45. The 

threshold voltage was slightly positive shift with treatment time increased. 

The gate leakage current density was reduced about 2 order of magnitude in 

VDS = 5 V. This leads to high defect density of interface states cause leakage 

current density in device level. The electrical characteristics of devices with 

different NH3 pre-treatment time were shown in Fig. 4.46. The current 

collapse characteristics in Schottky device exhibit outstanding 

characteristics as shown in Fig. 4.47. It means that the surface trap density 

was successfully decreased by in-situ NH3 pre-treatment. The current 

collapse in pulsed I-V characteristics with VGSQ = -6 V and VDSQ = 40 V 

decreased from 6.5 % to 4 % with 30 nm optimized NH3 pre-treatment 

conditions. The current collapse phenomenon can be effectively reduced by 

pre-treatment for the GaN-based FETs [47, 110]. 
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Fig. 4.45 Transfer characteristics in (a) linear scale and (b) log scale with 

different NH3 in-situ pre-treatment before Cat-CVD SiNx deposition. 
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Fig. 4.46 Electrical characteristics of 30 nm SiNx passivation layer with 

different NH3 pre-treatment time. 

 

 

Fig. 4.47 The NH3 in-situ pre-treatment effects with different treatment time. 
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The Dit was also investigated in MIS device. The Dit was key factor 

for representative of interface quality improvements. The drain current 

density and Gm was also improved about 30 % compared to reference pre-

treatment results. The flat-band voltage of both samples was almost same 

values with negligible hysteresis. The C-V characteristics were also 

measured with capacitance diameter of 100 μm and frequency dispersion 

range from 1 kHz to 1 MHz as shown in Fig. 4.48. 

 

 

Fig. 4.48 CV frequency dispersion characteristics with in-situ NH3 pre-

treatment of (a) 1min and (b) 20 min before optimized Cat-CVD SiNx 

deposition. 
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The frequency dispersion was also reduced which caused by 

removal of surface oxide and compensate the nitrogen vacancy in GaN 

surface. As shown in Fig. 4.49, the Dit was reduced from 2E+12 cm-2eV-1 to 

7.3E+11 cm-2eV-1 at Ec-Et = 0.42 eV with NH3 pre-treatment with 1 min and 

20 min, respectively. The interfacial states can be attributed to the native 

Ga-O bonds, which result in a high density of surface traps. It is essential to 

remove native oxide on GaN surface. The in-situ NH3 pre-treatment will 

passivate the surface and isolates the Ga and O atoms, preventing the 

formation of Ga-O bonds. The in-situ NH3 pre-treatment engineering was 

successfully developments before thin SiNx passivation layer deposition. 

Improvements of electrical characteristics with low Dit and suppressed 

current collapse effects. 

 

 

Fig. 4.49 Dit level with various NH3 pre-treatment conditions. 
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4.7. Conclusion 

Modifying the stoichiometry of the SiNx passivation layer provides 

an additional parameter, which should be considered when optimizing 

devices for current collapse and leakage current. First of all, we have 

investigated the correlation between different deposition parameters and the 

material properties of Cat-CVD SiNx dielectric layer using an optimized 

condition. We have demonstrated that dense passivation layer with high 

refractive index values. The results show that the refractive index, bond 

structure, H concentration, Dit with AlGaN barrier layer, flat-band voltage 

hysteresis, and current collapse effects of the films depend strongly on their 

compositional N/Si ratio, which is the only property that can be directly 

changed using the deposition parameters to tune the characteristics of the 

films for specific applications. The refractive index of Cat-CVD SiNx has a 

strong effect on the current collapse and trap density in GaN FETs. 

Changing the SiNx stoichiometry changes the dielectric leakage current and 

positive net charge in the dielectric layer shifts the flat-band voltage in the 

device. Also, surface treatment engineering was successfully developed for 

the thin Cat-CVD SiNx passivation layer. 

We have developed a high-quality thin SiNx film deposition process 

using a Cat-CVD system for the passivation layer of AlGaN/GaN FETs. The 

fabricated devices exhibited excellent characteristics. Both maximum drain 

current density and Gm with optimized process conditions were enhanced by 

~30 % compared to reference SiNx deposition conditions. The off-state drain 

leakage current and gate leakage current decreased about 1~2 order of 

magnitude. The flat-band voltage was negatively shifted about 4 V with 

MIS device with lots of positive net charge density. The Dit was reduced 
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from 7E+12 cm-2eV-1 to 7.3E+11 cm-2eV-1 at Ec-Et = 0.42 eV. The current 

collapse characteristics were dramatically reduced from 47 % to 4 % which 

was superior characteristics compared to other reports [29, 110-120] as 

shown in Fig. 4.50. It is suggested that the Cat-CVD SiNx film is a very 

promising passivation layer for AlGaN/GaN FETs. 

 

 

Fig. 4.50 Comparison of (a) interface trap density distribution and (b) 

pulsed I-V characteristics with with VGSQ = -6 V and VDSQ from 0 to 40 V 

for different SiNx deposition conditions. 
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Chapter 5. Conclusions and 

Future Works 

 

5.1. Conclusions 

This thesis has focused on the achievement of AlGaN/GaN FETs 

which have superior characteristics for the high power applications. The 

major bottleneck of gate-recessed AlGaN/GaN MIS-FETs for 

commercialization has been the reliability issues related to the dielectric 

layer. The gate insulator and passivation layer of the device were 

investigated with the fundamentals and compatibility of the power devices. 

The power devices required normally-off operation for stable circuit 

and fail-safe operation for industry application. The MIS-FETs gate 

dielectric studies were difficult to achieve excellent gate insulator properties 

of maximum current density, low interface trap, border trap, and bias 

temperature instability, simultaneously. At first, we studied O3 based Al2O3 

gate dielectric layer for gate-recessed AlGaN/GaN MIS-FETs. There are 

some unexpected traps such as oxygen vacancy which was affects to device 

reliability. We proposed a high quality plasma assisted AlOxNy dielectric 

layer which utilized a sequential N2 plasma process in every ALD cycle. 

The nitrogen plasma was adopted low plasma power and a long time to 

effective nitrogen incorporation. The nitrogen passivates the oxygen 

vacancies and reduces carbon contamination in Al2O3 dielectric layer. The 

nitrogen was effectively incorporated in the dielectric layer that the material 
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investigation supported our hypothesis. Improved bulk gate dielectric layer 

properties mechanism was speculated to be the effects of the large 

conduction offset as well as low bulk trap densities. The forward breakdown 

field was noticeably improved from 7.1 to 8.3 MV/cm. We believed that the 

proposed PEALD AlOxNy gate dielectric layer has a very promising gate 

insulator for normally-off GaN based power devices. 

The current collapse characteristics were one of the factors to 

consider to device reliability. Further investigation for the passivation layer 

of GaN based AlGaN/GaN FETs was studied with SiNx dielectric layer. We 

used a catalytic CVD (Cat-CVD) system without plasma damage during the 

deposition and low hydrogen contents in the dielectric layer. In this thesis, 

Cat-CVD SiNx dielectric layer has been optimized to reduce trapping 

phenomenon which mostly originates from the surface states. We optimized 

positive net charge densities in the dielectric layer which attract the channel 

electron to avoid channel depletion. The refractive index value of SiNx has 

little high compared to stoichiometric SiNx insulator because of positive net 

charge improved current collapse characteristics. Based on the achievements, 

the surface engineering with NH3 thermal treatment process was also 

adopted to improvements of interface properties. The surface with N-

passivation has suppressed the gallium oxide bonding or charge trapping in 

the surface region. The current collapse characteristics were effectively 

reduced from 47 % to 4 % with low interface trap density of 7E+11 cm-2∙eV-

1. As well as, the current collapse reduction was about 4 % with VGSQ = -6 V 

and VDSQ = 40 V. As a result, by positive net charge density and low 

interface trap density, successful demonstration of reliable AlGaN/GaN 

FETs with thin SiNx passivation layer was achieved. 

To further improvements of device characteristics, we optimized 
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ALD AlOxNy gate insulator with IPA oxidant. We proposed a high quality 

IPA based AlOxNy interfacial layer with low surface oxidation ability and 

high quality O3 based AlOxNy bulk layer. The improvement of gate stack 

was speculated to be the effect of the low surface oxidation ability of IPA 

oxidant and the effective nitrogen passivation at the oxygen vacancies with 

a bulk dielectric layer. The fabricated device was obtained improved 

electrical characteristics especially low interface trap density and threshold 

voltage stability properties. The high breakdown voltage over 1.1 kV was 

also obtained with low on-resistance characteristics. This property made 

possible to have a higher operating voltage and higher current capability 

when the device was operated. The Vth reliability also exhibited superior 

characteristics compared to the other GaN based power device research. The 

Vth has only shifted 113 mV after 3 MV/cm stress. Reliability issues 

surrounding GaN MIS-FETs are major roadblocks for technology 

commercialization of GaN for high power and high frequency applications. 

In order to mitigate theses reliability issues, it is crucial to developed high 

quality dielectric layer for AlGaN/GaN devices. We believe that the 

proposed process technologies in this thesis can provide reinforcement for 

the MIS device reliability. These results prove that the developed dielectric 

layers have lots of potential on the advanced gate-recessed AlGaN/GaN 

FETs.  

 

 

 
  



234 

5.2. Future Works 

 In this thesis, although the high quality gate dielectric layer with 

nitrogen incorporation for gate-recessed normally-off AlGaN/GaN MIS-

FETs was studied, the other type of nitrogen such as NH3 and N2/H2 were 

not studied. Because the MIS structure has a lot of issues in terms of 

reliability with the interface and bulk trap densities, further investigation on 

gate insulator for power devices is required. The interface trap and bulk 

charge densities for each nitrogen source will be different properties in 

electrical characteristics. The hydrogen effects within NH3 or N2/H2 gas 

were also affected to device reliability which was well known about 

hydrogen effects on surface characteristics. A simple study with the change 

of the nitrogen gas type for gate insulator can be one approach to identify 

improvements of gate dielectric with plasma assisted process. Moreover, the 

PEALD AlOxNy can be employed dual dielectric layer with SiOxNy 

dielectric layer. We already have studied GaN MIS-FETs studies with 

SiOxNy/HfOxNy dual gate dielectric layer. The PEALD AlOxNy has a more 

suitable gate dielectric layer which has one of the alternatives to HfOxNy 

insulator because of the high breakdown field for power device application 

and low threshold voltage instability properties. As an extension, the noble 

laminate ALD method can be employed such as AlSiOxNy or HfAlOxNy 

dielectric layer which has a large breakdown voltage with a high-k dielectric 

layer. 

 Another reliability factor of current collapse free properties at 

AlGaN/GaN device has also remained issues for GaN device 

commercialization. The successful Cat-CVD SiNx dielectric layer in this 

thesis was demonstrated on the AlGaN/GaN FETs and the feasibility was 
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shown for suppressed current collapse effects with thin passivation layer 

thickness. To make it thinner passivation layer, it is necessary to develop an 

insulating film having good step coverage. As the most Cat-CVD SiNx 

deposition process using H2 gas during the SiNx deposition to improve the 

step coverage and low hydrogen contents in dielectric layer. Besides, some 

researcher has adopted nitrogen and Ar gas contained SiNx passivation layer 

to enhance the reactivity with other gas compositions. The proposed 

passivation layer with N2 can be one of the strong candidates due to more 

high film density with low vertical leakage current density. We believe that 

the proposed process technologies in this thesis can provide reinforcement 

for the MIS device reliability and more should be continued. To conclude, 

although there are improvements in dielectric layer characteristics through a 

low interface and bulk trap density, it is essential to improve yield and 

develop large area devices in order to commercialize in the industry market. 

Thin Cat-CVD SiNx passivation layer can be shown the potential of GaN 

technology for communication of wireless and satellites, and military 

application with watt-level output power. The superior water blocking 

properties of the passivation layer can be used in the display field to 

passivate devices. Also, in the aspect of power device technologies, AlOxNy 

dielectric layer with high breakdown field, low on-resistance, and threshold 

voltage stability might be an effective solution that can achieve the 

commercial GaN power device market. 
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Abstract in Korean 

최근 에너지 위기와 환경규제 강화, 친환경 녹색성장 등의 

이슈가 대두되어 에너지 절감과 환경 보호 분야에 IT 기술을 접목, 

활용의 중요성이 부각되며, 전력 전자기술의 핵심인 전력소자의 

고전력, 고주파를 동반한 고효율 전력소자에 대해 관심이 

많아지고 있다. 전력 반도체 기술은 보편적으로 사용되는 규소 (Si) 

물질을 기반으로 시장을 주도해 왔다. 하지만, 좁은 에너지 밴드갭 

및 낮은 이동도 등의 특성을 갖는 Si 물질의 한계로 인해, 현재의 

실리콘 기반 전력시스템은 내열, 내압, 전력손실 등에서 나타나는 

기술적인 한계에 부딪히고 있다. 전력변환시스템에서 고효율 

스위칭 소자가 요구되고 있는 가운데, 고항복전계 및 고전류밀도 

특성을 갖는 알루미늄 갈륨 나이트라이드/갈륨 나이트라이드 

(AlGaN/GaN) 이종접합구조 기반의 소자가 주목 받고 있다. 특히, 

가격이 저렴하며 대면적 웨이퍼 수급이 가능한 Si 기판에 

성장시킨 GaN 웨이퍼를 이용한 전력소자는 현재의 Si 전력소자의 

한계를 보완할 수 있는 차세대 전력소자로 관심 받고 있다. 

전력반도체 소자는 온-오프를 반복하는 스위칭 동작으로 전력을 

전달하는 원론적인 역할에 국한되지 않고, 에너지 효율 제고 및 

시스템 안정성과 신뢰성을 좌우하는 역할을 함으로써 친환경, 

에너지 절감이라는 전 지구적 이슈를 해결할 수 있는 기술이다. 

하지만, 우수한 물질적 특성에도 불구하고 소자 제작 공정에 따른 
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전기적 특성 저하 및 문턱 전압 이동 현상을 개선시키기 위한 

노력이 필수적이다.  

본 논문에서는, 우수한 성능의 게이트 절연막 및 

패시베이션 보호막을 개발하여 GaN 전력 반도체 소자의 신뢰성 

극복을 위한 공정기반의 연구를 진행하였다. GaN 전력소자의 경우 

기존 사용되는 증강형 (normally-off, E-mode) 동작을 하는 Si 

전력소자와 달리 일반적으로 게이트 전압이 0 V 일 때 전류가 

흐르는 공핍형 (normally-on, D-mode) 동작을 한다. 이는 

자발분극 및 압전분극으로 인하여 의도적인 도핑을 하지 않음에도 

불구하고 2-DEG 채널이 형성되었기 때문이다. 시스템의 안전성과 

회로의 간략화를 위한 증강형 GaN 전력소자에 대한 개발이 

필수적이다. E-mode 소자 동작을 구현하기 위해 다양한 방법들이 

연구되는 가운데, 식각을 통한 절연막 구조 (recessed-MIS) 

구조의 경우 가장 활발하게 사용되고 있다. 하지만, 절연막과 

wafer 사이에 존재하는 트랩핑 현상은 높은 항복전압 및 

문턱전압 이동현상 개선을 방해하고 있다. 따라서, MIS 구조의 

공정은 주의를 기울여야 하며 지속적인 연구가 필요하다. 이를 

해결하기 위해. 본 논문에서는 고품질의 원자층증착 (ALD) 기술을 

이용하여 고품질의 알루미늄 옥사이드 (Al2O3) 기반의 게이트 

절연막 공정을 개발하여 GaN 전력반도체에서 우수한 계면 특성 

확보 및 높은 항복전압을 확보하고자 하였다. Al2O3 게이트 

절연막의 경우 넓은 에너지 밴드갭 및 GaN 와의 conduction 

에너지 밴드 차이를 갖는 장점이 있으나, GaN 와 계면 특성이 

좋지 못해, 큰 계면전하밀도 및 문턱전압 신뢰성 문제를 가지고 
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있다. 이런 트랩은 일반적으로 Al2O3 내에 존재하는 산소공공에 

의하여 발생되며, 이를 극복하고자 주기적인 질소 (N2) 플라즈마 

처리를 통한 고품질 원자층증착 알루미늄옥시나이트라이드 

(AlOxNy) 박막 증착 공정을 제안하였다. 또한, GaN 와의 추가적인 

계면특성 향상을 위하여 산화력이 강한 오존 (O3) 이 아닌 

이소프로필알코올 (IPA) 산화제를 사용하여 계면을 향상시키고자 

하였다. 최종적으로 제작된 GaN 전력소자를 통해 높은 전류밀도, 

고전자이동도, 동적 온저항 감소 및 큰 항복전압 특성을 

달성하였으며, 보고된 타 기관의 결과와 비교하여 우수한 PBTI 

신뢰성 특성을 달성하였다. 

또한, 신뢰성 측면에서 전류붕괴현상 (current collapse) 에 

의한 소자의 성능저하가 GaN 기반 RF 전력소자의 효율을 

감소시키는 주된 요인이 되기 때문에 이러한 현상을 억제하는 

기술 개발은 GaN 전력소자의 실용화를 위해 매우 중요하다. 

실질적인 스위칭 동작 시 GaN 기반의 반도체 소자는 에피 구조 

혹은 제작 공정 시 발생하는 트랩들로 인하여 current collapse 

현상을 나타내고 있으며, 이를 해결하기 위해 다양한 방법들이 

연구되고 있고 그 중에서도 패시베이션 공정이 가장 많이 

사용되고 있다. 패시베이션 공정의 경우 두께가 두꺼워짐에 따라 

전기장 분산효과 및 트랩핑 현상을 줄어드나, 기생 캐패시턴스의 

증가로 인하여 고주파영역에서의 사용에 한계점을 가지고 있다. 

따라서, 본 연구에서는 전기장 분산 효과와 기생 캐패시턴스 

성분을 최소화 하기 위하여 얇은 두께의 고품질 절연막 증착 

공정을 개발하였다. 절연막 증착 공정 과정에서 발생되는 
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데미지를 줄이고자 Catalytic CVD (Cat-CVD) 증착 기술을 

사용하였으며, 공정조건 최적화를 통하여 고품질의 

실리콘나이트라이드 (SiNx)를 개발하여 전하 트랩핑 현상을 

최소화 하였다. SiNx 절연막의 굴절율 변화를 통하여 낮은 

계면전하밀도 및 절연막 내 순양전하 밀도를 갖는 공정 조건을 

확립하여 특성 개선을 이루었다. 이는 펄스를 이용한 측정을 

통하여 개선점을 알아볼 수 있으며, 추가적인 성능 향상을 위하여 

표면에 N 처리를 이용하여 효과적으로 전류붕괴현상을 

억제하였다. 최종적으로 개발된 보호막 공정을 통하여, 타 

기관들과 비교하여 우수한 특성의 얇은 보호막을 개발을 

이루었으며 본 연구에서 개발한 기술들을 통해 실제 소자 응용 

가능성을 성공적으로 확보하였다. 

본 연구 결과는 고품질의 절연막 증착 공정 기술이 

전력반도체로 사용하기 위한 가능성을 보였으며, 향 후 차세대 

소자 적용을 위한 가능성을 확보하였다. 마지막으로는 주된 연구 

내용에 대한 결론 및 요약으로 본 논문을 마무리하였다.  

 

주요어 : 갈륨나이트라이드, 전력반도체, 금속 절연막 반도체 구조, 

신뢰성, 알루미늄옥시나이트라이드, 보호막, 실리콘 질화막, 

전류붕괴현상 
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