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Abstract 

Intricacies of Modeling and Analysis of DC Characteristics of Single- and Multi-Channel 

Laterally-Gated AlGaN/GaN Heterojunction Field Effect Transistors 

 

Mauricio Buitrago 

 

The present thesis offers a detailed description about the modeling of single- and multi-

channel laterally-gated AlGaN/GaN heterojunction field effect transistors (HFETs) through device 

investigation in the Comsol Multiphysics® simulation environment. After two decades of 

research, studying GaN HFETs continues to be a very interesting area of investigation. This is 

because of the interest in using these devices in high frequency applications as well as low 

frequency power management. Laterally-gated GaN HFETs have recently drawn the attention of 

semiconductor devices engineers that search for obtaining higher current densities, higher 

linearity, better stability at higher frequencies, and better power management while increasing 

packing density. 

The presented simulations offer an in-depth analysis of the observations made at thermal 

equilibrium and the results obtained for the DC characteristics of these devices, along with the 

comparison of these characteristics with those of the top-gated varieties. These observations 

demonstrate the improved effectiveness of lateral gating in controlling multiple vertically stacked 

2DEG channels. Although there is improvement on several parameters like current density, 

linearity, and ON resistance (Ron), as the number of channels increases, simulations demonstrate a 

certain degree of degradation of drain-induced barrier lowering (DIBL) and knee voltage (Vknee). 

For these simulations, the devices’ self-heating at higher current densities was not considered. 

Also, the ohmic contacts were assumed to be ideal. 
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Chapter 1  

 

Introduction 
 

 

III-Nitride-based HFETs have been intensively investigated since 1993 [1] and have been 

demonstrated as one of the most suitable options for high frequency and high voltage applications. 

This is primarily thanks to the material properties of GaN, and many other III-Nitrides, such as 

high peak electron velocity, thermal stability, and wide bandgap [2]. Most of the GaN HFETs that 

have been developed since have either a Schottky, a p-n, or a metal-insulator-semiconductor (MIS) 

gate defined on the top exposed surface of the epilayer. However, more recently a number of 

different geometries concerning the position of the gate contact are being investigated to offer 

higher current densities and broader gate transconductance in order to satisfy a variety of needs 

including higher power density and better frequency response in applications such as 5G networks 

(where these devices operate at the base station side) and electric vehicles - EV (where they can 

operate at voltages in the order of ~600V). 

 

1.1 III-Nitrides material properties and basics of III-

Nitrides HFETs 
 

March of the AlGaN/GaN heterostructures is primarily the result of exhaustive experimental 

and theoretical work on the Wurtzite III-Nitrides (including GaN, InN, AlN, and their alloys like 

AlGaN). When AlGaN and GaN are pseudomorphically grown one on top of the other, the result 

is the inherent induction of two components of polarization at the heterointerface: spontaneous and 
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piezoelectric. The polarization fields are responsible for induction of a high concentration of 

carriers at one side of the heterojunction, which in case of Ga-face tensile-strained AlGaN grown 

on a GaN template is the GaN layer (referred also as the channel, whereas AlGaN is known as the 

barrier). The vertically-confined sheet charge density in the channel is also known as the two-

dimensional electron gas (2DEG) [2] [3] [4]. 

The Wurtzite III-Nitrides are part of the noncentrosymetric compound crystals, which have 

two orders of atomic layering pointing in opposite directions that are parallel to reference 

crystallographic axes. The wurtzite structure of GaN has the sequence of Ga and N atomic bilayers 

inverted along the [0001] and [0001̅] directions, from which the Ga-face and N-face names of 

polarities are given to the (0001) and (0001̅) crystalline faces, respectively. These face polarities 

in the pseudomorphically grown Wurtzite III-Nitride heterostructures are formed by the placement 

of a hexagonal arrangement of cations in close proximity to another one of anions forming a 

bilayer. For a Ga face GaN, Ga is on top of the {0001} bilayer. In contrast, if N is on top, it 

corresponds to N face polarity [2] [3]. This is illustrated in Figure 1.1. 

 

Figure 1.1 Representation of the wurtzite crystal structure of GaN in Ga-face and N-face [2]. 

The strong spontaneous and piezoelectric polarizations induced in the Wurtzite III-Nitride 

heterostructures make the carrier concentration of the 2DEG depend mainly on the properties of 

the materials such as the Al mole fraction (x), polarization, thickness of the barrier and channel 

layers, and the degree of lattice mismatch between the constituting layers. This is contrast to other 
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heterostructures where the dopant concentration takes the prominent role in determining the 2DEG 

concentration. Since Al mole fraction has a strong impact on the device performance, the 

expression AlxGa1-xN/GaN is used rather than just AlGaN/GaN. 

As mentioned earlier, the carrier concentration of the 2DEG at the heterojunction of III-

Nitrides is primarily induced by the effect of the spontaneous and piezoelectric polarizations. This 

can be summarized mathematically by equation (1.1), where 𝜌(𝑃) is the concentration of 

polarization-induced charge carriers in C/m2 and ∇ is de divergence of the polarization in space 

[3]: 

 

 𝜌(𝑃) =  ∇ ∙ (𝑃𝑆𝑃
⃗⃗⃗⃗⃗⃗ +  𝑃𝑃𝐸

⃗⃗ ⃗⃗ ⃗⃗  ) (1.1) 

 In equation (1.1), 𝑃𝑆𝑃
⃗⃗⃗⃗⃗⃗  represents the algebraic sum of the spontaneous polarizations of the 

barrier and the channel and 𝑃𝑃𝐸
⃗⃗ ⃗⃗ ⃗⃗   represents the algebraic sum of the piezoelectric polarizations of 

the barrier and the channel.  

Figure 1.2 represents the different scenarios for the direction of the spontaneous and 

piezoelectric polarization vectors in pseudomorphically grown AlGaN/GaN and GaN/AlGaN Ga-

face and N-face heterojunctions. One of the most common cases which also applies to this thesis 

is that of Ga-face AlGaN/GaN, in which the direction of both polarization vectors are the same 

(and opposite to the direction of the epilayer’s growth). This mode of growth induces a 

considerably strong carrier concentration of the 2DEG in the channel layer. In contrast, when the 

face is changed as in Figure 1.2(b), the induced sheet charge density of the 2DEG will be reduced, 

which may indicate the presence of a two-dimensional hole gas instead. 
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(a) 

 

(b) 

  

(c) 

 

(d) 

Figure 1.2 Directions of the spontaneous and piezoelectric polarization vectors in 

pseudomorphically grown (a)-(b) AlGaN/GaN and (c)-(d) GaN/AlGaN heterostructures [3]. 

 Figure 1.3 shows the schematic of a conventional top-gated AlGaN/GaN HFET along with 

the typical conduction-band edge bending at thermal equilibrium. The position of the fermi level 

(Ef) with respect to the bottom of the conduction band (Ec) at the heterojunction indicates the strong 

effect polarization has on the induction of a high concentration of carriers at the GaN channel 

layer. 

  

(a) 

 

(b) 

Figure 1.3 (a) Schematic of a conventional top-gated pseudomorphically grown Ga-face 

AlGaN/GaN HFET. (b) Conduction-band edge bending at thermal equilibrium obtained by 

simulation of the Ga-face AlGaN/GaN HFET with Al mole fraction of 0.2. The artificial 

staircase observed in (b) is caused by the adopted mesh in numerical simulation. The finer the 

adopted mesh, the less pronounced the artificial staircase. 
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1.2 Limitations of conventional top-gated AlGaN/GaN 

HFETs 
 

Over the past two decades, important progress in high frequency and power applications has 

been achieved with conventional AlGaN/GaN HFETs [5] [6] [7]. In addition, improvements in 

gate transconductance to achieve higher linearity have been proposed in the last ten years [8] [9], 

[10] [11]. However, it has also been demonstrated that this type of device faces degradation that 

comes from high values of electric field (E-field) next to the gate, which reduces the carrier 

concentration of the 2DEG and therefore the maximum drain current density [12]. Besides, 

experimental reports on electron-phonon scattering models demonstrate that the effective electron 

velocity is impacted at higher concentration of carriers in the channel, causing the gate 

transconductance to drop [13] [14]. Several experimental and theoretical works have demonstrated 

that through gating the 2DEG by a lateral E-field instead of a vertical one, the maximum values in 

current density, gate transconductance, and frequency response can be improved further [15] [16] 

[17] [18]. 

One of the design ideas that is showing promising results in terms of drain current density (ID) 

and gate transconductance (Gm) enhancement, and higher linearity is the implementation of 

multiple 2DEG channels stacked vertically. This solution represents a big challenge for a top-gated 

AlGaN/GaN HFET topology. This is because the distance from the gate to the channels gets larger 

as the number of channels increases, resulting in very large negative threshold voltages (VTH) and 

reduced values of gate transconductance as experimentally corroborated by Ma et al. [19], Nela et 

al. [20], and Ma et al. [21]. 

To achieve an efficient controllability of the multiple channels while fulfilling the 

requirements of higher current densities and higher peaks of gate transconductance along with 
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higher linearity, AlGaN/GaN HFETs with laterally positioned gates have been recently studied, 

showing promising results for their employment in high frequency and high power applications 

[17] [22] [19] [21] [20]. This comes also with the advantage of reduction in ON resistance (Ron) 

with the addition of the number of channels, which offers better power management at higher 

current densities. 

 

1.3 Research Objectives 
 

Since the investigation on the laterally-gated polar AlGaN/GaN HFETs is quite recent, the 

following objectives have been defined in order to expand the knowledge on this field: 

• To explain in detail how to calculate and incorporate the AlGaN alloy parameters 

and the polarization parameters of AlGaN/GaN heterojunctions for realistic 

modeling scenarios. 

• To implement the modeling of the single- and multi-channel laterally-gated 

AlGaN/GaN HFETs in Comsol. Two types of varieties are modeled: a hypothetical 

Ga-face variety devoid of polarization, whose study will serve to further highlight 

the role of polarization, and a second variety with realistic Ga-face polarity.  

• To provide an in-depth analysis of the observations made at thermal equilibrium 

as well as the DC characteristics of the aforementioned novel device varieties in 

comparison with conventional top-gated HFETs modeled also in Comsol, 

addressing the benefits and drawbacks of single- versus multi-channel devices and 

how these characteristics may impact the implementation of the devices in real 

applications. 
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1.4 Thesis outline 
 

This thesis is concentrated on the modeling and analysis of the DC characteristics of 

laterally-gated single- and multi-channel AlGaN/GaN HFETs of both cases: with the assumption 

of no polarization and with Ga-face polarity for different values of Al mole fraction. Chapter 2 

offers a detailed explanation of how AlGaN/GaN HFETs can be modeled in Comsol 

Multiphysics® [23] to have a realistic scenario for simulations. This chapter also describes how to 

calculate the values of the physical parameters of the AlxGa1-xN alloy for a given Al mole fraction 

(x) and gives details about the incorporation of the polarization induced fixed charge density in 

Comsol along with the calculation of the corresponding parameters and the values of polarization 

and sheet carrier concentration of the 2DEG, also for a given Al mole fraction. The same chapter 

contains information on the geometry, dimensions, and doping concentrations for the single- and 

multi-channel structures to be considered in the next two chapters and talks about the meshing 

strategies to take into account for getting convergence when running the computations in Comsol. 

DC characteristics of the hypothetical Ga-face laterally-gated AlGaN/GaN HFETs that are 

devoid of polarization are presented in Chapter 3 in order to highlight the role of polarization.  

For the realistic case where polarization is present, the same structure as in Chapter 3 is 

adapted in Chapter 4 for exposing the analysis of results of the single- and multi-channel laterally-

gated Ga-face AlGaN/GaN HFETs. 

Finally, Chapter 5 provides the conclusion and proposes future works. 
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Chapter 2  

 

Intricacies of modeling the laterally-gated 

AlGaN/GaN HFET in Comsol 

 

As outlined at the end of 0, the approach adopted in modeling the laterally-gated 

AlGaN/GaN HFET in Comsol was to first disable the polarization parameter often incorporated in 

terms of the “Surface Charge Density,” study the impact of this type of gating on the single-

channel and the multi-channel HFETs, and then proceeding with its activation and increasing its 

value gradually to analyze the behavior of this type of a device structure at different levels of 

polarization associated with the aluminum (Al) mole fraction of the AlGaN barrier layer, also on 

both single- and multi-channel HFETs. 

 

2.1 Schematic of the single-channel laterally-gated 

AlGaN/GaN HFET 

 

Figure 2.1 shows the schematic of the single-channel laterally-gated AlGaN/GaN HFET 

explored in this thesis. Table 2.1 lists the parameters and dimensions associated with the illustrated 

structure in this figure. These parameters are given following the experimental work of Shinohara 

et al. [15]. Table 2.2 summarizes the doping concentrations associated with each epitaxial layer of 

the structure. 
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Figure 2.1 Schematic of the single-channel laterally-gated AlxGa1-xN/GaN HFET explored in 

this thesis. 

Table 2.1 Structural dimensions of the single-channel laterally-gated AlGaN/GaN HFET shown 

in Figure 2.1. 

 Dimension (nm) 

AlGaN barrier layer Thickness: 15 

GaN channel layer Thickness: 200 

GaN buffer layer Thickness: 200 

Source contact Length: 200 

Drain contact Length: 200 

Source-to-gate distance (Lsg) Length: 350 

Gate length (Lg) Length: 150 

Gate-to-drain distance (Lgd) Length: 1500 

Channel width (Wch) Width: 250 (for the hypothetical 

polarization-less HFET structure)  

150 for the real Ga-face HFET structure 
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The difference in channel widths (Wch) listed in Table 2.1 for the two varieties of the 

laterally-gated AlGaN/GaN HFETs comes from the impact a realistic Ga-face polarity has on the 

effectiveness of the lateral gates to deplete the 2DEG. As it will be shown in Chapter 4, the wider 

the Wch
 the more challenging would be the depletion of the channel by using exclusively lateral E-

fields. 

 

Table 2.2 Doping concentrations of the epitaxial layers in the single-channel laterally-gated 

AlGaN/GaN HFET structure shown in Figure 2.1. 

 Doping concentration (cm-3) 

AlGaN barrier layer for the 

hypothetical polarization-less structure1 

1018 n-type - Uniformly doped 

AlGaN barrier layer for the realistic 

Ga-face structure 

Top 14 nm: 1015 n-type – Uniformly doped 

Bottom 1nm: ~1020 n-type – Uniformly doped2 

GaN channel layer 1014 n-type - Uniformly doped 

GaN buffer layer 1018 p-type - Uniformly doped 

Source and drain contacts 1020 n-type – Uniformly doped 4nm below the 

ohmic contacts followed by a Gaussian profile 

with its peak at a Projected Range (Rp) of 4nm and 

a standard deviation or “straggle” (ΔRp) of about 

1nm. 

 

 
1 Details about the incorporation of polarization and the choice of the doping concentration values are explained in 

section 2.3. 
2 The exact value of the 1-nm AlGaN barrier doping concentration for the realistic Ga-face polarity depends on the 

Al-mole fraction (x). Details are given in section 2.3. Values for x = 0.1 and 0.2 are listed in Table 2.4 



11 
 

In terms of simulations for achieving a close to ideal contact, it was tested and confirmed 

that the position of the source and drain’s ohmic contacts can be either at the level of the GaN 

channel layer as in Figure 2.1, where a 4nm-thick highly doped (1020 cm-3) n-type region is defined 

below each ohmic contact followed by a Gaussian profile with its peak at a Projected Range (Rp) 

of 4nm and a standard deviation (straggle) (ΔRp) of about 1nm, or at the same level of the AlGaN 

barrier layer, where heavily doped (1020 cm-3) n-type GaN regions are defined for source and drain 

from the top of AlGaN up to several nanometers below the heterojunction in order to assure contact 

with the 2DEG. This was confirmed by successfully testing both approaches without any tangible 

change among the simulated DC characteristics. 

The gates are defined as vertical, cylindrical pillars from the top of the AlGaN barrier layer 

up to the bottom of the GaN channel layer. They are Schottky contacts with a metal work function 

(qФM) of 5.2 eV, which corresponds to Platinum. 

 

2.2 Introduction of alloy III-Nitride material parameters 

 

After defining the geometry of the structure, another important step to complete in Comsol 

is the definition of material parameters. By default, the software includes several materials such as 

GaN. However, since the material parameters of the AlxGa1-xN alloy depend on the Aluminum 

mole fraction (x) [2] [3] [4], it is necessary to calculate and incorporate them for any given value 

of x. For the structure depicted in Figure 2.1, the value used for aluminum mole fraction was either 

0.28, 0.1, or 0.2. The latter two cases where specifically used in simulations reported in Chapter 

4, while the first in simulations of Chapter 3. 
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For these values of x, the following parameters were calculated using the expressions 

extracted from the work of Ambacher et al. [2] [4] according to the application of Vegard’s law 

[3]. With the purpose of offering a clear explanation, the calculations of the parameters for x = 

0.28 are shown next to each equation. Following this, Table 2.3 summarizes the values of these 

parameters for the three previously mentioned values of Al mole fraction. 

- Bangap Energy (Eg-AlGaN): 

 𝑬𝒈−𝐴𝑙𝐺𝑎𝑁(𝑥) = 𝑥𝐸𝑔−𝐴𝑙𝑁 + (1 − 𝑥)𝐸𝑔−𝐺𝑎𝑁 − 𝑥(1 − 𝑥)𝑏, (2.1) 

where b is the bowing parameter of value 𝑏 = 1.0 𝑒𝑉 [24]. Therefore, using the corresponding 

bandgaps for AlN and GaN, and neglecting the effect of bowing, from equation (2.1): 

 𝑬𝒈−𝐴𝑙𝐺𝑎𝑁(𝑥 = 0.28) = (0.28)(6.13 𝑒𝑉) + (1 − 0.28)(3.42 𝑒𝑉), 

𝑬𝒈−𝐴𝑙0.28𝐺𝑎0.72𝑁 = 4.178 𝑒𝑉. 

 

- Electron affinity (qχAlGaN): 

 𝑞𝝌𝐴𝑙𝐺𝑎𝑁(𝑥) = 𝑥𝑞𝝌(𝐴𝑙𝑁) + (1 − 𝑥)𝑞𝝌(𝐺𝑎𝑁). (2.2) 

Using the corresponding values of electron affinity for AlN and GaN, equation (2.2) will 

give: 

 𝑞𝝌𝐴𝑙𝐺𝑎𝑁(𝑥 = 0.28) = (0.28)(0.6) + (1 − 0.28)(4.1), 

𝑞𝝌𝐴𝑙0.28𝐺𝑎0.72𝑁 = 3.12 𝑒𝑉. 

 

- Static relative permittivity (ƐAlGaN): 

 𝜺𝐴𝑙𝐺𝑎𝑁(𝑥) = −0.5 𝑥 + 9.5, (2.3) 

 After replacing the value of x = 0.28 in equation (2.3), the value of static relative permitivity 

will be: 

𝜺𝐴𝑙0.28𝐺𝑎0.72𝑁 = 9.36. 
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- Effective conduction and valence band density of states (Nc and Nv respectively): 

These parameters depend on the effective mass of electrons (𝑚𝑛
∗ ) and holes (𝑚𝑝

∗ ) and the 

temperature of the lattice [3] and are given by: 

 
𝑵𝑐 = 2 (

2𝜋𝑚𝑛
∗ 𝑘𝑇

ℎ2
)
3/2

, 
(2.4) 

 
𝑵𝑣 = 2 (

2𝜋𝑚𝑝
∗ 𝑘𝑇

ℎ2
)
3/2

, 
(2.5) 

where 𝑘 is the Boltzmann constant, equal to 1.38 × 10−23 J/K; 𝑇 is the temperature in Kelvin, which 

at room temperature is ~300K; and ℎ is the Planck’s constant, equal to 6.63 × 10−34 J · s.    

In order to calculate the values of the effective mass of electrons and holes, the virtual 

crystal approximation applied in Vegard’s law dictates that the alloy’s carrier effective mass is 

related to the masses of the parent semiconductors (in this case AlN and GaN), by the following 

expression [3]: 

 1

𝑚𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁
∗ (𝑥)

=
𝑥

𝑚𝐴𝑙𝑁
∗ +

1 − 𝑥

𝑚𝐺𝑎𝑁
∗    . 

(2.6) 

Using the data from [3] and [25], the values of effective mass for electrons in AlN and GaN 

are 𝑚𝑛−𝐴𝑙𝑁
∗ = 0.4𝑚0 and 𝑚𝑛−𝐺𝑎𝑁

∗ = 0.2𝑚0 respectively, and the values of effective mass for 

holes in AlN and GaN are 𝑚ℎ−𝐴𝑙𝑁
∗ = 7.26𝑚0 and 𝑚ℎ−𝐺𝑎𝑁

∗ = 0.8𝑚0 respectively, where 𝑚0 =

9.1 ×  10−31 𝑘𝑔 is the rest mass of electron. Therefore, from equation (2.6), the effective mass of 

electrons and holes in Al0.28Ga0.72N are respectively: 

𝑚𝑛−𝐴𝑙0.28𝐺𝑎0.72𝑁
∗ = 0.232 𝑚0, 

and 

𝑚ℎ−𝐴𝑙0.28𝐺𝑎0.72𝑁
∗ = 1.066 𝑚0. 

Following this calculation, from equations (2.4) and (2.5), the effective conduction band 

density of states and the effective valence band density of states at 𝑇 = 300 𝐾 are respectively: 
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𝑵𝑐 = 2.77 × 1018 𝑐𝑚−3, 

and 

𝑵𝑣 = 2.75 × 1019 𝑐𝑚−3. 

 

- Electron mobility (μn) and hole mobility (μp): 

Expectedly, the values reported for low-field electron and hole mobilities in AlxGa1-xN 

alloys are sparse and variable within a range. There are several experimental reports on Hall 

measurements of very low electron mobilities in AlGaN at different Al mole fractions: from μn=35 

cm2/V·s with x=0.09 and carrier concentration of 5 × 1018 cm-3 [26], or μn=50 cm2/V·s with x=0.75 

and carrier concentration of 1018 cm-3 [27],to μn=80 cm2/V·s with x=0.3 and carrier concentration 

of 3 × 1018 cm-3 [28]. Regarding the low-field hole mobility, values of μp=9 cm2/V·s at x=0.08 and 

carrier concentration of 1.48 × 1019 cm-3 [29], and μp=2.7 cm2/V·s at x=0.3 and hole concentration 

of 2.2 × 1017 cm-3 [30] have been reported. All these reported measurements were made at room 

temperature. It is important to note that since the 2DEG is formed in GaN, the value set for mobility 

in the AlGaN barrier layer may not have a big impact on the results of simulations unless a parallel 

channel is formed in the AlGaN barrier. Taking into consideration the mentioned reported values, 

the low-field electron and hole mobilities for x = 0.28 were respectively set in Comsol as: 

 

𝝁𝒏 ≈ 80 𝑐𝑚2/𝑉 ∙ 𝑠, 

𝝁𝒑 ≈ 10 𝑐𝑚2/𝑉 ∙ 𝑠. 
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Table 2.3 Parameters of the AlxGa1-xN barrier layer used to model the AlGaN/GaN HFET in the 

Semiconductor module of Comsol. 

Parameter Value (x=0.1) Value (x=0.2) Value (x=0.28) 

Bandgap Energy (Eg-AlGaN) 3.691 eV 3.962 eV 4.178 eV 

Electron affinity (qχAlGaN) 3.75 eV 3.4 eV 3.12 eV 

Permitivity (ƐAlGaN) 9.45 9.4 9.36 

Effective conduction band  

density of states (Nc) 

2.41 × 1018 cm−3 2.61 × 1018 cm−3 2.77 × 1018 cm−3 

Effective valence band 

density of states (Nv) 

2.05 × 1019 cm−3 2.39 × 1019 cm−3 2.75 × 1019 cm−3 

Electron mobility (μn) 40 cm2/V·s 80 cm2/V·s 80 cm2/V·s 

Hole mobility (μp) 10 cm2/V·s 10 cm2/V·s 10 cm2/V·s 

 

2.3 Incorporation of polarization in the laterally-gated 

AlGaN/GaN heterostructure 

 

- Hypothetical Ga-face polarity with no polarization 

As mentioned at the beginning of this chapter, to further highlight the role of polarization 

in functioning of the laterally-gated single- and multi-channel AlGaN/GaN HFETs, in a 

hypothetical case to be reported in Chapter 3, the inclusion of polar charge was not considered at 

the AlGaN/GaN heterojunction. This was done by keeping the parameter known in Comsol as 

“Surface Charge Density” deactivated. In this case, in absence of polarization, the AlGaN barrier 

layer has been highly doped to the level of 1018 cm-3 in order to let modulation doping take effect 

by having electron accumulation at the GaN side of the heterojunction in the form of the 2DEG 
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[3]. This type of hypothetical structure which is elaborated further below can be seen in 

resemblance to what is known as a pseudomorphically grown AlGaN/GaN epilayer in N-face. 

In N-face AlGaN/GaN heterostructures, the direction of the spontaneous and piezoelectric 

polarization vectors (𝑃𝑆𝑃
⃗⃗⃗⃗⃗⃗  and 𝑃𝑃𝐸

⃗⃗ ⃗⃗ ⃗⃗  , respectively) is normal to the heterointerface and in the same 

direction of the growth (positive) [4]. This can be appreciated in Figure 2.2. 

 

Figure 2.2 Representation of the direction of the spontaneous and piezoelectric polarization 

vectors (𝑃𝑆𝑃
⃗⃗⃗⃗⃗⃗  and 𝑃𝑃𝐸

⃗⃗ ⃗⃗ ⃗⃗  , respectively) in pseudomorphically grown AlGaN/GaN Ga-face and N-

face heterostructures. 

 

While in the Ga-face the spontaneous and piezoelectric polarizations support the induction 

of a substantial 2DEG in GaN behind the conduction band discontinuity (ΔEc), in N-face the 

opposite direction of the polarization components results in the induction of a much weaker 2DEG 

concentration, in addition to yielding possibility for the induction of a two-dimensional hole gas 

(2DHG). The latter of which according to the calculations presented in section 2.2 in terms of 

lacking a positive valence band discontinuity (ΔEv) seems unlikely. 

 

- Realistic Ga-face polarity 

To achieve a functional Ga-face AlGaN/GaN heterostructure that gives the appropriate 

value of sheet charge density corresponding to well-known predictions of [2] and [4], there are 

two methods that can be employed in Comsol to effectively incorporate the effect of the 

spontaneous and piezoelectric polarization. The first method consists of activating the parameter 
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called “Surface Charge Density,” which is placed at the junction between AlGaN and GaN and 

then assigning to it the value of polarization induced charge that corresponds to the specific Al 

mole fraction (x) and the calculated sheet charge density of the 2DEG [2] [4]. The second method 

does not use the “Surface Charge Density” parameter but the scheme of doping known as “delta 

doping,” [3] [31], which consists of having a highly doped 1nm-thickness of the AlGaN barrier 

layer at its bottom, just above the heterojunction, and allows the induction of a large 2DEG 

concentration at the GaN side of the heterojunction. Equivalently, this 1nm-AlGaN doping 

concentration is set up so that the calculated sheet charge density of the 2DEG, which depends on 

Al mole fraction (x) is obtained in the simulation. 

The value to be set up for the “Surface Charge Density [C/m2]” parameter, which is used 

in the first method mentioned in the previous paragraph, is calculated based on the expressions 

provided by Ambacher et al. [2] [4], where this parameter is referred to as the “Polarization 

Induced Sheet Charge (σ) [C/m2].” This parameter depends on both the spontaneous and 

piezoelectric polarization vectors (𝑃𝑆𝑃
⃗⃗⃗⃗⃗⃗  and 𝑃𝑃𝐸

⃗⃗ ⃗⃗ ⃗⃗  , respectively) as described in equation (2.7) [2] [4]. 

The fact that both polarization vector magnitudes are added together in this expression is because 

the vectors happen to be in the same direction as described previously, which occurs when AlGaN 

is grown over GaN causing the epitaxial layers to be under tensile strain, 

 𝜎(𝑃𝑆𝑃 + 𝑃𝑃𝐸) = {𝑃𝑆𝑃(𝑏𝑎𝑟𝑟𝑖𝑒𝑟) − 𝑃𝑆𝑃(𝑐ℎ𝑎𝑛𝑛𝑒𝑙)} + {𝑃𝑃𝐸(𝑏𝑎𝑟𝑟𝑖𝑒𝑟) − 𝑃𝑃𝐸(𝑐ℎ𝑎𝑛𝑛𝑒𝑙)}  

  = 𝜎(𝑃𝑆𝑃) + 𝜎(𝑃𝑃𝐸). (2.7) 

 The two terms at the right side of equation (2.7) can be obtained from the expressions of 

equations (2.8) and (2.9) [2] [4] for the spontaneous polarization (PSP) and the piezoelectric 

polarization (PPE), respectively: 
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𝑃𝑆𝑃(𝑥) = (−0.052𝑥 − 0.029) 

𝐶

𝑚2
  , 

(2.8) 

 
𝑃𝑃𝐸(𝑥) = 2{𝑟(𝑥) − 1} {

𝑎0(𝑥) − 𝑎(𝐺𝑎𝑁)

𝑎0(𝑥)
} × {𝑒31(𝑥) − 𝑒33(𝑥)

𝐶13(𝑥)

𝐶33(𝑥)
} 

𝐶

𝑚2
  . 

(2.9) 

 

 From equation (2.8), the x-independent term referred to as 𝑃𝑆𝑃(𝑐ℎ𝑎𝑛𝑛𝑒𝑙) is not taken into 

account for the device modeled in this thesis. This is because what we are interested in is the 

discontinuity of the spontaneous polarization vector across the AlGaN/GaN heterointerface. 

 In equation (2.9), 𝑟(𝑥) represents the degree of relaxation. For AlGaN pseudomorphically 

grown on GaN and for 0 ≤ 𝑥 < 0.38, 𝑟(𝑥) = 0, which applies for the device modeled in this 

thesis. 𝑎0(𝑥) (obtained by equation (2.10)) and 𝑎(𝐺𝑎𝑁) (whose value is 3.189 ×  10−10 𝑚) are 

the length of the edge of the hexagonal plane (lattice constant) in the wurtzite crystal structure of 

the AlGaN alloy of composition x and GaN channel layer, respectively. 𝑒31(𝑥) and 𝑒33(𝑥) are the 

piezoelectric coefficients of AlxGa1-xN, while 𝐶13(𝑥) and 𝐶33(𝑥) are the elastic constants. They 

can be calculated using the expressions of equations (2.11) to (2.13) [2] [4]. 

 𝑎0(𝑥) = (−0.077𝑥 + 3.189) ×  10−10 𝑚, (2.10) 

 
𝑒𝑖𝑗(𝑥) = [𝑒𝑖𝑗(𝐴𝑙𝑁) − 𝑒𝑖𝑗(𝐺𝑎𝑁)] 𝑥 + 𝑒𝑖𝑗(𝐺𝑎𝑁) 

𝐶

𝑚2
, 

(2.11) 

 𝐶13(𝑥) = (5𝑥 + 103) 𝐺𝑃𝑎 , (2.12) 

 𝐶33(𝑥) = (−32𝑥 + 405) 𝐺𝑃𝑎 . (2.13) 

 The piezoelectric constants 𝑒𝑖𝑗(𝐴𝑙𝑁) and 𝑒𝑖𝑗(𝐺𝑎𝑁) are experimentally provided in 

different reports [32] [33] [34] and their values differ 15% and 35% for 𝑒33 and 𝑒31, respectively. 

All the calculations made in the present thesis are made with the values of piezoelectric constants 
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reported by Bernardini et al. [32]. For the specific case of Al mole fraction of 0.28, after applying 

equations (2.7) to (2.13), the value obtained for the Polarization Induced Sheet Charge (σ) is: 

 𝜎𝑃𝑆𝑃+𝑃𝑃𝐸
(𝑥 = 0.28) =  0.025 𝐶/𝑚2 ,  

which is the value to be set up in Comsol as the “Surface Charge Density.” When running a 

simulation under Equilibrium, the value of the sheet carrier concentration of the 2DEG (or Sheet 

Charge Density) is close to the one obtained by calculation. This calculation is explained in the 

next paragraph. 

The sheet carrier concentration of the 2DEG, ns(x), depends on several parameters of the 

heterostructure and can be calculated from the expression of equation (2.14) [2] [4]: 

 
𝑛𝑠(𝑥) =

𝜎(𝑥)

𝑞
− (

𝜖0𝜖(𝑥)

𝑑𝐴𝑙𝐺𝑎𝑁 𝑞2
) [𝑞𝜙𝑏(𝑥) + 𝐸𝑓(𝑥) − ∆𝐸𝑐(𝑥)] , 

(2.14) 

where  𝜎(𝑥) is the polarization induced sheet charge calculated from equation (2.7), 𝑞 is the charge 

of an electron with absolute value equal to 1.6 × 10−19 𝐶, 𝜖0 is the permittivity of the vacuum 

equal to 8.85 × 10−14 𝐹/𝑐𝑚, 𝜖(𝑥) is the static relative permittivity of AlxGa1-xN given by 

equation (2.3), 𝑑𝐴𝑙𝐺𝑎𝑁 is the thickness of the AlGaN barrier, 𝑞𝜙𝑏(𝑥) is the Schottky barrier of the 

gate calculated by equation (2.15) [2] [4], 𝐸𝑓(𝑥) is the fermi level with respect to the bottom of 

the conduction band of GaN at the heterointerface obtained by equation (2.16) [2], and ∆𝐸𝑐(𝑥) is 

the conduction band discontinuity at the heterojunction and can be calculated from equation (2.18) 

[2] [4]. Accordingly, 

 𝑞𝜙𝑏(𝑥) = (1.3𝑥 + 0.84)𝑒𝑉 , (2.15) 

 
𝐸𝑓(𝑥) = 𝐸0(𝑥) + 

𝜋ℏ2

𝑚𝑛
∗ (𝑥)

𝑛𝑠(𝑥) , 
(2.16) 
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where the first energy subband of the 2DEG, 𝐸0(𝑥), is obtained from equation (2.17) [2]. ℏ 

represents the modified Planck’s constant with expression ℏ = ℎ
2𝜋⁄ , and 𝑚∗(𝑥) is the effective 

mass of electrons obtained from equation (2.6). For 𝐸0(𝑥) and ∆𝐸𝑐(𝑥), we have, 

 
𝐸0(𝑥) = {

9𝜋ℏ𝑞2

8𝜖0√8𝑚∗(𝑥)

𝑛𝑠(𝑥)

𝜖(𝑥)
}

2/3

 , 
(2.17) 

 ∆𝐸𝑐(𝑥) = 0.7[𝐸𝑔(𝑥) − 𝐸𝑔(0)]  . (2.18) 

 Equations (2.14) and (2.16) are mutually dependent, for which an iterative method must be 

used to find ns(x) [35]. The way the iterative method was implemented is as follows:     

 

1. An initial value of zero (0 eV) is assigned to 𝐸𝑓(𝑥) in equation (2.14) to calculate 𝑛𝑠(𝑥). 

2. The calculated value of 𝑛𝑠(𝑥) is then used in equation (2.16) to obtain a new 𝐸𝑓(𝑥).  

3. The new value of 𝐸𝑓(𝑥) is then used in equation (2.14). 

4. Repeat steps 2 and 3 in a loop until the most recent value of 𝑛𝑠(𝑥) equals within a 

margin of error the one obtained in the preceding cycle. 

 

 It is worth mentioning that equation (2.14) is formulated considering a Schottky barrier of 

a gate positioned at the top of AlGaN. Although the device modeled in this thesis has lateral gates, 

comparisons between the values of 𝑛𝑠(𝑥) calculated using equation (2.14) and those obtained 

experimentally in many reports allows us to take comfort in the accuracy of the way we have 

incorporated polarization in our calculation, a factor which is independent of the way the gate is 

placed. 

 As mentioned at the beginning of this section, the second method that can be used to 

incorporate the realistic Ga-face polarity makes use of delta doping to induce the calculated sheet 
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carrier concentration of the 2DEG, 𝑛𝑠(𝑥). The doping concentration of the 1-nm AlGaN thickness 

close to the heterointerface is set up so that the calculated 𝑛𝑠(𝑥) is obtained in the simulation at 

thermal equilibrium. According to the observation made in Comsol, in the case of Al mole fraction 

of 0.28, the doping concentration of the 1-nm AlGaN region that induces the calculated 

𝑛𝑠(𝑥 = 0.28) of 1.18 × 1013 𝑐𝑚−2 is 1.3 ×  1020 𝑐𝑚−3. For the case of x = 0.1 and 0.2, which 

are the values used in this thesis for simulations of the realistic Ga-face AlGaN/GaN HFETs, the 

calculated values for 𝑛𝑠(𝑥) within the delta doped layer are listed in Table 2.4. 

 

Table 2.4 Sheet carrier concentration of the 2DEG (𝑛𝑠(𝑥)) obtained from equation (2.14) along 

with the 1-nm delta-doped AlGaN-region doping concentration used to achieve the corresponding 

𝑛𝑠(𝑥) for x = 0.1 and 0.2 by simulation at thermal equilibrium of the realistic Ga-face AlGaN/GaN 

HFETs. 

Al-mole fraction (x) 𝒏𝒔(𝒙) [cm-2] 1nm-AlGaN-region doping [cm-3] 

0.1 2.23 × 1012 3 × 1019 – n-type uniformly doped 

0.2 7.45 × 1012 8.2 ×  1019 – n-type uniformly doped 

 

 

2.4 Schematic of the multi-channel laterally-gated 

AlGaN/GaN HFET 

Figure 2.3 shows the schematic of the multi-channel laterally-gated AlGaN/GaN HFET 

modeled in this thesis. Table 2.5 and 2.6 list the dimensions and doping concentrations of the 

epitaxial layers, respectively.  The depicted device has a total of four channels, for quad-channel 

AlGaN/GaN HFET. 
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Figure 2.3 Schematic of the multi-channel (quad-channel) laterally-gated AlxGa1-xN/GaN 

explored in this thesis. 
 

 

Table 2.5 Structural dimensions of the quad-channel laterally-gated AlGaN/GaN HFET 

structure shown in Figure 2.3. 

 Dimension (nm) 

AlGaN barrier layer Thickness: 15 

Top and middle two GaN channel layers Thickness: 50 for the hypothetical 

polarization-less structure 

100 for the realistic Ga-face structure3 

Bottom GaN channel layer Thickness: 200 

GaN buffer layer Thickness: 200 

Source contact Length: 200 

Drain contact Length: 200 

Source-to-gate distance (Lsg) Length: 350 

Gate length (Lg) Length: 150 

 
3 If not specified, the shown value applies for both heterostructures. 
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Gate-to-drain distance (Lgd) Length: 1500 

Channel width (Wch) Width: 250 for the hypothetical 

polarization-less structure  

150 for the realistic Ga-face structure4 

 

 

 

Table 2.6 Doping concentrations of the epitaxial layers in the quad-channel laterally-gated 

AlGaN/GaN HFET structure shown in Figure 2.3. 

 Doping concentration (cm-3) 

Top and middle two AlGaN barrier layers for 

the hypothetical polarization-less structure 

Top half: 1015 n-type - Uniformly doped 

Bottom half: 1018 n-type - Uniformly doped5 

Bottom AlGaN barrier layer for the 

hypothetical polarization-less structure 

1018 n-type - Uniformly doped 

AlGaN barrier layers  

for the realistic Ga-face structure 

Top 14 nm: 1015 n-type – Uniformly doped 

Bottom 1nm: ~1020 n-type – Uniformly doped6 

GaN channel layers 1014 n-type - Uniformly doped 

GaN buffer layer 1018 p-type - Uniformly doped 

Source and Drain Contacts 1020 n-type – Uniformly doped GaN regions 

 

 
4 As mentioned in section 2.1 for the single-channel device, the difference in Wch for the two varieties of the laterally-

gated AlGaN/GaN HFETs comes from the impact a realistic Ga-face polarity has on the effectiveness of the lateral 

gates to deplete the 2DEG, which is described in detail in Chapter 4. 
5 The difference in doping concentrations for the AlGaN barrier layers in the hypothetical polarization-less structure 

comes from the effort to achieve comparable levels of sheet charge densities between channels in order to assure their 

simultaneous control from the lateral gates. The details of the choice of these doping techniques are explained in 

section 3.1.2. 
6 The exact value of the 1-nm AlGaN barrier doping concentration for the realistic Ga-face polarity depends on the 

Al-mole fraction (x). Values for x = 0.1 and 0.2 are listed in Table 2.4. 
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The source and drain ohmic contacts to the 2DEG were achieved by having a heavily doped 

(1020 𝑐𝑚−3) n-type GaN regions for both source and drain from the top all the way to the bottom 

channel, assigning an ohmic contact at the top for these. 

The gates are defined the same way as in the equivalent single-channel structure, being 

Schottky contacts with a metal work function (qФM) of 5.2 eV and defined as a cylindrical metal 

contacts from the top of the top channel’s AlGaN barrier up to the bottom of the bottom channel’s 

GaN channel layer. 

 

2.5 Meshing strategy for the laterally-gated AlGaN/GaN 

HFET 

 

To make the Finite Element Method (FEM) work properly, the 3-D modeling of 

semiconductors in Comsol requires a specific type of elements (triangular) to build the mesh in 

the x-y plane and also a technique known as swept mesh to build the solid, which consists on 

reproducing (or sweeping) the mesh created in the 2-D plane along the z-axis (or vertical direction) 

to form the solid in 3-D [36]. For this, the “user-controlled mesh” option must be selected.  

A mesh with triangular elements was defined at the top of the structure and then swept into 

the wafer. The number of triangular elements in the mesh defined in the x-y plane as well as that 

of the vertical elements during the swept mesh along the z-axis was tuned in order to assure 

acceptable time of computations without impacting the reliability of results (in other words to 

achieve grid independence). The vertical swept mesh (along the z-axis) was split in different 

regions defined within the AlGaN barrier, the GaN channel layer, and the GaN buffer layer, which 

offered the flexibility to distribute the number of elements vertically depending on the region. The 
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areas with the maximum number of elements are those close to the heterointerface and in the 

proximity of the gates. An example for the case of single-channel HFET is shown in Figure 2.4. 

 

 

(a) 

 

(b) 

Figure 2.4 An example of mesh distribution for the single-channel laterally-gated AlGaN/GaN 

HFET. (a) The entire structure and (b) magnified view of the AlGaN/GaN heterointerface. 

 

It should be mentioned that this meshing technique combined with the strategy used for 

initial conditions can make the computations achieve a faster convergence. As an example for 

explaining the role of initial conditions, consider when the computation needs to be run for 

obtaining the ID – VGS characteristics (drain current vs. gate-to-source voltage). In such a case, it is 

recommendable to use very low values of VGS as initial conditions and then ramp it up with 

relatively small steps (e.g. 0.1V or 0.25V). Alternatively, during the process of trying to achieve 

convergence, the values of the doping concentrations of the epilayers can also be ramped up when 

layers need to be heavily doped. 
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Chapter 3  

 

Comparison of the DC characteristics of the 

laterally- and top-gated AlGaN/GaN HFETs 

in absence of polarization-induced 2DEG 
 

 

In Chapter 2, the details of how to setup in Comsol for properly modeling the laterally-

gated AlxGa1-xN/GaN HFETs both in absence and presence of polarization were explained. This 

chapter shows the characteristics of the hypothetical polarization-less laterally-gated AlGaN/GaN 

HFETs and its comparison to the conventional top-gated AlGaN/GaN HFETs. The goal is to 

illustrate both under thermal equilibrium condition and upon application of the DC bias possible 

gains and losses from replacing the traditional top-gated structure with a lateral gate, where for 

simplifying the situation polarization is hypothetically assumed to be absent. 

 
3.1 Thermal equilibrium observations 

3.1.1 Single-channel laterally-gated AlGaN/GaN HFET in absence of polarization 

 

For the device of specifications indicated in section 2.1 of the previous chapter, Figure 3.1 

shows the conduction-band edge bending across the heterojunction at thermal equilibrium for both 

the laterally-gated and the top-gated AlGaN/GaN HFETs, where hypothetically polarization is 

absent. For the given dimensions, the position of Ef in regard to the bottom of Ec represents a much 

weaker polarization induced 2DEG for the top-gated structure, yielding in this case a positive VTH, 

hence an enhancement mode (e-mode) characteristics. 
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(a) 

 

(b) 

Figure 3.1 Conduction-band edge bending across the heterojunction in the gated region at 

thermal equilibrium for (a) the laterally-gated and (b) the top-gated AlGaN/GaN HFETs with 

the assumption of no polarization7. 

 

Figure 3.2 presents an observation on the vertical profile of E-field in the gated region 

among the two varieties of top- and laterally-gated AlGaN/GaN HFETs with the assumption of no 

polarization. The difference in the variation of E-field across the GaN channel layer among the 

 
7 The artificial staircase variation in different profiles presented in this thesis is caused by the rough meshing imposed 

by heavy computational demands of the required 3-D numerical simulations. 
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two structures is due to the presence of the Schottky contact of the gate at the top in the top-gated 

device, which has a stronger effect in this structure at thermal equilibrium on the depletion of the 

2DEG (as also observed in Figure 3.1). Expectedly, this is not evidenced in areas outside the gated 

region, (e.g. the source and drain access regions), where the vertical E-field profile is similar to 

that of the laterally-gated AlGaN/GaN HFET.  

 
(a) 

 
(b) 

Figure 3.2 Vertical profile of the E-field across the heterojunction in the gated area at thermal 

equilibrium for (a) the laterally-gated and (b) the top-gated AlGaN/GaN HFETs with the 

assumption of no polarization. 

 

Regarding the profile of the E-field at thermal equilibrium along the channel, Figure 3.3 

shows the schematic of the aforementioned laterally-gated AlGaN/GaN HFET indicating the 
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locations where this lateral profile was assessed. Specifically for this device type, the longitudinal 

(or lateral) E-field was read from source to drain, at the heterojunction for two cases: 1) in the 

middle of the distance between the two gates (in other words in the middle of the channel width 

(
𝑊𝑐ℎ

2
)), and 2) near one of the gates (at 1nm of distance). While the laterally-gated AlGaN/GaN 

HFET shows little variation of its lateral E-field in the gated region when it is measured at 
𝑊𝑐ℎ

2
 

(Figure 3.4(a)), the variation increases near the gates, which is expected due to the presence of the 

metal contact of the gates (Figure 3.4(b)). The peaks in Figure 3.4(b) may be explained by the 

circular geometry of the gates in association with the roughness of the mesh and the non-uniform 

distance from the gates (along the gate length (Lg)) to the reference cut line (in red in Figure 3.3). 

In contrast, the lateral profile of the E-field in the studied top-gated AlGaN/GaN HFET has a much 

stronger variation in the gate region at the middle of the channel width compared to the laterally-

gated device and it keeps the same shape along the width of the device due to the presence of the 

gate at the top. 

 

Figure 3.3 Schematic of the single-cannel laterally-gated AlGaN/GaN HFET showing the 

regions and points where the lateral profile of E-field was measured. 
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(a) 

 

(b) 

 

(c) 

Figure 3.4 Lateral profile of the E-Field at thermal equilibrium taken at the heterojunction for 

the single-channel laterally-gated AlGaN/GaN HFET with the assumption of no polarization, 

measured at (a) the middle of the distance between gates and (b) close to one of the gates. (c) 

Lateral profile of the E-Field for the top-gated AlGaN/GaN HFET with the assumption of no 

polarization. 
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Although for the moment assessed in our simulations in absence of polarization and 

application of bias, the reduction of the E-field peak at the drain edge of the gate shown in Figure 

3.4(a) for the laterally-gated AlGaN/GaN HFET has been also experimentally reported to offer an 

advantage over top-gated AlGaN/GaN HFETs in realizing higher channel breakdown voltage [15] 

[22]. It is worth highlighting that this lower value of the peak of E-field in the drain access region 

obtained with the laterally-gated AlGaN/GaN HFET is achieved without the need of a Field-Plate 

(FP), which is a well-known technique used in top-gated GaN FETs, requiring the definition of an 

additional electrode over the drain access region where the high E-Field exists. This Field-Plate 

solution comes with drawbacks such as increased number of steps in the microfabrication process 

and degradation of frequency response due to additional parasitic capacitances [37]. 

 

3.1.2 Multi-channel laterally-gated AlGaN/GaN HFET in absence of polarization 

 

As already indicated in Chapter 2, a multi-channel structure has two or more parallel 

channels positioned vertically with adding multiple barrier and channel layers to the AlGaN/GaN 

epilayer, keeping the same channel width (Wch), gate length (Lg), and source and drain access 

regions (Lsg and Lgd, respectively) for each channel. The multi-channel devices explored in this 

thesis have up to four channels. 

The simplest way to start building the multi-channel HFET is to first set up a dual-channel 

structure by adding one AlGaN/GaN heterojunction on top of the single-channel device described 

in section 3.1.1. 

To assure a simultaneous control of the parallel channels by the lateral gates in the dual-

channel structure, it was necessary to maintain comparable levels of sheet charge density between 

both channels. This was achieved through the following techniques: by doping the bottom half of 
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the AlGaN barrier layer of the top channel (i.e. the top half is undoped or n-type doped to 1015 cm-

3, while the bottom half is n-type doped to 1018 cm-3), while the AlGaN barrier of the bottom 

channel was uniformly doped to 1018 cm-3, and by incorporating a 2nm-thin layer of AlN on the 

top of the AlGaN barrier of the bottom channel. Whereas normally AlN is used as spacer between 

the barrier and the channel layers in AlGaN/GaN HFETs to avoid the Coulombic scattering [3], 

here it is used as an insulator between the two channels to avoid much of an impact on charge 

distribution the top channel may have on the bottom one. The presence of this AlN layer can be 

appreciated in the band diagram of Figure 3.5(c). 

Figure 3.5(a)-(b) show the impact of adding such an AlN layer in the hypothetical 

polarization-less dual-channel laterally-gated AlGaN/GaN HFET. In contrast to Figure 3.5(a), 

where no AlN is used, Figure 3.5(b) shows that the sheet charge density in the bottom channel 

improves by 24.6%, essentially moving towards that of the top channel in setting the parity 

between the two. 

 

 

(a) 



33 
 

 

(b) 

 

(c) 

Figure 3.5 (a)-(b) Electron concentration along with sheet charge densities and (c) energy band 

diagram at thermal equilibrium read at the gated area and at 𝑊𝑐ℎ 2⁄  for the laterally-gated dual-

channel AlGaN/GaN HFET with assumption of no polarization (a) without AlN and (b)-(c) with 

AlN on the top of the bottom AlGaN. E0, Ec, EF, and Ev are the energy levels of vacuum, the 

bottom of the conduction band, the fermi level, and the top of the valence band, respectively. 

 

To achieve the triple- and quad-channel polarization-less laterally-gated AlGaN/GaN 

HFETs, the indicated technique of doping only half of the AlGaN barrier of the top channel in the 

dual-channel device was implemented on the AlGaN barrier layers of the third and fourth channels. 

In addition, AlN interlayers were incorporated on top of the AlGaN barriers of the second and third 
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channels. As in the case of what was shown in Figure 3.5, the result is the successful establishment 

of parity also for the third and the fourth channels. 

More details about the reasons behind the choice of the specific channels layers thicknesses 

and barriers doping techniques are given in section 3.2, where the effort to maintain the same 

threshold voltage (VTH) during the process of adding more channels is described. Figure 3.6 shows 

the electron concentration profile and band diagram of the hypothetical polarization-less quad-

channel laterally-gated AlGaN/GaN HFET structure modeled in this thesis. 

 

(a) 

 

(b) 

Figure 3.6 (a) Electron concentration profile along with the sheet carrier concentration of the 

2DEG and (b) energy band diagram at thermal equilibrium read at the gated area and at Wch 2⁄  

for the quad-channel laterally-gated AlGaN/GaN HFET in absence of polarization. 
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According to these observations, three types of channels are identified: The top channel, 

with a ns = 5.71 × 1011 cm-2, which is influenced primarily by the surface at the top; the middle 

channels, whose ns is approximately the same (≈ 3.4 × 1011
 cm-2 in average); and the bottom 

channel, which is mostly influenced by the buffer and thickness of the bottom channel layer, 

having a ns = 2.03 × 1011 cm-2.  The values of the sheet charge densities are obtained by integrating 

the electron concentration (N) along the region where the 2DEG exists at each channel: 

 
𝑛𝑠(𝑐𝑚

−2) =  ∫ 𝑁 (𝑐𝑚−3) 𝑑𝑧
𝑏

𝑎

 , 
(3.1) 

where a and b are the limits of integration defined according to the extent of z (vertically) in the 

region where the 2DEG is formed in each GaN channel layer. 

From Figure 3.6(a), the peaks of the electron concentration for the middle channels may 

indicate a lower value in sheet charge density than in the bottom channel. However, the higher 

values of sheet charge density in the middle channels are caused by the larger area occupied by N 

in the same range of integration (i.e. a to b). The whole structure gives a sum total sheet charge 

density among the four channels of 1.47 × 1012 cm-2, offering an expected current density and gate 

transconductance enhancements compared to the single-channel device. 

Another important observation to make from the band diagram in Figure 3.6(b) is the 

presence of the valence band (Ev) discontinuity. The reason of this discontinuity is that the values 

of electron affinity (qχ) and bandgap (Eg) of this specific Al0.28Ga0.72N/GaN heterostructure make 

the AlGaN barrier bandgap not to completely overlap that of GaN, which represents the type of 

band lineup shown in Figure 3.7, known as Type-II or staggered bandgap [3]. 
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Figure 3.7 Band lineup (staggered bandgap or Type-II) of the AlxGa1-xN/GaN heterostructure 

for Al-mole fraction (x) = 0.28. 

 

As reported in Chapter 2, such values of Eg-AlGaN and qχAlGaN are obtained from using the 

Al mole fraction (x) of 0.28 on the equations (2.1) and (2.2), respectively. 

For reference, the given values for GaN by Comsol and also confirmed by [3] and [25] are: 

𝑞𝜒𝐺𝑎𝑁 =  4.1 𝑒𝑉 

𝐸𝑔−𝐺𝑎𝑁 =  3.39 𝑒𝑉 

Also, from the band diagram in Figure 3.6(b), it is worth noting that the bottom of the 

conduction band at the heterojunction (Ec) of the four channels is practically at the same level in 

regards to the fermi level (Ef), which not only supports the observation made earlier about the 

similarity of the sheet charge density of the 2DEG in the four channels but also demonstrates that 

the lateral control of the channels is made by the gates to the same extent. This can be evidenced 

also in the electric potential profile, where the four channels are practically at the same potential 

(Figure 3.8).   
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Figure 3.8 Vertical profile of the electric potential at thermal equilibrium of the hypothetical 

polarization-less quad-channel laterally-gated AlGaN/GaN HFET at the gated area and at 𝑊𝑐ℎ 2⁄ . 

(By default, the initial value for electric potential in Comsol is set to -4 V). 

  

Figure 3.9 shows the E-field profiles for the hypothetical polarization-less quad-channel 

laterally-gated AlGaN/GaN HFET. The vertical E-field profile follows the pattern observed in the 

single-channel (Figure 3.2(a)) for every channel, where the E-field is not constant within the highly 

doped parts of the AlGaN barriers. This happens specifically for the whole barrier of the bottom 

channel, which is uniformly doped to 1018 cm-3, and also for the bottom half of the AlGaN barriers 

in the middle and top channels, whose doping concentration is also set to 1018 cm-3, whereas their 

top half are undoped or lightly doped to 1015 cm-3 (inducing a constant E-field on such top half). 

This parity between channels is achieved because from one side the presence of the undoped top 

half of the AlGaN barrier layers in the middle and top channels helps diminish the parallel channel 

that may exist in the barrier layers and affects the induced 2DEG under the heterojunction, and 

from the other side the doped bottom half of these AlGaN barriers makes their depletion share a 

higher proportion of carriers with the 2DEG, producing a higher charge density on each channel. 

The small spikes in the middle channels are due to the presence of the AlN spacers on the top of 

the AlGaN barriers. Also, thanks to the half doping technique in the middle and top channels, E-
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field peaks are reduced due to the presence of the undoped top half of the AlGaN barriers, which 

improve the Schottky contact quality of the gates [3], promising an improvement in gate 

transconductance for the entire structure. 

 

(a) 

 

(b) 

Figure 3.9 Electric field profiles of the hypothetical polarization-less quad-channel laterally-

gated AlGaN/GaN HFET measured (a) vertically at the gated region and (b) laterally from 

source to drain at the heterojunction. 

 

It should also be pointed out that, from the lateral profiles of E-field in Figure 3.9(b), it is 

observed that the peak of the E-field at the gated area does not increase with the incorporation of 
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additional channels if compared to the lateral E-field profile of the hypothetical polarization-less 

single-channel laterally-gated AlGaN/GaN HFET presented earlier in Figure 3.4(a), which may 

indicate an advantage in terms of current density enhancement without compromising the 

breakdown characteristics. 

 

3.2 Transfer characteristics 

During the study and characterization of a transistor, its DC characteristics show how the 

device behaves at a specific range of terminal bias. One important piece of this DC assessment 

comes in the form of studying the variation of drain current (ID) with the gate-to-source voltage 

(VGS), when drain-to-source voltage (VDS) has a finite value. The change in VGS results in an ID 

output, which will form an ID - VGS curve that represents the transfer characteristics. This curve 

gives insight into the details such as the threshold voltage of the transistor (VTH), and when Log 

(ID) vs VGS is plotted, it also provides an assessment of the Drain-Induced Barrier Lowering 

(DIBL), Subthreshold Swing (SS), off-state current, and ION/IOFF ratio. In addition to the ID – VGS 

curve, the gate transconductance (Gm) can be obtained using also VGS as input, which results in the 

Gm – VGS curves. Looking into all these characteristics, which will be described in detail, make us 

capable of qualifying the transistor for a specific application in digital, high frequency, and/or high 

voltage circuits. 

 

3.2.1 Single-channel laterally-gated AlGaN/GaN HFET in absence of polarization 

 

Figure 3.10 shows the transfer characteristics for the single-channel laterally-gated 

AlGaN/GaN HFET of Figure 2.1 in comparison to that of a top-gated AlGaN/GaN HFET of the 

same doping concentrations and  dimensions, where equally no polarization is taken into account. 
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As indicated in Chapter 2, in these cases: gate length (Lg) is of 150 nm, channel width (Wch) is of 

250 nm, source-to-drain distance (Lsd) is of 2 µm, and gate-to-drain distance (Lgd) is of 1.5 µm. 

 

(a) 

 

(b) 

Figure 3.10 Transfer characteristics of (a) the laterally-gated single-channel and (b) the top-

gated AlGaN/GaN HFETs with the same dimensions and doping concentrations, where in 

neither case polarization has been considered. 

 

The transfer characteristics for the top-gated heterostructure (Figure 3.10(b)) show a lower 

current density and a positive threshold voltage compared to the case of the laterally-gated device 

(Figure 3.10(a)). As indicated earlier in this chapter, this is caused by the Schottky barrier of the 

gate at the top, which is closer to the heterojunction along the entire width of the transistor. This 

impacts the induction of the 2DEG at thermal equilibrium to take on a much lower value (6.4187 
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× 10-5 cm-2) in contrast to that of the hypothetical polarization-less laterally-gated AlGaN/GaN 

HFET (7.0198 × 1011 cm-2). 

The definition of current density in A/mm is based on Wch, which is taken as the distance 

between gates for the case of laterally-gated AlGaN/GaN HFET or the width of the gate for the 

case of top-gated structure. The value of this quantity is 250 nm for both devices. It is important 

to note that in general for laterally-gated devices the value of Wch is not used to the same level of 

accuracy to that of the top-gated structures. This is because in the case of the former, the 2DEG is 

already laterally depleted at thermal equilibrium as shown by Figure 3.11, which makes the real 

Wch to shrink. In addition, this depletion is furthered when a negative VGS is applied.  

 

Figure 3.11 2-D profile of the electron concentration at thermal equilibrium taken 1nm below 

the heterojunction of the laterally-gated single-channel AlGaN/GaN HFET with the assumption 

of no polarization (Top view). The shaded region around the gates represents the depletion of 

the 2DEG, which affects the channel width (Wch). 

 

Looking into the subthreshold performance presented in terms of the Log ID vs VGS 

characteristics (Figure 3.12), the off-state current density at a low VDS (0.3 V – 0.4 V) is observed 

to be on low side (ID < 10-9  A/mm). Although gate leakage has not accurately factored into the 

simulation, the off-state current density seems to indicate how high or low the expected channel 

leakage is. 
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Figure 3.12 Subthreshold characteristics for the hypothetical polarization-less single-channel 

laterally-gated AlGaN/GaN HFET for VDS in saturation (5 V, 10 V, 20 V) and in the linear 

regime (0.3 V, 0.4 V). 

 

Additionally, Drain-Induced Barrier Lowering (DIBL) indicates the degree of impact the 

drain-to-source voltage (VDS) has on the controllability of the channel, which must be as small as 

possible [3]. This means that the lower the DIBL, the less impact VDS has on the electrostatic control 

of the gate. In general, DIBL worsens (or becomes higher) due to Short-Channel-Effects (SCE) 

when shrinking the gate length (Lg) further [38]. DIBL can be calculated in terms of the shift of 

VTH per volt change in VDS: 

 
𝐷𝐼𝐵𝐿(𝑚𝑉/𝑉) = 

𝑉𝑇𝐻
𝑠𝑎𝑡 − 𝑉𝑇𝐻

𝑙𝑖𝑛

𝑉𝐷𝑆
𝑠𝑎𝑡 − 𝑉𝐷𝑆

𝑙𝑖𝑛
 , 

(3.2) 

 

where 𝑉𝑇𝐻
𝑠𝑎𝑡 is the threshold voltage at VDS in saturation (𝑉𝐷𝑆

𝑠𝑎𝑡) and 𝑉𝑇𝐻
𝑙𝑖𝑛 is the threshold voltage at 

VDS in the linear regime (𝑉𝐷𝑆
𝑙𝑖𝑛). For the hypothetical polarization-less single-channel laterally-

gated AlGaN/GaN HFET exposed in this chapter of the thesis: 𝑉𝑇𝐻
𝑠𝑎𝑡 = −2.2 𝑉, 𝑉𝑇𝐻

𝑙𝑖𝑛 = −2.4 𝑉, 

for a  𝑉𝐷𝑆
𝑠𝑎𝑡 = 20 𝑉 , and a 𝑉𝐷𝑆

𝑙𝑖𝑛 = 0.4 𝑉, respectively, which gives DIBL = 10.2 mV/V. The 
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threshold voltages are defined by the intersection with the VGS axis of the extrapolated ID – VGS 

characteristics (see Figure 3.10(a) and 3.13 for 𝑉𝑇𝐻
𝑠𝑎𝑡 and 𝑉𝑇𝐻

𝑙𝑖𝑛, respectively). 

 

Figure 3.13 Transfer characteristics for the hypothetical polarization-less single-channel 

laterally-gated AlGaN/GaN HFET for VDS in the linear regime (0.4 V). 

 

Figure 3.12 can also be used to calculate DIBL by taking a region from the subthreshold 

zone where the curves corresponding to 𝑉𝐷𝑆
𝑠𝑎𝑡 and 𝑉𝐷𝑆

𝑙𝑖𝑛 are parallel, then reading the shift in VGS 

and dividing this difference between the change in VDS (Equation (3.3)). 

 
𝐷𝐼𝐵𝐿(𝑚𝑉/𝑉) = 

∆𝑉𝐺𝑆

𝑉𝐷𝑆
𝑠𝑎𝑡 − 𝑉𝐷𝑆

𝑙𝑖𝑛
 

(3.3) 

 

For example, if the region corresponding to ID = 10-7 A/mm is chosen, then ∆𝑉𝐺𝑆 =

3.55 𝑉 − 3.35 𝑉 = 0.2 𝑉, which gives DIBL = 10.2 mV/V. 

For the case of the polarization-less top-gated AlGaN/GaN HFET, using Figure 3.14 and 

the same method described above, DIBL is observed to take on values that are smaller than those 

of the laterally-gated structure. This difference may be caused by the geometry of the gate, which 

for the case of the former has a constant distance to the 2DEG along the entire width of the channel 

and therefore a more uniform channel control, whereas for the case of the latter the effect of the 
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lateral gates over the channel might be diminished at the middle of the channel width, where the 

distance from the gates is larger. 

 

Figure 3.14 Subthreshold characteristics for the polarization-less top-gated AlGaN/GaN HFET 

for VDS in saturation (5 V, 10 V, 20 V) and in the linear regime (0.4 V). 

 

These results show that, although DIBL for the laterally-gated device is larger than that of 

the top-gated variety, the former still offers a superb electrostatic dominance of the gate over the 

channel. It has to be kept in mind that the presented results as a consequence of lack of attention 

to the gate leakage are however optimistic [3]. 

In addition to reading DIBL, from Figure 3.12 it is possible to extract the Subthreshold 

Swing (SS) characteristic of the device. This value, which is the inverse of the slope of the transfer 

characteristics in the subthreshold regime in the plot of Log ID vs VGS, defines how fast a device 

can switch between its ON and OFF states and is measured in mV/dec, or by the needed reduction 

of VGS below VTH to achieve a 10 times reduction on drain current [3]. In terms of this metric, the 

smaller the SS, whose minimum value for Boltzman controlled channels is theoretically 60 mV/dec 

at room temperature [3], the faster the device. As per Figure 3.12, SS = 160 mV/dec, which is a 

relatively small value. 
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The subthreshold response of the polarization-less top-gated AlGaN/GaN HFET exposed 

in Figure 3.14, gives SS = 70mV/dec, which is ~56% smaller than that of the laterally-gated device. 

Agreeing with our earlier observations made on sheet charge density, this means that the lateral E-

field used in the latter is not as effective as the vertical E-field induced by a gate at the top at least 

when polarization is absent. 

 The relatively small value of 160 mV/dec reported for the polarization-less single-channel 

laterally-gated AlGaN/GaN HFET discussed above might have been produced thanks to the low 

leakage current, which has been reported to be also the cause of high ION/IOFF ratios [39]. For this 

device, the ION/IOFF extracted also from Figure 3.12 is > 106, which indicates an excellent channel 

control. It is worth mentioning that both SS and ION/IOFF ratio are very stable along a wide range 

of VDS, from its linear regime (0.3 V) to deep saturation (~20 V). 

One of the discoveries made during the exploration of the polarization-less laterally-gated 

AlGaN/GaN HFET in the present chapter, is that not only the AlGaN barrier layer doping but also 

the GaN channel layer thickness play important roles in shifting the value of VTH. The impact of 

the AlGaN barrier doping was explored in the single-channel device and is explained in this section 

whereas that of the GaN channel thickness is explained later in section 3.2.2. A well-known 

challenge that is faced by polar Ga-face AlGaN/GaN HFETs is the achievement of enhancement-

mode (normally-off) devices. This is due to the polarization induced 2DEG, which causes these 

transistors to have a negative threshold voltage. 

In the hypothetical case of no polarization, for the single-channel AlGaN/GaN HFET of 

this work, when having the following structure: 

n-AlxGa1-xN (15nm) / n-GaN (200nm) / p-GaN (200nm), 

and with the following doping concentrations: 
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n-AlGaN: 1018 cm-3, n-GaN: 1014 cm-3, and p-GaN: 1018 cm-3, 

the VTH takes the value of − 2.2 𝑉 as in Figure 3.10(a). 

However, when only half of the AlGaN barrier is doped, that is, when the bottom half of 

AlGaN is set to 1018 cm-3 while its top half is set to 1015 cm-3, the carrier concentration below the 

heterojunction becomes five orders of magnitude smaller than that of a fully-doped AlGaN 

structure to the level of 1018 cm-3. Consequently, the threshold voltage shifts to the right by 2.68V, 

getting a new VTH ≈ 0.48 V as shown in Figure 3.15. 

 

Figure 3.15 Transfer characteristics of the polarization-less single-channel laterally-gated 

AlGaN/GaN HFET with only the bottom half of AlGaN doped. 

This may be explained by the fact that by having a thinner part of AlGaN doped, the effect 

of the lateral gates gets stronger over the charge carriers in the barrier at thermal equilibrium, 

making the depleted barrier layer stop sharing the carriers with the 2DEG. 

 

3.2.2 Multi-channel laterally-gated AlGaN/GaN HFET in absence of polarization 

 

One of the challenges faced by the multi-channel HFETs is to maintain the same threshold 

voltage as the single-channel device, as experimentally corroborated by Erine et al. [22]. 

Maintaining the same VTH allows the multi-channel HFET to offer an enhancement in current 
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density and gate transconductance without changing the design of the circuit in charge of providing 

the gate-to-source voltage (VGS). For investigation purposes on the simultaneous and efficient 

controllability of several channels, this challenge was also explored during the modeling of the 

dual-, triple, and quad-channel laterally-gated AlGaN/GaN HFETs described in this chapter. 

When a second channel is added to the single-channel device, while keeping the AlGaN 

barrier layer of the bottom channel fully doped, the thickness of the GaN channel layer and the 

doping of the AlGaN barrier layer in the top channel play important roles in determining the 

threshold voltage. In the case when the AlGaN barrier layer of the top channel is fully doped, it is 

necessary to have GaN channel layer of the top channel of the same thickness as that of the bottom 

channel’s. This is to avoid impacting the VTH obtained in the single-channel device. Figure 3.16 

presents a successful example of this design strategy.  

 

Figure 3.16 Transfer characteristics of single- and dual-channel polarization-less laterally-gated 

AlGaN/GaN HFETs using fully-doped AlGaN barrier and GaN thickness = 200 nm in both 

channels of the dual-channel device. 

 

This outcome can be explained by the fact that since channels are gated laterally instead of 

from the top, it is necessary to assure the same electric potential on both channels in order to have 
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an almost simultaneous depletion from the vertically-defined gate pillars. This can be achieved if 

channels are far enough apart in order to avoid interference between channels’ potentials. This is 

satisfied by having an undoped GaN channel layer thick enough at the top channel. For example, 

in the case of the explored polarization-less dual-channel laterally-gated AlGaN/GaN HFET, if the 

top channel’s GaN channel layer were thinner than 200 nm, and keeping the top channel’s AlGaN 

barrier layer fully doped to 1018 cm-3, the electric potential at the top channel would have started 

to become higher. This is observed to effectively induce an unbalance between the gate 

controllability of the two channels. This can be observed in Figure 3.17, where in the electric 

potential profile at thermal equilibrium, under such circumstances we see a difference between the 

potential of the two channels. 

 

 

(a) 
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(b) 

Figure 3.17 Electric potential profile from bottom to top for the polarization-less dual-channel 

laterally-gated AlGaN/GaN HFET at the gated region when both the top and the bottom AlGaN 

barriers are fully doped with (a) top GaN = 50 nm and (b) top GaN = 200 nm. The electric 

potential between channels is different in (a). 

 

However, if half of the top AlGaN barrier is doped (i.e. doping only the bottom half of it 

to the level of 1018 cm-3, while having the top half doped to 1015 cm-3), we see opening of the 

possibility to reduce the top GaN thickness to 25% of that of the bottom GaN in order to maintain 

VTH parity. In this case, since the bottom GaN is 200 nm thick, then the top GaN will be only 50 

nm. 

Reducing the thickness of the GaN channel layer of the top channel, although of some 

material growth incentive, comes at the cost of reduction in current density, which for the case of 

our example contracts by almost 39% at a drain-to-source bias of 5V compared to the case when 

the AlGaN barrier of the top channel is fully doped (Figure 3.18). This reduction in current density 

may be explained by the less doping concentration of the barrier, which reduces the number of 

carriers transferred to the 2DEG in the top channel when of course polarization is hypothetically 

assumed to be absent. 
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Figure 3.18 Transfer characteristics of the polarization-less dual-channel laterally-gated 

AlGaN/GaN HFETs for both cases: 1) top channel’s AlGaN barrier fully doped with GaN 

channel thickness of 200 nm and 2) top channel’s AlGaN barrier half doped with GaN channel 

thickness of 50 nm. 

Additionally, by having the top AlGaN barrier half doped and the top GaN channel layer 

thickness set to only 50 nm, the same electric potential is achieved in both channels. As indicated 

earlier, this effectively assures simultaneous gating of both channels from the lateral gates (Figure 

3.19). 

 

Figure 3.19 Electric potential profile for the polarization-less dual-channel laterally-gated 

AlGaN/GaN HFET using half doping in the AlGaN barrier and 50-nm-thickness for the GaN 

channel layers at the top channel. 
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Having achieved the transfer characteristics of Figure 3.18 for the dual-channel structure, 

the next step on building the multi-channel device was to add the third and fourth channels 

following the same pattern of the dual-channel in order to maintain VTH among the additional 

channels. With that goal in mind, the quad-channel configuration includes the top and the middle 

channels’ AlGaN barriers only bottom-half heavily doped, while GaN channel layers of the same 

thickness and AlN spacers between channels’ structures are incorporated: 

4th ch (top): bottom half AlGaN doped (15nm) / GaN (50nm) / AlN(2nm)  
3rd ch:   bottom half AlGaN doped (15nm) / GaN (50nm) / AlN(2nm)  
2nd ch:  bottom half AlGaN doped (15nm) / GaN (50nm) / AlN(2nm)  
1st ch (bottom): full AlGaN doped (15nm) / GaN (200nm) / p-GaN (200nm) 

Figure 3.20 shows the transfer characteristics for the single-, dual-, triple-, and quad-

channel devices, where shifting of VTH is avoided, while higher current density is achieved with 

each additional channel. According to the presented data, increase of 243% on current density with 

dual-channel, 462% with triple-channel, and 680% with quad-channel at VGS = 1 V is observed. 

 

Figure 3.20 Transfer characteristics from the single- to the quad-channel hypothetical 

polarization-less laterally-gated AlGaN/GaN HFETs at VDS = 5 V. 

 

As expected from the structure, in terms of Log ID vs VGS, the multi-channel structure shows 

stability on its low off-current, keeping it under 10-9 A/mm for lower values of VDS, in the linear 
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regime of operation. This can be appreciated in Figure 3.21. Another interesting observation is that 

the VDS dependence increases for VDS values in the saturation region (e.g. from 5V to 20V) with 

the number of channels. This seems to be because the effect of the buffer layer below the bottom 

channel structure is diminished the more channels are added to the device, and this can also be 

appreciated from the output characteristics to be presented in section 3.3, where the saturation 

region shifts to the right with the increase in the number of the channels. 

 

 

(a) 

 

(b) 
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(c) 

Figure 3.21 Subthreshold characteristics for the polarization-less (a) dual-, (b) triple-, and (c) 

quad-channel laterally-gated AlGaN/GaN HFETs. 

  

In terms of the Drain-Induced Barrier Lowering (DIBL), the more channels are added the 

larger the DIBL. Considering the same 𝑉𝐷𝑆
𝑠𝑎𝑡 = 20 𝑉 and 𝑉𝐷𝑆

𝑙𝑖𝑛 = 0.4 𝑉 as in the single-channel 

(section 3.2.1) for comparison (where DIBL is 10.2 mV/V), the values of DIBL extracted from 

Figure 3.21 are 20.4 mV/V, 40.8 mV/V, and 61.2 mV/V for the dual-, triple-, and quad-channel 

structures, respectively, meaning an almost linear dependence of DIBL on the number of channels 

(Figure 3.22). Although there is more presence of the drain voltage on the controllability of the 

channels, DIBL for the hypothetical polarization-less quad-channel laterally-gated AlGaN/GaN 

HFET is still below the values reported for conventional single-channel top-gated GaN HFETs 

(~92 mV/V) [40]. However interesting, this promising result in light of lacking of appreciation of 

all the involved mechanisms in SCEs should be celebrated with caution. 
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Figure 3.22 DIBL dependence on the number of channels for the laterally-gated multi-channel 

AlGaN/GaN HFET in absence of polarization. 

 

 Regarding the subthreshold slope (SS), the multi-channel structure offers a better value 

than that of the single-channel device. From Figure 3.21, SS can be extracted as 100 mV/dec for 

the dual-, triple, and quad-channel HFETs, which represents a reduction of 37.5% compared to 

that of the single-channel laterally-gated AlGaN/GaN HFET exposed in the previous section 

(Figure 3.23). 

 

Figure 3.23 Subthreshold swing dependence on the number of channels for the laterally-gated 

multi-channel AlGaN/GaN HFET in absence of polarization. 
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3.3 Output characteristics 

3.3.1 Single-channel laterally-gated AlGaN/GaN HFET in absence of polarization 

 

Figure 3.24(a) shows the output characteristics of the polarization-less single-channel 

laterally-gated AlGaN/GaN HFET modeled in this chapter. The device exhibits a relatively early 

current density saturation at a VDS ≈ 2.2 V for VGS = 1V. This value of VDS known also as the knee 

voltage (Vknee), is the drain bias at which the drain current starts saturation [41] and can be extracted 

from the output characteristics by intersecting the tangents of the linear and the saturation regions. 

Compared to the simulated polarization-less top-gated AlGaN/GaN HFET modeled with the same 

dimensions as the laterally-gated structure (Figure 3.24(b)), the value of the knee voltages for both 

structures are comparable at the same VGS. Although the difference is small (0.3V), it is still an 

improvement offered by the laterally-gated HFET that can possibly be exploited by digital 

applications. 

The aforementioned low Vknee is related to a low ON resistance (Ron), which is the resistance 

of the device in ON state and needs to be as low as possible in order to limit power dissipation. Its 

value can also be extracted from the output characteristics by looking at the linear region, also 

called the resistive region by designers [42], and using the expression of equation (3.4): 

 
𝑅𝑜𝑛 = 

𝛥𝑉𝐷𝑆

𝛥𝐼𝐷
 

(3.4) 

From Figure 3.24(a) in the linear regime, for VGS = 0 V,  𝛥𝑉𝐷𝑆 = 0.1 V, and 𝛥𝐼𝐷 = 7.5 

mA/mm, the calculated ON resistance Ron ≈ 13.33 Ω · mm for the polarization-less laterally-gated 

AlGaN/GaN HFET and from Figure 3.24(b), for VGS = 1 V,  𝛥𝑉𝐷𝑆 = 0.1 V, and 𝛥𝐼𝐷 = 0.297 

mA/mm, the calculated ON resistance Ron ≈ 336 Ω · mm for the top-gated variety. 
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Another parameter to extract from Figure 3.24 is the output conductance (go), defined as 

the variation of drain current with the drain-to-source voltage at a constant gate-to-source voltage 

in the saturation regime of operation, that is the slope of the curve in saturation, which is the inverse 

of the output resistance [43], calculated as: 

 
𝑔𝑜 = 𝑅𝑜

−1 =
𝜕𝐼𝐷
𝜕𝑉𝐷𝑆

 |𝑉𝐺𝑆
  . 

(3.5) 

Ideally, this slope tends to zero in the saturation region to offer stability in radio-frequency 

operation. However, Short-Channel Effects (SCE) may cause it to increase with VDS. In general, 

and compared to the output characteristics of the modeled planar HFET in Figure 3.24(b), the 

polarization-less laterally-controlled AlGaN/GaN HFET discussed in this chapter shows a very 

low or almost zero slope for most of the VGS values, starting to present some increase at VGS = 1V. 

 

(a) 
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(b) 

Figure 3.24 Output characteristics of the single-channel (a) laterally-gated and (b) a top-gated 

AlGaN/GaN HFETs modeled with the same parameters in absence of polarization. 

 

3.3.2 Multi-channel laterally-gated AlGaN/GaN HFET in absence of polarization 

 

Figure 3.25 shows the output characteristics for several values of VGS for the dual-, triple-, 

and quad-channel laterally-gated AlGaN/GaN HFETs for which hypothetically polarization has 

been set off. Figure 3.26 shows the output characteristics at 𝑉𝐺𝑆 = − 1 𝑉 of the four structures on 

the same graph for easier comparison. As more channels are added, current density in saturation 

gets higher by ~3.5x for two channels, ~7.1x for three channels, and ~12x for four channels. 

Surprisingly, the presented enhancements in current density per additional channel is higher than 

one might expect (i.e. 3.5x, 7.1x, and 12x, instead of 2x, 3x, or 4x for the dual-, triple-, and quad-

channel devices, respectively). This could possibly be due to differences among the 3-D 

distribution of the electric field and hence drift-velocity among these devices. 
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(a) 

 

(b) 

 

(c) 

Figure 3.25 Output characteristics for the (a) dual-, (b) triple, and (c) quad-channel laterally-

gated AlGaN/GaN HFET modeled in this chapter with the assumption of no polarization. 

 

 

Figure 3.26 Output characteristics at 𝑉𝐺𝑆 = − 1 𝑉 for the single-, dual-, triple-, and quad-

channel laterally-gated AlGaN/GaN HFETs presented in Figure 3.25. 
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As can be deduced from Figure 3.25 and 3.26, Ron becomes smaller as more channels are 

added. Compared to the single-channel structure, where Ron ≈ 13.33 Ω · mm and using the same 

VGS (0 V) and VDS (0.1 V) in the linear region, the dual-, triple-, and quad-channel structures give 

6.6 Ω · mm, 4.58 Ω · mm, and 3.5 Ω · mm, respectively, which indicates a better power management 

at higher current densities and represents an attenuation with respect to the single-channel device 

of 2.02 (~2), 2.9 (~3), and 3.8 (~4) times when using two, three, and four channels, respectively. 

This almost linear dependence of Ron attenuation on the number of channels is shown by Figure 

3.27. 

 

Figure 3.27 Ron attenuation dependence on the number of channels for the multi-channel 

laterally-gated AlGaN/GaN HFET in absence of polarization. Ron gets smaller by 2.02, 2.9, and 

3.8 times with respect to the value of the single-channel HFET. 

 

In terms of knee voltage (Vknee), compared to the simulated polarization-less laterally-gated 

single-channel AlGaN/GaN HFET, the number of additional channels tends to degrade the value 

of Vknee, which sets an alert in terms of designing when drain current and gate transconductance 

enhancement are needed but the maximum knee voltage tolerated by a specific circuit is below the 

one offered by this multi-channel HFET.  
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Another important feature of the simulated polarization-less multi-channel laterally-gated 

AlGaN/GaN HFETs is that the low output conductance (go) achieved in the single-channel variety 

is kept in the multi-channel ones. 

  

3.4 Gate transconductance 

3.4.1 Single-channel laterally-gated AlGaN/GaN HFET in absence of polarization 

 

To study the gate transconductance (Gm) response of the device, multiple VDS values need 

to be considered in order to evaluate its behavior under both the linear and the saturation operation 

regimes. The VDS values in the linear regime are those values for which VDS is much smaller than 

𝑉𝐺𝑆 − 𝑉𝑇𝐻, for 𝑉𝐺𝑆  >  𝑉𝑇𝐻 [3]. For example, from the output characteristics (Figure 3.24(a)), and 

knowing that 𝑉𝑇𝐻 = −2.2 𝑉 (Figure 3.10(a)), one can choose either the curve for 𝑉𝐺𝑆 = 0 𝑉 or 

𝑉𝐺𝑆 = 1 𝑉 and take 𝑉𝐷𝑆  ≪ 𝑉𝐺𝑆 − 𝑉𝑇𝐻, which is 𝑉𝐷𝑆  ≪ 2.2 𝑉 or 𝑉𝐷𝑆  ≪ 3.2 𝑉. Considering one 

order of magnitude smaller as a proper value for VDS in the linear regime, then it could be 𝑉𝐷𝑆 =

0.22 𝑉 or 𝑉𝐷𝑆 = 0.32 𝑉, respectively. Taking the output characteristics for 𝑉𝐺𝑆 = 0 𝑉, then part 

of the linear regime around 0.2 V is as shown in Figure 3.28, which suggests that one could use 

VDS values between 0.1 V and 0.5 V. 

 

Figure 3.28 Part of the linear regime of the output characteristics at VGS = 0 V for the single-

channel laterally-gated AlGaN/GaN HFET in absence of polarization. 
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Figure 3.29 shows the Gm - VGS characteristics of the simulated polarization-less single-

channel laterally-gated AlGaN/GaN HFET for VDS values under the linear and the saturation 

regimes. In comparison to a polarization-less single-channel top-gated AlGaN/GaN HFET, whose 

gate transconductance response is exposed in Figure 3.30, the peak on Gm becomes broader for 

VDS under the saturation regime, getting to its maximum at 𝑉𝐺𝑆 ≈ 0.25 𝑉 for 𝑉𝐷𝑆 = 20 𝑉. In this 

comparison of course it is quite relevant to remember that for the top-gated variety essentially no 

2DEG was formed given the same layer structure. The mentioned broader range of VGS is used to 

evaluate the linearity of the device and can also be used to compare its performance against the 

top-gated HFETs through the figure of merit (FOM) called gate voltage swing (GVS), which is 

defined as the VGS range for which the gate transconductance is greater than or equal to 80% of its 

peak [16]. In the case of the simulated single-channel laterally-gated AlGaN/GaN HFET in 

absence of polarization, the value of GVS at VDS = 5V (Figure 3.29) improves by 407% compared 

to the polarization-less top-gated variety (Figure 3.30), which indicates a much better response in 

terms of linearity. This broader gate transconductance helps reduce the distortion in applications 

that require enhanced linear characteristics for power amplification [44]. 

 

Figure 3.29 Gate transconductance (Gm) vs VGS for the single-channel laterally-gated 

AlGaN/GaN HFET in absence of polarization. VDS = 0.3 V and 0.4 V are in the linear regime. 
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Figure 3.30 Gate transconductance vs VGS for a top-gated single-channel AlGaN/GaN HFET in 

absence of polarization with the same dimensions as the laterally-gated variety modeled in this 

chapter. Lg=150nm and Wch=250nm. 

 

Also, the gate transconductance for the laterally-gated variety has a more gradual 

transition to its maximum value than in the case of the top-gated HFET, whose gate 

transconductance is generally presented by a bell-shaped profile (Figure 3.30) with a peak and 

then a rapid degradation at more positive values of VGS, which is known to be caused in part by 

the leakage of channel’s carrier population into the barrier layer [3]. 

 

3.4.2 Multi-channel laterally-gated AlGaN/GaN HFET in absence of polarization 

 

Figure 3.31 shows the gate transconductance characteristics for the multi-channel 

structures from dual- to quad-channel polarization-less laterally-gated AlGaN/GaN HFETs 

modeled and discussed in this chapter for several VDS values under both the linear and the 

saturation regimes. Not only the trend on gradual transfer characteristics observed in the previous 

section for the single-channel laterally-gated variety is maintained but also the enhancement on 

peak and broader Gm (higher VGS FOM) is assured with the addition of more channels. This is an 

indication of the simultaneous effect of the gate-induced electric field on the parallel channels. 
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Gate transconductance is even broader at higher drain biases, which enhance the linearity of the 

device for being used in power amplifier applications [44]. Since gate transconductance should be 

as high as possible to offer either the needed gain in analog applications or the fastest transition 

between ON and OFF states in digital applications [3], this is another reason to believe that the 

studied multi-channel structure can be deemed promising. 

 

 

(a) 

 

(b) 
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(c) 

Figure 3.31 Gate transconductance vs VGS for several values of VDS of the (a) dual-, (b) triple-, 

and (c) quad-channel laterally-gated AlGaN/GaN HFET in absence of polarization. VDS in the 

linear region are defined at 0.3 V and 0.4 V. 

For better comparison on the effect of the number of channels on gate transconductance, 

Figure 3.32 has the plots of Gm vs VGS at 𝑉𝐷𝑆 = 20 𝑉. The enhancement of Gm by 4.3x, 8.4x, and 

12.3x in the dual-, triple-, and quad-channel devices, respectively, demonstrates that, on the one 

hand the gate transconductance enhancement scales almost linearly with the number of channels 

(Figure 3.33), and on the other hand the efficiency of the gates’ control is maintained with respect 

to the equivalent single-channel device; a feature that is critical for high-power and high-frequency 

applications. 

 

Figure 3.32 Gate transconductance vs VGS at VDS = 20 V for the single-, dual-, triple-, and quad-

channel laterally-gated AlGaN/GaN HFETs with the assumption of no polarization. 
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Figure 3.33 Gate transconductance enhancement dependence on the number of channels in the 

multi-channel laterally gated AlGaN/GaN HFET with the assumption of no polarization. VDS = 

20V and VGS = 1V. 

 

 

3.5 Chapter conclusions 

• The polarization-less single-channel top-gated AlGaN/GaN HFET compared to the 

laterally-gated one presents a much weaker polarization induced 2DEG, which yields 

a positive VTH. 

• A simultaneous control of multiple channels stacked vertically can be achieved by 

lateral gates. Also, by assuring a similar electric potential among the channels, the shift 

of the threshold voltage is avoided. 

• The single- and multi-channel laterally-gated varieties alleviate the peak of the electric 

field present in the gated area of the top-gated devices, representing an advantage of 

the former to achieve higher breakdown voltages. 

• The enhancement in current density, gate transconductance, and the gate voltage swing 

figure of merit as well as the attenuation in ON resistance obtained in laterally-gated 

multi-channel AlGaN/GaN HFETs make these structures promising for applications 

that require high linearity and high power operation. 
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• The DIBL and the Vknee degrade in the laterally-gated varieties with the increase in the 

number of channels. This may represent a limitation for high voltage applications in 

the case of the former and for low voltage operation in the case of the latter. 

• Although the subthreshold swing in the single-channel laterally-gated variety is not as 

good as that of the top-gated one, it improves in the multi-channel laterally-gated 

devices and keeps almost constant, indicating little degradation despite the increase in 

the number of channels. 

• Linear dependences on the number of channels were identified for the gate 

transconductance enhancement and the ON resistance attenuation.  
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Chapter 4  

 

Comparison of the DC characteristics of the 

laterally-gated and top-gated Ga-face 

AlGaN/GaN HFETs 

 
In chapter 2, details about the incorporation of N- and Ga-face polarities in AlGaN/GaN 

HFETs for simulation purposes in Comsol were given. Following this description, in chapter 3 the 

DC characteristics of the laterally-gated single- and multi-channel N-face AlGaN/GaN HFETs, or 

to be more precise hypothetical HFETs without consideration of polarization, were exposed along 

with the comparison with the counterpart top-gated device variety. This chapter looks into the DC 

characteristics of the realistic Ga-face laterally-gated single- and multi-channel AlGaN/GaN 

HFETs where polarization is accurately appreciated. 

The geometries for the single- and multi-channel laterally-gated Ga-face AlGaN/GaN 

HFETs are the same as those considered in chapter 2 (and are shown in Figure 2.1 and 2.3, 

respectively). The dimensions are those listed in Table 2.1 for the single-channel Ga-face HFET 

and in Table 2.5 for the multi-channel variety. The doping concentrations of the epilayers are listed 

in Table 2.2, 2.4, and 2.6. To achieve the calculated carrier concentration of the 2DEG (ns(x)) for 

the single- and multi-channel Ga-face HFETs in Comsol, the method employed has been  the 

second one mentioned in the Realistic Ga-face polarity subsection of section 2.3, which consists 

of implementation of delta doping by highly doping the 1nm-thickness of the AlGaN barrier layer 

closest to the heterojunction. The values of the semiconductor parameters for the AlxGa1-xN barrier, 

which according to the description provided in chapter 2 depend on the Al mole fraction (x), are 
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listed in Table 2.3. For the purpose of this chapter, for which case Ga-face polarity applies, the 

values of x used for simulations are 0.1 and 0.2. 

 
4.1 Thermal equilibrium observations 

4.1.1 Single-channel laterally-gated Ga-face AlGaN/GaN HFET 

 

Figure 4.1 shows the conduction-band edge bending at the gated area and 
𝑊𝑐ℎ

2
 across the 

heterojunction at thermal equilibrium for the laterally-gated (Figure 4.1(a)-(b)) and the top-gated 

(Figure 4.1(c)-(d)) HFETs with Ga-face polarization and for the two different Al mole fractions of 

0.1 and 0.2. The observed differences on the position of Ef with respect to Ec makes the sheet 

carrier concentration of the 2DEG stronger in the gated area for the laterally-gated variety. The 

geometry of the Schottky contact of the gate causes the AlGaN barrier to have a more pronounced 

depletion for the top-gated variety. The aforementioned observation contributes to the difference 

in threshold voltage (VTH) among the two devices varieties even given the same Al mole fraction 

of the barrier. For the case of x = 0.2, although Ef sets above Ec compared to the case of x = 0.1 in 

the top-gated variety, its position is even higher in the laterally-gated device, predicting a more 

negative VTH for the latter. As expected, this means that the value of VTH in the laterally-gated 

HFET can be tuned by changing the distance between gates, also known as channel width (Wch), 

assuring a faster depletion of the 2DEG from the lateral E-field when Wch is smaller [15] [16] [17] 

[22]. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.1 Conduction-band edge bending across the heterojunction in the gated area at thermal 

equilibrium for the (a)-(b) laterally-gated and (c)-(d) the top-gated Ga-face AlGaN/GaN HFETs 

at two different Al mole fractions of (a),(c) 0.1 (b),(d) 0.2. 

 

In terms of the vertical E-field with respect to the heterojunction, the value of polarization 

as well as the position of the gates have an impact on its distribution profile and peak. Figure 4.2 

presents the vertical profile of the electric field measured at the gated region of the aforementioned 

two device varieties: the laterally- and the top-gated AlGaN/GaN HFETs, and at two different Al 

mole fractions (x = 0.1 and x = 0.2). For x = 0.1, the induced charge carrier concentration of the 

2DEG at the gated area of the top-gated variety is not strong enough to produce a peak of the E-

field at the heterojunction (Figure 4.2(c)). For Al mole fraction of 0.2, the induced carrier 

concentration of the 2DEG is stronger than the case of x = 0.1, being capable of inducing also a 
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peak of E-field in the top-gated HFET despite of the presence of the Schottky barrier at the top. 

The peak of E-field is even higher on the laterally-gated variety, where the Schottky contacts are 

not as close as the top gate to the region where the electric field is measured, in which case the 

distance is 
𝑊𝑐ℎ

2
. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.2 Vertical profile of the E-field across the heterojunction in the gated area at thermal 

equilibrium for (a)-(b) the laterally-gated and (c)-(d) the top-gated Ga-face AlGaN/GaN HFETs 

at two different Al mole fractions of (a),(c) 0.1 and (b),(d) 0.2. 

 

Another characteristic that can be studied under thermal equilibrium is the profile of the E-

field along the length of the device channel from source to drain at the heterojunction, which we 

refer to as lateral E-field. For its measurement, the same schematic shown by Figure 3.3 is used. 

Accordingly, two cut lines are set from source to drain, but one is positioned at 
𝑊𝑐ℎ

2
, whereas the 
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other is placed near one of the lateral gates, specifically at 1nm of distance. Figure 4.3 presents the 

profile of the lateral E-field at thermal equilibrium for both device varieties: the laterally-gated 

(Figure 4.3(a)-(d)) and the top-gated (Figure 4.3(e)-(f)) Ga-face HFETs at the two different Al 

mole fractions (Figure 4.3(a),(c),(e) for x = 0.1 and Figure 4.3(b),(d),(f) for x = 0.2). According to 

Figure 4.3, the earlier observation of the negligible variation of the E-field at the gated area and at 

𝑊𝑐ℎ

2
 in the laterally-gated variety compared to the top-gated device is replicated for the Ga-face 

polarization. This observation demonstrates again that the main reason for this negligible variation 

is the position of the Schottky contact of the gates, regardless of the induced charge density of the 

2DEG or in other words, regardless of the Al mole fraction and consideration of polarization. This 

also indicates that with or without polarization laterally-gated AlGaN/GaN HFETs provide an 

alternative for alleviating the E-field peak present in the drain access region of the top-gated 

AlGaN/GaN HFETs, without the need for incorporating a Field-Plate (FP) to improve the 

breakdown voltage as mentioned in Chapter 3. 

The increase on the peak of the E-field observed near the gates in the case of the laterally-

gated Ga-face HFET (Figure 4.3(c) and (d)) was also observed for the hypothetical polarization-

less HFET in Figure 3.4(b). This demonstrates that these peaks are caused predominantly by the 

closeness of the gates to the heterojunction. Additionally, as indicated earlier the several peaks in 

Figure 4.3(c) and (d) are caused by the mesh roughness in defining the circular cross-section of 

the gate pillars. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 4.3 Lateral profile of the E-Field at thermal equilibrium taken at the heterojunction for 

the single-channel laterally-gated Ga-face AlGaN/GaN HFET measured at (a),(b) 
𝑊𝑐ℎ

2
 and 

(c),(d) close to one of the gates. (e),(f) Lateral E-Field profile for the Ga-face top-gated 

AlGaN/GaN HFET. (a),(c),(e) for x = 0.1 and (b),(d),(f) for x = 0.2. 
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4.1.2 Multi-channel laterally-gated Ga-face AlGaN/GaN HFET 

 

The multi-channel Ga-face AlGaN/GaN HFET built for investigation has the same 

geometry as that used in Chapter 3 which has been shown in Figure 2.3. As in the case of the 

polarization-less laterally-gated AlGaN/GaN HFET, the multi-channel Ga-face HFET was 

achieved by starting to position one additional AlGaN/GaN heterojunction on the top of the single-

channel device explained in section 4.1.1 and keeping the same Wch, Lg, Lsg, and Lgd in order to 

complete a dual-channel device. Then, other two similar AlGaN/GaN heterojunctions were added 

on the top to finally obtain a quad-channel Ga-face HFET. 

As mentioned at the beginning of this chapter, to achieve the calculated carrier 

concentration of the 2DEG (ns(x)) for the Ga-face AlGaN/GAN HFET in Comsol, keeping up with 

delta doping strategy to implement polarization, the 1nm-thickness of the AlGaN barrier layer at 

the heterojunction is heavily doped. One may assume that the doping values for the AlGaN 

barrier’s 1nm thickness listed in Table 2.4 for a single-channel device can be configured in a 

straight forward manner to all the channels in the multi-channel structure. However, simulations 

at thermal equilibrium demonstrate that using the same doping value does not give exactly the 

expected values of ns(x) in every channel when there are two or more channels. This difference 

may be produced by the fact that the carrier concentration of the 2DEG in a channel can be affected 

by the electric potential of neighbor channels. Table 4.1 lists the values of doping concentration 

for the 1nm-thickness of the AlGaN barrier in the quad-channel Ga-face AlGaN/GaN HFET. It is 

worth mentioning that the average of these doping concentration values is close to the one used in 

the single-channel Ga-face HFET for the two cases of Al mole fraction. 
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Table 4.1 Sheet carrier concentration of the 2DEG (𝑛𝑠(𝑥)) obtained from equation (2.14) along 

with the 1-nm-AlGaN-region doping concentration used to achieve the corresponding 𝑛𝑠(𝑥) for 

x = 0.1 and 0.2 by simulation at thermal equilibrium of the quad-channel Ga-face AlGaN/GaN 

HFET. 

Al-mole 

fraction (x) 

𝒏𝒔(𝒙) 

[× 𝟏𝟎𝟏𝟐 cm-2] 

1nm-AlGaN-region n-type uniformly doping [× 𝟏𝟎𝟏𝟗 cm-3] 

Channel 1 

(bottom) 
Channel 2 Channel 3 Channel 4 

(top) 

0.1 2.23 3.5 3.1 3.1 2.6 

0.2 7.45 9 8.6 8.6 7.8 

 

Figure 4.4(a) and (b) illustrate the electron concentration profiles along with the sheet 

charge densities obtained at thermal equilibrium from simulations after setting up the doping 

concentrations of the AlGaN barriers’ 1nm-thickness for the quad-channel laterally-gated Ga-face 

AlGaN/GaN HFET and for the two Al mole fractions of 0.1 and 0.2. 

The three types of channels (bottom, middle, and top channels) are identified for each case 

of Al mole fraction from Figure 4.4(a) and (b). The reported values of the sheet charge densities 

are very close among the channels, which produces a symmetry in the position of the fermi level 

(Ef) with respect to the bottom of the conduction band (Ec) at the heterojunctions along the whole 

structure of four channels (Figure 4.4(c) and (d)). This indicates a concurrent depletion of the four 

2DEGs by the lateral E-fields. The total sheet charge densities for the two cases of Al mole 

fractions in this multi-channel Ga-face HFET adds up to 8.93 × 1012 cm-2 and 2.99 × 1013 cm-2, 

when x = 0.1 and 0.2, respectively. Expectedly, these values are higher than those obtained in 

Chapter 3 for the case of the multi-channel AlGaN/GaN HFET where polarization was not 

considered. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.4 (a)-(b) Electron concentration profiles along with the carrier concentration of the 

2DEGs at thermal equilibrium obtained from simulation and (c)-(d) conduction band edge at 

thermal equilibrium for the quad-channel laterally-gated Ga-face AlGaN/GaN HFET for the two 

Al mole fractions of (a),(c) 0.1 and (b),(d) 0.2. 

 

Another observation that supports the concurrent depletion of the four 2DEGs in this multi-

channel Ga-face HFET is that of the electric potential profile taken vertically across the entire 

structure in the gated area at thermal equilibrium. This is shown by Figure 4.5, where the four 

channels are at the same potential regardless the Al mole fraction. 
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(a) 

 
(b) 

Figure 4.5 Vertical profile of the electric potential at thermal equilibrium of the quad-channel 

laterally-gated Ga-face AlGaN/GaN HFET at the gated area and at 
𝑊𝑐ℎ

2
. (By default, the initial 

value for electric potential in Comsol is set to -4 V). 

  

The profiles of the E-field taken vertically at the gated area and laterally from source to 

drain at each heterojunction of the multi-channel heterostructure are presented in Figure 4.6. 

Vertically, the E-field at each heterojunction has a similar profile to that of the single-channel Ga-

face variety given in Figure 4.2, which may serve as a reference when additional channels are 

added. Furthermore, the peaks of the E-fields for the four channels are very similar, which also 

demonstrates the symmetry in terms of concurrent control by the lateral gates. 

Regarding the lateral E-field at each heterojunction, its profile keeps the same pattern 

showed by the single-channel at the gated area, where the variation of the E-field is very low, 

indicating that the multi-channel Ga-face is also a very good alternative to alleviate the E-field 

peaks present at the gate edge of the drain access region in the top-gated AlGaN/GaN HFETs, 

while current density and gate transconductance are expectedly enhanced. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.6 Electric field profiles of the quad-channel laterally-gated Ga-face AlGaN/GaN HFET 

measured (a)-(b) vertically at the gated region and at 
𝑊𝑐ℎ

2
 and (c)-(d) laterally from source to 

drain at the heterojunctions. 

 

4.2 Transfer characteristics 

4.2.1 Single-channel laterally-gated Ga-face AlGaN/GaN HFET 

 

Figure 4.7 shows the transfer characteristics of the single-channel laterally- and top-gated 

Ga-face AlGaN/GaN HFETs for the two values of Al mole fraction (0.1 and 0.2) for comparison. 

The threshold voltages obtained in the laterally-gated Ga-face variety are considerably 

more affected by the Al mole fraction. This situation exacerbates by the wider the Wch when the 

more challenging would be the depletion of the 2DEG by the lateral E-field, which has been 
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experimentally corroborated by Odabasi et al. [16], Nikoo et al. [17], Santoruvo et al. [18], and 

Erine et al. [22]. These experimental works support the results obtained here by simulation and 

confirm the assertiveness of the methods used to achieve the calculated carrier concentration of 

the 2DEG for realistic simulations of Ga-face AlGaN/GaN HFETs in Comsol. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.7 Transfer characteristics of (a)-(b) the laterally-controlled single-channel and (c)-(d) 

the top-gated single-channel Ga-face AlGaN/GaN HFETs for the two values of Al mole fraction 

of (a),(c) 0.1 and (b),(d) 0.2. 

 

The shift of VTH to more negative values at higher Al mole fractions marks the important 

role that a third gate at the top of the AlGaN barrier may have to strengthen the effect of the E-

field, which turns to be not only laterally but also vertically depleting the 2DEG, which is deemed 
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very effective when the channel width becomes wider, as it is described experimentally by Ma et 

al. [19] [21] and Nela et al. [20].  

One interesting observation made at the time of running the simulations was that current 

density drops at higher values of VGS as shown by Figure 4.8. To understand this phenomenon, the 

electron current density profile at 3-D (Figure 4.9) was studied for the entire structure in order to 

try to identify patterns of current restriction or the establishment of a predominant flow in places 

different than the 2DEG channel. The arrows in Figure 4.9 represent the direction of the current 

density below the heterojunction (at the 2DEG), through the GaN channel layer, and through the 

p-GaN buffer layer. The value of VGS is changed gradually in order to see the impact on the arrows’ 

direction while VDS is kept constant, in this case at 5V. 

 

(a) 

 

(b) 

Figure 4.8 (a) Transfer characteristics of the laterally-gated single-channel Ga-face AlGaN/GaN 

HFET for Al mole fraction of 0.1. (b) Zoom-in of (a) for VDS = 5V at the region where ID drops. 

 

The drain current density’s flow keeps the same direction on the GaN channel layer for 

−5𝑉 ≤  𝑉𝐺𝑆  < 0.25𝑉. Then, at VGS = 0.25V the current’s flow starts changing its direction at the 

gates’ edge of the source access region below the heterojunction (Figure 4.9(c)) and keeps the 

same pattern up to VGS = 1.5V, when ID reaches its maximum (Figure 4.8(b)). When VGS = 1.75V, 
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again the current density’s direction changes at the gates’ edge of the source access region below 

the heterojunction (Figure 4.9(d)) and the value of ID starts dropping (Figure 4.8(b)), keeping the 

same pattern for VGS > 1.75V. 

 

(a) 

 

 

(b) 

 

(c) 

 

(d) 

Figure 4.9 (a) 3-D profile and (b) 2-D profile of the current density at 𝑉𝐺𝑆 = − 5 𝑉 and 𝑉𝐷𝑆 =
 5 𝑉 for the single-channel laterally-gated Ga-face AlGaN/GaN HFET. (c) and (d) show the 

change in the flow of current density for 0.25V ≤ VGS < 1.75 and VGS ≥ 1.75V, respectively. 

 

 This drop in ID may be caused by barrier lowering between the channel and the source. 

Apparently, one of the results of using simulation is that the software considers the source terminal 

as ideal, which implies a source of large amount of electrons, which produces a rush of charge 

carriers into the channel and therefore a reduction of the potential barrier, which is also related to 

the existence of a dynamic source access resistance, which may increase due to the negative 

feedback, resulting in a 3-D moving charge-carrier device rather than a 2-D charge-carrier 

confinement device. The presence of the mentioned dynamic source access resistance is supported 
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by the observation made by Palacios et al. [45] and also experimentally reported by Odabasi et al. 

[16]. 

In terms of the subthreshold performance, Figure 4.10 exposes the Log ID vs VGS for both 

device varieties: the laterally- and the top-gated Ga-face HFETs and for the two values of Al mole 

fraction (x). In the case of x = 0.1, the value of drain current density for VDS in the linear regime 

when the device is OFF sets under 10-9 A/mm for the laterally-gated variety, whereas for the case 

of the top-gated device it sets below that value by almost one order of magnitude, which indicates 

less power consumption for the latter when it is not in operation. For the case of x = 0.2, although 

the usage of a higher Al mole fraction makes the current density to increase in both varieties, the 

same difference is present. This may happen because on the one hand the carrier concentration of 

the 2DEG at the gated area gets smaller in the top-gated variety and on the other hand the existence 

of the gate at the top keeps a constant distance to the 2DEG along the width of the channel, which 

makes the vertical E-field depletes the 2DEG uniformly. This is not the case for the lateral 

depletion, which becomes more challenging towards the middle of the channel (
𝑊𝑐ℎ

2
). 

Regarding the drain-induced barrier lowering (DIBL), its value for each HFET variety and 

Al mole fraction (x) was calculated using equation (3.3), where 𝑉𝐷𝑆
𝑠𝑎𝑡 = 20𝑉 and 𝑉𝐷𝑆

𝑙𝑖𝑛 = 0.4𝑉. 

DIBL gets reduced by 45.6% when x = 0.1 and 33.72% when x = 0.2 in the top-gated variety 

compared to the laterally-gated one. This indicates an advantage for the former in terms of the 

VDS’s impact on the electrostatic control of the gate, but with the cost of a lower current density. 

The degradation of DIBL in the laterally-gated variety gets worse in the Ga-face polarity compared 

to the case when polarization was not considered. This degradation may be explained by the 

stronger sheet carrier concentration of the 2DEG, which makes the lateral depletion of the channel 

more challenging and gives a more VDS dependent device for channel control from the gates. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.10 Subthreshold characteristics for (a)-(b) the single-channel laterally-gated and (c)-

(d) the single-channel top-gated Ga-face AlGaN/GaN HFETs for VDS in the linear and saturation 

regimes and for the two values of Al mole fraction of (a),(c) 0.1 and (b),(d) 0.2. 

 

The subthreshold-swing (SS) obtained for the laterally-gated device is 13.3% and 25% 

higher when x = 0.1 and x = 0.2, respectively compared to the top-gated variety, but gets closer to 

the ideal value of 60 mV / dec compared to the case of the laterally-gated HFET when polarization 

was neglected. The mentioned difference in SS between the laterally- and the top-gated varieties 

can be a representation of the effectiveness of the vertical vs lateral E-fields for switching the 

device between OFF and ON states, which may indicate a better controllability from the gate at 

the top rather than from the lateral gates. However, the ION/IOFF ratios for both varieties are about 

the same value of 109. 
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Also, it is worth noting that SS degrades by a higher percentage at a higher Al mole fraction 

in the laterally-gated Ga-face AlGaN/GaN HEFT compared to the top-gated variety. However, the 

opposite happens for DIBL, which increases at a higher percentage in the latter, which shows a 

different sensitivity between varieties according to the parameter to be evaluated. Additionally, in 

contrast to the polarization-less laterally-gated HFET, whereas SS improves substantially, DIBL 

deteriorates in the laterally-gated Ga-face HFET. This can serve as a point of reference depending 

on applications’ requirements such as fast switching and high current density. 

 

4.2.2 Multi-channel laterally-gated Ga-face AlGaN/GaN HFET 

 

The challenge of preserving the same threshold voltage of the single-channel device is also 

faced in this multi-channel structure. For achieving this goal, the thickness of the GaN channel 

layers at the middle and top channels were tuned to finally be set up at 100 nm. This symmetry in 

thickness of these GaN channel layers along with the doping concentration of the 1nm-thickness 

of the AlGaN barriers as indicated in Table 4.1 make the carrier concentrations of the multiple 

2DEGs to be similar among them as shown by Figure 4.4, and allow the electric potential to be the 

same along the multiple channels as displayed by Figure 4.5. To summarize, the structure of this 

laterally-gated Ga-face AlGaN/GaN HFET is as follows: 

4th channel (top): AlGaN (15nm) / n-GaN (100nm) 
3rd channel:   AlGaN (15nm) / n-GaN (100nm)  
2nd channel:  AlGaN (15nm) / n-GaN (100nm) 
1st channel (bottom): AlGaN (15nm) / n-GaN (200nm) / p-GaN (200nm) 

 

 Figure 4.11 shows the transfer characteristics for the single-, dual-, triple, and quad-channel 

laterally-gated Ga-face AlGaN/GaN HFETs for the two values of Al mole fraction (0.1 and 0.2). 

For x = 0.1, VTH can be preserved by each variety, whereas for x = 0.2 there is a shift on VTH of 
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about 0.6 V for the triple- and the quad-channel varieties. This shift at x = 0.2 may have been 

caused by the fact that since the tuning of the GaN channel layers’ thickness was made at x = 0.1, 

at higher Al mole fraction a thicker GaN channel layer would be required as additional channels 

are added, specifically for the case of the third and fourth channels. 

Higher current densities are offered by every additional channel, obtaining an enhancement 

of 154% (~2.5x), 303.5% (~4x), and 452% (~5.5x) at x = 0.1 and 120% (~2.2x), 239% (3.4x), and 

358% (4.5x) at x = 0.2 for the dual-, triple-, and quad-channel Ga-face HFETs, respectively, at VDS 

= 5 V and VGS = 1 V. 

 

(a) 

 

(b) 

Figure 4.11 Transfer characteristics from the single- to the quad-channel laterally-gated Ga-face 

AlGaN/GaN HFETs at VDS = 5 V and for (a) x = 0.1 and (b) x = 0.2. 

In terms of the subthreshold response, Figure 4.12 shows how DIBL is impacted by the 

incorporation of additional channels and change in the Al mole fraction. The more channels are 

added, the more dependent the DC response is on VDS for drain-to-source voltages in the saturation 

region (e.g. 5V – 20V), which is confirmed by the change in DIBL, whose value increases with 

the number of channels almost linearly between the dual- and the quad-channel devices when the 

Al mole fraction is 0.1, but presents a saturation when Al mole fraction is 0.2 as shown by Figure 

4.13. This dependence on VDS may be caused by the distance between the additional channels and 

the GaN buffer layer positioned below the bottom channel heterojunction, making the effect of the 



85 
 

buffer to be progressively diminished with the number of channels and even more impacted at 

higher sheet carrier concentration of the multiple 2DEGs. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 4.12 Subthreshold characteristics for the (a)-(b) dual-, (c)-(d) triple-, and (e)-(f) quad-

channel laterally-gated Ga-face AlGaN/GaN HFETs at the two Al mole fractions: (a),(c),(e) x = 

0.1 and (b),(d),(f) x = 0.2. 
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It is worth noting that a higher Al mole fraction has a considerable impact on the 

degradation of DIBL in the laterally-gated multi-channel Ga-face AlGaN/GaN HFETs, as it can 

be appreciated in Figure 4.12 for the cases between x = 0.1 and x = 0.2, where DIBL is more than 

124%, 100%, and 77% degraded when Al mole fraction of 0.2 is used in the dual-, triple, and quad-

channel laterally-gated Ga-face HFET varieties, respectively. 

 

Figure 4.13 DIBL dependence on the number of channels for the laterally-gated multi-channel 

Ga-face AlGaN/GaN HFET at the two values of Al mole fractions under study. 

  

 Also, from Figure 4.12, the subthreshold swing (SS) can be evaluated with the number of 

channels and the different Al mole fraction. The multi-channel Ga-face HFETs show an almost 

identical SS compared to the single-channel device for both Al mole fractions. This demonstrates 

that little degradation is produced with the incorporation of additional channels while enhancement 

on current density, and as to be seen transconductance, is achieved. According to the presented 

data, the lowest SS that can be reached with these varieties of laterally-gated Ga-face AlGaN/GaN 

HFETs is 85 𝑚𝑉 / 𝑑𝑒𝑐 at x = 0.1 and 100 𝑚𝑉 / 𝑑𝑒𝑐 at x = 0.2 (Figure 4.14). 
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Figure 4.14 Subthreshold swing dependence on the number of channels for the laterally-gated 

multi-channel Ga-face AlGaN/GaN HFET at the two values of Al mole fractions under study. 

  

Other two parameters to evaluate from Figure 4.12 are the off-current and the ION/IOFF ratio, 

whose values are not deteriorated compared to the case of the single-channel variety, for the two 

different Al mole fractions. The off-current keeps its low values under 10-10 A/mm for VDS in the 

linear regime, which means no degradation in terms of power consumption at the OFF state with 

the incorporation of additional channels. The ION/IOFF is maintained at a relatively high value of 

>109 from the dual- to the quad-channel structure. 

 

4.3 Output characteristics 

4.3.1 Single-channel laterally-gated Ga-face AlGaN/GaN HFET 

 

Figure 4.15 shows the output characteristics for the single-channel laterally- and top-gated 

Ga-face AlGaN/GaN HFETs with the same dimensions and for the two Al mole fractions under 

study (i.e. 0.1 and 0.2). The knee voltage (Vknee) is considerably impacted by changing the position 

of the gates from being at the top to be lateral, getting degraded in the laterally-gated variety and 

also by using a higher Al mole fraction. This degradation in Vknee may be explained by the less 
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uniform effect of the lateral E-field when gates are positioned laterally compared to a vertical one 

when the gate is at the top and cover the channel at the same distance along the channel width.  

Different to what happen with Vknee, the ON resistance (Ron) gets improved in the laterally-

gated variety by ~40% and ~47% at x = 0.1 and x = 0.2, respectively. This improvement in Ron can 

be attributed to the larger arear of the source and drain ohmic contacts than that of the effective 

channel width in the laterally-gated HFETs, as shown in chapter 3 for the case where polarization 

was excluded. 

The output conductance (go) or slope in the saturation region at VGS = 1V is higher in the 

laterally-gated HFET than in the top-gated variety. However, for smaller values of VGS, the value 

of the slope is near zero as one may expect to obtain stability in radio frequency applications. The 

low output conductance along with a higher current density obtained in the laterally-gated variety 

compared to the top-gated HFET are possible because of the duality and the improved proximity 

of the gates to the channel and to both the AlGaN barrier and the GaN channel layers. 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 4.15 Output characteristics of the single-channel (a)-(b) laterally-gated and (c)-(d) top-

gated Ga-face AlGaN/GaN HFETs at the two Al mole fractions (a),(c) 0.1 and (b),(d) 0.2. 

 

4.3.2 Multi-channel laterally-gated Ga-face AlGaN/GaN HFET 

 

Figure 4.16 shows the output characteristics of the dual-, triple-, and quad-channel 

laterally-gated Ga-face AlGaN/GaN HFETs at the two Al mole fractions of 0.1 and 0.2, whereas 

Figure 4.17 shows the output characteristics at VGS = 0V for the four device varieties (single- to 

quad-channel) and also at the two different Al mole fractions for comparison. The current densities 

are enhanced with the incorporation of additional channels, to the tune of ~3.2x, ~5.7x, and 8.2x 

higher than that of the single-channel variety when x = 0.1, and ~2.6x, ~4x, and ~5.4x higher than 

that of the single-channel variety when x = 0.2 (i.e. for the dual-, triple-, and quad-channel devices, 

respectively). The difference in current density enhancements from x = 0.1 to x = 0.2 is caused by 

the higher carrier concentration of the 2DEGs when a higher Al mole fraction of 0.2 is used, which 

affects the electric potential of the channels. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 4.16 Output characteristics for the dual-, triple, and quad-channel laterally-gated Ga-face 

AlGaN/GaN HFETs modeled in this chapter at the two values of Al mole fraction of 0.1 and 

0.2. 
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(a) 

 

(b) 

Figure 4.17 Output characteristics at VGS = 0 V for the single-, dual-, triple-, and quad-channel 

laterally-gated Ga-face AlGaN/GaN HFETs modeled in this thesis and for the two Al mole 

fractions of (a) 0.1 and (b) 0.2. 

 

In terms of Ron, the value of this factor becomes smaller with increase in the number of 

channels. The reduction or attenuation in Ron per additional channel with respect to the single-

channel HFET follows a linear characteristic for both Al mole fractions of 0.1 and 0.2 as shown in 

Figure 4.18. 

 

Figure 4.18 Ron attenuation dependence on the number of channels for the multi-channel 

laterally-gated Ga-face AlGaN/GaN HFETs. 

 

Regarding the knee voltage (Vknee), its value tends to increase with the increase in the 

number of channels when using the same Al mole fraction; however, its change is much more 
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evident when higher Al mole fraction is used. This may indicate a draw back for the 

implementation of the laterally-gated HFET technology in power amplifier applications that 

require low voltage operation [46] despite the promising current density gain. 

Another parameter that may raise concern is the output conductance (go) or slope at 

saturation region, which increases with the number of channels, specially for the triple- and quad-

channel HFETs when x = 0.1. The situation is worsened when x = 0.2, where go at 𝑉𝐺𝑆 = − 1 𝑉 

is ~96x, ~16x, and ~12x larger than the case when x = 0.1 for the dual-, triple, and quad-channel 

devices, respectively. This increase in output conductance at higher Al mole fractions marks the 

impact of higher carrier concentrations of the multiple 2DEGs on the electrostatic control of the 

gates at higher values of VDS. 

 

4.4 Gate transconductance 

4.4.1 Single-channel laterally-gated Ga-face AlGaN/GaN HFET 

 

Figure 4.19 shows the transfer characteristics in terms of the gate transconductance (Gm) 

vs VGS for the single-channel laterally- and top-gated Ga-face AlGaN/GaN HFETs. Not only from 

one variety to another but also from a value of Al mole fraction to a higher one, the gate 

transconductance becomes higher and broader. The laterally-gated HFET offers a ~60% and ~93% 

improvement in the gate voltage swing (GVS) FOM over the top-gated variety for VDS = 5V when 

x = 0.1 and 0.2, respectively. This represents a more linear device for being implemented in 

amplifier applications with low distortion requirements [44]. In the case of a higher Al mole 

fraction (i.e. x = 0.2), an enhancement in GVS FOM of ~67% is obtained at VDS = 5V. However, 

it should be noted that even if a higher current density and a broader gate transconductance are 

obtained with this laterally-gated Ga-face AlGaN/GaN HFET, when Al mole fraction is higher, a 
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higher induced 2DEG also comes along with a more negative threshold voltage, and the 

degradation in the drain-induced barrier lowering and Vknee. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.19 Gate transconductance (Gm) vs VGS of the single-channel (a)-(b) laterally-gated and 

(c)-(d) top-gated Ga-face AlGaN/GaN HFETs for VDS in the linear and saturation regimes and 

for Al mole fractions of (a),(c) 0.1 and (b),(d) 0.2. 

 

4.4.2 Multi-channel laterally-gated Ga-face AlGaN/GaN HFET 

 

Figure 4.20 shows the gate transconductance (Gm) vs VGS for the dual-, triple-, and quad-

channel laterally-gated Ga-face AlGaN/GaN HFETs for VDS in the linear and saturation regimes. 

Although there is a constant increase in the peak of the gate transconductance with the increase in 
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the number of channels at both values of Al mole fraction, this is not always the case for GVS 

FOM, which still shows a slow increase for the case when the Al mole fraction is 0.1, but it seems 

to reach its maximum value of ~3V when x = 0.2 regardless the number of channels. This limit 

imposed at x = 0.2 may be caused by the higher induced carrier concentration of the multiple 

2DEGs, which produces a higher current density with the number of channels as shown in Figure 

4.17. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

Figure 4.20 Gate transconductance (Gm) vs VGS for several VDS in the linear and the saturation 

region of the (a)-(b) dual-, (c)-(d) triple-, and (e)-(f) quad-channel laterally-gated Ga-face 

AlGaN/GaN HFETs and for the two Al mole fractions of (a),(c),(e) 0.1 and (b),(d),(f) 0.2. 

 

A more detailed illustration about the enhancement in the peak of gate transconductance is 

provided in Figure 4.21, where the curves for Gm vs VGS are plotted for the four varieties of the 

laterally-gated Ga-face AlGaN/GaN HFETs (from single- to quad-channel) and for the two values 

of Al mole fraction under study. 

 

(a) 

 

(b) 

Figure 4.21 Gate transconductance vs VGS at VDS = 5 V for the single-, dual-, triple-, and quad-

channel laterally-gated Ga-face AlGaN/GaN HFET and for the two values of Al mole fraction 

of (a) 0.1 and (b) 0.2. 
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It is worth noting that the enhancement in gate transconductance has an almost linear 

dependence with the number of channels for both cases of Al mole fraction. This dependence is 

presented by Figure 4.22. 

 

Figure 4.22 Gate transconductance enhancement dependence on the number of channels in the 

multi-channel laterally gated Ga-face AlGaN/GaN HFET for Al mole fractions of 0.1 and 0.2. 

 

4.5 Chapter conclusions 

• The VTH is considerably more impacted by both the Al mole fraction and the Wch in the 

laterally-gated Ga-face variety than in the top-gated one. 

• The control of the multiple 2DEGs stacked vertically is also achieved in the multi-

channel laterally-gated Ga-face variety by assuring electric potentials of close values 

among the channels. 

• The alleviation of the peak of the electric field close to the gate in the single- and multi-

channel laterally-gated Ga-face varieties compared to the top-gated ones promises a 

solution to obtain higher breakdown voltages while offering higher current densities. 

• The multi-channel laterally-gated Ga-face AlGaN/GaN HFETs offer also current 

density and gate transconductance enhancements along with larger gate voltage swing 

figure of merit for their implementation in high power applications that require low 
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distortion. Also, the attenuation in ON resistance with the number of channels indicates 

an improvement in power management at higher current densities. 

• The degradation of drain-induced barrier lowering with the increase in both the number 

of channels and values of Al mole fraction in the multi-channel laterally-gated Ga-face 

varieties should be evaluated with caution for high voltage applications despite the 

benefits of current density enhancement, ON resistance attenuation, and higher 

linearity. 

• The multi-channel laterally-gated Ga-face varieties show a subthreshold swing closed 

to that of the laterally-gated single-channel varieties, indicating little degradation with 

the number of channels. However, the single-channel top-gated variety outperforms the 

laterally-gated one regarding this characteristic. 

• As in the case of the polarization-less laterally-gated AlGaN/GaN HFETs, both the gate 

transconductance enhancement and the ON resistance attenuation follow an almost 

linear relationship with the number of channels in the Ga-face variety. 
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Chapter 5  
 

Conclusion and future work 
 

 

5.1 Conclusion 

• This thesis has presented the steps to properly model single- and multi-channel 

laterally-gated AlGaN/GaN heterojunction field effect transistors (HFETs) with and 

without the appreciation of polarization.  

• Analysis of their DC characteristics and comparisons against the top-gated varieties 

were also performed, showing that the laterally-gated devices outperform the top-gated 

ones in terms of gate voltage swing figure of merit and also in terms of current density. 

• In addition, it is demonstrated that the controllability of multiple 2DEGs is quite 

efficiently achieved using lateral gates thanks to the closeness and presence of double 

Schottky contacts not only to the channel but also to the AlGaN and GaN layers. 

• This controllability of the multiple channels stacked vertically is achieved in both 

varieties (in absence and presence of polarization) using the same technique of 

maintaining similar potentials between channels. However, the thicknesses of the GaN 

channel layers of the middle and top channels are different between the two device 

varieties due to the difference in sheet charge densities of the channels. 

• We have shown that the threshold voltage is considerably more impacted by both the 

channel width and the Al mole fraction in the laterally-gated Ga-face AlGaN/GaN 

HFETs than in the polarization-less varieties, which indicates a challenge for the lateral 

E-field to effectively deplete the 2DEG at higher carrier concentrations of the channel. 



99 
 

This may make one look at other alternatives such as adding a gate at the top as a third 

mechanism to deplete the channel faster. 

• It has also been observed that Vknee becomes considerably degraded in the laterally-

gated varieties in absence and presence of polarization, and with the increase in both 

the number of channels and Al mole fraction for the case of the Ga-face varieties, 

setting a point of evaluation for power amplifier applications at low voltages. 

• The gate voltage swing figure of merit (GVS FOM) demonstrates to have an 

improvement in the multi-channel laterally-gated varieties in absence and presence of 

polarization. However, when a higher Al mole fraction of 0.2 is used in the Ga-face 

varieties, the GVS FOM keeps approximately the same value regardless of the number 

of channels and the Gm enhancement. 

• A linear relationship between the Gm enhancement and the number of channels has 

been reported for both cases: with the assumption of no polarization and when 

polarization was realistically incorporated. 

• In addition, Ron is observed to reduce in the laterally-gated multi-channel device 

varieties in absence and presence of polarization, representing an improvement in 

power consumption at the offered higher current densities. This reduction of Ron with 

the number of channels also exhibits a linear relationship. 

• Additionally, DIBL has been observed in the single-channel top-gated variety to be 

smaller than that of the laterally-gated variety in absence and presence of polarization, 

where its value tends to degrade with the increase in the number of channels and with 

higher Al mole fractions, which may mark a draw back for the laterally-gated devices 

in terms of the VDS dependence of the controllability of the gates over the channels. 
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This should be looked with attention because the device may be more sensitive to short 

channel effects despite the promising results in terms of linearity, Ron, and higher 

current densities. 

• It has also been observed that considering the device structures studied in this thesis, 

the subthreshold swing (SS) in the laterally-gated varieties is not as good as in top-gated 

ones, but in Ga-face polarity it is smaller than that of the polarization-less device, 

getting closer to the ideal value of 60 mV/dec. 

 

5.2 Contributions 

• This thesis makes up for the lack of information regarding the modeling and in-depth 

analysis of thermal equilibrium observations and DC characteristics of single- and 

multi-channel laterally-gated AlGaN/GaN HFETs with the assumption of no 

polarization resembling the N-face polarity and with the incorporation of the realistic 

Ga-face polarity. 

• Detail explanations about the calculations of AlGaN alloy parameters and polarization 

parameters as well as the method used to implement them for realistic modeling 

scenarios are provided. 

• Reports about the exploration of the incorporation of multiple channels in laterally-

gated AlGaN/GaN HFETs along with their benefits and cons against single-channel 

laterally- and top-gated varieties is very limited. This research helps clarify steps on 

their implementation and provide results that serve to evaluate their behavior in DC. 

• The techniques developed in the software tool to speed up the time of convergence in 

computations and achieve reliable results are not evident or documented in manuals. 
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This thesis offers the knowledge that help optimize the time of design and simulations 

in 3-D modeling of semiconductor devices. 

 

5.3 Future work 

5.3.1 Incorporation of non-idealities 

 

The current densities obtained by simulation of the laterally-gated multi-channel Ga-face 

AlGaN/GaN HFETs are very high compared to experimental reports on GaN HFETs. This 

difference might be caused by secondary effects built into Comsol, such as a large amount of 

electrons caused by an ideal ohmic contact at the source, the lack of consideration of both the 

quantum effect and the change of the properties of the material at higher temperatures product of 

the self-heating of the transistor at higher current densities, and the involved scattering 

mechanisms in our simulations. All these issues, which are also product of the immaturity of this 

technology, impact the current density, among other things. For a more thorough study I suggest 

taking those into account. 

 

5.3.2 Breakdown and RF Characteristics 

 

Only DC characteristics were modeled and analyzed in this thesis. Now that the process of 

software tuning to achieve convergence in every variety of the laterally-gated AlGaN/GaN HFETs 

at different Al mole fractions has been completed, the same models can be used to continue the 

investigation on their performance at high frequencies and also at voltages close to breakdown. 

This exploration along with the incorporation of non-idealities described in the previous section 
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offers a very interesting opportunity to continue learning about this new technology that seems to 

be promising for the latest applications in telecommunications and power electronics industries. 

 

5.3.3 Microfabrication 

 

After exposing the intricacies of modeling laterally-gated single- and multi-channel 

AlGaN/GaN HFETs, a next phase on the exploration of these devices can be marked by their 

fabrication in order to not only compare the reliability of the simulations but also to continue 

improving the modeling techniques and applying again the new changes in the physical device 

according to new simulation results. This cycle is what finally gives the possibility to propose a 

real device that could be tested in a lab. 
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