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Abstract 
 

Mechanism and Suppression of Current Collapse in AlGaN/GaN High Electron 

Mobility Transistors 

 

An AlGaN/GaN-based high-electron-mobility transistor (HEMT) is considered as an 

excellent candidate for future power devices due to its high breakdown voltage, high 

saturation drain current and low on-resistance (Ron). However, current collapse, i.e., 

dispersion of drain current or increased dynamic Ron, is regarded as one of the most 

critical issues to be solved for actual power-switching applications. Even though there 

have been remarkable improvements in growth and device technologies, it is still 

essential to understand mechanism of current collapse and ways to get rid of it. In this 

work, I have investigated the effect of passivation on current collapse in AlGaN/GaN 

HEMTs. A detailed analysis on trapping effects and localization of traps has been made. 

In order to suppress current collapse in AlGaN/GaN HEMTs, field plate (FP) structured 

devices have been studied.  

  

Drain current dispersion measurements have been performed for AlGaN/GaN 

HEMTs having different passivation films such as SiN and Al2O3. Passivated devices 

exhibited dispersion between static and pulsed current-voltage characteristics. The 

maximum drain current for SiN passivated devices was improved by around 25% at 

pulsed measurements as compared to its static value, whereas Al2O3 passivated devices 

exhibited that of around 56% deterioration. The drain current was decreased with 

increasing on-state duration time for SiN passivated devices, while it was increased for 

Al2O3 passivated devices. The mechanism responsible for the increase of drain current 

with on-state duration time by AlGaN surface traps is proposed, while GaN buffer traps 

reasonably govern the decrease of drain current.   

 

 Effects of SiN passivation on current collapse have been studied by monitoring the 

dynamic change in Ron. The normalized dynamic Ron was decreased with increasing 

SiN-deposition temperature and became high with increasing off-state drain bias 

voltages. The normalized dynamic Ron was also decreased with increasing annealing 
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temperature. These results indicate that the SiN/AlGaN interface trap density is reduced 

with increasing both SiN-deposition and annealing temperatures. 

 

Current collapse measurements have been performed for AlGaN/GaN HEMTs 

having identical breakdown voltages but with different FP lengths. The results indicated 

that applying more positive on-state gate biases resulted in pronounced recovery in the 

dynamic Ron for the FP device, whereas no gate-bias effects were observed for the 

device without FP. The mechanism responsible for the reduced current collapse by FP is 

proposed, in which the key role is played during on-state by the quick field-effect 

recovery of partial channel depletion caused by electron trapping at AlGaN surface 

states between gate and drain. 

 

The above studies indicate that the current collapse is suppressed by good 

passivation film and longer FP with more positive on-state gate biases in AlGaN/GaN 

HEMTs for future high-power applications. 

 



v 

Contents 

Chapter 1 Introduction………………………………………………………….. 1 

 1.1 Background…………………………………………………….. 1 

 1.2 Objectives of this work………………………………………… 6 

 1.3 Dissertation organization………………………………………. 7 

 References……………………………………………………………. 8 

     

Chapter 2 Fundamentals of AlGaN/GaN HEMTs…………………………….. 13 

 2.1 Introduction…………………………………………………….. 13 

 2.2 High-electron-mobility transistor………………………………. 13 

 2.3 Properties of III-nitride semiconductors……………………….. 14 

 2.4 Polarization effects……………………………………………... 17 

 2.5 Polarization induced charge……………….…….……………... 20 

 2.6 Formation of 2DEG…………………………………………….. 22 

 2.7 Velocity-field characteristics...………..………………………... 26 

 2.8 Principle of operation…………………………………………... 28 

 2.9 Current collapse…………………………………………….…... 31 

 2.10 Trade-off between on-resistance and breakdown voltage….…... 36 

 References…………………………………………………………….. 39 

     

Chapter 3 Device processing and characterization procedure.………………. 43 

 3.1 Introduction……..……………………………………………… 43 

 3.2 Device fabrication……………………………………………… 43 

  3.2.1 Mesa isolation…………………………………………... 44 

  3.2.2 Ohmic metallization……………………………………. 45 

  3.2.3 Schottky formation……………………………………... 46 

  3.2.4 Passivation film deposition…………….………………. 46 

 3.3 Device characterization………………………………………… 48 

  3.3.1 Gate-lag measurements.…...….……………………...… 52 

  3.3.2 Current collapse measurements………………………… 52 

 References……………………………………………………………. 55 

     

Chapter 4 Effects of surface-passivation film on current collapse…..……...... 56 

 4.1 Introduction…………………………………………………….. 56 

 4.2 Device I-V characteristics……..………………………………... 57 



vi 

  4.2.1 Static I-V characteristics.……………..…….…………... 57 

  4.2.2 Pulsed I-V characteristics………………………………. 57 

 4.3 Drain current transients………………………………………… 59 

 4.4 Mechanism of drain current dispersion………………………… 61 

 4.5 Load line: from gate-lag to current collapse...…………………. 63 

  4.6 SiN-deposition temperature………………….………………… 64 

  4.6.1 Dynamic on-resistance…………………………………. 65 

  4.6.2 Time dependent current collapse……………………….. 67 

 4.7 Post-annealing temperature.…………………………………… 68 

 4.8 Summary……………………………………………………….. 71 

 References………………………………………………………….…. 72 

     

Chapter 5 Current collapse suppression by gate field-plate………………….. 76 

 5.1 Introduction…………………………………………………….. 76 

 5.2 Fabrication of devices with field-plate………………..……….. 77 

 5.3 Device characteristics…………….…...………………………... 78 

 5.4 Effect of gate field-plate length………………………………… 82 

 5.5 Mechanism of current collapse suppression...………………….. 84 

 5.6 Summary……………………………………………………….. 86 

 References…………………………………………………………….. 86 

     

Chapter 6 Conclusions………………….……………………………………….. 88 

    

Acknowledgments  

List of publications  

 

 

 

 



Chapter: 1 Introduction 

 1 

 

 

 

 

 

 

 

 

Chapter 1 

Introduction 
 

 

1.1 Background 

Power electronics is a technological domain that deals with electric power conversion by 

switching, which plays an important role in the management and control of the electric 

energy network. Figure 1.1 shows application areas of power electronics, where high-

efficiency switching devices are used [1]. The low power loss feature of a switching device is 

an essential factor in energy conversion. The power loss of a switching device is divided into 

conduction loss and switching loss. An ideal electrical switch is one that shows zero 

resistance in the on state, and a resistance of infinity in the off state. However, these two 

requests always have a trade-off relationship. In the electric power conversion, handling of 

high voltage is often required, while the power loss should be minimized as much as possible. 

From these requirements, switching devices are usually qualified by the indices of specific 

on-resistance (Ron) and blocking voltage.  

 

Conventionally, power electronics has been developed on the basis of Si devices such as 

the metal–oxide–semiconductor field effect transistor (MOSFET), gate turn-off thyristor 

(GTO) and insulated gate bipolar transistor (IGBT); however, the essential limit of these Si 

devices has been revealed. The expectation for small and low-loss switching devices based 

on wideband-gap semiconductors such as SiC and GaN has recently increased, owing to their 

superior material properties. In fact, the innovation has come to exhibit a reality owing to the 

recent progress of device process and crystal growth technologies for these wide band-gap 
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Fig.1.1. Various application areas of power electronics, where high-efficiency switching 

devices are used [1]. 

 

 

semiconductors [1-5]. Table 1.1 shows material parameters for various materials [2]. 

Especially, wide band-gap GaN-based materials have superior properties as follows. 

AlGaN/GaN heterostructures have a high density of two-dimensional electron gas (2DEG) 

due to strong polarization effects. The theoretical peak-electron velocity of GaN reaches 

2.8x10
7
cm/s at a very high field of 140 kV/cm [6]. Baliga’s figure-of-merits [3] clearly show 

that wide band-gap GaN-based materials have superiority in high-power applications since 

they have high breakdown field and high mobility compared with Si. Therefore, an 

AlGaN/GaN-based high-electron-mobility transistor (HEMT) is considered as an excellent 

candidate for future power devices due to its high breakdown voltage, high saturation drain 

current, and low Ron [3]. Recently, impressive device performances in AlGaN/GaN HEMTs 

have been reported such as high output power of 40 W/mm at 4 GHz [7], current gain cut-off 

frequency of 370 GHz breakdown voltage of 10400 V [9]. 
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Table 1.1 Material parameters related for various materials [2]. Baliga’s 

figure of merit is an indicator for power device’s performance. Note that all 

the symbols stand for a meaning in a general nomenclature of device physics. 
 

 

 

Figure 1.2 shows the power switching operation of a HEMT [2]. For ideal-switching 

operation of HEMT, the zero off-state current and the zero on-state voltage are required to 

obtain no power loss with 100% efficiency. However, there is a leakage current in the off 

state and the Ron is not zero during on state, as shown in Fig. 1.2. The Ron becomes a major 

problem for power-switching applications. In actual operation, additionally increased 

dynamic Ron, i.e., current collapse is regarded as one of the most critical issues to be solved 

[10-15]. One of the main reasons is trapping effect in AlGaN/GaN HEMTs. Figure 1.3 shows 

a sketch of an AlGaN/ GaN HEMT’s current–voltage characteristics with different drain 

voltage [2]. The dynamic Ron is increased with increasing drain voltage. This effect is 

recoverable with time. In general, trapping effects mean electron capturing by traps 

somewhere in AlGaN/GaN heterostructures. The captured electrons reduce the sheet  

electron density in the channel to keep the overall charge neutrality, leading to increase 

dynamic Ron. These traps are mostly related to crystalline imperfection induced during 

material growth and device processing: (i) defects in the AlGaN/GaN heterostructures are 

due to lattice mismatch with foreign substrates such as SiC and sapphire, unintentional 

impurities, and compensation doping; (ii) device fabrication processing can impose thermal, 

physical, and chemical damage. In addition, the activity of traps changes under high-power 

operation, degrading static/RF performance of AlGaN/GaN HEMTs. Thus, to minimize 

Parameter Si GaAs 4H-SiC GaN

Band-gap (eV) 1.12 1.43 3.26 3.4

Electron Mobility (cm2/Vs) 600 6000 720 2000

Peak Elec. Velocity (cm/s) 1×107 2×107 2×107 2.8×107

Breakdown Field (MV/cm) 0.4 0.5 2.0 3.3

Dielectric Constant 11.4 12.9 10 9.5

Baliga FOM* 1 22 132 1560

*Baliga FOM: εμECR
3  (Limit for on-resistance power FET)

(MOS) (bulk) (2DEG)
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Fig. 1.2 Power-switching operation of a HEMT [2]. 

 

 

trapping effects through control of surface/interface states, development of advanced material 

growth, advanced device fabrication process techniques and novel device structures are key 

research themes in AlGaN/GaN HEMTs for power-switching applications. 
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Fig. 1.3.Sketch of an AlGaN/GaN HEMT and its I−V characteristics with different VDS [2]. 

 

 

Many efforts for high performance AlGaN/GaN HEMTs have been made to suppress 

current dispersion and increased dynamic on-resistance, which are directly related to 

modification of surface/interface states in AlGaN/GaN heterostructures. These modifications 

are surface passivation [16-18], a thin AlN barrier layer in AlGaN/GaN interface [19], 

application of a field plate [20], surface treatments with chemicals or plasma [21], and post-

gate-annealing [22-23]. It has been reported that possible sources of surface states in GaN-

based materials are electrically active states at threading dislocations, and nitrogen vacancies 

and oxygen impurities as shallow surface donors [24-27]. In addition, many researchers have 

investigated the origin, location, and density of traps and reported various physical models of 

trapping mechanisms [14, 28-32]. Among various techniques to engineer electrically active 

surface states on device performance mentioned above, a popular way is surface passivation 

with dielectrics such as Si3N4 and oxide [17, 18, 28, 33, 34]. Some groups have reported that 

surface passivation reduces electron trapping near the AlGaN surface [17, 35-36]. The 

passivation of surface traps has been generally meant for removal of trap states to prevent 

charge trapping causing current dispersion [17]. However, this explanation can be 

contradictory to surface donor theory by raising a question of trap sources as well as 2DEG 

source [31]. The drain current level increase after passivation indicates that 2DEG density 

increases, and net surface charge and net AlGaN/GaN interface charge become less negative 

and less positive, respectively. So, several groups suggested that the improved current after 
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passivation can be attributed to increase in positive charge at dielectric/AlGaN interface [17, 

18, 33, 34, 36]. Some more explanations for passivation effects have also been proposed.  

First, the passivation process increases density of surface states (i.e., donor-likely states). 

Second, the passivation layer buries traps to become inaccessible to electrons from the gate 

[28]. Third, the passivation layer reduces edge electric field near the gate at drain side, 

leading to minimize electron injection from the gate to AlGaN surface [30]. This suppression 

of the (peak) electric field near the gate edge at drain side is more dominant in field-plate 

(FP) HEMTs, resulting in increased breakdown voltage and hence reduced electron trapping 

on the AlGaN surface [20, 37-42]. Evidently, no experimental evidences have been identified 

to date with respect to the effect of FP on the dynamic switching performance of AlGaN/GaN 

HEMTs. Thus, it is still very essential to understand the mechanism and suppression of 

current collapse in AlGaN/GaN HEMTs. 

 

 

1.2 Objectives of this research  

The objectives of this research are the following: 

(i) Develop a pulsed I-V system for precise evaluation of AlGaN/GaN HEMTs 

performance.  

(ii) Investigate the distinct electrical behavior of AlGaN/GaN HEMTs through study on 

passivation film effects using static and pulsed I-V characterization under different 

pulse widths and quiescent biases. Clarify the electron capture/emission phenomena, 

interpret effects of measurement conditions on trap activity, and qualitatively analyze 

trapping effects on AlGaN/GaN HEMTs performance. 

(iii) Investigate the passivation film-deposition temperature effect on dynamic 

performance in AlGaN/GaN HEMTs. Also, study the post-annealing temperature 

effect on current collapse. 

(iv) Introduce FP structures for suppression of current collapse in AlGaN/GaN HEMTs. 

Also study the mechanism of current collapse suppression. 

 

 



Chapter: 1 Introduction 

 7 

1.3 Dissertation organization 

Chapter 2 introduces basic properties of III-nitride semiconductors including 

polarization effects, the formation of 2DEG and velocity-field characteristics. Finally, the 

operation of AlGaN/GaN HEMTs, current collapse, and trade-off between on-resistance and 

breakdown voltage are explained. 

 

Chapter 3 illustrates the fabrication of AlGaN/GaN HEMT including optimization of 

etching using ICP-RIE for mesa isolation, photolithography process, ohmic formation, gate 

metallization, and passivation film-deposition process. The dynamic characterization 

procedures are also described.   

 

Chapter 4 shows quantitative characterization of trapping effects on AlGaN/GaN 

HEMTs based on very short pulsed I−V measurements using different quiescent  biases  

(QBs). Various approaches have been made to understand the mechanism of electrons 

trapping, such as different passivation films, SiN-deposition temperature effect, and post-

annealing temperature effect.  

 

Chapter 5 covers suppression of current collapse in AlGaN/GaN HEMTs using FP 

structure. The device process and characteristics are described. Effects of FP on current 

collapse in AlGaN/GaN HEMTs are also discussed. A model is proposed to explain the 

suppression mechanism of current collapse in AlGaN/GaN HEMTs.   

 

Chapter 6 provides the conclusions that can be drawn from the work described in this 

thesis and provides recommendations for future research. 
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2.1  Introduction 

In recent years AlGaN/GaN high-electron-mobility transistor (HEMT) has attracted 

much interest for high-power devices. Many active research groups are intensively working 

and reporting worldwide on AlGaN/GaN HEMTs. Although the performance achieved in 

AlGaN/GaN HEMTs is remarkable, fundamentals of material and device properties of 

AlGaN/GaN HEMTs is still a pending issue The value of some of basic material parameters 

is unknown. Important device properties, such as polarization, gate leakage, electron velocity, 

are still highly controversial issues. In this chapter, fundamentals of AlGaN/GaN material 

and its application in HEMTs will be discussed. 

 

2.2  High-electron-mobility transistor 

The development of heterostructures in the 1980s offered the opportunity of tremendous 

progress in the performance of microwave transistors. HEMT is a field effect device based 

on a heterostructure with different band-gap materials. To describe the structure and 

operation of a HEMT device, a GaAs-based HEMT is considered. A conventional AlGaAs/ 

GaAs HEMT and its band diagram are illustrated in Fig. 2.1. The wide band-gap AlGaAs 

material is n-type, but it is depleted of free carriers by the reverse or zero-biased Schottky 

contact, while the narrow band-gap GaAs material is undoped. At the boundary between two 
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Fig. 2.1. Conventional AlGaAs/GaAs HEMT structure and its band diagram under zero gate 

bias. 

 

materials, the band-gap discontinuities cause the conduction band of GaAs to dip below the 

Fermi level, creating a potential well with a high carrier concentration. This region of high 

carrier density is very thin, so that it is named two-dimensional electron gas (2DEG). The 

electrons of 2DEG travel along the GaAs channel without encountering ionized donor atoms. 

This makes them to have high mobility, favoring fast response times and high-frequency 

operation.     

 

2.3 Properties of III-nitride semiconductors 

The III-nitrides AlN, GaN, and InN can crystallize in the following three crystal 

structures: wurtzite, zinc-blende, and rock-salt. The chemical bonds of III-nitride compounds 

such as GaN are predominantly covalent, which means that each atom is tetrahedrally bonded 

to four atoms of the other type. Because of the large difference in electronegativity of Ga and 

N atoms, there is a significant ionic contribution to the bond which determines the stability of 

respective structural phase. Atomic arrangement in both Ga-face and N-face wurtzite GaN 

crystal is shown in Fig. 2.2 [1]. There is no inversion symmetry in this lattice along the 

direction from a Ga atom to the nearest neighbor N atom. Wurtzite GaN crystals have two 

distinct faces, commonly known as Ga-face and N-face, which correspond to (0001) and 

)1000(


 crystalline faces. For N-face material this can be obtained by flipping the Ga-face 

material upside-down. It has to be noted that for Ga-face material the N atom is stacked  
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Fig. 2.2. Atomic arrangement in both Ga-face and N-face wurtzite GaN crystal [1]. 

 

directly over the Ga atom and vice versa for N-face. The two parameters define the wurtzite 

lattice. These are the edge length of the basal hexagon (ao) and the height of the hexagonal 

lattice cell (co) along the [0001] direction. The subscript “0” indicates that these values are 

those of the equilibrium lattice. The lattice constants a(x) and c(x) of AlxGa1−xN are predicted 

to follow the composition-weighted average between the binary compounds AlN and GaN 

(Vegard’s law) [2]: 

0

AlGaN

0

AlGaN

A)2323.02262.5()(

A)0891.01986.3()(

xxc

xxa




    (2.1) 

 

The graphical representation of the lattice constants a(x) and c(x) of wurtzite III nitride alloys 

are shown in Fig. 2.3. The calculated values are in good agreement with the reported 

experimental values [3-6] for wurtzite AlGaN.  
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Fig. 2.3. (a) The edge length of the basal hexagon, lattice constant a(x) and (b) the height of 

the hexagonal lattice cell, lattice constant c(x) for wurtzite AlxGa1-xN are calculated using the 

Vegard’s law.   

 

Usually, GaN materials are typically grown on a different substrate material using a 

heteroepitaxial growth technique, since bulk crystal growth of GaN is presently very difficult. 

Sapphire is a common substrate material for the epitaxial growth of GaN. However, there is a 

14% lattice mismatch between hexagonal GaN and sapphire. Careful control of the initial 

growth conditions is important and low-temperature-grown GaN and AlN are typically used 

as a buffer layer [3]. SiC is also a widely employed substrate for epitaxial growth of GaN. 

SiC has a rather small lattice mismatch of 3% with GaN and exhibits a large thermal 

conductivity of 4.5 W/cm-K, which is very beneficial for high-power device applications. 

Since GaN is composed of Ga with a large ionic radius and N with a small ionic radius and 

thus forms a slightly distorted tetrahedral arrangement, it exhibits spontaneous polarization. 

When AlGaN is grown on GaN, piezoelectric polarization is further added due to the tensile 

stress generated in the AlGaN layer. With these two polarization effects, a fixed positive 

charge is generated near the AlGaN/GaN heterointerface in the AlGaN layer and 

correspondingly two-dimensional electron gas is induced in the GaN layer. The density of 

free electrons in GaN increases with increasing Al content of AlGaN and reaches about 1.7× 

10
13

 cm–2 when the Al content is increased to 25 to 30%. It is a unique characteristic of the 
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AlGaN/GaN heterostructure that a high density of two-dimensional electrons is achieved 

without the addition of any donor impurities to the AlGaN layer. 

 

2.4  Polarization effects 

Polarization  in  III-nitride  materials  is  a  crucial  material  property  that  enables  and 

determines  the  actual  operation  of  nitride  based  devices.  The basis for macroscopic 

polarization in materials with bound charges is a microscopic polarization of atoms due to 

bonds between atoms, when the center of negative charge (electrons) shifts away from the 

center of the positive charge (nuclei) [7].  Such a polarized atom constitutes a dipole with a 

dipole moment p. Polarization state of a material can be then described by the vector of 

electric polarization P, which is defined as a total dipole moment of a unit volume. If the 

dipoles are identical and their concentration is n, the formula can be expressed as 

 

)2.2(.
0




 p
pnP  

Where, Ω0 is a volume that is occupied by a single dipole.  If there is no electric field present, 

most materials have no dipoles or the orientation of the dipoles is random and hence the total 

polarization is zero. However, in low symmetry compound crystals, this may  not  be  true  

and  the  asymmetry  of  the  bonding  may  form  dipoles,  which  are consequently a source 

of polarization. A condition for a structure to exhibit piezoelectric polarization PPE, which is 

a polarization originating in a mechanical deformation, is to lack a center of symmetry. 

Moreover, if the crystal class has either no rotation axis or a single rotation axis, which is not 

an inversion axis, the bonding in this crystal will be intrinsically asymmetric. Under this 

condition, the material acts as a pyroelectric and shows a built-in spontaneous polarization 

PSP, even without any mechanical or electrical perturbation. This low symmetry axis in the 

crystal, parallel with the built-in polarization, is called the pyroelectric axis. Another class of 

materials that show polarization in absence of the electric field are ferroelectrics. In these 

materials, PSP can be inverted by applying a strong electrostatic field. This effect allows an 

accurate measurement of the spontaneous polarization, PSP, which is not possible in 

pyroelectrics. Figure 2.4 shows the PSP of III-nitride materials. 
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Fig. 2.4. Spontaneous polarization of III-nitride materials. 

 

In wurtzite crystals, the sp
3
 hybridization is not perfect and the bond along the [0001] 

direction has a different ionicity than the other bonds and hence the wurtzites show the 

spontaneous polarization.  The macroscopic polarization arises in low symmetry crystals due 

to a perturbation (built-in, mechanical, electrical, etc.) in the crystal symmetry or more 

accurately, in the bond symmetry. For small strains, the polarization depends on strain 

linearly. If there is a non-zero polarization at zero strain, we call this polarization 

spontaneous. There is no other difference between piezoelectric and spontaneous polarization. 

The total polarization is a sum of both types of polarization, P = PSP + PPE. The piezoelectric 

polarization can be expressed, in various ways, e.g., as [8]  

 

(2.3)
lm lm

jklmjkilm

lm

lmilm

jk lm

lmjklmijk

jk

jkijk

PE

i
.   
















 tSeeCdtdP   

 

Here, piezoelectric constants are denoted as e (= dC), piezoelectric moduli are d (= eS), 

elastic constants (stiffness) are C and elastic compliances are S (= C
-1

). The variables depend 

on external conditions (electric field E, stress t, and the resulting strain ε) and therefore 
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 can take different forms.  

 

In GaN based HEMT devices, the GaN layer is usually several orders of magnitude 

thicker than the AlGaN layer, which is only several nanometers thick. Therefore, it is a 

possible assumption that the GaN layer will be fully relaxed, and hence show no 

piezoelectric polarization, while the AlGaN layer will be strained. Therefore, strain can be 

expressed as 

 

(2.4)
)(

)((0)

xa

xaa
ε


  

 

where, x is the Al fraction of AlGaN layer. The a(0) and a(x) are lattice constants of an 

unstrained GaN and strained AlxGa1-xN layer, respectively. Figure 2.5 shows the lattice 

constants (in this simplified drawing, the atoms that have to form bonds are represented by 

red dots) of an unstrained AlGaN are different from that of an unstrained GaN (left). When 

AlGaN grows on the top of GaN, the constant of AlGaN has to match the lattice constant of 

GaN. This exerts a strong stress on the grown AlGaN layer. This stress causes strain (right) 

in both of the basal plane (ε1) and the growth (ε3) directions, respectively. The dashed line 

represents an unstrained piece of AlGaN. In piezoelectric materials, the strain results in 

polarization field PPE. The Ga-face growth is assumed here. The structure in the middle 

represents the orientation of the wurtzite structure in the heterostructure. In equation 2.3, the 

relation  

 

 

Fig. 2.5. Stain effect of an AlGaN/GaN heterostructure. 
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between piezoelectric polarization, PPE and strain, ε depends on the form of piezoelectric 

constant matrix [9] and the equality of strain in basal and growth direction (ε1 = ε3). It means 

that shear strains are absent in the polarization vector. Therefore, PPE can be expressed as 

 

)5.2(2
333131

PE

3
εeεeP   

 

and the relation between the strain along the polar axis (in the growth direction) ε3 and in the 

basal plane ε1 as 
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Combining the previous formulas give the expression of piezoelectric polarization as 
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In the case of Al0.25Ga0.75N/GaN heterostructure, the barrier layer grows with a lateral strain 

ε
1
≈ 8×10

-3
 and stress ≈ 3.6 GPa.  

 

2.5 Polarization induced charge 

A polarization induced charge density given by P is associated with a gradient of 

polarization in space is [10]. In analogy, at an abrupt interface of a top/bottom layer 

(AlGaN/GaN heterostructures) the polarization can decrease or increase within a bilayer, 

causing a polarization sheet charge density defined by [10]  

 

)()()0()0(

)8.2(
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PPPPPPσ
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where, the argument x is the Al fraction of AlxGa1-xN. Since the GaN layer is usually several  
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orders of magnitude thicker than AlGaN, it is considered to be relaxed and hence without 

piezoelectric polarization, PPE(0) = 0. Since, according to Fig. 2.4, the magnitude of the 

spontaneous polarization is higher in AlGaN than in GaN, there will be a positive charge at 

the AlGaN/GaN interface. However, there is usually a material that lacks any polarization 

(either air or a passivation layer) at the AlGaN surface of the device. Figure 2.6 shows 

calculated polarization charge (i.e., sheet charge, σ/e) at the AlGaN/GaN interface caused by 

the spontaneous and piezoelectric polarization versus alloy composition, proving that the 

contribution of both kinds of polarization to the sheet charge is nearly the same [1]. For x = 

0.25, a remarkably high sheet charge σ/e of 1.4×10
13

 cm
-2

. These calculated sheet charges 

located at the AlGaN/GaN interface are about ten times higher than in comparable 

heterostructures of other III–V heterostructures [11] thus high polarization induced sheet 

carrier concentrations may be expected. 
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Fig. 2.6. Calculated polarization charge density caused by spontaneous and piezoelectric 

polarization at the lower interface of a Ga-face GaN/AlGaN/GaN heterostructure vs alloy 

composition of the barrier. 
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2.6 Formation of 2DEG 

In order to calculate the electronic states and charge density at the interface, the 1D 

Schrödinger equation coupled with the Poisson’s equation needs to be solved self 

consistently [12-17]. As a result, two major features are observed: there is a charge setback 

from the interface, and there is an upward shift of the conduction band edge corresponding to 

formation of a bound state in the presence of the approximately triangular potential well at 

the interface. Within single band effective mass theory, the 1D Schrödinger wave equation 

can be written as [18,19] 
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2 2
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zEzzVz
zmdz
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where, m
*
 is the electron effective mass, 

i
 is the wave function of ith subband, Ei is the 

energy of ith subband, V is the potential energy. The V(z) can be expressed as  

 

)10.2()(
C xc

VEzqV(z)    

 

where, ψ is the electrostatic potential, ∆EC is the conduction band discontinuity, and  Vxc is 

the energy of the local exchange-correlation potential. Once the Schrödinger equation is 

solved for the envelope functions and the subband energy levels, the electron sheet charge 

density for each subband can be calculated by applying Fermi statistics 
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where, Ef is the Fermi energy. The electron density at position z is then easily calculated by 
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The Poisson equation needs to be solved in terms of the displacement field, D(z)[18] 
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),()( zzD       (2.13) 

 

where, total charge density, )]()()()([)( zNzNzpznz
AD

  . Here, N
+

D and N
-
A are 

ionized donor and acceptor densities, respectively. n(z) and p(z) are free electron and hole 

carrier concentrations, respectively. However, a hole, the donor, acceptor is assumed to be 

not present in the analysis of AlGaN/GaN. Therefore, the presence of polarization charge 

density, σ(z), it can be represented as  

 

)14.2()]()([)( zznz    

 

In order to distinguish the two-dimensional electrons in the quantum well region, a cut-off 

value is used, which is set to the highest subband level used in the Schrödinger equation. The 

free electron density below this threshold value is set to 0. Equations (2.9) and (2.12) are 

solved self-consistently until the potential converges. The simulated heterostructure consists 

of a 25-nm AlGaN and a 1-µm GaN layer from the gate to the substrate, as shown in Fig. 2.7. 

Both GaN and AlGaN layers are assumed undope. A Schottky barrier height, ΦB, of 0.8 eV 

for the metal-AlGaN interface is considered. Figure 2.8 shows results of the Schrödinger-

Poisson self-consistent calculation for Al content of 0.25 in the heterostructure, with gate 

bias VGS=0 V. The conduction band, the subband energy and the 2D electron density are 

shown in the figure. Two subbands are taken into account for both cases. 
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Fig. 2.7 An AlGaN/GaN HEMT. 
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Fig. 2.8. Results of Schrödinger-Poisson self-consistent calculation at Al0.25Ga0.75N/GaN 

heterostructure. 

 

Figure 2.9 shows the conduction band of the AlGaN/GaN heterostructure, where ΦB is a 

Schottky barrier. Under the gate of an AlGaN/GaN HEMT, Schottky barrier is modified by 

the applied gate voltage.  
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Fig. 2.9. Vertical cross-section of the conduction band of the A l G a N / G aN  

heterostructure. 
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The Fermi level is denoted by EF and ΔEC is the conduction band offset. The ΔEi is the 

subband energy. The boundary conditions are:  

 

If, z=0, then V(z)=0  

and  z=-d, then V(z)=-V2  

 

The potential energy V(z) is found from the solution of Poisson’s equation 
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 zq

dz
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where, ε (=ε0εr) is the dielectric constant of AlGaN layer and σ(z) is the polarization charge 

density. The conduction band potential of AlGaN is defined by V2.  
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where, Fs is the hetero-surface electric field and d is a thickness of the AlGaN layer. By 

Gauss’s theorem, the relationship between Fs and 2DEG carrier (n2D) can be represented  
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From the equations 2.16 and 2.17, Fs can be replaced and the relationship between n2D and 

VGS is  
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where, VT is the threshold voltage. It can be expressed as  
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here, ∆d and EF0 are the following: 
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Figure 2.10 shows the conduction band diagram of an AlGaN/GaN HEMT with applied 

gate bias voltage, VGS.  The on-state (a) and off-state (b) conduction band profiles of a device 

are also shown. 
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Fig. 2.10. The conduction band diagram of an AlGaN/GaN HEMT. (a) A fully open 

channel where the applied VGS is positive. b) Flat band condition where VGS=VT. 

 

2.7 Velocity-field characteristics 

When an electron distribution is subjected to an electric field, the electrons tend to move 

in the field direction (opposite to the field F) and gain velocity from the field. However, 

because of imperfections, they scatter in random directions. A steady state is established in 

which the electrons have some net drift velocity in the field direction. In most electronic 

devices a significant portion of the electronic transport occurs under strong electric fields. 
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This is especially true of field effect transistors. At such high fields (F ~ 1-100 kV/cm) the 

electrons get “hot” and acquire a high average energy. The extra energy comes due to the 

strong electric fields. The drift velocities are also quite high. The description of electrons at 

such high electric fields is quite complex and requires either numerical techniques or 

computer simulations. 

 

For long-channel devices, the field is low enough that the carrier velocity is treated as 

being proportional to the field, i.e., constant mobility. At low fields the drift velocity 

increases linearly with the field, and the slope corresponds to a constant mobility (μ=ν/F). At 

higher fields, the carrier velocity deviates from a linear dependence. It becomes lower than 

simple extrapolation from the low-field slope, and eventually saturates to a value called 

saturation velocity, νs. In drift-diffusion simulations of AlGaN/GaN HEMTs, the use of the 

proper electron transport model is critical. Traditionally, the high-field transport model of 

electrons was assumed to follow [20] as 

 

.
))/(1(

)(
/1 CC

s
vF

F
Ev

m

m


               (2.20) 

 

This formula is used for Si and other semiconductors with a similar band structure. Here, 

parameter βC = 1.7 for GaN [20]. The low-field mobility depends on temperature and doping 

concentration. Figure 2.11 shows the calculated velocity–field characteristics of an 

AlGaN/GaN HEMT for steady state condition. At room temperature, high-field mobility, 

μ=1700 cm
2
V

-1
sec

-1
 is considered [20]. The peak electron velocity of vs=2.5×10

7
 cm/s is 

calculated. However, for transient state condition of devices, mobility is not constant. It 

depends on different kind of scattering mechanisms such as acoustic phonon scattering, 

polar and non -polar optical phonon scattering, and piezoelectric scattering [19-20].  
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Fig. 2.11. Electron velocity versus electric field of an AlGaN/GaN HEMT. 

 

2.8 Principle of operation 

Figure 2.12 shows a schematic view of an AlGaN/GaN HEMT device. In a real 

transistor, the length of the device is much larger than the thickness of the AlGaN barrier. 

The current flows between the ohmic contacts, from drain to source, and it is modulated by 

the voltage applied at the gate (i.e., Schottky contact). The drain current, ID can be 

represented as a function of n2D(x) and V(x) in the lateral direction. 
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where, μ is the channel electron mobility and WG is the gate width. By integrating from 

source side of the gate edge (x =0) to drain side of gate edge (x = LG), the ID is obtained as 
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Fig. 2.12. Schematic structure of an A l G aN / G a N  HEMT device. The figure is not to 

scale.  

 

where, the drain-to-source voltage is defined as VDS. When VDS is small, the electron velocity 

is simply proportional to the electric field (ν=μF). Further, assuming that the saturation 

current occurs when the electric field at the drain side of the gate exceeds the saturation 

velocity (νs=μFs) and the longitudinal field distribution in the channel where the potential is 

below the saturation voltage. The saturation drain current can be expressed as  
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In this equation, Es is an electric field that drift velocity reaches a peak speed in electric field 

characteristic. Moreover, in the short gate HEMT, Lg is small enough compared to (VGS-VT) / 

Fs, thus, the S

D
I  can be expressed as 

 

  )24.2(.
TGS

SGS

D
VV

dd

W
I 





 

 

If the S

D
I  varies linearly with the VGS, the gm is a constant value, which is proportional to the 

saturation velocity. It is also inversely proportional to the distance from gate to channel (i.e., 
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d+∆d). This distance can be designed to be smaller for obtaining high gm. The 

transconductance (gm) is expressed as 

)25.2(.
dd

W
g SG

m





  

 

It is a major feature of an AlGaN/GaN HEMT. Combine of equations 2.24 and 2.25 are 

expressed as 
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Figs. 2.13 and 2.14 show the current voltage and the transconductance characteristics of an 

AlGaN/GaN HEMT.  
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Fig. 2.13 Typical current-voltage characteristics of an AlGaN/GaN HEMT. 
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Fig. 2.14 Typical drain current and transconductance as a function gate voltage of an 

AlGaN/GaN HEMT. 

 

2.9 Current collapse 

In the literature, the term current collapse is used with two meanings. In a wider sense, it 

means a class of phenomena that lead to drain current degradation and increased dynamic 

Ron. Historically, however, it was defined, during the development of GaAs-based HEMTs, 

as a persistent yet recoverable reduction of the static current at a high drain bias voltage 

[21]. Some of the other phenomena that fall under the wider meaning of the current collapse 

are gate and drain lag, and static-pulse dispersion. Gate (drain) lag refers to ID transient in 

response to gate (drain) voltage pulses keeping the drain (gate) voltage constant. The 

corresponding measurement techniques are combined in the pulsed I-V measurements, in 

which both the gate and drain voltages are pulsed at the same time from a quiescent bias. 

Figure 2.15 shows a sketch of AlGaN/ GaN HEMT’s I-V characteristics before (solid lines) 

and after (dotted lines) current collapse. The leakage current from the gate and carrier 

trapping in general, into the surface and buffer traps is the physical cause behind the current 

collapse class of the phenomena. 
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Fig.2.15 A sketch of AlGaN/ GaN HEMT’s current–voltage characteristics before (solid 

lines) and after (dotted lines) current collapse.  

 

The term traps refers to energy states in the band-gap of a semiconductor. The origin of 

traps can be a consequence of several factors, e.g., crystal defects, dislocations, or the 

presence of impurities. These trap states may be empty or occupied by electrons, which has 

an impact on the charge they carry. Trap states in the upper part (above the neutral level) of 

the band gap (closer to the conduction band) are acceptor-like, neutral when empty and 

negatively charged when occupied. Trap states in the lower part (below the neutral level) 

of the band gap (closer to the valence band) are donor-like, positively charged when empty 

and neutral when occupied. Traps at the interface or the surface of a device play an 

important role in the device operation and performance. One of the conclusions of Section 

2.4 was that there is large negative charge at the surface of the device. The negative charge 

would repel the electrons away from the interface and deplete the channel. Moreover, there is 

a question, what is the origin of the electrons in 2DEG. It was suggested that, after the 

growth, during the cooling process, free electrons would compensate the polarization-

induced charge [22]. As a different solution to both problems, nowadays widely accepted, it 
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was suggested that surface donor-like traps could be the source of both the channel electrons 

and the positive charge, screening the large negative polarization-induced charge [23-25]. 

For thin AlGaN barrier thickness, the surface trap level is below the Fermi level, the traps are 

occupied and hence neutral as shown in Fig. 2.16 (a). At a critical barrier thickness, the 

surface traps reach the Fermi level and the electrons from these traps are driven into the 

Fermi level and the electrons from these traps are driven into the channel by the strong 

polarization-induced electric field in AlGaN [24]. The band diagram, with the energy level of 

the surface traps, with varying barrier thickness is shown in Fig. 2.16 (a). As the donor-like 

traps are emptied, they become positively charged and in effect they reduce (by passivation) 

the negative charge. In the absence of holes, the energy of these traps has been theoretically 

predicted to be ~1.65 eV in Al0.35Ga0.65N [25]. 

 

 

 
 

Fig. 2.16. The effect of surface traps on 2DEG creation, reduction of the negative surface 

charge and current collapse. (a)The trap energy level is below the Fermi level and the states 

are filled for thin AlGaN barrier [24]. (b) Surface trapping effects [25].  

 

At large negative gate voltage, electrons from gate may leak to the trap states in 

the ungated surfaces and create a “virtual gate” and modulate the depletion region, as 

shown in Fig. 2.16 (b). In pulsed operation, the gate voltage changes abruptly and since the 

response of the trapped electrons is not immediate, it leads to RF drain current collapse 

phenomenon. The transient time constants depend on the energy level of the traps [26]. The 

surface donor-like traps used to explain the origin of 2DEG can explain RF current 

collapse with time constants on the order of seconds [27], as observed experimentally [28]. 

(a) (b) 
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However, transients with shorter time constants (10-100 μs) can be explained by the 

existence of surface donors with energy level 0.3 eV [27] and 0.25 eV [29]. 

 

Mantra et. al. has investigated the field-dependence of active traps to interpret trapping/ 

detrapping in the barrier near the AlGaN surface [30-32].  Figure 2.17 shows energy band 

diagram of a trapping center in the presence of electric field together with three possible 

mechanisms of electron emission [32]. First, trapped electrons are thermally ionized over the 

lowered barrier (Poole-Frenkel effect) on the conduction band and drift down to the channel. 

Second, combination of thermal energy and electric field can lead to the phonon-assisted 

tunneling (PAT). Finally, direct tunneling can happen when the bands are sufficiently tilted. 

If the emission process of trapped charge in AlGaN barrier follows the Poole-Frenkel 

electron emission among three different-type emissions, the emission rate (e) should be 

proportional to )exp( F  or )exp(
D

V , where F is an electric field, VD is an applied 

voltage between gate and drain, and α is a correlation constant between the applied voltage  

 

CB

ET

∆ϕPF PF

PAT

DT

F

 

Fig. 2.17. Energy diagram of the trapping center in the presence of the electric field. Arrows 

indicate the possible mechanisms of electron emission: thermal ionization over the lowered 

barrier (Poole-Frenkel effect), direct tunneling (DT) into the conduction band (CB), and 

phonon assisted tunneling (PAT). 
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and the lowering of the trap potential. The relationship between emission rate and VD at VGS= 

0 V is derived from the combination of following three equations [32]. First, assuming that 

the emission is a thermally activated process, the emission rate from trap level can be 

expressed by the following Arrhenius equation: 

 

)27.2(.exp2
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Second,  the  barrier  decrease )(
PF

  due  to  the  high  electric  field  (Poole-Frenkel  

effect) is proportional to the square root of the applied electric field (F) as follows:   
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where, q is a unit of electron charge and ε is the dielectric constant. Third, the ionization 

energy as a function of a field can be written as: 
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where, Ei(0)=ET is the binding energy of the electron on the trap in zero field. Finally, the 

field-dependent emission rate equation is deduced as: 
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More strictly, the field-dependent emission rate equation should include built-in potential 

due to polarization field in AlGaN/GaN barrier (~10
6
 V/cm). The emission rate can be 

rewritten as: 
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where, ]/)([
AlGaNFiCB

dEEΦV
bi

  is the built-in voltage across AlGaN barrier, ΦB is the 

barrier height at the AlGaN surface, ∆EC is the conduction band offset between AlGaN and 

GaN, and EFi is the difference between Fermi level and GaN conduction band edge at the 

AlGaN/GaN interface. It is considered that Poole-Frenkel type emission is dominant for the 

trapped charge near the AlGaN surface. It is inferred that the trapped electrons stay near 

the AlGaN surface below a certain VDS ( or VD), resulting in channel depletion and drain 

current collapse, until VDS is large enough for phonon-assisted field emission or direct field 

emission from the surface to the channel. 

 

2.11 Trade-off between on-resistance and breakdown voltage 

One of the most unique features of power semiconductor devices is their ability to 

withstand high voltages. The desire to control larger power levels has encouraged the 

development of power devices with larger breakdown voltages. In  a  semiconductor,  the  

ability  to  sustain  high  voltages  without  the  onset  of  significant  current flow is limited 

by the avalanche breakdown  phenomenon, which is dependent on the electric field 

distribution within the structure. High electric fields can be created within the interior of 

power devices as well as at their edges. The design optimization of power devices must  be  

performed  to  meet  the  breakdown  voltage  requirements  for  the  application  while 

minimizing the on-state voltage drop, so that the power dissipation is reduced. The resistance  

of  the  ideal  drift  region  can  then  be  related  to  the  basic  properties  of  the 

semiconductor  material.  Such semiconductor structure own a triangular electric field  

distribution, as shown in Fig. 2.18, within a uniformly doped drift region with the slope of 

the field profile being determined by the doping concentration. The maximum voltage that 

can  be  supported  by  the  drift  region  is  determined by the  maximum electric field (Em) 

reaching the critical electric field (Ec)  for  breakdown  for  the semiconductor material. The 

critical electric field for breakdown and the doping concentration then determine the 

maximum depletion width (WD). The resistance of ideal drift region of area, A, is given by: 
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Fig. 2.18 An ideal drift region and its electric field distribution. 

 

The specific resistance (resistance per unit area) of the ideal uniformly doped drift region is 

therefore: 
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The depletion width under breakdown conditions is given by: 
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where VBR is the desired breakdown voltage. The doping concentration in the drift region 

required to obtain this VBR is given by: 
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Combining these relationships, the specific resistance of the ideal drift region is obtained: 
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The denominator of this equation ( 3

CnS
Em ) is commonly referred to as Baliga’s figure of 

merit for power devices. It  is  an  indicator  of  the  impact  of  the  semiconductor  material 

properties on the resistance of the drift region. Material parameters are mentioned in chapter 

1, Table I. Figure 2.19 shows sum of  specific  on  resistance  of  the  drift  region and  the  

ohmic  contact  resistance versus breakdown voltage for Si, SiC and GaN. The theoretical 

total specific on-resistance is used as theoretical limits along this work for benchmarking the 

results in this work with the state-of-the-art devices. 
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Fig. 2.19. Sum of specific on resistance of the drift region and the ohmic contact resistance 

versus breakdown voltage for Si, SiC, and GaN. 

 

In switching operation the transistors alternate between on-state were the gate opens the 

channel and allow the carriers flow through the device and off-state were the gate closes the 

channel and blocks the current of carriers. At off-state the gate potential, VGS, is lower than 

the device’s threshold potential, VT, and considered as sub-threshold conditions. For efficient 

switching the off-state operation point conditions should be at high positive drain voltage and 

negligible drain current therefore a strong gate blocking capability is required. At very high 
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positive drain voltage condition the blocking capability of the device degrades and gives rise 

to sub-threshold leakage, (STL), current. The sub-threshold leakage current will increase and 

become significant then will reduce the efficiency of the switching. A significant  leakage 

current  is  considered  as  three  orders  of  magnitude  lower  than  the  device’s maximal 

output current therefore a common used value is 0.1 mA/mm. At high voltages, currents that 

are higher than this value may initiate destructive processes in the device therefore it is 

considered to be the starting point of the device breakdown. Thus, the breakdown voltage is 

usually defined as the  voltage  at  which  the  drain  current  exceeds  the  traditional  value  

of  0.1 mA/mm  in  three  terminal measurements. By increasing the potential difference at 

the drain terminal the charge carriers would drift by electrical forces to the lower potential 

through intermediate potential levels and states and will reach eventually to the drain 

terminal.  The path of the charge carriers through these intermediate potential states is the 

device blocking weakness and it determines the mechanisms of the device breakdown. 
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Chapter 3 

 Device processing and 

characterization procedure 
 

 

3.1 Introduction 

This chapter illustrates fabrication processes of AlGaN/GaN HEMT including 

optimization of dry-etching using ICP-RIE for mesa isolation and photolithography process. 

Pulsed I-V measurements conditions are also described for dynamic performances evaluation. 

 

3.2 Device fabrication 

The epitaxial wafers used were grown on c-plane three inch sapphire substrates by metal 

organic vapor phase epitaxy (MOVPE). It consists of a 1-m GaN channel, and a 25-nm 

Al0.25Ga0.75N barrier. The Hall mobility and sheet electron density were 1483 cm
2
/Vs and 

1.01×10
13

 cm
-2

, respectively at room temperature. Before starting the HEMT process, 

AlGaN/GaN-heterostructure samples have to be cleaned by degreasing process. The 

following fabrication processes were done, such as mesa-isolation, ohmic metallization, 

Schottky metal contact formation, passivation film deposition. Note that additional metal 

layer (i.e., pad) was deposited for a better conduction and surface roughness for all annealed 

ohmic contacts and Schottky contact. Pad metals deposition process was not included since 

it is the same as Schottky contact formation using photolithography. 
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Fig. 3.1. Process sequence of AlGaN/GaN HEMTs. 

 

3.2.1 Mesa isolation 

Figure 3.1 shows fabrication process sequence of AlGaN/GaN HEMTs. Device 

fabrication began with mesa isolation using Cl2/BCl3-based inductively coupled plasma 

reactive ion etching (RIE). In order to reduce leakage current, mesa isolation was performed. 

The epitaxial wafer was etched from top of the AlGaN layer to 100-nm depth of GaN-buffer 

layers. Figure 3.2 shows the SAMCO Model RIE-200iP system, which was employed in this  

 

 

Fig. 3.2 A reactive ion etching system. 
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work. The etching was done photolithography processes using PFI photoresist. The ICP 

power and bias were set up as 50 W and 100 V, respectively. The BCl3 gas was introduced to 

the chamber at a flow rate of 4 sccm. 

 

3.2.2 Ohmic metallization 

Ohmic patterns were formed with evaporating Ti/Al/Mo/Au (15/160/35/50-nm) metals, 

then alloyed at 850 °C for 30 s in N2 flow. Vacuum evaporation was used for the deposition 

of metals on devices. The EIKO e-beam evaporator was used in this work, as shown in Fig. 

3.3. This evaporation source consists of a crucible with center cavity to hold the metal source. 

A high-temperature filament locates in the side of the crucible. A high current was passed 

through the filament to boil off the metal. The metal was evaporated to deposit on the wafer, 

which was held at the top of chamber.  

 

 

 

Fig. 3.3. An e-beam evaporator system.  

 

After the evaporation of ohmic contacts, the wafer was subjected to the lift-off technique. 

The wafer was immersed in a solution (acetone) capable of dissolving the photoresist for 

around 10 min. Then, the sample was taken out and immediately acetone spraying was done 

manually. The deposited metal on the resists lifted off quickly and only metals remained on 

contact holes. The sample was then subjected to ultrasonic agitation in ethanol to completely 
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lift off all metals. Since two layer photoresists were applied in this work, only top photoresist, 

PFI, was removed by acetone. Thus, the wafer was baked on the hot plate at 100
o
C for 20 

min to remove the remained PMGI photoresist. Then, the wafer was re-immersed and 

ultrasonic-agitated again in acetone and ethanol, respectively to completely remove all 

unnecessary particles. Finally, the wafer was accomplished using O2 plasma reactor 

(YAMATO PR-500) in order to re-confirm for removing any remaining photoresist and 

rinsed in de-ionized water. 

 

After lift-off, annealing was performed using rapid thermal annealing (RTA) system, as 

shown in Fig. 3.4. Devices were annealed in N2 atmosphere with 850 °C for 30 s. The contact 

resistance of 0.34 Ωmm was measured.  

 

 

Fig. 3.4.  A rapid thermal annealing system. 

 

3.2.3 Schottky formation 

Ni/Au (50/180-nm) was used as Schottky gate metallization. Same e-beam system was 

used for gate formation.  

 

3.2.4 Passivation film deposition 

Devices were made having passivation film of SiN and that of Al2O3 for controlling the 

surface condition. SiN and Al2O3 films were deposited on devices using sputter system and 

atomic layer deposition (ALD) system, respectively. The thickness of passivation film was 

150-nm.  
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Sputtering is a physical vapor deposition (PVD) technique used for precision coating of 

thin films. The wafer is placed in a vacuum chamber for deposition of SiN. The DC 

sputtering system (TOKUDA Model CFS-4ES) was empoloyed in this work, as shown in Fig. 

3.5. Four types of devices were fabricated having SiN with different deposition temperatures, 

i.e., 100, 150, 200, and 250°C. Argon (15 sccm) and nitrogen (30 sccm) gases were 

introduced to the vacuum chamber under the pressure of approximately 5×10
-4

 Pa. The SiN-

deposition rate was around 4 nm/min.  

 

 

 

Fig. 3.5. A DC sputtering system. 

 

The deposition of Al2O3 was carried out by atomic layer deposition (ALD) system 

(Savannah S100-4PVP, Cambridge NanoTech), as shown in Fig. 3.6. The deposition rate of 

Al2O3 was shown in Fig. 3.6 (b). 
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Fig. 3.6. (a) An atomic layer deposition system and (b) deposition cycle. 

 

3.3 Device Characterization 

Figure 3.7 shows (a) schematic cross-sectional view and (b) top view of the fabricated 

AlGaN/GaN HEMT. The gate-to-source distance (LGS), gate length (LG) and gate-to-drain 

distance (LGD) were 2, 3, and 10 μm, respectively. The gate width was 200 μm with one 

finger. 
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Fig. 3.7. (a) Schematic cross-sectional view and (b) top view of the fabricated AlGaN/GaN 

HEMT.  
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Figure 3.8 shows static characterization systems, which were employed in this work. In 

order to evaluate dynamic performance of AlGaN/GaN HEMTs, I have developed a pulsed I-

V measurement system. Gate lag and current collapse of AlGaN/ GaN HEMTs have been 

investigated using this system. 

 
   

    

 

 

Fig. 3.8.  Semiconductor parameter analyzer with cascade microtech probe station and curve 

tracer. 

 

Figure 3.9 shows the schematic of measurement system, which was employed for 

dynamic performance evaluation. A probe station (Apollowave α-100), a pulse generator 

(IWATSU DG 8000), an oscilloscope (LeCroy WaveRunner 204Xi-A) and a power supply 

(TEXIO PA600-0.1B) were empolyed, as shown in Fig. 3.10. Alongside the oscilloscope, a 

current probe (LeCroy CP030) and a passive probe (LeCroy PP011) were used for storing 

drain current and drain voltage, respectively. The load resistance (RL) was varied from 10   

(a) Agilent4155C and 41501B (b) Cascade Microtech probe station 

(c) SONY Tektronix 370A 

PROGRAMMABLE 

CURVE TRACER 



Chapter: 3 Device processing and characterization procedure 

 

 50 

Oscilloscope

LeCroy 

WaveRunner 204Xi-A

DC Power Supply

TEXIO 

PA600-0.1B

Pulse Generator

Iwatsu 

DG 8000

Current Probe

LeCroy 

CP030

DUT

RL

CH1

CH2

CH3

VDS

IDS

VGS

 

Fig. 3.9. Schematic of developed dynamic I-V testing system. 

 

 
 

Fig. 3.10. Illustration of the developed dynamic testing system. 

 

to 30 kΩ for measurement aspect. The pulse generator has 6 channels and can apply voltage 

up to ±10 V with pulse frequency of 10 MHz, while the power supply can apply voltage up to 

250 V. Oscilloscope has 4 channels with maximum 2 GHz frequency pulse. The current 

probe is able to measure current up to 30 A, and passive probe is able to measure voltage up 

to 400 V. Figure 3.11 shows the equivalent circuit and impedance matching circuit. 

Impedance matching is employed for reducing the early stage oscillation of output signals. 

Table I shows the present status of pulsed I-V measurement system. My developed system is 
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able to measure a high bias voltage of 250 V with minimum measurement time of 300 ns. 
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Fig. 3.11. (a) Equivalent circuit and (b) matching circuit. 

 

 

Table I. Present status of pulsed I-V measurement system. 

Min. meas. time Off-state 

bias voltage

(V)

25 ms 300

100 ms 200 

12 ms 200

1 ms 10 

500 s 100 

Year Authors

2013

2010

2013

2004

2010

Company

/Institution

2010

Tang et. al

Saito et. al.

Yu et. al. 

Meneghesso et. al. 

HKUST

Toshiba Co.

Agilent (B1505A)

Università di Padova

UCAC

Medjdoub et. al. IMEC 400 ns 50

2009 200 ns 10

References

[1]

[2]

[3]

[4]

[5]

[6]

This work 300 ns 250

MIT [7]Saadat et. al. 
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3.3.1 Gate-lag measurements 

The gate voltage (VGS) was switched from an off state (VGS=-5 V, below the threshold 

voltage of -3.7 V) to an on state for each constant drain voltage (VDS) in pulsed I-V 

characterizations as shown in Fig. 3.12. The on-state VGS was varied 1 to -3 V and VDS was 

also measured up to 20 V with a fixed RL=100  The on-state duration time (ton) and the off-

state duration time (toff) were fixed at 1 s and 10 ms, respectively, to eliminate the influence 

of device self-heating effect.  
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A
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Fig. 3.12. Pulsed condition for gate-lag measurements. 

 

3.3.2 Current collapse measurements 

Characterization of the dynamic Ron was carried out by on-wafer pulsed measurements, 

where the VGS was switched from off-state (VGS=-5 V, below the threshold voltage of -3.7 V) 

to on-state (VGS=1 V), while applying a VDS up to 200 V. The RL was connected in series 

with the tested device and was adjusted so that Ron was reasonably measured in the linear 

region, i.e., below 1/4 of the maximum drain current. The ton and toff were fixed at 1 s and 

10 ms, respectively. The transient output current was measured by a current probe (LeCroy 

CP030). Figure 3.13 shows pulsed biasing condition for current collapse measurements. 

Current collapse is a phenomenon; however it was numerically expressed in this work. 

Figure 3.14 shows the definition of current collapse. The current collapse was defined by 

normalized dynamic Ron, where the Ron value measured at ton=1 s and was normalized by 
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Fig. 3.13. Pulsed condition for current collapse measurements. 
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Fig. 3.14. Definition of current collapse. 
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its static value. Figure 3.15 shows time-dependent drain output waveforms, which was 

measured with a constant RL of 15 k at VDS=200 V. Although the drain current waveform 

exhibited an oscillatory response in the early stage (up to 200 ns), our setup was able to 

stably measure the drain current response with a minimum measurement time of 300 ns. The 

measurement accuracy of on-state current was about ±0.03 mA and that of voltage was less 

than ±0.1 V.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.15. Input gate voltage and output drain transients of AlGaN/GaN HEMT. Pulsed mode 

is operated with 15 kΩ load line with off-state VDS of 200 V.  
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Chapter 4 

 Effects of surface-passivation 

film on current collapse 
 

 

4.1 Introduction 

AlGaN/GaN high-electron-mobility transistors (HEMTs) are, nowadays, major interest 

for their high-power performance capabilities [1-3]. However, current collapse is the prime 

issue which limits power-switching performances in AlGaN/GaN HEMTs [4-11]. Various 

techniques have been reported as an effective approach to suppress current collapse, such as 

surface passivation and surface charge control with GaN cap layer [12-17]. Saadat et al. 

reported that AlGaN/GaN HEMTs passivated with Al2O3 exhibited the reduction in drain 

current when the on-state gate pulse times was changed from 200 ns to 1 ms [18]. Evidently, 

no detail explanation has been made to date regarding reduction in drain current of 

AlGaN/GaN HEMTs with increasing on-state gate pulse time. In order to improve the output 

power and switching performance of AlGaN/GaN HEMTs, understanding and proper 

inclusion of drain current dispersion effects are very essential.  

 

In this chapter, drain current dispersion has been studied for AlGaN/GaN HEMTs 

passivated with SiN and those of Al2O3. A fixed drain voltage (VDS) was applied to the drain, 

while the gate is pulsed from off state to different on state values, where 100  load 

resistance (RL) was connected in series with tested devices. The static and pulsed current-

voltage (I-V) characteristics were measured. Drain current transients were measured to 
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analyze the influence of surface passivation in AlGaN/GaN HEMTs. The mechanism has 

been proposed to explain drain current dispersion in AlGaN/GaN HEMTs. Effects of SiN-

deposition temperature and post-annealing temperature on dynamic on-resistance (Ron) have 

also been studied. 

 

4.2 Device I-V characteristics 

4.2.1 Static I-V characteristics 

The static current-voltage (I-V) characteristics were measured for all the devices. All the 

devices were measured at room temperature and in the dark. Essentially the same static 

characteristics have been measured for devices passivated with SiN and those of Al2O3, as 

shown in Figs. 4.1 (a) and (b). Devices exhibited a maximum drain current (IDmax) of 376 

mA/mm, measured at a gate voltage (VGS) of 1 V, with a static Ron of 10.5 mm. The 

threshold voltage was -3.8 V, which was defined as the gate bias at a drain current of 1 

µA/mm. 
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Fig. 4.1. Static current-voltage of devices passivated with (a) SiN and (b) Al2O3. 
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4.2.2 Pulsed I-V characteristics 

Figure 4.2 shows the pulsed I-V characteristics of fabricated devices, which were also 

measured at room temperature and in the dark. A fixed VDS was applied to the drain, whereas 

the VGS was pulsed from off state (VGS=-5 V) to different on state values. The on-state 

duration time (ton) was fixed at 1 ms, while the gate was kept in the off state for 10 ms in 

order to allow a constant trapping time, as shown in Fig. 4.2 (a). Devices exhibited IDmax of 

473 mA/mm and 165 mA/mm for devices passivated with SiN and those of Al2O3, 

respectively, as shown in Fig. 4.2 (b) and (c). The measured static and pulsed I–V curves 

were quite different by changing passivation film on the AlGaN surface of devices. The IDmax 

at VGS=1 V provided by devices passivated with SiN in pulsed measurements was higher 

about 25% with respect to that of static measurements, whereas it was observed lower by 

about 56% for devices passivated with Al2O3. These results indicate that those discrepancies  
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Fig. 4.2. (a) Timing diagram of gate pulsed voltage, which is operated with 100 Ω load line. 

Pulsed current-voltage characteristics of AlGaN/GaN HEMTs with (b) SiN and (c) Al2O3 

passivation films.  
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are due in part to trapping effects. The responsible trapping centers could be located in 

several regions, including the AlGaN surface, the AlGaN barrier layer, and the GaN buffer 

layer. Drain transients were analyzed to clarify trapping mechanisms. 

 

4.3 Drain current transients 

Time-dependent drain current (ID) was measured with a quiescent bias (VGSq, VDSq) = (-5, 

20) V for both passivated devices, as shown in Fig. 4.3. Figure 4.3 (a) shows ID dependence 

on ton with a fixed toff=10 ms. The ID was decreased up to ton=10 μs and here after it was 

increased with increasing ton for Al2O3 passivated devices. On other hand, SiN passivated 

devices exhibited only decrease of ID with increasing ton. The decrease of ID with ton could 

not be explained by the device self-heating due to small on-state duration with long enough 

toff for both passivated devices. Next the ton was kept constant and toff was varied up to 1 sec. 

Figure 4.3 (b) shows the ID dependence on toff with a fixed ton=1 ms, where the ID was 

measured at 1 ms. For SiN passivated devices, the ID was increased up to toff=100 μs and here 

after it was almost constant with increasing toff. However, the ID was decreased up to toff=10 

ms and was almost constant over toff=10 ms for Al2O3 passivated devices. These results 

indicate that the increase of ID is associated with emission of captured electrons, whereas the 

decrease of ID is concomitant with capturing of electrons into traps. Devices passivated with 

Al2O3 exhibited very seriously degraded ID response with a long recovery time (more than 1 

sec) before steady state condition was reached (see Fig. 4.3 (a)), while the ID recovery was 

faster (around 100 ms) for devices passivated with SiN (see Fig. 4.3 (b)). These results 

suggest that there are at least two distinct mechanisms, which dominate ID transients at short 

times and at long times. The long time transients are associated with conventional traps. The 

short time transients are associated with a different mechanism and both devices suffer from 

it. This suggests that they might be associated with an intrinsic aspect of the heterostructure. 
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Fig. 4.3. Dependence of drain current responses on (a) ton and (b) toff for devices passivated 

with SiN and those of Al2O3. Pulsed mode is operated with 100 Ω load line with off-state 

drain bias voltage of 20 V. Insert of Figs. (a) and (b) show pulsed sequence. Dotted line 

shows the maximum drain current level at static condition for both passivated devices. 
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The leakage current is reasonably responsible for capturing of electrons during off state. 

Figure 4.4 shows the two-terminal gate-to-drain leakage current as a function of gate-to-drain 

voltage (VGD). SiN passivated devices showed one order of magnitude small leakage current 

as compared to that of Al2O3 passivated devices at VGD=-70 V. These results indicate that 

during off state, the rate of electron capture at the passivation/AlGaN interface is higher for 

Al2O3 passivated devices as compared to SiN passivated devices. 
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Fig. 4.4. Two-terminal gate-to-drain leakage current as a function of gate-to-drain voltage for 

devices passivated with SiN and those of Al2O3. 

 

4.4 Mechanism of drain current dispersion 

Figure 4.5 shows the schematic diagram of device operations under on and off states for 

AlGaN/GaN HEMTs passivated with SiN and those of Al2O3. During off state, channel 

2DEG electrons are fully depleted under the gate (see Figs. 4.5 (a) and (b)). Due to strong 

reverse electric fields applied between gate and drain during off state, electrons are injected 

from the gate edge as leakage currents and are assumed to be trapped at the 

passivation/AlGaN interface. The electron trap density is assumed low for SiN passivated 

devices as compared to that of Al2O3 passivated devices. Those trapped electrons contribute 

to partly deplete channel 2DEG electrons near the gate edge in the drain side. Next the gate 



Chapter: 4 Effects of surface-passivation film on current collapse 

62 

voltage is switched to on state (VGS=1 V), resulting in quick generation of electron 

accumulation under the gate (see Figs. 4.5 (c) and (d)). However, emission of captured 

electrons does not occur within a short period of time (i.e., less than 10 ms). Hence it takes 

rather a long time before steady state condition is reached for Al2O3 passivated devices (see 

Figs. 4.5 (c) and (a)). On the other hand, the ID was observed to decrease at initial short 

period of on-state duration time, which could not be explained by emission of captured 

electrons. Similar decrease of ID was observed for SiN passivated devices (see Fig. 4.3 (a)). 

Therefore, these short time transients might be associated with an inherent characteristic of 
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Fig. 4.5. Schematic diagrams of device operation for AlGaN/GaN HEMTs. (a) Device under 

off state with Al2O3 passivated device, (b) device under off state with SiN passivated device, 

(c) device under on state Al2O3 passivated device, and (d) device under on state with SiN 

passivated device. 
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the heterostructure. During on state, there is a high possibility for capturing of hot electrons 

due to strong horizontal electric field. This leads to decrease of 2DEG electrons, resulting in 

decrease of ID. The measured drain transients indicate that the decrease of ID is observed due 

to capturing of hot electrons in buffer layer, as shown in Figs. 4.5 (c) and (d). However, these 

measured results cannot conclusively rule out the possibility that capturing of hot electrons in 

AlGaN layer. Typically, high density of trap charges is located in GaN buffer. It is believed 

that trap charge density in GaN buffer is much higher than that of AlGaN layer due to 

improvement of epitaxial growth technology. Therefore, it is reasonably concluded that GaN 

buffer layer is one of the source of traps to capture electron during on state, leading to 

decrease of ID in AlGaN/GaN HEMTs. In addition, the reduction amount of ID was higher at 

ton=10 ms for devices passivated with SiN as compared to that of devices passivated with 

Al2O3, as shown in Fig. 4.3 (a).  

 

4.5 Load line: from gate-lag to current collapse 

Figure 4.6 shows the load line effect on current collapse with different off-state VDS. The 

RL was varied from 100 to 5000  for change the on-state applied VDS. During on state, the  
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Fig. 4.6. Effect of load line on current collapse with different off-state drain voltage for (a) 

devices passivated with (a) SiN and (b) Al2O3. 
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horizontal electric field is high for gate lag measurements, while it is comparatively low for 

current collapse measurements. Therefore, during on state, electrons are captured in buffer 

traps for high horizontal electric field, leading to decrease of ID. During off state, leakage 

current was increased with increasing VDS. Thus, more electrons were captured into 

passivation/AlGaN interface traps. These lead to increase dynamic Ron, as shown by red 

dotted line in both Figs. 4.6 (a) and (b). These results suggest that high off-state VDS is 

essential to evaluate the switching performance of AlGaN/GaN HEMTs. 

 

4.6 SiN-deposition temperature 

Four types of devices were fabricated having SiN passivation film with different 

deposition temperatures, i.e., 100, 150, 200, and 250°C for controlling the AlGaN surface 

condition. SiN was deposited by sputtering with a thickness of 150-nm. Essentially the same 

static characteristics have been measured for devices regardless of SiN-deposition 

temperatures. All the devices were measured at room temperature and in the dark. The IDmax 

defined at VGS=1 V was around 440 mA/mm. Table I shows summary of device 

characteristics with different SiN-deposition temperatures (Tdepo). The leakage current was 

reduced with increasing Tdepo. Next dynamic characteristics have been studied for power 

switching applications. 

 

Table I Summary of device characteristics with different SiN-deposition temperatures. 

SiN-deposition 

temperature

IDmax

@VGS=1V

Ron

@VGS=1V

Ileak

@VGD=-200V

VBR

@ID=0.1 mA/mm

gmmax

100

150

200

250

420 10.4 110 2.2×10-4 500

420 9.6 112 0.8×10-4 500

422 9.7 114 0.3×10-4 510

420 9.5 117 0.2×10-4 500

VT

-3.8

-3.8

-3.8

-3.8

(ºC) (mA/mm) (mm) (V) (mS/mm) (mA/mm) (V)
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4.6.1 Dynamic on-resistance 

A critical requirement in power electronics is obtaining a very low Ron immediately after 

switching from an off state with high voltage to an on state with low voltage. In AlGaN/GaN 

HEMTs, power switching problems are major issues [19-24]. Therefore, it is very essential to 

understand the dynamic performance of AlGaN/GaN HEMTs. In this work, the dynamic Ron 

has measured for different SiN-deposition temperatures. Characterization of the dynamic Ron 

was carried out by on-wafer pulsed measurements, where the VGS was switched from an off 

state (VGS=-5 V, below the threshold voltage of -3.8 V) to an on state (VGS=1 V), while 

applying a VDS up to 100 V. The RL was connected in series with the tested device and was 

adjusted so that Ron was reasonably measured in the linear region, i.e., below 1/4 of the IDmax. 

In order to fill all traps (i.e., SiN/AlGaN interface traps) by electrons, the toff was varied with 

a fixed ton of 1 ms. To represent the magnitude of current collapse quantitatively, we have 

defined the current collapse, where the Ron value measured at ton=1 ms was normalized by its 

static value. Figure 4.7 shows current collapse as a function of off-state duration time. 

Current collapse was almost constant over toff = 100ms. Thus, the toff was fixed at 10 ms for 

further dynamic Ron measurements. Figure 4.8 shows dependence of Ron on Tdepo. The Ron 

was decreased with increasing Tdepo. The reduction amount of Ron was larger for pulsed 

measurements as compare that of static measurements. The Ron is expressed as 

 

)1.4(,RRR R2R
DCHSCon

  

 

where, RC is the source and drain contact resistance, RS is the parasitic source resistance, RCH 

is the channel resistance, and RD is the parasitic drain resistance. Since, devices were 

fabricated on same wafer and cut into four pieces for deposition of SiN with different 

temperatures, RC and RS were same for all devices. The increase of Ron may be brought from 

RCH and RD. If traps exist between gate and drain, there is a possibility to increase of both 

RCH and RD. In addition, GaN buffer layer was same for all devices and only AlGaN surface 

condition was changed. Therefore, the effects of GaN buffer traps on increase of dynamic Ron 

are negligible as compared to those of AlGaN surface traps. 

 



Chapter: 4 Effects of surface-passivation film on current collapse 

66 

 

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0

2

4

6

8

10

12

 

 

 

 

C
u

rr
e

n
t 

C
o

ll
a
p

s
e

toff (ms)

-5 V

1 V

ton=1 ms

toff

time

VGS

LG=3 mm, WG=200 mm

VDS=100 V

 

Fig. 4.7. Current collapse as a function of off-state duration time (toff) with a fixed ton=1 ms. 
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Fig. 4.8. On-state resistance vs. SiN-deposition temperature. 
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Figure 4.9 shows current collapse as a function of Tdepo with different off-state VDS. 

Devices with high VDS showed large current collapse due to increase of horizontal fields 

between gate and drain. Current collapse was reduced with increasing Tdepo from 100 to 

250ºC at VDS=100 V. These results indicate that the trap density is reduced with increasing 

Tdepo. 
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Fig. 4.9. Current collapse as a function of SiN-deposition temperature. 

 

4.6.2 Time dependent current collapse 

Figure 4.10 shows dependence of current collapse on on-state measuring time (tmes) with 

different Tdepo. The current collapse was decreased with increasing tmes for a fixed toff of 10 

ms. Devices with Tdepo=100ºC showed longer recovery time as compared to that of devices 

with Tdepo=250ºC. During off state, electrons were assumed to be injected from gate to 

AlGaN surface defects near the gate edge of a drain side under a large surface electric field. 

When device switched from off state to on state, it took long time to emit trapped electrons. 

Thus, devices exhibited increased dynamic Ron. These results indicate that the emission time 

constant is longer for SiN passivation with low Tdepo, suggesting that deeper traps are 

responsible for devices with low Tdepo SiN.  
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Fig. 4.10. Dependence of current collapse on on-state measurement time (tmes). 

 

4.7 Post-annealing temperature 

Annealing effects on Schottky contacts in AlGaN/GaN heterostructures have been 

frequently reported by showing improvement in electrical properties such as reduction of 

reverse leakage current, improvement of Schottky barrier height, and breakdown voltage [25-

32]. Miura et al. proposed that annealing process could reduce interface traps between metal 

and AlGaN or form the island-like Ni oxide, leading to reduction in leakage current [26-27]. 

Many works of annealing effects on AlGaN/GaN Schottky diodes have been reported so far 

in terms of surface/interface states using electrical characterization. Physical changes by 

post-annealing are expected: the modification of Schottky metal/AlGaN interface and the 

AlGaN surface states. Both cases affect trapping activities of surface/interface states, e.g., 

trap assisted tunneling [25, 33] as a leakage current mechanism, and surface trapping as 

virtual gate formation causing current dispersion [7]. In order to reduce current collapse, 

post-annealing has been performed. 
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 Post-annealing temperature was varied from 300 to 500°C. It was performed for 10 min in 

N2 chamber. Figure 4.11 shows the effect of post-annealing temperature on current collapse 

with different off-state VDS. Current collapse was reduced with increasing post-annealing 

temperature. These results indicate that the SiN/AlGaN interface is re-constructed (i.e., 

reduce oxygen vacancies) by post-annealing temperature, leading to decrease of interface 

trap density. Figure 4.12 shows dependence of current collapse on SiN-deposition 

temperature with different post-annealing temperatures. The effect of post-annealing 

temperature on current collapse was comparatively low for devices with Tdepo=250°C. The 

gate leakage current of annealed devices was reduced by one order of magnitude as 

compared to virgin devices, as shown in Fig. 4.13. The suppression of gate leakage current 

could be described on the basis of AlGaN surface phenomena. During the growth of 

AlGaN/GaN heterostructure, oxygen impurities are incorporated unintentionally. These  
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Fig. 4.11. Current collapse vs. post-annealing temperature. 
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Fig. 4.12. Current collapse vs. SiN-deposition temperature with different post-annealing 

temperatures. 
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Fig. 4.13. Two-terminal gate-to-drain leakage current as a function of gate-to-drain voltage 

for devices with post-annealing effect. 
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oxygen impurities existing on the AlGaN surface lead tunneling transport at the 

Schottky/AlGaN interface. This tunneling transport is responsible for high gate leakage 

current. The presence of unintentional oxide impurities on the AlGaN surface is irresistible 

and the consequent high gate leakage is unavoidable. Therefore, the leakage current density 

could be reduced considerably by a high-temperature annealing. 

 

4.8 Summary 

This work has been investigated drain current dispersion effects in AlGaN/GaN HEMTs 

with different passivation films. The maximum drain current for SiN passivated devices was 

enlarged by around 25% at ton=1 ms as compared to that of its static value, while it was 

reduced by around 56% for Al2O3 passivated devices. The drain current was decreased with 

increasing ton and was increased with increasing toff for SiN passivated devices, while Al2O3 

passivated devices exhibited vice versa. These results indicate that the trap density at 

Al2O3/AlGaN is comparatively higher than that of SiN/AlGaN. Both passivated devices are 

suffered with buffer associated traps during on-state duration time. 

 

 The effect of SiN-deposition temperature on dynamic Ron has been investigated. Current 

collapse was decreased with increasing SiN-deposition temperature. It was also decreased 

with increasing post-annealing temperature. These results indicate that the SiN/AlGaN 

interface trap density is reduced with increasing the sputtered SiN-deposition and annealing 

temperatures. 

 

 From above discussion, it is reasonably concluded that since a low trap density exists at 

the SiN/AlGaN interface, current collapse is reduced due to deposition of SiN passivation on 

the AlGaN surface of devices. However, the suppression of current collapse is not enough for 

device applications. A new approach is very much essential for further reduction of current 

collapse. Therefore, field-plate structure has been proposed for more reduction of current 

collapse. The effect of gate-field plate on current collapse will be discussed in the next 

chapter.      
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Chapter 5 

 Current collapse suppression 

by gate field-plate 
 

 

5.1 Introduction 

An AlGaN/GaN-based high-electron-mobility transistor (HEMT) is considered as an 

excellent candidate for future power devices due to its high breakdown voltage, high 

saturation drain current, and low on-resistance (Ron) [1-2]. However, increased dynamic Ron 

by current collapse is regarded as one of the most critical issues to be solved for actual 

power-switching applications [3-4]. Various techniques have been reported as an effective 

approach to suppress current collapse, such as surface passivation [5], surface charge control 

with GaN cap layer [6], and field plate (FP) structure [7-10]. Saito et al. reported that the FP 

approach enhanced the breakdown voltage and hence suppressed the increase of dynamic Ron 

due to relaxation of electric field crowding at the gate edge in the drain side [9]. Brannick et 

al. reported by their computer simulation that FP was effective to reduce electron trapping by 

limiting tunneling injection of electrons into surface traps located in the gate-to-drain region 

[10]. Evidently, no experimental evidences have been identified to date with respect to the 

effect of FP on the dynamic switching performance of AlGaN/GaN HEMTs.  

 

In this chapter, measurement results of dynamic Ron for a series of AlGaN/GaN HEMTs 

with essentially the same breakdown voltage but with different FP lengths have been 

discussed. Dramatic reduction in current collapse is presented for the FP device, in which 
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trap-induced increase in the gate-to-drain access resistance is quickly recovered by the field 

effect of positively biased FP electrode. 

 

5.2 Fabrication of devices with field-plate 

The epitaxial structure used in this work was grown by MOCVD on a 4H-SiC substrate. 

It consists of a 500-nm GaN channel, and a 25-nm Al0.25Ga0.75N barrier. Hall-effect 

measurements showed a two-dimensional electron gas (2DEG) density of 1.01×10
13

 cm
-2

 and 

an electron mobility of 1500 cm
2
/Vs.   

 

Figure 5.1 shows the fabrication process of devices with FP electrode. HEMT device 

fabrication began with mesa isolation using BCl3/Cl2-based inductively coupled plasma 

reactive ion etching. Source and drain ohmic contacts were formed by e-beam evaporation of 

Ti/Al/Mo/Au metal stacks, followed by rapid thermal annealing at 850 °C for 30 s in a N2  
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Fig. 5.1. Field-plate structured device process sequence. 

(a) Epi growth and device isolation by ICP with 

BCl3 /Cl2. 

(b) Ohmic metal evaporation by Ti/Al/Mo/Au 

(15/160/35/50nm) and annealed at 850 ºC, 30sec. 

(c) Surface passivation by sputtered SiN.  

(d) Then gate window opening by dry-etching 

with CF4.  

(e) Gate metal and FP electrode evaporation by 

Ni/Au (50/180nm).  
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atmosphere. The contact resistance of 0.34 Ωmm was measured. Devices were then 

passivated with a 200-nm sputter-deposited SiN film. The gate window was opened by dry 

etching of the SiN film, followed by Schottky gate and FP formation with Ni/Au. Figure 5.2 

shows (a) a schematic cross-sectional view and (b) a top view of the fabricated AlGaN/GaN 

HEMTs with FP electrode. The gate length, gate-to-source distance, and gate width were 

fixed at 3, 3, and 100 m, respectively. 

 

DS

GaN (500 nm)

Al0.25Ga0.75N (25 nm)

SiC

G SiN

3 m 3 m 10 m

FP S D

G
25m

(a) (b) WG=100 m

 

Fig. 5.2. (a) Schematic cross-sectional view and (b) top view of the fabricated AlGaN/GaN 

HEMTs with FP electrode. 

 

5.3 Device characteristics 

Essentially the same static characteristics have been measured for devices with and 

without FP electrode, as shown in Fig. 5.3. With a gate-to-drain distance (LGD) of 10 m, the 

maximum drain current defined at gate voltage (VGS) of 1 V was 500 mA/mm and the gate-

to-drain leakage current was 10
-7

 A/mm measured at a bias voltage of 200V. Figure 5.4 

shows static Ron and breakdown voltage as a function of LGD for devices without FP. The off-

state source-to-drain breakdown voltage was defined at a drain current of 0.1 mA/mm, as 

shown in insert. During the measurements, the back side of SiC substrate was kept floating. 

Almost the same dependence of static Ron and breakdown voltage on LGD has been measured  
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Fig. 5.3. Static I-V characteristics of devices (a) without and (b) with FP electrode. 
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Fig. 5.4. Static on-resistance and breakdown voltage as a function of gate-to-drain distance 

(LGD) for AlGaN/GaN HEMTs without field plate. Inset shows breakdown characteristics for 

the device with LGD=10 m. 
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for devices with different FP length (LFP) of 1, 3, and 5 m. Here, to avoid possible 

breakdown between FP and drain, LFP of 1 m was only formed for the device with LGD=5 

m. The static Ron and the breakdown voltage were in the range of 9.5-10.7 Wmm and 700-

740 V, respectively, for devices with LGD=10 m. The linear increase in the breakdown 

voltage, as shown in Fig. 5.4, suggests that the horizontal electric field would not be crowded 

near the gate edge. High density of negative polarization charges (1.1×10
13

 cm
-2

) is located at 

AlGaN surface, which is believed to be much higher than the typical trap charge density 

(orders of 10
12

 cm
-2

). As a result, electric field distribution of the device is mostly governed 

by polarization charge during off state under high drain-to-source bias voltages. Thanks to 

this uniform electric field distribution due to polarization charge at the AlGaN surface, linear 

dependence of breakdown voltage on LGD have been observed, which was suggested by the 

natural super-junction model [11]. The conventional model, based on surface trapping and 

extension of virtual gate, may also explain the increasing tendency of breakdown voltage 

with LGD, but it would not guarantee the excellent linear increase with LGD that have been 

observed between different devices. The fact that the devices with different FP length (LFP=0, 

1, 3, and 5m) showed almost the same breakdown characteristics with respect to LGD 

implies that the virtual gate extension by surface charge trapping during off state does not 

govern the electric field distribution of the device. Therefore, it is reasonable to conclude that 

uniformly distributed negative polarization charges on the AlGaN surface are responsible for 

establishing such field distribution between gate and drain, as suggested by the natural super-

junction model [11]. 

 

Characterization of dynamic Ron was carried out by on-wafer pulsed measurements, 

where the gate voltage was switched from off-state (VGS=-5 V, below the threshold voltage 

of -3.7 V) to on-state (VGS=1 V), while applying a drain bias voltage (VDS) up to 200 V. The 

load resistance (RL) was connected in series with the tested device and was adjusted so that 

Ron was reasonably measured in the linear region, i.e., below 1/4 of the maximum drain 

current. The on-state duration time (ton) and the off-state duration time (toff) were fixed at 1 

s and 10 ms, respectively. To represent the magnitude of current collapse quantitatively, we 

have defined the current collapse, where the Ron value measured at ton=1 s was normalized 
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by its static value. Figure 5.5 shows the current collapse as a function of VDS with VGS=1 V 

for devices without FP electrode. For devices without FP, the normalized dynamic Ron was 

gradually increased from 190 to 320 with increasing LGD from 5 to 20 m. Current collapse 

was increased with increasing VDS. Hence, higher drain bias voltages lead to enhancement of 

trapped electrons [12].  
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Fig. 5.5. Current collapse as a function of off-state drains bias voltage for AlGaN/GaN 

HEMTs without FP electrode. 

 

In power switch applications, high breakdown voltage is required. Devices with longer 

LGD meet the requirement of high breakdown voltages. However, longer LGD devices have 

large current collapse for AlGaN/GaN HEMTs without FP, leading to increase power loss in 

switching devices. Therefore, a trade-off is needed between current collapse and breakdown. 

This is a key challenge for GaN-based power switching devices. Device with FP electrode is 

one of the solutions to solve this issue. Next dynamic behaviors of devices with FP have been 

discussed. 

 



Chapter: 5 Current collapse suppression by gate field-plate 

82 

Figure 5.6 shows measured time-dependent waveforms of the drain current and the drain 

voltage (insert) of devices with and without FP. A constant RL of 15 kW was used at VGS=1 

V and VDS=200 V. Although the drain current waveform exhibited an oscillatory response in 

the early stage (up to 200 ns), our setup was able to stably measure the drain current response 

with a time constant of more than 300 ns. The device without FP exhibited seriously 

degraded drain current response with a long time constant (more than 1 ms), while the drain 

current recovery was much faster for the FP device. The dynamic Ron measured at ton=1 s 

was as large as 2220 Wmm for the device without FP, while that for the FP device (LFP=5 

m) was only 45 Wmm. More interestingly, the drain current recovery became faster as LFP 

was increased, indicating that the gate-FP structure with reasonably long LFP is effective to 

reduce dynamic Ron. 
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Fig. 5.6. Transient drain current of AlGaN/GaN HEMTs with and without FP. Pulsed mode 

is operated with 15 kΩ load line with off-state drain bias voltage of 200 V and on-state gate 

voltage of 1 V. Inset shows transient drain voltage. 

 

5.4 Effect of gate field-plate length 

Figure 5.7 shows the current collapse as a function of off-state VDS for AlGaN/GaN 

HEMTs with different FP length. It is obvious that the dynamic Ron increases with increasing 
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VDS. Note that the current collapse for the FP device is lowered by 1 or 2 orders of magnitude 

compared to the device without FP, demonstrating a primary advantage of FP to suppress 

current collapse. To our knowledge, this is the first report showing experimental evidence of 

current collapse suppression by using gate FP, where the dynamic Ron was compared among 

devices with essentially the same breakdown voltages. Figure 5.8 shows current collapse as a 

function of VDS with different VGS. For the device without FP, the normalized dynamic Ron 

was increased with increasing VDS, approaching more than 200 at VDS=200 V. This behavior 

was almost independent of the on-state VGS between -1 and +1 V. On the other hand, for the 

FP device, VGS dependence was clearly observed, where normalized dynamic Ron was 

significantly reduced by increasing on-state VGS from negative to positive values due to 

generation of capacitively-induced additional channel charge (on the order of 10
11

 cm
-2

) in 

the early stage of on state (up to ton=1 s). Note that the normalized dynamic Ron of the FP 

device with VGS=-1 V is approaching to that for the device without FP, indicating that FP 

electrode becomes less effective on dynamic Ron when on-state VGS was set at negative 

values under high VDS conditions. 
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Fig. 5.7. Current collapse as a function of off-state drain bias voltage for AlGaN/GaN 

HEMTs with different FP length.  
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Fig. 5.8. Current collapse as a function of off-state drain bias voltage for AlGaN/GaN 

HEMTs with different gate bias voltage.  

 

5.5 Mechanism of current collapse suppression 

Figure 5.9 shows the schematic diagram of device operation under on states for 

AlGaN/GaN HEMTs with and without FP. During the off state with VGS=-5 V, both devices 

are considered essentially the same, where channel 2DEG electrons are fully depleted under  
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Fig. 5.9. Schematic diagrams of on state device operation for AlGaN/GaN HEMTs (a) 

without FP and (b) with FP. 
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the gate. Due to strong reverse electric fields between gate and drain during off state, 

electrons are injected from the gate edge as leakage currents and are assumed to be trapped at 

the AlGaN/SiN interface. Those trapped electrons contribute to partly deplete the channel 

2DEG electrons near the gate edge in the drain side. Next the gate voltage is switched to on 

state (VGS=1 V), resulting in quick generation of electron accumulation under the gate. 

However, emission of captured electrons does not occur within a short period of time (i.e., 

less than 1 s). Hence it takes rather a long time before steady state condition is reached for 

the device without FP (see Fig. 5.9 (a)). This is the main reason for causing the current 

collapse. On the other hand, the situation for the FP device is quite different, as shown in Fig. 

5.9 (b). Since the AlGaN surface near the gate is covered with FP, the partial depletion of 

2DEG electrons can be instantly recovered by the field effect of the positively-biased FP 

electrode. Therefore, the recovery of channel electrons is much faster for the FP device, 

leading to more enhanced improvements in dynamic performance during on state with more 

positive gate biases, as shown in Fig. 5.8. 

 

5.6 Summary 

The effect of gate FP on current collapse for a series of AlGaN/GaN HEMTs having 

essentially the same breakdown voltage but with different FP lengths have studied here. By 

applying a more positive on-state gate bias voltage, pronounced recovery in the dynamic on-

resistance was observed for the FP device, whereas no significant gate-bias effects were 

observed for the device without FP. The mechanism responsible for the improved current 

collapse was proposed, where field-effect charge control by FP resulted in the quick recovery 

of partial channel depletion in the gate-to-drain access region. Figure 5.10 shows current 

collapse as function of LGD for AlGaN/GaN HEMTs with different FP length. Although all 

devices with same LGD have almost same breakdown voltage, current collapse suppressed 

more than one order of magnitude by introducing FP electrode. These results indicate that 

current collapse is one of the solutions for suppression of current collapse. 
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Fig. 5.10. Current collapse as a function of LGD for AlGaN/GaN HEMTs with different FP 

length. 
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Chapter 6 

Conclusions  
 

 

Nowadays, AlGaN/GaN high-electron-mobility transistors (HEMTs) are interesting for 

their high-power performance capabilities. However, current collapse, i.e., dispersion of 

drain current or increased dynamic on-resistance (Ron), is the prime issue which limits 

microwave output power and switching performances in AlGaN/GaN HEMTs. Although 

there have been remarkable improvements in growth and device technologies, it is still 

essential to understand mechanism of current collapse and ways to get rid of it. In this work, 

I have been investigated the mechanism of current collapse in AlGaN/GaN HEMTs. We have 

also been proposed a solution for current collapse suppression.  

 

This work has been focused on characterization of the dynamic behavior in AlGaN/GaN 

HEMTs with different passivation films. The maximum drain current was increased by 

around 25% for SiN passivated devices at ton=1 s as compared to its static value, while it 

was reduced by around 56% for Al2O3 passivated devices. The drain current was decreased 

with increasing ton and was increased with increasing toff for SiN passivated devices, while 

Al2O3 passivated devices showed vice versa. The drain current transient was very slow for 

Al2O3 passivated devices, i.e., rather long time (ms order) to reach steady-state condition. 

Interface (insulator/AlGaN) traps are responsible for these slow drain current transient. These 

results indicate that the trap density at Al2O3/AlGaN is comparatively higher than that of 

SiN/AlGaN. Both passivated devices are suffered with buffer associated traps during small 

on-state duration time. 
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The effect of SiN-deposition temperature on dynamic Ron has been investigated. Current 

collapse (i.e., normalized dynamic Ron) was increased with increasing off-state drain bias 

voltage and was decreased with increasing SiN-deposition temperature. It was also decreased 

with increasing post-annealing temperature. These results indicate that the SiN/AlGaN 

interface trap density is reduced with increasing both SiN-deposition and post-annealing 

temperatures. 

 

We have studied the effect of gate FP on current collapse for a series of AlGaN/GaN 

HEMTs having essentially the same breakdown voltage but with different FP lengths. By 

applying a more positive on-state gate bias voltage, pronounced recovery in the dynamic on-

resistance was observed for the FP device, whereas no significant gate-bias effects were 

observed for the device without FP. The mechanism responsible for the improved current 

collapse was proposed, where field-effect charge control by FP resulted in the quick recovery 

of partial channel depletion in the gate-to-drain access region. 

 

The above studies indicate that the current collapse is suppressed by good passivation 

film and longer FP with more positive on-state gate biases in AlGaN/GaN HEMTs for future 

high-power applications. 
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