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Abstract 

 

The aim of this thesis was to create new knowledge for material and device processing effects 

on the performance of novel III-Nitride Heterostructure Field Effect (HFET) transistors using 

either an AlN barrier or InN channel layers. The AlN/GaN heterojunction offers the highest 

polarization discontinuity for GaN two-dimensional electron gas (2DEG) channel transistors, and 

high electron mobility transistor (HEMT) devices can be realized with ultra-shallow channels and 

very high current density.   

In this work, an extensive study of unpassivated HEMTs (with Lg~1 μm) based on thin double 

AlN/GaN/AlN heterostructures with 1 nm GaN cap, directly grown on sapphire subtrates by 

plasma-assisted molecular beam epitaxy (PAMBE) is reported. The analysis is based on dc, pulsed 

and breakdown measurements, which were carried out on the devices for an AlN top barrier 

thickness in the range of 2.2-4.5 nm. The 2DEG density (Ns) varied from 6.8 x 1012 to 2.1 x 1013 

cm-2 as the AlN barrier thickness increased from 2.2 to 4.5 nm and the maximum dc drain-source 

current (Ids) was 1.1 A/mm for AlN barrier thickness of 3.0 and 3.7 nm. The 3.0 nm AlN barrier 

HEMT exhibited the best operation in terms of standard performance metrics such as 

transconductance and off-state breakdown voltage (Vbr). Moreover, the Vbr of the 3.0 nm AlN 

barrier HEMT was more than double (70 V) the value measured for a single AlN/GaN HEMT 

grown on a thick GaN buffer layer, due to improved electron confinement in the 2DEG channel. 

Pulsed measurements were performed with a 500 ns pulse-width and exhibited a current collapse 

varied between 6%–12% and 10%–15% under gate and drain lag conditions, respectively. Small 

positive shifts of threshold voltage (0.2-0.4 V) with negligible reduction of transconductance 

interpreted to suggest small electron trapping predominantly in the layers and interfaces 

underneath the Schottky gate contact. These results suggest that the double heterostructures may 

offer intrinsic advantages for the breakdown and current stability characteristics of high current 

HEMTs. 

AlN/GaN/AlN double heterostructures using a 5-nm-thick GaN quantum well were also tested 

for transistor normally-off operation. The fabricated devices exhibited very low maximum Ids 

currents, ranging between 0.16-0.60 mA/mm, due to very high on-resistances resulting from the 
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absence of 2DEG across the entire source-drain region. These structures may offer promise well 

beyond the established power-related applications and could be useful for digital applications.    

The potential of using in situ SiNx deposition by PAMBE on an AlN/GaN/AlN HEMT structure 

(with 1 nm GaN cap and 3.5 nm AlN top barrier thickness) as a passivation layer and gate 

dielectric, was also investigated. The 5 nm in situ SiNx dielectric resulted in a large increase in Ns, 

exhibiting a value of 3.8 x 1013 cm-2, when compared to a similar structure without SiNx cap, in 

which Ns was 1.9 x 1013 cm-2, suggesting the presence of an additional positive charge at the 

SiNx/GaN cap interface. HEMT devices with ~1 μm gate length exhibited drain-source currents 

directly comparable to the Ns values, being 1.15 and 0.43 A/mm at Vgs = 0 V for SiNx and Schottky-

gate AlN/GaN/AlN HEMTs, respectively. However, the SiNx/AlN/GaN/AlN HEMTs exhibited 

increased gate leakage currents and severe current collapse due to the presence of high interface 

trap state densities. 

To boost performance over GaN-based devices and pave the way for terahertz frequency 

electronics, InN as channel material represents the best candidate due to its unique transport 

properties. SiNx deposited in situ in the PAMBE system could effectively modulate the electron 

concentration and work as a gate dielectric for 2 nm ultrathin InN channel field effect transistors. 

Operation of InN-on-GaN field effect transistors was demonstrated for the first time exhibiting a 

maximum Ids of about 60 mA/mm and a pinch-off voltage of -9.5 V and -15 V for 5 and 10 nm 

thick SiNx, respectively.  

An increase of InN layer thickness, in the 4-10 nm thickness range, could increase significantly 

Ids up to 1.2 A/mm, however, the channel could not fully pinch-off. This was attributed to the 

increased conductivity of the InN layers, caused by the high density of dislocations formed due to 

the large lattice mismatch between InN and GaN. The charge conduction mechanisms of 

Ni/SiNx/InN metal-insulator-semiconductor capacitors were investigated and I-V analysis 

suggested ohmic conduction by hopping at low electric fields, while field emission of electrons 

from trap centers in SiNx located 1.1-1.3 eV below the conduction band was prevailed at high 

electric fields. These results emphasize the use of ultrathin InN layers and the growth optimiza t ion 

of SiNx dielectric and SiNx/InN interface formation as a prerequisite for the development of InN 

channel transistors for ultra-high frequency applications. 
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CHAPTER 1 

Introduction 

 

1.1 III-Nitride semiconductors 

 

Since the emergence of III-Nitride semiconductors (GaN, AlN, InN) and the first reports of GaN-

based field effect transistors in the early 1990s [1,2], the III-Nitride system with direct band gap 

energies from 0.65 to 6.2 eV, which cover the whole visible spectrum (Fig. 1.1), has attracted an 

enormous attention by various academic institutions and industrial laboratories for both optical 

and electronic applications. The large bandgap (except for InN) and the corresponding high 

breakdown electric fields, excellent transport properties and the high thermal stability are the 

primary advantages of the nitrides over other semiconductors. They also exhibit spontaneous and 

piezoelectric polarization along the usual growth axis (the [0001], c-axis), which can result to the 

formation of a two-dimensional electron gas (2DEG) at the heterointerface of two III-Nitride 

layers. Thus, 2DEG structures suitable for fabrication of high electron mobility transistors 

(HEMTs) can be realized, without the introduction of dopants.  

Typically, a thin AlxGa1-xN layer epitaxially grown on Ga-face (0001) GaN results to a 

polarization induced 2DEG at the GaN side of the AlGaN/GaN heterointerface, which is used as 

the channel of GaN HEMTs. The 2DEG density which can reach values in the 1013 cm-2 range, 

well in excess of those observed in other III-V semiconductor systems, can be modified by 

changing the thickness of the AlGaN barrier as well as the Al content (AlN mole fraction, x). 

However, to achieve high frequency operation ultra-scaled devices are needed. This implies a 

decrease of the metallurgical gate length Lg as well as a decrease of the barrier thickness tb to avoid 

short channel effects [3-5] restricting the performance of devices. Short channel effects take the 

form of a degraded drain current modulation by the gate voltage, which causes a negative threshold 

voltage shift resulting from poor confinement of electrons in the channel [4,5]. Typically, an aspect 

ratio Lg/tb ≥ 5 is required [4]; for example, for Lg = 20 nm the barrier thickness should be decreased  
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Figure 1.1.  The bandgap versus lattice constant ‘α’ plot. The color scale for the visible spectrum 

corresponds to the bandgap.   

 

to 4 nm to obtain Lg/tb = 5 and mitigate short channel effects [4]. However, decreasing the AlGaN 

barrier thickness below 10 nm results in a strong decrease on the 2DEG density [6] causing a poor 

device performance.   

To minimize the AlxGa1-xN barrier thickness while achieving a high 2DEG density for GaN 

HEMTs, an ultrathin AlN barrier is an excellent candidate since the net polarization charge at the 

interface, and therefore the possible 2DEG density (ranging between 2 – 6 x 1013 cm-2), is the 

highest that can be achieved for the AlxGa1-xN/GaN heterojunction [7]. On the other hand, 

AlN/GaN heterostructures may exhibit epitaxial growth and fabrication issues due to factors like 

large tensile strain ∼2.4% between the AlN and the underlying GaN layer, strain relaxation and 

surface sensitivity of AlN [7-13]. 

To boost performance over GaN-based devices and pave the way for terahertz frequency 

electronics, InN as channel material may represent the best candidate due to its unique properties 

such as small electron effective mass, very high mobility, and high electron peak velocity (~6 x 

107 cm/s) [14,15] (Fig.1.2). However, several challenges need to be addressed before any high-

speed/frequency InN channel transistors will be developed. Major impediments are related to (a) 

high bulk electron concentration in 1018–1019cm-3 range, (b) Fermi level pinning at the InN surface 
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Figure 1.2.   Electron velocity dependence on the electric field at room temperature in various 

semiconductors. Image taken from ref. [15]. 

 

within the conduction band [16] and formation of a surface electron accumulation layer [16-18], 

(c) large lattice mismatch (>10%) between InN and either GaN or AlN buffer layers, leading to 

immediate strain relaxation by introduction of misfit dislocations [19-21], with the accompanying 

formation of threading dislocations, and (d) electron accumulation at the highly defective 

epilayer/substrate interfaces [17,18].   

1.2 Scope of this work 

Polarization plays an important role in the electrical properties of nitride heterostructures and 

presents many interesting possibilities for the realization of novel device structures. While the 

targeted goal of GaN-based transistors is in high-frequency/high power applications, the scope of 

this work was not to set records in maximum operation frequencies or output power densities. 

Instead, the objective of this research effort was to identify the effects of epitaxial growth, 

heterostructure design and device fabrication processes on the operation characteristics of novel 

HEMT devices, with either AlN barrier or InN channel.  

Chapter 2 presents the essential background of the III-Nitride semiconductor system. GaN-based 

HEMT basic operation is enlightened and brief description of the devices characteristics such as 

transconductance, breakdown and ohmic/Schottky and MIS contacts is provided. Charge 
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conduction mechanisms are also discussed. The chapter concludes with a literature summary 

concerning the Al(Ga)N/GaN system and the InN-based heterostructures background. 

Chapter 3 presents the basic fabrication tools and details regarding the processing steps followed 

in this work; UV lithography, plasma etching, ohmic and gate metallization. The basic electrical 

characterization methods (DC and pulsed I-V, C-V) are also presented.  

In Chapter 4, the potential of thin double AlN/GaN/AlN HEMT heterostructures (∼0.5 μm total 

thickness), with 1 nm GaN cap, and different AlN top barrier thicknesses, directly grown on 

sapphire substrates by plasma-assisted molecular beam epitaxy (PAMBE), is demonstrated. Dc 

and pulsed I–V, C-V and electric breakdown measurements were performed in the fabricated 

devices and the electrical characteristics are analyzed and discussed. AlN/GaN/AlN double 

heterostructures using a 5-nm-thick GaN quantum well were also tested for transistor normally-

off operation. The potential of using in situ SiNx deposition on AlN/GaN/AlN HEMT structures, 

at the end of their growth in the PAMBE reactor, as a passivation layer and gate dielectric, is also 

investigated. Finally, the electrical characteristics of Ni/SiNx/GaN metal-insulator-semiconductor 

capacitors (MISCAPs) with a SiNx dielectric deposited at three different temperatures, 250, 500 

and 700 oC, are evaluated. 

Chapter 5 focuses on the formation and properties of Ni/SiNx/InN MISCAPs and InN MIS-gate 

field effect transistors (MISFETs). SiNx dielectric layers were deposited in-situ in the PAMBE 

system on the surface of thin InN layers, grown on GaN buffer layers. MISCAPs were fabricated 

and the C-V and I-V measurements are presented. The capability of MISCAPs to control the 

electron concentration in the InN layer allowed the successful fabrication and operation of 

MISFET InN transistors in the case of an ultrathin 2 nm InN layer. To further extend this 

evaluation, the effect of InN channel thickness is examined and the charge conduction mechanisms 

are analyzed and discussed for a 4-10 nm InN thickness range. 

Chapter 6 concludes the results obtained in this work and provides suggestions for future 

research. 
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CHAPTER 2 

Fundamentals of III-Nitrides & Device Characteristics 

 

2.1 Polarization physics and the AlN/GaN heterostructure 

 

Polarization in the III-Nitride semiconductor system comprises an attractive characteristic for 

the development of HEMT devices and will be discussed briefly in the following. For an in depth 

analysis of the polarization physics in III-Nitrides, the reader is cited to the book of C. Wood and 

D. Jena [1]. Our studies will be confined to metal (Ga, Al or In)-face (0001) structures, meaning 

that the crystal surface would consist of Ga or Al or In atoms if one cuts the crystal along a plane 

with vertical bonds. The bonds in all III-V and II-VI semiconductors are polar due to the difference 

in the ionicity of the constituent atoms. The wurtzite crystal structure characteristic of III-Nitrides 

results to the existence of a large spontaneous polarization field Psp aligned along the [0001]̅ 

direction. The nonzero Psp exists due to the lower symmetry of the wurtzite crystal structure 

compared to the cubic zinc-blende structure, for which Psp vanishes [1]. To obtain an estimation 

of the magnitude of Psp, the (spontaneous) polarization induced surface charge densities of relaxed 

InN, GaN and AlN crystals, Psp / e (e = -1.602 x 10-19 C), are ~ 1.99 x 1013, 1.81 x 1013 and 5.05 x 

1013 cm−2, respectively (Table 2.1, Fig. 2.1) [2]. These charges are fixed, and are large enough to 

affect significantly the electrical properties of the material at surfaces and interfaces.   

In addition to spontaneous polarization effects, III-Nitrides are also characterized by large 

piezoelectric coefficients and large values of piezoelectric polarization arise when strain is applied 

to the crystal. Lateral expansion or contraction of the films’ crystal results from the strained 

epitaxial growth on a substrate with a different lattice constant, and leads to the generation of a 

piezoelectric polarization field Ppz that can be comparable in magnitude to Psp [1]. Ppz can be 

calculated from  

𝑃𝑝𝑧 = 2
𝑎 − 𝑎0
𝑎0

(𝑒31 − 𝑒33
𝐶13
𝐶33

)                                                                                               (2.1) 

where α0 is the equilibrium in-plane lattice constant, α is the actual lattice constant (strained), e31 

and e33 are the piezoelectric coefficients, and C13, C33 are the elastic constants (Table 2.1). 
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(left) Table 2.1 III-Nitride material properties [1], (right) Fig. 2.1 Predicted spontaneous 

polarization Psp for GaN, AlN and InN showing the corresponding surface polarization charge 

densities Psp/e [1,2]. 

 

The values of C13, C33 and e33 are always positive in wurtzite III-Nitrides, while e31 is always 

negative. This means that (e31 – e33C13/C33) will always be negative. As a result, Ppz in these 

materials is always negative for layers under tensile strain (α>α0) and positive for layers under 

compressive strain (α<α0). Psp is always negative, which means that the polarization vector points 

towards the [0001]̅ direction (the substrate), Psp and Ppz are parallel to each other for tensile strain, 

and in the case of compressive strain the two polarizations are antiparallel [1].  

Since most of the material presented in this work will deal with growth on GaN (0001) buffer 

layers, strain will be referenced to the relaxed lattice of GaN. In the following, the AlN/GaN 

heterojunction will be discussed for the case of a strained AlN layer grown on top of a strain-

relaxed GaN layer, which comprise a significant part of this thesis. In that case, Psp in GaN points 

in the direction shown in Fig. 2.2 towards the substrate and there is an absence of piezoelectr ic 

polarization. The AlN is grown pseudomorphically on GaN and will have an in-plain tensile strain 

ε1 = (αGaN – αAlN) / αAlN > 0 due to its smaller lattice constant α compared to GaN. This results to a 

piezoelectric polarization in the AlN layer in addition to the spontaneous polarization. Utilizing 

the piezoelectric and spontaneous polarization coefficients from ref. [3], for fully strained AlN, 

the polarization sheet charge at the AlN/GaN interface will be:  
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Fig. 2.2 Schematic drawing showing polarization fields in Ga-face strained AlN/GaN 

heterostructures (adapted from Polarization effects in semiconductors- C. Wood and D. Jena., ref. 

[1]). The lattice mismatch causes a biaxial tensile strain, and the thermal mismatch (caused by the 

thermal expansion coefficient difference between the substrate and the epitaxial layer) may result 

a biaxial compressive strain in the growth plane [1].  

 

σ/e = ΔP/e = 1/e[(P(AlN) – P(GaN)]= 1/e{Psp(AlN) + Ppz(AlN)} – (1/e)Psp(GaN) = +6.4 x 1013 /cm2 

As a consequence, free electrons will be attracted by the positive bound sheet charge at the 

AlN/GaN interface, and a 2DEG with a sheet carrier density (Ns) close to the density of the bound 

sheet charge can be formed. In real applications, the surface band bending prevents approaching 

sheet carrier densities as high as 6.4 x 1013 cm-2 for AlN barrier thicknesses up to ~5 nm, which is 

the maximum possible thickness without strain relaxation (formation of microcracks) [4].  

Nowadays it is generally accepted that donor-like surface states play an important role in the 

formation of the 2DEG. The group of U. K. Mishra in 2000 was the first group to point this out 

based on a simple electrostatic analysis in an AlGaN/GaN structure [5]. The sum of the various 

space charges should be zero since the structure as a whole must be charge neutral in the absence 

of an externally applied field. Following Fig. 2.3, the charge components contained in the structure 

are (a) the 2DEG electrons with a charge σn=eNs, (b) polarization-induced charges; σp1 is the total 

(spontaneous plus piezoelectric) polarization charge at the AlGaN edges and σp2 is the polarizat ion  
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Fig. 2.3   Schematic energy band diagram, shown relative to the Fermi level for the AlGaN/GaN 

heterostructure where the 2DEG channel of the HEMT can be approximately characterized by a 

triangular potential well. Charges associated with each interface are also indicated. 

            

charge at the GaN buffer edges, (c) charge σs1 due to ionized surface states, and (d) σs2 is the 

magnitude of the negative charge at the bottom buffer interface. The polarization- induced charges, 

by their nature, form a dipole whose net contribution to the total space charge is zero.  

If the bottom buffer interface is neglected, since in well-designed field effect transistors the 

buffer (bulk) charge should be as small as possible, the following charge neutrality equation can 

be obtained 

           σs1 – eNs = 0                                                                                                                 (2.2) 

The above equation implies that a positive surface charge must exist due to electron transfer from 

donor-like surface states into empty states in the GaN that are lower in energy [5]. Now considering 

the conduction band profile (Fig. 2.3), by applying Gauss’ law at the heterointerface a relationship 

between the fields in each layer to the interface charges is given by [6,7] 

εGaN𝐸GaN + 𝜀𝐴𝑙𝐺𝑎𝑁𝐸𝐴𝑙𝐺𝑎𝑁  = σp1  – σp2 – σn                                                                                    (2.3) 
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where εGaN and εΑlGaN are the permittivity of the buffer and barrier respectively, and 𝐸GaN, 𝐸AlGaN 

are the electric fields. Similarly, by assuming zero field outside the structure, the positive surface 

charge σs1 is related to the field in the barrier by [6,7]:   

−𝜀𝐴𝑙𝐺𝑎𝑁𝐸𝐴𝑙𝐺𝑎𝑁 = 𝜎𝑆1 − 𝜎𝑝1                                                                                                                                                                 (2.4) 

Also, from the equilibrium band diagram of the structure another equation for 𝐸AlGaN can 

obtained: [1,7] 

𝛷𝛣 − 𝑒𝐸𝐴𝑙𝐺𝑎𝑁𝑑𝐴𝑙𝐺𝑎𝑁 − 𝛥𝛦𝑐 + 𝛥 = 0                                                                                     (2.5) 

Δ is the magnitude of the depth of the quantum well in the conduction band below the Fermi level, 

which is determined by the electron density in the well [6,7], ΦB is the metal/AlGaN Schottky 

barrier height (or the surface potential), ΔΕc is the AlGaN/GaN conduction band offset and dAlGaN 

is the thickness of the AlGaN layer.  

From Eq. (2.5), the electric field in the barrier is 

𝐸𝐴𝑙𝐺𝑎𝑁 =
𝛷𝛣 −𝛥𝛦𝑐 +𝛥

𝑒𝑑
                                                                                                                     (2.6) 

The field in the buffer can be approximated by 

𝐸𝐺𝑎𝑁𝑑𝐺𝑎𝑁 = 𝛷                                                                                                                    (2.7) 

where Φ is the potential difference along the buffer layer. 

By substituting Eq. (2.6, 2.7) in Eq. (2.3) it is derived that 

𝜎𝑛 = 𝜎𝑝1 −𝜎𝑝2 − 𝜀𝐴𝑙𝐺𝑎𝑁 (
𝛷𝛣 −𝛥𝛦𝑐 +𝛥

𝑒𝑑𝐴𝑙𝐺𝑎𝑁
) − 𝜀𝐺𝑎𝑁

𝛷

𝑑𝐺𝑎𝑁
                                                          (2.8) 

In Eq. (2.8), the last term that corresponds to the depletion term from the buffer can be neglected, 

since the buffer layer is typically much thicker than the barrier (dGaN>>dAlGaN). Taking into account 

that σn=eNs, Eq. (2.8) results in the widely cited equation reported by Ambacher et al [3] 

𝑵𝒔 =
𝝈𝒑𝟏 − 𝝈𝒑𝟐

𝒆
−
𝜺𝑨𝒍𝑮𝒂𝑵
𝒅𝒆𝟐

(𝜱𝜝 − 𝜟𝜠𝒄+ 𝜟)                                                                               (𝟐.𝟗) 
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Thus, from the above discussion it is concluded that Ns increases with thickness of the AlGaN 

barrier according to the interplay between Fermi level, occupied surface states, and the 

AlGaN/GaN conduction band discontinuity.                                                   

2.2 AlN/GaN HEMT device characteristics 

AlN/GaN HEMTs are excellent candidates for high frequency and high-power switching 

applications due to the extremely shallow channel with very high electron density and gate 

capacitance, enabling very high drive current (J=eNs𝑣𝑒) and transconductance (gm ~ 𝑣𝑠𝑎𝑡Cgs) [8]. 

The high electron mobility and 2DEG density in these structures yield a high Nsμ product which 

contributes to a low on-state resistance Ron [1]. At the same time, the wide band gap of GaN makes 

the breakdown voltage of III-nitride based devices generally higher than analogous devices of the 

same size fabricated with Si or classical III-V semiconductors. 

2.2.1 Scattering effects and mobility 

In any semiconductors, electrons are accelerated by an electric field and achieve an average 

velocity determined by the carrier scattering effects [1]. Mobility is a key parameter in the 

operation of electronic devices used to characterize the microscopic quality of the semiconductor 

layers. The low field mobility (μ) is defined as the proportionality constant in the average carrier 

velocity (𝑣𝑑) versus electric field (E) relationship: 

             𝑣𝑑 = 𝜇 𝐸                                                                                                                                   (2.10) 

In high electric fields, Eq. 2.10 is invalid since the velocity at a specific lateral electric field 

within the HEMT channel approaches a constant value known as the saturated drift velocity (Fig.  

2.4) [1]. This property arises from various scattering effects within the crystal. When the electric 

field achieves such a level that scattering prohibits further increase in velocity at higher fields, 

velocity saturation occurs [1]. 

Figure 2.4 shows the structure of the AlN/GaN HEMT and the electric field directed along the 

channel E(x) during typical device operation [1]. The integrated area under the electric field plot 

equals to the drain-source (symbols: d, s, respectively) applied voltage, −∫ 𝐸(𝑥)𝑑𝑥 = 𝑉𝑑𝑠
𝑑

𝑠
 [1]. 

Since usually the drain contact is biased while the source is grounded, the electric field is non-  



14 
 

 

Fig. 2.4   AlN/GaN HEMT structure and the electric field along the channel under typical HEMT 

operation. The integrated area under the electric field plot equals to the drain-source applied 

voltage, −∫ 𝐸(𝑥)𝑑𝑥 = 𝑉𝑑𝑠
𝑑

𝑠
 (adapted from Polarization effects in semiconductors - C. Wood and 

D. Jena., ref. [1]). 

 

uniform and it peaks at the gate side towards the drain [1]. Under typical device operation, the 

field in this regime exceeds the field beyond which the electron velocity saturates, Esat (Fig. 2.4) 

[1]. Even in this situation, which occurs at high bias conditions, a major fraction of the channel 

has an electric field lower than the saturationfield, where the electron velocity 𝑣(𝑥) is linear ly 

related to the field through the relationship 𝑣(𝑥) = 𝜇𝛦(𝑥). The source-access region (the region 

between source and gate) is an unwanted series resistance which slows the HEMT operation and 

the resistivity of this region is limited by the Nsμ product [1]. Therefore, the electrons transport 

through a part of the channel is always mobility limited, as shown in Fig. 2.4.  

A high electron mobility is of great importance for obtaining high speed devices. The AlN/GaN 

heterostructure, as a binary junction, eliminates disordered alloy scattering [1] which is present in 

the case of an AlxGa1−xN barrier, and therefore greatly benefits the 2DEG low-field mobility [9]. 

However, a number of scattering mechanisms exists for AlN/GaN HEMTs limiting the 

conductivity. Coulombic scattering can occur due to charged dislocations and remote (surface) 

charged states (Nsurf ~ Ns by charge neutrality) [9]. At room temperature, scattering from polar 
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optical phonons dominates over all other scattering processes and interface roughness scattering 

has been found to be dominant at low temperatures [9]. 

2.2.2 Current-voltage relationship of HEMT 

In an AlN/GaN HEMT the electrons flowing between the source and drain ohmic contacts, 

through the highly conductive 2DEG channel, are controlled by the Schottky gate contact. A 

schematic drawing of the AlN/GaN HEMT is shown in Fig 2.4. When a voltage Vds is applied to 

the drain electrode with the source electrode grounded, a current Ids, whose magnitude depends on 

the total resistivity of the 2DEG channel, flows between the two electrodes. The gate electrode, by 

acting on the 2DEG density below it with the application of voltage Vgs, modulates the channel 

resistivity and thus Ids. Typically, the gate is placed asymmetrically and shifted away from the 

drain side to obtain low source resistance, Rs, and reduce the peak of the electric field which occurs 

at the gate end towards the drain at high Vds values [1], and can have detrimental effects on the 

devices breakdown characteristics. 

Keeping in mind that the drain current Ids must be constant throughout the channel and if we do 

not consider any field dependence of μ, to simplify analysis for a basic understanding of the 

current-voltage characteristics, Ids may expressed by [1] 

𝐼𝑑𝑠 = 𝜎𝑛(𝑥)𝑊𝑣(𝑥) = 𝜎𝑛(𝑥)𝑊𝐸(𝑥)𝜇                                                                                   (2.11) 

where x is the direction along the channel, 𝜎𝑛(𝑥)=𝑒𝑁𝑠(𝑥) is the 2DEG charge per unit area, 𝑣 is 

the velocity, W is the gate width. For long channel transistors (long gate length) and/or for very 

small Vds we can assume that the channel voltage V(x) varies along the channel, from 0 to Vds. Ns 

is a function of the distance x, along the channel, and thus [1]:  

𝜎𝑛(𝑥) = 𝑒𝑁𝑠(𝑥) =
𝜀

𝑑 + 𝛥𝑑
{(𝑉𝑔𝑠 −𝑉𝑡ℎ − 𝑉(𝑥)}                                                                      (2.12) 

where d is the barrier thickness and Δd is the effective distance of the 2DEG from the 

heterointerface. With the contribution of Eq. 2.12, Eq. 2.11 becomes 

𝐼𝑑𝑠 =
𝑊𝜀𝐸(𝑥)𝜇

𝑑 + 𝛥𝑑
{(𝑉𝑔𝑠 − 𝑉𝑡ℎ − 𝑉(𝑥)}                                                                                          (2.13) 
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Considering that 𝐸(𝑥) =  𝑑𝑉(𝑥)/𝑑𝑥 Eq. 2.13 is given by [1] 

𝐼𝑑𝑠 =
𝑊𝜀𝜇

𝑑 + 𝛥𝑑
{(𝑉𝑔𝑠 − 𝑉𝑡ℎ − 𝑉(𝑥)}𝑑𝑉(𝑥)/𝑑𝑥                                                                          (2.14) 

By integrating this equation over the gate length Lg, from the source to the drain, and keeping in 

mind that V(x=0)=0;V(x=Lg)=Vds we obtain a relation between Ids and Vds :        

𝐼𝑑𝑠 =
𝑊𝜀𝜇

𝐿𝑔(𝑑 + 𝛥𝑑)
[(𝑉𝑔𝑠 − 𝑉𝑡ℎ)𝑉𝑑𝑠 −

𝑉𝑑𝑠
2

2
] = 𝛽𝑑[𝑉𝑔𝑒𝑓𝑓𝑉𝑑𝑠   −

𝑉𝑑𝑠
2

2
]                                          (2.15) 

where   𝑉𝑔𝑒𝑓𝑓 = 𝑉𝑔𝑠 −𝑉𝑡ℎ  and   𝛽𝑑 =
𝜇𝑊𝜀

𝐿𝑔𝑑
 

In a field effect transistor, Vds produces a lateral field. The current saturates when Vds is increased 

to the point where the field in the channel exceeds its critical value thereby causing the velocity to 

saturate [1]. In the saturation region the drain current is given by:  

𝐼𝑑𝑠𝑠 = 𝑒𝑊𝑣𝑠𝑎𝑡𝑁𝑠 =
𝜀𝑊𝑣𝑠𝑎𝑡
𝑑 + 𝛥𝑑

(𝑉𝑔𝑠 −𝑉𝑡ℎ − 𝑉𝑑𝑠𝑠) = 𝛽𝑑𝑉0(𝑉𝑔𝑒𝑓𝑓 − 𝑉𝑑𝑠𝑠)                               (2.16) 

where Vdss is the saturation drain voltage, Idss is the saturation current, V0 = 𝑣𝑠𝑎𝑡Lg/μ, and 𝑣𝑠𝑎𝑡  the 

saturation velocity. For AlGa/GaN devices ∆d can be neglected because the maximum of the 

2DEG is typically 2-4 nm from the interface, which is smaller than the thickness of the barrier 

layer, typically greater than 20 nm [1]. However, this is not valid in the case of AlN/GaN HEMTs.  

The above analysis is known as the two-piece model, implying that an abrupt transition occurs 

from the constant mobility region to the constant velocity region [1], where μ assumed to be 

constant and independent of the electric field E. At high electric fields, carriers fail to follow this 

model due to the velocity saturation effect [1].  A more precise analysis of the HEMT operation 

can be obtained if a smoother transition is assumed allowing the use of a phenomenologica l 

velocity-field relationship. In this approach, the peak in the velocity-field plot is neglected and Si-

like velocity-field characteristics are assumed [1]. In that case: 

𝑣 =
𝜇𝛦(𝑥)

1 + 𝜇𝐸(𝑥)/𝑣𝑠𝑎𝑡
= 

𝜇𝛦(𝑥)

1 + 𝐸(𝑥)/𝐸𝑐
                                                                                               (2.17) 

where μ the low field mobility and Εc = 𝑣𝑠𝑎𝑡 /μ is the electric field in the saturation point.  
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By using: 

𝐼𝑑𝑠 =
𝑊𝜀𝑣(𝑥)

𝑑
(𝑉𝑔 −𝑉𝑡ℎ − 𝑉(𝑥))                                                                                                      (2.18) 

and by substituting Eq. 2.17 in Eq. 2.18: 

𝐼𝑑𝑠 =
𝑊𝜀𝜇𝑣𝑠𝑎𝑡

𝑑
[

𝑑𝑉(𝑥)
𝑑𝑥

𝑣𝑠𝑎𝑡 +
𝜇𝑑𝑉(𝑥)
𝑑𝑥

{𝑉𝑔 − 𝑉𝑡ℎ − 𝑉(𝑥)}]                                                                    (2.19) 

By integrating Eq. 2.19 from the source end (x=0) of the channel to the drain end (x=L): 

𝐼𝑑𝑠 =
𝑊𝜀𝜇𝑣𝑠𝑎𝑡

𝑑
[
𝑉𝑔𝑒𝑓𝑓𝑉𝑑𝑠 −

𝑉𝑑𝑠
2

2
𝑣𝑠𝑎𝑡𝐿𝑔 +𝜇𝑉𝑑𝑠

] =
1

1 +
𝜇𝑉𝑑𝑠
𝑣𝑠𝑎𝑡𝐿𝑔

{
𝜇𝑊

𝐿𝑔

𝜀

𝑑
[(𝑉𝑔 − 𝑉𝑡ℎ)𝑉𝑑𝑠 −

𝑉𝑑𝑠
2

2
]}                   (2.20) 

It can be noticed that for large values of Lg or small values of Vds or when the saturation velocity 

approaches infinity, Eq. 2.20 is simplified to Eq. 2.15 which is valid when the mobility is constant 

and for long channel transistors (Lg>1 μm). For short channel devices (small gate lengths) the 

current is smaller than what would be expected due to the velocity saturation effect. 

When the transistor operates as an amplifier, an estimation of the maximum power density can 

be obtained through the relationship [1] Pmax = Imax * (Vbr – Vknee)/8, where Vbr is the breakdown 

voltage and Imax and Vknee are the maximum current density and the knee voltage values, 

respectively, based on the values measured at DC (Fig. 2.5). Thus, a high power density is obtained 

if Vbr is high and if the on-resistance is minimized in order to have a low Vknee value. It is noted 

that a high Ns value is also desirable because it translates to a high Imax. 



18 
 

 

Fig. 2.5   Schematic of Ids-Vds characteristics of a HEMT with basic parameters defined in the 

graph. The maximum output current Imax, the knee voltage Vknee and the breakdown voltage Vbr 

may be used to estimate the maximum output power Pmax when the transistor operates as an 

amplifier.  

    

2.2.3 Transconductance and parasitic resistance 

The transconductance is an important parameter in HEMTs and is defined by gm = ∂Ids / ∂Vgs at 

a fixed value of Vds. The extrinsic (measured) gm(ext) is always smaller than the intrins ic 

transonductance gm(int) due to the effect of source series resistance [10] as explained in the 

following. Suppose that the HEMT has a parasitic source-drain series resistance Rsd=Rs+Rd where 

Rs = Rc + Rs(a), Rd = Rc + Rd(a), Rc is the contact resistance of the source/drain electrode and Rs(a), 

Rd(a) are the access resistances of the gate-to-source and gate-to-drain channel regions, 

respectively. The differential of the drain-source current dIds is given by [10] 

𝑑𝐼𝑑𝑠 = (
𝜕𝐼𝑑𝑠
𝜕𝑉𝑔𝑠

′
)|𝑉𝑑𝑠

′ 𝑑𝑉𝑔𝑠
′ +(

𝜕𝐼𝑑𝑠
𝜕𝑉𝑑𝑠

′ ) |𝑉𝑔𝑠
′ 𝑑𝑉𝑑𝑠

′ = 𝑔𝑚(𝑖𝑛𝑡)𝑑𝑉𝑔𝑠
′ +𝑔𝑑(𝑖𝑛𝑡)𝑑𝑉𝑑𝑠

′                             (2.21) 

where 𝑔𝑑(𝑖𝑛𝑡) =
𝜕𝐼𝑑𝑠

𝜕𝑉𝑑𝑠
′   is by definition the intrinsic drain conductance and 𝑉𝑔𝑠

′  , 𝑉𝑑𝑠
′  are the internal 

effective voltages: 

𝑉𝑑𝑠
′ = 𝑉𝑑𝑠 − 𝑅𝑠𝑑 𝐼𝑑𝑠                                                                                                                             (2.22) 
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𝑉𝑔𝑠
′ = 𝑉𝑔𝑠 − 𝑅𝑠𝐼𝑑𝑠                                                                                                                                   (2.23) 

At constant Vds (i.e., dVds=0)  

𝑑𝑉𝑑𝑠
′ = −𝑅𝑠𝑑𝑑𝐼𝑑𝑠                                                                                                                                  (2.24)   

𝑑𝑉𝑔𝑠
′ = 𝑑𝑉𝑔𝑠 −𝑅𝑠𝑑𝐼𝑑𝑠                                                                                                                           (2.25)  

By substituting Eqs. (2.24) and (2.25) into Eq. (2.21)  

𝒈𝒎(𝒊𝒏𝒕) =
(𝟏+ 𝑹𝒔𝒅𝒈𝒅(𝒊𝒏𝒕))𝒈𝒎(𝒆𝒙𝒕)

𝟏 − 𝑹𝒔𝒈𝒎(𝒆𝒙𝒕)
                                                                                                 (2. 26) 

where the extrinsic (measured) transconductance is  

𝑔𝑚(𝑒𝑥𝑡) = (
𝜕𝐼𝑑𝑠
𝜕𝑉𝑔𝑠

) |𝑉𝑑𝑠  

Similarly, it can be shown [10] that  

𝑔𝑑(𝑖𝑛𝑡) =
(1 + 𝑅𝑠𝑔𝑚(𝑖𝑛𝑡))𝑔𝑑(𝑒𝑥𝑡)

1 − 𝑅𝑠𝑑𝑔𝑑(𝑒𝑥𝑡)
                                                                                                      (2.27) 

where   𝑔𝑑(𝑒𝑥𝑡) = (
𝜕𝐼𝑑𝑠

𝜕𝑉𝑑𝑠
) |𝑉𝑔𝑠     is the measured (extrinsic) drain conductance. 

When the measured drain conductance gd(ext) becomes zero (in saturation), Eq. (2.26) yields 

𝒈𝒎(𝒊𝒏𝒕) =
𝒈𝒎(𝒆𝒙𝒕)

𝟏 −𝑹𝒔𝒈𝒎(𝒆𝒙𝒕)
                                                                                                                 (2. 28) 

Typically, in GaN-based devices Rc>>Ra(s) [11] which means Rs≈Rc. This approximation has a 

higher validity in AlN/GaN HEMTs due to the very low sheet resistances and high contact 

resistances in these devices [11]. Moreover, gm(ext) can be expressed as follows [11] 

𝑔𝑚(𝑒𝑥𝑡) =
𝜕𝐼𝑑𝑠
𝜕𝑉𝑔𝑠

=
𝜕

𝜕𝑉𝑔𝑠
(𝑒𝑁𝑠𝑣) = 𝑒 (𝑣

𝜕𝑁𝑠
𝜕𝑉𝑔𝑠

+𝑁𝑠
𝜕𝑣

𝜕𝑉𝑔𝑠
)                                                           (2.29) 
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By taking into account that σn=eNs=CgV it can be obtained that e∂Ns/∂V=Cg, where Cg is the 

“intrinsic” gate capacitance. Therefore, in the velocity saturation region, the transconductance is 

directly proportional to the gate capacitance and is given by: 

𝑔𝑚 = 𝑒𝑣𝑠𝑎𝑡
𝜕𝑁𝑠
𝜕𝑉𝑔𝑠

= 𝑒𝑣𝑠𝑎𝑡𝐶𝑔                                                                                                             (2.30) 

Transconductance has a strong dependence on the gate voltage, as will be demonstrated in 

chapter 4. It has been proposed that the non-linear increase in the differential source access 

resistance (defined as dVgs/Ids) is the cause for the decrease in transconductance with increase in 

drain current (or equivalently, when increasing the gate voltage) [12]. Palacios et al. [12] showed, 

by simulating the electric field in the source access region for different gate voltages, that an early 

or “quasi-saturation” occurs in nitride-based structures that causes a reduction in the electron 

mobility which translates into an increase in the differential access resistance [12]. The origin for 

the quasi-saturation in the electron velocity profile is generally related to the high optical phonon 

energy in nitride-based semiconductors, which is much lower in other semiconductors, like Si or 

GaAs, and this early saturation cannot be distinguished from the standard saturation [12]. 

2.2.4 Breakdown voltage 

Many different physical effects are limiting the power performance of GaN-based HEMTs. The 

most important GaN-related breakdown mechanisms have been discussed in detail in the book of 

F. Medjdoub and K. Iniewski [13]. The breakdown voltage of GaN devices is usually defined as 

the voltage level at which the drain current of pinched-off transistors exceeds a normalized value 

of 1mA per millimeter of device width [13]. Vbr depends on many parameters, such as the epitaxia l 

design of the buffer layer, its material quality and the lateral geometrical design of the devices. 

Specifically, short gate lengths and short gate-drain distances reduce Vbr as a consequence of the 

increase of the peak electric field at the drain side of the gate [13]. Thus, transistors designed for 

operation at high frequencies (which require short gate lengths) can reach lower power densities 

when compared to the ones operating at lower frequencies [13]. Usually, the maximum operation 

voltage is limited by excessive gate or drain leakage currents, which may origin from several 

technological issues. Leakage current originating from the gate usually concerns leakage through 

the Al(Ga)N barrier [13,14], strain-induced leakage [13,15] and/or surface leakage, which may be  
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Fig. 2.6   Energy-band diagrams of metal-semiconductor contact for n-type semiconductor, for 

the case ΦΜ<ΦS where an ohmic contact is formed. (a) corresponds to separate metal and 

semiconductor, while (b) gives the thermal equilibrium energy band diagram.  

 

introduced when a passivation layer is adopted to alleviate the surface-state-induced current 

collapse problem [13,16]. The punch-through short channel effect [13,17] can substantia l ly 

increase subthreshold leakage current. In this case, even at low drain voltages and closed-channe l 

conditions, electrons are bypassing the gate control region via the buffer [13,17,18]. In standard 

GaN devices, where a GaN buffer layer is adopted, there is an insufficient confinement to the 

bottom side which may give rise to this punch-through phenomenon. If high leakage paths are 

suppressed through proper technological advancements, the breakdown voltage of GaN-based 

HEMTs scales with increasing gate to drain distance, dgd [13]. Therefore, dgd defines the highest 

HEMT voltage operation.  

2.2.5 Ohmic and Schottky contacts 

           

        a)   Ohmic contacts 

By definition, an ohmic contact is defined as a metal-semiconductor contact that has a negligib le 

junction resistance relative to the total resistance of the semiconductor device [19]. The work 

function Φ of a crystal is defined as the energy required to remove an electron from the Fermi level 

to the vacuum level Ε0, respectively. In the case of n-type semiconductor, and for an ideal ohmic 

contact, the work function of the semiconductor should be greater than the work function of the 

metal (ΦS > ΦM) (Fig. 2.6). 
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Fig. 2.7   Total resistance RT  plot with TLM pad spacing for an AlN/GaN HEMT structure. Inset 

shows an optical microscope image of a TLM pattern. 

 

The transmission line model (TLM) method is commonly used to assess the quality of the ohmic 

contacts, as well as the electrical properties of the structure [20]. An optical microscope image of 

a TLM test pattern is shown in the inset of Fig. 2.7. It consists of rectangular metal contact pads 

with increasing spacing between them, L, while W is the contact pad width, d is the contact pad 

length. The total resistance, RT , is given by [20] 

𝑅𝑇 =
2𝑅𝑠ℎ1𝐿𝑇
𝑊

 + 𝑅𝑠ℎ2
𝐿

𝑊
= 2𝑅𝑐 +𝑅𝑠ℎ2

𝐿

𝑊
                                                                               (2.31) 

where Rc is the contact resistance, Rsh1 and Rsh2 the semiconductor sheet resistance under the 

contact pads and between the contact pads, respectively, and LT  is the transfer length which refers 

to the distance across which most of the current transfers into the contact pads from the 

semiconductor and vice versa [20]. By the assumption that the deposition of the metal does not 

change the sheet resistance of the semiconductor: Rsh1=Rsh2=Rsh, Eq. 2.31 becomes 

𝑅𝑇 =
2𝑅𝑠ℎ𝐿𝑇
𝑊

 + 𝑅𝑠ℎ
𝐿

𝑊
= 2𝑅𝑐 +𝑅𝑠ℎ

𝐿

𝑊
                                                                                       (2.32) 
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where Rc = RshLT/W. By plotting RT  as a function of L, a linear fit to the data can be obtained as 

shown in Fig. 2.7. The slope of the line gives the value of Rsh/W and the intercept with y-axis gives 

the value of 2Rc. It should be noted that the value of Rc is independent of the contact length d, and 

only depends on its width i.e. only on the dimension perpendicular to the current flow. In order to 

normalize the contact resistance, the value of Rc is multiplied with W to obtain a value in Ohm.mm.  

As far as it concerns the contact metal scheme in Al(Ga)N/GaN structures, the most popular 

metallization is based on the Ti/Al/Ni/Au system [21-23]. The first explanation for the formation 

of ohmic contact on Al(Ga)N or GaN by annealing a Ti/Al/Ni/Au metallization is based on the 

formation of a TiN alloy at the interface, which leaves in the III-Nitride an excess of N-vacancies 

that provide a highly n-doped region underneath the metal contact [21-23]. Al reacts with Ti and 

forms an Al3Ti layer that prevents oxidation of the underlying Ti metal [23] and helps in contact 

formation. It also reacts with the semiconductor to form AlN, resulting in N vacancies, which 

contribute to the increase of n-type doping in the underlying semiconductor, enabling electrons to 

tunnel easily to the 2DEG [24].   

The second explanation of ohmic contact formation with Ti/Al/Ni/Au deposition approaches the 

subject from the standpoint of differences in work functions between the metal and semiconductor 

[21]. Taking into account that the work function of GaN is 4.1 eV, very close to that of Al, the Al-

containing contacts should be ohmic due to the low barrier between the two materials. Researchers 

in the recent years, supported the first explanation since cross sectional TEM has shown the 

formation of TiN alloyed layers and spiking at the contact-semiconductor annealed interface [25, 

26].  

Ni (or Pt, Ti, Mo) is used to avoid the Au indiffusion and the Al outdiffusion and the intermixing 

between Al and Au, and Au is used to protect from oxidation the Ti and Al metals during high 

annealing temperatures and to improve the ohmic contacts conductivity [27].  

While the metallization combination is important, another issue in ohmic contact formation is 

the thickness of the AlN barrier the metal stack should penetrate during annealing. In Ga-polar III-

Nitrides the thickness of the barrier is proportional to the 2DEG density. This means that the barrier 

must be thick enough to create the 2DEG, and on the other hand at the same time the barrier should 

be thin enough for sufficient metal diffusion to occur at high annealing temperatures to contact the  
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Fig. 2.8   Energy-band diagrams of metal-semiconductor contact for n-type semiconductor, for 

the case ΦΜ>ΦS where a Schottky contact is formed. (a) corresponds to separate metal and 

semiconductor, while (b) gives the thermal equilibrium energy band diagram.  

 

2DEG [11]. In the case of AlN, the barrier is much thinner than AlGaN but it also has a much 

wider bandgap (stronger atomic bonds) making the anneal-diffusion of the contact metals a more 

difficult case. 

b) Schottky contacts 

The Schottky contact, the gate electrode in HEMT, is formed when a metal with work function 

greater than the semiconductor (ΦM > ΦS) contacts the respective semiconductor as shown in Fig. 

2.8. Unlike the case of ohmic contacts, the gate metals are not annealed in order to form the barrier.  

Under equilibrium, a barrier height, ΦB=ΦΜ-X, according to the ideal theory, forms for electrons 

to flow from metal to semiconductor. Thus, the barrier height depends both on the metal work 

function as well as on the electron affinity X of the semiconductor. A high ΦΒ associated with a 

low reverse leakage current is an essential condition for high power radio frequency applications. 

The commonly used metal combination for Schottky contacts in Al(Ga)N/GaN HEMTs is a Ni/Au 

metal stack due to the highest work function (~5.15 eV) compared to other metals. The electron 

affinity, X, of AlxGa1−xN decreases with increasing Al content (mole fraction x) [28]. Therefore, 

the barrier height of a metal on (Al)GaN should increase with increasing Al content of the barrier 

layer. However, the Schottky barrier in III-Nitrides, as it is usually for many semiconductors, is 

mainly defined by Fermi level pinning at the surface due to a high density of surface states [6]. In 

the presence of Fermi-level pinning, the barrier height is given by ΦB=S(ΦΜ- Φs) + (Φs – X), where 
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S is the pinning factor (0<S<1) and Φs is the pinning energy at the semiconductor surface in 

reference to the vacuum level [29]. S=0 describes the case of strong pinning, while S=1 denotes 

the absence of pinning. The Fermi level pinning typically results in a fixed ΦB, independent of the 

used gate metal.  

The low conductivity of AlN layers and the formation of 2DEG complicates the analysis of I-V 

measurements for the extraction of Schottky barrier height on AlN. In AlN/GaN structures the 

analysis of the I-V curve is inadequate since the leakage current consists not only of thermionic 

emission current but also of tunneling and/or other residual leakage currents [29,30]. Up to now, 

there are no reports on measured Schottky barrier heights of AlN/GaN structures. A surface 

potential (or surface barrier height, given by the position of the surface Fermi level, relatively to 

the conduction band minimum) of ~1.9 eV, independent of the AlN barrier layer thickness, has 

been reported [30] which is an evidence of Fermi level pinning; however, the Schottky barrier may 

be different than the barrier on the free AlN surface [30]. Non-published experimental results in 

our lab for Al-rich AlGaN and InAlN compounds suggest a Schottky barrier height close to 3.0 

eV. This barrier height has been assumed in charge control modeling of the AlN/GaN HEMT 

structures by self-consistent solution of the Poisson and Schrodinger equations and resulted to a 

good agreement with the experimental measured Ns of the 2DEG. 

2.3 Metal-Insulator-Semiconductor Capacitors 

 

A brief analysis on the characteristics and operation of the metal-insulator-semiconduc tor 

capacitor (MISCAP), for an ideal n-type semiconductor (n≈Nd, Nd is the doping carrier 

concentration), will be followed, which is the most useful device in the study of semiconductor 

surfaces. A comprehensive and in-depth analysis of the MOS capacitor can be found in many well 

respected texts [19,31,32].  

2.3.1 Ideal MIS Capacitor 
 

The ideal MISCAP is shown in Fig. 2.9 and has the following characteristics [19]: (a) The only 

charges that are present in the structure under any applied bias are those in the semiconductor and 

those on the metal surface adjacent to the insulator, with an equal but opposite sign; this means 

that it is assumed that no interface trap nor any kind of oxide charge exists; (b) When a dc bias is  
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Fig. 2.9   Energy-band diagram of ideal MIS capacitor at equilibrium (V= 0) for n-type semi-  

conductor. The difference between the metal work function ΦΜ and the semiconductor work 

function was assumed to be zero (ΦMS= 0). Adapted from Physics of semiconductor devices - S.M. 

Sze (ref. [19]). 

 

applied, there is no carrier transport through the insulator or the resistivity of the insulator is 

infinite. The difference between ΦΜ and the semiconductor work function ΦΜS (or ideal flat band 

voltage VFB) is given by [19] (Fig. 2.9): 

𝛷𝑀𝑆 = 𝛷𝛭 − (𝛸 +
𝛦𝐺
2𝑞

−𝜑𝛣) =    𝛷𝛭 − [𝑋 + (
𝛦𝐶 − 𝛦𝐹

𝑞
)]                                                         (2.33) 

where φB is the bulk potential given by [19] 

EF - Ei = kTln(Nd/ni) = qφB                                                                                                           (2.34) 

ni is the semiconductor intrinsic carrier concentration (for GaN ni=2 x 10-10 cm-3). Ei is the intrins ic 

Fermi level which is always parallel to both Ec and Ev, everywhere in the semiconductor. Now, if 

a positive voltage (V > 0) is applied to the metal plate, the conduction-band edge Ec, bends 

downwards near the surface and is closer to the Fermi level (Fig. 2.10). For an ideal MISCAP, no 

current flows in the structure (or dEF/dx = 0), so EF remains flat in the semiconductor [19]. 

Since the carrier density depends exponentially on the energy difference (Ec – EF), this band 

bending causes an accumulation of electrons near the semiconductor surface. This is the 

accumulation condition. In the depletion case, when a negative voltage (V<0) is applied, the bands  
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Fig. 2.10    Energy-band diagrams for an ideal MIS capacitor. (a) When V > 0 the metal fermi-

energy is lowered (E=-qV) and the capacitor is under accumulation, and (b) when V < 0 the metal 

fermi-energy is raised (E=-qV) and the capacitor is under depletion. Adapted from Physics of 

semiconductor devices - S.M. Sze (ref. [19]). 

 

bend upward, and the electrons are depleted (Fig. 2.10). The inversion characteristic can be 

expected when a large negative voltage is applied. In that case, the energy bands would bend 

upwards furthermore, so that the intrinsic level at the surface would cross over the Fermi level. As 

a result, the concentration of minority carriers (holes) would be larger near the semiconductor 

surface. However, the formation of surface inversion is impossible in wide gap semiconduc tors 

due to the extremely low generation rate of holes at room temperature [33], and typically the deep-

depletion behavior (in the highly negative bias region) is observed. 

2.3.2 Interface traps 
 

In real MISCAPs, interface traps exist affecting significantly the ideal MISCAP characterist ics. 

Interface traps of density Dit and trapped charge Qit, located at the insulator/semiconductor 

interface with trap states within the semiconductor forbitten bandgap, can be charged or 

discharged, depending on the surface potential [19]. Thus, unlike fixed charge, interface trapped 

charge is in electrical communication with the underlying semiconductor and its amount is bias 

dependent. Qit is present in the forbidden bandgap due to the interruption of the lattice structure at 

the surface of a crystal (defects caused by bond breaking processes), structural defects, oxidation-

induced defects and metal impurities [19,32].  The donor-type interface states filled with electrons 
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are neutral and become positively charged by giving up electrons, while acceptor-type interface 

traps are neutral when they are empty and become negatively charged when they are filled with 

electrons. In the case of MIS-HEMTs, a high amount of acceptor-like interface traps existing close 

to the insulator/semiconductor interface may cause a serious problem in device operation, since 

such interface traps can result in Fermi level pinning under the gate and the gate voltage may not 

be able to modulate sufficiently the overwhelming charge densities (2DEG density plus interface 

trap state density) [11].  

2.3.3 Insulator charges 

 

Insulator charges, other than interface trapped charge, include (a) the fixed insulator charge, (b) 

the insulator trapped charge and (c) mobile ionic charge [19,32]. The fixed insulator charge is 

generally a positive charge, located very near the semiconductor- insulator interface and is 

considered to be at that interface. Its density is not greatly affected by the insulator thickness but 

it depends on deposition conditions [19]. Fixed charge is stable and immobile under an applied 

electric field [32]. The insulator trapped charge (may be positive or negative), may be distributed 

inside the insulator layer and exists due to carriers trapped in the insulator. Trapping may result 

from avalanche injection, Fowler-Nordheim tunneling, or any current passing through the insulator 

[19,32]. The mobile ionic charge, which may be distributed throughout the insulator, is mainly 

caused by mobile positive ions of Na+, K+, in the case of silicon dioxide, and possibly H+. Negative 

ions and heavy metals may also contribute to this charge [32].  

2.3.4 Flat-band voltage 

 

The flat-band voltage is determined by the metal-semiconductor work function difference ΦMS 

and the various insulator charges through the relationship [32] 

𝑉𝐹𝐵 = 𝛷𝑀𝑆−
𝑄𝑖𝑡(𝜓𝑠)

𝐶𝑖𝑛𝑠
−
𝑄𝑓

𝐶𝑖𝑛𝑠
−

1

𝐶𝑖𝑛𝑠
∫

𝑥

𝑑
𝜌(𝑥)𝑑𝑥

𝑑

0
                                                                                   (2.35) 

where d is the insulator thickness, Qf is the fixed trapped charge and ρ(x) is the charge density (per 

unit volume) from trapped and mobile charge, which may be distributed throughout the insulator. 

Qit is designated as Qit(ψs), because the occupancy of the interface trapped charge depends on the 

surface potential ψs [32]. It should be noted that the intrinsic energy level Ei (which is everywhere  
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Fig. 2.11   1/C2 vs bias voltage plot showing the extraction of flat band voltage of a SiNx/GaN 

MISCAP device at f = 1 MHz. 

 

parallel to Ec and Ev) in the neutral part of the device is taken as the zero reference potential and 

the surface potential ψs is measured from this reference level [32]. The effect of charges on VFB 

depends on the location of the charge. When the charge is located at the insulator-semiconductor 

interface, the effect on VFB is greatest because then it images all of its charge in the semiconductor  

[32]. On the other hand, when the charge is located at the gate-insulator interface, it images all of 

its charge in the gate and has no effect on the flat-band voltage [32].In the case of MISCAPs where 

a III-Nitride is studied, the spontaneous polarization along the [0001]̅ direction leads to a negative-

bound surface charge Psp ( ≈ -1.8 x 1013 cm2 for Ga-face GaN) which should be included in Eq. 

(2.35) [33]. Thus, by assuming negligible insulator-trapped charge and mobile charge, Eq. (2.35) 

is given by [33,34] 

𝑉𝐹𝐵 = 𝛷𝑀𝑆−
𝑄𝑖𝑡(𝜓𝑠) +𝑄𝑓 +𝑃𝑠𝑝

𝐶𝑖𝑛𝑠
= 𝛷𝑀𝑆−

𝑄𝑒𝑓𝑓

𝐶𝑖𝑛𝑠
                                                                                     (2.36) 

where Qeff, is the total (or effective) charge at the insulator/III-nitride interface. To calculate Qeff 

from Eq. (2.36) the experimental VFB should be calculated from the CFB value given by [19] 

𝐶𝐹𝐵 =
1

𝐶𝑖𝑛𝑠
+

1

𝐶𝑑(𝐹𝐵)
                                                                                                                                          (2.37) 

where Cd(FB) = εsε0/LD, is the capacitance of the semiconductor depletion layer at flat-band 

condition (ψs=0), εs is the permittivity of the semiconductor and LD is the extrinsic Debye length 
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𝐿𝐷 = (
𝜀𝑠𝜀0𝑘𝑇

𝑞2𝑁𝑑
)

1
2
                                                                                                                                  (2.38) 

Another way to determine VFB experimentally is to plot 1/C2 versus V, measured at a high 

frequency, as shown in Fig. 2.11, where the lower knee of this curve occurs at V=VFB [32].  

By taking into account that Cins=ε0εins/d (ε0 and εins are the vacuum permittivity and dielectr ic 

constant, respectively), Eq. (2.36) yields 

𝑉𝐹𝐵 = 𝛷𝑀𝑆 −
𝑄𝑒𝑓𝑓𝑑

𝜀0𝜀𝑖𝑛𝑠
                                                                                                                            (2.39) 

Thus, for a given interfacial charge density, the flatband voltage is reduced as the insula tor 

capacitance increases, i.e., for thinner oxides. Hence, oxide charges usually contribute little to flat-

band or threshold voltage shifts for MIS devices with thin insulators [32].  

2.3.5 Charge conduction mechanisms 

 

In the case of an ideal MISCAP, the conduction of the insulator is assumed to be zero. However, 

a real insulator may exhibit some degree of charge conduction when an electric field is applied.  

An estimation of the electric field in an insulator under bias is given by Ei ≈ Es (εs/ εi) ≈ V/d, where 

Ei, Es are the electric fields in the insulator and the semiconductor, respectively, and εs, εi are the 

corresponding permittivities [19]. This equation assumes that oxide charges are negligible and that 

VFB and the semiconductor band bending ψs are small compared to the applied bias voltage. 

The following is foced to the electrical conduction mechanisms of silicon nitride (SiNx) dielectr ic 

which comprises a significant part of this research work. The electrical conduction of SiNx may be 

divided into three components: I=I1+I2+I3, [19,35] where 

𝐼1 = 𝐶1𝐸𝑒𝑥𝑝

{
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                                                                                                (2.39) 

𝐼2 = 𝐶2𝐸
2exp (−𝐸2/𝐸)                                                                                                              (2.40)  

𝐼3 = 𝐶3𝐸exp (−
𝑞𝜑3

𝑘𝑇
)                                                                                                                  (2.41)  
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Fig. 2.12   Energy band diagrams exhibiting the basic conduction mechanisms (a) Poole-Frenkel 

emission, (b) field emission tunneling and (c) ohmic (hopping) conduction. When the insulator has 

a non-negligible number of traps, the tunneling emission is prevailed by field ionization of trapped 

electron into the conduction band of the insulator [19,36,37]; in that case, the measured barrier 

height ΦΒ is lower than the ideal (theoretical) expected value and ΦΒ may be replaced by the trap 

barrier height Φt [36,37]. 

 

The process described by Eq. (2.39) is known as the Poole–Frenkel (PF) effect and is due to 

field-enhanced thermal emission of trapped electrons into the conduction band of the SiNx (Fig. 

2.12). E is the electric field, q is the electron charge, φ1 the depth of the trap potential well, εd is 

the dynamic electric constant, and C1 a proportionality constant [35]. The PF emission is somehow 

like an internal Schottky emission. Considering an electron in a trapping center, the barrier 

height for the electron emission from the trap state equals to the trap energy level without an 

external electric field. With an external electric field applied, the Coulomb potential energy can 

be reduced by a mechanism similar to that of the Schottky effect in the thermionic emiss ion, 

which results in a lower potential barrier height for an electron being thermally excited out of 

the traps into the conduction band [19,35]. 

The second component I2 is associated with field emission of electrons tunneling from trap 

centers in the dielectric [19,35], or by electrons tunneling from the metal Fermi energy into the 

insulator conduction band [19], (Fig. 2.12). C2 is a function of effective mass m* and the barrier 

height ΦB and E2=8π(2m*)1/2 (ΦB)3/2/3hq, where h is the Planck’s constant. When the insulator has 

a non-negligible number of traps, the tunneling emission is prevailed by field ionization of trapped 
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electron into the conduction band of the insulator [19,36,37]; in that case, the measured barrier 

height ΦΒ is lower than the ideal (theoretical) expected value and ΦΒ may be replaced by the trap 

barrier height Φt [36,37]. 

I3 corresponds to ohmic current conduction, under low electric fields (low voltages), by hopping 

of thermally excited electrons from one isolated (localized) state to another [35]. C3 is a constant 

and qφ3 is the activation energy. When the mean hopping distance λ (the spacing between trap 

sites) for electrons is short (Fig. 2.11), the thermal activation energy qφ3 is small, and the 

movement of electrons from one occupied trap state to another is frequent [38]. On the other hand, 

when σ is large, qφ3 is high, and the hopping probability from one localized state to another is low. 

Generally, larger hopping distances for electrons in the dielectric means larger increase in the 

thermal activation energy for hopping to occur and lower ohmic currents [38].  

2.4 Literature summary for III-nitride HEMTs  

In 1992, the first observation of a 2DEG was reported for an AlGaN/GaN heterojunction with a 

carrier concentration of the order of 1011 cm-2 and a room temperature mobility of 400–800 cm2/Vs 

[39]. The first DC performance of AlGaN/GaN HEMT was exhibited in 1993 with a saturation 

drain current of 40 mA/mm [40]. Nowadays, an enormous progress has been made in the growth 

of nitride materials and after intensive GaN technological advancements, researchers managed to 

reach carrier concentrations of the order of 1013 cm-2 and high breakdown voltages of over 2 kV 

[41-46], exploiting GaN’s high critical electric field of over 3 MV cm−1, which is a direct 

consequence of its 3.4 eV wide bandgap. Although AlGaN/GaN HEMTs have been established as 

the best candidate for microwave power applications, the significant drop of the 2DEG carrier 

density with the decrease of AlGaN barrier thickness prevents to benefit from ultrashort gate 

lengths in order to boost GaN-based device frequency of operation. In that case, AlN barrier can 

be used because the higher polarization effect resulting from the AlN barrier can compensate the 

decrease of 2DEG density caused by the barrier thinning [11]. Furthermore, the AlN barrier allows 

transport without alloy scattering and can enhance the transconductance, as well as, decrease the 

short-channel detrimental effects [11]. Therefore, AlN/GaN HEMTs can be ideal candidates for 

high frequency GaN-based devices. 
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2.4.1 Overview of the AlN/GaN heterostructure system 

The study of the AlN/GaN heterostructure system began back in the 1990’s [47-50]. However, 

high quality AlN/GaN structures utilizing thin (d < 50Å) AlN layers with relatively high electron 

mobilities were first reported in 2000 by Smorchkova [4]. In the next years, with the advanced 

improvement in AlN/GaN material growth and device process technology, outstanding record 

performances for both the 2DEG structures and HEMT devices have been demonstrated. The AlN 

barrier thickness range was defined between 2-5 nm by the lack of 2DEG formation at the low 

limit and strain relaxation, which led to cracking of the AlN barrier and mobility degradation, at 

the high limit [4,51,52]. Adikimenakis et al. reported a critical AlN thickness of 5 nm, beyond 

which microcracking occurs, deteriorating the electrical characteristics of the 2DEG [52]. 

AlN/GaN HEMT structures exhibited a 2DEG density and mobility of 3.6 x 1013 cm-2 and 1200 

cm2/Vs, respectively, and 1 μm gate length transistors reached a current density of 1.8 A/mm [52]. 

In 2015, Y. Tang et al exhibited deeply-scaled devices with maximum drain currents over 3 A/mm 

and impressive high ft of 454 GHz and simultaneous fmax of 444 GHz on a 20-nm gate AlN/GaN 

HEMT with 50-nm gate-source and gate-drain separation [53]. However, this achievement which 

has been primarily accomplished through both vertical and lateral dimension scaling generally 

suffered from a low breakdown voltage of 10 V due to the extremely high electric field near the 

gate [53]. 

2.4.2 InN-based heterostructures background 

InN has been suggested as a channel material for future ultrahigh speed transistors that would 

boost performance over GaN-based devices and pave the way for terahertz frequency electronics 

[54,55]. During the last years, a number of extensive studies on the heteroepitaxial growth of InN 

films by Plasma-Assisted MBE and their structural and optoelectronic properties have been 

reported by the Microelectronics Research Group of University of Crete and FORTH [56-68] and 

others [69-72]. The understanding of the physical mechanisms of MBE growth permitted the 

realization of structurally optimized InN layers, and important material properties such as the α 

and c lattice parameters have been determined [67]. However, a number of impediments related to 

material issues has prevented the development of any kind of device applications, despite the 

recent improvements. 
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One of the key issues that needs to be resolved is the inability to control the surface conductivity 

of InN. Fermi-level pining within the conduction band and an intrinsic electron accumulation layer 

at the surface of InN (with an electron density estimated to be ~2.5 x 1013 cm-2) due to the presence 

of donor-type surface states [73], hinders the fabrication of metal-semiconductor Schottky 

contacts. The modification of the electronic properties of InN surface by using anodic or ozone-

assisted oxidation treatment as possible solutions for the depletion of the surface electron 

accumulation and the passivation of InN surface donors has been investigated by several authors 

[74-76]. Moreover, the effect of polarity and GaN capping on the energy band bending at the InN 

surface were reported recently by Kuzmik et al. [77].  

From the standpoint of InN-based devices, one of the first experimental attempts in this direction 

was reported by Dimakis et al. [62]. GaN cap layers were used to modify the surface electronic 

properties and to allow for the fabrication of Schottky barrier gate contacts. C-V measurements 

revealed the confinement of electrons within an InN/GaN quantum well heterostrusture and 

exhibited the capability to modulate the electron density within a 19 nm thick InN channel [62]. 

The C-V and I-V characteristics of InN/Al2O3 metal-oxide-semiconductor capacitors with dif-  

ferent ex situ surface treatments were explored by Y. Jia et al [78] and although the I-V 

measurements showed low leakage currents, C-V profile indicated no significant change in the 

pinning of InN surface due to these surface treatments [78].  

InN channel HFET transistors were reported recently with a 2–5 nm thick InN grown on zirconia 

substrates [79]; however, these transistors exhibited low mobilities (~58 cm2/Vs), indicating a 

degraded InN structural quality, and very low current densities (25 mA/mm) [79]. The same group 

from the University of Tokyo, to solve the problem of high density of electrons in InN, explored 

the increase of the bandgap energy through alloying with a small amount of GaN [80]. Also in this 

approach, the reported values of device characteristics were disappointing; the on/off ratio of 

channel current was ~102, the mobility was 4.1 cm2/Vs, and a drain current of 600 μΑ (non-

normalized value) with a highly negative pinch-off voltage of -40 V was measured [80]. The best 

results, until the writing of this thesis, have been reported by Y. S. Lin et al [81] with a 26 nm thick 

InN grown on AlN, but also in this case their performance was far from the anticipated one, 

exhibiting an early breakdown and no saturation characteristics [81]. 
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CHAPTER 3 

Device Processing and Characterization 

3.1 Device fabrication 

All samples that will be discussed were grown by PAMBE and processed at the Microelectronics 

Research Group lab in the Institute of Electronic Structure and Laser (IESL-FORTH). The process 

technology of III-Nitrides and GaN HEMTs, that had been developed in the MRG lab from 

previous projects, was adapted and optimized for the fabrication of thin AlN/GaN/AlN double 

heterostructure ΗΕΜΤs and ultrathin InN-channel transistors with the optimum electrical 

characteristics.  

The process of device fabrication to produce the transistors and electrical test structures in this 

research project required three or four contact photolithography steps. The defined patterned 

structures were produced by optical lithography using the Karl Suss MA6 mask aligner. 

Lithography is a process of transferring geometric patterns defined by a mask on the surface of a 

sample. In photolithography, a photosensitive polymer is spun on the substrate, dried, and then 

exposed to ultraviolet (UV) light through a photo mask with the proper geometrical pattern [1]. 

After exposure, the sample is soaked in a solution that develops the mask pattern in the selective ly 

exposed photosensitive material. Fig. 3.1 shows the basic idea of photolithography and the Karl 

Suss MA6 mask aligner used in this work. Depending on the type of polymer used, either exposed 

or unexposed areas of the film are removed in the developing process. The sample is then placed 

in an ambient that etches the semiconductor surface area that is not protected by the polymer 

pattern. Due to the ability of the polymeric material to resist the etching process, these polymers 

are called photoresists (PRs). Negative PRs become less soluble in developer when they are 

exposed to radiation, while positive PRs become more soluble after exposure (Fig. 3.1). Positive 

PRs are suitable for lift-off processes to only a limited extent due to the formation of positive 

sidewalls, which promotes the metal coverage of the sidewalls during deposition making lift-off 

difficult [1]. If the use of positive PRs cannot be avoided, PRs with sidewalls as steep as possible 

should be considered. Negative PRs are generally, the best choice for lift-off processes because 

they are designed to produce lift-off with a reproducible undercut. Such an undercut help to prevent 

the resist sidewalls from being coated, which makes the subsequent lift-off easier [1]. 
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Fig. 3.1    (a) Schematic of contact lithography. Note that mask and sample are physically in contact 

with each other, (b) different photo resist development process. (c) The Karl Suss MA6 mask 

aligner used in this work. 

 

 

Fig. 3.2   SEM images showing a) circular diodes of 30-100 μm diameter, b) TLM patterns, c) 

transistor and d) Hall-effect structure.  

 

Due to the diffraction limit of the light, the resolution (R), defined as the minimum feature that 

can be achieved, is approximately the same order of magnitude of the wavelength of light (λ) used 

in the UV exposure optics of the system, and is given by R=k1λ/NA, where k1=0.6-0.8 and NA is 

the numerical aperture of the exposure system. However, in real samples (exposed under hard 

contact mode in our case) the best resolution which can be achieved repeatedly is ~1 μm. Devices 

for Hall-effect measurements, TLM patterns, circular diodes with 30-100 μm diameters and 

transistors with gate width and length of 2 x 50 and 1 μm, respectively, were fabricated, as shown 

in Fig. 3.2. 
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Although the device fabrication is strongly dependent on the final purpose of the device and the 

processed material, there are basic common processing steps to almost all kind of devices and will 

be briefly discussed. 

3.1.1 Surface cleaning 

Cleaning of samples is necessary before the fabrication process starts and after each lithography 

step. Samples were first rinsed by organic solvents (acetone, isopropanol) to remove organic 

species, then dipped into HCl or HF solution for ~2 minutes to remove native oxide and metal 

contaminants and followed by DI water rinse. The same procedure was used before several 

processing steps like metallization, to improve adherence and reduce impurity and interface defects 

at the metal/semiconductor interface. 

3.1.2 Mesa isolation  

 The usual approach in semiconductor fabrication technology is to process many devices on the 

same sample at the same time. By mesa insulation the individual devices (transistors, diodes, etc.) 

are isolated from each other by removing the conducting regions between them, i.e. the 2DEG 

channel must be removed around each device to exclude conductive interconnections. Mesa 

isolation is typically achieved with dry etching, since group III-N materials are very resistant to 

wet chemical etching and also produce rough surfaces. This step involves lithographic patterning 

of a PR, reactive ion etching (RIE) of the sample and removal of the PR.  

Once a sample was loaded on the vacuum spinner chuck, PR AZ 5214, which was mainly used, 

was dispersed to cover the whole sample before spinning began.  The final spin speed was 4000 

rpm with a spin time of 20 seconds resulting to a ~1.4 μm PR thickness. After PR spinning, the 

sample was soft baked at 110 ºC for 1 minute to remove the solvent and then loaded onto the mask 

aligner. Being the first step in the HEMT fabrication process, the mesa level lithography did not 

require fine alignment, instead only a rough alignment was made, to make sure that the pattern fits 

well on the sample. In this step, alignment markers were also placed on the sample for the 

alignment of the subsequent photolithography steps. The duration of the UV exposure of the PR 

was optimized at ~4.5 seconds. After UV exposure, the sample was immersed in the AZ 400 K 

developer for ~20 seconds, followed by DI water rinsing and N2 drying. After microscope 

inspection of developed feautures, the sample was loaded in the RIE chamber to create the device  
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RIE parameters AlN/GaN structures InN-based structures 

Gases flow rate BCl3/Cl2 : 7/1 sccm BCl3/Ar : 7/25 sccm 

RF power 50 W 100 W 

Pressure  10 mTorr 10 mTorr 

DC bias measured -200 V -300 V 

 

Table I:   RIE recipe parameters for structures processed in this work. 

 

 

Fig. 3.3    RIE chamber during plasma etching (left), loading of the sample in the RIE chamber 

(right). 

 

mesas (Fig. 3.3). In conventional RIE, physical and chemical components of etching cannot be 

independently controlled [2]. Etch rates depend strongly on the plasma self-bias voltage. The gases 

for the dry etching of III-nitrides are mostly halogen-based with the most prevalent being chlorine-

based. If III-nitrides are etched in Cl-based gases, the etch-products are GaClx, InClx, and AlClx  

for the Group III elements, while nitrogen is removed in the form of NCl3 or perhaps free N2 [2]. 

Table I shows the basic RIE recipe parameters for the optimized processing used in this work.  

Once etching was completed, the sample was unloaded and the PR was removed by dipping in 

acetone (or other solvents) and transferred to the optical microscope for inspection. In order to 

determine the etch depth, the Veeco Dektak surface profiler was used for step height measurement.  

To confirm electrical isolation had been attained, interdevice currents were measured between 

isolated mesa islands.  
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3.1.3 Ohmic metallization  

The second level of device fabrication was the formation of ohmic contacts.  This level involved 

lithographic patterning of a PR coating, electron beam (e-beam) evaporation of a metal stack 

combination, lift-off of the metals and rapid thermal annealing (RTA). After PR soft baking, 

similar to the first step, the sample was carefully aligned manually, using x, y, and theta controls, 

and exposed to irradiation using the MA6 mask aligner. After PR development, the sample was 

loaded in the e-beam evaporator and the chamber was allowed to pump down to base pressure of 

approximately 2 × 10-7 Torr before metal deposition begins. Metal deposition was performed using 

a Temescal e-beam evaporation system. Ti/Al/Ni/Au (30/170/40/50 nm) ohmic metal stacks were 

deposited; see 2.2.5 for details about the role of metals. The metals deposition was followed by 

lift-off, typically in an acetone bath. Lift-off times varied, but usually lasted at least 30 – 60 minutes 

if no ultrasonics were used. Α DI water bath was followed and finally the sample was rinsed and 

N2 dried.  Microscope inspection was used to verify that the lift-off process was successful. Finally, 

RTA of the ohmic contacts was performed. Samples were loaded onto a Si carrier wafer in the 

annealing chamber and annealed at 750 °C for 2 minutes under vacuum, in the case of AlN/GaN 

HEMT structures.  

3.1.4 Gate metallization 

The gate lithography was the final and most challenging step of the HEMT fabrication process 

due to the difficulty of creating 1 µm sized features with contact lithography. In addition to this, 

great care was taken to avoid misalignment shifts and be as accurate as possible during this step. 

Since the nominal source-gate and gate-drain spacings were 1 and 2 µm, respectively, 

misalignment shifts could result to inconsistency in the lateral electric field strength between gate 

and drain electrodes from sample to sample, and thus complicating the comparative evaluation of 

different devices. The same photolithography process that was used for previous steps was also 

followed for the gate lithography. After careful alignment, exposure and development, the sample 

was loaded into the Temescal e-beam evaporator. After deposition, metal lift-off was performed, 

the sample was soaked and rinsed with DI water, dried by N2 blow and then its surface was 

inspected under an optical microscope. 
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3.2 Electrical characterization methods 

 For the electrical characterization of the fabricated devices, DC, pulsed I–V, and C-V 

measurements were conducted. For I-V measurements a Keithley 4200 semiconductor 

characterization system and a Keithley 2602A System SourceMeter were used, while C-V 

measurements were carried out by a HP 4284A Precision LCR meter. 

3.2.1 DC characterization 

The dc I-V characteristics of a transistor provide the main information for its operation 

capabilities. A DC I-V test configuration incorporates Source Measurement Units (SMUs) which 

are capable of sourcing and measuring both current and voltage and can be current-limited to 

prevent damage to the device. This can be done in the software by setting the current compliance 

of each SMU to a safe level. The measurement is carried out by a voltage or current sweep with 

discrete increment steps that are pre-set by the user (Fig. 3.4). 

3.2.2 Pulsed characterization 

Pulsed I−V characterization has been used as a method to overcome thermal effects as well as to 

evaluate trapping phenomena that influence the transient response of the transistors [3]. The 

application of high voltage and high current results to a great amount of heat generation in the 

2DEG channel of the device, and a corresponding rise of lattice temperature. Thus, a degradation 

of device performance can be observed due to degradation in mobility, which in turn causes 

reduction in drain current [4]. In pulsed I-V measurements, square voltage pulses are applied from 

a quiescent bias (QB) point to obtain current measurements at the latter part of the pulse as shown 

in Figs 3.5 and 3.6. Then, the device under test returns and remains at the initial QB point until the 

next voltage pulse is applied. If the pulse duration (width) is short enough compared to the  

separation time between consecutive voltage pulses (period), both temperature and trapping effects 

are dependent mainly on QB point. In case of a very short pulse duration, thermal effects can be 

minimized and trapping effects are frozen when emission/capture time constants are smaller than 

the pulse duration. Thus, by appropriately choosing QB points and pulse width/period, trapping 

effects can be analyzed with minimal thermal effect, as we will see analytically in the next chapter.  
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Fig. 3.4   Graphical illustration of 4200-SCS operation during DC I-V transistor measurement 

(taken from Keithley Model 4200-SCS user’s manual). 

 

 

Fig. 3.5   Pulsed I-V versus DC I-V testing diagram (taken from Keithley Model 4200-SCS user’s 

manual). Duty cycle is the fractional amount of time the pulse is “on” during a period.  

 

Fig. 3.6   Example of a pulse applied to the gate of an AlN/GaN HEMT with VgsQ = 0 V.  



51 
 

3.2.3 Capacitance-Voltage characterization 

 

 The C-V technique is the most commonly used method for providing important material 

information such as the profile of carrier concentration and, in the case of a 2DEG, its sheet carrier 

concentration Ns and region of formation. It is also a diagnostic tool for interface states 

characterization by multifrequency measurements using an inductance, capacitance and resistivity 

(LCR) meter. This method provides physical insight into fundamental properties of the material 

structures and interfaces without the complications of a full HEMT device fabrication process, 

since it can be performed on a simple Schottky diode or MIS capacitor structure. 

3.2.3.1 Carrier concentration profiling 

 

C-V profiling is widely used to probe the electron concentration in a semiconductor. The C-V 

techniques are based on the fact that the depletion region width, W, of the reverse biased 

semiconductor junction depends on the dc reverse applied bias voltage V [5]. The capacitance is 

determined by superimposing a small sinusoidal small-amplitude ac voltage vac on the dc voltage 

V resulting in a semiconductor charge increment dQs. The ac voltage frequency is typically 1 kHz 

to 1 MHz with 10 to 20 mV amplitude, but other frequencies and other voltages can be used.  

The application of C-V measurements on Schottky diode contacts has been well analysed in 

several texts [1,5]. The discussion in the following will be limited to the case of C-V measurements 

on MIS capacitors [6]. By considering a MIS capacitor driven into depletion and by assuming a 

negligible effect of interface states, a small increase in the applied voltage dV is given by [6] 

dV = dVins + dψs = dQs / Cins + dψs                                                                                         (3.1) 

where Vins is the voltage drop across the insulator, ψs the band bending in the semiconductor, Cins 

the insulator capacitance per unit area and Qs the space charge density per unit area. The charge 

increase in the semiconductor depletion region causes an increase in the electric field 𝐸 [6] 

d𝐸 = dQs / εs                                                                                                                                 (3.2)  

where εs is the dielectric permittivity of the semiconductor. The corresponding increase in band 

bending (or surface potential) is approximately [6] 

dψs = W d𝐸                                                                                                                                (3.3) 
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Substituting Eqs. (3.2, 3.3) into Eq. (3.1)  

dV = dQs (1/Cins + 1/Cd) = dQs / Ctot                                                                                          (3.4) 

where Ctot is the total measured capacitance and Cd = εs / W. Using dQs = qN(W) dW where N(W) 

is the doping concentration as a function of W, it is obtained 

dV = qN(W) dW / Ctot                                                                                                                 (3.5) 

Also, dW is given by 

dW=εs d(1/Cd) = εs d(1 / Ctot) (because 1/Cd = 1/Ctot – 1/Cins and d(1/Cins)=0)                                     (3.6) 

By substituting Eq. (3.6) into Eq. (3.5) and solving for N(W), it is obtained [6] 

𝑵(𝑾) = −
𝑪𝒕𝒐𝒕
𝟑

𝒒𝜺𝒔

𝒅𝑽

𝒅𝑪𝒕𝒐𝒕
=

𝟐

𝒒𝜺𝒔  𝒅(
𝟏

𝑪𝒕𝒐𝒕
𝟐
)/𝒅𝑽

                                                                                        (𝟑. 𝟕) 

It should be noted that for the derivation of Eq. (3.7) the depletion approximation was used, 

where the minority carriers are neglected and total depletion of majority carriers in the space-

charge region to a depth W, as well as perfect charge neutrality beyond W is assumed [5]. This is 

a reasonably good approximation when the space charge region is reverse biased and when the 

doping is uniform [5]. Furthermore, the incremental charge variation of the donor ion density at 

the edge of the space-charge region was used. The ac probe voltage exposes more or less ionized 

donors at the space charge edge, and the charges that actually move in response to the ac voltage 

are the mobile electrons, not the donor ions [5]. Hence, the differential C-V profiling technique 

determines the carrier density, not the doping density, and what is actually measured is an effective 

or apparent majority carrier density profile [5,7]. Although in semiconductors and heterostructures 

with large variations in the doping concentration, and especially in structures with quantum 

confinement such as in 2DEG heterostructures, the C–V-concentration does not have a direct 

physical meaning [8], N(W) corresponds roughly to the free carrier concentration n(z), i.e 

N(W)≈n(z) [8,9]. Evenmore, it has been reported that conservation of charge is satisfied for C–V-

profiles, that is [8,10]  

𝑁𝑠 = ∫ 𝑁(𝑊)(𝑧)𝑑𝑧 = ∫ 𝑛(𝑧)𝑑𝑧
+∞

−∞
                                             

+∞

−∞
                                                (3.8)  
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Fig. 3.7   (a)-(b) Equivalent circuits incorporating interface-trap effects, Cit, and Rit, (c) low-

frequency limit (d) high-frequency limit. (Adapted from Physics of semiconductor devices - S.M. 

Sze, ref. [11]). 

 

3.2.3.2 Effect of frequency dispersion in C-V measurements 

 

Interface trap levels are generally distributed across the energy bandgap. A change of charge in 

the interface traps occurs when a bias voltage is applied, resulting in a movement of the Fermi 

level, up or down with respect to the interface-trap levels [11]. This change of charge influences 

the MIS capacitance and alters the characteristics of the ideal MIS curve. The basic equivalent 

circuit incorporating the interface-trap effect is shown in Fig. 3.7(a). In the figure, Cins and Cd, are 

the insulator capacitance (Cins=ε/d) and the semiconductor depletion- layer capacitance, 

respectively. Cd is obtained by differentiating the total static charge in the semiconductor side with 

respect to the semiconductor band bending (built-in potential) (Cd=dQs/dψs) [11]. Cit, and Rit, are 

the capacitance and resistance associated with the interface traps and, thus, are also function 

functions of energy [11]. The parallel branch of the equivalent circuit in Fig. 3.7(a) can be 

converted [11] into a frequency-dependent capacitance Cp in parallel with a frequency-dependent 

conductance Gp, (Fig. 3.7 (b)), where 

𝐶𝑝 = 𝐶𝑑 +
𝐶𝑖𝑡

1 +𝜔2𝜏𝑖𝑡
2                                                                                                                           (3.10) 

𝐺𝑝
𝜔
=

𝐶𝑖𝑡𝜔𝜏𝑖𝑡
1 +𝜔2𝜏𝑖𝑡

2                                                                                                                                  (3.11) 
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The time constant (or characteristic response time) associated with electron emission of trapped 

electrons for traps is given by τit = exp(E/kT)/συthΝc, where σ is the trap capture cross section, υth 

is the electron thermal velocity, and Nc is the density of states in the semiconductor conduction 

band [11,12]. The trap energy depth E corresponding to a measurement frequency fm (τit=2π/ω, 

where ω=2πfm) is given by E = kT ln(σNcuth/fm). This means that the lower the measurement 

frequency, the deeper the trap energy depth at which Cit starts to be detected.  

When the Fermi level is aligned with interface traps with a characteristic frequency (defined as 

1/τe) equal to the measurement frequency fm, interface traps respond to the ac signal and contribute 

to the capacitance leading to the total capacitance increase (overestimation). In other words, only 

traps near EF with a response time τe equal or below the period of the signal (1/fm, fm is the 

measurement frequency) can respond to the ac signal and will have time to capture and emit 

electrons during one period (fast traps) [12-14]. This occurs in the low-frequency (LF) limit where 

Rit is set to zero and Cd, is in parallel to Cit (Fig. 3.7 (c)) [11]. 

 In the high-frequency (HF) limit, the traps are not fast enough to respond to the fast signal (slow 

traps). The emission time constant of traps τe is longer than the period of the ac signal and the 

measured capacitance cannot capture the charging/discharging behavior of these traps and thus the 

capacitance remains the same. Thus, they do not introduce a capacitance and the Cit-Rit  branch is 

ignored (Fig. 3.7 (d)) [11,12]. The total capacitance for these two cases (low-frequency CLF and 

high-frequency CHF) are 

CLF = Cins(Cd+Cit)/ (Cins+Cd+Cit)                                                                                          (3.12) 

CHF= Cins Cd / (Cins + Cd)                                                                                                        (3.13) 

 However, interface traps can follow the slowly varying dc bias resulting in a stretch-out of the 

C-V curve in the voltage direction (Fig. 3.8) [11,15]. For a fixed voltage, since some charge will 

be necessary to fill the traps, the remaining charge to be put in the depletion layer is decreased and 

this will decrease the surface potential (or band bending) ψs [11]. But since the relationship 

between Cd and ψs is fixed (Cd=dQs/dψs), the change of ψs yields also a change of Cd. Thus, due 

to the fact that extra charge has to fill the traps, more total charge is needed or applied voltage to 

accomplish the same band bending ψs [11]. Consequently, in HF, although interface traps do not  
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Fig. 3.8   Schematic representation of a typical interface-state-related stretch out of a high 

frequency C-V curve (e.g., for a SiO2/Si MIS structure). Image taken from ref. [15]. 

 

affect directly the total capacitance through the extra elements C it, Rit, they have a significant 

impact through Cd [11]. This can be more obvious by considering the following equations 

C=dQ/dV    (change of charge due to the change of voltage)                                            (3.14) 

By assuming no insulator charge Q = Qs + Qit. The bias voltage is partially dropped across the 

insulator and partially across the semiconductor; thus [5],  

V = VFB + Vins + ψs = VFB + Q/Cins + ψs                                                                             (3.15) 

where VFB is the flat band voltage (see par. 2.3.4) and Vins the insulator voltage. Eq. (3.14) becomes  

C = (dQs+dQit) / (dVins+dψs)                                                                                             (3.16) 

Therefore, it is clear that for a given band bending ψs, V varies when interface traps exist, causing 

the C-V stretch-out.  

 In the case of LF C-V curve, interface traps do respond to the frequency and the curve distorts 

because the interface traps contribute an interface trap capacitance Cit and also the curve stretches 

out along the voltage axis [5,11].  
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CHAPTER 4 

AlN/GaN/AlN HEMTs 

4.1 Introduction and motivation of the study 

GaN HEMTs are based on heteroepitaxial material, and, typically, a 3–4 μm thick GaN buffer 

layer is initially grown to reduce the threading dislocation density in the GaN channel. 

Unintentionally doped GaN buffer layers grown by PAMBE are typically conductive with a 

background electron concentration in the 1015–1016 cm−3 range originating from nitrogen vacancies 

and/or native residual donors such as oxygen [1]. Thus, conduction between source and drain 

contacts can occur not only through the 2DEG but also through an undesirable leakage path in the 

GaN buffer underneath the 2DEG channel. For good pinch-off behavior, this parasitic current 

through the GaN buffer (shown in Fig. 4.1) must be minimal or absent. Therefore, the growth of 

semi-insulating GaN buffer layers is needed. This can be accomplished by the introduction of 

acceptor-like deep levels using carbon (C) [2,3] or iron (Fe) [4] doping. The C or Fe doped GaN 

buffer layer is used as a back barrier underneath a thin undoped GaN channel [3]. This can suppress 

the off-state leakage current and significantly increase the breakdown voltage and the current on-

off ratio of the transistors [3]. However, the incorporation of deep levels in the semi-insula t ing 

buffer layers was shown to enhance the current collapse of the transistors due to an increase in 

defects density and charge trapping in the GaN bulk [3,5,6].  

Back barriers can be formed by GaN/AlGaN or GaN/AlN heterojunctions [6–13] without the 

introduction of deep level dopants. In that case, an energy barrier is created at the bottom interface 

due to the polarization difference between the channel and back barrier, which can limit the 

penetration of electrons in the buffer layer under high bias operation by lifting upward the 

conduction band below the channel [14,15] (Fig. 4.1). This decreases the sub-threshold drain 

leakage current, increases the breakdown voltage [14,15] and mainly in short gate lengths where 

very high electric fields are induced close to the gate, a back barrier may decrease current collapse 

effects [16]. In the case of a single heterojunction AlN/GaN HEMT (SHEMT) without a back 

barrier, electrons can easily spill over into the buffer since the confinement of electrons is weak 

because there is no essential barrier towards the buffer (Fig. 4.1). Especially in high-quality GaN 

buffer layers (typically thicker than 2 µm), where the trap density formed by threading dislocations  
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Fig. 4.1  Simulated conduction band diagrams of single heterojunction AlN/GaN HEMT 

(SHEMT) and double heterojunction AlN/GaN/AlN HEMT (DHEMT) structures. In the SHEMT, 

spill-over of electrons in the buffer occurs due to their insuffiecient confinement in the quantum 

well because there is no barrier towards the buffer. In the DHEMT case, the AlN back barrier 

reduces electron injection into the buffer under high bias voltage by raising the conduction band 

edge in the buffer with respect to the channel.  
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is reduced, the electron mobility in the buffer is higher, resulting in an overall higher electrical 

conductivity and a pronounced sub-threshold leakage current, which causes an early device 

breakdown [10]. In this work, an AlN buffer layer was used, which offers the maximum electron 

confinement by providing the optimum back barrier for a GaN channel due to its large band gap 

and band offset, as well as the high built-in polarization- induced electric field confining carriers 

inside the GaN [12,17,18]. The proximity of this negative polarization charge to the top AlN/GaN 

interface, such as in GaN quantum well (QW) structures [12,17], also allows one to modify the 

2DEG density for a given AlN top barrier thickness and may be used for the design and realizat ion 

of normally-off HEMT structures [17].  

Another particularly interesting characteristic of the AlN/GaN/AlN double heterostructures 

studied in this work, is the incorporation of a thin GaN channel/buffer layer and a thin AlN 

buffer/nucleation layer on an insulating substrate (sapphire). A thin heteroepitaxial layer will 

contain a higher density of dislocations compared to a thicker buffer layer [19]. However, the 

reduction of electron mobility due to increased scattering may reduce the leakage current and 

increase the breakdown voltage for thinner GaN buffers [10,19]. Threading dislocations with an 

edge type component will also compensate unintentional donors and increase the resistivity of the 

layers [20]. The early work of Wu et al. [21] demonstrated the increase of breakdown voltage up 

to 340 V for AlGaN/GaN HEMTs, by reducing to 0.4 μm the thickness of the GaN buffer layer on 

sapphire substrate. Recently, current on-off ratios higher than 109 were demonstrated for 

InAlN/GaN HEMTs, using ultrathin GaN/AlN buffer layers on sapphire substrates [22-24]. The 

reduction of the GaN buffer/channel layer thickness from 500 nm to 200 nm was found [22] to 

reduce the off-state leakage current of InAlN/GaN HEMT devices from 1.2 × 10−9 Amm−1 to 1.8 

× 10−10 Amm−1, respectively.  

Finally, a good insulating substrate is required for high voltage and high frequency operation. 

The sapphire substrate is attractive for specific applications considering its excellent insula t ing 

properties and low cost compared to Si and SiC, respectively. Anyway, it is a convenient (low 

cost, high quality) insulating substrate to evaluate ideas for heteroepitaxial HEMT structures that 

could be transferable also to other insulating substrates, such as SiC. 
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Fig. 4.2   (a) Schematic of the fabricated AlN/GaN/AlN HEMTs and (b) SEM image of a HEMT 

device. 

 

4.2 Experimental details 

The investigated HEMT structures consisted of an ultrathin 2.2 – 4.5 nm AlN barrier and 1 nm 

GaN cap layer on a thin GaN/AlN buffer layer (Fig. 4.2). The case of a relaxed GaN thin buffer 

layer on a thin AlN buffer-nucleation layer was considered. The double barrier HEMT structures 

were analyzed and the effects of AlN (top) barrier thickness on 2DEG density, transport properties 

and the current and threshold voltage of ~1 μm gate-length HEMT transistors, were evaluated. An 

extensive study of the current instabilities has been accomplished for evaluating the extent of any 

trapping effects due to the very thin HEMT heteroepitaxial structure (∼0.5 μm total thickness), as 

well as the intrinsic sensitivity to surface traps of the HEMT structures.  

The metal-polarity AlN/GaN/AlN double heterostructures were grown heteroepitaxially on 

insulating Al2O3 (0001) substrates by PAMBE [25,26] and consisted (from top to bottom) of (a) 1 

nm GaN cap, (b) an AlN top barrier with nominal thickness (tb) of either 2.2 nm, or 3 nm, or 3.7 

nm, or 4.5 nm, (c) a 300 nm GaN channel-buffer layer, and (d) a 200 nm AlN back barrier and 

nucleation layer on the sapphire substrate (Fig. 4.2). The substrate preparation and nitridat ion 

conditions were according to the optimum conditions determined in previous works [25,26]. The 

growth of the 200 nm AlN nucleation-buffer layer on sapphire was carefully optimized, to provide 

a smooth surface for the overgrown layers. 
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Fig. 4.3   AFM micrograph showing the surface of a 200 nm AlN layer grown by PAMBE on 

(0001) sapphire substrate. The z-axis range is 2.6 nm.  

 

Figure 4.3 shows an AFM micrograph of the surface morphology of an optimized 200 nm AlN 

nucleation layer. A very smooth surface is observed with rms roughness of 0.3 nm for a 5 x 5 μm 

scan. A very smooth AlN nucleation layer surface is very critical for the overgrowth of a thin 

HEMT structure with a very abrupt AlN/GaN 2DEG interface. The 300 nm thickness of the GaN 

channel-buffer layer is relaxed on the AlN layer as it is much higher than the critical thickness of 

the GaN/AlN heterostructure [17,27]. Only a very thin GaN layer forming a QW between the AlN 

barriers could be grown strained on the AlN lattice, but this would significantly reduce the sheet 

density and mobility of the 2DEG channel [12,17].  

HEMT devices without surface passivation were fabricated, beginning with device isolation by 

reactive ion etching, using BCl3/Cl2, down to the insulating Al2O3 substrate. This prevents cross 

talk between devices through the buffer layer and allows gate probe pads to be placed directly on 

the insulating substrate. Ti/Al/Ni/Au metal stacks were deposited by e-beam evaporation and 

annealed for ohmic contact formation, whilst Ni/Au was used as the gate metal. The gate length 

dimensions were Lg ~ 1 μm and width Wg ~ 50 μm. The source-drain and gate-drain distances as 

measured by Field Emission Scanning Electron Microscopy (FE-SEM), were Lsd ~ 4 μm and Lgd 

~2 μm, respectively. 
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4.3 Polarization effects 

To determine the equilibrium energy band profiles and carrier distributions of the HEMT 

structures and the effects of AlN barrier, a self-consistent Schrödinger-Poisson solver was 

employed in our research group [28]. All relevant parameters, used in the calculations, were  

according to Ambacher et al. [29], and the conduction band discontinuities were according to Van 

de Walle and Neugebauer [30]. For the boundary conditions, the energy distance (EC-EF)S between 

EC and EF at the GaN surface (surface potential) was set at 0.8 eV, while neutrality (flat bands) 

was considered at the bottom (AlN) side. For donor concentrations, we assumed ND=1016cm-3 for 

GaN and ND=1013cm-3 for AlN. The calculated conduction band (Ec) profile for the top region of 

the structure, where the 2DEG forms, is shown in Fig. 4.4 and the electron concentration profiles 

are shown in the inset of Fig. 4.4 (b). The increase of the AlN barrier thickness, tb, reduces the 

built-in electric field within the AlN barrier and deepens the 2DEG QW, with corresponding 

increase of NS. The distance of the peak 2DEG concentration from the top AlN/GaN interface is 

1.4, 1.1, 1.0, and 0.9 nm for tb equal to 2.2, 3.0, 3.7, and 4.5 nm, respectively.  

Figure 4.4(a) shows the calculated equilibrium band diagram for the HEMT structure with tb=4.5 

nm. The main plot gives an expanded view of the top region of the structure, where the 2DEG 

confining QW is formed, whilst the inset shows the band profile for the entire HEMT structure 

(from the surface of the 1 nm GaN cap to the bottom side of the AlN nucleation layer). The bottom 

GaN/AlN interface induces a strong electric field within the thin 300 nm GaN buffer layer and a 

large barrier for electron motion toward the substrate. It should be also noticed that at the bottom 

GaN/AlN interface the valence band crosses the Fermi level, which can cause an accumulation of 

holes of the order of 1013 cm-2. In structures where a two-dimensional hole gas (2DHG) coexist 

next to the 2DEG, at first glance it may seem possible that both the 2DEG and the 2DHG would 

be probed by Hall effect measurements. However, due to a much superior mobility of the 2DEG 

compared to the 2DHG, almost all of the probing current flows through the 2DEG and thus the 

measured sheet carrier density and mobility are entirely prevailed by the 2DEG [31]. The presence 

of the theoretically predicted 2DHG would depend on the amount of defect-induced charges, 

which have been ignored in our calculations. In our thin heteroepitaxial structures, the bottom 

GaN/AlN interface is located at 200 nm above the highly lattice-mismatched Al2O3 substrate. 

Thus, a high defect density is expected that may compensate the polarization induced charges. 
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Fig. 4.4   (a) Simulated band diagram for the top region of the structure [1 nm GaN/4.5 nm 

AlN/300 nm GaN/200 nm AlN]. The insert diagram presents the band profile for the entire 

structure. (b) Simulated band diagrams for all the thicknesses. The inset shows the electron 

distribution for tb = 2.2, 3.0, or 4.5 nm. 
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4.4 Electrical properties 

The 2DEG Ns values were determined experimentally by Hall-effect and C-V measurements and 

compared with the calculated ones, as shown in Fig. 4.5(a). The NS values were extracted from C-

V measurements (the measurement frequency was 1 MHz) on 100 μm diameter circular Schottky 

diodes by integrating the electron concentration for diode bias from the negative threshold voltage 

(Vth) that pinches-off the 2DEG up to 0 V. The theoretical and experimental NS values are in a 

very good agreement, suggesting a minor impact of the crystalline defects that increase near the 

heteroepitaxial interface. The highest measured Ns was determined for the HEMT structure with 

tb=4.5 nm, and it was 2.2 x 1013 cm-2 from Hall-effect measurements and 2.0 x 1013 cm-2 from C-

V measurements, whilst SCSP calculation resulted to 2.1 x 1013 cm-2.  

The electron mobility increases rapidly for AlN barrier thickness above tb=2.2 nm, with the 

maximum value among the different samples being 900 cm2/Vs for tb=3.0 nm (Fig. 4.5). A small 

reduction was observed for higher AlN barrier thicknesses, reaching the value of 703 cm2/Vs for 

4.5 nm AlN. This could be attributed to an increase in the interface roughness scattering as the 

charge distribution shifts closer to the heterointerface at high carrier concentrations [32].  

The observed Rsh, as obtained from Hall-effect measurements, were in close agreement with 

values obtained from TLM test patterns (Fig. 4.5). A reduction of Rsh with tb was observed, with 

the minimum value being 409 Ohm/sq for the 4.5 nm AlN barrier. An exceptional case is the 

sample with tb=2.2 nm which exhibited very high variations in Rsh possibly due to thickness 

variations in the ultrathin barrier. Cao reported [33,34] that in such ultrathin barriers (~2 nm) due 

to the high surface rougness scattering, which causes degradation of mobility, the Rsh values can 

be too high (> 2000 Ohm/sq) to be accurately measured [33,34]. 

The measured average contact resistance Rc, as obtained from TLM test patterns, increased with 

AlN tb, from 0.86 Ohm mm for tb=2.2 nm to 2.1 Ohm mm for tb=4.5 nm (Fig. 4.5), as has been 

also reported by Deen et al. [35]. It is observed that the thickness of the barrier that the 

metallization must diffuse, during annealing, to contact the 2DEG plays an important role in low 

ohmic contact formation [36]. Although an opposite trend could be also expected, since a lower 

2DEG density below the contacts in thinner barriers could result in a higher Rc, this is not the case 

here. The thin AlN barriers, possibly, allow metals to diffuse more easily during the temperature 
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Fig. 4.5   (a) Theoretical and experimental 2DEG density and electron mobility, (b) mean values 

of sheet resistance Rsh, obtained from Hall-effect and TLM measurements, and (c)  mean contact 

resistance Rc (obtained from TLM measurements), as a function of AlN barrier thickness where 

the inset shows the measured TLM pattern. Error bars are showing the standard deviation range. 
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Fig. 4.6    Normalized capacitance-voltage characteristics for the AlN/GaN/AlN heterostructures 

measured at room temperature and frequency f = 1MHz. 

 

annealing and contact with the 2DEG, thus improving Rc [36]. Electron tunneling through the AlN 

barrier is also dramatically limited by increasing its thickness, considering the large bandgap of 

AlN. 

4.5 C-V characterization of Schottky contacts 

All the structures exhibited high quality C-V profiles with sharp pinch-off characteristics and 

extremely low residual GaN buffer capacitance at high reverse bias voltages (Fig. 4.6). The plateau 

capacitance of the curve is associated with the 2DEG and corresponds approximately to the 

capacitance of the parallel plate capacitor with AlN as a dielectric. For a given AlN barrier 

thickness, the length of the C-V curve plateau depends on the sheet carrier density of the 2DEG. 

For thicker AlN barriers (higher sheet carrier densities), the capacitance decrease occurs at higher 

reverse voltages, and thus Vth shifts towards higher values. The volume carrier concentration was 

measured from the C-V profile using NC-V = (C3/qε0ε)(dV/dC) as a function of depth z = ε0ε/C. 

From the volume profile, the apparent sheet electron density can be computed by integration as a 

function of applied bias voltage. 
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Fig. 4.7   (left column) Carrier concentration vs depth profile and (right column) integrated 

electron density, deduced from C-V curves for (a-b) 2.2, (c-d) 3, (e-f) 3.7 and (g-h) 4.5 nm AlN 

barrier. 
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Figure 4.7 shows the typical carrier concentration profiles for all the structures. A high carrier 

concentration is observed at the AlN/GaN interface and a low background carrier density is 

observed at the bottom of the GaN buffer layer, demonstrating a sharp carrier confinement. An 

estimation of the 2DEG density as a function of applied voltage was obtained by integrating the 

concentration vs. depth profile with respect to the applied voltage, as shown in Fig. 4.9. The 2DEG 

density changes linearly with the applied voltage and the values are in close agreement with Hall-

effect measurements. 

4.6 DC characterization of AlN/GaN/AlN HEMT transistors 

The previously described 2DEG results (NS, mobility, pinch-off) were consistent with the dc I-

V measurements of the fabricated HEMT devices. For statistical revelance, more than 200 devices 

have been characterized from each sample. Figure 4.8 shows the I-V characteristics of 

representative transistors. The structure with tb = 3.0 nm exhibited a maximum drain-source 

saturation current (Idssmax) of 1.1 A/mm with Vgs of +3 V. The Idssmax was the same for tb=3.7 nm, 

while a slightly lower value of ~1.0 A/mm was obtained for tb=4.5 nm. The Idss at Vgs= 0 V (Idss0), 

versus the AlN barrier thickness is shown in Fig. 4.9 and exhibits the same dependence on tb as 

that observed for NS in Fig. 4.5(a). The on resistance (Ron) of the devices, extracted at gate-source 

voltage Vgs=0 V from the linear region of DC I–V curves, was in the range 3.9 – 4.8 Ohm·mm for 

tb between 3.0 – 4.5 nm (Fig. 4.9). However, the 2.2 nm ultrathin AlN layer exhibits a much higher 

Ron exceeding 11 Ohm·mm due to very low carrier density and the resulted high sheet resistance 

values.  

The measured transconductance-voltage (Gm-Vgs) characteristics of the devices are shown in Fig. 

4.10. The intrinsic Gmi (Gmi = Gm/1-GmRs) was also extracted by correcting for the effects of 

parasitic resistance Rs, where Rs = Rc + Rs(a); Rc is the contact resistance of the source electrode 

and Rs(a)=Rsh*(Lgs)/W is the source access resistance due to the biased gate-to-source channel 

region (Fig. 4.11(a)). The maximum extrinsic gm was 330 mS/mm for the 3 nm AlN barrier and 

reduced for higher tb, approaching the value of 250 mS/mm for 4.5 nm. From the figures, it is 

obvious that the optimal AlN thickness for maximizing both drain current and transconductance 

occurs at the 3 nm AlN barrier thickness where 2DEG mobility is also maximized.  
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Fig. 4.8    Drain-source current characteristics for varied AlN barrier thicknesses. 

 

 

Fig. 4.9   (a) Drain-source saturation current measured at the maximum Vgs and Vgs= 0 V, and 

(b) on-resistance, Ron, as a function of AlN thickness, as evaluated from the slope of the HEMT 

Ids–Vds curve at Vgs=0 V. 
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Fig. 4.10   Ids-Vgs and Gm-Vgs plots for various AlN barrier thicknesses measured at the saturation 

regime (Vds=5 V). 

 

 

Fig. 4.11   (a) Maximum Gm versus AlN thickness and (b) gate leakage currents for various 

devices. 
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Fig. 4.12   Threshold voltage dependence on AlN barrier thickness, as extracted from the transfer 

(Ids-Vgs) curves. 

 

In addition to this, this sample exhibited the lowest gate leakage currents under pinch-off 

conditions (~10-5 A/mm at Vgs=-3 V), as shown in Fig. 4.11(b). It is interesting to note that Igs was 

~2 orders of magnitude higher for the thicker 4.5 nm AlN barrier, although the total gate-to channel 

thickness is increasing, causing a ~32% reduction in Gm compared to 3 nm AlN. This could be 

related to a different defect density in the grown buffer layers. However, it may also result from 

the onset of lattice relaxation at the 4.5 nm AlN barrier structure, which is close to the 5 nm critical 

thickness reported by Adikimenakis et. al [37]), and the introduction of microcracks for relaxation 

of the stress of the AlN layer. The presence of microcracks or other defects could result in the 

creation of current paths through the barrier that increase the gate leakage [36]. 

From the transfer characteristics of Fig. 4.10, the transistor threshold voltage Vth was also 

extracted, defined as the gate-bias intercept of the linear extrapolation of the drain current from 

the point of the peak transconductance. The reduction of AlN barrier thickness increases the 

HEMT device Vth, from -2.7 V for tb=4.5 nm to -0.3 V for tb=2.2 nm (Fig. 4.12). The extracted 

values were in close agreement with Vth extracted from C-V measurements on Schottky contacts; 

in the latter case, Vth was defined as the bias voltage where the linear extrapolations of the 

capacitance curves of the accumulation and depletion regions intersect (see Fig. 4.6).  
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Fig. 4.13   Schematic setup of the drain current injection technique (ref. [44,45]). 

 

The transistors were also submitted to off-state electric breakdown measurements. AlN/GaN 

HEMTs generally show [38-43] a limited applied Vds range and sustain low Vbr compared with the 

inherent material properties. Although gate insulators for gate leakage current suppression were 

used in many works to avoid high tunneling currents, the reported devices showed low off-state 

Vbr due to gate insulator failure resulting premature off-state breakdown [38-43]. Chabak et al [38] 

reported a maximum Vds of 20 V for a fixed Ids = 50 mA/mm and drain-source distance Lds = 2.7 

μm for HEMTs with a plasma-oxidized gate insulator, whereas Meyer et al [39] measured an off-

state Vbr of 35 V for Ids=1 mA/mm and Lsd = 3 μm for HfO2/AlN/GaN HEMTs. Corrion et al [40] 

reported an enhancement-mode AlN/GaN/AlGaN double heterostructure FET with Lsd = 1 μm and 

Vbr of 57 V, while Taking et al [41] demonstrated a similar value of 58 V for an AlN/GaN MOS-

HEMT with Lsd = 3.5 μm.  

Many different measurement and extraction techniques and a variety of criteria have been cited 

in the literature to elicit Vbr values. Several authors define Vbr as the drain voltage of the turned-

off device where a sharp rise in Ids occurs on the output I-V characteristics. It does not necessarily 

imply that breakdown occurs in the channel; it could equally occur between drain and gate. Also, 

in that case, great care must be taken to limit the current and prevent device destruction. In this 

work, the drain-current injection technique was used [44,45] for the measurement of off-state Vbr 

(Fig. 4.13), which gives insight into the physics of breakdown and provide safe operation of the 

device. To characterize breakdown, the transistor is biased with grounded source and a fixed 

predefined drain current, commonly but not always 1 mA/mm, the gate-source voltage is ramped 

down from a zero bias to below threshold, and Vds and Igs are monitored. 
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Figure 4.14 shows the off-state Vbr characteristics of the double heterostructure AlN/GaN/AlN 

HEMT devices. When Vgs starts to sweep down from zero voltage and the transistor is on-state, 

Vds is close to zero because the channel is conducting and only a minor drain bias is needed on the 

drain to obtain the very small Ids=1 mA/mm. As Vgs is further lowered toward pinch-off, an 

increase in Vds is observed which is necessary to keep the fixed Ids flowing; the Igs increases also 

(in magnitude) due to the reverse bias and starts becoming significant. The peak of the Vds marks 

the drain-source breakdown voltage Vbr. Moreover, at the point of maximum Vds (Vbr) the Igs 

becomes equal to Ids for all the devices, i.e. Igs=−Ids=−1mA/mm, indicating a drain current coming 

out of the gate (gate breakdown). Defect-assisted tunneling [46], thermionic emission at the 

Schottky gate [46] and defect-related leakage paths [47,48] are possible relevant gate-related 

breakdown current components which may significantly contribute to leakage through the AlN 

barrier and may be responsible for the device degradation. 

 Interestingly, it is observed that the highest Vbr of 70 V was measured for the 3 nm thick AlN, 

while the lowest Vbr value of 16 V was measured for the 4.5 nm thick AlN barrier HEMT for a 

fixed Ids=1 mA/mm. This difference is related with the ~2 orders of magnitude higher gate leakage 

current observed in HEMTs with the thicker 4.5 nm AlN barrier. 

 Figure 4.15 exhibits the off-state breakdown characteristics for a (reference) single AlN/GaN 

HEMT structure fabricated by growing a 1 nm GaN cap/3 nm AlN top barrier/500 nm GaN buffer 

layer on a commercially available 2 μm GaN/Al2O3 substrate. For the single AlN/GaN, Vbr was 

26 V at Ids =1mA/mm which was increased to 36 V when the injected fixed drain current Ids 

increased to 10 mA/mm. This value is lower when compared with the Vbr value of 70 V measured 

from the double heterostructure AlN/GaN/AlN HEMT with the same 3 nm AlN barrier thickness.  

 In addition to this, it can be observed that the breakdown mechanisms may differ between 

structures with different heteroepitaxial design. In the single AlN/GaN HEMT, the subthresho ld 

gate current Igs was very small compared with Ids, even at the maximum Vds (i.e. Vbr) which implies 

a channel/buffer breakdown mechanism [44,49]. GaN buffer layers grown by PAMBE are 

typically conductive with a concentration in the 1015–1016 cm−3 range, as mentioned in par. 4.1,  
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Fig. 4.14 Off-state breakdown characteristics for the double AlN/GaN/AlN HEMT 

heterostructure devices. The gate-drain distance is Lgd=2 μm and a fixed Ids=1 mA/mm was used. 

 

Fig. 4.15  (left) Off-state breakdown characteristics for a single 3 nm AlN/GaN HEMT 

heterostructure with 2.5 μm GaN buffer layer. The gate-drain distance is Lgd=2 μm and two fixed 

Ids values were predefined (1 mA/mm and 10 mA/mm). 
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whilst a high electron concentration may also appear at the GaN epilayer/GaN substrate interface 

due to substrate surface contamination. In a double heterostructure AlN/GaN/AlN HEMT, the 

bottom interface of the GaN layer with the 200 nm thick AlN buffer-nucleation layer results in an 

improved confinement that restraints the electron spillover from the quantum well, by raising the 

conduction band in the 300 nm thin GaN buffer (Fig. 4.1), and limiting the access of electrons to 

the highly defective epilayer/substrate interface, which could decrease Vbr.   

4.7 Pulsed characterization of AlN/GaN/AlN HEMTs and of trapping effects 

Nowadays, although the technology of GaN-based devices is quite mature, the identity of 

trapping mechanisms in ultrathin AlN/GaN HEMTs is not well understood. Traps are responsible 

for a recoverable Ids decrease (or collapse) in the I-V characteristics of transistors determined by 

the accumulation of electrons at defective states when an external voltage pulse is applied [50]. 

Electrons can be trapped under the gate and/or throughout the access regions, either at the surface 

[1,50] or within the epitaxial layers [1,50]. Gate leakage current has been considered to be the 

source of electrons needed to charge the defective states [1]. Since this current increases at negative 

Vgs, the magnitude of current collapse is expected to increase at Vgs close to pinch-off of the 

channel. If charge trapping occurs under the gate, then the threshold (or pinch-off) voltage of the 

transistor should change correspondingly [1], given by ∆Vth = q ∆Ns / CAlN, where CAlN is the 

capacitance of the AlN layer and ∆Ns is the change in 2DEG density. This is the gate-lag effect 

[50] (Fig. 4.16). If charge trapping occurs in the access regions (most importantly in the gate-drain 

region), either at the surface or within the epitaxial layers, this would have an additional effect: the 

series resistances (Rs, Rd) will be increased causing also the increase of the on-resistance, Ron, and 

decrease in the drain current and transconductance of devices (Fig. 4.17), since [1,50,51]: 

𝑔𝑚 =
𝜕𝐼𝑑𝑠
𝜕𝑉𝑔𝑠

= 𝑉𝑑𝑠
𝜕(𝑅𝑜𝑛)

−1

𝜕𝑉𝑔𝑠
 

This is due to a virtual gate effect [52] which is described by a measurement known as drain lag 

[50] (Fig. 4.17). According to the model developed by Ladbrooke [51], the resistance of the source-

gate and gate-drain access regions is related with the surface depletion depth which depends upon 

the occupied surface-state density. The occupied-state density depends on the available density of 

states at the surface and the mechanism by which electrons are transported to (and from) those  
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Fig. 4.16   Schematic interpretation of the measurement under gate lag conditions [50].  

 

Fig. 4.17   Schematic interpretation of the physical trap charging processes under drain lag 

measurement [50,51]. When the device is biased in the off-state condition, significant gate electron 

injection takes place, concentrated, due to the positive Vds applied, at the gate-drain region.  

 

states [51]. In an Al(Ga)N/GaN heterostructure, a net positive charge exists on the surface to 

compensate the negative sheet charge due to electrons in the channel. Neutralizing this surface 

positive sheet charge by capturing electrons in trap states, is analogous to negatively charging up 

an imaginary metal gate (referred as virtual gate) on the surface, and hence depleting the channel 

electrons underneath and giving rise to a second barrier to electron flow along the channel [52].  

This is depicted in Fig. 4.18 (a) where the device is biased under pinch-off conditions (the channel 

is depleted through Vgs) and a drain-source bias is applied. Because of the large applied fields in 

this condition, the surface of the transistor becomes charged in the gate-drain region where the 

most intense electric field occurs.  
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Fig. 4.18   Schematic diagram of the virtual gate effect showing the steps from pinch-off to fully 

open channel conditions. (a) under a highly negative Vgs that pinched-off the channel, (b) 

application of Vgs > Vth that resulted to open (but partially depleted) channel and (c) application 

of Vgs > Vth for sufficient amount of time, when current reaches its maximum Idsmax value. The 

time plot of the surface charge and channel depletion is also shown. 

                                                                                                                                                                                                              

Once Vgs opens the channel i.e the metal gate is forward biased (Fig. 4.18(b)), electrons trapped 

in the surface states are removed. However, Ids cannot respond immediately because it takes a 

discrete amount of time to discharge the access region trap states and the surface region between 

the gate and drain remains partially charged. Finally, Ids reaches its maximum value after a 

sufficient amount of time where the traps are discharged (Fig. 4.18 (c)). 
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Fig. 4.19   A double pulse with an initial quiescent bias point [VgsQ, VdsQ] is applied to investigate 

the influence of trapping phenomena on Ids-Vds and Ids-Vgs dynamic characteristics. 

  

In this work, pulsed I–V measurements were conducted for the evaluation of trapping effects, 

with 500 ns pulse duration, which is shorter than the time constant of most traps observed in AlGaN 

structures [53], and 100 μs period of the square wave signal. Thermal and trapping effects can be 

minimized under pulsed I-V measurements with the usage of the “cold” quiescent bias point 

[Vgs,Vds]=[0,0] V. A negative gate bias Vgs at/or beyond the pinch-off bias condition, with Vds=0 

V ([VgsQ,VdsQ]=[Vth,0] V) or a high drain–source voltage Vds=10 V ([VgsQ,VdsQ ] = [Vth, 10] V), 

were used as initial quiescent bias points to evaluate trapping of electrons in the regions 

immediately under the gate (gate lag) or in the gate–drain access region (drain lag), respectively 

[54] (Fig. 4.19). The quiescent bias point of VdsQ = 10 V was selected according to the common 

practice in the specialized literature, such as ref. [50]. The three types of pulsed Ids–Vds 

characteristics for HEMTs with different AlN barrier thicknesses are shown in Fig. 4.20. The 

maximum observed saturation current was Idsmax=1.4 A/mm for a 3.7 nm AlN barrier at Vgs=+3 V, 

while devices with the thinnest AlN barrier of 2.2 nm exhibited currents with Idsmax=0.3 A/mm at 

the highest possible Vgs=+2 V (without observing excess gate leakage). The current collapse, 

observed when cold-pulsed and gate/drain lag I-V characteristics are compared (Fig. 4.20), occurs 

because the 500 ns pulse width is shorter that the emission time constants of the active traps and 

electrons captured by traps do not have enough time to be fully emitted.  
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Fig. 4.20   Pulsed Ids–Vds characteristics of HEMT devices for (a) 2.2 nm, (b) 3.0 nm (c) 3.7 nm 

and (d) 4.5 nm AlN top barrier thickness.  
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Fig. 4.21   Slump ratios Z1 and Z2 versus Vds for HEMTs with AlN top barrier thickness (a) 2.2 nm, (b) 3.0 

nm (c) 3.7 nm and (d) 4.5 nm. The Z1 and Z2 values were calculated at Vgs = +1V. Rectangles represent Z1 

and circles represent Z2 values. 

 

For a quantitative evaluation between the different HEMT devices, the so called [55,56] slump 

ratios Z1 and Z2, defined for gate and drain pulsed from [VgsQ, VdsQ] to a final Vgs=+1 V and to Vds 

varied between 0–8 V, were calculated. The values Z1, Z2 are: 

Z1 = ( Ids,VgsQ,VdsQ – Ids,00 ) / Ids,00 , 

         for ([VgsQ,VdsQ] = [Vth,0]V),             (1) 

Z2 = ( Ids,VgsQ,VdsQ – Ids,00 ) / Ids,00 , 

                                                   for ([VgsQ,VdsQ] = [Vth,10]V)            (2) 

 

where Ids,00 is the cold pulsed current. Figure 4.21 exhibits the Z1 and Z2 slump ratio variations with 

the drain-source voltage, at Vgs = +1 V, for all the devices. For tb = 2.2 nm, it is observed that Z1 

was ~7% for Vds between 2 and 7 V, and that Z2 is more pronounced exhibiting a value of 15-17%. 
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Fig. 4.22    Pulsed transfer Ids-Vgs characteristics of HEMT devices for    (a) 2.2 nm, (b) 3 nm (c) 3.7 nm 

and (d) 4.5 nm AlN top barrier thickness.  

 

On the other hand, for tb = 3.0, 3.7 and 4.5 nm, an increase of lag effects can be noticed during 

the transition from the linear (low Vds) to the saturation region of the Ids-Vds characteristics. The 

minimum values (6-7% and 10-13% for Z1 and Z2, respectively) were obtained from the linear part 

of the I-V characteristics, which determines the Ron of the devices, while the maximum values (10-

12% and 15-18% for Z1 and Z2 respectively) were observed in the onset of the saturation region.  

Pulsed transfer characteristics (Ids-Vgs) obtained at Vds = 5 V are reported in Fig. 4.22 for the 

HEMT devices with AlN tb = 2.2, 3.0, 3.7 and 4.5 nm, respectively. The threshold voltages (Vth) 

were determined from the Vgs intercept of the linear extrapolation of Ids from the point of peak 

transconductance. In all cases, a small positive threshold voltage shift was observed for applied 

quiescent bias of [Vth, 0] V (gate lag). The Vth shift was 0.4 V for the devices with tb = 3.0, 3.7 and 

4.5 nm, while it became of approximately 0.2 V for tb = 2.2 nm. Moreover, the currents did not 

exhibit any essential change under drain lag measurement conditions, when a high drain voltage  
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Fig. 4.23   Pulsed Gm-Vgs characteristics of HEMT devices for (a) 2.2 nm, (b) 3 nm (c) 3.7 nm and (d) 4.5 

nm AlN top barrier thickness at Vds = 5V. 

 

was combined with the negative gate voltage Vgs=Vth in the quiescent bias point ([VgsQ, VdsQ] = 

[Vth,10] V) (Fig. 4.22). 

The transconductance, Gm, versus Vgs characteristics, extracted from the pulsed Ids-Vgs 

measurements, are shown in Fig. 4.23. The maximum Gm is slightly affected by the quiescent bias 

point, with the highest reduction being ~8% for the device with 4.5 nm AlN barrier. The observed 

reduction of Idsmax under gate or drain lag measurement conditions is due to the influence of traps 

with emission time constant higher than 500 ns. A conclusion about the location of traps in the 

devices may be inferred by the observed current variations [50,54,55]. In our experiments, the 

initial application of a negative Vgs voltage for off-state condition (VgsQ = Vth) and zero Vds voltage, 

i.e. quiescent bias point ([VgsQ, VdsQ] = [Vth, 0] V), induced a Vth shift without any significant 

decrease in the slope of the transfer curves and the maximum Gm. These results remained unaltered 

by the application of VdsQ = 10 V with VgsQ = Vth. Only the HEMT device with 2.2 nm AlN barrier 

exhibited a slight increase of Vth shift, without any change in the maximum Gm.  
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Meneghesso et al [50] has reported a comparative study of HEMT devices passivated, non-

passivated and passivated but having defects under the gate, to determine the correlation of the 

gate lag and drain lag effects with the different locations of trapping levels in the device. According 

to that report [50], the trapping of electrons in trap levels at the surface between gate and drain 

becomes evident in the drain lag measurements, which are carried out with high VdsQ (10 V was 

used) under closed channel conditions and results to reduction of Gm. If electron trapping occurs 

under the gate, then the drain lag measurements would not differ essentially from the gate-lag 

(VdsQ = 0 V) measurements and result only to Vth shift, without reduction of Gm. The non-

passivated surface of our HEMT devices does not allow to securely exclude any involvement of 

surface traps in the observed gate and drain lag effects. However, it should be noted that the 

observed negligible differences between gate lag and drain lag measurements, the negligib le 

reduction of Gm and the noticeable Vth shift are consistent with dominant electron trapping under 

the gate and negligible effect of trapping in the gate-drain surface region.  

The observation of Vth shift has been also associated [50] to sufficient gate leakage to charge the 

traps during the reverse quiescent bias pulse. The leakage of the gates in the current study was not 

negligible and could allow trapping of electrons in defects underneath the Schottky contact, in the 

AlN or GaN layers. However, the observed Vth shift in this work is very weak, especially for the 

most shallow 2DEG structure with tb = 2.2 nm although an increased concentration of threading 

dislocations is expected in these thin heteroepitaxial structures, with a total thickness of ~0.5 µm, 

and this could result to a higher trap content in the layers. This indicates an unexpected low 

trapping effect in the layers underneath the gate, in spite of their small thickness above the highly 

lattice-mismatched AlN/sapphire interface. Medjdoub et al [16] have shown that the improved 

electron confinement that resulted from insertion of a 1.5 μm thick Al0.08Ga0.92N layer underneath 

the GaN channel reduced significantly the current collapse of HEMT devices. The current work 

indicates that an AlN back barrier could have a very efficient effect even for the very thin 

heterostructures of ∼0.5 μm total thickness. AlN is providing the maximum barrier to the 

overlaying GaN channel and, even more, can be grown by PAMBE with insulating characterist ics 

without any doping, something not easy for GaN.     

The absence of strong electron trapping at the non-passivated gate-drain surface region should 

also indicate that the GaN capped AlN/GaN/AlN heterostructure is a rather tolerant heterostructure  
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Fig. 4.24   (left) Ids-Vds curve and (right) transfer and Gm-Vgs characteristic, obtained at Vds=1 V, 

for the structure 1.5 nm AlN/300 nm GaN/200 nm AlN/Al2O3 . Inset shows the equilibrium Ec 

band diagram. 

 

design and material system. The 1 nm GaN cap protects the AlN surface from oxidation and 

stabilizes the charge at the surface which may improve the stability of the 2DEG. In addition, it is 

anticipated that a thin AlN barrier may facilitate the fast exchange of electronic charge between 

surface states and the 2DEG channel, as the bias conditions change [49]. 

4.8 Normally-off approach of AlN/GaN heterostructures 

While significant improvement has been achieved toward developing normally-on devices, 

normally-off devices are also highly desirable for two key applications: power switching and 

digital logic circuits. As shown earlier, the threshold voltage shift can be accomplished by reducing 

the AlN top barrier thickness and therefore the 2DEG density. Figure 4.24 shows the Ids-Vds 

characteristic of a HEMT with a 1.5 nm ultrathin AlN barrier. As the Ec diagram shows in the inset, 

there is no 2DEG quantum well formation due to the charge depletion effect of the surface 

potential. The normally-off channel is turned on by positive Vgs and the device can operate up to 

+1 V before excessive gate leakage appears. A maximum Ids current of 8 mA/mm and a peak Gm 

of 10 mS/mm was measured while Vth obtained from the transfer characteristic is about +0.2 V.  
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Fig. 4.25   The schematic cross section of the fabricated normally-off AlN/GaN/AlN transistor 

and the corresponding energy band diagram. 

 

 

Fig. 4.26    DC I-V curves for Lg~1 μm transistors from the structure [7 nm AlN/5 nm GaN/500 

nm AlN] grown on Al2O3 (0001) substrate. Maximum Ids currents ranged between 0.16 and ~0.60 

mA/mm for all the measured transistors. 

 

Another approach to achieve normally-off operation could be the use of a heterostructure of GaN 

quantum well sandwiched between an AlN barrier and an AlN buffer (Fig. 4.25). The studied 

structure was 7 nm AlN/ 5 nm GaN/ 500 nm AlN buffer/ Al2O3 and the calculated equilibr ium 

energy band diagram is shown in Fig. 4.25. As shown in the diagram, similarly to the previous 

structure, Ec falls above the Fermi level and there should be no 2DEG formation at the AlN/GaN 
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interface. The fabricated devices (with Lg~1 μm and W~50 μm) exhibited maximum Ids currents 

ranging between 0.16-0.60 mA/mm (Fig. 4.26). 

It should be noted that these structures are not suitable for high power applications because they 

suffer from very high on-resistances due to the absence of 2DEG across the entire source-drain 

region. However, this structure could be optimized by increasing the electron concentration under 

the ohmic metal contacts and the channel access regions by implanted dopants or patterning and 

selective growth of highly conductive material. The normally-off structures may also offer promise 

well beyond the established power-related applications and could be useful for ultra low-power or 

digital circuitry applications.   

For high power operation, low-on resistance, high drive current and high extrins ic 

transconductance are needed. Therefore, to realize high-performance normally-off HEMTs, in 

addition to the mandatory normally-off channel under the gate which is controlled by the gate 

electrode, it is equally important the access regions (e.g. gate-source and gate-drain regions that 

are not controlled by the gate bias) to be highly conductive, i.e. in normally-on mode with high 

2DEG density and resultant low access resistances. To overcome this problem, several approaches 

have been reported that start from an epitaxial structure with additional layers, which are modified 

selectively, with processes such as gate recess and F-treatment [57]. However, the concept of gate 

recess, which is the most common approach to obtain normally-off devices, is very difficult (or 

even impossible) to be accomplished successfully in ultrathin AlN/GaN HEMTs.  

Simple oxygen plasma treatment in structures comprising of 4 nm AlN/GaN HEMTs was tested 

for gate-recessing, expecting that a part of the AlN layer is converted into Al oxide layer during 

this treatment. It was found that this process is difficult to control and causes serious plasma-

induced damage. Moreover, the optimization of the plasma recipe is not easy for such a thin AlN 

barrier and the etch details of the plasma or the true depth of the etch cannot be determined 

accurately. For example, for plasma treatment time <30 sec, characteristic values obtained from 

Hall measurements before O2 plasma treatment were: Rsh=264 Ohm, μ=680 cm2/Vs, Ns=3.47 x 

1013 cm-2. After O2 treatment the obtained values were: Rsh=3.87 x 103 Ohm, μ=185 cm2/Vs, 

Ns=8.70 x 1012 cm-2. 
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4.9 AlN/GaN/AlN HEMTs with in-situ deposited SiNx   

 

Control of surface states on III–N materials is a well-known difficult issue. Several insulato rs 

have been used as passivation layers to solve this problem. However, the most widely utilized one 

is silicon nitride (SiNx). SiNx passivation was first introduced in the early 1990s to overcome 

trapping effects in GaAs FETs [58]. In 2000, Green et al. from Cornell University were the first 

who demonstrated SiNx/AlGaN/GaN HEMTs with improved pulsed I-V characteristics and 

microwave power performance [59]. Generally, it is assumed that the SiNx deposition prevents 

surface trapping and the formation of the virtual gate on the device surface in the gate drain access 

region (preventing the injection of electrons from the gate) [52,59]. However, undesirable side-

effects of SiNx deposition, such as increased gate leakage may still remain depending on the 

deposition method and the experimental conditions [60-65]. The deposition of SiNx inside a 

metalorganic chemical vapor deposition (MOCVD) reactor, which is used for III-Nitride growth, 

has been demonstrated as an efficient method for passivating the surface of HEMT devices [66-

70]. This kind of passivation is thought to be an effective way to avoid problems related with 

surface exposure to atmosphere and native oxide formation. Recently, it has been showed that the 

in situ SiNx dielectric grown by MOCVD has great potential also for the ultrathin barrier AlN/GaN 

HEMT heterostructures [67-69]. However, the in situ SiNx deposition on AlN/GaN HEMT 

structures, at the end of their growth in a PAMBE reactor, has not been explored yet. PAMBE is a 

suitable growth technique for III-Nitride HEMTs with ultrathin layers and may also provide 

hydrogen-free SiNx layers [71]. 

A thin AlN/GaN/AlN HEMT heterostructure with 5 nm SiNx cap layer was grown entirely inside 

the MBE growth chamber and its material and device properties were compared to a similar 

structure without the SiNx cap layer. The 5 nm thick SiNx layer was grown in situ on top of the 

GaN cap, with a deposition rate of 0.1 nm/min at a substrate temperature of 250 oC, under nitrogen-

rich conditions, using a silicon sublimation source and the N2 plasma source. HEMT devices were 

fabricated by Ni/Au metallization for formation of MIS or Schottky barrier gates on the structures 

with or without the SiNx cap, respectively (Fig. 4.27). BCl3/Cl2 plasma etching was used for mesa 

isolation. The Ohmic contacts were formed by Ti/Al/Ni/Au metallization and were annealed at 

750 oC. Before the MIS-HEMT source and drain contact metallization, the SiNx insulator had been 
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Fig. 4.27   Cross section of the MIS-gate HEMT devices processed from the heterostructure with 

in situ SiNx cap layer. A similar heterostructure without the SiNx layer was used for processing of 

Schottky-gate HEMTs.  

 

removed selectively by SF6 plasma etch. Discrete MIS capacitor (MISCAP) devices of 

Ni/SiNx/GaN/AlN/GaN were also processed, with circular diameter d=100 μm.  

C–V characteristics for the SiNx MIS and Schottky barrier contacts measured at 1 MHz sweeping 

from negative to positive bias direction are plotted in Fig. 4.28. The plateau (total) capacitance Ctot 

in the MISCAP devices is a series connection of the AlN barrier capacitance CAlN and the SiNx 

dielectric capacitance CSiNX, given by Ctot = CSiNX CAlN / CSiNX + CAlN. The SiNx thickness may be 

estimated by using the above equation, where CAlN=836 nF/cm2 is the zero bias capacitance of the 

unpassivated HEMT and Ctot=580 nF/cm2 is the zero bias capacitance of the MIS-HEMT. Thus, 

the SiNx capacitance can be calculated by using CSiNx=CtotCAlN/Ctot - CAlN. This results in CSiNx= 

1980 nF/cm2; by talking into account that CSiNx=ε0*εSiNx/dSiNx, where ε0=8.85 x 10-12 F/m is the 

vacuum perimitivity and εSiNx= 7.5 is the dielectric constant of amorphous Si3N4, the estimated 

SiNx thickness is 3.5 nm. This value is less than the 5 nm SiNx nominal thickness, possibly due to 

the uncertainty in the MBE SiNx dielectric constant.  

It can be also observed that the depletion portion of the MISCAP device is stretched out in the 

voltage direction due to the existence of interface trap states (say at the SiNx/GaN interface) that 

can (dis)charge based on Fermi level position and proximity to a mobile charge supply (e.g. the 

2DEG channel) [36,72]; these trap states can follow the slowly varying dc bias causing the 

distortion of the C–V curve [72] (see chapter 3, par. 3.2.3.2). On the other hand, high quality C-V 

curve is observed in the case of Schottky barrier device, as evidenced by the steep slope in the 

depletion region.  
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Fig. 4.28   (left) C-V curves and (right) the apparent carrier concentration profiles from a Schottky 

diode of the unpassivated AlN/GaN HEMT and a MISCAP device of the SiNx passivated 

AlN/GaN/AlN HEMT devices measured at 1 MHz. The diameter of the Schottky and MIS contact 

dot was 100 μm.  

 

Figure 4.28 exhibits also the apparent carrier concentration profiles, as obtained from C-V 

measurements on the MISCAP device and the Schottky diode, using Ncv=(C3/qεs)(dC/dV)-1. In 

both cases, a high carrier concentration can be observed close to the AlN/GaN interface, 

confirming the high polarization discontinuity between the 3.5 nm AlN and the GaN buffer. The 

electron densities calculated by integrating the carrier profile were ~1.6 x 1013 for the Schottky 

diode and ~4.0 x 1013 cm-2 for the MISCAP device, which are in close agreement with Ns obtained 

from Hall-effect data (1.9 x 1013 and 3.8 x 1013 cm-2, respectively). The increased Ns value for the 

sample with in-situ SiNx cap is consistent with previous studies [73-76]. It suggests the presence 

of an additional positive charge at the SiNx/GaN interface, which could be attributed to some kind 

of interface states. It has been speculated that Si atoms at the SiNx/GaN interface might act as 

donor dopants [76]. The positive sheet charge at the SiNx/GaN cap interface neutralizes negative 

polarization charges of the GaN cap surface, increasing the 2DEG density at the AlN/GaN 

heterojunction. Though the exact origin of the charges at the interface has not been clarified yet, 

this is essentially identical to modulation doping and has been reported similarly to occur for other 

insulators like Al2O3 [77]. The observed increase of Ns may be related with the change of the 

energy level of the GaN surface donor with the SiNx deposition (surface barrier height) [1,64,76].  
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Fig. 4.29   Schematic diagram showing the possible effect of SiNx deposition on the surface 

pinning level (ref. 1) for an AlN/GaN heterostructure. 

  

A 2DEG density increase should correspond to a decreased electric field in the barrier, which 

implies that the surface pinning level is now smaller (Fig. 4.29) [1]. 

To our knowledge, such an extremely high Ns increase with SiNx deposition has not been 

reported and there are no literature data for the ultrathin AlN barrier (compared to AlGaN) HEMT 

structures. Higashiwaki et al. [74] studied SiN/AlGaN/GaN HFETs with thin and high Al 

composition barrier layers and suggested that for thin barrier devices the effect of the electric field 

from the surface states, which are considered as fixed negative charges, is stronger than for thick 

ones due to the shorter distance between the surface and the channel interface [74]. Similarly, the 

high Ns increase in our AlN/GaN structures is related with the use of the 3.5 nm thin AlN barrier 

and the proximity of the heterointerface to the negatively charged surface. 

Figure 4.30(a) shows the dc Ids-Vds characteristics of the SiNx MIS-gate AlN/GaN/AlN HEMT 

with Lg~1 μm. The device shows an Ids current of 1.15 A/mm at Vds = 6 V and Vgs = 0 V. In the 

same figure, the Ids-Vds curve of the Schottky-gate HEMT exhibits Ids = 0.43 A/mm, at Vgs = 0 V. 

The significantly higher current of the MIS-HEMT is consistent with the large increase in Ns 

observed by Hall and C-V measurements. A further Ids increase at forward Vgs bias could not be 

achieved for the MIS-gate AlN/GaN/AlN HEMT, probably due to the presence of high interface 

state densities, as evidenced from the C-V stretch-out of the MISCAP device (Fig. 4.28). It is 

speculated that the high density of the interface states at the SiNx/GaN interface is responsible for 

innefficient Fermi level response and quasi-pinning under the gate when Vgs > 0. 
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Fig. 4.30 (a)   DC output Ids-Vds characteristics and (b) two-terminal gate leakage curves for a MIS-

gate HEMT, fabricated by the PAMBE grown SiNx/AlN/GaN/AlN heterostructure, and for a 

Schottky-gate HEMT of a similar structure without SiNx. Device dimensions: Lg=1 μm, W=50 

μm. 

 

Vgs cannot modulate Ns sufficiently and consequently Ids no longer increases. This “choked 

channel” mechanism has been also reported for HfO2/AlN/GaN HEMTs by Deen [36]. Moreover, 

the MIS-HEMT exhibited a high leakage current originating from the gate. Igs was ~2 orders of 

magnitude higher for the MIS-HEMT when compared with the Schottky-gate HEMT (Fig. 

4.30(b)). The increase of leakage after SiNx deposition in a HEMT device has been observed by 

many authors [60-65], and is closely related with the different passivation processes and the 

surface preparation method [61]. Z. H. Lu et al. [64] showed that PECVD deposited SiN on 

AlGaN/GaN HEMTs may increase the gate leakage current up to five orders compared to a device 

without passivation [64]. It has been proposed that electron hopping conduction through trap states 

along the SiNx surface or the SiNx/GaN interface could be involved and contribute to the gate 

leakage problem [60-63,64,65].   

Pulsed gate and drain lag results of the MIS-gate AlN/GaN HEMTs showed that such a thin SiNx 

layer does not passivate the nitride surface from the standpoint of current collapse, resulting in a 

>70% reduction of Ids in the majority of devices, while the lowest measured slump ratio for drain 

lag condition was ~45 % (Fig. 4.31). Thus, an increase in 2DEG density as a result of a deposited  
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Fig. 4.31   Pulsed Ids-Vgs measurements under gate and drain lag conditions for a SiNx MIS-gate 

HEMT device with Lg~3.5 μm, and optical image of a fabricated transistor. 

 

dielectric is not indicative of a passivated surface because a succesful HEMT surface passivation 

requires the minimization of the deviation of the dynamic I-V characteristics of a transistor from 

the dc I-V characteristics [36]. If the SiNx/GaN interface or the bulk of the SiNx contains charge 

trapping sites, then electrons leaking from the gate metal under a high electric field can get trapped. 

This trapped negative charge can result in a negatively charged virtual gate to develop in a similar 

way to that on an unpassivated surface [52]. Moreover, the high current collapse is correlated with 

the observed high gate leakage.  The SiNx capping increased the leakage current, which means that 

the number of carriers delivered from the gate to traps located at the SiNx/GaN interface and/or 

the SiNx bulk was increased, in comparison to traps on an uncapped GaN surface. A higher gate 

leakage will increase the charging of the trap states at the GaN surface during the reverse-bias 

pulse. [50,78]. 

The above results suggest the need for a systematic investigation of the structural and electronic 

properties of the MBE deposited SiNx insulator and the SiNx/GaN interface in order to optimize 

the SiNx/GaN deposition and interface.  

As a first step towards understanding and optimizing the SiNx/GaN structures, three SiNx/GaN 

samples were realized by depositing 10 nm thick SiNx layer on top of 1 μm GaN buffer at three 

different substrate temperatures: 250o C, 500o C and 700 oC. A Ti/Al/Ni/Au multilayer structure  
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Fig. 4.32   Frequency dependence of the C-V characteristics for Ni/SiNx/GaN MISCAPs where 

SiNx dielectric was deposited at (a-b) 250 oC, (c-d) 500 oC and (e-f) 700 oC.  

 

was deposited on the GaN for ohmic contact formation after selective SiNx etching by SF6, 

followed by annealing at 750 oC. A circular Ni/Au metallization with a diameter of 100 μm was 

deposited on the SiNx surface to form an MIS contact. High non-uniformities were observed among 

the 40 MISCAPs studied from each sample. An investigation of C-V characteristics is needed to 

understand the MIS structures [79-81].  

Figure 4.32 shows the frequency dependence (1, 10, 100 kHz and 1 MHz) of the C-V 

characteristics of the MISCAP devices. A large frequency dispersion and an increase of 

capacitance with decreasing frequency, from 1 MHz to 1 KHz, is observed for all the MISCAPs 

reflecting a poor SiNx/GaN interface quality. This is related with a larger interface state 

capacitance contribution at lower frequencies (theory explained analytically in chapter 3, par. 

3.2.3.2), and is a strong indication of high interface trap densities. Similar behavior has been 

reported by Gaffey et al. [81] for nonoptimized MIS capacitors using SiO2/Si3N4/SiO2 insula tors 

deposited on GaN by jet vapor deposition, and by Hori et al. [82] for atomic layer deposited Al2O3 

on AlGaN/GaN structures grown by MOCVD. 

By studying the flat band voltage (VFB = ΦMS – Qf,eff / CSiNx) as described in chapter 2, the 

effective dielectric- fixed charge densities, Qf,eff, of the MISCAPs were also calculated (Table I). 

VFB was determined from the 1/C2 versus V plot, measured at f=1MHz, as shown in Fig. 4.33. The 

donor concentration Nd in GaN was also obtained from data fitting to the partial range of the C-V 

characteristics in which 1/C2-V is linear (1/C2 ∝ -2V/qεsNd).  
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SiNx growth T (oC) Nd (cm-3) ΦΜS (V) VFB (V) Qf,eff (x 1012 cm-2) 

250 3.2 x 1015 +1.63 +0.19 +2.8 

500 7.6 x 1015 +1.66 +0.35 +1.7 

700 1.2 x 1016 +1.67 -0.20 +3.4 

 

Table I.   Summary of parameters extracted for the SINx/GaN MISCAPs, as described in chapter 

2. The doping concentration Nd was obtained from the slopes of the 1/C2 – V curves. ΦMS 

calculated from Eq. (2.33) by using XGaN = 3.3 eV.  

 

 

Fig. 4.33   Plot of 1/C2 versus V data for the SINx/GaN MISCAPs. The SiNx dielectric was 

deposited at (a) 250, (b) 500 and (c) 700 oC. 

 

The C-V results are correlated with the leakage of devices. Figure 4.34 exhibits the I-V curves 

for the MISCAP devices. All the MISCAPs exhibited similar leakage behavior where Schottky-

like characteristics observed rather than MIS-like behavior. Although in the reverse bias direction 

the ΜISCAPs can sustain a low current of ~10-5 A/cm2 at -5 V, in the forward direction where 

electrons are injected from the GaN into the SiNx, a steep increase, without any current barrier, is 

observed. A small ΔΕc between SiNx and GaN may also have a significant contribution to a leaky 

behavior for device operation under forward bias [83-85]. Robertson and Falabretti predicted by 

calculations ΔΕc to be generally low (1.2 eV) [86], when compared with other common insula tors 

like Al2O3 or SiO2 (Fig. 4.35). Experimentally, ΔΕc was determined to be lower (0.5 eV) than the 

theoretical value, for Si3N4 films deposited onto GaN by CVD deposition [87,88]. 
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Fig. 4.34   I-V curves of Ni/SiNx/GaN MISCAP devices for SiNx deposition temperature of (a) 

250 oC, (b) 500 oC and (c) 700 oC. 

 

 

Fig. 4.35   Band alignements at insulators/GaN interfaces calculated by Robertson and Falabretti 

[89]. 

 

Thus, SiNx may not be the best choice material to be adopted as a gate dielectric in ultrathin 

HEMT structures, because its bandgap (~5 eV) is not large enough to form a sufficient barrier with 

GaN, which in turn leads to high leakage currents [83]. Therefore, only limited work has been 

reported using in situ SiNx by MOCVD [67] or SiNx deposited by PECVD [87] on an AlN/GaN 

structure with successful suppression of gate leakage current. The MBE SiNx dielectric studied in 

this work remains a subject of further study and more investigation is needed to understand and 

achieve the successful passivation of AlN/GaN HEMTs and possibly the formation of high quality 

MIS gate contacts.  
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4.8 Conclusions 

 

AlN/GaN HEMT structures with thin GaN/AlN buffer layer have been extensively studied and 

the effects of the back AlN barrier on 2DEG properties have been evaluated. HEMT structures 

consisting of 300 nm GaN/ 200 nm AlN buffer layer on sapphire were grown by PAMBE and 

exhibited a remarkable agreement with the theoretical calculations. The results suggest that the 

double GaN capped AlN/GaN/AlN heterostructures may offer intrinsic advantages for the 

breakdown and current stability characteristics of high current HEMTs. When an in situ MBE SiNx 

cap was introduced in a double AlN/GaN/AlN structure, the electron density was increased 

significantly causing an increase in HEMT device Ids current. However, the MBE SiNx was not 

suitable as a passivation layer and gate dielectric for the AlN/GaN HEMTs due to high gate leakage 

and significant current collapse. An approach towards the realization of normally-off transistors 

with very low Ids currents was also presented based on a very thin (1.5 nm) AlN barrier and by 

using a double heterostructure with a 5 nm GaN quantum well sandwiched between a 7 nm AlN 

barrier and an AlN buffer. 
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CHAPTER 5 

InN-based devices 

5.1 Introduction to InN 

 

InN has been recognized as a channel material for future ultra-high speed transistors that would 

boost performance over GaN-based devices and pave the way for terahertz frequency electronics 

[1,2]. InN is a III-V semiconductor predicted to exhibit unique transport properties due to a small 

electron effective mass, a very high mobility, and a high electron peak velocity [3-6]. However, a 

number of impediments related to material issues has prevented the development of any kind of 

device applications, despite the improvements of the epitaxial growth of InN by PAMBE [7-9]. 

As grown InN layers, present n-type conductivity, with unintentional free electron concentrations 

that could be as high as 1021 cm-3 [10]. Nowadays, the reason for the unintentionally conductivity 

of InN still remains unclear. Some researchers have found a relation between electron 

concentration and impurity concentrations, such as oxygen and hydrogen [11,12], while other 

studies have reported that dislocations act as donors and can contribute also, to some point, to the 

layer conductivity [13,14].  

In addition, it has been reported that a surface accumulation layer exists due to the pinning of 

Fermi level at about 0.8 eV above the Ec minimum due to intrinsic surface states [10]. It has been 

reported that the surface state density of the accumulation layer has a range between 2 and 6 x 1013 

cm-2 and its thickness ranges between 5-10 nm [15]. To avoid the electron accumulation, a thin 

GaN capping on InN was suggested by Kuzmik et al. [16]. An additional problem is the large 

lattice mismatch between InN and either GaN (~11%) or AlN (~14%) buffer layers [7]. For 

example, when InN is grown on GaN, InN has a larger in-plane lattice constant than GaN, and thus 

will present an in-plane compressive strain (plane of growth) and a tensile strain in the [0001] 

direction [17]. Hence, the piezoelectric component of polarization points opposite to the 

spontaneous polarization direction (Fig. 5.1). The spontaneous polarization of InN is very close to 

that of GaN, and the polarization sheet charge at the heterointerface is almost totally piezoelectr ic 

[17]. However, the large lattice mismatch between InN and GaN with a critical thickness of ~2 

monolayers [18] does not allow for thin InN pseudomorphic layers to be grown on GaN and benefit 

from the induced large piezo-electric charge, which would be very advantageous for HEMT device  
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Fig. 5.1   Crystal structure and polarization fields in the InN/GaN structure where GaN is relaxed, 

and InN is assumed coherently strained (reproduced from C. Wood, D. Jena [ref. 17]). 

 

applications; in reality almost immediately misfit dislocations are introduced which lead to strain 

relaxation. Hence, the development of InN channel transistors is still hampered due to the absence 

of a suitable lattice matched substrate and the difficulty to fabricate a gate contact that could control 

the electron charge inside the InN channel. The possibility that will be examined in the following 

studies is the formation and the properties of MIS gates and InN MISFET transistors. To optimize 

the purity of the SiNx/InN interface and exclude extrinsic effects, the SiNx layer was deposited in 

situ in the PAMBE system on the previously grown InN layer. This excludes the exposure of the 

InN surface to atmosphere and its oxidation before the SiNx/InN heterojunction formation.  

5.2 SiNx/InN/GaN structures with 2 nm ultrathin InN layer   

 

Two SiNx/InN-on-GaN/Al2O3 (0001) samples were grown in the PAMBE system. Commercia l ly 

available high resistivity (Fe-doped) Ga-face GaN (0001) epilayers grown by MOVPE on Al2O3 

(0001), were used as substrates. A 2 nm thin InN layer was grown directly on the substrate, under 

stoichiometric growth conditions (indium/nitrogen flux ratio=1) that are known to result to a two-

dimensional InN growth mode and full coverage of the GaN (0001) substrate [8]. Finally, a SiNx 

layer was grown on top, under nitrogen-rich conditions with a deposition rate of 0.1 /min, using a 

silicon sublimation source. The substrate temperature during SiNx deposition was 150 oC, in order 

to avoid possible decomposition of the InN layer. Two samples with different SiNx thicknesses (5 
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and 10 nm) were grown. RHEED observations during growth revealed a streaky pattern for both 

the cleaned GaN (0001) substrate surface and the surface of the grown InN (0001) layer, suggesting 

atomically smooth surfaces in both cases. During the growth of the SiNx layer, the RHEED pattern 

became fuzzy, suggesting an amorphous SiNx layer growth at 150 oC.  

The average Rsh, Ns, and μ were determined at room temperature by conductivity and Hall-effect 

measurements with a magnetic field of 0.4 T, on van der Pauw patterns defined by optical 

lithography. For both SiNx thicknesses, Rsh was in the range of 1–2x103 Ohm/sq. For 5 nm SiNx 

thickness, the Ns and μ values were 5.8x1013cm-2 and 15 cm2/V s, while for 10 nm SiNx were 

6.8x1013cm-2 and 24 cm2/V s, respectively. These apparent concentrations are much higher 

compared to the values determined by C-V measurements (presented later) and suggest inaccuracy 

of the Hall-effect measurements, probably as a result of the high series resistances and 

inhomogeneities in the ultrathin InN heterostructures. In any case, very low mobilities are expected 

due to InN strain relaxation by introduction of misfit dislocations at the InN/GaN interface.  

Discrete MISCAP devices with circular shape of diameter d=100 μm (Fig. 5.2(a)), as well as 

MISFET devices with gate length Lg~1 μm and gate width W~50 μm, were fabricated with the 

same processing steps. The source-gate and the gate-drain spacing of the MISFETs were Lsg~1 μm 

and Lgd~2 μm, respectively. Device isolation was performed using BCl3/Ar reactive ion etching. 

Ti/Al/Ni/Au (30/170/40/50 nm) ohmic metal stacks were deposited by e-beam evaporation on the 

InN surface after the selective removal of the SiNx by SF6 plasma etch. The ohmic metals were 

not annealed due to the known Fermi level pinning and electron accumulation on the InN surface. 

The mean Rc, measured by the transmission line model (Fig. 5.2(b)), was Rc=0.47 – 0.56 Ohm 

mm. Finally, Ni/Au (30/100 nm) metallization on the SiNx surface was used for the metal of 

MISCAPs and the gate of MISFETs. Figure 5.2 shows a schematic cross-section and a SEM image 

for the fabricated Ni/SiNx/InN MISCAPs. All the MISCAPs exhibited insulating characterist ics 

with low leakage current at both positive and negative bias regions (Fig. 5.3). For the MISCAP 

with 5 nm SiNx dielectric, the applied bias ranged between -2.5 V and +2.5 V. The current was 

increasing with the applied voltage for both polarities, and it became 6.6 x 10-2 and -5.7 x 10-2 

A/cm2 for 2.5 V and -2.5 V bias, respectively. The MISCAPs with 10 nm SiNx could withstand 

significantly higher voltage with the ~2 orders of magnitude further reduction in the current, 

indicating that the thicker dielectric is more effective in leakage suppression as compared with 5  
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Fig. 5.2    (a) Schematic cross section and SEM image of a 100 μm diameter Ni/SiNx/InN discrete 

MISCAP device, (b) example of I-V measurements of a TLM pattern with d=2.5-80 μm pad 

distances for an InN test structure. 

 

 

Fig. 5.3   I-V characteristics of a 100 μm diameter Ni/SiNx/InN MISCAP device for (a) 5 nm and 

(b) 10 nm SiNx dielectric. The insets show the I-V characteristics in semi-logarithmic scale. 
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Fig. 5.4   (a) C-V plots of the Ni/SiNx/InN MISCAP devices with 5 and 10 nm SiNx thicknesses, 

measured at room temperature with frequency 1 MHz; (b) charge distributions with distance from 

the SiNx surface, as estimated from the C-V measurements. 

 

nm SiNx thickness. The applied bias range was from -4 V to +4 V. A low leakage current of ~5x10-

6 A/cm2 remained constant for bias up to ±2 V whilst it started increasing above ~2 V, being 

4.9x10-4 and -5.2x10-4 A/cm2 for +4 and -4 V bias, respectively (Fig. 5.3). 

 Figure 5.4 (a) shows the C-V characteristics at room temperature of the MISCAPs, measured 

by sweeping from positive to negative bias, with a 0.05 V step, with a sinusoidal voltage variation 

of 10 mV amplitude and frequency f=1 MHz. The plateau capacitance was ~980 and 575 nF/cm2  

for 5 and 10 nm SiNx, respectively, and corresponds to the electron accumulation condition and 

the sheet density of electrons confined in the 2 nm InN layer. The efficient modulation of the 

electron concentration in the 2 nm InN layer is evidenced by the transition from accumulation to 

depletion, at highly reverse bias voltages. Threshold voltage (Vth) values of - 3.7 and -6.0 V were 

estimated for the 5 and 10 nm SiNx MISCAPs, respectively, from the intersect of linear 

extrapolations of the capacitance curves of the accumulation and depletion regions (Fig. 5.4(a)). 

A negative threshold shift of 2.3 V is observed for the MISCAP with 10 nm SiNx, as compared 

with 5 nm SiNx. This shift with increase of the dielectric thickness has been reported by several 

groups [19-21]. Ganguly et al. [19] studied the Ni/Al2O3/AlN/GaN MIS system and showed that 

the decrease of Vth decrease with increasing dielectric thickness can be explained by the presence 



112 
 

of a positive charge at the Al2O3/AlN interface, which compensates the negative polarizat ion 

charge on the AlN surface. Similar findings were also reported recently [21] for 

SiNx/In0.17Al0.83N/AlN/GaN structures, consisting of a SiNx layer deposited by PAMBE on a 

MOVPE grown InAlN/AlN/GaN HEMT structure. Thus, the threshold decrease with SiNx 

thickness in the current work could be also attributed to the presence of positive charge at the 

SiNx/InN interface. This is further studied in the next paragraph, with the assistance of charge 

control calculations. Fig. 5.4(b) exhibits the carrier density profile nc-v(z) with the distance from 

the surface, as extracted from the C-V measurements of Fig. 5.4(a), using nc-v=(C3/qεs) (dC/ dV)-

1. A sharp confinement of a high electron concentration inside the 2 nm InN layer is observed. The 

integration of nc-v from Vth up to 0 V yields Ns of ~2.1x1013cm-2 for both SiNx thicknesses.  

For a better understanding of the effect of SiNx on the Ns and Vth values, it was interesting to 

compare the experimental results with the carrier distribution and the equilibrium energy band 

diagrams calculated using a self-consistent Schrodinger-Poisson solver (SCSP) for the 

Ni/SiNx/InN/GaN structure. Conduction band discontinuities and polarization-related parameters 

incorporated in the calculations were set according to the literature [22-25] Specifica lly, 

ΔEC(InN/GaN) = -2.4 eV [24] is the conduction band offset of InN compared to GaN and ΔEC(SiN/InN) 

= 3.1 eV [23] is the conduction band offset of SiN compared to InN. Only spontaneous polarizat ion 

was taken into account in the simulations, i.e., InN is treated as fully relaxed on the GaN-on 

sapphire substrate [7]. Spontaneous polarization values of -0.029 C/m2 and -0.032 C/m2 were used 

for GaN and InN, respectively [22] For the boundary conditions, we used qΦB=3.0 eV as the 

Ni/SiNx surface barrier height, according to qΦB=qΦΜ-X, with SiNx electron affinity X=2.1 eV 

[23] and work function of Ni metal qΦΜ = 5.1 eV. Neutrality was considered as the boundary con- 

dition at the bottom surface of the GaN buffer. The donor concentration inside the InN layer was 

set at Nd=1018 cm-3, to be in agreement with experimental Hall-effect measurements on thicker 

InN films. In addition to the polarization charges, a fixed positive interface charge Qif was 

introduced at the SiNx/InN interface. This is indicatively shown in the energy band diagram of Fig. 

5.5(a), for the Ni/SiNx/InN/GaN structure with 5 nm SiNx thickness.  
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Fig. 5.5   (a) Charge distribution and conduction band diagram for the Ni/ SiNx/InN/GaN structure 

with 5 nm SiNx thickness, for the cases of Qif=0 and Qif=4.8x1013cm-2. (b) The electron 

concentration Ns in InN versus the fixed charge Qif at the Si3N4/InN interface. 

 

 

Fig. 5.6   Band diagrams and electron concentration profiles for the Ni/SiNx/InN/GaN structures 

with 5 and 10 nm SiNx thicknesses, where Qif values are considered. 
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As it was mentioned previously, the presence of a positive Q if at the SiNx/InN interface is 

suggested by the observed shift of VT  to more negative value with doubling the SiNx thickness.  

Then it was investigated which value of Qif could reproduce the experimental Ns value, as 

calculated from C-V measurements. Assuming Qif=0, the SCSP calculations show that the 

structures should be completely depleted of electrons in the 2 nm InN. However, by including a 

positive sheet charge at the SiNx/InN interface of Qif ≈ 4.8x1013 cm−2 for 5 nm SiNx and ≈ 4.4x1013 

cm−2 for 10 nm SiNx, the SCSP calculations predict Ns values in the relaxed InN layer in agreement 

with the experimental ones.  

Figure 5.5(b) shows the calculated electron concentration Ns in InN versus the fixed charge Q if 

at the Si3N4/InN interface. A depleted InN is observed for Q if < 2·1013cm−2, whereas Ns starts 

increasing above Qif = 2x1013cm−2. It should be also noticed that even if a high residual strain of 

~30 % is assumed, the calculations suggest only a slight increase (~4%) of the Qif value to 

reproduce the experimental values of Ns.  

Figure 5.6 shows the band profiles and the electron distribution for 5 and 10 nm SiNx thicknesses, 

for the considered Qif values. The peak of the electron concentration is located at a distance of 5.9 

and 10.8 nm from the surface of the 5 and 10 nm SiNx layer, respectively, which matches well 

with the values extracted from C-V data. Figure 5.7 shows the theoretical and the experimental C-

V plots for 5 and 10 nm SiNx thickness, where Qif was set as a fitting parameter to match the Vth 

from the experimental results. The effect of interface states, which are ignored in the SCSP 

calculations, is obvious below Vth leading to stretch out along the voltage axis. 

The capability of the MIS capacitors to control the electron concentration in the InN layer 

allowed the successful fabrication and operation of MISFET InN transistors. The output 

characteristics of the transistors are shown in Fig. 5.8. Drain- source voltage was limited to 2.5–3 

V due to device breakdown that was observed at these values. This has been associated with the 

small band gap of InN (~0.65 eV) that may result in an early channel breakdown [26]. For the used 

Vds range, a variation of the drain-source current was observable only for highly negative gate-

source voltages. The InN MISFETs with 5 nm SiNx thickness exhibited maximum Ids of 57 

mA/mm at Vgs = - 4 V, and the channel was pinched-off at Vgs = - 9.5 V. The MISFET with 10 nm 

SiNx thickness exhibited maximum Ids of 63 mA/mm at Vgs = - 4 V, which changed very slightly 

with Vgs between -4 and -7 V. A stronger effect on Ids was observed for Vgs>-7 V, and the channel  
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Fig. 5.7   Comparison of experimental and theoretical C-V curves for (a) 5 and (b) 10 nm SiNx 

thickness. 

 

 

 

Fig. 5.8   Ids–Vds characteristics for SiNx/InN/GaN MISFET devices, for (a) 5 nm and (b) 10 nm 

SiNx thicknesses. The gate length and width were 1 and 50 μm, respectively. 
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was pinched-off at Vgs = - 15 V. The gate leakage currents under pinch-off conditions were in the 

range 1–3x10-3 A/mm. The MISFET channels pinched-off at significantly higher Vgs compared to 

the Vth values extracted from C-V measurements on MISCAPs. The cause for this difference may 

be parallel conduction paths in the channel with varying efficiency of gate control and charge 

instabilities in the devices due to electron trapping. High parasitic source resistances 

(Rs=Rc+(Lsg/W)Rsh,where Lsg is the source-gate distance) caused by low electron mobilities may 

be responsible for the observed small drain-source currents, as it has been found in the past for 

other non-optimized HEMT systems [27].  

5.3 SiNx/InN/GaN structures with 4/7/10 nm thin InN layer   

 

Three SiNx/InN/GaN/Al2O3 (0001) heterostructures were grown in the PAMBE system differ ing 

only in the InN layer thickness (4, 7, and 10 nm), while all the other growth parameters were kept 

constant. Commercially available high resistivity (Fe-doped) Ga-face GaN (0001) epilayers, 

grown by MOVPE on Al2O3 (0001), were used as substrates. A 100 nm GaN layer was grown at 

700 oC in order to improve the surface smoothness and GaN crystal purity. The background 

electron concentration, according to earlier calibration by Hall-effect measurements on 0.5–1.0 

μm thick GaN buffer layers, was about ~1016 cm-3. Next, the temperature was reduced to 350 oC 

and an InN layer was grown, under stoichiometric growth conditions. A 7 nm thick SiNx layer was 

grown on top at 250 oC, under nitrogen-rich conditions in order to avoid possible decomposition 

of the InN layer. MISCAP devices and MISFETs were fabricated with the same processing steps 

using the same process flow with previous SiNx/InN devices. The fabrication of devices started 

with mesa isolation; (Ti/Al/Ni/Au) ohmic contact formation after the selective removal of SiN x in 

the ohmic region resulted in mean contact resistances, measured by the transmission line model, 

ranged between 0.7 and 1.1 Ohm mm. Finally, (Ni/Au) metallization on the SiNx surface was used 

for the metal of MISCAPs and the gate of MISFETs (Fig. 5.9(a)). 

FTIR spectroscopy was used for evaluating the chemical bonding configuration of the SiNx films. 

The transverse-optical (TO) mode position of the Si-N stretching vibration of the 7 nm MBE grown 

SiNx layers was observed at a wavenumber of 857 cm-1, as shown in Fig. 5.9(b). The observed 

shift of 17 cm-1 above the 840 cm-1 value of stoichiometric Si3N4 may be an evidence of nitrogen-

rich MBE SiNx layers [28]. AFM revealed very smooth surfaces for all samples, characteristic for 

two-dimensional growth mode of the layers (Fig. 5.10). The apparent surface defects consisted of  
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Fig. 5.9   (a) Schematic cross section of the fabricated InN channel MISFET devices, (b) FTIR 

absorbance spectrum measured on the 7 nm SiNx/7 nm InN/100 nm GaN/Al2O3 (0001) sample. 

 

 

 

Fig. 5.10   AFM micrographs of 5x5 μm2 showing the surface of SiNx/InN/GaN heterostructures, 

grown by PAMBE on (0001) sapphire substrate, for (a) 4, (b) 7, and (c) 10 nm InN thickness. 

Excluding the pits originating from the GaN templates, the RMS roughness was (a) 1.2, (b) 0.6, 

and (c) 0.7 nm, respectively. 

 

deep pits, randomly distributed over the surfaces, with the highest density observed in the 4 nm 

thick InN structure. These pits are morphological defects existing in the MOVPE GaN templates 

and are not related with the PAMBE growth of the epilayers. Nevertheless, the areas free of pits 

are smooth enough for the fabrication of electronic devices, with RMS roughness of 1.2, 0.6, and  
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Fig. 5.11   Room temperature Hall-effect measurements showing the dependence of sheet 

resistance, mobility and sheet carrier density, of 7 nm SiNx/InN/GaN heterostructures, on the InN 

thickness. 

 

0.7 nm for 4, 7, and 10 nm InN thickness, respectively, over the 5 x 5 μm2 scanned areas.  

Conductivity and Hall-effect measurements were performed at room temperature on van der Pauw 

patterns defined by optical lithography. Figure 5.11 shows the dependence of Rsh, μ, and Ns as a 

function of InN thickness. For the few nanometer InN thickness range examined here, the mobility 

and sheet electron density were observed to increase with InN thickness up to values of 128 cm2/Vs 

and 9.7 x 1013/cm2 for the structure with 10 nm thick InN layer, while the sheet resistance was 

found to decrease reaching a minimum value of 501 Ohm/sq. 

Figure 5.12 exhibits the room temperature I-V measurements of the fabricated Ni/SiNx/InN 

MISCAP devices. The reverse leakage current was 3.1, 5.5, and 4.5x10-4 A/cm2 at -3 V for devices 

with 4, 7, and 10 nm InN thickness, respectively, while a low level of ~10-6 A/cm2 from -2 to +2 

V was sustained for 4 and 7 nm thick InN before the onset of the leakage.  

To get more insight on the leakage current of the MISCAPs, the electrical conduction of SiNx 

was studied, following Sze [29] and other authors [30-33], by analyzing the charge conduction 

mechanisms, discussed in chapter 2 (par. 2.3.5). 



119 
 

 

Fig. 5.12   I-V characteristics of Ni/SiNx/InN MISCAP devices for (a) 4 nm and (b) 7 nm and (c) 

10nm InN thickness. 

 

 

Fig. 5.13   Field emission plots [ln(I/E2)-1/E] of Ni/SiNx/InN MISCAP devices for (a) 4 nm, (b) 7 

nm, and (c) 10 nm InN thickness. 

 

By analyzing the ln(I/E2) versus 1/E plot (E is the electric field in SiNx given by E≈V/d and d is 

the SiNx thickness), a logarithmic dependence was revealed at low fields (Fig. 5.13). This is an 

evidence of ohmic (hopping) conduction (see also Eq. 2.41 for ohmic conduction, from which it 

can be deduced that ln(I/E2) ∝ ln(1/E) – qφ/kT, where φ is the activation energy). Direct tunneling 

can also occur at low fields if the insulator is very thin (<4 nm); however, the SiNx layer is 7 nm 

thick, and thus, this probability is low.  On the other hand, a straight line with a negative slope was 

observed at high fields, which is an indication of field emission tunneling (see also Eq. 2.40 for 

field emission, from which it can be deduced that ln(I/E2) ∝ – [8π(2m*ΦB
3)1/2](1/E)).  The two 

different regions, hopping and field emission, are depicted clearly in Fig. 5.13 for the 4 and 7 nm 

thick InN structures for positive applied bias.  
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Fig. 5.14   Schematic conduction band diagram of the SiNx/InN/GaN structure showing the field 

emission tunneling of electrons from trap states located in the SiNx, at a trap barrier height Φt. 

 

A characteristic inflection point indicates the crossover from hopping to field emission at an 

electric field of 2.7–2.8 MV/cm. By assuming [34] m*=0.30 m0 (m0 is the electron rest mass) for 

SiNx, a barrier height ΦΒ (ΔΕc) in the range of 1.1–1.3 eV was extracted from the linear fit of the 

slope in the high field region, for all the devices with 4 and 7 nm InN thickness. Ηowever, this ΦΒ 

value is ~two times lower than the reported theoretical conduction band discontinuity between InN 

and Si3N4, ΔΕc (3.1 eV, [35]). This can be explained by assuming a non-negligible number of traps 

in the SiNx. In that case, field emission tunneling of electrons from trap centers in SiNx may occur, 

and the extracted ΦΒ may represent a trap barrier height Φt = 1.1-1.3 eV below the SiNx conduction 

band minimum, as depicted in Fig 5.14. Recently, Tapajna et al. observed a similar behavior in 

Al2O3/AlGaN/GaN MOS-HEMTs [36]. On the other hand, devices with 10 nm thick InN did not 

exhibited sufficiently good linear fits, and thus, no reliable extracted data could be obtained from 

these structures. However, the onset electric field (1.1 MV/cm) for the field emission region was 

lower compared with 4 and 7 nm thick InN devices. This may be due to a higher trap density, 

which requires a lower electric field to initiate the field emission mechanism in the 10 nm thick 

InN structures.  

In order to evaluate the effectiveness of the MISCAPs to modulate the electron concentration in 

the InN layer, direct current output characteristics were measured for the fabricated MISFETs (Fig. 

5.15). It was found that Ids cannot be fully shut-off and Vgs can partially modulate Ids, for Vgs values 

between -2 V and -24 V. The maximum current density was found to increase with InN thickness, 

reaching the value of 1.4 A/mm for the best 10 nm thick InN channel HEMTs, where a maximum 

Vds of 4 V could be sustained before breakdown occurs. The Igs for all the structures was < 10 

mA/mm, implying that the current Ids that cannot be modulated (equals to ~0.2-0.3 A/mm in most  
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Fig. 5.14    Drain–source characteristics for Lg~1μm MISFETs with (a) 4, (b) 7, and (c) 10 nm InN  
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Fig. 5.15   (a)  Energy band diagram for the 7 nm SiNx/4 nm InN/100 nm GaN/1 μm Fe-doped 

GaN  structure , and (b) magnification of the left band diagram for the first 30 nm.  

 

devices) is related with channel-buffer leakage. A conductive GaN buffer layer could be a possible 

source of leakage current in the MISFETs. GaN buffer layers grown in the same PAMBE system 

exhibited an electron concentration of about 1016 cm-3. However, according to self-consis tent 

Schrödinger–Poisson calculations in our structures, a 100 nm thin GaN buffer layer with 1016cm-3 

donor concentration will be depleted due to large conduction band offset ΔEc between InN and 

GaN [37] and the bottom interface with the insulating Fe-doped GaN (Fig. 5.15). Thus, the 100 

nm, GaN epilayer is not expected to contribute in the leakage current.  

In some cases of GaN overgrowth on GaN templates, a residual concentration of unintentiona l 

impurities (O, Si, C) might be present at the GaN epilayer/GaN template interface [38]. However, 

even if a 1019cm-3 donor concentration is assumed in a 5 nm interfacial area at the GaN 

epilayer/GaN template interface, the resulting electron density at this interface is low (~2x1012 cm-

2) compared to the values (1013 cm-2 range) determined by Hall-effect measurements. Thus, we do 

not anticipate any conductivity of the GaN epilayer to play a dominant role on the devices pinch-

off behavior. The overall experimental results suggest high electron concentrations in the InN 

layers. Several groups contend that the high density of dislocations formed due to the large lattice 

mismatch between InN and GaN (>10%) increase conductivity in the InN layers by acting as 

donors, which contribute electrons to the layers [13,14,39] and thus making difficult to modulate 



123 
 

the channel current by the gate bias and achieve device pinch-off operation. The anticipated high 

dislocation density in the thin InN layers degrades also the electron transport in the InN channel. 

5.4 Summary 

We studied the formation of InN MIS capacitors and MISFETs by in-situ deposition of SiNx 

dielectric on ultrathin 2 nm InN layers grown on GaN-on sapphire substrates by PAMBE. The 

MIS capacitors exhibited insulating characteristics and fully depleted the electron concentration in 

the InN channel, as it was evidenced by C-V and I-V measurements on discrete MIS capacitors 

and MISFET devices. The comparison of the VT  and Ns experimental results with SCSP calcula-  

tions suggests the presence of a positive charge at the SiNx/InN interface of 4.4 – 4.8x1013cm-2, 

assuming full InN strain relaxation. The MISFET channels could be pinched-off but the maximum 

currents were limited by low mobility and catastrophic breakdown at low Vds voltages.  

SiNx/InN/GaN structures with larger InN thicknesses (4, 7, and 10 nm) were also investigated. 

MIS capacitor devices were demonstrated and evaluated as potential gates in MISFETs. The 

maximum drain–source current was increased by increasing the InN thickness and it was 1.2 A/mm 

for the 10 nm thick InN, although the channel could not fully pinch-off. According to the I-V 

analysis of the MIS capacitors, the electrical conduction of SiNx is dominated by hopping between 

localized states under low electric fields and field emission tunneling at high fields, with an 

extracted trap barrier height in the range of 1.1–1.3 eV for all the structures. 
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CHAPTER 6 

Conclusions 

 

6.1 Summary of the results 

 

The performance potential of HEMTs based on AlN/GaN/AlN double heterostructures with a 

very thin total epilayer thickness of ~0.5 μm, on a highly lattice mismatched insulating substrate, 

was systematically investigated. AlN/GaN HEMT structures, consisting of [300 nm GaN/ 200 nm 

AlN] buffer layer were grown heteroepitaxially on insulating Al2O3 (0001) substrates and the 

effects of the AlN barrier thickness in the range 1.5-4.5 nm, were evaluated. The reduction of AlN 

barrier thickness increased the HEMT device Vth, from -2.7 V for 4.5 nm to the normally off value 

of +0.2 V for 1.5 nm AlN barrier, while pulsed I–V measurements resulted in the maximum cold 

pulsed ([VgsQ,VdsQ]=[0,0] V) saturation current of 1.4 A/mm for the 3.7 nm AlN thickness for ~1 

μm gate length devices. The remarkable agreement of experimental results and theoretical 

calculations suggested only a minor impact of extended defects, induced by the lattice-mismatched 

heterointerfaces.  

A negligible effect of crystalline defects was also observed from the transient characteristics of 

the devices by gate and drain lag measurements, performed with a 500 ns pulse-width. The devices 

exhibited little change of the transconductance (the highest reduction was ∼8% for the device with 

4.5 nm AlN barrier) and a small positive threshold voltage shift (0.2-0.4 V) due to small trapping 

under the gate.  

The off-state breakdown voltage of 70 V, for gate-drain spacing of ~2 μm, was approximate ly 

double the value measured for a single AlN/GaN HEMT structure grown on a thick GaN buffer 

layer, reflecting the reduction of leakage current flowing through the buffer when the thin 

AlN/GaN/AlN double heterostructure is used.  

In situ MBE SiNx cap was employed as a passivation layer and gate dielectric in thin 

AlN/GaN/AlN HEMT heterostructures, and resulted in a significant increase of the 2DEG density.  

However, the fabricated devices exhibited significant current collapse and high leakage currents 

implying the presence of high defective states. Further investigation by C-V measurements proved 
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that very high interface trap densities exist at the SiNx/GaN interface and/or in the SiNx bulk, 

suggesting that further optimization of the SiNx/GaN interface quality is needed.  

In the second part of this research work, critical aspects of InN channel field-effect transistors 

were investigated. We studied the formation of InN MIS capacitors and MISFETs by in-situ 

deposition of SiNx dielectric on ultrathin 2 nm InN layers grown on GaN-on sapphire substrates 

and the operation of InN MISFETs was demonstrated. This evaluation was further extended and 

the effect of InN channel thickness, in the range of 4-10 nm was studied. The maximum drain–

source current was increased by increasing the InN thickness although the channel could not fully 

pinch-off. According to the I-V analysis of the MIS capacitors, the electrical conduction of SiNx 

was dominated by hopping between localized states under low electric fields and field emission 

tunneling at high fields, with an extracted trap barrier height in the range of 1.1–1.3 eV for all the 

structures.  

6.2 Future work 

 

The results obtained in this work pointed out the great potentials of AlN barrier HEMT and InN-

channel HFET transistors.  

However, there are many issues that burden AlN-barrier GaN ΗΕΜΤ devices from exploit ing 

their theoretical capabilities. Ohmic contact resistances between 0.3 – 2.0 Ω mm, measured in this 

research project in AlN/GaN heterostructures, are quite high and the formation of low resistance 

ohmic contacts remains difficult. As shown in Chapter 4, contact resistance is an important factor 

in decreasing transconductance and device performance. Recently, researchers at the Cornell 

university exhibited low contact resistance of ~0.1 Ω mm to AlN/GaN heterostructures by the n+ 

GaN MBE regrowth process [1]. This technique may be one of the best options for low contact 

resistance but increases processing complexity. Although the use of Si ion implantation for 

nonalloyed contacts to AlGaN/GaN HEMT has been reported [2], implantation and n+ capping 

layers are approaches which have yet to be explored and may have the potential to reduce ohmic 

contact resistance for the AlN/GaN system. 

AlN/GaN HEMTs with an AlN barrier layer, of only a few nm, suffer from large gate leakage 

currents and several dielectrics such as Al2O3 [3, 4], SiNx [5], HfO2 [6] and Ta2O5 [7] have been 

explored as gate insulators. However, these dielectrics are deposited ex situ, which may cause 
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additional growth and process-related defects on the devices [8]. Limited work has been reported 

using in situ SiNx on the AlN/GaN structure as a gate dielectric and only recently, during this PhD 

project, a group from Hong Kong University of Science and Technology studied extensively the 

AlN/GaN system using in-situ SiNx grown by MOCVD [8-11]. In this thesis, the first experiments 

exploring the potential of in situ SiNx deposition on AlN/GaN HEMT structures, at the end of their 

growth in a PAMBE reactor, were carried out. There are many potential advantages of depositing 

the SiNx gate dielectric with MBE instead of conventional PECVD, such as the reproducible 

control of thickness at the single nanometer scale, uniform and continuous layer formation, limited 

plasma damage, hydrogen-free SiNx layers, and the deposition immediately after heterostructure 

growth [12-14]. NH3 and SiH4 or other metal–organic precursors which are commonly used in 

other deposition techniques including MOCVD and ALD, similarly to PECVD, may introduce 

hydrogen or other contaminants into the layers. [12-14]. 

Premature breakdown is another important issue hampering AlN/GaN HEMT power 

performance to reach its limits. Y. Tang et al recently exhibited deeply-scaled devices with 

maximum drain currents > 3 A/mm and impressive high ft of 454 GHz and simultaneous fmax of 

444 GHz on AlN/GaN/AlGaN HEMTs [15]. However, this achievement, which have been 

primarily accomplished through both vertical and lateral dimension scaling generally suffered 

from very low breakdown voltages of < 10 V [15,16]. Field shaping using a proper field plate 

design may lead to improvement of power performance by increasing off-state breakdown voltage 

and this possibility has not been studied yet in AlN/GaN HEMTs. 

Regarding InN, although it has been predicted to exhibit unique transport properties making it 

the best candidate for high frequency/high speed electronic devices reaching the terahertz region, 

the development of InN channel transistors must deal first with great impediments. First 

experimental attempts on InN-channel transistors were reported either with a 26 nm thick InN 

grown on AlN [17] (resulting low μ~209 cm2/Vs, Ids ~530 mA/mm and no current saturation) or 

2–5 nm thick InN grown on zirconia substrates exhibiting very low transistor current densities 

[18]. In this work, for the first time, the operation of 2 nm ultrathin InN channel transistors grown 

on GaN buffer layer was demonstrated with maximum Ids of ~60 mA/mm, while Ids ~1.2 A/mm 

has been reached when a 10 nm InN channel was employed; this is the highest value so far achieved 
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for InN-based transistors. Obviously, the progress in InN device technology is still at the init ia l 

stage and further research is required. 

 As far it concerns channel transport and pinch-off properties, strained InN channels grown on 

low lattice-mismatch InN-rich InAlN alloy buffer layers could be used to overcome the high 

density of dislocations [19], originating by misfit relaxation at the InN/GaN or InN/AlN interface. 

The capability to grow by PAMBE InAlN alloys spanning the entire compositio n range have been 

demonstrated [20] but further work is needed to optimize the growth and properties of InN-rich 

InAlN alloys.  

This PhD research project suggests the use of ultrathin InN layers with high crystal quality, as a 

straightforward approach for reducing sheet electron concentration. The proper selection of the 

dielectric and deposition method are also essential for the development of InN channel FETs for 

ultra-high frequency applications. 
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